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v

community, scientists typically work exclusively 

in either the Arctic or in Antarctica. Both of us 

have conducted research in both polar regions, 

and this has impressed upon us the remarkable 

diversity of high-latitude aquatic ecosystems, and 

their striking commonalities and differences. The 

Arctic and Antarctica are currently the focus of 

unprecedented public and political attention, not 

only for their natural resources and geopolitical 

signifi cance, but also because they are continuing 

to provide dramatic evidence of how fast our glo-

bal environment is changing. Moreover, 2007–2008 

marked the fourth International Polar Year (IPY), 

so the time seemed right to turn the talk into 

action. However, if it had not been for Ian Sherman 

of Oxford University Press, and his persuasive-

ness and encouragement at the American Society 

for Limnology and Oceanography meeting in 

Santiago de Compostela in 2005, we would prob-

ably not have embarked on this book. 

One of the valuable opportunities provided 

by this book project has been to bring together 

groups of Arctic and Antarctic scientists for many 

of the chapters. People who ordinarily would not 

have found themselves collaborating have shared 

their knowledge and expertise from the two polar 

regions. We hope that this collaboration will foster 

further joint ventures among our colleagues, and 

that it will encourage a more pole-to-pole approach 

towards high-latitude ecosystems, in the spirit 

of IPY.

This book is intended for both the specialist 

and the more general reader. To assist the latter 

we have included a glossary of terms. The color 

plates are also intended to provide a better picture 

of the habitats and organisms to those unfamiliar 

with them. We asked the authors to adopt a tutorial 

approach for nonspecialists, to limit their citations 

to be illustrative (rather than exhaustive) of key 

From the summit of the tumulus I saw the ice ahead of 

us in the same condition . . . a long blue lake or a rushing 

stream in every furrow.

Peary, R.E. (1907). Nearest the Pole, 
p. 220. Hutchinson, London.

We marched down a narrow gap, cut through a great bar 

of granite, and saw ahead of us a large lake, some three 

miles long. It was of course frozen, but through the thick 

ice covering we could see water plants, and below the 

steep cliffs the water seemed very deep.

Taylor, G. (1913). The western journeys. In Huxley, L. 

(ed.), Scott’s Last Expedition, vol. II, p. 193. 
Smith Elder & Co., London.

From the early explorers onwards, visitors to the 

Arctic and to Antarctica have commented with 

great interest on the presence of lakes, wetlands, and 

fl owing waters. These environments encompass a 

spectacular range of conditions for aquatic life, from 

dilute surface melt ponds, to deep, highly stratifi ed, 

hypersaline lakes. Many of these high-latitude eco-

systems are now proving to be attractive models 

to explore fundamental themes in limnology; for 

example, landscape–lake interactions, the adapta-

tion of plants, animals, and microbes to environ-

mental extremes, and climate effects on ecosystem 

structure and functioning. Some of these waters 

also have direct global implications; for example, 

permafrost thaw lakes as sources of greenhouse 

gases, subglacial aquatic environments as a plan-

etary storehouse of ancient microbes, and Arctic 

rivers as major inputs of fresh water and organic 

carbon to the world ocean.

For more years than we care to admit, the two of 

us have talked about the need for a text on high-

latitude lakes and rivers that compared and con-

trasted the two polar regions. Whereas the Arctic 

and Antarctic have much in common, they also 

have distinct differences. Within the polar research 

Preface
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concepts and observations, and, where possible, to 
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indigenous communities. They also provide drink-

ing water supplies to Arctic communities and are a 

key resource for certain industries such as hydro-

electricity, transport, and mining.

In addition to their striking limnological features, 

high-latitude aquatic environments have broad glo-

bal signifi cance; for example, as sentinels of climate 

change, as refugia for unique species and communi-

ties, as sources of greenhouse gases and, in the case 

of the large Arctic rivers, as major inputs of fresh-

water and organic materials to the World Ocean. 

There is compelling evidence that high-latitude 

regions of the world are experiencing more rapid 

climate change than elsewhere, and this has focused 

yet greater attention on many aspects of the polar 

regions, including their remarkable inland waters.

Whereas Antarctica and the Arctic have much 

in common, their aquatic ecosystems are in many 

1.1 Introduction

Lakes, ponds, rivers, and streams are prominent 

features of the Arctic landscape and are also com-

mon in many parts of Antarctica (see Appendix 1.1 

for examples). These environments provide diverse 

aquatic habitats for biological communities, but 

often with a simplifi ed food-web structure relative 

to temperate latitudes. The reduced complexity 

of these living systems, combined with their dis-

tinct physical and chemical features, has attracted 

researchers from many scientifi c disciplines, and 

high-latitude aquatic environments and their 

biota are proving to be excellent models for wider 

understanding in many fi elds including ecology, 

microbiology, paleoclimatology, astrobiology, and 

biogeochemistry. In northern lands, these waters 

are important hunting and fi shing grounds for 

CHAPTER 1

Introduction to the limnology 
of high-latitude lake and river 
ecosystems
Warwick F. Vincent, John E. Hobbie, 
and Johanna Laybourn-Parry

Outline

Polar lakes and rivers encompass a diverse range of aquatic habitats, and many of these environments have 

broad global signifi cance. In this introduction to polar aquatic ecosystems, we fi rst present a brief sum-

mary of the history of lake research in the Arctic and Antarctica. We provide an overview of the limno-

logical diversity within the polar regions, and descriptions of high-latitude rivers, lakes, and lake districts 

where there have been ecological studies. The comparative limnology of such regions, as well as detailed 

long-term investigations on one or more lakes or rivers within them, have yielded new perspectives on 

the structure, functioning, and environmental responses of aquatic ecosystems at polar latitudes and else-

where. We then examine the controls on biological production in high-latitude waters, the structure and 

organization of their food webs including microbial components, and their responses to global climate 

change, with emphasis on threshold effects.
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and biodiversity. Arctic catchments often contain 

large stocks of terrestrial vegetation, whereas 

Antarctic catchments are usually devoid of higher 

plants. This results in a much greater importance 

of allochthonous (external) sources of organic car-

bon to lakes in the Arctic relative to Antarctica, 

where autochthonous (within-lake) processes 

likely dominate. Given their proximity to the 

north-temperate zone, Arctic waters tend to have 

ways dissimilar. Both southern and northern high-

latitude regions experience cold temperatures, 

the pervasive effects of snow and ice, low annual 

inputs of solar radiation, and extreme seasonality 

in their light and temperature regimes. However, 

Antarctica is an isolated continent (Figure 1.1) 

whereas the Arctic is largely the northern exten-

sion of continental land masses (Figure 1.2) and this 

has major implications for climate,  colonization, 

Figure 1.1 The Antarctic, defi ned as that region south of the Antarctic Convergence, and the location of limnological sites referred to in 
this volume. 1, Southern Victoria Land (McMurdo Dry Valleys, Ross Island ponds, McMurdo Ice Shelf ecosystem); 2, northern Victoria Land 
(Terra Nova Bay, Cape Hallett); 3, Bunger Hills; 4, Vestfold Hills and Larsemann Hills; 5, Radok Lake area (Beaver Lake); 6, Syowa Oasis; 7, 
Schirmacher Oasis; 8, Signy Island; 9, Livingstone Island; 10, George VI Sound (Ablation Lake, Moutonnée Lake); 11, subglacial Lake Vostok 
(see Plate 1). Base map from Pienitz et al. (2004).
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Figure 1.2 The Arctic, which can be demarcated in various ways such as the treeline or by the 10°C July isotherm, and the location of 
limnological sites referred to in this volume. 1, Barrow Ponds, Alaska; 2, Toolik Lake Long-Term Ecological Research (LTER) site, Alaska; 3, 
Mackenzie River and fl oodplain lakes, Canada; 4, Great Bear Lake; 5, Great Slave Lake; 6, Northern Québec thaw lakes and Lac à l’Eau Claire 
(Clearwater Lake); 7, Pingualuk Crater Lake (see Chapter 2); 8, Amadjuak Lake and Nettilling Lake; 9, Cornwallis Island (Char Lake, Meretta 
Lake, Amituk Lake); 10, Ellesmere Island (Lake Romulus, Cape Herschel ponds); 11, Ward Hunt Lake and northern Ellesmere Island meromictic 
lakes; 12, Peary Land, northern Greenland; 13, Disko Island, Greenland; 14, Zackenberg, Greenland; 15, Iceland lakes (e.g. Thingvallavatn, 
Thorisvatn, Grænalón); 16, Svalbard lakes; 17, Kuokkel lakes, northern Sweden; 18, Lapland lakes, Finland; 19, Pechora River, Russia; 20, Ob 
River; 21, Yenisei River; 22, Lake Tamyr; 23, Lena River; 24, Kolyma River; 25, Lake El’gygytgyn. Base map from Pienitz et al. (2004).
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to specifi c sites. For example, Juday (1920) described 

a zooplankton collection from the Canadian Arctic 

expedition 1913–1918 as well as a cladoceran col-

lected in 1882 at Pt. Barrow, presumably during 

the First International Polar Year. From the 1950s 

onwards there were many observations made in 

lakes in the Arctic and Antarctic; almost all of 

these were summer-only studies. A notable excep-

tion was the work by Ulrik Røen at Disko Island, 

Greenland, on Arctic freshwater biology (e.g. Røen 

1962). Process studies increased during the 1960s 

and 1970s but the most valuable insights came 

from intensive studies where many processes were 

measured simultaneously or successively, and for 

long periods of time.

The projects of the International Biological 

Programme (IBP) were funded by individual coun-

tries, beginning in 1970, to investigate the bio logical 

basis of productivity and human welfare. The many 

aquatic sites included two Arctic lake sites, ponds 

and lakes at Barrow, Alaska, and Char Lake, north-

ern Canada (for details see Appendix 1.1). At both 

sites, all aspects of limnology were investigated 

from microbes to fi sh for 3–4 years. It was focused, 

question-based research at a scale of support and 

facilities that enabled scientists to go far beyond 

descriptive limnology and investigate the proc-

esses and controls of carbon and nutrient fl ux in 

entire aquatic systems. The Barrow project included 

both terrestrial and aquatic sections (Hobbie 1980) 

whereas the Char Lake project focused on the lake, 

with comparative studies on nearby Lake Meretta 

that had become eutrophic as a result of sewage 

inputs (Schindler et al. 1974a, 1974b). While the 

nine principal investigators on the Barrow aquatic 

project worked on many ponds, they all came 

together to make integrated measurements on one 

pond; when 29 scientists began sampling in this 

pond, the investigator effect was so large that an 

aerial tramway had be constructed.

The success of the IBP led to a US program of 

integrated ecological studies at 26 sites, mostly 

in the USA. This Long-Term Ecological Research 

(LTER) program includes sites at Toolik Lake, 

Alaska, and the McMurdo Dry Valleys, Antarctica 

(see further details in Appendix 1.1). The observa-

tions at Toolik began in 1975 and in the McMurdo 

Dry Valley lakes in the late 1950s. Each LTER 

more diverse  animal, plant, and microbial com-

positions, and more complex food webs, than in 

Antarctica. Fish are absent from Antarctic lakes 

and streams, and many south polar lakes are even 

devoid of zooplankton. Insects (especially chi-

ronomids) occur right up to the northern limit of 

Arctic lakes and rivers, but are restricted to only 

two species in Antarctica, and then only to specifi c 

sites in the Antarctic Peninsula region. The benthic 

environments of waters in both regions have some 

similarities in that microbial mats dominated by 

cyanobacteria are common throughout the Arctic 

and Antarctica. Aquatic mosses also occur in lakes 

and streams of both regions, but higher plants are 

absent from Antarctic waters. These similarities 

and differences make the comparative limnol-

ogy of the polar regions particularly attractive for 

addressing general questions such as the factors 

controlling the global biogeography of aquatic 

plants, animals, and microbes, the limiting factors 

for biological production, the causes and conse-

quences of food-web complexity, and the responses 

of aquatic ecosystems to environmental change.

1.2 History of polar limnology

From the earliest stages of development of limnol-

ogy as a science, it was realized that high-latitude 

lakes would have some distinctive properties. 

The pioneer limnologist, François-Alfonse Forel, 

surmised that water temperatures in polar lakes 

would never rise above 4°C as a result of the short 

summer and low solar angle at high latitudes, and 

thus the lakes would circulate only once each year 

(Forel 1895, p.30). In G. Evelyn Hutchinson’s clas-

sifi cation of polar lakes, he pointed out that these 

‘cold monomictic’ lakes occur at both high latitudes 

and high altitudes (Hutchinson and Löffl er 1956). 

Some low Arctic lakes are also dimictic (circulating 

twice) and some polar lakes with salinity gradients 

never circulate entirely (meromictic; see Chapter 4 

in this volume). During the 1950s and 1960s, actual 

measurements of the thermal regimes of polar 

lakes began in Alaska, USA (Brewer 1958; Hobbie 

1961), Greenland (Barnes 1960), and Antarctica 

(Shirtcliffe and Benseman 1964).

The earliest work on polar aquatic ecosystems 

was descriptive and came from short expeditions 
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(Green and Friedmann 1993; Priscu 1998), Alaskan 

freshwaters (Milner and Oswood 1997), Siberian 

rivers (Zhulidov et al. 2008), and Siberian wetlands 

(Zhulidov et al. 1997). The rapidly developing liter-

ature on subglacial aquatic environments beneath 

the Antarctic ice sheet has been reviewed in a vol-

ume by the National Academy of Sciences of the 

USA (National Research Council 2007). Pienitz 

et al. (2004) present multiple facets of Antarctic and 

Arctic paleolimnology, with  emphasis on environ-

mental change, and current changes in Antarctic 

lake and terrestrial environments are summarized 

in Bergstrom et al. (2006).

1.3 Limnological diversity

The Antarctic, defi ned as that region south of the 

Polar Frontal Zone or Antarctic Convergence (which 

also delimits the Southern Ocean) contains several 

coastal areas where lakes, ponds, and streams are 

especially abundant (Figure 1.1), as well as vast 

networks of subglacial aquatic environments. Lake 

and river ecosystems are common throughout the 

Arctic (Figure 1.2), which can be delimited in a var-

iety of ways: by the northern treeline, the 10°C July 

isotherm, or the southern extent of discontinuous 

permafrost (for permafrost map defi nitions, see 

Heginbottom 2002), which in the eastern Canadian 

Arctic, for example, currently extends to the south-

ern end of Hudson Bay (http://atlas.nrcan.gc.ca/

site/english/maps/environment/land/permafrost). 

Of course, all of these classifi cations depend on 

climate, which is changing rapidly. These northern 

lands include the forest-tundra ecozone, sometimes 

referred to as the Sub-Arctic or Low Arctic, which 

grades into shrub tundra, true tundra, and ulti-

mately high Arctic polar desert. Appendix 1.1 pro-

vides a brief limnological introduction to many of 

the polar  rivers, lakes, or lake districts where there 

have been aquatic ecosystem studies.

Collectively, the polar regions harbour an 

extraordinary diversity of lake types (Plates 1–9) 

ranging from freshwater to hypersaline, from 

highly acidic to alkaline, and from perennially ice-

covered waters to concentrated brines that never 

freeze. The diverse range of these habitats is illus-

trated by their many different thermal regimes in 

summer, from fully mixed to thermally stratifi ed 

project is reviewed every 6 years but is expected 

to continue for decades; each is expected to pub-

lish papers, support graduate students and collect 

data which are accessible to all on the Internet. The 

long-term goal of the Arctic LTER is to predict the 

effects of environmental change on lakes, streams, 

and tundra. The overall objectives of the McMurdo 

LTER are to understand the infl uence of physical 

and biological constraints on the structure and 

function of dry valley ecosystems, and to under-

stand the modifying effects of material transport 

on these ecosystems.

The IBP and LTER projects illustrate the whole-

system and synthetic approaches to limnology. 

The long-term view leads to detailed climate data, 

data-sets spanning decades, whole-system experi-

ments, and a series of integrated studies of aspects 

of the physical, chemical, and biological processes 

important at the particular sites. Whereas there 

is a need for ongoing studies of this type, there is 

also a need for extended spatial sampling; that is, 

repeated sampling of many polar sites, to under-

stand the effects of different geological and cli-

matic settings throughout the polar regions. Other 

lake districts with important limnological records 

for Antarctica (Figure 1.1) include Signy Island and 

Livingston Island (Byers Peninsula; Toro et al. 2007) 

in the maritime Antarctic region, the Vestfold Hills, 

and the Schirmacher Oasis. Lake studies have now 

been conducted in many parts of the circumpo-

lar Arctic (Figure 1.2), including Alaska, Canada, 

northern Finland, several parts of Greenland, 

Svalbard, Siberia, and the Kuokkel lakes in north-

ern Sweden. Flowing waters have also received 

increasing attention from polar limnologists; for 

example, the ephemeral streams of the McMurdo 

Dry Valleys and the large Arctic rivers and their 

lake-rich fl oodplains.

Several special journal issues have been pub-

lished on polar lake and river themes including 

high-latitude limnology (Vincent and Ellis-Evans 

1989), the paleolimnology of northern Ellesmere 

Island (Bradley 1996), the limnology of the Vestfold 

Hills (Ferris et al. 1988), and the responses of north-

ern freshwaters to climate change (Wrona et al. 
2006). Books on regional aspects of polar limnol-

ogy include volumes on the Schirmacher Oasis 

(Bormann and Fritsche 1995), McMurdo Dry Valleys 

http://atlas.nrcan.gc.ca/site/english/maps/environment/land/permafrost
http://atlas.nrcan.gc.ca/site/english/maps/environment/land/permafrost
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in the Yukon River delta the total number of thaw 

lakes and ponds has been estimated at 200 000 

(Maciolek 1989). Most thaw lakes are shallow, but 

lake depth in the permafrost increases as a square 

root of time, and the oldest lakes (>5000 years) can 

be up to 20 m deep (West and Plug 2008). Shallow 

rock-basin ponds are also common throughout 

the Arctic (e.g. Rautio and Vincent 2006; Smol and 

Douglas 2007a) and Antarctica (e.g. McKnight et al. 
1994; Izaguirre et al. 2001).

Certain lake types are found exclusively in the 

polar regions, for example solar-heated  perennially 

ice-capped lakes (e.g. northern Ellesmere Island 

lakes in the Arctic, McMurdo Dry Valley lakes in 

Antarctica; Figure 1.3), and the so-called epishelf 

over a 40°C span of temperatures (Figure 1.3). This 

physical diversity is accompanied by large vari-

ations in their chemical environments, for example 

from oxygen supersaturation to anoxia, sometimes 

within the same lake over time or depth. Permafrost 

thaw lakes (thermokarst lakes and ponds; Plate 8) 

are the most abundant aquatic ecosystem type in 

the Arctic, and often form a mosaic of water bodies 

that are hot spots of biological activity in the tun-

dra, with abundant microbes, benthic communi-

ties, aquatic plants, plankton, and birds. In the 

Mackenzie River delta for example, some 45 000 

waterbodies of this type have been mapped on the 

fl oodplain, with varying degrees of connection to 

the river (Emmerton et al. 2007; Figure 1.4), while 
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Figure 1.3 From sub-zero cold to solar-heated warmth: the remarkable diversity of summer temperature and mixing regimes in high-latitude 
lakes. Deep Lake is a hypersaline lake in the Vestfold Hills (15 January 1978; Ferris et al. 1988); Disraeli Fiord, northern Ellesmere Island, at 
the time of study was an epishelf lake with a 30-m layer of freshwater dammed by thick ice fl oating on sea water (10 June 1999; Van Hove 
et al. 2006); Burton Lake is a coastal saline lake in the Vestfold Hills that receives occasional inputs of sea water (30 January 1983, Ferris 
et al. 1988); Anguissaq Lake lies at the edge of the ice cap in northwest Greenland and convectively mixes beneath its ice cover in summer 
(19 August 1957; Barnes 1960); Moss Lake on Signy Island (9 February 2000; Pearce 2003), Char Lake in the Canadian Arctic (isothermal 
at 3°C to the bottom, 27.5 m, on 30 August 1970; Schindler et al. 1974a), and El’gygytgyn Crater Lake (ECL) in Siberia (isothermal at 3°C 
to 170 m on 1 August 2002; Nolan and Brigham-Grette 2007) are examples of cold monomictic lakes that mix fully during open water in 
summer; Toolik Lake, northern Alaska, is dimictic, with strong summer stratifi cation (8 August 2005; see Figure 4.6 in this volume); Lake A 
is a perennially ice-covered, meromictic lake on northern Ellesmere Island (1 August 2001, note the lens of warmer sub-ice water; Van Hove 
et al. 2006); and Lake Vanda is an analogous ice-capped, meromictic system in the McMurdo Dry Valleys with more transparent ice and 
water, and extreme solar heating in its turbid, hypersaline bottom waters (27 December 1980; Vincent et al. 1981).
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ecosystems? This question is not only of inter-

est to polar limnologists, but it may also provide 

insights into the controlling variables for aquatic 

productivity at other latitudes. Such insights are 

especially needed to predict how inland water eco-

systems will respond to the large physical, chem-

ical, and biological perturbations that are likely to 

accompany future climate change (see Section 1.6 

below).

1.4.1 Water supply

The availability of water in its liquid state is a 

fundamental prerequisite for aquatic life, and in 

the polar regions the supply of water is severely 

regulated by the seasonal freeze–thaw cycle. For a 

few ecosystem types, this limits biological activity 

to only a brief period of days to weeks each year, 

for example the ephemeral streams of Antarctica 

and meltwater lakes on polar ice shelves. For many 

high-latitude lakes, however, liquid water persists 

throughout the year under thick snow and ice 

cover, and even some shallow ponds can retain a 

lakes, tidal freshwater lakes that sit on top of 

colder denser seawater at the landward edges of 

ice shelves; for example Beaver Lake, Antarctica, 

and Milne Fjord in the Arctic. Networks of subgla-

cial aquatic environments occur beneath the thick 

ice of the Antarctic ice cap (Plate 1), and include 

the vast, deep, enigmatic waters of Lake Vostok. 

Ephemeral rivers and streams are found around 

the margins of Antarctica with biota that are active 

for only a brief period each year (Plate 6). Flowing 

surface waters play a much greater role in the 

Arctic where there are extensive catchments and 

some of the world’s largest rivers that discharge 

into Arctic seas (Plate 7). Many polar lakes are 

classed as ultra-oligotrophic or extremely unpro-

ductive, whereas some are highly enriched by ani-

mal or human activities.

1.4 Controlling variables for 
biological production

What factor or combination of factors limits 

 biological production in high-latitude freshwater 

High-closure
lakes

>4.0 m asl
Low-closure

lakes
>1.5 m asl

No-closure
lakes

>1.5 m asl

Delta river
channel

Average low water: 1.2 m
1-year return period: low water

1-year return period: peak water

Average peak water: 5.6 m asl

Highest peak on record at Inuvik: 7.8 m asl

10 m

5 m

0 m (sea level)

Figure 1.4 Lake classifi cation in the Mackenzie River delta according to the extent of isolation from the river. Large Arctic rivers carry 
3300 km3 of freshwater to the Arctic Ocean each year and during their spring period of peak fl ow they recharge vast areas of fl ood-plain 
lakes. The Mackenzie River delta in the Canadian western Arctic has some 45 000 lakes of more than 0.0014 km2, and its total open-water 
surface area (including the multiple channels of the river) in late summer is about 5250 km2. Climate change is modifying the amplitude and 
duration of seasonal fl ooding and therefore the connectivity of these lakes with the river (Lesack and Marsh 2007). Redrawn from Emmerton 
et al. 2007, by permission of the American Geophysical Union. asl, above sea level.
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similar incident irradiances but large differences 

in nutrient status (see Chapter 9).

1.4.3 Low temperature

Contrary to expectation, some polar aquatic habi-

tats have warm temperatures in summer, and some 

even remain warm during winter. Shallow thaw 

lakes can heat to 10°C or above, and the surface 

waters of northern lakes with high concentrations 

of light-absorbing dissolved organic matter and 

particles may undergo diurnal heating, with tem-

peratures rising to >15°C. The large Arctic rivers 

begin more than 1000 km further south of their dis-

charge point to the Arctic Ocean, and these waters 

can warm during summer over their long transit 

to the sea; for example, the Mackenzie River can 

be up to 17°C at its mouth, despite its far northerly 

latitude of 69°N. Stratifi ed, perennially ice-covered 

lakes can heat up over decades to millennia via the 

solar radiation that penetrates the ice (Vincent et al. 
2008, and references therein; see also Chapter 4). 

Examples of these solar-heated, meromictic lakes 

are known from both polar regions, and in these 

waters the deep temperature maxima lie well 

above summer air temperatures and up to 70°C 

above winter temperatures. ‘Warm’ of course is a 

relative term, and even liquid water temperatures 

of 0°C beneath the ice of most polar lakes, or −2°C 

in the subglacial Antarctic lakes capped by ice 

many kilometers thick, provide hospitable thermal 

conditions for biological processes relative to the 

extreme cold of the overlying atmosphere (down to 

−89°C at Vostok station in winter).

Most polar aquatic habitats experience water tem-

peratures close to 0°C for much of the year. Many of 

the organisms found in these environments appear 

to be cold-tolerant rather than cold-adapted, and 

the cool ambient conditions likely slow their rates 

of metabolism and growth. Although cold tempera-

tures may exert an infl uence on photosynthesis and 

other physiological processes, it does not preclude 

the development of large standing stocks of aquatic 

biota in some high-latitude waters. Conversely, 

lakes with warmer temperatures do not necessarily 

have higher phytoplankton and production rates 

(e.g. compare Lake Vanda with Lake Fryxell in the 

McMurdo Dry Valleys; Vincent 1981).

thin layer of water over their benthic communi-

ties in winter (e.g. Schmidt et al. 1991). The larger 

 rivers of the Arctic are fed from their source waters 

at lower latitudes and they continue to fl ow under 

the ice during autumn and winter, albeit at much 

reduced discharge rates. Thus many polar aquatic 

ecosystems are likely to be microbiologically active 

throughout the year, but with strong seasonal vari-

ations that are dictated by factors other than or in 

addition to water supply. During summer, the avail-

ability of meltwater for aquatic habitats is favored 

by the continuous, 24-h-a-day exposure of snow 

and ice to solar radiation, combined with the slow 

rates of evaporative loss at low temperatures. Polar 

streams and rivers are fed by melting glaciers and 

snow pack, and for the large Arctic rivers the peak 

snowmelt in spring gives rise to extensive fl ooding 

of their abundant fl oodplain lakes and generates a 

vast interconnected freshwater habitat (Plate 8).

1.4.2 Irradiance

The polar regions receive reduced amounts of 

incident solar radiation relative to lower latitudes 

(annual solar irradiance drops by about 50% over 

the 50° of latitude from 30° to 80°), and this effect 

is compounded by the attenuating effects of snow 

and ice on underwater irradiance. This limits the 

total annual production in Arctic and Antarctic 

aquatic ecosystems, and it has a strong infl uence 

on the seasonality of photosynthesis, which ceases 

during the onset of winter darkness and resumes 

with the fi rst return of sunlight. Underwater 

irradi ance does not, however, appear to be the 

primary variable controlling the large variation 

among lakes in daily primary production by the 

phytoplankton during summer. Polar lakes may 

show an early spring maximum in phytoplankton 

biomass and photosynthesis immediately beneath 

the ice, with pronounced decreases over sum-

mer despite increased irradiance conditions in 

the upper water column (Tanabe et al. 2008, and 

references therein), but likely decreased nutrient 

availability (Vincent 1981). Nearby lakes such as 

Meretta and Char in the Canadian High Arctic, 

and Fryxell and Vanda in the McMurdo Dry 

Valleys, show contrasting phytoplankton biomass 

concentrations and  photosynthetic rates despite 
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ponds on Ross Island (Vincent and Vincent 1982) 

and Cierva Point, Antarctica (Izaguirre et al. 2001), 

and high Arctic Meretta Lake, which was enriched 

by human sewage (Schindler et al. 1974b). Finally, 

nutrient bioassays show that high-latitude plank-

ton assemblages respond strongly to nutrient add-

ition; for example Toolik Lake, Alaska (O’Brien et al. 
1997); lakes in northern Sweden (Holmgren 1984); 

Ward Hunt Lake in the Canadian Arctic (Bonilla 

et al. 2005); and McMurdo Dry Valley lakes (Priscu 

1995). However, although nutrients may impose a 

primary limitation on productivity through Liebig-

type effects on fi nal yield and biomass standing 

stocks, there may be secondary Blackman-type 

effects on production rates per unit biomass, and 

thus specifi c growth rates (see Cullen 1991). Low 

temperatures reduce maximum, light-saturated 

photosynthetic rates, and to a lesser extent light-

limited rates, and low irradiances beneath the ice 

may also reduce primary production. These effects 

may be further compounded by nutrient stress, 

which limits the synthesis of cellular components 

such as light-harvesting proteins and photosyn-

thetic enzymes to compensate for low light or low 

temperature (Markager et al. 1999).

1.4.5 Benthic communities

In many high-latitude aquatic ecosystems, total 

ecosystem biomass and productivity are domi-

nated by photosynthetic communities living on the 

bottom where the physical environment is more 

stable, and where nutrient supply is enhanced 

by sedimentation of nitrogen- and phosphorus-

 containing  particles from above, nutrient release 

from the sediments below and more active bac-

terial decomposition and nutrient recycling proc-

esses than in the overlying water column. Some of 

these communities achieve spectacular standing 

stocks in polar lakes, even under thick perennial 

ice cover (Plate 10); for example, cyanobacterial 

mats more than 10 cm in thickness, and algal-coated 

moss pillars up to 60 cm high in some Antarctic 

waterbodies (Imura et al. 1999). These communi-

ties fuel benthic food webs that lead to higher 

trophic levels, including fi sh and birds in Arctic 

lakes. The phytobenthos may be limited more by 

habitat and light availability than by nutrients. For 

1.4.4 Nutrient supply

Several features of polar lakes and their surround-

ing catchments result in low rates of nutrient deliv-

ery for biological production, especially by their 

plankton communities. The combination of low 

temperature, low moisture, and freezing constrains 

the activity of soil microbes and slows all geo-

chemical processes including soil-weathering reac-

tions. This reduces the release of nutrients into the 

groundwater and surface runoff, which themselves 

are limited in fl ow under conditions of extreme 

cold. The severe polar climate also limits the 

development of vegetation, which in turn reduces 

the amount of root biomass, associated microbes 

(the rhizosphere community), and organic matter 

that are known to stimulate weathering processes 

(Schwartzman 1999). Nutrient recycling rates are 

also slowed by low temperatures within Arctic 

and Antarctic waters. Additionally, the presence 

of ice cover inhibits wind-induced mixing of polar 

waters throughout most of the year. This severely 

limits the vertical transport of nutrients from bot-

tom waters to the zone immediately beneath the 

ice where solar energy is in greatest supply for 

primary production. It also results in quiescent, 

stratifi ed conditions where infl owing streams can 

be short-circuited directly to the outfl ow without 

their nutrients mixing with the main body of the 

lake (see Chapter 4), and where nutrient loss by 

particle sedimentation is favored.

Several lines of evidence indicate that nutrient 

supply exerts a strong control on phytoplankton 

production in polar lakes, in combination with 

light and temperature. First, large variations in 

primary production occur among waters in the 

same region, despite similar irradiance and tem-

perature regimes, but differences in nutrient status 

(see above). Second, in stratifi ed waters, highest-

standing stocks of phytoplankton and primary 

production rates are often observed deep within 

the ice-covered water column where light availabil-

ity is reduced, but nutrient supply rates are greater 

(Plate 14; details in Chapter 9). Third, waterbodies 

in both polar regions that have received nutrient 

enrichment from natural or human sources show 

strikingly higher algal biomass stocks and pro-

duction rates; for example, penguin-infl uenced 
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with well-developed zooplankton and fi sh commu-

nities to high Arctic and Antarctic lakes with fl ag-

ellates, ciliates, and rotifers at the top of the food 

web. The structure and diversity of the various 

food webs depend primarily on the trophic state of 

the lake and secondarily upon biogeography. Thus, 

some Antarctic lakes could likely support several 

types of crustacean zooplankton but few species 

have reached the continent (see Chapter 13), and 

many lakes are devoid of crustaceans.

Toolik Lake, Alaska (68°N, see Appendix 1.1), 

is an example of an oligotrophic low Arctic lake 

(Figure 1.5). The planktonic food web is based on 

small photosynthetic fl agellates and on the bacteria 

that consume mainly dissolved organic matter from 

the watershed. Small fl agellates (e.g. Katablepharis, 
Plate 11) consume bacteria and some of these (e.g. 

the colonial fl agellate Dinobryon, Plate 11) are also 

example, bioassays of microbial mats in an Arctic 

lake showed no effect of nutrient enrichment over 

10 days, while the phytoplankton showed a strong 

growth response (Bonilla et al. 2005). On longer 

timescales, however, even the benthic communities 

may respond to nutrients, as shown by the shift of 

Arctic river phytobenthos to luxuriant moss com-

munities after several years of continuous nutrient 

addition (Plate 7; Bowden et al. 1994; for details see 

Chapter 5), and longer-term shifts in benthic dia-

tom communities in a sewage-enriched Arctic lake 

(Michelutti et al. 2007).

1.5 Food webs in polar lakes

There is no typical food web for polar lakes (see 

Chapters 11–15). Instead there is a continuum of 

types of food web ranging from low Arctic lakes 
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Figure 1.5 The food web of a low Arctic lake: Toolik Lake, Alaska. Modifi ed from O’Brien et al. (1997). DOM, dissolved organic matter.
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northernmost lakes in North America, for example 

Lake A at 83°N, where their diet may also depend 

on benthic invertebrates.

Antarctic lakes are species poor and possess 

simplifi ed and truncated planktonic food webs 

dominated by small algae, bacteria, and colorless 

fl agellates (Figure 1.6 and Chapter 11). There are 

few metazoans and no fi sh. The phytoplankton 

are often both photosynthetic and mixotrophic. 

The latter are species that can ingest bacteria as 

well as photosynthesize. One important pathway 

in both Antarctic and Arctic lakes is the microbial 

loop which may be defi ned as carbon and energy 

cycling via the nanoplankton (protists less than 

20 µm in size). It includes primary production plus 

production of dissolved organic carbon (DOC) by 

planktonic organisms as well as uptake of DOC by 

bacteria, with transfer to higher trophic levels via 

nanofl agellates, ciliates, and rotifers (see Vincent 

and Hobbie 2000). In many Arctic and Antarctic 

lakes, picoplanktonic (<2 µm in diameter) and fi la-

mentous species of cyanobacteria are also compo-

nents of the phytoplankton and microbial loop. 

Examples of cyanobacteria include Synechococcus 
sp. in Ace Lake in the Vestfold Hills (Powell et al. 
2005) and Char Lake, Lake A and Lake Romulus in 

photosynthetic (mixotrophic). These forms are con-

sumed by seven species of crustacean zooplankton 

and eight species of rotifer. Zooplankton, in turn, 

are consumed by some of the fi ve species of fi sh. 

Although this appears to be a conventional lake 

food web, it differs from the usual in several ways. 

First, almost all of the primary productivity is by 

nanoplankton. Second, the low primary productiv-

ity supports only a few zooplankton, not enough 

to control the algal abundance by grazing. Third, 

the sparse zooplankters are not abundant enough 

to support the fi sh growth. Therefore, the food web 

based on phytoplankton ends with zooplankton.

Stable-isotope analysis of the Toolik Lake food 

web reveals that the fi sh rely on the benthos as 

their main source of energy. In this benthic food 

web the energy passes from diatoms on rocks and 

sediments into snails and from detritus into chir-

onomid larvae. Small fi sh eat the chironomids and 

are consumed in turn by the lake trout that also 

consume snails. A similar benthic-based food web 

supporting fi sh was also described by Rigler (1978) 

from Char Lake (75°N, see Appendix 1.1), where 

there was but one species of copepod and Arctic 

char (often spelled charr; Salvelinus alpinus; Plate 13) 

as the only fi sh species. Char occur in some of the 

A single species of
crustacean in coastal lakes

Rotifers
only a few species

CiliatesHeterotrophic
nanoflagellates

Bacteria

?
?

? ?

Dissolved organic carbon

Phytoplankton
mostly phytoflagellates

Photosynthetically
active radiation

Mixotrophic
ciliates

Mixotrophic
phytoflagellates

Figure 1.6 The typical planktonic food web in continental Antarctic lakes.
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2006; Plates 13–16) and these impacts are likely to 

become more severe in the future. Global circula-

tion  models predict that the fastest and most pro-

nounced increases in temperature over the course 

of this century will be at the highest latitudes (Plate 

16; Meehl et al. 2007) because of a variety of feedback 

processes that amplify warming in these regions. 

These include the capacity for warm air to store 

more water vapour, itself a powerful greenhouse 

gas, and the reduced albedo (refl ection of sunlight) 

as a result of the melting of snow and ice, leaving 

more solar energy to be available for heating. Major 

changes are also predicted in the regional distribu-

tion of precipitation, with increased inputs to many 

parts of the Arctic and Antarctica (Plate 16; Meehl 

et al. 2007), and an increased frequency of precipita-

tion as rainfall, even at the highest latitudes where 

such events are unusual.

High-latitude lakes have already begun to show 

striking impacts of climate change. These include 

loss of perennial ice cover, increasing duration of 

open water conditions, increasing water tempera-

tures, stronger water-column stratifi cation, and 

shifts in water balance, in some cases leading to the 

complete drainage or drying-up of lakes and wet-

lands. For many polar aquatic ecosystems, small 

changes in their physical, chemical, or biological 

environment induced by climate can be ampli-

fi ed into major shifts in their limnological prop-

erties. Rather than slow, deterministic changes 

through time accompanying the gradual shift in 

air  temperature, these threshold effects can result 

in abrupt step-changes in ecosystem structure and 

functioning.

1.6.1 Physical thresholds

The most critical threshold is that affecting the 

integrity of lake basins and the presence or absence 

of standing water. The degradation of permafrost 

soils in Siberia has resulted in collapse and drain-

age of many lake basins, and the complete dis-

appearance of many waterbodies (Smith et al. 2005). 

A shift in the precipitation/evaporation balance in 

parts of the High Arctic has resulted in the com-

plete drying up of ponds, perhaps for the fi rst time 

in millennia (Smol and Douglas 2007a). In other 

regions, the accelerated melting of permafrost over 

the high Arctic (Van Hove et al. 2008), and thin oscil-

latorians (fi lamentous cyanobacteria) in the deep 

chlorophyll maximum of Lake Fryxell, McMurdo 

Dry Valleys (Spaulding et al. 1995).

Lakes on coastal ice-free areas, like the Vestfold 

Hills (see Appendix 1.1), usually have a single 

planktonic crustacean. In freshwater and slightly 

brackish lakes sparse populations of the endemic 

Antarctic cladoceran Daphniopsis studeri occur 

(Plate 12) whereas in marine-derived saline lakes 

the marine copepod Paralabidocera antarctica is 

found. The McMurdo Dry Valleys lie inland and 

much further south (see Appendix 1.1). Here plank-

tonic crustaceans are lacking, although a few cope-

pod nauplii and two species of rotifers have been 

found in the benthos.

The great similarity between the food webs 

of lakes at both poles, in terms of structure and 

diversity, is closely related to the trophic state of 

the lakes (Hobbie et al. 1999). In this scheme, Type I 

lakes are ultra-oligotrophic; that is, they have very 

low primary productivity, and support only algae, 

bacteria, nanofl agellates and ciliates (e.g. ice-shelf 

lakes; Plates 2 and 3). Type II lakes are more pro-

ductive and contain microzooplankton such as 

rotifers. Far northerly Arctic lakes such as Ward 

Hunt Lake and some McMurdo Dry Valley lakes 

fall into this category (Plate 4). With Type III lakes 

such as Char Lake, the increase in productivity 

allows copepods to survive. The most productive 

type of lake, Type IV, includes both copepods and 

Cladocera, much like a temperate lake. Ponds at 

Barrow fall into this category although they freeze 

completely and so have no fi sh. However, how can 

we explain the occurrence of fi sh (Arctic char) in 

the most northerly lakes that are Type I and Type 

II in the level of productivity? The answer is that 

the char are consuming the chironomid larvae of 

the more productive benthic food web. In contrast, 

continental Antarctic lakes contain neither insect 

larvae nor fi sh.

1.6 Polar lakes and global change

The polar regions are now experiencing the mul-

tiple stressors of contaminant infl uxes, increased 

exposure to ultraviolet radiation, and climate 

change (Schindler and Smol 2006; Wrona et al. 
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to the  phytoplankton, gas exchange, and biogeo-

chemical processes. Recent changes in mixing and 

 stratifi cation patterns have been inferred from 

fossil diatom records in some lakes from Finnish 

Lapland, with evidence of increased productivity 

and the development of cladoceran communities 

(Sorvari et al. 2002).

1.6.2 Biogeochemical thresholds

The arrival of shrubs and trees in a catchment can 

result in a major step-increase in terrestrial plant 

biomass and hence the quantity of fulvic and humic 

materials in the soil, in turn resulting in a substan-

tial increase in the concentration of particulate and 

colored dissolved organic material (CDOM) in lake 

waters (e.g. Pienitz and Vincent 2000). At CDOM 

concentrations less than 2 mg L−1, small changes 

in vegetation and hence CDOM can cause dispro-

portionately large changes in the underwater light 

penetration and spectral regime, especially ultra-

violet exposure. This vegetation change may also 

cause other changes that accelerate shifts in biogeo-

chemistry, for example the increased development 

of root biomass, rhizosphere microbial activity, 

and soil weathering, and decreased albedo accom-

panied by increased soil heating and deepening of 

the permafrost active layer. Another biogeochem-

ical threshold is that associated with water column 

anoxia. Once a lake fully depletes the oxygen in 

its bottom waters during stratifi cation, large quan-

tities of inorganic phosphorus, as well as iron and 

manganese, may be released from the lake’s sedi-

ments. This increased internal loading can result in 

a sudden acceleration of eutrophication.

1.6.3 Biological thresholds

The extirpation of certain high Arctic taxa 

may occur if critical thresholds of tolerance are 

exceeded. Conversely new species may arrive in 

the catchments (e.g. the arrival of shrub and tree 

species as noted above) or in the rivers and lakes. 

For example, analyses of range distributions and 

climate change scenarios have shown that warm-

water fi sh species, such as the smallmouth bass, 

Micropterus dolomieu, will shift northwards into 

the Arctic, with negative impacts on native fi sh 

the last 50 years has created new basins for lakes 

and ponds, and increased development of shal-

low water ecosystems (Payette et al. 2004; Walter 

et al. 2006). An analysis of long-term changes of 

Mackenzie River fl oodplain lakes indicates that 

climate change is having disparate effects on their 

connectivity with the river. On average, the lower-

elevation lakes (low-closure lakes; Figure 1.4) are 

being fl ooded for longer periods of time, whereas 

the highest-elevation lakes (high-closure lakes; 

Figure 1.4) are less fl ooded and may eventually 

dry up because of reduced ice dams and associated 

reductions in peak water levels in the river (Lesack 

and Marsh 2007).

For some polar lakes, ice dams from glaciers and 

ice shelves can be the primary structures retain-

ing freshwater. Gradual warming can eventually 

cross the threshold of stability of these structures, 

resulting in catastrophic drainage. For example, 

the break-up of the Ward Hunt Ice Shelf in 2002 

resulted in complete drainage and loss of an 

epishelf lake had probably been in place for several 

thousand years (Mueller et al. 2003).

The surface ice cover of polar lakes is also a fea-

ture subject to threshold effects. Many lakes in 

Antarctica and some Arctic lakes retain their ice 

covers for several years, decades, or longer. The 

loss of such ice results in changes in mixing regime 

and a complete disruption of their limnological 

gradients (Vincent et al. 2008). It also results in a 

massive increase in solar radiation; for example, 

order-of-magnitude increases in ultraviolet expos-

ure that far exceed stratospheric ozone effects 

(Vincent et al. 2007), but also increased light supply 

for photo synthesis and more favorable conditions 

for the growth of benthic communities.

The persistent low temperatures in high-latitude 

lakes and ponds limit their water-column stabil-

ity during open water conditions. In the cold-

est locations, there is insuffi cient heating of the 

water column to exceed the maximum density of 

water at 3.98°C, and the lakes remain free-mixing 

throughout summer (cold monomictic). Increased 

warming will result in the crossing of that thresh-

old and a complete change in summer structure 

with the development of thermal stratifi cation 

(dimictic conditions). These changes have far-

reaching implications, including for light  supply 
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sites for environmental research, monitoring, and 

stewardship.

Acknowledgements

Our limnological research on high-latitude lakes 

has been supported by the National Science 

Foundation (USA); the Natural Sciences and 

Engineering Research Council (Canada); the 

Canada Research Chair program; the Network of 

Centres of Excellence program ArcticNet; Polar 

Shelf Canada; and the British, Australian, USA, 

New Zealand, and Spanish Antarctic programs. 

We thank Kirsten Christoffersen, John P. Smol, and 

Dale T. Andersen for their valuable comments on 

an earlier draft, and Marie-Josée Martineau and 

Serge Duchesneau for assistance in manuscript 

preparation.

References

Antoniades, D. et al. (2007). Abrupt environmental change 

in Canada’s northernmost lake inferred from diatom 

and fossil pigment stratigraphy. Geophysical Research 
Letters 34, L18708, doi:10.1029/2007GL030947.

Barnes, D.F. (1960). An investigation of a perennially fro-

zen lake. Air Force Surveys in Geophysics 129.

Bergstrom, D., Convey, P., and Huiskes, A. (eds) (2006). 

Trends in Antarctic Terrestrial and Limnetic Ecosystems. 
Springer, Dordrecht.

Bonilla, S., Villeneuve, V., and Vincent, W.F. (2005). Benthic 

and planktonic algal communities in a high arctic lake: 

pigment structure and contrasting responses to nutri-

ent enrichment. Journal of Phycology 41, 1120–1130.

Bormann, P. and Fritsche, D. (eds) (1995). The Schirmacher 
Oasis. Justus Perthes, Gotha.

Bowden, W.B., Finlay, J.C., and Maloney, P.E. (1994). Long-

term effects of PO4 fertilization on the distribution of 

bryophytes in an Arctic river. Freshwater Biology 32, 

445–454.

Bradley, R.S. (ed.) (1996). Taconite Inlets lakes project. 

Journal of Paleolimnology 16, 97–255.

Brewer, M.C. (1958). The thermal regime of an Arctic 

lake. Transactions of the American Geophysical Union 39, 

278–284.

Christoffersen, K.S., Amsinck, S.L., Landkildehus, F., 

Lauridsen, T.L., and Jeppesen, E. (2008). Lake fl ora 

and fauna in relation to ice-melt, water tempera-

ture and chemistry. In Meltofte, H., Christensen, T.R, 

Elberling, B., Forchhammer, M.C., and Rasch, M. (eds), 

 communities (Sharma et al. 2007). More subtle 

effects may take place through changes in animal 

behavior. For example, changes in the migration 

patterns of Arctic char may accompany increased 

water temperatures, with negative effects on fi sh 

productivity and size distribution, and on native 

fi sheries (see Chapter 14).

Paleolimnological analyses of sediment cores 

from Cape Herschel, Ellesmere Island, showed 

that there was abrupt biotic change in the mid-

nineteenth century at this site, as indicated by 

the quantity and composition of fossil diatoms 

(Douglas et al. 1994). This effect has been detected 

subsequently in sediment cores from many parts 

of the circumpolar Arctic (e.g. Antoniades et al. 
2007), with differences in the exact timing and 

magnitude of change among lakes and locations, 

as expected (Smol et al. 2005; see Plate 15). These 

striking effects on community structure have been 

attributed primarily to changes in the duration and 

extent of lake and pond ice cover, as well as related 

limnological changes (Smol et al. 2005; Smol and 

Douglas 2007b; see also Chapter 3).

1.7 Conclusions

High-latitude lakes, rivers, and wetlands are a 

major focus for limnological research not only 

because of their remarkable diversity and intrin-

sic importance in polar biomes, but also because of 

their value as compelling models for understand-

ing aquatic ecosystem processes in general. These 

environments provide habitats for plants, animals, 

and microbes that are adapted to or at least tolerate 

persistent low temperatures, freeze–thaw cycles, 

and marked seasonal and interannual variations in 

energy and nutrient supplies. However, the resili-

ence of these biological communities is now being 

tested severely as they face the multiple stressors 

associated with local and global human impacts, 

notably contaminant effects, increased ultraviolet 

exposure, and climate change. The physical charac-

teristics of polar lakes and rivers depend strongly 

on ice and the freezing and melt cycle, and small 

variations in air temperature can radically alter 

their structure and functioning. These ecosystems 

are therefore a sensitive guide to the magnitude 

and pace of global climate change, as well as key 



I N T R O D U C T I O N    15

Hutchinson and Ross, Stroudsburg, PA. www.

biodiversitylibrary.org/ia/limnologyoftundr00hobb.

Hobbie, J.E., Bahr, M., and Rublee, P.A. (1999). Controls 

on microbial food webs in oligotrophic Arctic lakes. 

Archive für Hydrobiologie, Advances in Limnology 54, 

61–76.

Holmgren, S.K. (1984). Experimental lake fertilization in 

the Kuokkel area, northern Sweden: phytoplankton 

biomass and algal composition in natural and ferti-

lized subarctic lakes. Internationale Revue der gesamten 
Hydrobiologie und Hydrographie 69, 781–817.

Hutchinson, G.E. and Löffl er, H. (1956). The thermal clas-

sifi cation of lakes. Proceedings of the National Academy 
Sciences USA, 42, 84–86.

Imura, S., Bando, T., Saito, S., Seto, K., and Kanda, H. 

(1999). Benthic moss pillars in Antarctic lakes. Polar 
Biology 22, 137–140.

Izaguirre, I., Mataloni, G., Allende, L., and Vinocur, A. 

(2001). Summer fl uctuations of microbial plank-

tonic communities in a eutrophic lake–Cierva Point, 

Antarctica. Journal of Plankton Research 23, 1095–1109.

Jensen, D.B. (ed.) (2003). The Biodiversity of 
Greenland—a Country Study. Technical Report no. 55. 

Pinngortitaleriffi k, Grønlands Naturinstitut, Nuuk, 

Greenland.

Juday, C. (1920). The Cladocera of the Canadian Arctic 

Expedition, 1913–1918. In Report of the Canadian Arctic 
Expedition 1913–1918. Vol VII. Crustacea, Part H, 

Cladocera. 1–8. T. Mulvey, Ottawa.

Kaup, E. (2005). Development of anthropogenic eutrophi-

cation in Antarctic lakes of the Schirmacher Oasis. 

Verhandlungen Internationale Vereingung der Limnologie 

29, 678–682.

Lesack, L.F.W. and Marsh, P. (2007). Lengthening plus 

shortening of river-to-lake connection times in the 

Mackenzie River Delta respectively via two global 

change mechanisms along the arctic coast. Geophysical 
Research Letters 34, L23404, doi:10.1029/2007GL031656.

Maciolek, J.A. (1989). Tundra ponds of the Yukon Delta, 

Alaska, and their macroinvertebrate communities. 

Hydrobiologia 172, 193–206.

Markager, S., Vincent, W.F., and Tang, E.P.Y. (1999). 

Carbon fi xation in high Arctic lakes: Implications of 

low temperature for photosynthesis. Limnology and 
Oceanography 44, 597–607.

McKnight, D.M., Andrews, E.D., Aiken, G.R., and 

Spaulding, S.A. (1994). Dissolved humic substances 

in eutrophic coastal ponds at Cape Royds and 

Cape Bird, Antarctica. Limnology and Oceanography 39, 

1972–1979.

Meehl, G.A. et al. (2007). Global climate projections. In 

Solomon, S. et al. (eds.), Climate Change 2007: The Physical 

High-Arctic Ecosystem Dynamics in a Changing Climate. 
Ten years of monitoring and research at Zackenberg Research 
Station, Northeast Greenland, pp. 371–390. Advances 

in Ecological Research, vol. 40, Academic Press, San 

Diego, CA.

Cornwell, J.C. (1987). Phosphorus cycling in Arctic lake 

sediment: adsorption and authigenic minerals. Archives 
für Hydrobiologie 109, 161–170.

Cullen, J.J. (1991). Hypotheses to explain high nutrient 

conditions in the open sea. Limnology and Oceanography 

36, 1578–1599.

Doran, P.T., Wharton, R.A., Lyons, W.B., DesMarais, D.J., 

and Andersen, D.T. 2000. Sedimentology and isotopic 

geochemistry of a perennially ice-covered epishelf 

lake in Bunger Hills Oasis, East Antarctica. Antarctic 
Science, 12, 131–140.

Douglas, M.S.V., Smol, J.P., and Blake, Jr, W. (1994). Marked 

post-18th century environmental change in high Arctic 

ecosystems. Science 266, 416–419.

Emmerton, C.A., Lesack, L.F.W., and Marsh, P. (2007). 

Lake abundance, potential water storage, and habitat 

distribution in the Mackenzie River Delta, western 

Canadian Arctic. Water Resources Research 43, W05419.

Ferris, J.M., Burton, H.R., Johnstone, G.W., and Bayly, 

I.A.E. (eds) (1988). Biology of the Vestfold Hills. 

Hydrobiologia 165.

Forel, A.-F. (1895). Le Léman: Monographie Limnologique 

Tome 2. F. Rouge, Lausanne.

Franzmann, P.D., Roberts, N.J., Mancuso, C.A., Burton, 

H.R., and McMeekin, T.A. (1991). Methane production 

in meromictic Ace Lake, Antarctica. Hydrobiologia 210, 

191–201.

Gibson, J.A.E. (1999). The meromictic lakes and stratifi ed 

marine basins of the Vestfold Hills, East Antarctica. 

Antarctic Science 11, 175–192.

Gibson, J.A.E. and Andersen, D.T. (2002). Physical struc-

ture of epishelf lakes of the southern Bunger Hills, East 

Antarctica. Antarctic Science 14, 253–262.

Goldman, C.R., Mason, D.T., and Hobbie, J.E. (1967). Two 

Antarctic desert lakes. Limnology and Oceanography 12, 

295–310

Green, W.J. and Friedmann, E.I. (eds) (1993). Physical and 
biogeochemical processes in Antarctic lakes. Antarctic 

Research Series vol. 59. American Geophysical Union, 

Washington DC.

Heginbottom, J.A. (2002). Permafrost mapping: a review. 

Progress in Physical Geography 26, 623–642.

Hobbie, J.E. (1961). Summer temperatures in Lake 

Schrader, Alaska. Limnology and Oceanography 6, 

 326–329.

Hobbie, J.E. (ed.) (1980). Limnology of Tundra Ponds, Barrow, 
Alaska. US/IBP Synthesis Series vol. 13. Dowden, 

www.biodiversitylibrary.org/ia/limnologyoftundr00hobb
www.biodiversitylibrary.org/ia/limnologyoftundr00hobb


16   P O L A R  L A K E S  A N D  R I V E R S

Priscu, J.C. (1995). Phytoplankton nutrient defi ciency 

in lakes of the McMurdo Dry Valleys, Antarctica. 

Freshwater Biology 34, 215–227.

Priscu, J.C. (ed.) (1998). Ecosystem dynamics in a polar 
desert: the McMurdo Dry Valleys Antarctica. Antarctic 

Research Series vol. 72. American Geophysical Union, 

Washington DC.

Quayle, W.C., Peck, L.S., Peat, H., Ellis-Evans, J.C., and 

Harrigan, P.R. (2002). Extreme responses to climate 

change in Antarctic lakes. Science 295, 645.

Rautio, M. and Vincent, W.F. (2006). Benthic and pelagic 

food resources for zooplankton in shallow high-latitude 

lakes and ponds. Freshwater Biology 51, 1038–1052.

Riget, F. et al. (2000). Landlocked Arctic charr (Salvelinus 
alpinus) population structure and lake morphometry 

in Greenland – is there a connection? Polar Biology 23, 

550–558.

Rigler, F.H. (1978). Limnology in the High Arctic: a case 

study of Char Lake. Verhandlungen der Internationalen 
Vereinigung für Theoretische und Angewandte Limnologie 

20, 127–140.

Røen, U.I. (1962). Studies on freshwater entomostracan in 

Greenland II. Locations, ecology and geographical dis-

tribution of species. Meddelser om Grønland 170, no 2.

Schindler, D.W. and Smol, J.P. (2006). Cumulative effects 

of climate warming and other human activities on 

freshwaters of Arctic and SubArctic North America. 

Ambio 35, 160–168.

Schindler, D.W., Welch, H.E., Kalff, J., Brunskill, G.J., and 

Kritsch, N. (1974a). Physical and chemical limnology of 

Char Lake, Cornwallis Island (75°N lat). Journal of the 
Fisheries Research Board of Canada 31, 585–607.

Schindler, D.W. et al. (1974b). Eutrophication in the high 

arctic- Meretta Lake, Cornwallis Island (75°N lat). 

Journal of the Fisheries Research Board of Canada 31, 

 647–662.

Schmidt, S., Moskall, W., De Mora, S.J.D., Howard-

Williams, C., and Vincent WF. (1991) Limnological 

properties of Antarctic ponds during winter freezing. 

Antarctic Science 3, 379–388.

Schwartzman, D.W. (1999). Life, Temperature, and the Earth: 
The Self-organizing Biosphere. Columbia University 

Press, New York.

Sharma, S., Jackson, D.A., Minns, C.K., and Shuter, B.J. 

(2007). Will northern fi sh populations be in hot water 

because of climate change? Global Change Biology 13, 

2052–2064.

Shirtcliffe, T.G.L. and Benseman, R.F. (1964). A sun-

heated Antarctic lake, Journal of Geophysical Research 

69, 3355–3359.

Smith, L.C., Sheng, Y., MacDonald, G.M., and Hinzman, 

L.D. (2005). Disappearing Arctic lakes. Science 308, 1429.

Science Basis. Contribution of Working Group I to the 
Fourth Assessment Report of the Intergovernmental Panel 
on Climate Change, pp. 747–846. Cambridge University 

Press, Cambridge.

Michelutti, N., Hermanson, M.H., Smol, J.P., Dillon, P.J., 

and Douglas, M.S.V. (2007). Delayed response of dia-

tom assemblages to sewage inputs in an Arctic lake. 

Aquatic Sciences doi:10.1007/s00027-007-0928-8.

Milner, A.M. and Oswood, M.W., (eds) (1997). Freshwaters 
of Alaska: Ecological Synthesis. Ecological Studies, Vol 

119. Springer, New York.

Mueller, D.R., Vincent, W.F., and Jeffries, M.O. (2003). 

Break-up of the largest Arctic ice shelf and associated 

loss of an epishelf lake. Geophysical Research Letters 30, 

2031, doi:10.1029/2003GL017931.

National Research Council. (2007). Exploration of Antarctic 
Subglacial Aquatic Environments: Environmental and 
Scientifi c Stewardship. The National Academies Press, 

Washington DC.

Nolan, M. and Brigham-Grette, J. (2007). Basic hydrol-

ogy, limnology, and meteorology of modern Lake 

El’gygytgyn, Siberia. Journal of Paleolimnology 37, 

17–35.

O’Brien, W.J. et al. (1997). The limnology of Toolik Lake. 

In Milner, A.M. and Oswood, M.W. (eds.), Freshwaters 
of Alaska: Ecological Synthesis, pp. 61–106. Springer, 

New York.

Payette, S., Delwaide, A., Caccianiga, M., and Beauchemin, 

M. (2004). Accelerated thawing of subarctic peatland 

permafrost over the last 50 years. Geophysical Research 
Letters 31, L18208.

Pearce, D.A. (2003). Bacterioplankton community 

 structure in a maritime Antarctic oligotrophic lake 

during a period of holomixis, as determined by 

denatur ing gradient gel electrophoresis (DGGE) and 

fl uorescence in situ hybridization (FISH). Microbial 
Ecology 46, 92–105.

Peterson, B.J. et al. (2006).Trajectory shifts in the arctic and 

subarctic freshwater cycle. Science 313, 1061–1066.

Pienitz, R. and Vincent, W.F. (2000). Effect of climate 

change relative to ozone depletion on UV exposure in 

subarctic lakes. Nature 404, 484–487.

Pienitz, R., Douglas, M.S.V., and Smol, J.P. (eds) (2004). 

Long-Term Environmental Change in Arctic and Antarctic 
Lakes. Springer, Dordrecht.

Poulsen, E.M. (1940). Freshwater Entomostraca. Zoology of 
East Greenland, Meddelser om Grønland 121, no. 4.

Powell, L.M., Bowman, J.P., Skerratt, J.H., Franzmann, 

P.D., and Burton, H.R. (2005). Ecology of a novel 

Synechococcus clade occurring in dense populations in 

saline Antarctic lakes. Marine Ecology Progress Series 

291, 65–80.



I N T R O D U C T I O N    17

Vincent, W.F. (1981). Production strategies in Antarctic 

inland waters: phytoplankton eco- physiology in a per-

manently ice-covered lake. Ecology 62, 1215–1224.

Vincent, W.F. (1988). Microbial Ecosystems of Antarctica. 

Cambridge University Press, Cambridge.

Vincent, W.F., Downes, M.T., and Vincent, C.L. (1981). 

Nitrous oxide cycling in Lake Vanda, Antarctica. 

Nature 292, 618–620.

Vincent, W.F. and Vincent, C.L. (1982). Nutritional state of 

the plankton in Antarctic coastal lakes and the inshore 

Ross Sea. Polar Biology 1, 159–165.

Vincent, W.F. and Ellis-Evans, J.C. (eds) (1989). High lati-

tude limnology. Hydrobiologia 172.

Vincent, W.F. and Hobbie, J.E. (2000). Ecology of Arctic 

lakes and rivers. In Nuttall, M. and Callaghan, T.V. 

(eds), The Arctic: Environment, People, Policies, pp. 197–

231. Harwood Academic Publishers, London.

Vincent, W.F., Rautio, M., and Pienitz, R. (2007). Climate 

control of underwater UV exposure in polar and alpine 

aquatic ecosystems. In Orbaek, J.B., Kallenborn, R., 

Tombre, I., et al. (eds), Arctic Alpine Ecosystems and 
People in a Changing Environment, pp. 227–249. Springer, 

Berlin.

Walter, K.M., Zimov, S.A., Chanton, J.P., Verbyla, D., and 

Chapin, F.S. (2006). Methane bubbling from Siberian 

thaw lakes as a positive feedback to climate warming. 

Nature 443, 71–75.

Wand, U., Samarkin, V.A., Nitzsche, H.M., and 

Hubberten, H.W. (2006). Biogeochemistry of methane 

in the permanently ice-covered Lake Untersee, central 

Dronning Maud Land, East Antarctica. Limnology and 
Oceanography, 51, 1180–1194.

West, J.J. and Plug, L.J. (2008). Time-dependent morph-

ology of thaw lakes and taliks in deep and shallow 

ground ice. Journal of Geophysical Research 113, F01009, 

doi:10.1029/2006JF000696.

Woo, M.K. (2000). McMaster River and Arctic hydrology. 

Physical Geography 21, 466–484.

Woo, M.K. and Young, K.L. (2006). High Arctic wetlands: 

their occurrence, hydrological characteristics and sus-

tainability. Journal of Hydrology 320, 432–450.

Wrona, F.J., Prowse, T.D., and Reist, J.D. (eds) (2006). 

Climate change impacts on Arctic freshwater ecosys-

tems and fi sheries. Ambio 35(7), 325–415.

Zhulidov, A.V., Headley, J.V., Robarts, R.D., Nikanorov, 

A.M., and Ischenko, A.A. (1997). Atlas of Russian 
Wetlands: Biogeography and Heavy Metal Concentrations. 
National Hydrology Research Institute, Environment 

Canada, Saskatoon.

Zhulidov, A.V., Robarts, R.D., Ischenko, A.A., and Pavlov, 

D.F. (2008). The Great Siberian Rivers. Springer, New 

York (in press).

Smol, J.P. and Douglas, M.S.V. (2007a). Crossing the fi nal 

ecological threshold in high Arctic ponds. Proceedings 
of the National Academy of Sciences of the USA 104, 

 12395–12397.

Smol, J.P. and Douglas, M.S.V. (2007b). From controversy 

to consensus: making the case for recent climatic 

change in the Arctic using lake sediments. Frontiers in 
Ecology and the Environment 5, 466–474.

Smol, J.P. et al. (2005). Climate-driven regime shifts 

in the biological communities of Arctic lakes. 

Proceedings of the National Academy of Sciences USA 102, 

4397–4402.

Sorvari, S., Korhola, A., and Thompson R. (2002). Lake 

diatom response to recent Arctic warming in Finish 

Lapland. Global Change Biology 8, 153–163.

Spaulding, S.A., McKnight, D.M., Smith, R.L., and 

Dufford, R. (1994). Phytoplankton population dynam-

ics in perennially ice-covered Lake Fryxell, Antarctica. 

Journal of Plankton Research 16, 527–541.

Stanley, D.W. and Daley, R.J. (1976). Environmental con-

trol of primary productivity in Alaskan tundra ponds. 

Ecology 57, 1025–1033.

Stocker, Z.S.J. and Hynes, H.B.N. (1976). Studies on 

tributaries of Char Lake, Cornwallis Island, Canada. 

Hydrobiologia 49, 97–102.

Tanabe, Y., Kudoh, S., Imura, S., and Fukuchi, M. (2008). 

Phytoplankton blooms under dim and cold conditions 

in freshwater lakes of East Antarctica. Polar Biology 31, 

199–208.

Tominaga, H. and Fukii, F. (1981). Saline lakes at Syowa 

Oasis, Antarctica. Hydrobiología 81–82, 375–389.

Toro, M., Camacho A., Rochera C., et al. (2007). 

Limnological characteristics of the freshwater ecosys-

tems of Byers Peninsula, Livingston Island, in mari-

time Antarctica. Polar Biology 30, 635–649.

Vadeboncoeur, Y. et al. (2003). From Greenland to green 

lakes: cultural eutrophication and the loss of benthic 

pathways in lakes. Limnology and Oceanography 14, 

1408–1418.

Van Hove, P., Belzile, C., Gibson, J.A.E., and Vincent, 

W.F. (2006). Coupled landscape-lake evolution in the 

Canadian High Arctic. Canadian Journal of Earth Sciences 

43, 533–546.

Van Hove, P., Vincent, W.F., Galand, P.E., and Wilmotte, A. 

(2008). Abundance and diversity of picocyanobacteria 

in high arctic lakes and fjords. Algological Studies 126, 

209–227.

Vincent, A., Mueller, D.R., and Vincent, W.F. (2008). 

Simulated heat storage in a perennially ice-

covered high Arctic lake: sensitivity to climate 

change. Journal of Geophysical Research 113, C04036, 

doi:10.1029/2007JC004360.



18   P O L A R  L A K E S  A N D  R I V E R S

tundra. The IBP investigations (Hobbie 1980) included 

studies on the cycling of nitrogen and  phosphorus and 

the changes in standing stock and productivity of phyto-

plankton, sediment algae, zooplankton, micro- and mac-

robenthic invertebrates, bacteria, and emergent sedges 

which cover one-third of each pond. Results included 

annual cycles of carbon, nitrogen, and phosphorus and a 

stochastic model of a whole pond ecosystem.

The Barrow ponds were solidly frozen from late 

September until mid-June. Mean summer tempera-

tures were 7–8°C (maximum 16°C). Primary product-

ivity was dominated by emergent sedges and grasses 

(96 g C m−2 year−1), while benthic algae (8.4 g C m−2 year−1), 

and phytoplankton (1.1 g C m−2 year−1) contributed lesser 

amounts. The grazing food webs were unimportant 

(annual production of zooplankton was 0.2 g C m−2) rela-

tive to the detritus food web of bacteria, chironomid lar-

vae, and protozoans (annual production of bacteria was 

approximately 10–20 g C m−2, of macrobenthos 1.6 g C m−2, 

and of protozoans 0.3 g C m−2).

The phytoplankton productivity of Barrow ponds 

was phosphorus-limited (Stanley and Daley 1976). 

Concentrations in the water were extremely low, 

1–2 µg P L−1, despite high amounts (25 g P m−2 ) in the top 

10 cm of sediments. The concentrations in the water were 

controlled by sorption on to a hydrous iron complex. 

Nitrogen was supplied mostly from the sediments as 

ammonium at a turnover rate of 1–2 days. The smallest 

life forms of the ponds did not seem to have any special 

adaptations to the Arctic. Concentrations and even spe-

cies of bacteria and protists resembled those of temper-

ate ponds. Metazoans were different in that many forms 

were excluded (e.g. fi sh, amphibia, sponges, many types 

of insects).

Permafrost thaw lakes are widely distributed through-

out the tundra. They are formed by the thawing of 

perma frost and subsequent contraction and slumping 

of soils. In this way, they are particularly sensitive to 

present and future climate change. At some northern 

sites (e.g. Siberia; Smith et al. 2005) they are appear to be 

draining, drying up, and disappearing, whereas in some 

discontinuous permafrost areas they are expanding 

(Payette et al. 2004). Recent attention has focused espe-

cially on their abundant zooplankton populations, value 

as wildlife habitats, striking optical characteristics (see 

Plates 8 and 9), and biogeochemical properties, especially 

 production of greenhouse gases (Walter et al. 2006).

A1.3 Canadian Arctic Archipelago

A diverse range of lake ecosystem types occur through-

out the Canadian high Arctic, ranging from rock basin 

Appendix 1.1

This section presents illustrative examples of research 

sites in the Arctic and in Antarctica (see Figures 1.1 and 

1.2 for location maps).

A1.1 The Toolik Lake LTER

Toolik Lake and surrounding rivers (Plate 6) and lakes 

lie in tussock tundra at 68°N, 149°W in the northern 

foothills of the North Slope of Alaska. Studies began 

in 1975 and continue under the Long Term Ecological 

Research (LTER) program (data and bibliography at 

http:// ecosystems.mbl.edu/ARC/). Investigations of 

Toolik Lake (25 m maximum depth) have included phys-

ics, chemistry, and numbers, productivity, and controls 

of phytoplankton, zooplankton, benthos, and fi sh, and 

cycling of carbon, phosphorus, and nitrogen. Whole 

lakes, large mesocosms, and streams have been treated 

by fertilization as well as by the introduction and exclu-

sion of predators (O’Brien et al. 1997).

Toolik Lake is ice-bound for 9 months (early October 

until mid-June) and is ultra-oligotrophic, with an annual 

planktonic productivity of approximately 10 g C m−2. The 

low rates of organic-matter sedimentation and  unusually 

high concentrations of iron and manganese combine 

with high amounts of oxygen in the water column to 

cause strong adsorption of soluble nitrogen and phos-

phorus by the metal-rich sediments (Cornwell 1987). The 

algae, nearly all nanofl agellates, are fed upon by seven 

species of crustacean zooplankton (Hobbie et al. 1999). 

Allochthonous organic matter from land produces a 

lake DOC level of 6 mg C L−1 and Secchi disk depths of 

6–7 m. The added DOC means that the microbial food 

web resembles that of temperate lakes (i.e. 1–2 × 106   bacte-

rial cells ml−1). Both the microbial food web and the food 

web beginning with phytoplanktonic algae are truncated 

as the zooplankton are so rare that their grazing does 

not control algae or fl agellates. Fish in Toolik Lake are 

dependent upon benthic productivity; isotopes indicate 

that even the top predators, lake trout, obtain most of 

their carbon and energy from benthic invertebrates, such 

as snails and chironomid larvae.

A1.2 Thaw lakes and ponds at Barrow, Alaska

Permafrost thaw lakes (also called thermokarst lakes and 

ponds) are found throughout the circumpolar Arctic. A 

three-year integrated study of this ecosystem type took 

place during the IBP at Barrow, Alaska (71°N, 157°W), 

where the coastal plain is covered either by large lakes 

(2–3 m deep) and shallow ponds (≈50 cm deep) or wet sedge 

http://ecosystems.mbl.edu/ARC/
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with ice while the lakes in South Greenland have open 

water for 6 months of the year. There is a gradient of bio-

diversity and, as expected, the fauna and fl ora are much 

reduced in the north. For example, 21 species of vascu-

lar aquatic plants are found in southern Greenland and 

three in northern Greenland. Only 672 species of insects 

are present in Greenland while over 20 000 are found in 

Denmark. There is, furthermore, an east–west gradient as 

exemplifi ed by the zooplankton diversity that decreases 

from south to north and from west to east. The largest 

number of freshwater entomostracans is found around 

Disko Island and at the southern west coast (around 45 

species according to Røen 1962). A gradient study of pri-

mary productivity in Greenland, Danish, and US lakes 

showed that the Greenland lakes were all highly oligo-

trophic and that more than 80% of their total primary pro-

ductivity took place on benthic surfaces (Vadeboncoeur 

et al. 2003). Arctic char are found throughout Greenland, 

sometimes with dwarf forms (3–8 cm), medium forms, 

and large forms (>30 cm) in the same lake (Riget et al. 
2000). The large forms are often piscivorous on stickle-

backs and young char. Medium-sized fi sh fed mainly on 

zooplankton while dwarf forms fed mainly on chirono-

mid and trichopteran larvae.

Several areas have been sites of detailed limno-

logical studies during the last few decades because 

there are fi eld stations and associated infrastructure: 

Kangerlussuaq (Sønder Strømfjord) and Disko Island in 

West Greenland, and Pituffi k (Thule Airbase) and Peary 

Land in North Greenland (Jensen 2003). The Danish 

BioBasis 50-year monitoring program in the Zackenberg 

Valley in northeastern Greenland (74°N) includes two 

shallow lakes (<6 m in depth), one with Arctic char. These 

lakes have been monitored for 10 years and it is evident 

that phytoplankton and zooplankton biomass is great-

est in warm summers when there is deep thawing of the 

active layer of the soil and more nutrients enter the lakes 

(Christoffersen et al. 2008).

A1.5 Maritime Antarctic lakes

Islands to the north and along the western side of the 

Antarctic Peninsula experience a climate regime that is 

wet and relatively warm by comparison with continental 

Antarctica, and their limnology refl ects these less severe 

conditions. Byers Peninsula (62.5°S, 61°W) on Livingston 

Island is an Antarctic Specially Protected Area under the 

Antarctic Treaty and is one of the limnologically richest 

areas of maritime Antarctica. This seasonally ice-free 

region contains lakes, ponds, streams, and wetlands. The 

lakes contain three crustacean species: Boeckella poppei, 
Branchinecta gaini, and the benthic cladoceran Macrothrix 

ponds at Cape Herschel (Smol and Douglas 2007a), to 

large deep lakes such as Lake Hazen (542 km2; Plate 5) 

on Ellesmere Island, and Nettilling Lake (5542 km2) and 

Amadjuak Lake (3115 km2), both on Baffi n Island. The 

most northerly lakes in this region resemble those in 

Antarctica, with perennial ice cover, simplifi ed foods 

webs and polar desert catchments (e.g. Ward Hunt Lake, 

83°05�N, 74°10�W; Plate 4). Meromictic lakes (saline, per-

manently stratifi ed waters) are found at several sites, 

including Cornwallis Island, Little Cornwallis Island, 

and Ellesmere Island (Van Hove et al. 2006), and several 

of these have unusual thermal profi les that result from 

solar heating, as in some Antarctic lakes (Vincent et al. 
2008; Figure 1.3).

Around 1970, Char Lake, a 27-m-deep (74°43�N, 

94°59�W) lake on Cornwallis Island, was the site of a 

3-year IBP comprehensive study (Schindler et al. 1974a; 

Rigler 1978), with comparative studies on nearby Meretta 

Lake that had become eutrophic as a result of sewage dis-

charge into it (Schindler et al. 1974b). The average yearly 

air temperature was −16.4°C and summer temperatures 

averaged 2°C. Although Char Lake is usually ice-free 

for 2–3 months, the weather is often cloudy so the water 

temperature rarely exceeds 4°C. Because of the extreme 

conditions, the lake lies in a polar desert catchment with 

sparse vegetation, resulting in an unusually low loading 

of phosphorus. This, plus cold water temperatures and 

low light levels beneath the ice, results in planktonic pro-

duction of approximately 4 g C m−2 year−1, one of the lowest 

ever measured. However, benthic primary production of 

mosses and benthic algae is four-fold higher. One species 

of copepod dominates the planktonic community; the 

seven species of benthic Chironomidae account for half 

of the energy through the zoobenthos. Most animal bio-

mass is found in the Arctic char that feed mainly on the 

chironomids. Rigler (1978, p. 139) concluded that ‘There 

is little sign of Arctic adaptation in the classical sense. 

The species that live in Arctic lakes merely develop and 

respire more slowly than they would at higher tempera-

tures’. However, this study was undertaken before the 

advent of molecular and other advanced microbiological 

techniques, and little is known about the microbial food 

web of Char Lake.

A1.4 Greenland lakes and ponds

The tremendous latitudinal extent of Greenland, from 60° 

to 83°N, includes a great variety of lakes, ponds,  rivers, 

and streams (Poulsen 1940; Røen 1962; Jensen 2003). Very 

special features exist, such as saline lakes with old sea-

water in the bottom and hot and/or radioactive springs. 

In North Greenland, some lakes are permanently  covered 
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and a benthic community of thick microbial mats, but no 

crustacean zooplankton. The lakes also contain striking 

biogeochemical gradients and extreme concentrations at 

specifi c depths of certain gases and other intermediates 

in elemental nutrient cycles (see Chapter 8). Ephemeral 

streams are also common through the valleys (Plate 6), 

and are fed by alpine or piedmont glaciers. The largest 

of these, the Onyx River, fl ows 30 km inland, ultimately 

discharging into Lake Vanda (see Chapter 5 in this vol-

ume). Most of the streams contain pigmented microbial 

mats dominated by cyanobacteria, typically orange mats 

largely composed of oscillatorian taxa and black mats 

composed of Nostoc commune (details in Vincent 1988). 
The valleys are polar deserts that are largely devoid of 

vegetation, with dry, frozen soils that are several million 

years old. New Zealand and the USA have conducted 

research in the region from the 1957/1958 International 

Geophysical Year onwards, and in 1993 the Taylor Valley 

was selected as an NSF-funded long term ecological 

research site (LTER; data and bibliography are given at: 

www.mcmlter.org). In recognition of the environmen-

tal sensitivity of this region, the McMurdo Dry Valleys 

have been declared an Antarctic Specially Managed Area 

under the terms of the Antarctic Treaty System.

A1.7 Vestfold Hills

This lake-rich area lies in east Antarctica, at 68°30’S, 

78°10’E (Ferris et al. 1988). The proximity of Davis Station 

permits year-round investigations, and consequently the 

lakes of the Vestfold Hills are among the few polar water 

bodies for which there are annual data-sets. Unlike most 

of the lakes of the McMurdo Dry Valleys, the lakes of the 

Vestfold Hills usually lose all or most of their ice cover 

for a short period in late summer. Saline lakes carry a 

thinner ice cover and the most saline, such as Deep 

Lake (about eight times the salinity of seawater), cool 

to extreme low temperatures in winter (Figure 1.3) but 

never develop an ice cover. The meromictic lakes (Gibson 

1999) have well-oxygenated mixolimnia (upper waters), 

whereas the monimolimnia (lower waters that never mix) 

are anoxic. In contrast, the larger freshwater lakes are 

fully saturated with oxygen throughout their water col-

umns at all times in the year. Compared with the lakes of 

the McMurdo Dry Valleys, the lakes of the Vestfold Hills 

are relatively young; the saline lakes are derived from 

relic seawater by evaporation, or where they are brack-

ish by dilution. Sulphate reduction occurs in the mero-

mictic lakes, as it does in those of the Dry Valleys. The 

high reducing capacity of sulphide serves to maintain 

anoxic conditions in the monimolimnia of these lakes. 

Large populations of  photosynthetic sulphur bacteria 

ciliate. The chironomids Belgica antarctica and Parochlus 
steinenii, and the oligochaete Lumbricillus sp., occur in 

the stream and lake zoobenthos. Cyanobacterial mats 

occur extensively, and epilithic diatoms and the aquatic 

moss Drepanocladus longifolius are also important phyto-

benthic components. The Antarctic Peninsula region is 

currently experiencing the most rapid warming trend 

in the Southern Hemisphere, and Byers Peninsula has 

been identifi ed as a valuable long-term limnological ref-

erence site for monitoring environmental change (Toro 

et al. 2007).

Signy Island (60°43�S , 45°38�W) is part of the South 

Orkney Islands and also experiences the relatively 

warm, wet maritime Antarctic climate. It has a number 

of lakes that have been studied for many years by the 

British Antarctic Survey. The largest is Heywood Lake 

(area 4.3 ha, maximum depth 15 m), which has undergone 

eutrophication because its shores provide a wallow for 

an expanding population of fur seals. The lakes are cold 

monomictic (Figure 1.3) and contain the planktonic zoo-

plankton species Bo. poppei and benthic crustacean spe-

cies such as Alona rectangular. These waters are proving to 

be excellent study sites for molecular microbiology (e.g. 

Pearce 2003), and there is limnological evidence that they 

are responding to recent climate change (Quayle et al. 
2002). Phycological and limnological studies have also 

been made at many other sites in the maritime Antarctic 

region, including King George Island and Cierva Point, 

an Antarctic Specially Protected Area on the Antarctic 

Peninsula (e.g. Izaguirre et al. 2001).

A1.6 McMurdo Dry Valleys LTER

First discovered by Captain Robert Falcon Scott in 1903, 

this is the largest ice-free region (about 4800 km2) of 

continental Antarctica (77°30�S, 162°E). It is best known 

for its deep lakes that are capped by thick perennial ice 

(Goldman et al. 1967; Green and Friedmann 1993; Priscu 

1998). In the most extreme of these, Lake Vida (Victoria 

Valley), the ice extends almost entirely to the sediments; 

its 19 m of ice cover overlies a brine layer that is seven 

times the salinity of seawater with a liquid water tem-

perature of –10°C. Most of the lakes are capped by 4–7 m 

of ice and are meromictic, with a surface layer of fresh-

water overlying saline deeper waters. These include Lake 

Fryxell, Lake Hoare, and Lake Bonney (Plate 4) in the 

Taylor Valley, Lake Miers in the Miers Valley, and Lake 

Vanda in the Wright Valley. The latter has a complex 

water column with thermohaline circulation cells and a 

deep thermal maximum above 20°C (Figure 1.3). The lakes 

contain highly stratifi ed microbial communities, often 

with a deep population maximum of phytoplankton, 

www.mcmlter.org
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A1.10 Schirmacher and Untersee Oases

The Schirmacher and Untersee Oases lie in Dronning 

Maud Land at 71°S, 11–13°E (Bormann and Fritsche 1995). 

The Russian Antarctic Station Novolazarevskaya and the 

Indian Station Maitri are located in this region. The larg-

est lake, Lake Untersee, has an area of 11.4 km2 and a 

maximum depth of 167 m. The lakes are fed by under-

water melting of glaciers, and lose water by sublimation 

from their perennial ice surfaces. Within the Schirmacher 

Oasis there are over 150 lakes ranging in size from 

2.2 km2 (Lake Ozhidaniya), to small unnamed water bod-

ies of less than 0.02 km2 in area. These lakes are small and 

shallow compared with some of the lakes which occur 

in the McMurdo Dry Valleys and the Vestfold Hills. The 

geomorphological diversity of lakes in the Schirmacher 

Oasis is considerable. There is a supraglacial lake (Taloye, 

0.24 km2), which is around 5 m in depth. A number 

of relatively small epishelf lakes have formed on the 

northern edge of the oasis (Lake Prival’noye, 0.12 km2; 

Lake Zigzag, 0.68 km2; Lake Ozhidaniya, 2.2 km2; and 

Lake Predgornoye, 0.18 km2). Several lakes have formed 

in tectonically developed glaciated basins, for example 

Lake Sbrosovoye (0.18 km2) and Lake Dlinnoye (0.14 km2). 

Glacier-dammed and ice-wall-dammed lakes such as 

Lakes Iskristoye and Podprudnoye also occur as does one 

morainic lake (Lake 87). All of the lakes are fresh water 

and carry ice cover for most of the year. The majority 

become ice-free for a period in summer. The lakes have 

high transparency with several allowing light penetration 

to considerable depth; for example, Lakes Verkheneye 

and Untersee. Apart from several lakes that are subject 

to anthropogenic infl uences, the surface waters of the 

lakes of both oases are nutrient-poor. Total phosphorus 

levels are low, ranging between 4 and 6 µg l−1 in surface 

lakewaters of the Schirmacher Oasis and less than 1 µg l−1 

in the upper water column of Lake Untersee. However, 

the bottom waters (>80 m depth) of Lake Untersee are 

anoxic, with extraordinarily high methane concentrations 

(around 22 mmol l−1) that are among the highest observed 

in natural aquatic ecosystems (Wand et al. 2006). Lake 

Glubokoye receives waste water from the Soviet Station 

and now has elevated dissolved  reactive phosphorus 

 levels of 300 µg l−1 in its deepest water (Kaup 2005).

A1.11 Syowa Oasis

This site lies on the Sôya Coast at 69°S, 39°30’E. Like the 

Vestfold Hills and Bunger Hills it carries freshwater, 

saline, and hypersaline lakes. A number of the saline 

lakes have been studied in some detail (Tominaga and 

Fukii 1981). Lake Nurume is a meromictic lake  (maximum 

and chemolithotrophic thiosulphate-oxidizing bacteria 

occur in the anoxic waters, and use sulphide or its oxida-

tion product, thiosulphate, as an electron donor (Ferris 

et al. 1988). Methanogenesis occurs in these sulphate-

depleted waters (Franzmann et al. 1991), with rates up to 

2.5 µmol kg−1 day−1. Ace Lake (Plate 5) is the most stud-

ied lake in the Vestfold Hills, largely because it is easily 

accessed both in summer and winter from Davis Station. 

It contains stratifi ed microbial communities including 

fl agellates, ciliates and high concentrations of picocyano-

bacteria (Powell et al. 2005). Unlike the McMurdo Dry 

Valley lakes, it also has crustacean zooplankton.

A1.8 Larsemann Hills

This oasis of ice-free land is an Antarctic Specially 

Managed Area that lies at 69°25’S and 76°10’E between 

the Sørsdal Glacier and the Amery Ice Shelf, about 80 km 

south of the Vestfold Hills. It has about 150 lakes and 

ponds, most of which are freshwater. They vary in size 

from Progress Lake (10 ha in area and 38 m deep) to small 

ponds of a few square metres in area and a depth around 

1 m. Geomorphologically the lakes can be classifi ed as 

supraglacial ponds, lakes and ponds in large glaciated 

rock basins, and ponds dammed by colluvium (loose 

sediment that accumulates at the bottom of a slope). 

Most of them are fed by meltwater from snow banks 

and a number of them have distinct infl ow and outfl ow 

streams which fl ow for around 12 weeks each year in 

summer. Like the freshwater lakes of the Vestfold Hills, 

the Larsemann Hills lakes contain sparse phytoplankton 

populations that are likely to be phosphorus-limited. 

Most of these clear waters contain luxuriant benthic mats 

dominated by cyanobacteria.

A1.9 Bunger Hills

This site lies at 66°S, 100°E in Wilkes Land, adjacent to 

the Shackleton Ice Shelf to the north. It has an area of 

950 km2, making it one of the largest oases in Antarctica. 

It contains hundreds of lakes, both freshwater and saline, 

in valleys and rock depressions. The freshwater lakes 

(the largest being Figurnoye, area 14.3 km2) are concen-

trated in the southern part of the oasis and at its periph-

ery, while the saline lakes are located in the north and on 

the islands (Gibson and Andersen 2002). Most lakes in 

the centre of the Bunger Hills lose their ice-cover in sum-

mer, whereas those at its margins in contact with glaciers 

(epiglacial lakes) retain perennial ice caps. Geochemical 

and sedimentological studies have been conducted on 

White Smoke Lake, an epishelf lake in the region that is 

capped by 1.8–2.8 m of perennial ice (Doran et al. 2000).
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These range from small cryoconite holes, fi rst discovered 

on the Greenland ice cap and now compelling models 

for biogeochemical studies, to the extensive systems of 

meltponds on the Arctic and Antarctic ice shelves (thick 

landfast ice that fl oats on the sea) that are a habitat for 

rich microbial mat communities that are of great inter-

est to astrobiologists (see Chapter 6 in this volume). The 

major sites of limnological study of ice shelves have 

been the Ward Hunt and Markham ice shelves in the 

Canadian High Arctic (Plate 2) and the McMurdo Ice 

Shelf, Antarctica (Plate 3).

A1.14 Arctic rivers and fl oodplains

The Arctic contains six large rivers (Pechora, Ob, Yenisei, 

Lena, and Kolyma rivers in Siberia; the Mackenzie River 

in Canada, Plate 7) that fl ow into the Arctic Ocean, with a 

total discharge that amounts to 11% of the total freshwater 

drainage into the World Ocean. These rivers fl ow across 

extensive fl uvial deltas that are underlain by perma frost. 

The uneven thawing of these regions results in tens of 

thousands of lake basins that become fi lled with snow 

melt and with ice-jammed fl ood waters from the river 

(Figure 1.4; Plate 8). These fl oodplain lakes provide a 

rich habitat for aquatic plants, animals, and microbes, 

and play a key role in the biogeochemical processing of 

river water before its discharge to the Arctic Ocean (see 

Chapter 5 in this volume). Climate change is affecting the 

fl ow regime of many Arctic rivers (Petersen et al. 2006) 

and the connectivity between the fl ood-plain lakes and 

their river source waters (Lesack and Marsh 2007).

A1.15 High Arctic wetlands and fl owing waters

The Arctic also contains many wetlands and lower- order 

fl owing-water ecosystems. The infl ows to Char Lake 

were examined during the IBP program on Cornwallis 

Island in the Canadian high Arctic, and were found to 

contain a low-diversity benthos dominated by cold- water 

chironomids, notably Diamesa; insect groups that are 

commonly found in temperate-latitude streams such as 

Simuliidae and Ephemeroptera, were conspicuously absent 

from the fauna (Stocker and Hynes 1976). Hydrological 

studies on McMaster River, also on Cornwallis, showed 

that infi ltration and storage of meltwater into the frozen 

ground was limited compared with total melt. Much of 

the meltwater ran down the slopes, and streamfl ow was 

high during the melt season, followed by low summer 

fl ows infl uenced by active layer processes (Woo 2000). 

This has implications for impact of climate warming on 

high Arctic wetlands, which are dependent upon sus-

tained water input throughout summer. Most of the 

depth 16.6 m) with two distinct haloclines, which makes 

it similar to well-studied Ace Lake in the Vestfold Hills. 

The upper waters are brackish and overly waters with a 

salinity similar to seawater, which in turn overly more 

saline waters with a salinity equivalent to 1.5 times that 

of seawater. Summer water temperatures are close to 10°C 

at the surface, decreasing in the more saline lower waters 

to 8°C. A temperature maximum occurs at around 3–4 m 

(15°C). There are several hypersaline lakes (Lake Suribati 

at six times seawater and Lake Hunazoko at 5.5 times sea-

water), which are monomictic. Like the hypersaline lakes 

of the Vestfold Hills they are mixed in winter and develop 

a stratifi ed water column during the summer. The fresh-

water lakes of this region are renowned for their luxuri-

ant moss communities. These rise from the cyanobacterial 

mat-coated benthos at depths from 3 to 5 m and form ‘moss 

pillars’ about 40 cm in diameter and up to 60 cm high 

(Imura et al. 1999; see Plate 10). Continuous data-logging 

in two of the freshwater lakes has shown that phytoplank-

ton biomass increases under the ice with the arrival of fi rst 

light in spring, drops to low values during summer open 

water conditions, and may then show a second peak dur-

ing the fall ice-up period (Tanabe et al. 2008).

A1.12 Subglacial aquatic ecosystems

Many liquid-water lakes are now known to occur 

beneath the Antarctic Ice Sheet (Plate 1; see Chapter 7 

in this volume). The fi rst of these to be discovered was 

Lake Vostok, a deep waterbody nearly the area of Lake 

Ontario (but more than three times deeper) lying beneath 

3700 m of ice. A total of 145 lakes have now been identi-

fi ed, and there are likely to be more. There is evidence 

that many may be connected either by fi lms of fl owing 

water between the basement rock and ice sheet or by 

larger subglacial  rivers and streams. Lake Vostok, Lake 

Ellsworth, and Lake Concordia are the main sites of cur-

rent research activities. There is intense interest in how 

these environments may act as a lubricant for movement 

of the overlying ice sheet, as well as their outstanding 

value for climate records, as potential habitats for micro-

bial growth and evolution, and as astrobiological models 

for the search for life on icy moons and planets. There is 

much concern about how they may be explored without 

contamination or other impacts, and a fi rst set of guide-

lines has been prepared for their long-term stewardship 

(National Research Council 2007).

A1.13 Supraglacial aquatic ecosystems

The Arctic and Antarctica contain numerous regions 

where water lies on glaciers, ice sheets, and ice shelves. 
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permit a high water table. The development of vegeta-

tion and accumulation of peat at these locations helps 

preserve the wetland by providing insulation over the 

permafrost and a porous medium for water infi ltration 

and storage (Woo and Young 2006).

snow accumulated over 9–10 months is released as melt-

water over 2–3 weeks and fl oods the wetlands while they 

are still frozen. Patchy wetlands occur where local water 

sources, especially late-lying snow banks, river fl ooding, 

or groundwater infl ow into topographic depressions, 
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Infi ltration of the Arctic pulse of water is limited 

initially by frozen soil and later by permafrost, 

perennially frozen ground that stays at or below 

0°C for at least two consecutive summers (Woo 

and Gregor 1992). Permafrost may reach depths 

of 600–1000 m in the coldest areas of the Arctic, 

becoming discontinuous and patchy (sporadic) in 

Sub-Arctic regions (Stonehouse 1989). Permafrost 

is also prevalent in the Antarctic, including the 

Dry Valleys of the Trans-Antarctic Mountains in 

south Victoria Land. Cartwright et al. (1974) and 

Decker and Bucher (1977) inferred regional thick-

nesses of permafrost approaching 1000 m based on 

local temperatures. However, permafrost is absent 

below much of the East Antarctic Ice Sheet due to 

the pressure of the overlying ice which initiates 

basal melting (Bockheim and Tarnocai 1998). In the 

McMurdo Dry Valleys of Antarctica, most of the 

water feeding lakes comes from melting glaciers 

and follows similar stream paths year after year. 

Permafrost in the Dry Valleys is relatively thin, 

2.1 Introduction

In both polar regions, permanently frozen soils 

(permafrost) exert a strong infl uence on catchment 

properties such as hydrological processes and 

geochemical interactions (Lamoureux and Gilbert 

2004). Similarly, in both regions snow and ice cover 

are major controls on the structure and functioning 

of aquatic ecosystems. In this review, we delimit the 

northern polar zone, or Arctic, using the southern 

limit of continuous permafrost, whereas the extent 

of the southern polar zone, or Antarctica, is defi ned 

here by the northern limit of pack ice.

High levels of solar radiation reaching high lati-

tudes in spring result in rapid snowmelt. Runoff 

in late spring typically comprises 80–90% of the 

yearly total in the Arctic and lasts only a few (2–3) 

weeks or even less (Marsh 1990). This pulse is not 

as prevalent in the Antarctic, as snow cover is less, 

and much of the snow sublimates or recharges soil 

moisture rather than running off into streams. 

CHAPTER 2

Origin and geomorphology of 
lakes in the polar regions
Reinhard Pienitz, Peter T. Doran, and Scott F. Lamoureux

Outline

A characteristic and often dominant feature of many polar landscapes is the great diversity and abun-

dance of their standing surface waters. The focus in this chapter is on lakes and ponds. Antarctica has 

little surface water by comparison with the Arctic, but many saline lakes exist in the ice-free oasis areas, 

and freshwater ponds and lakes are abundant in the maritime and peripheral Antarctic regions. The aim 

of this chapter is to provide a brief introduction to the different origins, distinguishing features, and land-

scape controls that result in the extraordinary diversity of lakes and ponds that exist in both polar regions. 

The main emphasis is on the description of the geological and geomorphological processes involved in 

the formation and modifi cation (natural change) of these high-latitude lake ecosystems. Throughout this 

review, we have drawn on examples from both the Arctic and Antarctic to emphasize the differences and 

similarities that exist between north and south polar lake ecosystems.
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Lithology and geological setting also exert a 

strong infl uence on polar lakes. In many cases, 

faults and fractures control the location of lakes 

and the characteristics of basins and drainage net-

works. Many lakes are located in glacially over-

deepened, tectonically controlled sites, whereas 

others are located in craters or in tectonic troughs. 

Lakes most strongly infl uenced by fractures are 

generally of more elongate shape and usually 

aligned parallel to each other, for example on Byers 

Peninsula, Livingston Island, Antarctica (López-

Martinez et al. 1996). Igneous rocks often show 

abundant ‘roches moutonnées’ (elongate rock hills) 

and the development of ‘rock bars’ and ‘riegels’ 

that may act as dams for lakes. Differences in 

geological substrates can also affect the extent of 

rock weathering and the chemical composition of 

soil water that ultimately discharges into lakes. 

There are many signifi cant differences in lake and 

pond characteristics in various parts of the Arctic, 

which partly refl ect gradients of geology, climate, 

and vegetation, as well as local impacts and other 

important factors.

2.2 Lake origins

2.2.1 Wetlands

Wetlands and saturated soils are characteristic fea-

tures of the Arctic because moisture received from 

rain and snowmelt is retained in the active layer 

above the permafrost barrier. Additionally, recent 

glaciated landscapes often have poorly developed 

drainage patterns that result in frequent ponded 

water. Due to the generally higher levels of precipi-

tation at lower latitudes, wetlands are more common 

in the Low Arctic than in the High Arctic. The size 

of Arctic wetlands ranges from small strips to very 

extensive plains such as the West Siberian Lowland 

and the Hudson Bay Lowlands. Wetlands may 

co-exist with tundra ponds or lakes of various sizes, 

since both wetlands and lakes occupy areas with 

abundant storage. Wetlands tend to occur locally 

in high concentrations in the form of lowland poly-

gon bogs and fens, peat-mounted bogs, snowpatch 

fens, tundra pools, or as fl ood-plain marshes and 

swamps. More detailed descriptions of these and 

other Arctic wetland types are  provided in Woo 

presumably because of the presence of the lakes 

themselves. McGinnis et al. (1973) and Cartwright 

et al. (1974) found areas of completely unfrozen 

sediment beneath thermally stratifi ed saline lakes 

such as Lake Vanda or Don Juan Pond because 

of the freezing-point depression due to abundant 

salts. As permafrost seals the subsoil, spring melt-

water may fl ow over land and enter rivers, or accu-

mulate into the many wetlands, ponds, and lakes 

characteristic of low-relief tundra environments. 

Summer sources of water include late or peren-

nial snow patches, glaciers, rain, melting of the 

upper (active) layer of permafrost, as well as some 

cases of groundwater discharge (Rydén 1981; Van 

Everdingen 1990). Groundwater levels and distri-

bution within polar regions are, in general, greatly 

infl uenced by bedrock geology, soil thickness, 

and permafrost layers. Permafrost can control the 

amount of physical space in the ground available to 

groundwater as well as its movement within drain-

age systems.

In the northern hemisphere, ice-sheet advance 

during the Last Glacial Maximum (LGM) pro-

duced a lake-rich postglacial landscape. Using 

a geographic information system (GIS)-based 

statistical comparison of the locations of about 

200 000 lakes in the northern hemisphere (sized 

0.1–50 km2, northwards of latitude 45°N) with data 

from global databases on topography, permafrost, 

peatlands, and LGM glaciation, Smith et al. (2007) 

revealed the apparent importance of LGM gla-

ciation history and the presence of permafrost as 

determin ants of lake abundance and distribution 

at high latitudes. According to their study, lake 

density (i.e. the number of lakes per 1000 km2) in 

formerly glaciated terrain is more than four times 

that of non- glaciated terrain, with lake densities 

and area fractions being on average approximately 

300–350% greater in  glaciated (compared with 

unglaciated) terrain, and approximately 100–170% 

greater in  permafrost-infl uenced (compared with 

permafrost-free)  terrain. The presence of peatlands 

is associated with an additional approximately 

40–80% increase in lake density, and generally large 

Arctic lakes are most abundant in formerly glaci-

ated, perma frost peatlands (≈14.4 lakes/1000 km2) 

and least abundant in unglaciated, permafrost-free 

terrain (≈1.2 lakes/1000 km2).
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Ice-dammed lakes are more common in the Arctic 

than elsewhere and in Greenland all the larger lakes 

are of this type. Glaciers or ice dams have formed 

some of the lakes in Iceland (e.g. Grænalón), and 

such lakes are occasionally emptied beneath the 

damming ice, sometimes resulting in jökulhlaups 

(Icelandic for ‘glacier-burst’ or catastrophic drain-

age of lakes). Ice-dammed systems develop next to 

glacier fronts in mountainous terrain or besides 

ice shelves (epiglacial) and in depressions on gla-

ciers, ice sheets, and ice shelves (supraglacial; e.g. 

Ward Hunt Ice Shelf in the Canadian High Arctic, 

McMurdo Ice Shelf in Antarctica; see Vincent 1988 

and Plates 2 and 3). Epiglacial lakes are common in 

Antarctica given that, in most cases, the source of 

water that sustains the lakes is from glaciers. They 

can persist for many years with frequent changes 

in water level and morphology resulting from gla-

cial movements and changing meltwater inputs 

(Hodgson et al. 2004), and are also prone to peri-

odic draining (Mackay and Løken 1974; Smith et al. 
2005). Supraglacial lakes are often ephemeral, form-

ing during the summer melt. These systems have 

been proposed as potential refugia for microbiota 

in the controversial Snowball Earth hypothesis 

when the Earth underwent extreme freeze–thaw 

events between approximately 750 million and 

580 million years ago (Vincent et al. 2000).

Another class of ice-dependent water bodies is 

‘epishelf lakes’. These are a form of proglacial lakes 

in which fl oating ice shelves dam freshwater run-

off. Epishelf lakes are hydrologically connected to 

the ocean and therefore are tidally forced. Some 

epishelf lakes have saline bottom waters while 

some (e.g. Doran et al. 2000) are fresh throughout. 

In stratifi ed epishelf lakes, infl ows of meltwater 

are impounded by glacial ice, and the density dif-

ference between fresh and salt water prevents the 

mixing of the runoff with the marine water below. 

Many examples of epishelf lakes are known from 

Antarctica, including Moutonnée and Ablation 

lakes on the coast of Alexander Island, in the 

Schirmacher Oasis and Bunger Hills (reviewed in 

Hodgson et al. 2004). Beaver Lake located in the 

Radok Lake area and associated with the Amery 

Ice Shelf (Prince Charles Mountains, Antarctica) 

is especially interesting, because it is probably 

the world’s largest epishelf lake (McKelvey and 

(2000). In polar desert regions there is less snow 

for meltwater to accumulate; however, ponds and 

lakes are still present due to the surface ponding 

of water by the permafrost. In some Arctic regions, 

winter snow is plentiful and ponds and shallow 

lakes occupy large areas, often forming networks 

of static waterways. On ice-scoured uplands and 

coastal fl ats the landscape may actually be domi-

nated by ponds and lakes. Coastal plains often 

feature long, shallow lakes that are separated and 

aligned by raised beaches and occupy more than 

90% of the terrain (Figure 2.1). Although a variety 

of defi nitions exist for distinguishing lakes from 

ponds, we defi ne a pond here as a freshwater basin 

that is suffi ciently shallow so that it freezes totally 

to the bottom in winter, whereas a lake always has 

liquid water in its basin.

2.2.2 Ice-dependent lakes

Lakes form also on poorly drained ice, next to gla-

ciers and ice caps, on ice sheets, and between ice 

sheets and ice-fi lled moraines (Figure 2.2). Some 

are long-lived, fed by annual infl uxes of melt-

water, while others are temporary systems that 

are fl ooded during the summer melt and liable to 

 sudden drainage through rifts in the ice and other 

causes.

Figure 2.1 Landsat 7 image of thermokarst thaw lakes located 
on the northern coastal plain near Barrow, Alaska. The image was 
acquired on 30 August 2000. Source: Kenneth Hinkel and Benjamin 
Jones.
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number of lakes in the polar and temperate regions 

of the world. The irregularity of residual land-

scapes caused by glacial processes has resulted 

in a diverse range of lakes, many of which still 

exist due to the relatively young age of these land-

scapes (Benn and Evans 1998). In polar regions that 

have not been subjected to late Pleistocene glacia-

tion, most lakes are of non-glacial origin and are 

described in other sections of this chapter.

Differential substrate erosion by ice is caused by 

large-scale patterns of ice fl ow, as well as by local-

ized fl ow controlled by topographic relief and the 

resistance of substrates to erosion. Hence, in areas 

that have been subject to pronounced ice fl ow, 

scouring and erosion of bedrock and surfi cial sedi-

ments show broad-scale linear alignment or radial 

patterns. This is particularly true where basal ice 

is at melting temperature and meltwater is avail-

able to further increase the entrainment and ero-

sion of subglacial sediments (Benn and Evans 1998). 

Subject to pre-existing topography, persistent ice 

fl ow will differentially erode surfaces and generate 

quasi- linear troughs, as well as more irregular scour 

Stephenson 1990; Laybourn-Parry et al. 2001). 

Epishelf lakes are becoming increasingly rare 

in the Arctic, as one of the few existing systems 

in Disraeli Fiord was recently destroyed by the 

break-up of the Ward Hunt Ice Shelf (Mueller et al. 
2003), and another in Ayles Fiord by the collapse of 

the Ayles Ice Shelf. In these cases, the freshwater 

layers escaped and drained into the Arctic Ocean. 

Only one epishelf lake has been confi rmed to still 

exist in the Arctic, in Milne Fiord. Epishelf lakes 

can be thought of as windows in a proglacial estu-

ary, where the position of the window along the 

estuary gradient and the depth of the lake dictate 

lake chemistry. A review of the formation and 

dynamics of Antarctic lake ecosystems (including 

epishelf, epiglacial, subglacial, and supraglacial 

lakes) and their paleolimnology is provided by 

Hodgson et al. (2004).

2.2.3 Postglacial lakes

Glacial erosion and deposition by former contin-

ental and local ice masses have left behind a vast 
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Figure 2.2 Some of the diverse lake types that can be found in the polar regions.
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In regions with resistant bedrock, the differen-

tial mechanical strength of the available lith ology 

may result in localized and selective erosion of 

less-resistant units. Although this may further 

reinforce pre-existing topography, the result can 

also be a complex array of subglacial depressions 

that form lake basins. The resultant landscape 

can be covered with a large number of lakes that 

have diverse shapes and morphometries. Excellent 

examples of these types of lakes are found on the 

large Precambrian shields of northern Canada and 

Scandinavia (Figure 2.4).

Glacial processes and the resultant glaciogenic 

sediments provide a wide range of settings for the 

ultimate formation of depressions and lakes, mainly 

through the emplacement of low- permeability tills 

and kettling. Thick glaciofl uvial deposits along 

the margin of ice can generate sedimentary dams 

depressions. In mountainous terrain, glacial erosion 

is further constrained by pre-existing topography 

and focuses erosion in the valley bottom and walls, 

producing the U-shaped cross-section typical of 

glacial valleys. As erosion by ice is not constrained 

longitudinally to a fi xed downstream base level, as 

is the case with fl uvial processes, localized scour 

and erosion generate closed depressions that subse-

quently form lakes, as exemplifi ed by Lake Tuborg 

on Ellesmere Island in the Canadian High Arctic 

(80°59�N, 75°33�W; Figure 2.3). Reduced erosion 

along glacier margins, together with the frequent 

deposition of morainal material, further generate 

sedimentary dams and form lakes behind former 

ice margins. In this regard, lakes formed by glacial 

scour that fi ll valleys are the terrestrial equivalents 

of fi ords that are common features in many for-

merly glaciated coastal areas.
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 erosion, sediment yield, and drainage changes. 

Rivers exhibit increased sediment loads that can fi ll 

shallow lake basins and form new fans and deltas 

into larger water bodies and damming of down-

stream valleys. The result is relatively rapid altera-

tion of initial lakes and the formation of new lakes. 

These processes in the deglaciated environment 

were defi ned as paraglacial by Church and Ryder 

(1972) and have been recognized subsequently as 

important in postglacial landscape evolution in 

many formerly glaciated regions. In some cases, 

evidence for continued paraglacial infl uences has 

been documented in the Canadian Cordillera more 

than 10 000 years after deglaciation (Church and 

Slaymaker 1989).

2.2.4 Thermokarst lakes and ponds

Thermokarst ponds and lakes (also called thaw 

lakes) are common features of Arctic landscapes, 

developing in depressions that result from the 

thawing of permafrost (Figure 2.6; Plates 8 and 9). 

Most of these water bodies are shallow (<1 m 

depth), and they are widespread in lowland areas 

of  western and northern Alaska, Canada, and 

Siberia. For example, thaw lakes comprise approxi-

mately 90% of the lakes in the Russian permafrost 

zone (Walter et al. 2006) and are widespread across 

much of the northern slope of Alaska (Hinkel et al. 
2005) and the coastal lowlands of Canada (Côté 

and Burn 2002).

on tributary valleys or cross pre-existing drain-

age patterns on low-relief landscapes. The results 

are frequent settings for the ultimate formation of 

lake basins. Similarly, sediments can accumulate 

around stagnant ice margins and blocks. Referred 

to as kame deposits, the subsequent ice melt gener-

ates depressions that can become lakes with irregu-

lar morphology (Figure 2.5).

The proglacial environment is highly conducive 

to the formation of lakes through high rates of 

sediment transport and deposition. Proglacial river 

systems may rapidly form during ice advance, max-

imum stand, or retreat. Sediments deposited at the 

mouths of valleys may block pre-existing drainage 

and form lakes, in much the same way that a land-

slide or other mass movement may block drainage. 

In some instances, sediment transported from a 

tributary valley may form a fan or delta into another 

lake, effectively separating the former lake into two. 

In the case of coastal environments, progradation 

of sediments may isolate marine embayments and 

result in the ultimate formation of a freshwater or 

meromictic lake (see Section 2.2.5 below).

Finally, the impact of glaciation on landscapes 

typically lasts long after ice melts. After ice ablates, 

the barren landscape is especially susceptible 

to erosion. The wide variety of glacial sediment 

deposits are typically reworked extensively dur-

ing the postglacial period, resulting in increased 

Figure 2.4 Canadian Shield lakes on the Boothia Peninsula 
(Nunavut) near the northern coast of Canada. Photograph: 
S. Lamoureux.

Figure 2.5 Kame lakes at the edge of Ahklun Mountains, 
southwestern Alaska, USA. Photograph: S. Lamoureux.
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and 70°N (Hinkel et al. 2003; IPCC 2007). Walter 

et al. (2006) linked a 58% increase in lake methane 

emissions during recent decades to the expansion 

of thaw lakes in northern Siberia, demonstrating 

the importance of this feedback to climate warm-

ing (Smith et al. 2005).

2.2.5 Coastal uplift systems

Glacioisostatic rebound or uplift is the process 

by which the Earth’s crust, once depressed by 

the weight of overlying ice, begins to rise follow-

ing the retreat of continental ice sheets. In many 

polar regions, this rebound is still occurring today, 

although at a much slower rate than immediately 

following glacial retreat. In areas such as eastern 

Hudson Bay (Canada), for example, the landscape 

continues to rise at a rate of about 1 m per century 

(Allard and Tremblay 1983). New lakes are thus 

still being formed as depressed, scoured land 

emerges from the sea (Fulford-Smith and Sikes 

1996; Lamoureux 1999; Saulnier-Talbot et al. 2003). 

Hence, lakes closer to present-day sea level are 

often younger than those located at higher eleva-

tions further inland. For example, coastal Nicolay 

Lake in the Canadian High Arctic has effectively 

been a lake for only approximately 500 years. 

Glacioisostatic submergence of the land to over 

100 m or more below current sea level effectively 

moved coastlines inland by tens of kilometers for 

much of the Holocene. As a result, the Nicolay Lake 

basin remained marine until the late Holocene, 

and freshening and fl uvial processes that deliver 

sediment and related terrestrial materials were 

captured by upstream lake basins until approxi-

mately 500 years before present (Lamoureux 1999). 

Recent research has demonstrated that this type of 

lake evolution may follow a number of divergent 

paths, and results in a range of lake types ran ging 

from fully fresh to hypersaline (Van Hove et al. 
2006). In many instances, glacioisostatic rebound 

results in the formation of meromictic saline lakes 

that become stratifi ed for part of the year (mon-

omictic) or are permanently stratifi ed (meromic-

tic). Sea water that is trapped in the lake during 

the isolation process is frequently preserved in a 

dense saline hypolimnion and the resultant  stable 

water column may last for  thousands of years, 

The process of thermokarst formation is trig-

gered by the degradation of ice wedges, followed 

by the subsidence of the surface and the presence 

of ice beneath the sunken area, which leads to the 

formation of ponds. The pond then accelerates 

thermokarst formation because the heat released 

from its water body during winter promotes the 

formation of a talik (an unfrozen zone in perma-

frost that is located under a lake or deep pond that 

results from heat release from the overlying water 

column, thereby preventing formation of ground 

frost during winter) below its basin. Eventually, 

the reduction of permafrost can lead to complete 

drainage of the pond and subsequent dry-up. 

Depending on atmospheric conditions, palsas may 

form after refreezing of the surface and perma-

frost may form again. Residual depressions and 

cross-cutting relationships of thaw lakes suggest 

that they are relatively short-lived features and 

are sensitive to underlying bedrock, surfi cial sedi-

ment, and climate conditions (Hinkel et al. 2005), 

including predominant wind directions (Côté and 

Burn 2002).

Studies into the dynamics and evolution of these 

widespread thaw lakes in the Northern Hemisphere 

receive great attention as they contribute to a bet-

ter understanding of their role in the global atmos-

pheric methane budget, a potent greenhouse gas 

with highest concentrations between latitudes 65° 

Figure 2.6 Forest-tundra landscape with abundant thermokarst 
lakes and ponds near treeline in northern Québec. Photograph: I. 
Laurion (see also Plates 8 and 9).
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deep with no surface outfl ow (Figure 2.7). The 

deep sediment infi ll of the Pingualuk Crater Lake, 

which escaped scouring and erosion from ice fl ow 

(Figure 2.8), promises to yield an uninterrupted, 

approximately 1.4-million-year Arctic paleoclimate 

record of several interglacial–glacial cycles. These 

unique long sediment records may offer unique 

insights into long-term climatic and environmental 

change in high-latitude regions, thereby having the 

potential to signifi cantly enhance our understand-

ing of past climate dynamics in the Arctic (Briner 

et al. 2007; see also Chapter 3 in this volume).

Similarly, Lake El’Gygytgyn in northeastern 

Siberia, an impact crater created approximately 

3.6 million years ago, is the only site with a con-

tinuous terrestrial Arctic climate record that covers 

several interglacial periods (Nowaczyk et al. 2002; 

Brigham-Grette et al. 2007) as its lake basin was cre-

ated in the center of what was to become Beringia, 

the largest contiguous landscape in the Arctic to 

have escaped northern-hemisphere glaciation. An 

overview of papers detailing the remarkable pale-

olimnological record of the last 250 000 years from 

El’Gygytgyn Crater Lake is available in Brigham-

Grette et al. (2007).

2.2.7 Volcanic lakes

One important type of volcanic lake are maar lakes 

(Figure 2.2), which are shallow, broad, low-rimmed 

craters formed during powerful explosive erup-

tions involving magma–water (phreatomagmatic) 

interaction. The accumulation of material ejected 

from craters contributes to the formation of their 

surrounding rims. A few maar lake systems exist 

in explosion craters on Iceland (Sigurdsson and 

Sparks 1978), whereas they are quite widespread in 

Alaska. Zagoskin Lake and all other major lakes 

on St. Michael Island (Alaska) are maar crater lakes 

(Ager 2003; Muhs et al. 2003). Ranging from 4 to 8 km 

in diameter, the four Espenberg Maars (Whitefi sh 

Maar, Devil Mountain Maar, and North and South 

Killeak Maars) on the northern Seward Peninsula 

just south of the Arctic Circle in northwestern 

Alaska have been described as the largest known 

maar craters on Earth (Beget et al. 1996). They were 

formed by a series of Pleistocene basaltic eruptions 

through thick (approximately 100 m) permafrost, 

or  indefi nitely. Numerous examples of coastal 

meromictic lakes have been documented in the 

polar regions and are of particular interest due to 

their unique limnology and sedimentary records 

(reviewed in Pienitz et al. 2004). Long-term pres-

ervation of meromixis appears to be dependent 

on a number of factors, including lake morphom-

etry, ice cover, and the relative loading of freshwa-

ter to the lake from the surrounding catchment. 

Meromictic lakes have a surface freshwater layer 

that mixes with the wind (mixolimnion), but 

permanently ice-covered Antarctic lakes remain 

stratifi ed throughout their water column due to a 

combin ation of salt and the protection offered by 

the ice cover, and therefore the term meromictic 

may not properly apply.

2.2.6 Meteoritic impact crater lakes

Approximately 174 meteoritic impact craters have 

been identifi ed so far on the Earth’s surface (Earth 

Impact Database, Planetary and Space Science 

Centre: www.unb.ca/passc/ImpactDatabase/

index.html), and include the Arctic sites El’Gygytgyn 

(67°50�N, 172°E) and Popigai (71°30�N, 111°E), 

both in northern Russia, and Lac à l’Eau Claire 

(Clearwater Lake) in northern Québec (Plate 9). 

A striking example of a meteoritic impact crater 

lake in North America is Pingualuk Crater Lake. 

This crater is located at 61°N, 74°W in the north-

ernmost part of the Ungava Peninsula in northern 

Québec (Nunavik, Canada). The crater was formed 

from the impact of a meteorite that entered Earth’s 

atmosphere approximately 1.4 million years ago, 

as determined by Ar/Ar dating of the impactites 

collected at the site (Grieve et al. 1989). Pingualuk 

is situated close to the area where the inland ice 

masses reached maximum thickness during the 

last (Wisconsinan) glaciation. The crater is believed 

to have formed a subglacial lake basin under a 

dome of the Laurentide Ice Sheet with its waters 

remaining liquid below the ice due to the pressure 

of the overlying ice cap and to geothermal heating 

from below, thereby representing conditions simi-

lar to those found in modern subglacial systems in 

Antarctica (e.g. Lake Vostok; see Section 2.3.3). The 

crater is a circular depression about 400 m deep and 

3.4 km in diameter, hosting a lake presently 267 m 

www.unb.ca/passc/ImpactDatabase/index.html
www.unb.ca/passc/ImpactDatabase/index.html
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than 1 km in diameter. Although both craters and 

calderas are most often associated with explosive 

eruptions, craters are typically formed by the explo-

sive ejection of material in and surrounding the 

upper part of the conduit, rather than by collapse. 

Steep-walled pit craters, in contrast, often found on 

shield volcanoes, are more passive features formed 

when magma drains from a fi ssure, leaving over-

lying lava fl ows unsupported. Multiple explosive 

eruptions can form overlapping or nested craters, 

and adjacent craters may refl ect localized areas of 

 eruption along fi ssures, as seen in rows of small 

excavated as much as 300 m into older lithologies. 

There are also volcanic crater lakes (not maars) in 

the Ingakslugwat Hills in the south-central Yukon 

Delta (Ager 1982). Other crater lakes (some of which 

may be maars) are located on Nunivak and St. 

Lawrence Islands in southwestern Alaska, whereas 

some sizable lakes in calderas can be found in 

southwestern Alaska (e.g. Aniakchak crater on the 

Alaska Peninsula, approximately 3600 years before 

present). Craters differ from calderas both in size 

and origin. Craters are much smaller features than 

calderas and are  typically defi ned as being less 
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Figure 2.7 Location of Pingualuk Crater Lake within Pingualuit impact structure, Parc National des Pingualuit, Nunavik (northern Québec, 
Canada). The topographic and bathymetric contour intervals shown are 40 and 30 m, respectively. Pingualuk is a closed lake basin, without 
any inlet or outlet.
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Elgersma 1985). Further evidence of karst systems 

that occurred during hypsithermal (early to mid-

Holocene) conditions in the northern Yukon (Clark 

et al. 2004) suggest that karst processes may have 

contributed to lake formation in the past, although 

no systems have been specifi cally recognized 

to date.

2.2.9 Tectonic lakes

Generally rare in the polar regions, tectonic lake 

basins tend to be old systems compared to the 

relatively young age of most high-latitude lakes. 

Although the origins of Icelandic lakes are diverse, 

a large number are of tectonic origin, including the 

two largest Icelandic lakes, Thingvallavatn (84 km2) 

and Thorisvatn (70 km2). Subglacial systems such as 

Lake Vostok in Antarctica may also be considered 

tectonic lakes (Studinger et al. 2003; see below).

2.2.10 Lakes of other origins

The fl ood-plains bordering large Arctic rivers 

are characterized by meandering or anastomotic 

crater (maar) lakes in Iceland that extend for tens 

of kilometers.

2.2.8 Karst systems

Lakes of karstic origin are relatively rare in high 

latitudes due to the scarcity of limestone and other 

rocks suitable for karst development in many loca-

tions, in addition to the pervasive permafrost con-

ditions that restrict the infi ltration of water into the 

vadose (unsaturated soil) zone and the absence of 

effective groundwater systems. The discovery of 

mineral springs in polar settings (Andersen et al. 
2002) and groundwater drainage in permafrost 

locations like the Ungava Peninsula, northern 

Québec (Lauriol and Gray 1990) suggest that the 

role of groundwater in permafrost regions may be 

more extensive than commonly thought and that 

these regions hold the potential for karst systems. 

This potential has been realized to some extent by 

studies carried out on Svalbard (Norway) where 

karst systems in Paleozoic carbonate and evap-

orate bedrock maintain open taliks and several 

karst lakes have been produced (Salvigsen and 

(a)

(b)
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Figure 2.8 (a) Glacial erosion of bottom sediment 
deposits in shallow lake basins within formerly glaciated 
Arctic regions. (b) The situation at Lake Pingualuk (northern 
Québec, Canada), where lake sediments have escaped 
glacial erosion due to the extremely deep and steep-walled 
crater basin, perhaps analogous to Antarctic subglacial lakes 
(see Chapter 7).
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Province of Murmansk in Russia, there are more 

than 100 000 lakes, the largest of which is Lake 

Imandra with an area of 812 km2 and a maximum 

depth of 67 m (NEFCO 1995). Iceland, Sweden, 

and Finland have approximately 2.7, 5.2, and 5.8% 

of their territory occupied by lakes, respectively, 

whereas only about 0.5% of Alaska is covered by 

fresh water (CAFF 1994). In the Canadian Arctic 

north of latitude 60°N, approximately 18–20% of 

the landscape is covered by surface waters (Prowse 

and Ommanney 1990). The Canadian Arctic con-

tains more than 28 large lakes in excess of 600 km2 

in surface area, including Great Bear (31 326 km2) 

and Great Slave (28 568 km2) lakes located on the 

mainland (Mackay and Løken 1974). In particular, 

there are innumerable small lakes in the Arctic 

(also called ponds). Although a variety of defi ni-

tions exist for distinguishing lakes from ponds, 

the latter are generally defi ned as sites that are suf-

fi ciently shallow for their water column to freeze 

entirely to the bottom in winter, whereas lakes 

always preserve a lens of liquid water within their 

basin (see above). Due to the extreme harshness 

of High-Arctic winter climates, ice thicknesses of 

between 4 and 5 m are possible, and thus by this 

defi nition sites shallower than about 5 m could be 

classifi ed as ponds. However, most Arctic ponds 

are much shallower, and are often less than 2 m in 

depth. Despite their shallow depths, these ponds 

often dominate Arctic landscapes and are import-

ant habitats for waterfowl and other animals.

2.3.2 Coastal Antarctic lakes

The Antarctic ice cap is a dome of ice exceeding 

4 km thickness in places, with thinning towards 

the continental edges. In these ice-marginal areas, 

some ice-free areas occur that have been variably 

named oases, dry areas, and dry valleys. Ice-free 

areas in Antarctica only comprise 0.35% of the 

continent (Fox and Cooper 1994). Much of this 

dry land is in the form of nunataks formed by the 

Trans-Antarctic Mountains. In this review, only the 

coastal dry areas are of relevance, as most nunataks 

are at elevations that are too high for the occur-

rence of ice melt and lake formation.

The majority of Antarctica’s lakes are found in 

coastal oases such as the McMurdo Dry Valleys, 

streams, oxbow lakes and bayous, marshes, or 

stagnant pools (Plate 8). Flood-plain lakes that 

have been cut off from river channels are sea-

sonally fl ooded with river water (usually in the 

spring when the river overfl ows its banks) and 

can be found in great numbers within the deltas 

of the Mackenzie and Lena rivers in northwestern 

Canada and Siberia, respectively. Small, crescent-

shaped lakes called oxbow lakes can form in river 

valleys as the result of meandering. The slow-mov-

ing river forms a sinuous shape as the outer side of 

bends are eroded away more rapidly than the inner 

side. Eventually a horseshoe bend is formed and 

the river cuts through the narrow neck. This new 

passage then forms the main passage for the river 

and the ends of the bend become silted up, thus 

forming a bow-shaped lake.

The well-known icelandic Lake Mývatn (37 km2) 

is a basin formed in a collapsed lava fl ow. Other 

Icelandic lakes have been formed by rock slides or 

glacial deposits. Lagoon lakes are common on the 

sandy shores, Hóp (45 km2) being the largest of this 

type and the fourth largest lake in Iceland.

There are also artifi cial or human-made lakes or 

reservoirs within the Arctic that have been created 

along Arctic rivers for the purpose of hydroelec-

tric power generation. In Canada and Russia, some 

of these reservoirs are quite large, for example the 

La Grande complex in northern Québec (9900 km2 

of fl ooded surface area) and the Krasnoyarskoye 

More (‘Krasnoyarsk Sea’) reservoir on the Yenisey 

River in Siberia (2000 km2).

2.3 Geographical regions

2.3.1 The circumpolar Arctic

Repeated glaciations during the Pleistocene epoch 

resulted in glaciers and vast inland ice sheets 

covering much of the eastern and central North 

American and western Eurasian Arctic regions. 

These large ice masses carved out the land as they 

advanced over it, gouging out topsoil and broken 

rock. The many structural depressions left behind 

fi lled with water once climate warming caused 

glaciers to retreat, forming lakes of glacial origin. 

A characteristic feature of the Arctic, therefore, 

is the large numbers of lakes and ponds. In the 
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Lake in the Bunger Hills, almost 50% of which is 

bordered by glacier ice and also an epishelf lake, 

has  maintained its rough dimensions for at least 

3000 years (Doran et al. 2000).

Coastal lakes of lagoon origin are very common 

in the lower beaches of maritime Antarctica. They 

have gently sloping edges and are either subcircu-

lar or elongate in plan (Jones et al. 1993; Cuchí et al. 
2004), and their salinities tend to be high because of 

intermittent exchange with sea waters.

2.3.3 Antarctic and Arctic subglacial lakes

Under certain circumstances, liquid water masses 

can be maintained beneath glaciers and ice caps, 

such as the Antarctic ice sheet. Subglacial water 

forms under thick ice sheets because geothermal 

heat is trapped by the insulating effect of the ice. 

The pressure of the overlying ice also depresses 

the freezing point by a few degrees. Water then 

pools in subglacial depressions to form lakes. 

Lakes are detectable mainly through aerial radar 

surveys which have now detected at least 145 indi-

vidual lakes beneath the Antarctic ice sheet (Siegert 

et al. 2005). New evidence (Wingham et al. 2006) in 

Antarctica suggests that these lakes are intercon-

nected, creating vast subglacial drainage systems. 

Recent studies show that several subglacial lake 

systems may have existed beneath portions of 

the Laurentide Ice Sheet in North America near 

the last glacial (Wisconsinan) maximum, such as 

subglacial Lake McGregor in south-central Alberta 

(Munro-Stasiuk 2003) and possibly Lake Pingualuk 

in northern Québec (see Section 2.2.6).

The largest and most studied subglacial lake 

is Lake Vostok, which lies beneath the Russian 

Vostok Station, in Antarctica (Plate 1). Lake Vostok 

has been suggested to be in a basin created by tec-

tonic thrusts (Studinger et al. 2003), but this inter-

pretation remains controversial because it and the 

majority of Antarctic subglacial lakes are devel-

oped on basement rocks that became part of the 

stable craton in the Precambrian and there have 

been few opportunities for more recent faulting to 

create basins in which subglacial lakes can form. 

Whether there was a preglacial Lake Vostok is also 

controversial. For a lake to survive from pregla-

cial times into the present, a fairly specialized set 

Vestfold Hills, Larseman Hills, Bunger Hills, 

Schirmacher Oasis, and Syowa Oasis (Plates 4 and 5; 

see Chapter 1 of this volume for descriptions). The 

Antarctic Peninsula is also home to many ice-free 

areas, some containing lakes (Hodgson et al. 2004). 

Many coastal Antarctic lakes have been formed as 

a direct result of isostatic rebound after postglacial 

retreat of ice (e.g. Zwartz et al. 1998; Hodgson et al. 
2001; Verleyen et al. 2004). Coastal lakes can evolve 

into either closed (no outfl ow) or open basins (with 

outfl ow), and both types are common in Antarctic 

oases, as well as on the Antarctic Peninsula and 

the maritime islands (Hodgson et al. 2004). Trapped 

sea water can be fl ushed out with fresh water (e.g. 

Pickard et al. 1986), but closed basin lakes typically 

become saline due to the evaporative concentration 

of salts over time. Antarctic saline lakes are among 

the saltiest water bodies on Earth, with lakes in 

the Vestfold Hills and the McMurdo Dry Valleys 

having salinities ranging from 4 to 235 g l−1 (Spigel 

and Priscu 1998; Gibson 1999). Lake Vida, which 

today occupies the center of Victoria Valley, is the 

largest modern lake in the Dry Valleys and was 

previously thought to be frozen to its bed (Calkin 

and Bull 1967; Chinn 1993). However, Doran et al. 
(2003) provided evidence for an extensive brine 

body beneath its 19-m-thick ice cover sealed from 

the atmosphere for at least 2800 14C years. The 

NaCl brine remains below −10°C year-round and 

its salinity exceeds seven times that of sea water, 

thereby representing a unique new type of lake: an 

ice-sealed lake.

Lake basins formed in scoured rock by glacial 

erosion and ice-cap retreat are common in the mari-

time Antarctic islands such as Signy Island, King 

George Island, and Livingston Island. Another 

type of Antarctic lake forms where former marine 

embayments or fi ords are dammed by advan cing 

ice shelves and isolated from the sea. In these 

lakes, the marine water has been replaced over a 

period of time by glacial meltwaters. Where the 

ice shelf forms a complete seal, these lakes will be 

similar to the saline lakes discussed above. Where 

an incomplete seal is formed and a hydrological 

connection to the sea persists under the ice shelf, 

an epishelf lake is formed. Lake Untersee in East 

Antarctica is one of the largest epiglacial lakes on 

the continent (Wand and Perlt 1999). White Smoke 
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extent and rate of infi lling. The glacioisostatic 

readjustment of  formerly glaciated land masses 

also has the  potential to  radically alter the infl u-

ence of marine waters on coastal lakes and lagoons 

at high latitudes (see above).

Ice-bound lakes are especially sensitive to small 

variations in climate. In the Canadian High Arctic, 

for example, the extensive ice shelves that once 

dammed the northern fi ords of Ellesmere Island 

(e.g. Ayles, Markham, M’Clintock, Ward Hunt) 

experienced considerable contraction, fracturing, 

and ultimately break-up during the twentieth cen-

tury (Vincent et al. 2001). This has resulted in the 

erosion and loss of many ice-dammed epishelf lakes 

(see above), and most recently the freshwater layer 

of Disraeli Fiord was completely drained away as a 

result of the break-up of the Ward Hunt Ice Shelf in 

2002 (Mueller et al. 2003). Likewise, the catastrophic 

drainage events or jökulhlaups of ice-dammed lakes 

are likely to become more extensive and frequent 

in the polar regions (Lewis et al. 2007).

Recent so-called change-detection studies show 

that climate warming is already having profound 

effects on thermokarst landscapes in the northern 

hemisphere, with lake expansion occurring, espe-

cially in continuous permafrost regions (Osterkamp 

et al. 2000; Christensen et al. 2004; Payette et al. 2004; 

Smith et al. 2005), but shrinkage or disappearance 

in regions with discontinuous, sporadic, and iso-

lated permafrost (Yoshikawa and Hinzman 2003; 

Riordan et al. 2006). In the former case, thawing 

permafrost triggers thermokarsting and associ-

ated lake growth, whereas in the latter scenario it 

enhances water infi ltration to the subsurface and 

underlying groundwater systems through taliks. 

Thermokarst lakes are thus very fragile systems 

(sentinels) that are affected by climate change and 

associated permafrost dynamics in high-latitude 

regions. Because of this, research into the response 

of these freshwater bodies to accelerated perma-

frost thaw and their contribution to greenhouse 

gas emissions (e.g. release of methane and carbon 

dioxide to the atmosphere via ebullition; enhanced 

methanogenesis in sediments through higher 

lake productivity) is at the forefront of recent and 

 ongoing scientifi c efforts in the circumpolar Arctic 

(e.g. Zimov et al. 2001; Christensen et al. 2004; Walter 

et al. 2006).

of circumstances would have to occur, but models 

for this have been put forth (Pattyn et al. 2004) and 

arguments made against the concept (Siegert 2004). 

Without direct evidence, all we can say about the 

history of formation of subglacial lakes is that they 

began forming when ice achieved suffi cient thick-

ness to cause the glacial bed to be above the pres-

sure melting point. A full discussion of subglacial 

lakes can be found in Chapter 7.

2.4 Effects of landscape evolution and 
climate change on polar lakes

Landscapes continue to evolve, and aquatic ecosys-

tems including lakes and ponds are transient fea-

tures of the polar regions that can experience rapid 

changes, from initial formation until the even-

tual basin fi lling by abiotic and biotic sediments. 

Climate change has the potential to affect lake 

 evolution through a variety of processes, especially 

in the polar regions where even small changes in 

temperature can have profound impacts on land-

scape properties such as snowpack, perma frost, 

glacial melt, and hydrological inputs, as well as 

soil and vegetation stability. These complex con-

trols are exemplifi ed by the Holocene develop-

ment of small lakes near Toolik Lake on the north 

slope of the Brooks Range, Alaska (Hobbie 1980, 

1984; O’Brien et al. 1997). Glacial deposits with dif-

ferent composition and permeability resulted in 

the establishment of different tundra vegetation 

communities. Gradual evolution of the postglacial 

landscape, coupled with vegetation succession and 

Holocene climate changes, all combined to gener-

ate substantially different lake-watershed systems 

(Oswald et al. 2003).

The climate-induced dynamics of alpine  glaciers 

and ice sheets exert a strong control on land-

scape evolution and geomorphological processes 

that determine the abundance, distribution, and 

form of lake basins. Climate change can modify 

 erosional patterns and landscape morphology in 

the catchments of lakes and ponds, for  example 

through changes in evaporation/precipitation 

patterns, water-induced erosion and the thawing 

of permafrost. In turn, these changes will affect 

the transport of sediments from the  surrounding 

terrestrial landscape to lakes and therefore the 
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2.5 Conclusions

A full understanding of lake formation and dis-

tribution throughout the polar regions requires 

consideration of many factors including geol-

ogy, topographic relief, glacial history, climate 

and periglacial processes, substrate permeabil-

ity, perma frost properties, peatland distribution, 

groundwater movement, and talik depths, to name 

just a few. Formerly glaciated lowland environ-

ments  possess the greatest abundance of lakes in 

the northern hemisphere, whereas widespread 

permafrost can result in the persistence of lakes 

by presenting a barrier to water infi ltration to the 

subsurface. In the Arctic, the spatial and tem poral 

distribution of Arctic lake systems is changing rap-

idly due to amplifi ed climate warming and perma-

frost thaw, with anticipated profound impacts on 

the hydro-ecological processes and the quality and 

availability of fresh waters in these landscapes 

(ACIA 2005; IPCC 2007; Plate 16). A key issue in 

the context of these changes is whether lakes 

and ponds that often dominate Arctic landscapes 

will act as sources or sinks of greenhouse gases. 

With the exception of the Peninsula region, the 

Antarctic continent has been less impacted by glo-

bal warming as yet (Doran et al. 2002; Thompson 

and Solomon 2002), but models show (Shindell 

and Schmidt 2004) that this should change in the 

near future and the Antarctic lakes and surround-

ing regions will undergo the same change that the 

Arctic lakes are experiencing.
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the  surrounding  environment. Paleolimnological 

studies are therefore providing invaluable data on 

the history of high-latitude lakes with which it is 

possible to address important questions in limnol-

ogy, ecology, biogeography, Earth system science, 

climate, and global environmental change (Pienitz 

et al. 2004).

3.1.1 Why study paleolimnology at 
high latitudes?

Chapter 1 has described how the high latitudes con-

tain some of the fastest-warming regions on Earth, 

and will be strongly affected by warming trends in 

the next decades and centuries (see Plate 16). This 

is a result of positive feedbacks between albedo 

loss, caused by reductions in snow and ice extent, 

and the consequent warming of the atmosphere 

and ocean. In the northwest High Arctic, tempera-

tures are rising at rates of up to 0.7°C per decade 

(Weller 1998), sea-ice extent has reduced by 15–20% 

3.1 Introduction

Paleolimnology is concerned with the origin and 

development of lakes (Cohen 2003; Smol 2008). A 

critical fi rst step in any paleolimnological study 

is to determine a lake’s origin from geomorpho-

logical evidence in the landscape; for example, is 

it of glacial, marine, volcanic, or tectonic origin? 

The next steps are to examine the limnology of 

the lake, and to interpret the information archived 

in its sediments. These sediments incorporate the 

products of glacial erosion together with biological 

and chemical remains from the catchment, water 

column, and benthos. Laid down year on year, the 

composition of these sediments typically responds 

rapidly to changes in the environment such as 

temperature, precipitation, evaporation, light 

environment, ice cover, glacial extent, and human 

impacts (Figure 3.1; Plate 14). Thus lake sedi-

ments can archive both the nature and direction 

of changes within the lake, and also changes in 

CHAPTER 3

High-latitude paleolimnology
Dominic A. Hodgson and John P. Smol

Outline

This chapter provides an overview of high-latitude paleolimnology. First, we describe the role that 

 paleolimnological studies have played in reconstructing the geomorphological origin and development 

of high-latitude lakes and the establishment and succession of their biota. Second, we describe how both 

organic and inorganic components incorporated into lake sediments record changes both within lakes 

and in the surrounding environment. We illustrate this using examples of studies that have tracked past 

changes in climate, hydrology, vegetation, sea level, human impacts on fi sh and wildlife populations, ultra-

violet radiation, and atmospheric and terrestrial pollutants. Third, we describe some synthesis studies that 

have combined paleolimnological data from multiple lakes across the Arctic and Antarctic to identify the 

magnitude and direction of environmental changes at regional to continental scales. Finally, we discuss 

some future prospects in high-latitude paleolimnology. The geographic scope of the chapter includes the 

Arctic north of the tree line (tundra or polar desert catchments), the Antarctic continent, and the Antarctic 

Peninsula region, with occasional reference to the warmer sub-Arctic and sub-Antarctic regions.
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volume of research is being carried out in the polar 

regions, most recently during the International Polar 

Year (2007–2009). This is not only because climate 

changes affect the regions themselves, for example 

through changes in ecosystem function and eco-

nomic impacts, but also because any directional 

changes in the cryosphere also have the potential 

to exert marked changes on the rest of the planet. 

For example, the polar regions contain ice volumes 

equivalent to sea-level rises of 7.2 m (Greenland 

Ice Sheet) and 70 m (Antarctic ice sheets). Melting 

of these ice masses and other ice sheets and gla-

ciers is therefore an important contributor to ris-

ing sea levels, together with the thermal expansion 

of the ocean. Another example is the impact that 

changes in the spatial extent of the polar sea ice has 

on atmospheric temperature, ocean thermohaline 

circulation, and the atmospheric thermal gradients 

that drive the Earth’s climate and weather systems. 

This can result in positive feedbacks where, as the 

ice retreats, the ocean transports more heat towards 

the pole, and the open water absorbs more sunlight, 

further accelerating the rate of warming and lead-

ing to the loss of more ice. This positive feedback is 

important as the Earth is losing a major refl ective 

surface (i.e. its albedo is decreasing) and so absorbs 

more solar energy, enhancing the warming trend. 

Many researchers believe that there are ‘tipping 

points’ or ‘critical thresholds’ in the Earth’s sys-

tem, beyond which such positive feedbacks would 

become diffi cult to stop, potentially accelerating 

climatic change across the world. An example of a 

tipping point is the widespread melting of perma-

frost in the Arctic (already underway), which is 

releasing methane into the atmosphere; methane is 

a greenhouse gas that will further accelerate cli-

mate warming.

Despite the importance of the polar regions in 

environmental and climate change research, on 

account of their remoteness, relatively little long-

term instrumental and other monitoring data 

exist. However, this is changing as new technolo-

gies are developing (see Chapter 17 in this volume). 

It is here that paleolimnology plays a key role by 

reconstructing past environmental changes in 

regions that have never been monitored, or extend-

ing records in those that have (Schindler and Smol 

2006). Lakes are common features of many polar 

(Johannessen et al. 2005), lake- and river-ice dur-

ation has decreased by 12 days, and the Greenland 

ice sheet is losing mass (Schellnhuber et al. 2006). 

In the Antarctic Peninsula temperatures are rising 

at 0.55°C per decade: six times the global mean. 

Eighty-seven percent of Antarctic Peninsula gla-

ciers have retreated in the last 60 years (Cook et al. 
2005), 14 000 km2 of ice shelves have collapsed 

(Hodgson et al. 2006a), and the West Antarctic Ice 

Sheet is losing mass.

With these remarkable facts, there is little doubt 

(among scientists) that we are in the midst of a 

rapid climate change. In order to better understand 

the causes and consequences of this, a considerable 

Figure 3.1 This 1600-year-old lake sediment core from the 
Larsemann Hills, East Antarctica, has intact layers of sediments that 
have accumulated year on year preserving a remarkably detailed 
record of environmental change. This core includes the remains of 
fi lamentous cyanobacterial mats and green algae that are strongly 
pigmented. These pigments help scientists to reconstruct which 
phototrophs were present and the growing conditions at the time 
of deposition. Photograph: D. Hodgson. See Plate 14 for the colour 
version.
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uses lake sediments to address specifi c research 

questions, for example relating to climate and 

 ecosystem changes and human impacts. The third 

‘synthesis’ group employs various meta-analysis 

and statistical methods to combine multiple stud-

ies and reveal wider-scale patterns and trends, and 

to direct new research and policy priorities. Below 

we use this classifi cation to provide an overview 

of high- latitude paleolimnology together with 

case studies. We do not consider methodological 

aspects, which are described elsewhere (Pienitz 

et al. 2004).

3.2 Lake geomorphology and ontogeny

3.2.1 Geomorphology

Paleolimnological studies can provide important 

data on the geomorphological origin and develop-

ment of high-latitude lakes and their catchments 

(see Chapter 2). In lakes of glacial origin, degla-

ciation is often seen as a transition from silici-

clastic glacial to organic non-glacial sediments. 

These organic sediments are deposited as soon as 

liquid water and sunlight become available, and 

together with radiocarbon chronologies, provide 

evidence of when the landscape became ice-free. 

In combination with cosmogenic isotope dating of 

moraines and trim lines, these lake-based degla-

ciation chronologies have been used to document 

the postglacial retreat of glaciers across both 

northern- and southern-hemisphere landmasses. 

For example, in Eurasia a substantial meltwater 

input to the Fram Strait and the accumulation of 

organic material in lakes at 15 000 years before 

present (BP) shows that the Eurasian Arctic Ice 

Sheet was one of the fi rst northern-hemisphere ice 

sheets to retreat (Siegert 2001). In North America, 

paleolimnological mapping and dating of former 

strandlines and glaciolacustrine sediments shows 

that the two major ice masses, the Cordilleran Ice 

Sheet (originating from the Rocky Mountains) and 

the Laurentide Ice Sheet (originating from north-

ern Canada and coalesced with the Greenland Ice 

Sheet) began to form large proglacial lakes at their 

margins about 13 000 years ago and commenced 

their major retreats just before 8000 years ago. At 

paleo Lake Agassiz on the Laurentide ice margin, 

landscapes and their sediments, together with 

marine sediments and ice cores, enable scientists 

to piece together how different parts of the Earth 

system have interacted on timescales longer than 

the instrumental record. Specifi cally, these records 

enable scientists to quantify natural variability, 

determine whether recent changes are the result of 

human activities, and permit informed estimates 

of the most-probable nature and direction of future 

change.

A key technological development that has 

unlocked the potential of lake sediment records 

is radiocarbon dating. In particular, the direct 

measurement of radiocarbon ( 14C) by acceler-

ated mass spectrometry (AMS) has enabled small 

autoch thonous macrofossils such as aquatic moss 

fragments, chir onomids, and foraminifera, and 

extracted organic components such as humic acids, 

to be analysed (Wolfe et al. 2004). These typically 

assimilate their carbon from the water column 

and this carbon is often in near-equilibrium with 

atmospheric carbon dioxide, except in lakes with 

reservoir or hard-water effects. Measurements of 

short-lived isotopes such as 210Pb and 137Cs, have 

provided similar advances in the dating of the 

most recent sediments (last ~100 years) in some 

polar settings (Wolfe et al. 2004). These methods 

can be validated through direct comparison with 

varve chronologies and event horizons in the 

 sediments such as tephra from volcanic eruptions 

and the presence of persistent organic pollutants. 

Other dating  methods such as Optically Stimulated 

Luminescence, Uranium-Thorium dating of lacus-

trine carbonates and paleomagnetic intensity dat-

ing provide further chronological control.

Paleolimnologists also have a wide range of 

methods at their disposal with which to analyze 

various physical, chemical, and biological mark-

ers in lake sediments. These are described in the 

Developments in Paleoenvironmental Research book 

series, including volume 8, which is dedicated to 

long-term environmental change in Arctic and 

Antarctic lakes (Pienitz et al. 2004).

In this chapter we divide high-latitude paleolim-

nological studies into three groups. The fi rst group 

comprises studies that focus on the geomorpho-

logical origin of lakes and their long-term devel-

opment or ontogeny. The second ‘applied’ group 
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districts spanning from the Great Lakes into the 

Canadian Shield and across Hudson Bay to Baffi n 

Island.

In contrast, in Antarctica and Greenland the 

grounded ice extended towards the edge of the con-

tinental shelf, and the onset of deglaciation is fi rst 

recorded in the marine geological record and gen-

erally later in the lake sediment record, after the ice 

streams had retreated across the shelf and up the 

major fi ords. Thus both Antarctica and Greenland 

still have relatively small areas of ice-free land 

(0.32% and 20% respectively) occupied by lakes. 

In the Antarctic, dates for the onset of postglacial 

lake sedimentation in continental ice-free areas 

range from 13 500 cal years BP in the Larsemann 

Hills (Verleyen et al. 2004), to 12 400 cal years BP in 

the Amery Oasis (Wagner et al. 2004), 10 000 years 

BP in the Schirmacher Oasis (Schwab 1998), and 

9070 cal years BP in the Windmill Islands (Roberts 

et al. 2004), whereas on the Antarctic Peninsula dates 

range from before 9500 cal years BP in Marguerite 

Bay (D.A. Hodgson, unpublished results) to 

5000 years BP at Byers Peninsula, South Shetland 

Islands (Björck et al. 1993) and on James Ross Island 

(Björck et al. 1996). In Greenland, deglaciation 

dates range from 12 100 cal years BP for lakes on 

Nuussuaq (Bennike 2000), to 10 000 cal years BP at 

which at its greatest extent may have covered as 

much as 440 000 km2, glaciolacustrine deposits and 

paleo outlet channels provide evidence of multiple 

stages in the lake’s evolution, including the large 

discharges of fresh water into the ocean that many 

scientists link to cooling of the North Atlantic 

and the onset of the Younger Dryas period at 

12 800–11 500 cal years (i.e. converted from radio-

carbon dates after calibration) BP (Cohen 2003). 

Radiocarbon dates of deposits in the Clearwater-

Lower Athabasca spillway (Figure 3.2) and Late 

Pleistocene Athabasca braid delta show one such 

discharge via the Mackenzie River into the Arctic 

Ocean at 11 300 cal years BP linked to the Preboreal 

oscillation, a brief (150–250-year) cooling event in 

the North Atlantic (Fisher et al. 2002).

Reconstructing deglaciation from lake sedi-

ments has been relatively straightforward across 

the major continental landmasses of North 

America and Eurasia as they possess extensive 

lake districts that stretch northward from approxi-

mately 45°N. The lakes occupy eroded hollows left 

by the retreating ice, or folds and depressions in 

the underlying geology. Any limnologist who has 

fl own from Toronto to London on a clear day will 

have spent several privileged hours captivated by 

their airborne transect of just one of these vast lake 

Figure 3.2 Digital elevation model showing the Clearwater-Lower Athabasca Spillway; one of the outlet channels of paleo Lake Agassiz. 
Radiocarbon dates of sediment units in cores from this spillway have enabled a reconstruction of the history, timing, and magnitude of 
discharge events from this and other major outlets of Lake Agassiz. One such discharge took place via the Mackenzie River into the Arctic 
Ocean at 11 300 cal yr BP and is considered a likely cause of the Preboreal oscillation (Fisher et al. 2002).
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calcite deposition (Fredskild 1983; Anderson et al. 
2004 and references therein). Where terrestrial 

 vegetation is present, Arctic lakes can become more 

dilute and acidic with time, lose ions and nutrients, 

and accumulate dissolved organic carbon, all as a 

result of primary succession trapping nutrients 

in surrounding vegetation and soils. Dissolution 

 models also attribute at least part of postglacial lake 

acidifi cation, or reduction in alkalinity, to calcite 

depletion in run-off (Boyle, 2007). These and other 

developmental stages have been observed in the 

fossil diatom stratigraphy of lake  sediment cores 

from Glacier Bay, Alaska (Figure 3.3) (Engstrom 

Sønde Strømfjord and approximately 7400 cal years 

BP in Lake SFL4, 5 km west of the present-day ice 

sheet (Anderson et al. 2004).

3.2.2 Lake ontogeny

Lake sediments record many of the geological, 

sedimentological, and biological (fl ora, fauna, and 

ecosystem function) developmental stages of lakes 

and their catchments, a subject called lake ontog-

eny. In Greenland, together with an increase in 

organic content, deglaciation is often marked by a 

period of carbonate-rich sediments resulting from 
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3.2.3 Origin of the lake biota

Due to the regular succession of Quaternary glacia-

tions, most high-latitude lakes are relatively short-

lived compared with lakes in the mid and low 

latitudes. The interglacial periods in which they 

form comprise just 10% of the last 400 000 years 

and 50% of the period between 400 000 and 

800 000 years ago. Thus, high-latitude lake districts 

have experienced multiple phases of biological 

colonization, succession, and extinction. A major 

question is whether the lake biotas consist primar-

ily of postglacial colonists arriving by dispersal 

or whether they survived the glaciations in polar 

refugia. In the Arctic the more continuous land-

masses provide an easy route for both colonizers 

with a dispersal stage in their life history and/or 

those regularly vectored in on other organisms 

such as birds (Bennike 2000); but in the Antarctic 

the situation is very different. Here the Southern 

Ocean, steep oceanic and atmospheric thermal gra-

dients, and circumpolar currents and winds have 

provided formidable barriers to the dispersal of 

the biota. Thus many species are believed to have 

become extinct during glaciations and then (re)

colonized the Antarctic during interglacials from 

the maritime and sub-Antarctic islands and from 

the higher-latitude southern-hemisphere contin-

ents (South America, Australasia) (Clarke et al. 
2005; Barnes et al. 2006). However, recent fi eld data 

from the Antarctic has provided evidence that 

some zooplankton and phytobenthos have sur-

vived on the continent over a single glacial cycle 

(Cromer et al. 2005; Hodgson et al. 2005a), so it is 

likely that non-glaciated lakes, epiglacial lakes, 

and cryoconite holes, have provided refuges for 

many of the species now found in Antarctic lakes 

and account for the presence of numerous endemic 

species. Endemism in cyanobacteria, diatoms, and 

other biota on the continent supports this view 

(Sabbe et al. 2003; Taton et al. 2006; Vyverman et al., 
2007; see Chapter 12) and allows for the possibil-

ity that Antarctic lakes may contain species that 

are relicts of Gondwana (Convey and Stevens 2007; 

see Chapter 13). The groups that comprise the 

refuge species and the colonizers are usually dif-

ferentiated by their life history, in particular the 

presence or absence of a life-history stage capable 

et al. 2000) and the pigment stratigraphy of lakes 

in Greenland (McGowan et al. 2007). Catchment 

soil development and plant cover are therefore 

key drivers of nutrient inputs into lakes and also 

of the supply of dissolved organic matter (DOM). 

DOM can be particularly important as it absorbs 

 ultraviolet (UV) radiation. In lakes where DOM 

inputs have declined due to a retreat of the Arctic 

treeline, algal biomass has declined 10–25-fold 

(Leavitt et al. 2003).

Another common driver of high-latitude lake 

ontogeny is the changing infl uence of lake ice 

and snow cover, which exert strong controls on 

the abundance and diversity of the plankton and 

periphyton (Smol 1988; Douglas and Smol 1999; 

see also Chapters 1 and 9). During relatively cold 

periods, winter ice cover may persist well into the 

short polar summer and, in some lakes, a central 

raft of snow and ice may persist all year round. In 

these lakes, most of the primary production is con-

centrated to the shallow-water moat of open water 

in the littoral zone. With warming, more of the 

lake is made available and production increases. 

Once the central raft of ice melts completely, the 

plankton may fl ourish and diversity at all levels 

of the ecosystem increases. Paleolimnologists can 

follow the development of this ecosystem using a 

range of morphological and biogeochemical fos-

sils. Morphological fossils include diatom frust-

ules, non-siliceous remains of green algae (e.g. 

Pediastrum), cyanobacteria, and chrysophyte scales 

and cysts, together with the remains of the fauna 

such as cladocerans, chironomids and other insect 

fossils, rotifer and tintinnid loricae, folliculinid 
tests, rotifers, mites, Anostrachan (fairy shrimp) 

eggs, copepod eggs, spermotophores and exoskel-

etal fragments, and foraminifera (Hodgson et al. 
2004a). Biogeochemical fossils include sedimentary 

pigments and other molecular components (DNA, 

lipids) and biogenic silica. Pigments are particularly 

useful in tracking groups where no morpho logical 

remains are preserved (Leavitt and Hodgson 2001) 

including selected algae and  bacteria (Squier et al. 
2005; McGowan et al. 2007). DNA has been used to 

trace past populations of copepods (Bissett et al. 
2005), haptophytes, and diatoms (Coolen et al. 
2004). However, in recently deglaciated environ-

ments where do all these  species come from?
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where lake ecosystems have experienced not only 

a shift from benthic to planktonic diatom species, 

but also changes in crysophyte and zooplankton 

assemblages since the onset of twentieth century 

Arctic warming (Sorvari et al. 2002). The infl u-

ence of twentieth-century warming has also been 

recorded at Slipper Lake in the Canadian Central 

Arctic treeline region where a marked change in 

the top 5.0 cm (c. mid-1800s) of cores shows a clear 

shift to a planktonic diatom assemblage domi-

nated by Cyclotella stelligera (Rühland et al. 2003; 

Rühland and Smol 2005; Smol and Douglas 2007). 

In fi ve lakes on Baffi n Island, rising chlorophyll a 
concentrations also reveal whole-lake production 

increases in the twentieth century, synchronized 

with the meteorological record of recent tempera-

ture change (Michelutti et al. 2005). Other variables 

such as sediment accumulation rates and varve 

thickness can also provide a semi- quantitative esti-

mate of past temperature (Hambley and Lamoureux 

2006), as can changes in lake productivity and the 

abundance and diversity of organisms (Quinlan 
et al. 2005; Smol et al. 2005). For example, increasing 

sediment-accumulation rates in maritime Antarctic 

lakes at Signy Island since the 1950s correspond 

with a measured increase in atmospheric tempera-

ture (Appleby et al. 1995).

Production and temperature are not always 

tightly coupled, however, particularly in lakes that 

have clear ‘black ice’ and no snow cover, where 

50% of annual primary production may occur 

before ice out (Schindler and Smol 2006), and in 

lakes where the very high light irradiances experi-

enced during the summer can substantially inhibit 

algal blooms during the ice-free period (Tanabe 

et al. 2008) (see Chapter 9). To overcome this, catch-

ment-based indicators can be used. For example, at 

Signy Island, long-term temperature changes have 

been inferred from the macrofossil remains of ora-

batid mites in lake sediments, which were more 

abundant during a warm period in the mid to late 

Holocene (3800–1400 cal years B.P., Figure 3.4) when 

conditions favored the development of terrestrial 

mosses in which the mites thrive (Hodgson and 

Convey, 2005). In other lakes the effects of warming 

can be recorded even where no local atmospheric 

warming has been detected. For example in the 

Windmill Islands, East Antarctica, a rapid increase 

of  dispersal across the formidable barriers of the 

polar frontal zone and the circumpolar winds of 

the Southern Ocean.

3.3 Applied studies: tracking 
environmental change

As well as providing archives of glaciation, deglaci-

ation, and ontogeny, lake sediments can docu-

ment changes in local and regional ecosystems 

and, by inference, changes in the Earth system 

that drive them. Such studies provide long-term 

records against which the magnitude and direc-

tion of recent climate and environmental changes 

can be compared. Below we discuss some of the 

wide range of applied studies in high-latitude 

 paleolimnology.

3.3.1 Climate change

Studies of lake sediments often enable inferences 

to be made about the nature and direction of past 

climate change. For example, sediment compos-

ition can respond to temperature-related vari-

ables, which are most often linked to changes in 

the duration and extent of lake ice and snow cover. 

Sediment composition also responds to hydrologi-

cally related variables, for example changes in the 

moisture balance which affect lake salinity, melt-

water inputs, and nutrient and dissolved organic 

carbon (DOC) release from soils  (Schindler et al. 
1996; Douglas and Smol 1999; Schindler and 

Smol 2006).

Much of the work on temperature and its inter-

action with changing ice and snow cover was stim-

ulated by an early study of Douglas et al. (1994) 

on the sediments of High Arctic shallow ponds at 

Cape Herschel (Ellesmere Island, Nunavut), which 

recorded striking changes in diatom assemblages, 

indicating a longer growing season and the develop-

ment of moss substrates for periphytic growth over 

the last approximately 100–150 years, which they 

attributed to warmer summers and longer  ice-free 

conditions. Reduced ice cover, a longer grow-

ing season, and/or stronger thermal stratifi cat ion 

patterns can also result in marked changes in the 

planktonic diatom fl ux to lake sediments. This has 

been observed in, for example, Finnish Lapland 
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moisture budget, which can infl uence meltwater 

inputs. These can be inferred from changes in the 

deposition of stream-derived diatoms (Antoniades 

and Douglas 2002), or measured as a so-called 

lotic index (Ludlam et al. 1996), an index based on 

counts of stream-derived compared with total pen-

nate diatoms. Changes in the atmospheric mois-

ture budget can also bring about changes in lake 

salinity (Pienitz et al. 2000; Ryves et al. 2002). In East 

Antarctica, salinity (and lake depth) diatom-based 

transfer functions now incorporate more than 

100 lakes and have been applied to the long-term 

reconstruction of the past water balance of lakes 

(Verleyen et al. 2004; Hodgson et al. 2006b). Water 

isotopes are also widely used as tracers of present 

and past hydrology (Edwards et al. 2004) as they 

in the salinity of three coastal lakes (Hodgson 

et al. 2006b) has been attributed to warming of the 

Southern Ocean and changes in the atmospheric 

circulation patterns that have brought about a 

decline in effective precipitation (D.A. Hodgson, 

unpublished results).

Temperature increases have also brought about 

thawing of the Arctic permafrost, detected in lakes 

by an increasing number of shoreline permafrost 

slumps (Kokelj et al. 2005). This is part of a wider 

predicted positive climate feedback whereby the 

melting permafrost releases methane from clath-

rates into the atmosphere, which is predicted to 

further accelerate the warming.

Sediment composition also responds to hydro-

logically related variables, such as the atmospheric 

0 0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

5500

6000

6500

7000 2
Mites g year–1 Mites g year–1 Ratio

4 0.5 1.0 1.00.5

10
20
30

40
50
60
7080
90

110
130
150
160
170
180
190
200
210D

ep
th

 (c
m

)

A
ge

 (c
al

 y
ea

rs
 B

P)

220

230

240

Zone

HLZ3

HLZ2

HLZ1

Alaskozetes antarcticus Halozetes belgicae Ratio Haloz: Alaskoz

Figure 3.4 Fossil mite stratigraphies in Heywood Lake, Signy Island, showing a population expansion by a factor of 7 during the Antarctic 
mid-Holocene hypsithermal. This is thought to have increased habitat size, temperature, and moisture availability favoring the expansion of 
mite populations. From Hodgson and Convey (2005), by permission of the Institute of Arctic and Alpine Research, Boulder, CO, USA.



H I G H - L AT I T U D E  PA L E O L I M N O L O G Y    51

aquatic and wetland plants (Pienitz et al. 2004). 

Workers on such studies often select a range of 

lake- coring sites spanning key vegetation or lati-

tudinal gradients. The close coupling of catch-

ment soil, vege tation development, and lake-water 

chemistry means that these studies are critical 

in understanding the history of lake catchments 

and the changing geochemistry of high-latitude 

lakes, particularly the supply of chromophoric 

DOC, which can be tracked using paleolimnologi-

cal techniques (Pienitz and Smol 1993), and has 

a marked infl uence on the transparency of water 

columns and algal biomass, as described earlier 

(Leavitt et al. 2003). In contrast, Antarctic pol-

len studies are relatively rare, primarily because 

there are only two species of fl owering plants 

in the Antarctic, Deschampsia antarctica (Poaceae) 

and Colobanthus quitensis (Caryophyllaceae). Even 

in the maritime Antarctic at Signy Island, pollen 

grains in lake sediments are sparse and domi-

nated by long-range components from southern-

hemisphere continents (Jones et al. 2000). However, 

further north, in the sub-Antarctic, pollen analy-

ses have been used successfully to track past 

 vegetation trends.

3.3.3 Reconstructing sea-level change

With the continued rise in emissions of green-

house gases, future sea-level rise has become 

an important social and political issue. In 2001, 

the Intergovernmental Panel on Climate Change 

(IPCC) Third Assessment Report predicted that, by 

2100, global warming and consequent melting of 

the high-latitude ice sheets will lead to a sea-level 

rise of 9–88 cm (Houghton 2001). Reconstructing 

the postglacial interaction between these ice 

sheets and past sea-level rise therefore provides 

a valuable series of constraints on future ice-sheet 

behavior.

Using the paleolimnological record, it is possible 

to construct the history of marine transgressions 

and hence the relationship between relative sea-

level change, ice thickness, global eustatic sea-level 

change, and isostatic rebound (Long et al. 2003; 

Bentley et al. 2005a; Verleyen et al. 2005a). High-

latitude lakes situated below the Holocene marine 

record changes in water input and evaporation, 

especially in closed lake systems. For example, 

stable isotope evidence (�18O and �13C) from authi-

genic calcite in laminated sediments from West 

Greenland lakes indicate a strongly negative mois-

ture balance accompanied by lowered lake levels 

between 7000 and 5600 cal years BP, attributed to 

decreased precipitation, coupled with higher inso-

lation (Anderson and Leng 2004). At South Georgia 

(sub-Antarctic) changes in oxygen isotopes from 

diatom silica (�18OSi) are attributed to changes in 

both water temperature and hydrology (Rosqvist 

et al. 1999).

Another method of tracking changes in the hydro-

logical cycle is to study paleoshorelines, which 

record past periods of lake level change. Some of 

the most impressive paleoshorelines are found in 

the McMurdo Dry Valleys region of Antarctica, 

which are up to 450 m above the present lake level 

(Hendy 2000). These were created when expansion 

of the Ross Ice Shelf blocked the valleys during the 

Last Glacial Maximum. Biogeochemical studies of 

one of the lakes, Lake Fryxell, have shown that it 

evaporated to a low-stand before the Ross Ice Shelf 

retreated after the Last Glacial Maximum and has 

experienced a series of high and low stands includ-

ing evaporating to a small pond between approxi-

mately 2500 and 1000 cal years BP (Wagner et al. 
2006). Instrumental studies show hydro logical 

asymmetry in these lakes whereby water levels 

respond to occasional warm summers by a rapid 

rise in lake levels of approximately 1 m, which 

then takes many decades to be drawn down again 

(Doran et al. 2006).

Detailed regional syntheses of high-latitude cli-

mate change based on paleolimnological studies 

are given in Pienitz et al. (2004).

3.3.2 Regional vegetation change

Changes in regional vegetation invariably accom-

pany climate change and can be tracked using 

resistant pollen and spores incorporated into lake 

sediments. There are many palynological stud-

ies in the Arctic that document the postglacial 

vegetation history of the treeline zone as well as 

past vegetation changes in tundra ecosystems and 
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to accurately reconstruct the past, and better pre-

dict the future contribution of the polar ice sheets 

to global sea-level change. This is a pressing task 

as predicted increases in global temperature over 

the coming decades threaten the stability of parts 

of the Greenland Ice Sheet and possibly the West 

Antarctic Ice Sheet. Evidence from the last intergla-

cial, which was only very slightly warmer than our 

own (1–2°C), shows that global sea levels were 5 m 

higher than they are today (Lambeck and Chappell 

limit, which have been isolated from the sea, con-

tain one or more stratigraphic horizons that pre-

cisely record the isolation event. These can be 

identifi ed by, for example, transitions from marine 

to freshwater diatoms, pigments, and carbon iso-

tope signatures, and dated using radiocarbon 

technologies. A good example is the relative sea 

level curves that have been constructed for Disko 

Bugt, West Greenland (Figure 3.5; Long et al. 2003). 

Such constraining data enable ice-sheet modelers 
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Figure 3.5 Sea-level curves derived from isolation basins at Innaarsuit, a site on the south shores of the large marine embayment of 
Disko Bugt, west Greenland. The x axis shows the date in calibrated radiocarbon years before present, and the y axis shows mean sea level 
(MSL). These relative sea level (RSL) curves show the interaction between ice thickness, global eustatic sea-level change, and isostatic 
rebound. These RSL data record rapid RSL fall from the marine limit (≈108 m) at 10 300–9900 cal years BP to reach the present sea level at 
3500 cal years BP. Since 2000 cal years BP, RSL rose by approximately 3 m to the present. These data show that the northern part of Disko Bugt 
experienced less rebound (≈10 m at 6000 cal years BP) compared with areas to the south. Submergence during the late Holocene supports 
a model of crustal down-warping as a result of renewed ice-sheet growth during the neoglacial. From Long et al. (2003), by permission of 
Elsevier.
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seek to maintain catches at a sustainable level, 

and so there is considerable value in tracking and 

understanding long-term changes in fi sh popula-

tions. One way of doing this is to track the deliv-

ery of marine-derived nutrients into lakes using 

 diatom, pigment, and stable-isotope analyses (�15N) 

as has been done for sockeye salmon in Alaska 

(Finney et al. 2002; Gregory-Eaves et al. 2003). These 

marine-derived nutrients are incorporated rap-

idly into lake-wide nutrient pools, providing an 

index of whole-lake salmon densities (Brock et al. 
2006). Changing nutrient inputs have also been 

used to track the impact of increasing populations 

of pink-footed resting geese in Svalbard Lakes 

(Christoffersen 2006), and changing concentrations 

of fecally derived elements to track historical pen-

guin populations in the Antarctic (Zale 1994; Sun 
et al. 2000) and seabird populations in Greenland 

(Wagner and Melles 2001). Other studies of past fi sh 

and wildlife populations have used morphological 

fossils. For example, seal hairs in lake sediments 

have been used to track the changing populations 

of the Antarctic fur seal, and to evaluate the impact 

of the nineteenth- and twentieth-century sealing 

industry in the Antarctic (Hodgson and Johnston 

1997; Hodgson et al. 1998).

3.3.5 Changes in UV radiation

Depletion of stratospheric ozone has occurred 

over both high-latitude regions and resulted in 

an increase in the receipt of erythemal UV radi-

ation at the Earth’s surface. UV radiation receipt 

has increased by 22% in the Arctic since the 1970s 

and in the Antarctic by 180% (Palmer Station), 310% 

(McMurdo Dry Valleys), and 480% (South Pole 

Station) since the early 1980s (Bernhard et al. 2000). 

Antarctic lakes are most susceptible to this change 

as they generally lack the terrestrial sources of DOC 

and chromophoric DOM that continue to limit UV 

radiation penetration in many Arctic systems, even 

after the disappearance of long-term snow and ice 

cover (Pienitz and Vincent 2000; Leavitt et al. 2003). 

In the Antarctic, the low to undetectable levels 

of DOC measured in the water columns reveal a 

close coupling between the pigment  composition 

of  benthic microbial mats and lake depth, with 

shallower lake  microbial mats  incorporating 

2001), and it is likely that these high-latitude ice 

reservoirs provided at least some of this water.

Epishelf lakes, which form where fresh water 

is impounded in ice-free depressions or former 

marine embayments by ice shelves or glaciers, are 

also yielding valuable paleolimnological informa-

tion on the fi rst signs of decay of the ice masses that 

impound them. For example, fracturing of the lar-

gest Arctic ice shelf (Ward Hunt Ice Shelf) on the 

north coast of Ellesmere Island, Nunavut, Canada, 

in 2002, caused the drainage of the ice-dammed 

epishelf lake (Disraeli Fiord), which it impounded. 

Attributed to rapid regional warming since 1967, 

this drainage resulted in an infl ux of marine water 

and a 96% loss of the fresh and brackish water habi-

tats that were known to support a unique biological 

community (Mueller et al. 2003). Such changes are 

recorded in epishelf lake sediments and have been 

exploited in the Antarctic to examine the history of 

past ice-shelf collapse. Sediments from Moutonnée 

Lake on Alexander Island have revealed that the 

currently extant George VI Ice Shelf, the largest ice 

shelf on the west of the Antarctic Peninsula, broke 

up in the early Holocene (Figure 3.6), following a 

period of atmospheric warmth at the same time as 

an intrusion of warm ocean water under the shelf 

(Bentley et al. 2005b; Hodgson et al. 2006a; Smith et al. 
2006; Roberts et al. 2008). Establishing the oceanic 

and atmospheric conditions that have caused pre-

vious collapse events provides scientists with data-

sets that can be used to help predict when future 

collapses might occur. The Antarctic ice shelves are 

important as they help restrain the inland glaciers 

of the Antarctic ice sheet on account of being pinned 

to submerged rises in the ocean fl oor. Without the 

restraining ice shelves, measurements have shown 

that the inland ice of Antarctica fl ows at an acceler-

ated rate into the ocean. Therefore loss of the ice 

shelves provides an early warning of an increased 

Antarctic contribution to global sea-level rise.

3.3.4 Tracking past fi sh and 
wildlife populations

Arctic salmon, seabirds, and caribou, as well as 

Antarctic seal and penguin populations have all 

been tracked using paleolimnological methods. In 

the Arctic, (responsible) salmon fi sheries man agers 
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ponds draining seabird colonies. Many pollutants 

that have never been used in Arctic regions (e.g. 

insecticides and other persistent organic pollutants, 

mercury, and other metals) have also been found 

in elevated concentrations due to bioaccumulation 

along long food chains. In the Arctic, migratory 

seabirds play an important role in the creation of 

these pollution hot-spots by transporting marine 

contaminants to their nesting sites. In Devon Island 

(Nunavut, Arctic Canada), studies of pond surface 

sediments near nesting sites found up to 10 times 

the amount of hexachlorobenzene (HCB), 25 times 

the amount of mercury, and 60 times the amount of 

dichlorodiphenyltrichlorethane (DDT) compared 

with the ponds with little or no infl uence from sea-

bird populations (Blais et al. 2005).

Human cultural changes have also caused 

 pollution of specifi c high-latitude lakes at a local 

scale. Examples include the marine-derived 15N 

and changes in diatom assemblages in ponds at 

Somerset Island, Nunavut, attributed to thirteenth-

century Inuit whaling activities (Douglas et al., 
2004), and in Antarctica, elevated silt inputs to lit-

toral sediments and increases in nutrients and het-

erotrophic microbial activity in a lake have been 

attributed to the establishment of a nearby scien-

tifi c base (Ellis-Evans et al. 1997; see Chapter 16).

3.4 Synthesis studies

Although remote from major centres of population, 

the high latitudes are providing a clear indication 

that climate warming and other human activities 

are having major global impacts. For much of the 

year, the subpolar regions’ ecosystems are within a 

few degrees of the freezing point, so a small shift in 

temperature regimes can have widespread ecosys-

tem impacts. These include changes in the amount 

and duration of ice and snow cover, changes in river 

hydrology from accelerated glacier and perma frost 

melting, and declining percentages of precipitation 

falling as snow. The cumulative effects of these 

stresses will be far more serious than those caused 

by changing climate alone.

Large-scale syntheses of high-latitude paleolim-

nological data are an important component of meas-

uring these changes and address the limitations of 

long-term monitoring and survey measurements 

higher concentrations of UV-screening pig-

ments such as scytonemin (Hodgson et al. 2004b). 

Paleolimnological analyses of these same pig-

ments have enabled both Holocene (Verleyen et al. 
2005b) and Pleistocene reconstructions of UV radi-

ation receipt (Hodgson et al. 2005b). Perhaps the 

most intriguing study is that of Lake Reid in the 

Larsemann Hills where long-term reconstructions 

of UV radiation receipt showed that the highest 

concentrations were experienced in the lake during 

the last glacial period and not, as might be antici-

pated, during the current period of ozone depletion 

(Hodgson et al. 2005b). Ultimately UV radiation is 

probably most important in high-latitude lakes for 

its impact on ecosystem structure and biomass. 

This is most  evident in the benthic cyanobacteria 

where the synthesis of carotenoids and screening 

pigments is one of multiple attributes that favor 

their growth and dominance in many high-latitude 

clear-water lakes (Vinebrooke and Leavitt 1996; 

Hodgson et al. 2004b).

3.3.6 Atmospheric and terrestrial pollutants

Mid-latitude water-quality problems such as lake 

acidifi cation and cultural eutrophication are not 

yet recorded in most high-latitude lake sediments, 

except for example where they are immediately 

downwind of a point source of acid (Weckström 

et al. 2003) or downstream of a sewage outfall 

(Douglas and Smol 2000). Instead, being remote 

from point sources of pollution, high-latitude 

lakes are ideally suited to tracking the long-range 

 atmospheric transport of industrial pollu tants 

(Muir and Rose 2004). For example, studies of a 

3000-year lake sediment record on King George 

Island showed that lead concentrations (derived 

from fossil-fuel combustion) have signifi cantly 

increased during the last 200 years, and especially 

in the last 50 years (Sun and Xie 2001). A similar 

pattern is found in Alaska where lead deposition 

has increased approximately 3-fold over the same 

period (Fitzgerald et al. 2005).

Some pollutants are found at higher than back-

ground concentrations as a result of focusing by 

biological vectors. For example, marine-derived 

nutrients are present at high concentrations in 

salmon nursery lakes (Krümmel et al. 2003), and in 
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of research opening up to high-latitude paleolim-

nologists. Three of these are described below.

3.5.1 Paleolimnology of subglacial lakes

The sediments of subglacial lakes offer the poten-

tial to explore the origin of subglacial basins and 

the possibility that life might exist deep under the 

polar ice sheets. Detailed plans have been published 

outlining how this might be achieved (Siegert et al. 
2006). At present the main focus is on the Antarctic 

lakes Vostok and Ellsworth, but both of these 

present the great challenges of drilling through 

several thousand meters of ice before reaching 

the lakes, and ensuring a non-contaminating sam-

pling regime. However, an alternative approach is 

to drill into the sediments of former subglacial lake 

basins that have emerged from under the ice sheet 

during postglacial ice recession. For example, seis-

mic surveys of Christie Bay in Great Slave Lake, the 

deepest lake basin in North America in the vicinity 

of the Keewatin Ice Dome during the Last Glacial 

Maximum, have revealed up to an approximately 

150-m-thick layer of lake sediments, consisting of 

about 1 m of Holocene sediments, approximately 

20 m of late-glacial varves, and up to 130 m of deep 

lake sediments. These deep lake sediments have 

been attributed to deposition during the last glacial 

period in a subglacial setting (S. Tulaczyk, personal 

communication). If correct, accessing subglacial 

lake sediments within the next few years is a dis-

tinct possibility.

3.5.2 Paleolimnology of earlier 
interglacial periods

Although we now live in a no-analog atmosphere 

(due to the rapid increases of greenhouse gases) 

there is still much that can be learned from the 

 paleolimnological record of earlier interglacial 

 periods. The last interglacial (MIS 5e) is of  particular 

interest, as many records show that temperatures 

were warmer than present and that global melt-

ing of the ice sheets contributed an additional 

3–5 m to global sea level. Recovering lake sedi-

ments from MIS 5e environments, when warmer 

conditions persisted for several thousand years, 

presents scientists with a valuable  opportunity to 

and satellite data, which often only span the last 

few decades. For example, fossil diatoms and other 

biotic indicators enumerated from approximately 

the last 200 years of sediment accumulation in 

cores from 42 lakes and ponds (representing 55 dif-

ferent profi les) across the circumpolar Arctic have 

shown increases in diatom assemblages character-

istic of extended open-water periods, with more 

habitat differentiation and complexity in littoral 

zones and an increase in plankton in deep lakes 

(Figure 3.7), a pattern consistent across lakes of dif-

ferent origin and limnological characteristics (Smol 
et al. 2005; Smol and Douglas 2007). Of these lakes, 

67% have experienced directional ecosystem shifts 

since approximately ad 1850, and 87% of these are 

north of the Arctic Circle. Other areas of the Arctic 

have yet to experience these marked changes; for 

example some lakes on parts of northern Québec 

and Labrador and the west coast of Greenland have 

shown little directional ecosystem change since 

1850 (Perren et al. 2006).

Another example of a large-scale synthesis study 

is the Circum-Arctic PaleoEnvironments (CAPE) 

project that integrated paleovegetation data (pollen 

and macrofossils) from across the Arctic to gener-

ate 1000-year time-slice maps of the Holocene and 

compared these with modeled estimates of past 

 climate and vegetation. Such studies are  valuable 

as they can establish a quantitative baseline against 

which to assess future changes (CAPE Project 

Members 2001). Meanwhile, Kaufman et al. (2004) 

examined 140 sites across the western Arctic to 

track the development of the northern-hemisphere 

Holocene thermal maximum along a latitude gra-

dient. A variety of paleoenvironmental techniques 

were used including pollen and plant macrofos-

sil analyses and chironomid-based temperature 

reconstructions.

In the Antarctic, the Scientifi c Committee for 

Antarctic Research (SCAR) has successfully drawn 

together research for a number of years, but has 

yet to carry out an integrated study of Antarctic 

paleolimnology.

3.5 Prospects

In addition to the studies so far described in this 

chapter, there are a number of promising new areas 
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58   P O L A R  L A K E S  A N D  R I V E R S

(Figure 3.8) (Briner et al. 2007). In the Antarctic, 

analyses of biological and biogeochemical markers 

in the Larsemann Hills show a more productive 

biological community and greater habitat diver-

sity during MIS 5e, suggesting higher tempera-

tures than those being experienced in the present 

interglacial. From the composition of these MIS 5e 

sediments it is safe to predict that future elevated 

temperatures will allow new taxa to colonize and 

establish self-maintaining populations, and that 

continental Antarctica will face the re-invasion of 

the sub- and maritime Antarctic fl ora in the near 

future (Hodgson et al. 2006c).

 determine how that particular location and eco-

system responded to warmer conditions in the 

past, and is therefore a key tool in predicting the 

responses to the climate changes simulated by cli-

mate  models for our immediate future (+1.3–6.3°C 

by 2100; Houghton 2001; see Plate 16). Remarkably, 

at both the northern and southern high lati-

tudes, there are sites that escaped erosive action 

of the last glaciation and preserve in their sedi-

ments a record of one or more past interglacials. 

In the Arctic, the Clyde Foreland, Baffi n Island, 

is yielding remarkable records of past intergla-

cial diatom, chironomid, and pollen assemblages 
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sedimentary profi les can be used to address many 

other questions. Despite clear signs of marked recent 

environmental changes in the high latitudes, we as 

yet have only a limited perspective on how Arctic 

and Antarctic climates and environmental condi-

tions have varied in the more distant past.

Although sedimentary reconstructions cannot 

match the information content available in standard 

lake-monitoring programs, paleolimnologists have 

the major advantage that they can choose the time 

scale and, to some extent, temporal resolution of their 

analyses. Such approaches are especially important 

in polar regions, where other sources of proxy data, 

such as tree rings, may not be available. Moreover, 

a major strength of paleolimological records is that 

they can be used to identify regional patterns of cli-

matic and other environmental changes, whereas 

other proxy records (such as ice cores) may provide 

information on a mixture of global and regional 

environmental signals (Anderson et al. 2004).

As more paleolimnological studies are completed, 

regional syntheses will become possible, and meta-

analyses of these data can be used to address a wide 

spectrum of pressing environmental questions. 

However, as paleolimnological interpretations are 

completely dependent on our understanding of 

processes and species distributions in present-day 

limnological systems, close collaboration between 

limnologists working on a variety of time scales 

will be required. Although signifi cant progress has 

been made in providing defendable interpretations 

of environmental changes, a better understanding 

is required of the limnology of polar lakes and the 

extent to which climate and other environmental 

changes can infl uence the sedimentary proxies. 

Much work remains, but it is evident that paleolim-

nological methods will continue to play a leading 

role in developing our understanding of past envir-

onmental changes and helping us to anticipate the 

magnitude, nature, and direction of future change.
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3.5.3 Paleolimnology of extreme environments

Studies of high-latitude limnology and paleolim-

nology can provide valuable insights into our 

 understanding of life at its environmental  limits. 

This has led to a number of research projects 

aimed at defi ning the boundaries of those con-

ditions essential to various forms of life, and 

comparing this with what is known about water 

bodies that may exist elsewhere in our solar sys-

tem, notably Mars and Europa (Doran et al. 1998, 

2004). Antarctica has a number of lake habitats that 

approach extremes of salinity (e.g. Don Juan Pond), 

temperature (in saline lakes temperatures can fall 

below −10°C), thickness of perennial lake ice cover, 

pressure (subglacial lakes), light limitation, and 

ultra-oligotrophy. One example of life persisting at 

extremes can be found in Lake Vida, a closed-basin 

endorheic lake in the McMurdo Dry Valleys. The 

ice cover of Lake Vida is 19 m thick and forms an 

ice seal over a brine that is seven times as saline as 

sea water and has an average temperature of −10°C. 

This perennial lake ice has isolated the saline lake 

water from external air and water for thousands 

of years, but despite this scientists have been able 

to collect 2800-year-old desiccated fi almentous 

cyanobacteria from within the lake ice and reani-

mate it simply by providing liquid water and light 

(Doran et al. 2003). The ice, water, and sediments 

of high- latitude lakes such as Lake Vida offer the 

promise of  further insights into the biochemistry 

and  ecological organization of life under extreme 

conditions.

3.6 Conclusions

Given the dearth of long-term instrumental meas-

urements and observations from polar regions, 

paleolimnological approaches offer important ave-

nues to reconstruct these missing data-sets. Lake 

and pond sediments archive a surprisingly diverse 

array of physical, chemical, and biological informa-

tion on environmental changes occurring within 

lakes as well as in lake catchments, and at regional 

to global scales via atmospheric transport. Thus far, 

most studies have focused on tracking recent (e.g. 

in the last two centuries) environmental changes; 

 however, the wealth of information preserved in 
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 perennial ice: an ice cap up to several meters thick 

that has built up over many years and that remains 

in place even throughout summer. Lakes of the 

McMurdo Dry Valleys (latitude 77°30�S; Plate 4) 

have ice-cap thicknesses typically in the range of 

3–6 m (Chinn 1993), with Lake Vida holding the 

record of 19 m of ice. Perennially ice-capped lakes 

are known to occur in the north polar region, but 

are relatively rare; for example, Ward Hunt Lake 

at latitude 83°N in High Arctic Canada (Plate 4) 

contains up to 4.1 m of ice (Bonilla et al. 2005) and 

Anguissaq Lake in northwest Greenland has up to 

3.4 m of ice (Hobbie 1984).

Vast bodies of fresh water occur in both regions 

(for locations, see Figures 1.1 and 1.2) but in 

Antarctica the largest lakes are capped by up to 

4.1 Introduction

The key physical characteristics that distinguish 

Arctic and Antarctic lakes are prolonged ice 

cover, persistently cold water temperatures, and 

the extreme seasonal fl uctuation in energy sup-

ply, from continuous winter darkness to continu-

ous sunlight in summer. These features are shared 

by high-latitude lakes in general, but there are 

also some limnological differences between the 

two polar regions, including differences in ice-

cover thickness and duration, snow cover, mixing 

regimes, and the degree of underwater control of 

spectral irradiance by dissolved organic matter.

The more severe climate regime of Antarctica 

means that many of its lakes are covered by 

CHAPTER 4

The physical limnology of 
high-latitude lakes
Warwick F. Vincent, Sally MacIntyre, Robert H. Spigel, 
and Isabelle Laurion

Outline

The physical environment of high-latitude lakes exerts a wide-ranging infl uence on their aquatic ecology. 

Certain features of Arctic and Antarctic lakes, such as prolonged ice cover and stratifi cation, persistent low 

temperatures, and low concentrations of light-absorbing materials, make them highly sensitive to climate 

change and to other environmental perturbations. These features also make such lakes attractive sites for 

limnological research and for developing models of broader application. In this review, we fi rst describe 

the snow and ice dynamics of high-latitude lakes, and the factors that control their dates of freeze-up and 

break-up. We then examine the effects of ice cover and optical variables on the penetration of solar radi-

ation that in turn infl uences heating and stratifi cation, convective mixing, photochemical reactions, and 

photobiological processes including primary production. This is followed by a description of stratifi cation 

and mixing regimes including meromixis in stratifi ed saline lakes, and a summary of water budgets, cur-

rents, fl ux pathways and mixing processes that operate in ice-covered waters. We illustrate some of these 

physical limnological features of high-latitude lakes by detailed studies from two long-term ecological 

research sites, the Toolik Lake site in Arctic Alaska, and the McMurdo Dry Valleys site in the Ross Sea 

sector of Antarctica.
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saline deeper waters to temperatures that are well 

above those in the overlying atmosphere (Vincent 

et al. 2008). These extreme solar-heated lakes are 

known from both polar regions, with deep-water 

temperatures that reach up to 14°C (Lake C1 in the 

Canadian High Arctic, Van Hove et al. 2006) and 

22°C (Lake Vanda in the McMurdo Dry Valleys, 

Antarctica; Spigel and Priscu 1998).

4.2 Snow and ice dynamics

The dates of freeze-up and break-up of high-latitude 

lakes mark abrupt transition points in their sea-

sonal limnology, and also provide a sensitive index 

of regional climate change. The seasonal pattern of 

lake ice dynamics has been simulated by applying 

a one-dimensional heat model (Duguay et al. 2003; 

Figure 4.1). This model gives a good estimation of 

the duration and thickness of ice cover for shallow 

lakes at high latitude, and predicts the ice-on and 

ice-off dates to within 2 days. For a shallow lake at 

Barrow, Alaska (latitude 71°N) the ice cover extends 

from mid-September to late June (up to 80% of the 

year) while for a similar site at Churchill, Manitoba 

(59°N), ice covers the lake from mid-October to early 

June (up to 65% of the year). In addition to local cli-

mate, two features play a major role in affecting ice 

thickness and dynamics. First, thick snow cover 

acts as an effective insulator, slowing the loss of 

heat by conduction to the atmosphere above. Snow-

covered lakes, for example in protected valleys or 

in regions of higher snowfall, tend to have thinner 

ice than wind-swept lakes in the tundra, and their 

date of break-up is earlier as a result of less ice to 

melt (Figure 4.1). The second variable is lake depth. 

In deeper lakes, the water column acts as a heat 

sink in which much of the thermal energy is lost 

to greater depth and is unavailable for melting the 

ice. Hence, ice-off occurs later in the year in such 

lakes. In addition, deep lakes have a greater heat 

capacity per unit area and therefore take longer 

to cool in autumn before ice production begins. 

Great Slave Lake (latitude 62°N), for example, does 

not fully freeze up until mid-December to early 

January, some 6 weeks later than shallower lakes in 

the region (Oswald and Rouse 2004).

The duration of ice cover is sensitive to variations 

in climate, and therefore the ice-on and ice-out dates 

4 km of the overlying ice sheet (Plate 1). The most 

well known of these is Lake Vostok (latitude 77°S, 

14 000 km2), and more than 100 other lakes as well as 

streams and thinner layers of water have now been 

detected beneath the Antarctic ice sheet (National 

Research Council 2007; see Chapter 7 in this vol-

ume). In contrast, the largest freshwater bodies 

in the Arctic are ice-free for up to several weeks 

each year, for example Great Bear Lake, Canada 

(latitude 65–67°N, 114 717 km2), Nettilling Lake, 

Canada (latitude 66.5°N, 5066 km2), Lake Taimyr, 

Russia (latitude 74.1°N, 4560 km2), and Lake Hazen, 

Canada (latitude 81.8°N, 542 km2; Plate 5).

In addition to their diverse freshwater lakes, 

both polar regions contain saline waterbodies, and 

these have some surprising physical properties. 

In the most extreme cases, the lakes are so hyper-

saline that they never freeze, even during winter 

darkness. For example, Deep Lake in the Vestfold 

Hills, Antarctica, has a salinity of 270 parts per 

thousand (ppt; sea water is about 35 ppt), and the 

water remains liquid and free of ice throughout the 

year, reaching a minimum temperature of −18°C. 

When ice freezes, it expels most of its dissolved 

materials into the remaining water, and only 

small quantities of the original salts, nutrients, 

and organic materials are retained within the ice. 

The almost complete freeze-up of shallow ponds 

in both polar regions thus gives rise to a highly 

concentrated mixture of solutes in their remaining 

bottom waters. This in turn depresses the freezing 

point and can allow liquid water conditions to per-

sist throughout winter, at temperatures well below 

0°C (for example, −12°C in Ross Island ponds, 

Antarctica; Schmidt et al. 1991). For the organisms 

that live in these ponds, these aqueous conditions 

of extreme cold and high salinities likely pose a 

severe challenge for winter survival. In deeper 

saline lakes, the salt exclusion during winter ice 

production can result in brine-rich density plumes 

that sink to the bottom of the lake. In this way, the 

deep waters of such lakes can accumulate salt and 

have much greater densities than their overlying 

surface waters. Finally, in saline lakes that are over-

laid by lighter, fresher water and that are protected 

from wind-induced mixing by ice through most or 

all of the year, solar energy passing through the 

ice cap in summer can gradually heat the dense, 
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date of ice-off is particularly critical for the energy 

and thermal regimes of lakes (Rouse et al. 2003) 

as well as for light availability for photosynthesis 

and biological UV exposure. In the 250 000-year 

paleolimnological record from Lake El’Gygytgyn, 

an ancient crater lake at latitude 67.5°N in Siberia, 

periods of highest paleoproductivity have been 

attributed to warm, ice-free summer conditions, 

whereas the lowest production rates have been 

attributed to cold, moist conditions in which the 

ice cover is perennial and coated by snow (Melles 

et al. 2007).

4.3 Underwater radiation

The supply and spectral composition of solar 

energy penetrating into water columns of high-

 latitude lakes depend on incident radiation and the 

nature of the overlying snow and ice cover. Once 

within the water column, the spectral transmission 

of the solar radiation is dictated by the absorption 

and scattering of photons by four categories of 

‘optically active’ substances (materials that absorb 

as well as ice thickness can show large fl uctuations 

from year to year and in response to long-term cli-

mate trends. In both the Arctic and Antarctica, lake 

ice cover has been identifi ed as a sentinel of climate 

change, as well as a pivotal feature that amplifi es 

the effects of climate change (Quesada et al. 2006). In 

the McMurdo Dry Valleys, a systematic increase in 

lake ice thickness accompanied a cooling trend 

in this region of Antarctica, and resulted in sev-

eral limnological responses, including decreased 

phytoplankton  production (Doran et al. 2002). In 

contrast, the Antarctic Peninsula region has expe-

rienced the most rapid warming in the southern 

hemisphere, resulting in decreased duration of ice 

cover; a variety of limnological shifts have been 

attributed to this effect, including the persistence 

of phytoplankton production over a longer grow-

ing season (Quayle et al. 2002).

In the northern hemisphere, long-term climate 

change has led to earlier dates of ice break-up and 

the onset of summer ice-free conditions in lakes 

that in the past have been covered by perennial ice 

(Van Hove et al. 2006 and references therein). The 

15
/1

0/
97

12
/1

1/
97

10
/1

2/
97

07
/0

1/
98

04
/0

2/
98

04
/0

3/
98

01
/0

4/
98

29
/0

4/
98

27
/0

5/
98

100

50

0

–50

–100

–150

Ic
e 

th
ic

kn
es

s 
(c

m
)

Sn
ow

 d
ep

th
 (c

m
)

–200

–250

Figure 4.1 Application of a lake-ice model to lakes at Churchill, Canada, with (solid) and without (dashed line) snow cover. From Duguay 
et al. (2003).



68   P O L A R  L A K E S  A N D  R I V E R S

caused by changes in total ozone was about twice as 

high as the UV variability due to clouds (Bernhard 

et al. 2006).

The refl ective and attenuating properties of 

snow have a major effect on the underwater light 

regime of high-latitude lakes. For example, in early 

June in meromictic Lake A on Ellesmere Island (see 

Chapter 1), the maximum photosynthetically avail-

able irradiance (PAR; 400–700 nm) under 2 m of ice 

and 0.5 m of snow was about 5 µmol photons m−2 s−1. 

This was equivalent to only 0.45% of incident PAR 

and was likely to severely limit primary produc-

tion. Removal of snow from a 12 m2 area on this 

lake increased PAR under the ice by a factor of 13 

and biologically effective UV radiation by a fac-

tor of 16 (Belzile et al. 2001). Snow cover is highly 

variable and infl uenced directly by climate change, 

and modeling analyses show that such changes in 

snow cover would have a much greater effect on 

underwater UV exposure than moderate strat-

ospheric ozone depletion (Vincent et al. 2007).

Lake ice is also an attenuator of solar radiation, 

but to an extent that depends on its gas content. 

White, bubble-containing ice is a highly scattering 

medium and strongly reduces the penetration of 

light to the waters beneath (Howard-Williams et al. 
1998). However, lake ice that is largely free of bub-

bles can be fairly transparent to solar radiation, in 

the UV as well as PAR wavebands. This is because 

many of the impurities found in the waters beneath 

are excluded from the ice during freeze-up, includ-

ing CDOM that strongly absorbs solar radiation 

in the blue and UV wavebands (Belzile et al. 2002). 

Spectral measurements at Lake Vanda, Antarctica, 

showed that about 10% of PAR passed through the 

3.5-m-thick layer of clear perennial ice into the lake 

water beneath, and suffi cient UV radiation pene-

trated into the upper water column to potentially 

cause photobiological effects (Vincent et al. 1998). 

A compilation of lake-ice attenuation data for Dry 

Valley lakes is given in Howard-Williams et al. 
(1998), and shows diffuse attenuation coeffi cients 

(the rate of exponential decline in irradiance with 

depth) for PAR in Lake Vanda and Lake Hoare of 

0.49 to 1.33 m−1, respectively.

CDOM is often one of the main constituents 

that attenuates light through the water column of 

high-latitude lakes and rivers (Laurion et al. 1997). 

and scatter light): pigment-containing algal cells 

(the phytoplankton), non-algal particles (espe-

cially detritus), colored dissolved organic matter 

(CDOM), and water itself.

The total annual solar radiation reaching the sur-

face of the Earth’s atmosphere drops substantially 

from the temperate zone to the polar regions, for 

example by 40% from latitudes 40–70°S. This effect 

is compounded by the high albedo (refl ection of 

sunlight) of snow and ice that greatly reduces the 

amount of solar energy available for absorption and 

transfer to heat in the waters below. Mid-summer 

daily total irradiance can be as high in the polar 

regions as in the temperate zone (≈40 MJ m−2 day−1 

at the top of the atmosphere, with a daily max-

imum of approximately 800 W m−2 at the lake sur-

face). At latitudes beyond the Arctic and Antarctic 

Circles, there are 24 h of daylight during summer, 

although with large variations in incident irradi-

ance over the diurnal cycle (for example, there is a 

factor-of-5 change during mid-summer cloud-free 

days in the McMurdo Dry Valleys, with additional 

effects of topography depending on the site; Dana 

et al. 1998). Daily irradiance drops to zero during 

the two or more months of winter darkness, result-

ing in cold water temperatures and prolonged 

snow and ice cover. This seasonal irradiance cycle 

causes extreme fl uctuations in the supply of energy 

for heating, melting, and for other processes that 

depend on solar radiation, such as photochemistry 

and photosynthesis.

From the 1980s onwards there has been much 

concern about the spectral composition of incident 

solar radiation in the polar regions, specifi cally 

the enhancement of UV-B irradiance associated 

with stratospheric ozone depletion. UV-B radi-

ation (280–320 nm) is the photochemically and 

photobiologically most reactive waveband of the 

ground-level solar spectrum, and levels in spring 

have increased in the Arctic, as well as Antarctica. 

Changes in cloud cover can also affect UV radi ation. 

At McMurdo Station, Antarctica, between 1989 and 

2004 clouds reduced UV irradiance at 345 nm on 

average by 10% compared with clear-sky levels. 

Cloud-dependent reductions varied  substantially 

by month and year, but rarely exceeded 60%, and 

generally increased with wavelength. Between 

September and November, the variability in UV 
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given the ultra-oligotrophic or oligotrophic 

nature of these waters. In a study of 204 lakes in 

the Canadian Arctic Archipelago, the planktonic 

 chlorophyll a concentration ranged between less 

than 0.1–6 µg L−1 (Hamilton et al. 2001). However, 

in a study of 81 lakes and ponds spanning the 

Russian arctic treeline, chlorophyll a concentra-

tion was slightly higher, especially in the region of 

Pechora River where it reached 79 µg L−1 and aver-

aged 3.5 µg L−1. In these lakes, secchi depth was cor-

related with particulates (chlorophyll a, particulate 

organic carbon, or particulate organic nitrogen) 

and less signifi cantly with dissolved organic car-

bon. Where chlorophyll peaks do occur, they are 

often deep in the water column well below the ice, 

as is also found in highly stratifi ed coastal Arctic 

seas (Figure 4.2).

In some high-latitude waters, non-algal par-

ticulates can also contribute substantially to the 

underwater attenuation of light, especially in the 

PAR waveband. These include waters that receive 

glacial fl our (ground rock dust) from alpine gla-

ciers, and river systems that receive particles from 

eroding permafrost soils. The infl uence of gla-

cier-derived particles on lake primary production 

was investigated in lakes of the region studied by 

the Arctic Long-Term Ecological Research (LTER) 

It is composed largely of humic materials derived 

from catchment vegetation and soils, and CDOM 

concentrations therefore tend to be much higher in 

forest-tundra and tundra lakes relative to alpine and 

polar desert lakes, where a greater proportion of the 

organic carbon is generated within the water body 

and is less colored. Some of the clearest lakes in the 

world are therefore to be found in the unvegetated 

catchments of Antarctica. In Lake Vanda, for exam-

ple, the low inputs of CDOM, particles, and nutri-

ents combine to result in crystal-clear blue waters 

in which maximum photosynthesis can occur some 

60 m below the ice cap (see Chapter 9 in this volume). 

CDOM absorption of light increases with decreas-

ing wavelength, and therefore even in the particle-

rich waters of large Arctic rivers, this component 

controls the underwater attenuation of blue and UV 

radiation (Figure 4.2). Paleolimnological approaches 

have been used to infer long-term changes in the 

past in UV or PAR exposure in Arctic lakes (e.g. 

Pienitz and Vincent 2000) and Antarctic lakes (e.g. 

Verleyen et al. 2005) that result from changes in 

vegetation and thus CDOM concentrations, or from 

changes in ice and snow cover, lake depth, or other 

factors (see Chapter 3).

The infl uence of algal particles on underwa-

ter light is generally small in high-latitude lakes 
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the next winter (Figure 4.3; see also Figure 1.3). 

Such lakes are termed ‘cold monomictic’ and 

their water-column circulation during summer is 

caused by convective mixing (their surface waters 

are warmed in the sun, become more dense, and 

therefore sink) in combination with wind-induced 

mixing. For lakes that warm only a little above the 

3.98°C threshold, there is only weak resistance to 

wind-induced mixing, and the water bodies may 

stratify intermittently during calm sunny periods, 

and then mix to the bottom during storm events. 

This ‘polymixis’ is especially favored in polar 

envir onments because the change in density of 

water per degree C (∆�/∆T) is small at cold temper-

atures and rises nonlinearly with increasing tem-

perature. For example, the shift from 4 to 5°C and 

from 29 to 30°C requires the same input of heat, 

but the resultant ∆�/∆T (and increase in  stability) 

is 40 times higher for the latter.

The extent of water-column heating during sum-

mer is affected by incident solar radiation, the dur-

ation of snow and ice cover and air temperatures. 

It is also a function of water depth. Shallow lakes 

have less volume to heat for the same radiative and 

conductive input of energy across their surface, and 

they therefore melt out more rapidly. This feature 

also contributes to the more rapid melting of ice 

around the shallow edges of lakes. This produces 

a moat of open water encircling the lake, and the 

expanse of inshore ice-free water is often enlarged 

by stream infl ows. A striking example of the 

effects of depth on stratifi cation regime is seen in 

Lac à l’Eau Claire (Clearwater Lake), a large, multi-

 basin impact crater lake in the forest-tundra zone 

of Sub-Arctic Québec (Plate 9). This lake remains 

ice-covered for 9–10 months each year, and given 

differences in water depth, can exhibit cold mono-

mixis, dimixis, and polymixis, all within the same 

lake but in different basins (Figure 4.4). The dif-

ferential heating of lakes associated with variation 

in water depth can also result in variations across 

the same basin, with warm inshore water sepa-

rated from cooler offshore water. The transition 

can be abrupt and associated with a sharp frontal 

region called a thermal bar. This phenomenon is 

well known from the North American Great Lakes, 

and has been observed in several large Arctic lakes 

such as Lake Taimyr (Robarts et al. 1999).

program (Whalen et al. 2006). In one lake where 

high turbidity was measured due to resuspension 

of glacial silt from the lake bed, the average per-

centage of total lake volume and sediment surface 

located in the euphotic zone was reduced substan-

tially compared with a lake situated on coarser gla-

cial drift showing higher clarity (25 and 38% loss 

in lake and sediment volumes, respectively). This 

effect was translated into reduced primary produc-

tion rates for the turbid lake ecosystem. The light 

regime of large Arctic rivers such as the Mackenzie 

River (Figure 4.2; Plate 8; Retamal et al. 2008) and 

its associated fl ood-plain lakes are very strongly 

infl uenced by suspended particles, with a second-

ary contribution by CDOM. Optical analyses of a 

series of lakes in the Mackenzie Delta showed that 

during the spring fl ood peak, suspended sediments 

were the major attenuator among most lakes (from 

15 to 40% of total attenuation), other than those 

with high sills or positioned far from channel con-

nection points (Squires and Lesack 2003). During 

the summer period of open water, however, CDOM 

appeared to be the most important light attenuator 

among almost all of the lakes in the central delta, 

with any algal effects of only minor importance for 

underwater light. The river was a source of CDOM, 

while within-lake processes contributed to non-

colored dissolved organic carbon (DOC), leading 

to a CDOM–DOC inversion infl uence with increas-

ing distance (increasing transparency) from the 

channel connection. Thaw or thermokarst lakes 

that form by permafrost erosion often show large 

lake-to-lake differences in color and other optical 

properties (Plates 8 and 9), and these in part are 

controlled by their suspended sediment load.

4.4 Stratifi cation regimes

High-latitude lakes show many deviations from 

the dimictic pattern (two periods of mixing per 

year as found in warmer parts of the Arctic) that 

is especially common in north temperate regions. 

In lakes of the High Arctic and Antarctica that 

briefl y lose their ice cover in summer, there may be 

insuffi cient time to warm the water above 3.98°C 

(the temperature of maximum density), and the 

water column remains cold, unstable, and mixing 

until refreezing and inverse stratifi cation resumes 
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the exposure of near-surface biota and  chemical 

constituents to bright solar radiation. These tem-

porary thermoclines have been identifi ed as a 

mechanism contributing toward UV-damage of 

phytoplankton (Milot-Roy and Vincent 1994) and 

UV-photodegradation of CDOM (Gibson et al. 2001). 

The thermoclines are likely to be less important in 

cold waters because of the nonlinear relationship 

between water density and temperature, but may 

be of greatest importance in colored waters that 

strongly absorb solar radiation, such as Toolik 

Lake, Alaska, and Sub-Arctic lakes.

4.5 Hydrological balance and fl ow 
pathways under the ice

High-latitude lakes have a number of distinctive 

features that infl uence the transport of materials 

from land to water, and that affect the pathways of 

transport once within the lake. The annual hydro-

logical balance of a lake is the net sum of all water 

inputs (Qi) minus all outputs (Qo), giving a net 

change in volume (∆V) of water stored in the lake:

∆V = Qi − Qo = Qis + Qig + Qip − Qoo − Qoe

where the Qi terms respectively are the annual 

inputs from streams, groundwater (typically low 

Another set of stratifi cation and mixing regimes 

is found in the saline waters of the High Arctic 

and Antarctica. For the lakes with an ice cover that 

melts out each year, the surface waters may stratify 

and mix, while the bottom waters remain largely 

disconnected from the surface by a strong salin-

ity-dependent density gradient, the pycnocline, 

that occurs between the two strata. Such lakes are 

termed meromictic (incompletely mixed), whereas 

those that are perennially capped by ice have been 

termed amictic (never mixed). The latter term, 

however, is inappropriate because several mixing 

processes are known to occur under ice including 

convective mixing, infl ow-driven density currents, 

and thermohaline circulation.

The stratifi cation regimes described above refer 

to the seasonal pattern of circulation and mixing; 

however, much shorter-term dynamics are also 

known to play a role in the structure and function-

ing of lake ecosystems. Lakes at all latitudes can 

be subject to short-term stratifi cation caused by 

 diurnal or multi-day warming that gives rise to 

tem porary thermoclines (or diurnal thermoclines) 

near their surface. This may be suffi cient to dampen 

moderate amounts of wind-induced mixing, in 

turn restricting the circulation of materials to the 

deeper waters of the epilimnion and prolonging 
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a period of about 3 weeks. However, the lake was 

ice-covered and stratifi ed during this time, and 

59% of the annual mercury load traversed the lake 

as a mercury-rich bouyant current immediately 

beneath the ice (Figure 4.5), ultimately leaving the 

lake via its outfl ow. Only later in the summer when 

the ice had disappeared and the water column had 

warmed to become isothermal did the infl owing 

mercury and other solutes mix into the lake water. 

These observations indicate the critical importance 

of ice cover for the biogeochemical dynamics of 

high-latitude lakes.

4.6 Mixing and circulation 
beneath the ice

Although the presence of an ice cover isolates 

high-latitude lakes from direct wind-induced mix-

ing through most of the year, a variety of other 

hydrodynamic mechanisms can occur, resulting in 

some circulation both horizontally and vertically. 

Infl owing density currents caused by cold river 

inputs, as described in the preceding section, pro-

vide one such mechanism for horizontal transport, 

and may lead to some turbulent mixing caused by 

the shear stress of the fl owing water. There may be 

spatial variations in the heating and cooling of the 

lakewater, for example through differences in lake 

depth, ice thickness, and snow cover. These in turn 

will create density differences that could drive 

horizontal transport (Matthews and Heaney 1987). 

because of the permafrost soils), and direct precipi-

tation on the lake, and the Qo terms respectively 

are the annual water losses due to outfl ow and 

evaporation from the lake, all in cubic meters.

The Qis term differs from many lakes at temper-

ate latitudes in that it is highly seasonal, falling to 

zero during freeze-up in winter and remaining 

negligible until the late-spring melt season begins. 

This stream infl ow is dictated primarily by melt-

ing glaciers (e.g. lakes of the McMurdo Dry Valleys 

and proglacial lakes in Greenland), or more com-

monly throughout the polar regions, by the melt-

ing of the winter snowpack. Both result in a sharp 

peak of discharge in late spring or early summer 

while the lakes are still ice-covered. At warmer 

locations, rainfall events during summer may 

also make a signifi cant contribution to the annual 

water balance. Another striking difference relative 

to temperate and tropical systems is the effect of 

ice cover through most of the year. This results in 

evaporative losses that are generally low, although 

water is lost to the atmosphere directly from the 

ice, particularly in dry, windy climates. For lakes of 

the McMurdo Dry Valleys, for example, this abla-

tion loss has been estimated at about 350 mm of ice 

per year.

The initial meltwaters from the snowpack or 

glaciers that accompany or immediately precede 

the peak discharge are typically enriched in DOC 

and other solutes including contaminants, in 

part because of interactions with the underlying 

soil and hyporheic zone (see Chapter 5), but also 

because of freeze-concentration and other fraction-

ation effects within the snowpack. In ice-covered 

lakes, this initial, solute-rich cold water discharge 

is cooler and less dense than most of the inverse-

stratifi ed water column (see above). It therefore 

produces a  fl owing-water layer that is constrained 

to a thin zone immediately under the ice, and it 

may exit the lake rapidly via the outfl ow.

These hydrological and fl ow pathway effects are 

well illustrated by a 3-year study of mercury dynam-

ics in Amituk Lake (latitude 75°N) on Cornwallis 

Island in the Canadian High Arctic (Semkin et al. 
2005). The early melt of the snowpack was enriched 

in mercury as well as DOC and organic contam-

inants, and most of the input of these materials to 

the lake occurred during the spring snowmelt over 
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 calculations have been extended using numerical, 

three-dimensional ocean-circulation models, and 

predict fl ows of about 4500 m3 s−1 in the northern 

and southern part of the lake and a cyclonic gyre in 

its center with velocities of around 0.1 cm s−1 (Mayer 

et al. 2003). The predicted fl ow regime, however, 

was found to be highly sensitive to salinity, which 

at present is unknown.

In most freshwater lakes, the heat stored in the 

sediments in autumn will warm the overlying 

water, leading to a decrease in density and small-

scale, buoyant turbulent plumes. As temperatures 

in these lakes decrease below 3.98°C, further geo-

thermal heating of the bottom water will stabilize 

the bottom waters. Due to the great pressure on 

Lake Vostok and other lakes covered with thick ice, 

geothermal heating can continue to induce buoy-

ant plumes when water temperatures are below 

3.98°C. This is because the temperature of freezing 

(TF; water at the ice–water interface should be close 

to this temperature) and the temperature of the 

maximum density of water (TMD) are both functions 

of pressure. At atmospheric pressure, TMD (3.98°C) 

is above TF (0°C), and therefore small amounts of 

geothermal heating at the sediments will increase 

the density of the surrounding water and reinforce 

the inverse stratifi cation. However, for fresh water 

at pressures above 28.4 MPa (280 atmospheres 

pressure; equivalent to ice 3170 m thick, assum-

ing an ice density of 913 kg m−3), TMD is less than TF. 

Geothermal heating of the bottom water to above 

TF will cause a decrease in its density and result in 

its upwards convection. For a freshwater column in 

Lake Vostok, Wüest and Carmack (2000) calculate 

that the vertical velocities within these convective 

plumes would be around 0.3 mm s−1, which could 

completely mix the water column over a period 

of days.

4.7 Mixing and fl ow paths during 
ice-off and open-water conditions: 
Alaskan lakes

Detailed hydrodynamic studies have been under-

taken at the Arctic LTER site, in particular during 

the open-water period in which temperatures can 

rise well above 3.98°C. Lakes at this site include 

shallow lakes that are polymictic during the 

Density currents can also be generated by local-

ized high solute and particle concentrations. Salts 

and other materials are partially excluded from the 

ice during freeze-up (e.g. Belzile et al. 2002) and this 

can give rise to dense water at the ice–water inter-

face that then sinks deeper into the water column. 

This mechanism also contributes to the formation 

of hypersaline bottom waters in meromictic high-

latitude lakes that experience large quantities of ice 

production each year; examples include Ace Lake 

in the Vestfold Hills, Antarctica (Gibson 1999) and 

Romulus Lake in the Canadian High Arctic (Van 

Hove et al. 2006).

Another hydrodynamic mechanism that has 

generated considerable interest in the perennially 

ice-covered McMurdo Dry Valley lakes is the devel-

opment of double diffusion cells caused by the dif-

ference of two orders of magnitude in molecular 

diffusion rates for salt compared with heat (con-

duction). These can expand and extend over con-

siderable depth. In one of the lakes, Lake Vanda, 

a ‘staircase’ series of isohaline, isothermal convec-

tion cells up to 20 m thick occurs in the upper water 

column, each sandwiched between layers of tem-

perature and salinity gradients (Spigel and Priscu 

1998). Radiotracer experiments on the largest of 

these cells showed that there were strong horizon-

tal currents with velocities up to 1 cm s−1 accom-

panied by vertical turbulent mixing (Ragotzkie 

and Likens 1964).

There is considerable interest in the circulation 

and mixing dynamics of the subglacial lakes that 

lie beneath several kilometers of ice in Antarctica, 

and many of the mechanisms described above 

have been identifi ed as potentially operating in 

such waters (National Research Council 2007). 

Some of these effects are amplifi ed, however, by 

the  unusual physical setting of these lakes. For 

 example, at Lake Vostok, there is a 460-m difference 

in ice thickness between the north and south ends 

of the lake, leading to an estimated 0.31°C differ-

ence in upper water temperatures along its 230-km 

length. Wüest and Carmack (2000) calculated that 

this would lead to pressure-driven horizontal 

fl ows of 0.3–0.6 mm s−1 (up to about 20 km year−1), 

with the strength of this horizontal circulation dic-

tated by heat fl uxes at the ice-water interface, the 

extent of tilting of the ice and Coriolis force. These 
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from the Wedderburn (W) and related Lake (LN) 

numbers (Imberger and Patterson 1990). When these 

indices are above 10, the thermocline does not tilt. 

Partial upwelling occurs for values between 1 and 

10, and upwelling to the surface occurs when these 

numbers decrease below 1. Because of the reduced 

temperature gradient across the thermocline and 

the lack of sheltering by trees or topography rela-

tive to similar sized lakes in the temperate zone, 

LN drops below critical values (≈3) several times 

each summer, and internal waves in Arctic lakes 

even as small as 11 ha become nonlinear. Due to the 

resulting turbulence, eddy diffusivities in the met-

alimnion and hypolimnion respectively reach and 

sometimes exceed 10−6–10−5 m2 s−1 (MacIntyre et al. 
2006; S. MacIntyre, unpublished results).

The maximum heat content of lakes at the Arctic 

LTER site tends to occur in late July. Subsequently, 

as cold fronts move into the region, wind speeds 

and cooling associated with the fronts are intensi-

fi ed. Mixing increases in the upper water column. 

Depending on their depth, the lakes may mix fully, 

causing the surface entrainment of nutrients from 

bottom waters. For deeper lakes such as Toolik 

Lake, the mixing penetrates to depths of 8–12 m. 

However, the internal wave fi eld is energized and 

becomes nonlinear (e.g. 7 August, Figure 4.6a, 

LN = 1). Entrainment of regenerated nutrients, such 

as ammonium, from the hypolimnion into the 

metalimnion is intensifi ed at these times. Despite 

typical patterns of heat gain until mid-July and sub-

sequent heat loss, there is considerable interannual 

variation in overall heating and in timing and rate 

of heat exchange. Maximum surface temperatures 

in July range from approximately 15 to 23°C. The 

resulting differences in stratifi cation affect the rate 

of transport of nutrients between the  hypolimnion 

and epilimnion. For instance, transport occurs on 

time scales of 1–4 days in cool summers when mix-

ing in both the hypolimnion and epilimnion is 

intensifi ed, but it takes a week or longer in warm 

summers when deepening of the epilimnion is 

less and the metalimnion, which acts as a barrier 

to transport, is thicker. Climate-induced changes 

in these exchange rates have the potential to affect 

mid-summer primary production. In warm sum-

mers with higher LN, nutrients introduced directly 

into the upper mixed layer will be retained and 

ice-free period but which tend to freeze to the bot-

tom during winter. Other lakes are deep enough 

that they do not freeze to the bottom in winter and 

thus, as long as oxygen concentrations are high 

enough, provide a refuge for fi sh in the winter. In 

summer, these lakes stratify and may be dimictic 

in contrast to the cold monomictic waterbodies 

at cooler high-latitude sites (see above). Mixing at 

ice-off in lakes in which temperatures have been 

measured under the ice is initially induced by con-

vection. That is, instabilities are generated as water 

temperatures increase due to heating under the ice. 

The instabilities generally increase in size as the 

heating process continues. However, in Alaskan 

Arctic lakes, full overturn does not always occur 

under the ice. Overturn is inhibited by increases 

in salt content over the winter, particularly in the 

lower water column. These increases are likely 

due to remineralization as described by Mortimer 

(1971), and the lakes may be stable at ice-off (e.g. 

Figure 4.3b). Lake size determines whether these 

lakes mix subsequently. The smaller ones may be 

meromictic, or meromictic in some years; in conse-

quence, deeper waters are often anoxic or hypoxic 

after ice-off. For larger lakes such as Toolik Lake 

(see Chapter 1 for a description of this site), wind 

forcing causes nonlinear internal waves that induce 

mixing shortly after ice-off, with eddy diffusivities 

(the parameter describing rates of turbulent diffu-

sion) of 10−4–10−3 m2 s−1. Despite the high mixing, a 

chlorophyll maximum forms, attesting to the rapid 

growth rates of phytoplankton in early summer.

Stratifi cation sets up quickly due to the relatively 

high attenuation from CDOM (diffuse attentuation 

coeffi cients for PAR in the range 0.5–1 m−1), the low 

water temperatures, and consequently low evap-

oration rates, and the much warmer air than water 

temperatures at this time of year. The upper mixed 

layer is initially only 1–3 m deep and deepens slowly 

over the summer (Figure 4.6a). The rapid onset of 

stratifi cation initially protects the newly formed 

chlorophyll maximum from being dispersed by 

wind. The stratifi cation supports internal waves 

(Figure 4.6), which are intensifi ed by persistent, 

high winds during transitions between warm and 

cold fronts. The degree of tilting of the thermocline, 

the amplitude of internal waves, and the onset of 

nonlinear internal wave breaking can be predicted 
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Figure 4.6 Short-term dynamics in Toolik Lake, Alaska. (a) Ten-minute-averaged isotherms during summer 2005 showing the strong, stable 
stratifi cation in the thermocline after ice-off and periods with heating interspersed with periods of cooling. Diurnal winds with magnitudes 
of approximately 5 m s−1 induce internal waves that cause the up and down movement of isotherms with amplitude of 0.5 m. Four periods 
with higher winds and 1 ≤ LN ≤ 3 occurred between 28 June and 18 July. During these events, the frequency and amplitude of internal waves 
increased with concurrent increases in turbulence. (b) Expansion of the 4 July 2005 record showing the increased internal wave activity during 
an event with LN = 1. Winds increased to 10 m s−1 by noon and remained high until 14:24 h. Isotherms in the thermocline slightly upwelled at 
that time but downwelled abruptly when winds ceased at 14:24 h. Upwelling occurred when winds increased again at 16:48 h. Relaxation 
of the wind at 19:12 h was followed by second-vertical-mode waves from 7 to 12 m (waves that expand and contract in the upper and lower 
thermocline at the same time). Throughout the event, high-frequency temperature fl uctuations accompanied the larger-scale waves. Some of 
the fl uctuations are high-frequency waves; others are turbulent fl uctuations. The turbulence associated with internal waves at this time of year 
disperses the chlorophyll maximum; later in the season it results in vertical transport of regenerated nutrients. The data were obtained with 
Brancker TR-1050 temperature loggers sampling at 10-s intervals (S. MacIntyre et al., unpublished results).
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Valley and lakes Fryxell, Hoare, and Bonney (Plate 4) 

in the Taylor Valley, all of which are currently 

sites of interdisciplinary research in the McMurdo 

Dry Valleys LTER program (see Chapter 1 in this 

 volume for details).

Mixing and circulation times in the Dry Valley 

lakes are very long, with substantial modifi cations 

to density structure occurring mainly as a result of 

climate change, in contrast to the annual seasonal 

cycle of winter deep mixing and summer stratifi -

cation that is typical of lakes that are ice-free for 

part of the year (Spigel and Priscu 1998). With the 

exception of water movement inside thermoha-

line convection cells in Lake Vanda (see above), 

turbulence is a rare occurrence in the lakes of the 

Dry Valleys, occurring only locally and intermit-

tently. An example is the weak turbulence in the 

exchange fl ow in the narrows separating the two 

lobes of Lake Bonney, as inferred from temperature 

and conductivity microstructure measurements. 

Turbulence was restricted to boundary layers next 

to the bottom of the ice cover and next to the chan-

nel bed. Turbulence must also occur in wind-stirred 

surface water in moats, in infl ows during episodes 

of prolonged or intense melting, and in buoyant 

meltwater rising along faces of submerged glaciers. 

But otherwise the interiors of these lakes are quiet.

Most of the McMurdo Dry Valley lakes are 

meromictic, with dilute surface freshwater overly-

ing saline bottom water, for example up to 150 ppt 

in Lake Bonney. Like the saline Arctic lakes of 

Ellesmere Island, these highly stratifi ed waters 

have gradually accumulated solar radiative heat 

over timescales of decades to millennia, and they 

have temperature profi les that do not resemble 

those normally found in freshwater lakes. Lake 

Bonney (Figure 4.7) and Lake Hoare have tem-

perature maxima in the upper third of their water 

columns, whereas the maximum for Lake Fryxell 

(the shallowest of the lakes) is around mid-depth. 

Temperatures then decline steadily to minimum 

values at the bottom of the lakes. These minima are 

below 0°C in both lobes of Lake Bonney, but still well 

above the freezing point for the very saline waters 

found at the bottoms of these lakes. Temperature 

profi les, although retaining their  general shape 

from year to year, show much greater variability 

than do conductivity profi les, as temperatures 

will support growth. However, fl uxes from deeper 

in the water column will be reduced. The converse 

occurs in cooler or windier summers with LN more 

frequently decreasing to critical values. The forma-

tion of nonlinear waves which facilitate vertical 

transport depends on rates of heating, and on the 

magnitude and persistence of winds. Changes in 

the frequency of events with low LN will thus be 

harbingers of change in Arctic ecosystems.

The fl ow path of incoming streams in Arctic 

lakes varies with temperature of the stream waters, 

the initial mixing of the stream water with the 

lake water, and the ambient stratifi cation within 

the lake. Streams may be an important source of 

nutrients for phytoplankton in summer. One event 

with a discharge of 16 m3 s−1 contributed 34% of the 

annual loading relative to an entire summer with 

low fl ows (MacIntyre et al. 2006). As the storm 

hydrograph begins to rise, intrusions tend to fl ow 

into the upper metalimnion. However, because 

temperatures of the streams decrease as discharge 

increases and because of the increased mixing near 

the inlet, intrusions during peak discharge occur 

deeper in the metalimnion. Whether the incom-

ing nutrients are mixed into the euphotic zone and 

immediately available for growth depends upon 

the intensity of surface mixing that accompanies 

or follows the storm. Again, the effi cacy of wind 

forcing and cooling in inducing fl uxes of incom-

ing nutrients is dependent on the overall stratifi ca-

tion of the lake, and varies between warm and cool 

summers.

4.8 Stratifi cation and mixing 
beneath perennial ice: McMurdo 
Dry Valley lakes

The snow- and ice-free valleys in the Trans-

Antarctic Mountains west of McMurdo Sound con-

tain several lakes that retain their ice cover year 

round, and that present a striking hydrodynamic 

contrast to the lakes of Arctic Alaska. Ice thick-

ness varies from lake to lake, but generally is in 

the range of 3–6 m, with a narrow band around the 

edges of the lakes that melts out in most summers 

to form moats separating the ice from the shore-

line. Perhaps the best known and most intensively 

studied among these are Lake Vanda in the Wright 
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 profi les exhibit more variability. For Lake Bonney’s 

west lobe this is most noticeable in profi les made 

near the glacier and in the narrows (Figure 4.7). The 

fi ne-scale irregularities in temperature profi les are 

probably due to meltwater intrusions propagating 

into the lakes from the glacier faces and in the nar-

rows of Lake Bonney, intrusions associated with 

exchange fl ows between the two basins. The gla-

ciers at the ends of Lake Hoare and the west lobe of 

Lake Bonney are largely responsible for the cooler 

temperatures of these lakes compared with Lake 

Bonney east lobe. The cooler temperatures of Lake 

respond to seasonal and annual variations in heat 

transfer between the ice cover and the atmosphere. 

Values for maximum temperatures measured dur-

ing the summer of 1990–1991 are indicative of typ-

ical values: 6.4°C for Lake Bonney east lobe, 3.2°C 

for Lake Bonney west lobe, 1.2°C for Lake Hoare, 

and 3.5°C for Lake Fryxell. Lake Hoare and the 

west lobe of Lake Bonney contain submerged faces 

of glaciers at one end of their basins: the Taylor 

Glacier in Lake Bonney west lobe (Plate 4), and the 

Canada Glacier in Lake Hoare. Although  salinity 

profi les in the lakes are smooth, temperature 
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Figure 4.7 Horizontal variations in temperature and conductivity profi les in Lake Bonney, McMurdo Dry Valleys, Antarctica. Temperature 
(a) and conductivity (at 15°C; b) profi les measured on 10–11 January 1991 in Lake Bonney. Vertical lines mark positions of profi les as well 
as forming axes for 0°C and 0 S m−1; the lake bottom is the curved line in the lower part of the graphs. Stations prefi xed with a W are in the 
west lobe, E in the east lobe, and N in the narrows separating the two basins. The level of the top of the sill in the narrows is marked by the 
horizontal dotted line. From Spigel and Priscu (1998), with permission from the American Geophysical Union.
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freezing and melting processes on the underside of 

the lake’s permanent ice cover. They showed how 

weak density currents generated by salt exclu-

sion during moat freezing could explain a lens of 

relatively ‘young’ water found at depth in Lake 

Fryxell. Undoubtedly further examples of such 

basin-scale fl ows await discovery in these extreme 

polar lakes.

4.9 Conclusions

The most important physical characteristics of 

 high-latitude lakes are their strong seasonal fl uc-

tuations in incident solar energy, the prevalence 

of low temperature conditions, and the presence 

of ice cover through much or all of the year. Ice 

cover has a pervasive infl uence on all aspects of 

polar lake ecosystems by directly affecting many 

key limnological properties and processes: solar 

energy supply, heat content of the water column, 

attenuation of light for photobiological and photo-

chemical processes, transfer of kinetic energy from 

wind to water, exchange of gases with the atmos-

phere, the fate of infl owing materials, and the 

duration of stratifi cation and mixing. Ice cover also 

provides the support for overlying snow, which 

itself has a major infl uence on spectral irradiance 

and the heat budget of the water column below. 

The process of ice-cover formation affects lake 

water chemistry and hydrodynamics by causing 

the freeze- concentration of solutes in the underly-

ing water, and the production of density plumes.

High-latitude lakes are providing diverse, model 

systems for physical limnologists to explore gen-

eral principles of lake structure and dynamics, as 

well as to discover novel processes found only in 

the Arctic or Antarctica, for example the hydro-

dynamics of subglacial lakes. For some questions, 

high-latitude waters are useful end members that 

extend the environmental range of key variables, 

for example for the effects of CDOM, ice thickness, 

and ice duration. All of these systems are highly 

vulnerable to ongoing climate change. Their per-

sistent snow and ice cover is strongly dependent on 

the ambient climate regime, and loss of this cover 

has an abrupt impact on all ecosystem properties. 

The water temperatures of such lakes are often in 

the range where ∆�/∆T is small, and once exposed 

Fryxell are due to its proximity to the coast and its 

exposure to a cooler climate.

In Lake Bonney, meltwater infl ow is dominated 

by the Taylor Glacier and smaller mountain gla-

ciers located at the western end of the west lobe 

(H. House, personal communication). Some fea-

tures of the temperature and conductivity profi les 

are best explained with reference to the resulting 

net fl ow from the west lobe to the east lobe. Most 

of the meltwater infl ows are probably relatively 

fresh and enter the lake just under the ice. As these 

infl ows make their way east, they carry the salin-

ity structure of the west lobe with them; it can be 

seen that conductivity profi les in the two lobes are 

virtually identical above the level of the narrows’ 

sill (see the dotted horizontal line in Figure 4.7). 

Temperatures change along the way, however, as 

heat is exchanged with the atmosphere through the 

ice cover. Some meltwater infl ows are saline, and 

form intrusions at depth in the west lobe. Water 

above such intrusions will be displaced upward, 

resulting in some leakage of salty water over the 

sill into the east lobe, where it will sink until it 

 encounters the even higher salinities in the east 

lobe below the sill. Spigel and Priscu (1998) argued 

that the distinctive ‘shoulder’ in the east lobe con-

ductivity profi les just below sill level is the signa-

ture of salty west-lobe water that is washed over 

the sill and sinks until it reaches its level of neutral 

density on top of the east lobe chemocline. The net 

east–west fl ow must also be partly responsible for 

maintaining the sharpness of the salinity gradient 

between 12 and 13 m in the west lobe by sweep-

ing away salt that diffuses upward from below 

this level.

The unusual water-column properties of the 

McMurdo Dry Valleys lakes are intimately con-

nected with the geology, geochemistry, and past 

climates of their surroundings. The extreme stabil-

ity of the water columns, the lack of turbulence in 

the interiors of the lakes, and the very long time 

scales for mixing and circulation, mean that any 

localized mixing or horizontal variability can give 

rise to basin-scale motions that infl uence lake-wide 

water-column structure. Miller and Aiken (1996) 

have pointed out in their work on Lake Fryxell 

that horizontal redistribution of surface water on 

the scale of the entire lake basin can be caused by 
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River in the McMurdo Dry Valleys, is only 32 km 

in length. Furthermore, Antarctic streams are not 

signifi cant sources of fresh water to the coastal 

marine environment, especially in comparison to 

the direct inputs from calving of glaciers. In con-

trast, the Arctic contains a diversity of stream and 

river ecosystems, ranging from low-order, spring-

fed streams with perennial fl ow to large rivers that 

carry large, globally signifi cant fl uxes of fresh water 

to Arctic seas and the World Ocean. During the 

snowmelt period, the high fl ows carried by many 

Arctic streams and rivers act to fl ush fl ood-plain 

lakes and inundate wetlands, which are important 

habitats for wildlife. During the summer, the con-

nectivity of the Arctic streams and rivers to the 

5.1 Introduction

Streams and rivers are important, dynamic ecosys-

tems in high-latitude landscapes and their ecology 

refl ects the extreme conditions of the polar environ-

ment. In Antarctica, surface streams (for subglacial 

fl owing waters, see Chapter 7 in this volume) are 

restricted to the ice-free desert oases that are located 

near the coast. These are mostly small streams fed 

by glacial meltwater, with fl ow restricted to just a 

few weeks each year. Nonetheless, with the arrival 

of fl ow in summer, these streams become bio-

geochemically active ecosystems, infl uencing the 

fl ux of nutrients into the lakes in the valley bot-

toms. The longest river in the Antarctic, the Onyx 

CHAPTER 5

High-latitude rivers and streams
Diane M. McKnight, Michael N. Gooseff, Warwick F. Vincent, 
and Bruce J. Peterson

Outline

Flowing-water ecosystems occur in the desert oases around the margins of Antarctica, and are common 

throughout the Arctic. In this review of high-latitude rivers and streams, we fi rst describe the limnological 

properties of Antarctic streams by way of examples from the McMurdo Dry Valleys, including observa-

tions and experiments in the Taylor Valley Long-Term Ecological Research (LTER) site. These studies have 

drawn attention to the importance of microbial mats and the hyporheic zone in controling stream bio-

geochemistry, which in turn strongly infl uences the lake ecosystems that receive these infl ows. We intro-

duce the limnological characteristics of Arctic rivers and streams, and their dramatic response to nutrient 

enrichment as observed in a long-term experiment on the Kuparuk River, in the Toolik Lake, Alaska LTER 

site. Large rivers are an important feature of the Arctic, and discharge globally signifi cant quantities of 

fresh water, dissolved organic carbon, and other materials into the Arctic Ocean. We review the rapidly 

increasing knowledge base on the limnology of these waters, and their associated lakes. The latter include 

the abundant lakes and ponds over their delta fl ood-plains, and the large stamukhi lakes that form behind 

thick sea ice near the river mouth. Both of these lake types experience extreme seasonal variations in all of 

their limnological properties, including water storage, and both infl uence the biogeochemical characteris-

tics of the river water that is ultimately discharged to the sea. We conclude the review with a comparison 

of Arctic and Antarctic fl owing waters and their associated fl ood-plains.
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5.2 Antarctic streams

Of the streams on the coastal regions of Antarctica, 

those in the McMurdo Dry Valleys have received 

the most study and are representative of streams 

in other coastal desert oases where the landscape 

is barren of vegetation (Vincent 1988). The investi-

gations of dry valley streams by the New Zealand 

Antarctic Program began in the late 1960s provide 

an invaluable legacy. Specifi cally, the measure-

ment of the fl ow in the Onyx River beginning in 

1969 (Chinn 1993) provides the basis for the longest 

environmental record in the region. This record has 

been used to understand the warming trend that 

caused the lake levels to increase from 1903, when 

the lakes were fi rst discovered by Robert Falcon 

Scott’s expedition, until the late 1980s (Chinn 1993; 

Webster et al. 1996; Bomblies et al. 2001). Since that 

time, a decrease in lake levels has been associated 

with a cooling trend (Doran et al. 2002), which has 

been found to be associated with the development 

of the ozone hole.

Dry valley streams originate at the base of alpine, 

terminal, and piedmont glaciers or from proglacial 

lakes and shallow pools at the base of the glacier 

(Plate 6). The initiation of meltwater from these 

glaciers is driven by the warming of the surface 

layer of the glacier through a solid-state green-

house effect and can begin when air temperatures 

are −5°C and lower. Some streams travel short dis-

tances at the base of the glaciers before dischar-

ging into lakes on the valley fl oors. Other streams 

that drain higher-elevation glaciers fl ow for many 

kilometers through unconsolidated, highly perme-

able alluvium. In the small, fi rst-order streams, 

discharge can vary as much as 10-fold during a 

day as a result of the changing insolation and sun 

angle (Vincent 1988; Conovitz et al. 1998). Stream 

temperatures also vary diurnally with changing 

insolation, reaching temperatures as high as 15°C 

on sunny days (Cozzetto et al. 2006).

Because streamfl ow depends upon solar 

 insolation and the occurrence of temperatures 

above about −5°C, interannual variation in fl ow 

is great. For small streams in the McMurdo Dry 

Valleys, maximum discharge approached 1 m3 s−1 

during the warmest summer on record (2002) and 

the discharge in the Onyx River reached 30 m3 s−1. 

tundra landscape can vary dramatically with the 

thawing of the active layer.

Polar streams and rivers represent extreme or 

end-member ecosystems compared to streams typ-

ically found in temperate regions. Understanding 

hydrologic and ecological processes in these sys-

tems can provide insight into processes occur-

ring in temperate systems. For example, Antarctic 

streams are excellent sites for studying processes 

occurring in the hyporheic zones of streams. The 

hyporheic zone is an important feature of all 

stream ecosystems and is the area underlying and 

adjacent to the stream channel where there is a con-

tinuous exchange of water. In temperate regions, 

the  hyporheic zone is masked by the overlying 

riparian vegetation, but the lack of vegetation in 

the desert oases of the Antarctic allows the extent 

of the hyporheic zone to be directly seen as a damp 

area adjacent to the stream. Studies of these simpli-

fi ed and access ible stream systems have provided 

insightful models for wider understanding of 

hyporheic zone processes. Similarly, experiments 

in a well-studied Arctic river, the Kuparuk River on 

the North Slope of Alaska, have provided valuable 

understanding of the relationship between nutri-

ent availability and cycling and changes in dom-

inant phototrophs in the river (Plates 6 and 7).

Another driver for the study of polar streams 

is the accelerated change in polar regions due 

to changing global climate. These changes are 

driven by increases in greenhouse gases in the 

atmosphere, as well as depletion of ozone in the 

atmosphere over polar regions associated with 

reactions involving chlorofl uorcarbons. Polar 

streams are dynamic hotspots on the landscape, 

and therefore responses to climate change in polar 

stream systems may be more immediate and evi-

dent than in terrestrial ecosystems of the Arctic 

or the massive glaciers of the Antarctic. Streams 

integrate the fl uxes of water, sediment, and solutes 

from the surrounding landscape and monitoring 

of changes in these fl uxes over time has the poten-

tial to provide insight into changes in terrestrial 

ecosystems. Because of the global signifi cance of 

the fresh-water infl ow to the Arctic Ocean, these 

fl uxes of sediment and solutes carried by Arctic 

rivers are of great relevance for predicting change 

at the global scale.
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the  overlying microbial mats to be physiologi-

cally active, as well as maintaining the hyporheic 

microbes, even during  periods of  limited surface 

fl ow during cold summers.

The discharge of dry valley streams is low, with 

peak summer fl ows typically less than 1 m3 s−1, and 

therefore the streamfl ow is only suffi cient to erode 

and transport appreciable quantities of the surfi cial 

material (primarily drift; Hall et al. 2000) in rela-

tively steep reaches (McKnight et al. 2007). Thus in 

these glacially carved valleys, the channels of these 

streams are well-defi ned in the steep upper reaches. 

However, the stream channels are poorly defi ned 

and frequently divided into a multi-channel net-

work through the fl atter reaches, typically at lower 

elevations in zones that are submerged when lake 

levels rise. The quantity of sand and gravel trans-

ported by these streams is limited and substantial 

transport occurs infrequently, so the confi guration 

of channel may be stable for decades or more, with 

or without regular summer fl ows.

In dry valley streams, the infl uence of dissolution 

of marine aerosols and in-stream weathering, on 

stream-water chemistry is refl ected in the greater 

concentrations of major ions in longer streams 

and the progressive increase of ionic concentra-

tions with stream length (Lyons et al. 1998; see also 

Chapter 8 in this volume). These solutes are gen-

erated through weathering reactions in the hypor-

heic zone and then brought to the stream through 

hyporheic exchange (Gooseff et al. 2002; Maurice 

et al. 2002; Figure 5.1). In addition, ion exchange with 

hyporheic and streambed sediments has also been 

shown to control dissolved solute loads of stream 

waters, particularly during enrichment additions 

to streams (Gooseff et al. 2004b). Nutrient sources 

to these stream ecosystems include atmospheric 

deposition of nitrogen species (Howard-Williams 

et al. 1997) and weathering of apatite as the main 

source of phosphate (Green et al. 1988).

At the landscape scale, biogeochemical processes 

occurring in the microbial mats (see Plate 10) and 

in the underlying hyporheic zone in the streams 

are important in regulating nutrient fl ux and 

the stoichiometric ratios of nutrients in the lakes 

(Howard-Williams et al. 1986, 1989a, 1989b; Vincent 

and Howard-Williams 1986, 1989; McKnight et al. 
2004; Barrett et al. 2007). Howard-Williams et al. 

In contrast, during the cold summers more typi-

cal of a recent cooling period, many small streams 

exhibited low peak summer fl ows (less than 

0.01 m3 s−1) or no measurable fl ow (www.mcmlter.

org). Dry valley streams typically have a substan-

tial hyporheic zone, because of the high permea-

bility of the alluvium, with rapid rates of exchange 

of water between the hyporheic zone and the main 

channel (Runkel et al. 1998; Figure 5.1). The hypor-

heic zone of dry-valley streams can be observed 

directly as a damp area adjacent to the stream. 

Further, because the source glaciers are effectively 

point sources of water and the surrounding land-

scape is extremely dry, these streams have no lat-

eral infl ow along the channel. The lower extent of 

the hyporheic zone is controlled by two factors: 

(1) the depth to permafrost, which increases pro-

gressively from 5 to 50 cm during the austral sum-

mer (Conovitz et al. 2006), and (2) the erosion of 

this frozen boundary by advection of warm water 

from the stream into the hyporheic zone (Cozzetto 

et al. 2006). As a result, an additional process lim-

iting streamfl ow during cold summers is the loss 

of water from the channel as water soaks into 

the expanding hyporheic zone, which can delay 

the arrival of fl ow at the lake and be a signifi -

cant component of the total annual fl ow for longer 

streams. This stored  hyporheic water may allow 

Permafrost
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Figure 5.1 Processes occurring in steam hyporheic zones and in 
microbial mats. Stream water exchanges with the hyporheic zone 
where nutrients are taken up and where grain-surface weathering 
of hyporheic sediments increases dissolved silica and potassium 
concentrations in the hyporheic zone and stream.
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www.mcmlter.org
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 biogeochemical processes. Experimental additions 

of nitrate and phosphate to Green Creek confi rmed 

that hyporheic nutrient cycling was signifi cant at 

the scale of the entire stream (Gooseff et al. 2004a; 

McKnight et al. 2004). Nutrient concentrations can 

be high during the fi rst few hours and days of 

streamfl ow (Figure 5.2), refl ecting the high nutri-

ent release from glaciers during fi rst melt, the ini-

tial fl ush of nutrients from newly wetted ground, 

and the reduced nutrient-stripping cap acity of 

Antarctic stream ecosystems prior to full seasonal 

activation of their hyporheic and microbial mat 

 communities.

The microbial mats and mosses are essen-

tially perennial and remain in a freeze-dried 

state through the winter (Vincent and Howard-

Williams 1986). The nature of the algal mats ranges 

from extensive, blanket-like coverage of the stre-

ambed to sparse patches occurring at the mar-

gins of the active channel or on the underside of 

rocks (Vincent 1988; Alger et al. 1997). The abun-

dance of microbial mats is determined by physical 

features of the stream channel and the legacy of 

hydrologic events, such as episodes of high fl ow 

and prolonged  periods of low fl ow. Microbial mats 

are typically abundant in many moderate gradi-

ent reaches where rocks occur in a stone pavement 

which provides a habitat with limited sediment 

mobility and scour (McKnight et al. 1998). In con-

trast, mats are sparse in steep stream sections 

(1989b) studied nitrogen cycling in dry  valley 

streams and concluded that despite the cold 

 temperatures, short periods of fl ow, and low rates 

of nitrogen fi xation, the interannual  persistence of 

microbial mats with high biomass results in rates 

of nitrogen cycling comparable with rates in many 

temperate streams. Hyporheic processes also con-

trol nutrient transport and cycling. Specifi cally, 

the hyporheic zone is an effective sink of nitrate 

due to either denitrifi cation or assimilation by 

hyporheic microbial  communities (Maurice et al. 
2002; Gooseff et al. 2004a; McKnight et al. 2004), 

as well as a sink for soluble reactive phosphorus 

(Gooseff 2001; McKnight et al. 2004). Experimental 

nutrient additions have further quantifi ed nutri-

ent uptake and cycling in these benthic algal 

 communities. For example, results from a nutri-

ent addition experiment conducted at low fl ow 

in Green Creek, a small stream in Taylor Valley, 

showed that microbial mats controlled nitrate and 

phosphate concentrations not only by direct nutri-

ent uptake but that dissimilatory nitrate reduc-

tion within the mats also infl uenced nitrogen 

cycling (Figure 5.1). Nitrogen redox processes are 

also important in the hyporheic zone, although 

the original source of nitrate in these  systems is 

atmospheric deposition rather than weathering. 

Identifi cation of denitrifying  bacteria growing in 

the hyporheic zone (Maurice et al. 2002) indicated 

that nitrate may be transformed through  hyporheic 
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Figure 5.2 Discharge and nutrients in the 
Onyx River, Antarctica, over its 1983/1984 fl ow 
cycle, showing peak concentrations during the 
earliest period of seasonal fl ow. Open circles, 
river discharge; closed symbols, nitrate or soluble 
reactive phosphorus (SRP). Redrawn from the 
data in Vincent and Howard-Williams (1986).
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The microbial mats also contain a diverse 

 assemblage of pennate diatoms from primarily 

aerophilic genera (Esposito et al. 2006). Of the 40 

diatom species found in Taylor Valley, 24 have 

only been found in the Antarctic, indicating a 

high degree of endemism. The percentage of these 

Antarctic diatom species increased with decreas-

ing annual streamfl ow and increasing harshness of 

the stream habitat associated with cessation of fl ow 

during the summer (Figure 5.3). The species diver-

sity of assemblages reached a maximum when the 

Antarctic species accounted for 40–60% of relative 

diatom abundance. Limited numbers of tardigrades 

and nematodes are also present in the mats (Alger 

et al. 1997; Treonis et al. 1999), but  grazing does not 

seem to control mat biomass. Mosses occur above 

the Nostoc mats on the stream banks, where they 

are wetted for short periods when fl ows are high, 

or in fl at areas that become damp but lack open-

water fl ow (Alger et al. 1997).

where the rocks are uneven and jumbled or where 

the streambed is composed of moving sand. The 

microbial mats are composed chiefl y of fi lamen-

tous cyanobacteria of the family Oscillatoriaceae, 

with mats of Phormidium spp. abundant near the 

thalweg and mats of Nostoc spp. abundant nearer 

the stream margins (Broady 1980; McKnight et al. 
1998). The Phormidium mats typically are composed 

of an upper layer, which is orange and enriched in 

accessory pigments, and an under layer with greater 

chlorophyll a content and greater photosynthetic 

activity (Vincent et al. 1993a, 1993b). Hawes et al. 
(1992) showed that Nostoc mats became dehydrated 

rapidly (within 5 h of exposure) and that their rates 

of photosynthesis and respir ation recovered within 

only 10 min after rewetting. In similar experiments, 

Phormidium mats did not fully recover from drying 

even after many days; however, viable diaspores of 

Phormidium were found after 3 years of exposure 

(Hawes et al. 1992).
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Figure 5.3 Diatom diversity in McMurdo Dry 
Valley streams as a function of stream fl ow and 
variability. (a) Average percentage abundance of 
Antarctic diatoms (relative to the total abundance 
of all diatoms, including cosmopolitan species) 
as a function of ‘harshness’, an index based on 
fl ow maxima, means, and variability. (b) Average 
percentage of Antarctic diatoms in the Canada 
Stream, Taylor Valley, as a function of total annual 
streamfl ow (in thousands of cubic meters). The 
strong negative relationship is shown with the 
trendline and r 2 value. Each point represents a 
yearly value, as indicated. Modifi ed from Esposito 
et al. (2006), with permission from the American 
Geophysical Union. Insert: an endemic diatom from 
the McMurdo Dry Valleys, Luticola muticopsis fo. 
evoluta, from http://huey.colorado.edu/diatoms/
about/index.php.
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fl ow away from the eastern channel towards the 

previously abandoned western channel.

The surprising initial observation was that cyano-

bacterial mats were abundant in the reactivated 

channel within the fi rst week, and within 2 weeks 

the black and orange mats were clearly visible as 

extensive areas of microbial life contrasting with 

the barren landscape on either side of the channel. 

These results suggest that the mats had been pre-

served in a cryptobiotic state in the channel and 

that colonization was not the controling process 

in the renewal of stream ecosystem function. Over 

the next few years, these mats had high rates of 

productivity and nitrogen fi xation compared with 

mats from other streams in the same valley.

Monitoring of specifi c conductance and solute 

concentrations showed that for the fi rst three years 

after the diversion, solute concentrations were 

greater in the reactivated channel than in most 

other dry-valley streams. Furthermore, as stream-

fl ow advanced downstream during the fi rst several 

summers of the experiment, the concentrations of 

inorganic solutes increased in the downstream 

direction with the mobilization of soluble mate-

rial that had accumulated over time. This down-

stream increase was not observed for nutrients, 

probably refl ecting uptake by the rapidly growing 

microbial mats. Experiments in which mats from 

the reactivated channel and another stream were 

incubated in water from both streams indicated 

that the greater solute concentrations in the reacti-

vated channel stimulated net primary productivity 

of the mats (Figure 5.4). Further, the microbial mats 

in the reactivated channel exhibited greater rates of 

 nitrogen fi xation than mats from other streams.

These stream-scale experimental results indicate 

that the cryptobiotic preservation of cyanobac terial 

mats in abandoned channels in the dry valleys 

allows for rapid response of these stream ecosys-

tems to climatic and geomorphological change, 

similar to rapid responses observed in other arid 

zone stream ecosystems. The implications of this 

one experiment is that there is a potential for rapid 

stream ecosystem response to greater meltwater 

generation from glaciers at higher elevations and 

more inland in the McMurdo Dry Valleys and in 

other polar desert oases on the Antarctic coast.

5.3 Case study: effect of fl ow 
restoration on microbial mats and 
ecosystem processes

The presence of salt crusts in lake sediments in 

the McMurdo Dry Valleys indicates that cold, dry 

climatic conditions have occurred repeatedly over 

the past 20 000 years and low streamfl ows have 

caused the lakes to become dry (Hendy et al. 1979). 

In  studying these Antarctic stream ecosystems 

during the present period of generally increasing 

streamfl ow and rising lake levels during this cen-

tury (Chinn et al. 1993; Webster et al. 1996; Bomblies 

et al. 2001) it is important to keep in mind that 

the cyanobacteria, diatoms, microbes, and other 

organisms comprising these ecosystems somehow 

persisted through recent colder periods of greatly 

reduced fl ow. With the projected increase in tem-

peratures in Antarctica, temperatures may soon 

be warm enough to allow consistent generation 

of streamfl ow from glaciers at higher elevations, 

potentially reactivating stream ecosystems that 

have been dormant for centuries. To examine eco-

system processes important in the long-term sur-

vival of microbial mats under the extremely cold 

and dry conditions of the McMurdo Dry Valleys, 

fl ow was experimentally diverted to an aban-

doned channel, which had not received substan-

tial fl ow for approximately two decades or more. 

This experiment was designed to address the time 

lag between the renewal of regular summer fl ow 

and the establishment of a functioning stream 

 ecosystem.

The experiment was conducted in the upper 

reach of Von Guerard Stream, an infl ow to Lake 

Fryxell in the Taylor Valley. Examination of aerial 

photographs of the stream taken over the previ-

ous four decades indicated that the limited water 

in the abandoned channel had been due to melt-

ing of accumulated snow. The measurement of 14C 

in dried algal mats from the abandoned channel 

showed high values consistent with growth during 

the peak of the bomb 14C spike in the atmosphere in 

the 1960s. The experimental diversion was carried 

out by constructing a low wall of sandbags fi lled 

with alluvium at the base of the steep upper reach 

of Von Guerard Stream to route a portion of the 
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 generally dominated by organic-rich tundra soils, 

so lateral infl ows to streams may provide large 

quantities of dissolved organic matter to tundra 

streams (Michaelson et al. 1998). In headwater 

streams this fresh dissolved organic matter is 

highly reactive and is enriched in aromatic moie-

ties (Cory et al. 2007).

Arctic streams are mostly underlain by perma-

frost, and the potential for hyporheic exchange 

(the exchange of stream water between the open 

channel and the bed sediments) is controlled 

by the seasonal thaw depths underneath these 

channels. Brosten et al. (2006) documented the 

seasonal dynamic of thaw depths under several 

tundra streams in northern Alaska, noting that 

peak depths for fi rst- and second-order alluvial 

channels can reach as much as 2 m, whereas peak 

depths under peat channels are generally less than 

1 m deep. Despite the limited size of such ‘aqui-

fers’, Edwardson et al. (2003) has demonstrated that 

hyporheic zones of Arctic streams are very import-

ant to nutrient processing in these channels, noting 

rapid nitrifi cation of mineralized organic N and 

production of ammonium, phosphate, and carbon 

dioxide in the hyporheic zone.

The three main sources of water to fi rst-order 

Arctic streams are channel heads, springs, and gla-

ciers. Channel heads are characterized by the cul-

mination of source area and/or water tracks such 

that surface fl ow is focused into a well-defi ned 

5.4 Arctic streams

One characteristic aspect of Arctic streams is the 

seasonal dynamics of ice in the stream, either as 

ice cover or as grounded ice. In response to the 

pronounced seasonal fl uctuation in irradiance and 

air temperature, stream freeze–thaw cycles affect 

the annual hydrology patterns and stream eco-

system processes (Prowse 2001a, 2001b). In head-

water stream systems, water columns freeze from 

top to bottom, and this grounded ice within the 

channel protects the bed from scour during spring 

snowmelt. Downstream, generally in larger rivers, 

discharge is perennial, but during the winter, an 

ice cover forms over the fl owing water (Best et al. 
2005). Although the ecology of ice-covered rivers 

is poorly understood, it is clear that the processes 

occurring in one season have an infl uence that car-

ries forward to the next season and to subsequent 

years, thereby determining the overall resilience of 

Arctic stream ecosystems.

Ice also plays a role in the relationship between 

Arctic streams and their surrounding watershed. 

Most Arctic streams fl ow through tundra land-

scapes, underlain by permafrost. The shallow 

active layers provide little buffering of snowmelt 

or rain event waters, resulting in ‘fl ashy’ hydro-

logic stream response: rapid increases in stream 

discharge from melt and rain events. Event water 

is forced through the shallow active layer that is 
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temperatures average 8–13°C. Maximum precipita-

tion occurs in July and August (Kane et al. 1989); 

however, the peak river discharge usually occurs 

in late May or early June during snowmelt. Mean 

annual precipitation in the region is approximately 

15–30 cm/year, 30–40% of which falls as snow 

(McNamara et al. 1997).

Peat from eroding banks is the major source 

of particulate organic matter loading to the river, 

approximately 200–300 gC m−2 year−1 (Peterson 

et al. 1986). Dissolved organic carbon (DOC) com-

prises over 90% of the total organic carbon (mean, 

6.8 mg C L−1) export from the watershed (Peterson 

et al. 1986). Benthic net primary production is low 

compared with temperate streams, ranging from 

15 to 30 g C m−2 year−1 (Peterson et al. 1986; Bowden 

et al. 1992). Soluble reactive phosphorus and ammo-

nium levels are usually near the limits of detection 

(<0.05 µmol L−1). Nitrate plus nitrite  levels range 

from 0.1 to more than 10 µmol L−1. Mean conduct-

ivity values (45 µS cm−1) are typical for tundra 

streams of the North Slope and are relatively low 

compared with glacial and spring-fed rivers of 

the region. Mean pH is 7.0 and alkalinity averages 

about 250 µEq L−1.

The reach of the Kuparuk that has been most 

intensely studied is located on the meandering, 

fourth-order stream section where the river strad-

dles the Dalton Highway (68°38�N, 149°24�W). At 

this point the river drains an area of 143 km2 of 

alpine and moist tundra communities. This case 

study focuses on this section of the river (Kriet 

et al. 1992; Hershey et al. 1997). Dwarf birch and 

willows line segments of the stream bank but do 

not shade the channel because of their low stature. 

The river channel has a mean width of about 20 m 

and is characterized by alternating riffl es (20–30 m 

long and 5–30 cm deep) and pools (10–50 m long 

and 1–2 m deep) at the average summer discharge 

of 2–3 m3 s−1. The riffl e and pool substrate ranges 

from cobble to boulder. Average channel slope 

within the study reach is 0.6%.

Although bryophytes and fi lamentous algae 

are present in the upper Kuparuk River, epilithic 

diatoms dominate the autotrophic community. 

The dominant diatom species are Hannaea arcus, 
Cymbella minuta, Achnanthes linearis, Achnanthes 
minutissima, Synedra ulna, and Tabellaria fl occulosa 

channel. Springs are generally perennial sources of 

water, and as a result spring head streams provide 

an over-winter fl uvial habitat which may be eco-

logically important. Glacier melt streams are char-

acterized by high turbidity as they tend to carry 

high loads of glacial fl our: very fi ne sediment from 

the glacial source areas.

There are three common types of tundra stream 

channels: alluvial, peat, and combination alluvial/

peat streams. Alluvial streams are composed of 

cobbles and gravels, and have mild to steep slopes, 

depending on landscape position. Except in gla-

cial-fed streams, the sources of fi ne sediment are 

limited across the tundra landscape. However, 

bank material may provide fi ne-fraction material 

during high fl ow events. Peat streams are charac-

terized by very low gradients, and many exhibit 

a beaded morphology: a series of deep pools con-

nected by short, narrow runs. The bed sediments 

in the pools typically have high organic matter 

content, and a fairly fi ne size fraction. These chan-

nels are rarely scoured, and their structure does 

not promote transport of larger suspended mater-

ial. Alluvial-peat channels share characteristics of 

both channel types. The morphology tends to be 

beaded, but with more rapid fl ow through larger 

connectors between pools. These beads, or pools, 

are less effective at slowing discharge than in the 

peat channels. Because of the moderately high-

 energy environment, alluvial/peat channels have 

bed materials that are a mix of gravel, cobble, and 

peat where lower velocities occur.

5.5 Case study: long-term effect of 
nutrient enrichment

The Kuparuk River (Plate 6) has been studied inten-

sively since 1978 and is representative of the rivers 

that fl ow across the tundra of the North Slope of 

Alaska. The Kuparuk originates in the foothills of 

the Brooks Range and fl ows north-northeast to the 

Arctic Ocean, draining an area of 8107 km2. It is 

classifi ed as a clear-water tundra river (Craig and 

McCart 1975; Huryn et al. 2005) because it has no 

input from glaciers and little input from springs. 

The river is underlain by permafrost and is frozen 

solid from October to May; the open-water season 

is approximately 4 months, and summer water 
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et al. 1985). The bottom-up impacts of phosphorus 

addition increased the abundance of insects such as 

Brachycentrus and Baetis. In the fi rst few summers 

of fertilization there was evidence that at times 

insect grazers limited chlorophyll accumulation on 

the stream bottom rocks. Although this can occur 

when mayfl y and especially chronomid popula-

tions are at their maxima, subsequent studies with 

tracers (Wollheim et al. 1999) indicated that energy 

fl ow through grazers was on average far less than 

required to control algal biomass. However, the 

increased insect abundance stimulated the growth 

of both adults and YOY graylings in the fertilized 

reach relative to the reference reach (Deegan and 

Peterson 1992).

In spite of consistent responses to fertilization, 

the populations of algae and insects and the rates of 

fi sh growth proved to be highly variable (approxi-

mately 10-fold) from year to year both in the ref-

erence reach and in the fertilized reach (Deegan 

and Peterson 1992; Hershey et al. 1997; Slavik et al. 
2004). Much of this variability was correlated with 

year-to-year variation in discharge. Under high-

discharge conditions (and presumably high scour-

ing) algal biomass was only half as great as under 

low-discharge conditions. Black fl y abundance was 

also affected by fl ow (Hershey et al. 1997). Adult 

fi sh thrived when discharge was high but the YOY 

grew poorly under high-fl ow conditions, which 

are associated with low temperatures (Deegan 

et al. 1999). These impacts of discharge appear to 

be equally strong in the reference and fertilized 

reaches although the higher biomass and product-

ivity in the phosphorus-fertilized reach made the 

effects easier to measure.

At the time when the major controls on stream 

ecosystem function appeared to have been resolved, 

an amazing transition occurred (Figure 5.5). After 

nearly a decade of continuous summer fertil-

ization, the riffl e habitat for several kilometers 

downstream of the phosphorus-addition point 

became covered with a carpet of two species of 

the moss Hygrohypnum: Hygrohypnum alpestre and 

Hygrohypnum ochraceum (Bowden et al. 1994; Slavik 

et al. 2004). This was a surprise because these spe-

cies were not observed in these reaches of the 

Kuparuk prior to fertilization. A slow-growing 

species, S. [Grimmia] agassizii, was always present 

(Miller et al. 1992). The macro-algal community con-

sists primarily of Tetraspora, Ulothrix, Stigeoclonium, 
Batrachospermum, Lemanea, and Phormidium. The 

dominant bryophyte in the main river channel is 

the moss Schistidium [Grimmia] agassizii. The mosses 

Hygrohypnum alpestre, H. ochraceum, Fontinalis 
neomexicana, and Solenostoma sp. (a liverwort) are 

also present but are most frequently found in 

 nutrient-rich spring tributaries.

The benthic invertebrate community includes 

fi lter-feeding black fl ies, Stegopterna mutata and 

Prosimulium martini (Hiltner 1985), the abun-

dant mayfl ies Baetis spp. and Acentrella spp, and 

the less abundant mayfl y Ephemerella sp. There 

are several species of chironomids and the tube 

builder Orthocladius rivulorum is one of the largest 

(Hershey et al. 1988). Also present is the caddisfl y 

Brachycentrus (Hershey and Hiltner 1988). Arctic 

grayling (Thymallus arcticus) is the only fi sh species 

in this section of the river. Adult grayling reside in 

the river from the June spawning period through 

to mid-August, and then migrate upstream to 

overwinter in headwater lakes. Young-of-the-year 

(YOY; age 0) grayling are found primarily in pools 

(Deegan and Peterson 1992).

The fi rst years of the Kuparuk River ecosystem 

study focused on baseline studies of hydrology, 

nutrient biogeochemistry, primary productivity, 

and organic matter budgets. In 1980, nutrient-

 enrichment bioassays showed that the low levels 

of dissolved phosphorus were limiting to primary 

production of the epilithic algal community 

(Peterson et al. 1981). This result and the very low 

level of primary production in the presence of 

24-hour summer daylight raised the question of 

what would happen if nutrients were not limiting. 

In 1983 a long-term nutrient-fertilization study was 

started that continues until the present (Slavik et al. 
2004). These studies have provided insights into 

how Arctic tundra streams function and respond 

to perturbation.

The whole-stream fertilization of the river with a 

constant drip addition of 10 µg P L−1 stimulated algal 

production by about 1.5–2-fold on average (Peterson 

et al. 1993). The fertilization also increased bacterial 

activity, rates of respiration of the epilithic biofi lm, 

and rates of decomposition of recalcitrant sub-

strates such as lignin and  lignocellulose (Peterson 
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2004). Chironomids, Brachycentrus, and a large 

mayfl y (Ephemerella) are more abundant by an 

order of magnitude in the mossy fertilized reach. 

In contrast, other common insects including Baetis, 
black fl ies, and Orthocladius are less abundant 

in the mossy reach than in the reference reach. 

In spite of higher insect biomass and  secondary 

production in the fertilized reach, the growth of 

adult  drift-feeding grayling is no longer signifi -

cantly greater than in the reference reach. Some 

aspect of the link between insect production and 

fi sh growth has been changed by the phosphorus-

 induced moss invasion but further work is required 

to understand this paradox.

During the almost 30 years of research on the 

Kuparuk River, the Arctic climate has been chan-

ging in ways that affect both the ecology of the 

river and how we conduct our long-term fertiliza-

tion experiment (Hobbie et al. 1999). For example, 

the open-water season is now longer on average 

than it was in the 1970s and 1980s. Mean annual 

temperatures are increasing and summer precipi-

tation and runoff have on average increased. In 

response, the start date of the annual nutrient drip 

in relatively low abundance but has not responded 

to the added phosphorus. Instead, the fast-growing 

Hygrohypnum spp. that are present in nutrient-rich 

seeps and springs far up river invaded the phos-

phorus-enriched reach. The impact of this moss 

invasion on the physics, biogeochemistry, and 

biota of the Kuparuk River can only be described 

as profound (Stream Bryophyte Group 1999).

Hygrohypnum provides a large amount of sur-

face area for algal epiphytes and the moss com-

munity (moss plus epiphytic algae) is several-fold 

more productive than the epilithic biofi lm in the 

reference reach (Arscott et al. 1998). The biomass of 

moss dwarfs by orders of magnitude the biomass 

of epilithic algae in the reference reach (Slavik et al. 
2004). The moss fronds create a matrix containing 

slow-moving water compared with the swift cur-

rents above the moss carpet. This matrix traps and 

stores a large amount of fi ne particulate matter and 

may serve as an important locus of nutrient recyc-

ling. The moss matrix habitat is host to an insect 

community quite different in abundance and spe-

cies composition than found in the rocky-bottom 

reference reach (Lee and Hershey 2000; Slavik et al. 
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Figure 5.5 Striking long-term response to nutrient enrichment in the Kuparuk River, Alaska. The photographs illustrate the differences 
in stream-bottom coverage between the diatom-dominated stream bottom (reference reach; left) and the moss-dominated stream bottom 
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Arctic rivers discharge huge quantities of fresh 

water, heat, solutes, and particulate materials into 

the Arctic Ocean, and there is intense  interest in 

how these globally signifi cant inputs may shift in 

response to ongoing climate change in the Arctic.

The fresh-water input to the Arctic Ocean has 

been estimated as 3299 km3 per year, and much of 

this is via the fi ve largest Siberian rivers (Yenisei, 

Lena, Ob, Pechora, and Kolyma) and the Mackenzie 

River in Canada. This input accounts for 11% of the 

total fresh-water drainage into the World Ocean, 

and given that the Arctic Ocean represents only 1% 

of the total ocean, Arctic seas are among the most 

freshwater-infl uenced in the world (Rachold et al. 
2004). There is evidence that in concert with the 

regional warming trend there has been an increase 

in Arctic river discharge, and this may be a factor 

contributing towards the observed freshening of the 

North Atlantic Ocean, with implications for global 

ocean circulation (Peterson et al. 2006). Arctic  rivers 

are also unusually rich in organic carbon, both 

particulate organic  matter and  dissolved materials 

(Dittmar and Kattner 2003). These are largely of ter-

restrial origin and undergo some biogeochem ical 

processing and loss in the coastal zone of Arctic 

seas, including via ice-dammed lagoons, so-called 

stamukhi lakes that retain the river waters inshore 

for much of the year (Galand et al. 2008). A large 

portion of the dissolved organic matter, however, 

may be advected out over the Arctic shelf where 

it is removed by microbial activity (Garneau et al. 
2006), photochemical  processes (Bélanger et al. 
2006), or by further advection including downward 

transport by density currents into the deep ocean 

(Dittmar 2004). The limnology of large Arctic rivers 

is therefore of broad signifi cance to the structure 

and functioning of marine systems, from Arctic 

coastal waters to the global ocean.

The strong seasonality of the fl ow regime of 

large Arctic rivers is controlled by snow melting 

and by the presence and rupture of ice dams. Peak 

discharge is an extremely diffi cult (and dangerous) 

period to accurately gauge and sample because the 

waters are spread over large expanses and multiple 

channels, and are fi lled with fast-moving ice blocks. 

However, increasing data are becoming available for 

this critical part of the seasonal hydrograph. These 

observations show that some solute  concentrations 

has been advanced by a week. Warmer and wetter 

summer seasons appear to be increasing the con-

centrations and the export of inorganic nitrogen in 

the form of nitrate from the upper Kuparuk catch-

ment, especially in the last 15 years (McClelland 

et al. 2007). It is possible that phosphorus input to 

the river is increasing but a change in dissolved 

phosphorus concentrations in the stream water is 

not anticipated because any available phosphorus 

inputs are rapidly assimilated by the phospho-

rus-limited algal and bryophyte communities. 

Finally there is the possibility that thermokarsts 

(collapse of the land surface due to subsurface ice 

and perma frost melt) may become more numerous 

as the climate continues to warm (Bowden et al. 
2008). Thermokarsts impact tundra streams like 

the Kuparuk by loading them with sediments and 

with nutrients leached and weathered from newly 

thawed and exposed minerals and soils. How these 

changes in the Arctic climate and landscape will 

affect streams and rivers as climate warming is an 

important question for the future.

5.6 Large Arctic rivers

A striking limnological feature of the Arctic that 

has no parallel in Antarctica is the presence of 

large river ecosystems. These rivers drain vast 

catchments that begin at north temperate latitudes 

and that extend all the way to the Arctic coastline 

(Plates 7 and 8; Figure 1.2). Apart from their intrin-

sic value as a major class of aquatic ecosystems 

and as migratory routes for fi sh, birds, and other 

animals, these rivers provide important transport 

arteries for human settlements, by boat during the 

few months of open water and by wheeled and 

track vehicles after freeze-up. They also provide 

water supplies for drinking, fi shing, agriculture, 

and industrial activities such as mining, and in 

their upper reaches most are harnessed to some 

extent for hydroelectricity. In their lower reaches, 

the rivers fl ow across extensive fl ood-plain  deltas. 

These contain tens of thousands of lakes and ponds, 

providing a major habitat for aquatic wildlife. 

The rivers experience high-amplitude peak fl ows 

 during the period of summer snowmelt, and dur-

ing this time of year many of the fl ood-plain lakes 

are fl ushed out and replenished with river water. 
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2008). There is also considerable opportunity for 

the inoculation and development of a riverine fl ora. 

Chlorophyll a measurements indicate moderate 

biomass concentrations of phytoplankton in Arctic 

rivers in summer, in the range of 1–5 mg m−3, with 

dominance by diatoms and phytofl agellates such 

as cryptophytes (Meon and Amon 2004; Garneau 

et al. 2006; Galand et al. 2008). However, phyto-

plankton production rates are likely to be low given 

the deep mixing and strong absorption of light by 

colored dissolved and particulate organic material 

(Retamal et al. 2007, 2008).

Molecular and microscopy analyses for the 

Mackenzie River have shown the presence of an 

active microbial food web, high concentrations of 

picocyanobacteria and heterotrophic bacteria, and 

a surprisingly diverse community of Archaea (the 

third domain of microbial life, along with Bacteria 

and Eukarya) that likely refl ects the heterogeneous 

source populations as well as diverse substrates for 

their metabolism and growth (Galand et al. 2006; 

Garneau et al. 2006). The Mackenzie River is espe-

cially rich in suspended particulate material (up to 

100 g m−3) and most of the heterotrophic production 

appears to be associated with bacteria attached to 

suspended particles (Garneau et al. 2006; Vallières 

et al. 2008).

The large Arctic rivers likely contain relatively 

low concentrations of zooplankton and benthic 

invertebrates given their fast turbulent fl ows and 

also rise with increasing discharge. In the Kolyma 

River, the concentration of DOC increases by 

almost a factor of 10 during peak discharge (Figure 

5.6), and this brief period of spring snow melt con-

tributes about half of the total annual DOC fl ux 

(Finlay et al. 2006). Carbon-14 dating of the DOC 

in this Arctic river during peak discharge showed 

that it was dominated by materials that were young 

in age, consistent with intense leaching of surface 

soils during the spring thaw. Later in the season, 

however, the 14C age of the DOC increased sub-

stantially, suggesting mobilization from deeper soil 

horizons at that time (Neff et al. 2006). The DOC at 

peak fl ow is also highly colored, and this may have 

wide-ranging ecological effects via the absorption 

of UV and photosynthetically available solar radia-

tion (Retamal et al. 2007, 2008).

The microbial and phytoplankton ecology of 

large Arctic rivers is still in an early stage of obser-

vation, and no seasonal records are available to 

date. These rivers are fed in part by lakes and fl ow 

long distances from these source waters to the sea. 

For example, the Mackenzie River fl ows 1800 km 

from Great Slave Lake to the coast and along the 

way receives input from many adjacent water-

bodies including Great Bear Lake. Given this long 

transit time the waters can heat up considerably en 

route, for example to 15°C at the Mackenzie River 

mouth in June when air temperatures are still cool 

and the adjacent seas are only +1°C (Galand et al. 
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Some 45 000 lakes larger than 0.14 ha have been 

inventoried in the Mackenzie River delta, in the 

western Canadian Arctic, along with another 4046 

smaller waterbodies (Emmerton et al. 2007; Plate 8). 

The lakes vary in depth from 0.5 to 4.5 m, with a 

mean depth of about 1.5 m, although this depends 

on the season and fl ood year. Like other large Arctic 

rivers, the Mackenzie River fl ows from a relatively 

warm climate in the south to cold coastal Arctic 

conditions in the north, and during peak fl ow in 

spring–early summer the fl ows encounter ice jams 

in the downstream fl ood-plain delta. These cause 

the water to spread out over 11 200 km2 of lakes and 

fl ooded vegetation, and at this time of year almost 

half the total annual discharge is stored temporar-

ily in the delta. Most of the lakes are fl ooded, to an 

extent that depends on their elevation and distance 

from the river channels (see Figure 1.4), and this 

variable fl ooding controls their nutrient regime 

and other limnological characteristics (Lesack et al. 
1998). This temporary storage on the delta provides 

suffi cient time for biogeochemical and photochem-

ical processing of the fl ood waters, which alters the 

composition of the riverine input of dissolved and 

particulate materials to the coastal Arctic Ocean 

(Emmerton et al. 2008). The connectivity between 

Mackenzie fl ood-plain lakes and their riverine 

source waters appears to be changing in complex 

ways as a result of climate warming in the region 

(Lesack and Marsh 2007).

Like thermokarst lakes in general, the shallow 

Arctic fl ood-plain waters often contain high con-

centrations of zooplankton that feed in part on 

seston, but also on mats of cyanobacteria and micro-

algae that coat the sediments (Rautio and Vincent 

2006). The benthic mats can achieve high-biomass 

stocks and dominate overall primary  production, 

whereas the phytoplankton  populations tend to 

be relatively small. Aquatic plants (macro phytes) 

may also contribute substantially to the primary 

production of these waters, particularly in the less 

fl ooded lakes that have lower nutrient concentra-

tions but are more transparent. For the lakes of 

the Mackenzie River delta, the frequency and dur-

ation of fl ooding also infl uences bacterial produc-

tion, zooplankton community structure, and the 

presence of fi sh and birds (L. Lesack, unpublished 

results).

low primary productivity. However, they provide 

migration conduits for many species of fi sh that 

may access the more abundant food sources in adja-

cent lakes and tributaries, as well as anadromous 

fi sh species that migrate via the river  corridor to 

the ocean. The Mackenzie River, for example, con-

tains several anadromous coregonid (whitefi sh) 

species, including one – Stenodus leucichthys – that 

was named, perhaps by early French trappers, the 

inconnu (meaning ‘unknown’ in French). Tagging 

and recapture of this species, which also occurs in 

northern Alaska and northern Eurasia, show that 

it can migrate more than 1500 km downstream to 

the Beaufort Sea (Stephenson et al. 2005). These and 

other coregonids have long been a traditional part 

of the local diet of the Mackenzie Inuit (Morrison 

2000). In the large Russian Arctic rivers, a species 

that highly sought after for its meat and for caviar 

is the Siberian sturgeon Acipenser baerii. This spe-

cies appears to be in decline, and two of its subspe-

cies are threatened by extinction through a variety 

of causes that may include hydroelectric develop-

ment and severe water  pollution (Ruban 1997).

5.7 Arctic fl ood-plain lakes

Arctic rivers fl ow across extensive fl uvial deltas that 

are underlain by permafrost. The uneven thawing 

of these regions results in thousands of lake basins 

that become fi lled with snow melt and with ice-

jammed fl ood waters from the river. This aspect of 

the cryosphere distinguishes large Arctic river sys-

tems from their counterparts at lower latitudes. For 

example, the Amazon and Mississippi fl ood-plains 

also contain lakes, but these are a result of other 

geomorphological processes and in nowhere near 

the same abundance. The Arctic fl ood-plain waters 

are referred to as thaw lakes or thermokarst lakes, 

and they provide a rich habitat for aquatic plants, 

animals, and microbes. They also play a key role in 

the biogeochemical processing of river water before 

its discharge to the Arctic Ocean. The lakes are typ-

ically supersaturated in carbon dioxide and meth-

ane, and there is therefore much interest in their 

microbial ecology and photochemistry, and their 

abilities to convert organic carbon derived from 

the surrounding tundra catchments to greenhouse 

gases that may be released to the atmosphere.
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5.8.1 Stream discharge

In the Antarctic dry valleys, streams originate 

from glacier melt. Dry valley streamfl ow is obvi-

ously dependent upon a positive energy balance 

at glacier surfaces to generate melt from approxi-

mately November to February. Because of this 

dependence upon climate conditions, streamfl ow 

can cease even in the middle of the fl ow season, 

particularly if a snow event occurs. Fresh snow 

on the glacier surface will increase its albedo, and 

decrease the amount of melt energy. Additionally, 

streamfl ow has a distinct diurnal pattern with 

peaks and lulls controlled by the timing of max-

imum solar  exposure on the glacier contributing 

area. The fl ow season ends from the top down; 

that is, meltwater generation generally ends and 

water remaining in the streambeds may drain to 

the fi eld capacity of the substrate, or streambed 

drainage may be limited by the onset of freezing 

temperatures.

Arctic tundra streams originate from glacier 

melt, springs, and channel heads, although they 

are similar to dry valley streams in that they fl ow 

seasonally, generally from late May to September, 

except for the largest of Arctic rivers that fl ow year 

round. The fl ow season in the Arctic begins with 

melt of the annual snowpack (Kane et al. 1991), and 

later responds to rain and snow events throughout 

the summer. In headwater streams, streamfl ow 

generally ends with the onset of cold weather that 

begins to freeze stream water from the surface 

down toward the bed. In deep peat-lined channels, 

liquid water may remain under the ice cover late 

into the winter. Further downstream, large Arctic 

rivers fl ow perennially. In the winter, the rivers are 

ice-covered and fl ow is sustained by contributions 

from springs.

Along their lengths, dry valley streams gener-

ally lose water to evaporation or saturating the 

thaw depth beneath them. In low-fl ow seasons, the 

surrounding thawed streambed may accommodate 

several times the realized streamfl ow, in particular 

at the end of long reaches (Bomblies 1998). Thus 

these thawed sediments represent an important 

threshold reservoir that must be satisfi ed before 

streamfl ow can continue at the surface. Because 

most Antarctic lands do not receive rainfall, there 

It has long been recognized that carbon dioxide 

and methane occur in high concentration in the 

waters that fl ow through the active layer of perma-

frost soils, and in the surface stream channels and 

basins that they discharge into (Kling et al. 1991). 

Additional greenhouse gas production may occur 

by photochemical degradation of organic matter in 

the fl ood-plain lakes and rivers, and by microbial 

activities in their water columns and sediments. 

In the abundant thaw lakes of the Kolyma River 

system, Siberia, huge quantities of methane are 

released as bubbles along the permafrost-lake mar-

gins. These thaw lake emissions appear to have 

increased by 58% in the fi nal decades of the twen-

tieth century as a result of increased melting of the 

permafrost, constituting an important feedback 

process that is likely to accelerate global warming 

(Walter et al. 2006).

5.8 Comparison of Arctic and 
Antarctic fl uvial ecosystems

Polar streams and river networks are subject to 

fl ow regulation by seasonal climate variability. 

Thus, streams in both the north and the south 

polar regions are sensitive to local climate changes. 

These changes are likely to be considerably differ-

ent in each region, though both are expected to 

experience generally warmer conditions. In both 

regions, streams are underlain by permafrost, 

although substream thaw depths may range from 

tens of centimeters to several meters. The presence 

of permafrost imposes a critical control on these 

streams because they interact with fairly small 

aquifers. These aquifers are of limited size and 

therefore do not, in general, provide a reservoir of 

water to contribute to streamfl ow. River networks 

of the Arctic are much more extensive than those 

in the Antarctic, largely because there is more 

ice-free land in the Arctic regions (the pan-Arctic 

area is approximately 22.4×106 km2), and therefore 

Arctic stream water sources are farther from their 

oceanic termini. Thus, in the Arctic, there is much 

more geomorphologic evolution of the river. In 

the dry valleys of Antarctica, stream lengths are 

relatively short (<40 km) and stream networks are 

 simple (second-order).
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that extensive channel degradation and shear are 

generally restricted.

Under a warmer climate, it is expected that nutri-

ents and organic matter inputs to Antarctic streams 

would increase because of enhanced connections 

between streams and their surrounding land-

scapes. It is further expected that current stream 

ecosystem composition and function would shift 

toward fewer cold-tolerant microbial and diatom 

species, and enhanced hyporheic nutrient cycling 

due to greater depths to permafrost under and 

around streams. Warmer temperatures may cause 

more meltwater generation from higher-elevation 

glaciers, creating new, so-called reactivated stream 

ecosystems.

Arctic stream ecosystems, on the other hand, 

are more complex than those of the Antarctic, as 

they host a full suite of benthic fauna, including 

bryophytes (Stream Bryophyte Group 1999), insects 

(e.g. Huryn et al. 2005), and fi sh populations that 

generally over-winter in lakes. Tundra streams are 

subject to solute and nutrient inputs from their 

laterally contributing watershed. This delivery 

is especially important to the character and tim-

ing of carbon fl uxes in headwater Arctic networks 

(Michaelson et al. 1998). Leaf litter from tundra 

plants also fi nds its way into streams adding add-

itional allochthonous organic material.

Climate change in the Arctic is likely to lead to 

enhanced precipitation, and warmer temperatures, 

particularly in the winter. These changes will 

likely lead to modifi ed vegetation across many 

Arctic watersheds, enhanced permafrost degrad-

ation, and extended fl ow seasons, thus modifying 

watershed fl owpaths, biogeochemical cycling, and 

ultimately stream ecosystem structure and func-

tion. In the High Arctic polar desert environment, 

the loss of perennial snow banks may have a strong 

infl uence on high Arctic streams and wetlands that 

depend on them for a continuous supply of water 

in summer (Woo and Young 2006).

5.9 Conclusions

Rivers of both polar regions are integrators of 

 processes that occur within contributing water-

sheds, and of cumulative climates. In the Antarctic, 

the suite of processes that are  integrated is much 

is generally no lateral contribution of discharge to 

streams.

In the Arctic, however, during the height of the 

austral summer, snow and rain events can both con-

tribute to streamfl ow. Thus tundra streams gener-

ally receive diffuse lateral infl ows, which may also 

include contributions from seeps or springs. Because 

Arctic streams are underlain by permafrost, deeper 

groundwater additions (besides springs) are lim-

ited. Lakes and ponds are common in Arctic stream 

networks and may contribute to downstream dis-

charge during times of low fl ow.

Under warmer conditions, permafrost may 

recede, and fl ow seasons may extend. In the 

Arctic, because of consistent summer rain events, 

such changes will likely result in more rapid geo-

morphological evolution of watersheds. In the 

Antarctic, warming may extend fl ow seasons and 

possibly glacial melt rates. The more regular occur-

rence of rain in the Antarctic would have substan-

tial impacts on streams, landscapes, and glaciers, 

for example in the McMurdo Dry Valleys.

5.8.2 Stream ecosystems

Antarctic streams represent an important control 

of water and solutes, especially nutrients, as they 

link glaciers and closed-basin lakes. Dry valley 

streams generally contain low concentrations of 

nitrogen, phosphorus, and carbon (McKnight et al. 
1999, 2004). The source of nitrogen species in dry 

valley streams is generally atmospheric depos-

ition, whereas phosphorus is typically derived 

from weathering of local sediments, including 

that which is deposited on glaciers during strong 

katabatic wind events during the winter. Organic-

matter loads in Antarctic streams are generally 

completely autochthonous, as there is little to no 

other organic matter across the landscape to con-

tribute. Antarctic stream ecosystems are generally 

composed of cyanobacteria algae, diatoms, making 

up extensive benthic microbial mats, where condi-

tions are appropriate, generally stable substrate 

composed of desert pavement (McKnight et al. 
1999). Antarctic streams do not contain any higher-

order plants, nor do they accommodate any fauna. 

These conditions are largely attributed to the fact 

that fl ow regimes are low enough in magnitude 
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Current research in polar streams, rivers, and 

fl ood-plains continues to expand our understand-

ing of how these systems function. Manipulation 

experiments such as the fertilization experi-

ment on the Kuparuk River in Alaska and the 

 re-activation of a channel in the Lake Fryxell 

basin in Antarctica provide insight into potential 

changes to these systems under a warmer cli-

mate. These are careful experiments that seek to 

elucidate specifi c responses to specifi c perturba-

tions; however, they do not account for the suite 

of changes, interactions, and feedback processes 

that are likely to occur across these landscapes in 

response to climate change. Continued vigorous 

research on these systems is necessary to better 

understand these fl owing waters as ecological 

features of the changing polar landscape, and 

as biogeochemically active conduits that connect 

terrestrial environments to downstream lake and 

marine ecosystems.
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of ice from a winter temperature of −30ºC to 0ºC 

requires  acquisition of approximately 58 kJ of heat, 

but turning ice at 0°C to water at the same tempera-

ture requires a further heat gain of approximately 

333 kJ. This energy can come from absorption of 

solar radiation or from conductive transfer from 

the overlying atmosphere; on local scales it is 

absorption of solar radiation that tends to play a 

major role in determining ice melt. The albedo of 

snow and ice is normally high, refl ecting 70–90% 

of the incoming solar energy (Paterson 1994). It has, 

Outline

Ice is a dominant component of polar landscapes which melts seasonally where combinations of solar 

energy fl ux, ice albedo, and air temperature permit. The resulting liquid water can persist on, and in, ice 

structures and these can support various types of ice-based aquatic ecosystem. We discuss the physical, 

chemical, and biotic features of the main types of ice-based aquatic ecosystems. We describe how dark-

colored sediments on and in ice enhance absorption of solar radiation, and promote melting and the for-

mation of habitats of varying sizes and longevity. We show how these range from ‘bubbles’ within glacial 

and perennial lake ice (≈10−2 m diameter), and cryoconite holes (≈10−1–100 m diameter) on ice surfaces to large 

melt lakes (≈101–102 m diameter) and rivers on ice shelves and ice sheets. We describe the shared physical, 

chemical, and biological properties, notably those that relate to their alternating liquid–frozen state, and 

how similar species assemblages tend to result, often shared with neighboring terrestrial habitats where 

extreme conditions also occur. Although there are tantalizing suggestions that microbial metabolism may 

occur within polar glacial ice, for the most part development of ice-based aquatic ecosystems depends on 

liquid water. Communities are predominantly microbial, with cyanobacteria and algae dominating the 

phototrophs, whereas microinvertebrates with stress-tolerating strategies (rotifers, tardigrades, and nema-

todes) are also present. We argue that while most of these ice-based systems are oligotrophic, with low 

concentrations of salts and nutrients supporting low rates of production, they are found across large areas 

of otherwise barren ice in polar regions and that to date their contributions to polar ecology have been 

underestimated. We suggest that they represent important biodiversity elements within polar landscapes, 

and would have been essential refugia from which polar-region ecosystems would have recovered after 

periods of extended glaciation.

CHAPTER 6

Ice-based freshwater ecosystems
Ian Hawes, Clive Howard-Williams, and 
Andrew G. Fountain

6.1 Introduction

Ice and snow, the dominant features of polar land-

scapes, contribute to aquatic ecosystems through 

seasonal melting. Although much meltwater 

ultimately feeds land-based aquatic ecosystems, 

liquid water can also persist on and in ice itself 

long enough for aquatic ecosystems to develop 

(Howard-Williams and Hawes 2007). That melt-

water systems develop on ice is in part due to latent 

heat of fusion. Raising a cubic decimeter (10−3 m3) 
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ice-bound  freshwater habitats. The special category 

of ice-based lake and river systems that develop 

underneath ice sheets and glaciers are described in 

Chapter 7 of this volume.

6.2 Ecosystems on and in glacial ice

6.2.1 Types of glacier-based ecosystem

Our categorization of freshwater habitats on glaciers 

is based primarily on their hydrology;  cryoconite 
holes tend to be small, more or less isolated water 

pockets that generate their liquid water internally, 

supraglacial pools are fed from a catchment larger 

then the pool itself and not necessarily dependent 

on sediment, while streams are channelized path-

ways of fl owing water. We currently know more 

about cryoconite holes than about the large melt-

water pools and streams that are now known to 

occur on many polar glacier surfaces.

6.2.2 Cryoconite holes

Cryoconite holes are vertical cylindrically shaped 

melt holes in the glacier surface, which have a thin 

layer of sediment at the bottom and are fi lled with 

water (Figure 6.1). Although the holes have been 

known by a variety of names, including dust wells, 

dust basins, sub-surface melt pools, and baignoire 

(Agassiz 1847; Hobbs 1911; Sharp 1949), cryoco-

nite hole is the term in most common use today. 

Cryoconite holes are common to ice-surfaced (as 

however, long been recognized that melting of ice 

is promoted where accumulations of dark-colored 

material reduce this albedo and thus increase the 

absorption of solar energy relative to the adjacent 

ice (e.g. Sharp 1949; Gribbon 1979).

The manner in which deposits of wind-blown 

or avalanche-derived sediments evolve to form 

cylindrical cryoconite holes in glacier ice is now 

well established (e.g. Wharton et al. 1985; Fountain 

et al. 2004). In addition, the low-gradient, undulat-

ing surfaces of ice shelves are particularly favorable 

for the accumulation of sediment and large, long-

lived, pools can be found associated with surface 

sediments on suitable ice shelves in both the Arctic 

and Antarctic (Howard-Williams et al. 1989; Vincent 

et al. 2000). Similarly, where the ice covers of peren-

nially frozen lakes incorporate dark-colored mater-

ial, liquid water may form during the summer 

months either on the surface or within ice covers, 

and these pockets of liquid water, or ‘ice bubbles’ 

sensu Adams et al. (1998), in turn support microbial 

ecosystems (Pearl and Pinckney 1996; Fritsen and 

Priscu 1998).

A somewhat different type of ice-based aquatic 

habitat, not dependent on sediment absorption 

of radiation, occurs where melt generated on the 

surfaces of glaciers coalesces to form fl owing 

streams and supraglacial pools on the ice itself 

(Heywood 1977). Gradations exist between these 

categories of ice-based freshwater systems, but in 

this chapter we recognize ice bubbles, cryoconite 

holes, supraglacial pools, and streams to describe 

(a)

Snow

Ice

(b)

Figure 6.1 Cryoconite holes. (a) Holes with frozen lids on the surface of Canada Glacier, McMurdo Dry Valleys, Antarctica. The dark 
sediment patch is melting in, other holes are entirely frozen over. The scale arrow is about 20 cm. (b) Open holes on Storglaciaren, Sweden 
with a boot for scale.
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equilibrium depth (typically 30–50 cm) is reached 

when the melt-rate in the hole matches the ablation 

rate of the ice surface (Gribbon 1979).

Two types of cryoconite hole are now recognized: 

those normally open to the atmosphere in summer, 

and those normally sealed with an ice lid. Closed 

holes are found where freezing air temperatures 

and persistent winds maintain a frozen ice sur-

face over the liquid phase. In the Ross Sea sector of 

Antarctica, closed cryoconite holes occur at least as 

far north as 72°S (I. Hawes, personal observations). 

Closed holes have severely restricted exchange of 

water, solutes and gases and, unless surface con-

ditions change dramatically, the cryoconite hole 

becomes entombed, freezing and melting beneath 

the glacier surface for years and capable of develop-

ing unusual biogeochemistries (Tranter et al. 2004). 

In some cases, however, apparently closed cryo-

conite holes can be hydrologically connected to a 

subsurface system of drainage passages (Fountain 

et al. 2004, 2008).

Open holes occur where the surface energy bal-

ance is close to melting and appear to be more 

common in the Arctic and temperate glaciers, 

where summers are warmer, than in the Antarctic 

(Mueller et al. 2001). Open holes tend to act like 

small ponds. Their water chemistries, while differ-

ent from the host ice due to sediment dissolution 

and biological processes, are regularly diluted with 

fresh meltwater from the surface and exchange 

gases readily with the atmosphere.

6.2.2.2 Ecosystem processes in cryoconite holes
That cryoconite holes develop their own biota 

is not surprising, given that the snow that forms 

glacial ice encapsulates many propagules, includ-

ing Archaea, bacteria, fungi, algae, and protozoa 

(Abyzov 1993; Christner et al. 2005; Castello and 

Rogers 2005) which can remain viable for long 

periods of time. Winds also carry such particles 

directly on to snow and ice surfaces as aeroplank-

ton (Nkem et al. 2006). For open holes this is supple-

mented by surface meltwater and direct deposition 

into the holes. The microbial biota includes bac-

teria, virus-like particles, nanofl agellates, cyano-

bacteria, algae, and protozoa (Wharton et al. 1981, 

1985; Mueller et al. 2001; Säwström et al. 2002; 

Christner et al. 2003). A metazoan census includes 

opposed to snow-surfaced) zones of glaciers world-

wide, including the Arctic (Von Drygalski 1897; 

Mueller et al. 2001; Säwström et al. 2002), temper-

ate glaciers of the mid-latitudes (McIntyre 1984; 

Margesin et al. 2002), and the Antarctic (Wharton 

et al. 1985; Mueller et al. 2001; Fountain et al. 2004).

6.2.2.1 Physical processes in cryoconite holes
Cryoconite holes fi rst form when small patches 

of sediment (wind-blown or avalanche-derived) 

accumulate in small depressions on the ice surface 

(Wharton et al. 1985; Fountain et al. 2004, 2008). The 

sediment absorbs solar radiation and initially melts 

into the surrounding ice faster than surrounding 

ice ablates, forming a water-fi lled hole (Figure 6.2). 

Cryoconite-hole width is probably determined by 

the size of the original sediment patch and can 

be a few centimeters to a meter or more in diam-

eter. As the sediment melts deeper into the ice, the 

attenuation of radiation by absorption and scatter-

ing reduces heat gain and rate of melting and an 

Glacier Ice Ice ‘lid’

Air

Water

Cryoconite

Figure 6.2 Cross-section schematic of a sealed cryoconite 
hole. Cryoconite holes freeze entirely during winter. The freezing 
process concentrates the solutes, possibly resulting in a delay of 
complete freezing of the entire hole as increasing salt concentration 
depresses the freezing point. The return of summer solar radiation 
again preferentially warms the sediment, which, if there has been 
winter or spring sublimation of surface ice, is now closer to the ice 
surface and again melts its way down through the ice according 
to the amount of heat it receives. In this way the sediment and 
associated biota may remain just beneath the ice surface, more 
or less isolated from the surrounding hydrologic system and the 
atmosphere for years and in some cases decades (Fountain et al. 
2004). 
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external exchange and mineralization of sedi-

ment. Tranter et al. (2004) hypothesize that the 

cyanobacteria and algae in closed cryoconite 

holes must acquire nutrients scavenged from the 

sediments in the hole, although nitrogen fi xation 

is a feature of several of the identifi ed cyano-

bacterial taxa (Mueller et al. 2001). Phosphorus is 

almost certainly the limiting nutrient for growth. 

Heterotrophic bacteria found in the holes are com-

parable in abundance with those in high alpine 

lakes (Foreman et al. 2007), and these and fungi 

(Vincent et al. 2000) are together capable of exploit-

ing different carbohydrates, amino acids, carbox-

ylic acids, and aromatic compounds, suggesting 

that the cryoconite holes of dry-valley  glaciers 

support metabolically diverse heterotrophic com-

munities. The mixture of phototrophic and het-

erotrophic strategies, combined with the ability to 

survive in a frozen state through the dark winter 

months, produces a robust ecosystem capable of 

surviving many freeze–thaw cycles in isolation 

from the atmosphere and from subsurface water 

sources.

6.2.3 Supraglacial pools and streams

Aerial and satellite imagery shows that networks 

of supraglacial pools and interconnecting melt-

water streams are widespread and common on 

ice shelves and on the Greenland Ice Sheet (e.g. 

Heywood 1977; Reynolds 1981; Maurette et al. 1986; 

Thomsen 1986; Säwström et al. 2002; Hodgson et al. 
2004). Despite this abundance, little is known of 

these ecosystems. Whereas they are likely to share 

many features with cryoconite holes, their prin-

cipal differences are hydrological and sediment-

related. Pools will tend to have a much higher 

surface- area-to-volume ratio than cryoconite holes, 

a higher water-to-sediment ratio, and advective 

gains and loss of materials that do not occur in at 

least some cryoconite holes. In the 2005–2006 aus-

tral summer we sampled supraglacial ponds on the 

Tucker Glacier, Antarctica (72°S). Data from a typ-

ical pond are summarized in Table 6.1 and show an 

ultra-oligotrophic system, with even lower organic 

content and a lower pH than nearby cryoconite 

holes. Perhaps the best information on biological 

processes in  supraglacial waters comes from the 

nematodes, tardigrades, rotifers (De Smet and Van 

Rompu 1994; Grongaard et al. 1999; Takeuchi et al. 
2000; Christner et al. 2003; Porazinska et al. 2004), 

protozoans, copepods, and insect larvae (Kikuchi 

1994; Kohshima 1984).

Studies of metabolic activity and nutrient ana-

lyses in cryoconite holes confi rm the presence 

of active microbial consortia (Tranter et al. 2004; 

Foreman et al. 2007). Hodson et al. (2005) point to 

the loss of ammonium ions in the meltwaters on 

the glacier ice surfaces in Svalbard as evidence of 

microbial activity (photosynthesis) in the organic-

rich sediments within the cryoconite holes. The 

water chemistry of the closed cryoconite holes of 

the McMurdo Dry Valleys also provides evidence 

of microbial activity. Photosynthesis in the holes, 

presumably by the green algae and cyanobacteria, 

is indicated by high saturations of oxygen (160%) 

and low values of pCO2 (Tranter et al. 2004). Values 

of net primary production, based on 14C uptake, 

range from 67 to 146 mg C m−3 day−1 (C.M. Foreman, 

unpublished results) compared with 14–3768 mg 

C m−3 day−1 in open holes on Svalbard (Säwström 

et al. 2002).

In some closed holes, the chemistries can be 

extreme, with pH approaching 11 (Fountain et al. 
2004), although Mueller et al. (2001) recorded an 

average pH of 8 for Canada Glacier cryoconite 

holes. This contrasts with the more dynamic, open 

holes on Arctic glaciers, where pH can be acidic 

(Mueller et al. 2001). High pH results fi rst from 

hydrolysis of carbonates during the spring thaw 

that can increase pH to approximately 10.5, sat urate 

the water with calcium carbonate and decrease 

pCO2. Photosynthesis further decreases pCO2 and 

increases pH to the observed extreme levels and 

can supersaturates the water with calcium carbon-

ate. Ultimately, low pCO2 and high pH may limit 

photosynthesis. Thus in these poorly pH-buffered 

closed systems, photosynthesis may be constrained 

because of limitations on nutrients and new carbon 

dioxide sources. In-hole biogeochemical processes 

raise electrical conductivities in closed systems to 

several hundred μS cm−1, substantially higher than 

melted ice.

Food webs in cryoconite holes are simple, with 

net fl ux of critical nutrients (inorganic  carbon, 

nitrogen, and phosphorus) being dependent on 
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McMurdo ice shelves and the collection of rem-

nant ice shelves along the northern coastline of 

Ellesmere Island in High Arctic Canada. Ablation 

zones allow sediment that has been deposited on, 

or incorporated into, the ice to migrate and accu-

mulate towards the surface and thus promote the 

generation of surface meltwater that can in turn 

support aquatic ecosystems. Ice shelves support 

some of the most spectacular ice-based aquatic 

ecosystems on Earth (Plates 2 and 3).

The McMurdo Ice Shelf may be the most 

extensive surface-ablation area in Antarctica 

(Swithinbank 1970); it is virtually static, balanced 

by freezing of sea water beneath and ablation and 

melting on the surface. Basal freezing incorporates 

marine debris into the ice (Debenham 1920) and 

this is  transported up through the ice as the sur-

face ablates. Distribution of uplifted sediment on 

the surface varies and gives rise to a gradation of 

surfaces from almost fully covered with sediment 

that is 100 mm or more thick to a sparse sediment 

cover (Kellogg and Kellogg 1987). Differences in 

sediment cover determine the nature of the ice 

surface. Thick sediment cover (≥100 mm; Isaac 

and Maslin 1991) insulates underlying ice and 

prevents melting, thus creating a very stable ice 

surface within which large, long-lived, sediment-

lined ponds develop (Howard-Williams et al. 1989). 

Patchy  layers of sediment typically are a mosaic of 

bare ice, thin sediments that enhance melting, and 

thicker sediments that retard melting; the net effect 

being a highly dynamic and irregular surface with 

mobile sediments and generation of copious melt-

water (Debenham 1920).

The Ward Hunt Ice Shelf (83ºN, 74ºW) and 

nearby Markham Ice Shelf in the Canadian Arctic 

Arctic (Säwström et al. 2002), where  phytoplankton 

were found actively photosynthesizing at a rate of 

7–8 mg C m−3 h−1.

Studies of ponds on the George VI and Amery 

ice shelves provide insight into how critical snow-

fall and density of underlying fi rn are to meltwa-

ter accumulation. On those ice shelves, meltwater 

accumulates in surface irregularities where snow-

fall is below a threshold of 2 × 105 g m−2 year−1 and 

when fi rn density exceeds 820 kg m−3, when it 

becomes impermeable to water (Reynolds 1981). 

Once a melt pool has formed, it becomes self-rein-

forcing in that the surface has a lower albedo and 

rapidly absorbs radiation penetrating overlying 

snow. The George VI Ice Shelf contains not only 

open pools, but also what appear to be ice-sealed 

englacial pools that lie within a meter of the gla-

cier surface and can be tens of centimeters deep. 

All persist for at least several years (Reynolds 

1981). As far as we are aware the biological com-

munities and ecosystem processes in these waters 

remain unstudied.

6.3 Ecosystems on fl oating ice shelves

6.3.1 Types of ice-shelf ecosystem

The mass balance of the fl oating ice shelves of 

the Arctic and Antarctic regions is maintained by 

various processes. Some are fed from high altitude, 

with down-slope fl ow feeding ice to the lower, 

fl oating parts; others represent long-term accumu-

lation of sea ice or are sustained by basal freezing 

of underlying waters. Ice is lost by calving, melting, 

and ablation. Ice shelves with substantial ablation 
zones include Antarctica’s George VI, Amery, and 

Table 6.1 Characteristics of a typical supraglacial pond, and two nearby cryoconite holes (Cryo) on the Tucker Glacier Antarctica, January 
2006. PC, particulate carbon; DOC, DON, DOP, dissolved organic carbon, nitrogen and phosphorus; DIN, dissolved inorganic nitrogen; DRP, 
dissolved reactive phosphorus. From I. Hawes, unpublished results

Site Chlorophyll 
a (mg m−3)

PC 
(mg m−3)

pH Conductivity 
(μS cm−1)

DON 
(mg m−3)

DOP 
(mg m−3)

DOC 
(g m−3)

DIN 
(mg m−3)

DRP 
(mg m−3)

Pond 1 0.04 63 8.3 7.8 31 2 2.9 6 1
Cryo 1 0.70 229 9.2 27 171 3 4.7 11 2
Cryo 2 0.49 285 9.3 26 284 3 3.1 17 3
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6.3.2 Physical processes in ice-shelf ponds

Pond freezing is a gradual process with the ice front 

gradually moving down through the pond water 

as heat accumulated over the summer is slowly lost 

(Figure 6.4). The delay in freezing at depth results 

in the liquid-water phase extending several months 

after surface ice forms (Mueller and Vincent 2006). 

In spring, ice-based systems can become liquid long 

before air temperatures are above freezing (Hawes 

et al. 1999; Figure 6.4) while during summer, pond 

temperatures can reach over 10°C (Figure 6.5). 

Thus liquid water, at moderate temperature, can be 

present for more than 3 months, whereas the ice-

free period ranges from zero to a little over 1 month 

(Hawes et al. 1993, 1997, 1999).

The process of salt concentration during freez-

ing described for cryoconite holes is important in 

ponds, where stratifi cation verging on meromixis 

can develop (Wait et al. 2006; Figure 6.5). Exclusion 

of salts from the ice matrix results in formation 

of a brine in the pond bottom which may be so 

saline that it remains liquid below −20°C. During 

this process, sequential precipitation of different 

minerals, fi rst mirabilite and then gypsum, results 

in a change in ionic ratios as the brine volume 

are  ablation zones that also derive sediment from 

aeolian transported terrestrial sources and from 

the underlying seabed (Vincent et al. 2004a, 2004b; 

Mueller and Vincent 2006). As with the McMurdo 

Ice Shelf, the undulating surfaces of these ice shelves 

accumulate meltwater in a series of streams and 

pools (Figure 6.3). Satellite imagery (see Figure 17.4) 

and aerial photos of the Ward Hunt Ice Shelf 

(Plate 2) show an alignment of these ponds with 

the prevailing winds (Vincent et al. 2000). A fea-

ture of Arctic ice shelves is that they are  shrinking. 

They underwent considerable break-up over the 

twentieth century, with further loss in recent years 

(Mueller et al. 2003). Since 2000, extensive fractures 

have appeared in the 3000-year-old Ward Hunt 

Ice Shelf (83ºN, 75ºW) and large sections have dis-

integrated (Figure 17.4; see also Chapter 1 in this 

volume). The nearby Ayles Ice Shelf broke out com-

pletely in August 2005. The recent 30-year period 

of accelerated warming is implicated, as it has also 

been in loss of ice shelves from western Antarctica. 

Notable among these losses was the Larsen B Ice 

Shelf, which was known to have large meltwater 

ponds on its surface in its fi nal stages (Shepherd 

et al. 2003) but we know of no details on the limno-

logical characteristics of these.

Figure 6.3 Sampling a meltwater pond on the Markham Ice Shelf, Canadian High Arctic. Photograph: W.F. Vincent.
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low  biomass, dominated by fast-growing ‘colon-

izers’ such as diatoms, particularly Pinnularia 
cymatopleura, and coccoid chlorophytes (Howard-

Williams et al. 1990). The biota of more stable and 

long-lived ice-shelf ponds is often dominated 

by mats of algae and cyanobacteria (Howard-

Williams et al. 1989, 1990; Vincent et al. 2000, 2004a, 

2004b; Mueller and Vincent 2006) with biomass 

of the cyanobacterial mats on the McMurdo Ice 

Shelf as high as 400 mg chlorophyll a m−2 (Howard-

Williams et al. 1990; Hawes et al. 1993, 1997). The 

cyanobacteria that dominate the more long-lived 

ponds show a degree of variation in species 

between ponds of different salinities (Howard-

Williams et al. 1990). Mats are mostly dominated 

by species of Phormidium, Oscillatoria, Nostoc, and 

Nodularia. Nodularia is particularly common in 

brackish waters, while Oscillatoria cf. priestleyi was 

the dominant in a highly saline pond (>70 mS cm−1). 

Phylogenetic diversity is much higher than mor-

phological diversity and salinity appears to be 

a major factor determining diversity structure 

(Jungblut et al. 2005). The diatoms Pinnularia cymat-
opleura, Nitzchia antarctica, and Navicula spp. were 

and temperature decrease. The following summer 

a layer of melted ice overlies the brine pool which, 

where the density difference is suffi cient to resist 

mixing, may persist all summer (Wait et al. 2006; 

Figure 6.5) and even to allow an inverse thermal 

gradient to develop (Hawes et al. 1999). Summer 

photosyn thesis results in the monimolinia pro-

viding supersaturation of dissolved oxygen and 

extreme high pH with a corresponding marked 

depletion in dissolved inorganic carbon (Hawes 

et al. 1997). This situation is reversed in winter 

when oxygen is depleted through respiration 

in the dark and the deep layers of these ponds 

provide a sequentially variable environment for 

microbial populations. Freeze-concentration and 

evaporative concentration of salts, and dynamic 

water levels, result in ponds with an array of 

salinities and ionic compos itions, from near fresh 

to hypersaline.

6.3.3 Ecosystem processes in ice-shelf ponds

Where sediments are patchy, water bodies are 

small and dynamic and support communities of 
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Chroomonas, and Ochromonas; the latter dominating 

the most saline ponds (James et al. 1995). James et al. 
(1995) found that ‘benthic’ cyanobacteria were fre-

quently entrained into the plankton. Twenty-two 

species of protozoa were also found in this survey, 

of which 15 could be considered truly planktonic. 

These fed primarily on bacteria-sized prey, with 

none showing any ability to consume particles of 

5 µm diameter or greater.

Microbial mats dominate biomass and product-

ivity in most ice-shelf ponds (Chapter 10). These 

typically take the form of cohesive layers of cyano-

bacteria overlying anoxic sediments. An orange-

brown surface layer contains high concentrations 

of photoprotective pigment that shield lower, 

phycocyanin-rich blue-green layers (Vincent et al. 
1993, 2004b) where both dissolved oxygen concen-

tration and oxygen evolution reach their peaks 

(Hawes et al. 1997). A feature of ice-shelf ponds, as 

associated with fresh waters, other naviculoids 

inculding Navicula shackletonii and Navicula mut-
icopsis with fresh to brackish (11 mS cm−1) waters 

and Tropidoneis laevissima and Amphiprora sp. with 

the most saline (Vincent and James 1996; Hawes 

et al. 1997). Benthic primary productivity is dealt 

with in detail in Chapter 10.

One species of tardigrade (probably a Macrobiotus 
sp.), three nematodes (three species of Plectus, 
Plectus frigophilus and two unidentifi ed species) and 

seven rotifers (six bdelloids and one monogonon-

tid) have been found associated with the cyanobac-

terial mats. Of the invertebrates, the rotifers were 

most abundant (4 × 105 m−2) and of these, a Philodina 

species, is most abundant by far, with dense aggre-

gations often forming orange spots on microbial 

mats (Suren 1990). In addition to the benthic com-

munities, ice shelf ponds support a planktonic 

community with phytofl agellates, Chlamydomonas, 
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Steep biogeochemical gradients are a feature of 

microbial mats. Oxygen concentration falls from 

supersaturated to anoxia a few millimeters into 

the microbial mats (Hawes et al. 1997). Mountfort 

et al. (2003) examined the anaerobic processes 

occurring in the underlying anoxic sediments. 

They found that, while nitrate reduction and 

methanogensis did occur, sulphate reduction was 

the dominant process. Interestingly these authors 

reported that all of these processes continued after 

freeze-up, with methanogenesis showing less sen-

sitivity to subzero temperatures than  sulphate 

reduction. This resulted in a gradual shift in dom-

inant  terminal electron acceptors with  declining 

temperature.

6.4 Lake-ice ecosystems

6.4.1 Introduction

Although perennially ice-covered lakes are found 

through many regions of Antarctica and the colder 

parts of the Arctic, the only ice-covered lakes from 

which extensive information on ice-bound com-

munities has been obtained are those from the 

McMurdo Dry Valleys. Living material within the 

ice of these lakes was fi rst reported by Wilson (1965) 

and further investigated by Parker et al. (1982). Since 

well as many other ice-based systems, is the high 

pH that can result from photosynthetic depletion 

of carbon dioxide and bicarbonate. Twelve ponds 

sampled on the McMurdo Ice shelf in 2002 had a 

mean pH of 9.7 (±0.5 S.D.). At such high a pH photo-

synthesis might be expected to be carbon-limited, 

but mat communities are well positioned to take 

advantage of any inorganic carbon/nutrients that 

are generated from their underlying sediments 

where pH is much lower and inorganic carbon and 

other nutrient concentrations are higher (Hawes 

et al. 1993). Physiologically, the mat-forming fi la-

mentous cyanobacteria consistently are primarily 

psychrotolerant, with temperature optima above 

20°C (Hawes et al. 1997; Mueller and Vincent 2006). 

Phylogenetic analysis using molecular techniques 

suggests that the psychrotolerant trait occurs 

widely in the cyanobacterial lineage and that polar 

strains are often closely related to temperate ones. 

Psychrophily, in contrast, is confi ned to a narrow 

branch of the cyanobacteria, which includes bipo-

lar strains (Nadeau et al. 2001).

A full suite of microbiological processes occurs 

within the ice-shelf ponds, allowing effective 

recyling of carbon, nitrogen, sulphur, and other 

elements within the semi-closed systems. Nutrient 

dynamics are exemplifi ed by a nitrogen budget 

for a pond on the McMurdo Ice Shelf (Table 

6.2). Autotrophic fi xation of nitrogen (average 

12.8 mg m−2 day−1 and similar to those at temperate 

latitudes) accounted for 67% of total nitrogen inputs 

whereas nitrogen release from the  sediments as 

recycled ammonium/nitrogen, was 32%. Snow and 

ice melt provided the remaining 1%. Unlike nitro-

gen, other essential nutrients such as phosphorus 

cannot be biologically fi xed and must come from 

weathering of minerals or atmospheric deposition.

Retention of nitrogen was high at 98%, much of it 

as biota, but retention as dissolved organic nitrogen 

(DON) appears to be very marked in pond waters. 

At the McMurdo Ice Shelf, DON concentrations 

can exceed 13 g m−3, very high values for natural, 

unpolluted waters. Observations suggest that DON 

in these ponds is relatively refractory (Vincent and 

Howard-Williams 1994) and accumulates over time 

similarly to the major ions (Figure 6.6). The sources, 

sinks, and dynamics of DON in ice-based systems 

still need to be adequately addressed.

Table 6.2 Nitrogen budget for the water column of a pond on 
the McMurdo Ice Shelf. Data compiled from Hawes et al. (1997), 
Downes et al. (2000) and Fernandez-Valiente et al. (2001)

Process Flux 
(mg m−2 day−1)

Percentage 
of inflow

In
1. Precipitation 0.2 1
2. N fixation 12.8 67
3. Recycled N 6.0 32
Total in 19 100

Out
4. Denitrification 0.4 2
5. Phytoplankton uptake 3.8 20
6. Benthic uptake 4.8 26
7. Storage* 10 52
Total out 19 100

*By difference.
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penetrates to allow further migration (Adams et al. 
1998). Materials that freeze into the ice from below 

include fragments of the microbial mats that grow 

on the beds of these lakes and these will move 

upwards as ice ablates at the surface (Wilson 1965; 

Parker et al. 1982).

Regardless of direction of movement, dark 

 mater ials in lake ice will tend to accumulate at 

the depth where melting rate balances surface 

ablation. The lower attenuation of radiation by 

lake ice compared to the fi rn ice of glaciers allows 

lake-ice ecosystems to sink meters rather than 

the decimeters of cryoconite holes into glacial ice. 

Thus lake ice communities form deeply entombed 

‘bubbles’ of water, gas, and mineral and biotic 

inclusions within the ice. These undergo complex 

physico-chemical changes during the multiple sea-

sonal freeze–thaw cycles that they are exposed to 

(Adams et al. 1998).

6.4.3 Ecosystem processes in lake ice

Communities within lake ice occupy a habitat simi-

lar to cryoconite holes in many ways (Priscu et al. 
1998) but differ in that, while lake ice bubbles exist, 

they are never open to atmospheric exchange. Few 

measurements have been made, but it is appar-

ent that communities within lake ice bubbles are 

photosynthetically active, although light-saturated 

then investigations have revealed a variety of biota 

trapped within lake ice covers (Fritsen et al. 1998). 

As well as systems within lake ice, the sediment-

rich surface of some perennially ice-covered lakes 

facilitates surface melting and the generation of 

freshwater systems on top of the ice, analogous to 

the sediment-lined surfaces of the McMurdo and 

Ward Hunt Ice Shelves.

6.4.2 Physical processes in lake ice

Ice temperatures vary with depth into the lake ice, 

being close to ambient air temperature close to the 

ice surface (surface pools will freeze to tempera-

tures of −40°C), while at increasing depths into ice 

they are buffered from extremes. At 2 m into the 

ice, temperatures below −20°C are rare, whereas 

at 3 m depth −10°C is the lowest experienced each 

year (Priscu and Christner 2004).

The dynamics of perennial lake ice, with basal 

freezing balancing surface ablation, means that 

materials may enter lake ice from above, as with 

cryoconite holes on glaciers, but also from below, 

should materials be trapped in the ice cover during 

freezing, as with some ice shelves. Materials that 

freeze into the ice from above migrate downwards 

under the infl uence of solar heating and seasonal 

warming, leaving a liquid trail behind, until reach-

ing a depth to which insuffi cient solar radiation 
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First, numerous authors have alluded to the 

potential of cryoconite holes to act as refugia for 

the biota within an otherwise hostile landscape, 

and point to the broad similarities between the 

fl ora and fauna of cryoconite holes to each other 

and to surrounding terrestrial and aquatic systems 

(e.g. Wharton et al. 1985). Recent molecular stud-

ies have confi rmed the close relationships between 

organisms in these various locales (Priscu and 

Christner 2004). The supposition that aeolian and 

perhaps other transport mechanisms link these 

small elements of the watershed follows naturally 

from these observations and it becomes sensible to 

think of an the extensive, if fragmented, ice-based 

ecosystem as forming a continuum between dis-

tant, soil-based habitats. Aeolian transport of sedi-

ment and biota have been shown to be important 

processes in polar regions (Lancaster 2002; Nkem 

et al. 2006), and windblown dust has been shown 

to contain abundant propagules of cyanobacteria, 

eukarotic algae, and bryophytes (Hawes 1991).

As well as creating spatial continua, cryoconite-

type habitats may also play a role in providing 

temporal continuity by acting as refugia through 

climatic excursions, including ice ages, facilitating 

rapid recolonization with cold-tolerant organisms 

when the ice retreats (Wharton et al. 1985). Recently 

there has been growing acceptance that during its 

early history the Earth went through one or a series 

of so-called snowball Earth phases, when almost 

the whole planet froze over (Hoffman et al. 1998). 

Vincent et al. (2000) argued that supraglacial habi-

tats would have been among the few that would 

have provided suitable conditions for the survival 

of the microbial organisms and communities that 

are thought to have existed at the time of the lar-

gest event (600 million years before present, BP), 

including the cyanobacteria which still dominate 

the fl ora of ice-based ecosystems. Indeed, argu-

ments have been advanced that the concentra-

tion of organisms into low-volume compartments 

within icy systems that would have accompanied 

the snowball Earth phases, coupled with the long-

term stability of biota under cold conditions, may 

have provided ideal conditions for the development 

of symbiotic associations and eukaryotic develop-

ment in the Precambrian (Vincent et al. 2000). Even 

in Quaternary glacial cycles, ice covered 11–18% of 

rates of chlorophyll a-specifi c photosynthesis were 

1–100-fold lower in the ice bubbles than in the lake 

water below (Fritsen and Priscu 1998). This may 

be due to the long period of subzero temperatures 

(at least −20°C) over the winter months, although 

the chemical conditions in the bubbles, after long 

periods (possibly years) of enclosure in repeatedly 

frozen and thawed lake ice, make these waters 

chemically extreme. Carbon dioxide limitation is 

almost certainly a constraint on photosynthesis, 

in waters where pH rises to 10 or more (Fritsen 

et al. 1998).

As with cryoconite holes (see Christner et al. 
2003), molecular characterization of the diversity of 

bacteria and cyanobacteria in the ice bubbles has 

shown a wide variety of microbial groups (Gordon 

et al. 2000). 16 S rDNA hybridization experiments 

demonstrated once again the degree of similarity 

between communities in ice-based and ice-derived 

communities in that dominant members of the 

diverse lake-ice microbial community are also 

found in adjacent microbial mats in melt streams, 

cryoconite holes, and other local habitats from 

which they probably originated.

6.5 The signifi cance of 
ice-based systems

Despite their widespread distribution within 

 ablation zones, the signifi cance of ice-based sys-

tems in polar landscapes has received relatively 

little attention. Mueller et al. (2001) noted that 

cryoconite holes covered 12% of the surface of 

the lower ablation zone of White Glacier on Axel 

Heiberg Island, Nunavut, and up to 8% of that of 

the Canada Glacier in Antarctica. Fountain et al. 
(2004) found 3–15% coverage on four different gla-

ciers in the dry valleys including Canada Glacier. 

Multiplying the total area of cryoconite holes by 

the average biomass within a hole, Mueller et al. 
estimated ice-based biomass (as loss on ignition) of 

the two glaciers to be 10.0 and 1.5 g C m−2 respect-

ively. Although these are low values, even in com-

parison with surrounding polar soils (216 g C m−2 

was measured in soils close to the Canada Glacier; 

Moorhead et al. 1999), there are several reasons why 

this pool of living material may have dispropor-

tionately signifi cant ecosystem roles.
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existence of an aquatic ecosystem is triggered by 

an exposure of dark material on the ice surface that 

promotes melting through absorption of solar radi-

ation; the type of system that develops, regardless 

of type of ice, is determined by the thickness, size, 

and stability of these sediment deposits. Indeed, 

there is a such an overlap between ice bubbles, 

ice-lidded and open cryoconites, ice-covered and 

ice-free ponds, and ice-bound lotic ecosystems as 

to make our splitting of these habitats a conveni-

ence rather than a reality. All share the seasonal 

fl uctuations between frozen and unfrozen, and the 

common mechanism of ice formation means that 

the freeze-concentration effects in gas and salt con-

tents are similar.

Whether ice, water, or land is the ‘natural’ abode 

of the organisms that are shared and exchanged 

with nearby terrestrial, ice-based, and aquatic eco-

systems is perhaps an unanswerable and  irrele vant 

question. The dominance of psychrotrophs over 

psychrophiles (Nadeau et al. 2001) supports the view 

that the ability to tolerate a varied range of habitats 

rather than to specialize in ice-bound systems is 

an important trait among the ice  community. Our 

tendency to think of ice-based aquatic ecosystems, 

even in polar regions, as suboptimal oddities is 

perhaps more a refl ection of our bias as warm-zone, 

terrestrial animals than a realistic assessment of 

their niche. It is better to think of these biota as a 

dynamic group of extremotrophs that are able to 

occupy whatever habitats are available at any given 

time. At both poles, and in most kinds of habitat, 

they are dominated by cyanobacteria, although a 

wide range of other organisms – including algae, 

fungi, protists, rotifers, nematodes, and tardi-

grades – is present. The required characteristics of 

successful colonists include tolerance of freezing 

and desiccation (Hawes et al. 1992), of high irradi-

ance during summer (usually through synthesis 

of photoprotective pigments; Vincent et al. 1993, 

2004a) and in some cases tolerance to high salini-

ties (Hawes et al. 1997) and, wherever gas exchange 

is restricted, high pH (e.g. Fritsen et al. 1998). 

Therefore, similarities among biota between Arctic 

and Antarctic, glacier, and lake-ice habitats should 

not be surprising. Cold conditions are neither new 

nor rare on Earth. In the past they have been more 

and less widespread, but the ability of organisms 

the Earth’s surface and ice-based ecosystems must 

have been more extensive than at present (Hoffman 

and Schrag 2000).

The evidence for long-term viability of bac-

teria, viruses, fungi, and eukaryotes in polar ice is 

 becoming increasingly strong (Castello and Rogers 

2005). Whether these organisms are metabolically 

active at ambient temperatures or merely preserved 

is not yet clear, but it does seem likely that some 

organisms trapped in ice during its formation do 

retain viability and may form part of the early col-

onists of ice-based systems as they begin to melt. 

This is another way whereby ice-based systems 

may form an important intermediary for recol-

onization of terrestrial habitats during  periods of 

glacial retreat.

Ice-based systems also play a role in the fl ux of 

matierals through polar landscapes. Hodson et al. 
(2005) showed how microbial activity within sup-

raglacial freshwater systems on Arctic glaciers 

could make signifi cant contributions to evolution 

of the chemistry of water draining glacial surfaces. 

They attributed the unexpectedly large fl uxes of 

dissolved and particulate organic nitrogen from the 

glacier surfaces to nitrogen assimilation by micro-

bial communities in cryoconite holes. The only 

measurement of the productivity of polar cryoco-

nite holes of which we are aware (Säwström et al. 
2002) indicates that rates of photosynthesis can be 

at least as high as water from nearby lakes, particu-

larly in hole bottom water, and, whereas  individual 

holes may have small volumes, the possibility that 

the large area occupied by cryoconite holes on 

some glaciers may result in substantial total car-

bon  fi xation requires further investigation. For the 

ice-shelf-based ecosystems there is no question that 

they represent substantial foci for biomass accumu-

lation and productivity, far exceeding that of other 

habitats with the regions that they occupy.

6.6 Conclusions

In this review a surprising congruity between what 

are often treated as different types of ice-based 

system has emerged. We have shown how aquatic 

ecosystems can develop on and in any kind of 

perennial ice, most usually in ablation areas of 

rela tively impermeable ice. In many cases, the 
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which cross-colonize between and across ice- and 

soil-based systems prove correct, we can expect 

ice-bound ecosystems to return as soon as ice does. 

Testing these hypotheses may be signifi cant to our 

full understanding of whether polar climate ameli-

oration threatens unique ice-based ecosystems or 

whether there is suffi cient long-term resilience to 

cope with long-term change.
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 connected by networks of subglacial streams and 

rivers (Gray et al. 2005; Wingham et al. 2006; Fricker 

et al. 2007; see Plate 1). Recent evidence also indicates 

that subglacial lakes may initiate and maintain 

rapid ice fl ow and should be considered in ice-

sheet mass balance assessments. Liquid water had 

previously been documented beneath Antarctic ice 

streams (Engelhardt et al. 1990), the Greenland ice 

sheet (Fahnestock et al. 2001; Andersen et al. 2004), 

and smaller continental glaciers (e.g. Mikucki et al. 
2004; Bhatia et al. 2006). Estimates indicate that the 

volume of Antarctic subglacial lakes alone exceeds 

10 000 km3 (Dowdeswell and Siegert 1999), with 

Lake Vostok (�5400 km3; Studinger et al. 2004) 

and Lake 90°E (1800 km3; Bell et al. 2006) being the 

 largest.

Subglacial environments were originally spec-

ulated to be devoid of life (e.g. Raiswell 1984). 

However, discoveries of microbial life in McMurdo 

Dry Valley lake ice (Priscu et al. 1998), accretion ice 

above Lake Vostok (Priscu et al. 1999; Christner et al. 

7.1 Introduction

Over the last decade, interest in subglacial lakes 

and rivers has matured from a curiosity to a focus 

of scientifi c research. The earliest evidence of large 

subglacial lakes was provided by Russian aircraft 

pilots who fl ew missions over the Antarctic con-

tinent in the 1960s (Robinson 1964). Speculation 

about the presence of lakes was verifi ed by air-

borne radio-echo soundings collected during the 

1960s and 1970s (Drewry 1983) in which fl at refl ec-

tors at the bottom of ice sheets were interpreted as 

indicating subglacial accumulations of liquid water 

(Oswald and de Robin 1973; de Robin et al. 1977). 

However, it was Kapitsa’s description of subgla-

cial Lake Vostok in Antarctica that convinced the 

scientifi c community of the existence of major res-

ervoirs of water beneath thick ice sheets (Kapitsa 

et al. 1996). We now know that more than 150 lakes 

exist beneath the Antarctic ice sheets (Priscu et al. 
2003, 2005; Siegert et al. 2005) and that many may be 

CHAPTER 7

Antarctic subglacial water: origin, 
evolution, and ecology
John C. Priscu, Slawek Tulaczyk, Michael Studinger, 
Mahlon C. Kennicutt II, Brent C. Christner, and 
Christine M. Foreman

Outline

Recent discoveries in the polar regions have revealed that subglacial environments provide a habitat for 

life in a setting that was previously thought to be inhospitable. These habitats consist of large lakes, inter-

mittently fl owing rivers, wetlands, and subglacial aquifers. This chapter presents an overview of the geo-

physical, chemical, and biological properties of selected subglacial environments. The focus is on the large 

subglacial systems lying beneath Antarctic ice sheets where most of the subglacial water on our planet 

is thought to exist. Specifi cally, this chapter addresses the following topics: (1) the distribution, origin, 

and hydrology of Antarctic subglacial lakes; (2) Antarctic ice streams as regions of dynamic liquid-water 

 movement that infl uence ice-sheet dynamics; and (3) subglacial environments as habitats for life and res-

ervoirs of organic carbon.
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the fl anks of subglacial mountains; and (3) lakes 

close to the onset of enhanced ice fl ow. Lakes in 

the fi rst category are found mostly in and on the 

margins of subglacial basins. Lakes in this cat-

egory can be divided into two subgroups. The fi rst 

subgroup is located where subglacial  topography 

is relatively subdued; the second subgroup of 

lakes occur in topographic depressions, often 

closer to subglacial basin margins, but still near 

the  slow-fl owing center of the Antarctic ice sheets. 

Where bed topography is subdued, deep subglacial 

lakes are unlikely to develop. Lake Vostok is the 

only subglacial lake that occupies an entire subgla-

cial trough. Other troughs, such as the Adventure 

Subglacial Basin, contain several smaller lakes (e.g. 

Wingham et al. 2006). ‘Perched’ subglacial lakes are 

found mainly in the interior of the ice sheet, and 

on the fl anks of subglacial mountain ranges. In 

 several cases, small subglacial lakes (<10 km long) 

have been observed perched on the stoss face (i.e. 

facing the direction from which a glacier moves) of 

large (>300 m high), steep (gradient >0.1) subglacial 

hills. At least 16 subglacial lakes occur at locations 

close to the onset of enhanced ice fl ow, some hun-

dreds of kilometers from the ice-sheet crest (Siegert 

and Bamber 2000). About 20 other lakes have also 

been reported by Popov et al. (2002), who ana-

lyzed  radio-echo sounding data collected between 

1987 and 1991 by Russian Antarctic Expeditions 

in central Antarctica between Enderby Land and 

90°S. Radar surveys carried out in 1999 and 2001 

by the Italian Antarctic Program over Aurora and 

Vincennes Basins and over Belgica Highlands 

revealed 14 subglacial lakes in addition to the 

original Siegert inventory (Tabacco et al. 2003). The 

Italian survey defi ned the boundary conditions of 

a relatively large lake (Subglacial Lake Concordia) 

located in the Vincennes Basin, at 74°06�S, 125°09�E. 

The ice thickness over Lake Concordia ranges from 

3900 to 4100 m, the surface area is greater than 

900 km2, and the water depth is estimated to be 

about 500 m in the central basin (Tikku et al. 2005). 

The high density of lakes in the Dome C region 

suggests that they are hydrologically connected 

within a watershed, making them an important 

system for the study of subglacial hydrology, and 

biological and geochemical diversity. The recent 

discovery of four large lakes with surface areas of 

2006), within Greenland and Antarctic glacial ice 

(e.g. Christner et al. 2006), at the beds of alpine (Sharp 

et al. 1999) and High Arctic glaciers (Skidmore et al. 
2005), in subglacial volcanic calderas (Gaidos et al. 
2004), and in outlet glaciers draining the polar plat-

eau (Mikucki and Priscu 2007) have all provided 

information about the expected diversity and bio-

geochemical importance of biology in subglacial 

environments. It is now known that subglacial biol-

ogy plays a role in geochemical processes, offering 

new insights into the evolution and biodiversity of 

life on our planet (Priscu and Christner 2004). The 

discovery of viable organisms in subglacial envir-

onments has extended the known limits of life on 

Earth, providing strong evidence that life has suc-

cessfully radiated into virtually all aquatic habitats 

on Earth that contain ‘free’ liquid. Subglacial liquid 

environments are an exciting frontier in polar sci-

ence and will provide an improved understanding 

of the coupling of geological, glaciological, and bio-

logical processes on our planet.

This chapter presents an overview of the geo-

physical, chemical, and biological properties of 

selected aquatic subglacial environments. The 

focus is on the large subglacial systems lying 

beneath Antarctic ice sheets where most of the 

subglacial water on our planet is thought to exist 

(e.g. Siegert et al. 2006; Priscu and Foreman, 2008). 

This chapter addresses the following specifi c 

 topics: (1) the distribution, origin, and hydrology of 

Antarctic subglacial lakes; (2) Antarctic ice streams 

as regions of dynamic liquid-water movement that 

infl uence ice-sheet dynamics; and (3) subglacial 

environments as habitats for life and reservoirs of 

organic carbon. Surface ice-based ecosystems are 

discussed in Chapter 6.

7.2 Antarctic subglacial lakes and rivers: 
distribution, origin, and hydrology

7.2.1 Distribution

The analysis of airborne surveys collected between 

1967 and 1979 (Siegert et al. 1996) initially revealed 

at least 70 subglacial lakes beneath the Antarctic ice 

sheet. Dowdeswell and Siegert (2002) categorized 

these subglacial lakes as: (1) lakes in subglacial 

basins in the ice-sheet interior; (2) lakes perched on 
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far from the Dome C/Ridge B cluster and associ-

ated with very narrow catchments lie either on or 

within a few tens of kilometers of the local divide 

marked by the catchment boundary. The hydraulic 

potential reveals that some of the lakes along the 

divide could be hydraulically connected, whereas 

others located on either side of the divide may not 

be in communication as the divides tends to follow 

the line of maximum fl uid potential.

7.2.2 Origin

The association of subglacial lakes with local ice 

divides and regions of high hydraulic fl uid poten-

tial leads to a fundamental question concerning 

the evolution of subglacial lake environments: 

does the evolving ice sheet control the location 

of subglacial lakes or does the fi xed lithospheric 

character necessary for lake formation (e.g. basal 

morphology, geothermal fl ux, or the nature of sub-

ice aquifers) constrain the evolution of  ice-sheet 

catchments? With the exception of central West 

Antarctica (e.g. Anandakrishnan et al. 2007) little 

is known about either the lithospheric character 

along these catchment boundaries or the history 

3915, 4385, 1490, and 3540 km2 near the onset of the 

fast-fl owing Recovery Ice Stream, a catchment that 

compromises 8% of the East Antarctic Ice Sheet 

and contributes 58% of the fl ux into the Filchner 

Ice Shelf, has led to the suggestion that these lakes 

may be responsible for the initiation of the ice 

stream (Bell et al. 2007). If this is true, then basal 

hydrology should be taken into consideration in 

numerical models of ice-sheet motion.

Siegert et al. (2005) combined radar-sounding 

interpretations from Italian, Russian and US 

researchers to revise the number of lakes known 

to exist beneath the ice sheet from 70 to 145. 

Approximately 81% of the detected lakes lie at 

elevations less than a few hundred meters above 

sea level whereas the majority of the remaining 

lakes are ‘perched’ at higher elevations. Lake loca-

tions from the new subglacial lake inventory are 

shown in Figure 7.1 relative to local ‘ice divides’ 

calculated from the satellite-derived surface ele-

vations of Vaughan et al. (1999) and their spatial 

relationship to subglacial elevation and hydraulic 

fl uid potential. Most of the lakes identifi ed (66%) 

lie within 50 km of a local ice divide and 88% lie 

within 100 km of a local divide. Even lakes located 
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Figure 7.1 Distribution of Antarctic subglacial lakes in relation to the ice divides (light lines in both panels), subglacial elevation (a) and 
hydraulic fl uid potential (b). The base map is a MODIS image mosaic. The water should fl ow from lakes with high fl uid potential to lakes with 
lower potential, assuming that there is a connection. The larger white circles indicate the locations of major fi eld stations. A colour version is 
shown in Plate 1. 
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2003). These deep elongate basins probably pre-date 

the onset of Antarctic glaciation and were likely 

surface lakes before becoming overlain by glacial 

ice. The tectonically controlled depth of these lakes 

should provide relatively constant water depths 

through changing climatic conditions over the 

past 10–35 million years (Bell et al. 2006). Deep sub-

glacial lakes are likely to have been stable through 

many glacial cycles and may have developed novel 

ecosystems, in contrast to the shallower lakes. This 

contention is corroborated by recent evidence from 

Great Slave Lake, Canada, which showed that the 

benthic sediments were undisturbed by the retreat 

of the Laurentian ice sheet across the lake basin 

(S. Tulaczyk, unpublished results).

Although arguments have been made for the 

tectonic origins of deep subglacial lakes (Studinger 

et al. 2003; Bell et al. 2006), there continues to be 

debate about whether subglacial lakes in Antarctica 

reside in active tectonic basins or along old inactive 

zones of structural weakness that once provided 

guidance for subglacial erosion. Much of East 

Antarctica, where the majority of subglacial lakes 

have been found so far (see Figure 7.1), is thought 

to have assembled between 500 and 800 million 

years ago. However, our knowledge of the interior 

of the continent, the distribution of major tectonic 

boundaries and old zones of structural weakness is 

limited due to a paucity of data. In regions where 

geophysical data, such as surface and airborne 

of their migration as discerned from layering 

within the ice sheet.

Together with Lake Vostok (14 000 km2; >800 m 

deep), the 90°E and Sovetskaya lakes defi ne 

a  province of major lakes on the fl anks of the 

Gamburtsev Subglacial Mountains (Bell et al. 
2006) (Figure 7.2). The estimated water depths of 

the 90°E (2000 km2; �900 m deep) and Sovetskaya 

(1600 km2; >800 m deep) lakes are similar to the 

maximum water depths deduced from seismic 

and gravity inversions over Lake Vostok and are 

also similar to other tectonically controlled lakes 

such as fault-bounded lakes including Tahoe, USA 

(501 m) and Issyk-kul, Kyrgyzstan (668 m), as well 

as rift lakes including Tanganyika, Africa (1479 m), 

Malawi, Africa (706 m), and Baikal, Siberia (1637 m) 

(Herdendorf 1982). With the exception of Great 

Slave Lake, Canada (624 m), glacially scoured lakes 

tend to have maximum water depths of less than 

420 m (Herdendorf 1982). Whereas the majority of 

surface lakes are glacial in origin (75%) (Meybeck 

1995), most (85%) of the deep lakes (>500 m) are 

tectonic in origin (Herdendorf 1982). The steep, 

rectilinear morphology of Lakes Vostok, 90°E, and 

Sovetskaya indicate a tectonic origin (see Figure 7.2 

and Bell et al. 2006). Tectonic control of these basins 

is not indicative of active tectonics or elevated geo-

thermal heat fl ow, but the basin-bounding faults 

may provide conduits of active fl uid fl ow rich in 

dissolved minerals into the lakes (Studinger et al. 

Lake Vostok
Sovetskaya

90°E Lake

Ridge B
100 km

Figure 7.2 MODIS mosaic of Ridge B region including 
the 90°E and Sovetskaya lakes as well as Lake Vostok. 
Geographic north is to the bottom. See Bell et al. (2006) 
for details.
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volumes in subglacial lakes are surprising given 

the fact that rates of subglacial water production 

are 100–1000 times slower than mean effective pre-

cipitation rates on other continents (�0.001 com-

pared with �0.3 m year–1, respectively). This means 

that average water residence time in the subgla-

cial zone of Antarctica is equal to approximately 

1000 years, which is likely a refl ection of the slow 

rates of drainage of liquid water through subglacial 

environments. From other glacial drainage sys-

tems we know that water drainage often involves 

long periods of water accumulation, punctuated 

by dramatic fl ood events, known typically under 

their Icelandic name, jökulhlaups. Such fl oods could 

modulate ice fl ow rates, be signifi cant agents of 

geomorphic change, and may release living organ-

isms and organic carbon from subglacial lakes.

Despite the dearth of information on the sub-

glacial hydrology in Antarctica, there is a growing 

appreciation that the origins and cycling of water in 

these systems plays an important role in continent-

wide hydrological processes. Recently, Gray et al. 
(2005) and Wingham et al. (2006) presented evidence 

for large discharges of water (�0.3 km3, �5 m s–1; and 

�1.8 km3, �50 m s–1, respectively) beneath ice sheets 

occurring over a period of months. These processes 

appear to extend over distances of tens or even 

hundreds of kilometers. Wingham et al. (2006) and 

Fricker et al. (2007) further hypothesized that sub-

glacial basins may be fl ushed periodically. This has 

important ramifi cations for the residence time of 

water and water-circulation patterns in subglacial 

lakes. Mixing and transport processes within lakes 

established by in situ chemical, geothermal, and 

biogeochemical activities, or by pressure melting of 

ice, would be disrupted by the rapid throughput of 

water. Periodic discharges would also alleviate or 

reduce gas pressure build-up from the disassoci-

ation of gas hydrate during the melting of basal 

ice and exchange resident biota between subglacial 

lakes. If these hydrologic processes occur on a large 

scale, solute and microbial redistribution through-

out the subglacial water environment may occur 

frequently. Understanding the parameters that con-

trol subglacial water balances will be a major chal-

lenge for future subglacial environment research.

Evidence is emerging that subglacial lakes may 

also drain catastrophically to the ocean. Lewis 

geophysics, and continent-wide geodetic networks 

can be combined, it is possible to discern whether 

tectonically controlled basins or zones of structural 

weakness are the preferred sites of subglacial lakes 

(SALE 2007). Views of the origins of structures that 

bisect the interior of the East Antarctic continent 

continue to evolve. Further knowledge based on 

high-resolution dating techniques will be needed 

to clarify whether subglacial lakes preferentially 

form along major tectonic boundaries when water 

is available.

7.2.3 Hydrology

For over 30 million years the Antarctic continent 

has had a hydrologic system in which redistri-

bution of atmospheric precipitation is accom-

plished predominantly through fl ow of ice. When 

observed from the surface, Antarctica lives up to its 

reputation as a ‘frozen continent’. However, recent 

scientifi c observations indicate the existence of a 

dynamic subglacial system of liquid-water gener-

ation, storage, and discharge in Antarctica, which 

is similar in some ways to river and lake systems 

on the other continents. Understanding the phys-

ical, chemical, and biological properties of this 

 liquid subglacial water is currently one of the most 

exciting frontiers in Antarctic science and has the 

potential to change our basic understanding of the 

coupling of geological, glaciological, and biological 

processes in Antarctica.

Although the hydrology of certain alpine tem-

perate glaciers have been studied for some time, 

knowledge of sub-ice-sheet hydrology in Antarctica 

is rudimentary. We can put only loose quantitative 

constraints on the dynamics of sources and sinks of 

water beneath the ice. To date, our understanding 

of the topology, geometry, and effi ciency of sub-

glacial drainage networks in Antarctica is based 

mostly on models. We know more about drain-

age channels on Mars than about liquid- water 

fl ow features in Antarctica. Subglacial Antarctic 

lakes provide the most impressive evidence for the 

presence and importance of subglacial water in 

Antarctica. Antarctic lakes may hold over 8% of all 

lacustrine fresh water on Earth, enough to cover 

the whole continent with a uniform water layer 

approximately 1 m deep. These estimates of water 
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melting on the continental scale is  approximately 

2 mm year–1 (Vogel et al. 2003; Llubes et al. 2006).

The combination of relatively abundant fresh 

water associated with fi ne-grained sediments that 

typify the subglacial and basal zones of ice sheets 

may provide an important habitat for life in add-

ition to subglacial lakes. Whereas the total area 

of subglacial lakes is estimated to cover less than 

1% of Antarctica (Dowdeswell and Siegert 1999), 

the zone of saturated sediments is likely to extend 

over most of the continent forming what can be 

considered as our planet’s largest wetland. It is 

unlikely that basal meltwater is confi ned only to 

the pore spaces of glacial sediments immediately 

under lying the ice base (typically 1–10 m; Alley 

et al. 1997). In North America, glacial meltwater 

penetrated the upper 100’s of meters of rocks and 

sediments (e.g. McIntosh and Walter 2005). Even 

making the conservative assumption that basal 

meltwater infi ltrated just the top approximately 

0.1 km beneath the Antarctic ice sheet, the volume of 

subglacial groundwater is likely to fall in the range 

of 104–105 km3 (assuming �10×106 km2 for the area 

and average porosity ranging between 1 and 10%). 

This volume would increase to 106 km3 assuming 

basal meltwater infi ltration of 1 km and a porosity 

of 10%, which is consistent with the formerly gla-

ciated portions of North America (McIntosh and 

Walter 2005). Based on these estimates, the volume 

of subglacial groundwater beneath the Antarctic 

ice sheet would be 100 times greater than that 

estimated for subglacial lakes, an order of magni-

tude greater than all nonpolar surface fresh water 

(e.g. atmosphere, surface streams, and rivers), and 

would account for almost 0.1% of all water on our 

planet (Table 7.1).

Subglacial zones of West Antarctic ice streams 

represent an important example of potential fresh-

water-saturated subglacial wetlands. Their physi-

cal and chemical characteristics have been studied 

 during recent decades through geophysical and 

glaciological investigations (e.g. Alley et al. 1987; 

Tulaczyk et al. 1998; Gray et al. 2005). Existing pre-

dictions of basal melting and freezing rates in the 

drainage basin of Ross ice streams indicate a pre-

dominance of melting in the interior with melting 

rates decreasing downstream. This region has an 

area of approximately 0.8×106 km2 and an average net 

et al. (2006) demonstrated recently that the dra-

matic morphology of the Labyrinth in the Wright 

Valley and the drainages associated with the 

Convoy Range, both located in the McMurdo Dry 

Valleys along the Trans-Antarctic Mountain front, 

may be the result of large fl oods during the mid-

Miocene era. The mid-Miocene was a period when 

the Antarctic climate cooled and the East Antarctic 

Ice Sheet experienced a major expansion, growing 

far beyond its present limits. The ice-free regions of 

southern Victoria Land exhibit extensive bedrock-

channel networks most probably carved during 

catastrophic outbursts of subglacial lakes (Denton 

and Sugden 2005). The sudden and repeated drain-

age of the subglacial lake system through the 

Labyrinth/Convoy regions occurred between 12.4 

and 14.4 million years ago when the East Antarctic 

Ice Sheet was larger and the melting-ice margins 

terminated in the Southern Ocean. During this 

period, a signifi cant addition of freshwater from 

subglacial fl oods (�6000 km3, �2×106 m3 s–1, sea 

level rise �1.6 cm; Lewis et al. 2006) could have trig-

gered alternate modes of ocean circulation within 

the Ross Sea and Southern Ocean (e.g. Mikolajewicz 

1998). The results of recent climate modeling sug-

gest that regional and global climate are sensitive 

to freshwater infl ux into the Ross Embayment. 

This fl ux can alter thermohaline circulation, dis-

rupt deep-water formation, and impact sea-ice 

extent (Mikolaiewicz 1998; Lewis et al. 2006). Such 

changes, if they were rapid, could infl uence climate 

on a global scale.

7.3 Antarctic ice streams: regions of 
dynamic liquid water movement that 
infl uence ice-sheet dynamics

Antarctic subglacial lakes tend to be located in the 

central parts of the ice sheet, where ice becomes 

thick enough to provide suffi cient thermal insu-

lation for the basal thermal regime to melt ice in 

contact with the bedrock. As the ice sheet thins 

towards the edges, increasing basal shear heating 

in zones of fast ice sliding becomes the primary 

mechanism maintaining basal melting (Llubes et al. 
2006). In these fringe regions, basal melting rates 

(>10 mm year–1) may be several times greater than 

in the deep interior (�1 mm year–1). Average basal 
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of both the mineral component and pore water in 

these cores. The subglacial sediment is spatially 

uniform, presumably because it is generated by 

erosion of relatively homogeneous, widespread 

Tertiary glaciomarine sediments (Tulaczyk et al. 
1998). This material contains many unstable min-

erals, which are susceptible to chemical weather-

ing, such as pyrite and hornblende. The sediments 

are saturated by fresh water (dissolved solids 

<0.5 g l–1), contain approximately 0.2% (by weight) 

of organic carbon, and contain ions that can act as 

redox couples capable of supporting chemotrophic 

life (Vogel et al. 2003).

7.4 Subglacial environments as 
habitats for life and reservoirs of 
organic carbon

As discussed in previous sections of this chapter, 

there is a diverse range of subglacial environments 

on our planet ranging from the relatively small 

liquid-water habitats that exist beneath polar and 

temperate glaciers to the systems we now know are 

present beneath the Antarctic ice sheet. Life in all of 

these must proceed without immediate input from 

the atmosphere and in the absence of light. Space 

constraints do not allow us to discuss all of these 

environments in detail so we have chosen to focus 

on what is known about Lake Vostok, the largest 

subglacial lake, located beneath the East Antarctic 

Ice Sheet.

7.4.1 Lake Vostok

Much attention is currently focused on the excit-

ing possibility that the subglacial environments 

of Antarctica may harbor microbial ecosystems 

under thousands of meters of ice, which have been 

isolated from the atmosphere for as long as the 

contin ent has been glaciated (20–25 million years, 

Naish et al. 2001). The discovery during the early 

1970s and subsequent inventory of subglacial lakes 

in Antarctica (Kapitsa et al. 1996; Siegert et al. 1996) 

rarely mentioned their biological potential until 

Priscu et al. (1999) and Karl et al. (1999) showed the 

presence, diversity, and metabolic potential of bac-

teria in frozen lakewater (accreted ice) overlying the 

liquid waters of Lake Vostok. Owing to  differences 

melting rate of about 3 mm year–1 (�2.5 km3 year–1) 

(Joughlin et al. 2004).

Recent observations indicate the presence 

of small subglacial lakes (�5–10 km diameter) 

beneath ice streams that exchange water at rates 

of  approximately 100 m3 s–1 (Gray et al. 2005). These 

fi ndings imply the presence of a highly dynamic 

subglacial water drainage system, which is con-

sistent with borehole observations of temporally 

(and spatially) variable subglacial water pressure 

(Engelhardt and Kamb 1997). A borehole camera 

deployed on one of the ice streams revealed the 

presence of an approximately 1.6-m-deep cavity of 

liquid water, which may be part of a more wide-

spread water-drainage system. In the same area, 

the camera imaged an approximately 10–15-m 

layer of refrozen water, which possesses a record 

of changes in subglacial hydrology over time scales 

ranging between decades and millennia (Vogel 

et al. 2005). In addition to basal water fl ow, the sub-

glacial sediments themselves experience deform-

ation and horizontal transport, associated with fast 

ice fl ow (Alley et al. 1987; Tulaczyk et al. 2001).

Samples collected from the subglacial environ-

ment beneath the West Antarctic ice streams have 

revealed the widespread presence of porous sub-

glacial till (Tulaczyk et al. 2000a, 2000b). Subglacial 

core samples recovered from dozens of locations on 

three different ice streams permitted  investigation 

Table 7.1 The major water reservoirs on Earth. Data for the polar 
ice sheets and Antarctic groundwater are shown in bold. Compiled 
from Wetzel (2001) and Gleick (1996). Antarctic groundwater 
volume assumes a surface area of 10 × 106 km2, depth of 1 km, and 
porosity of 10% (see text for details).

Reservoir Volume 
(km3×106)

Percentage 
of total

Oceans 1370 96.94
Antarctic ice sheet 30 2.12
Groundwater 9.5 0.67
Greenland Ice Sheet 2.6 0.18
Antarctic ‘groundwater’ 1 0.07
Lakes 0.125 0.009
Soil moisture 0.065 0.005
Atmosphere 0.013 0.001
Antarctic subglacial lakes 0.010 0.001
Streams and rivers 0.0017 0.0001
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Sequence data obtained from DNA encoding 

for small-subunit ribosomal RNA (16 S rDNA) 

revealed phylotypes that were most closely 

related to extant members of the alpha-, beta-, and 

 gamma-Proteobacteria, Firmicutes, Bacteroidetes, 

and Actinobacteria. If the accreted ice microbes 

are representative of the lake microbiota, these 

data imply that microbes within Lake Vostok do 

not represent an evolutionarily distinct subglacial 

biota (Christner et al. 2008). The time scale of iso-

lation within Lake Vostok (>15 × 106 years) is not 

long in terms of prokaryotic evolution compared 

with their 3.7 × 109-year history on Earth, and 

studies of species divergence of other prokaryo-

tes have shown that species-level divergence may 

take approximately 100 million years (Lawrence 

and Ochman 1998). However, other mechanisms 

in the pressure melting point caused by the tilted 

ice ceiling, lakewater refreezes (accretes) at the base 

of the ice sheet in the central and southern regions 

of Lake Vostok, removing water from the lake 

(e.g. Studinger et al. 2004). Hence, constituents in 

the accretion ice should refl ect those in the actual 

lakewater in a proportion equal to the partitioning 

that occurs when water freezes (Priscu et al. 1999; 

Siegert et al. 2001; Christner et al. 2006).

Profi les of prokaryotic cell abundance through 

the entire Vostok core reveal a 2–7-fold higher cell 

density in accretion ice than the overlying glacial 

ice, implying that Lake Vostok is a source of bac-

terial carbon beneath the ice sheet (Figure 7.3). 

Cell densities ranged from 34 to 380 cells ml–1 in 

the glacial ice between 171 and 3537 m and the 

concentration of total particles of more than 1 µm 

ranged from 4000 to 12 000 particles ml–1, much 

(30–50%) of which was organic in origin (Royston-

Bishop et al. 2005; Priscu et al. 2006; Christner et al. 
2008). A 6-fold increase in bacterial cell density was 

detected in samples of ice core from depths of 3540 

and 3572 m where glacial ice transitions to accre-

tion ice. Measurements of membrane integrity 

indicated that that the majority of cells were viable 

in both the glacial and accretion ice (Christner et al. 
2006). The accretion ice below 3572 m contained 

fewer particles than glacial ice and the deepest 

accretion ice (3622 m) had the lowest number of 

total par ticles of all accretion-ice samples. Bacterial 

density followed the same trend as the density 

of mineral particles within the ice core (Royston-

Bishop et al. 2005). These results, in concert with 

geophysical data from the lake basin led Christner 

et al. (2006) to contend that a shallow embayment 

located in the southwestern portion of the lake 

supports higher densities of bacteria than the lake 

proper. Christner et al. (2006), using partitioning 

coeffi cients obtained from lakes in the McMurdo 

Dry Valleys (see also Priscu et al. 1999), estimated 

that the number of bacteria in the surface waters of 

the shallow embayment and the lake proper should 

be approximately 460 and 150 cells ml–1, respec-

tively. These concentrations are much lower than 

those found in the permanently ice-covered lakes 

in the McMurdo Dry Valleys (�105 ml–1; Takacs and 

Priscu 1998), indicating that Lake Vostok is a rela-

tively unproductive system.
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Figure 7.3 Vertical profi le of bacterial cell density in the Vostok 
ice core. The horizontal dashed line denotes the transition from 
glacial ice to accretion ice. Cell density was determined on 
melted ice treated with the DNA stain SYBR Gold and counted by 
epifl uorescence microscopy. Modifi ed from Christner et al. (2006).
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that exist in public databases. In addition to the 

data of Bulat et al. (2004), suggesting the presence 

of thermophiles that may use hydrogen for energy 

and carbon dioxide as a carbon source, several of 

the phylotypes reported by Christner et al. (2006) 

are most closely related to aerobic and anaerobic 

species of bacteria with metabolisms dedicated to 

iron and sulphur respiration or oxidation. This 

similarity implies that these metals play a role in 

the bioenergetics of microorganisms that occur 

in Lake Vostok. As cautioned by Christner et al. 
(2006), these metabolic estimates were made on 

relatively distant phylogenetic relationships (<95% 

identity); hence, these conclusions remain tenta-

tive until the organisms are characterized physio-

logically. Given this caveat, Figure 7.4 shows the 

possible chemoautotrophic metabolic pathways 

that may occur in Lake Vostok. Importantly, the 

substrates involved can be supplied to the lake 

by physical glacial processes and do not require 

geothermal input. These pathways could sup-

ply organic carbon and support heterotrophic 

metabolisms that use O2, NO3
−, SO4

2−, S0, or Fe2+ as 

 electron  acceptors.

of genetic change (such as recombination) could 

allow more rapid alteration of organism pheno-

type allowing for adaptation to conditions within 

Lake Vostok (Page and Holmes 1998), which would 

not be refl ected in evolutionary changes in the 16 S 

rRNA gene. An alternative scenario is that glacial 

meltwater entering the lake forms a lens overly-

ing the Vostok water column. If so, the microbes 

discovered within accretion ice would likely have 

spent little time in the lake water itself (few, if any, 

cell divisions occurring) before being frozen into 

the accretion ice. The microbes within the main 

body of the lake below such a freshwater lens may 

have originated primarily from basal  sediments 

and rocks and, if so, their period of isolation may 

be adequate for signifi cant evolutionary divergence, 

particularly given the potential selection pressures 

that exist within subglacial environments. PCR-

based analyses of the microbial diversity in Lake 

Vostok accretion ice based on 16 S rRNA genes 

(Christner et al. 2001; Bulat et al. 2004) has revealed 

two phylotypes closely related to thermophilic 

bacteria. One of them is related to a facultative 

chemolithoautotroph identifi ed previously in hot 

springs and capable of obtaining energy by oxi-

dizing hydrogen sulphide at reduced oxygen ten-

sion. Evidence for the presence of hydrothermal 

input is supported by the recent interpretation of 

He3/He4 data from accretion ice (Petit et al. 2005), 

which implies that there may be extensive fault-

ing beneath Lake Vostok, which could introduce 

geochemical energy sources to the southern part 

of the lake. If this emerging picture is correct, 

Lake Vostok could harbor a unique assemblage of 

organisms fueled by chemical energy. Although it 

seems inevitable that viable microorganisms from 

the overlying glacial ice, and in sediment scoured 

from bedrock adjacent to the lake, are regularly 

seeded into the lake, the question remains of 

whether these or pre-existing microorganisms 

have established an ecosystem in Lake Vostok. If 

a microbial ecosystem were found to exist within 

the water or sediment of these subsurface environ-

ments, it would be one of the most extreme and 

unusual ecosystems on Earth.

The 16 S rRNA gene sequence data from the 

Vostok accretion ice allow comparisons to be made 

with physiologically well-characterized organisms 

Chemoautotrophic (i.e. CO2-based) microbial system.....

Fe2+

Fe3+ FeS

FeS2 + H2

H2S

SO4
2–

S0
Aerobic

Anaerobic

.....supplying organic C for use by heterotrophs:
      (CH2O)n + Xoxidized →CO2 + Xreduced
Where Xoxidized may be O2, NO3

–, SO4
2–, S0, Fe3+

Figure 7.4 Diagram showing the potential biogeochemical 
pathways that may be important in the surface waters of Lake 
Vostok based on 16 S rDNA sequence data. This pathway involves 
chemoautotrophic fi xation of carbon dioxide using iron and sulphur 
as both electron donors and electron acceptors. The pathway 
also shows the potential transformations that may occur across 
an aerobic/anaerobic boundary (the sequence data revealed 
the presence of both aerobic and anaerobic bacteria). Organic 
carbon produced by chemoautotrophic metabolism could then fuel 
heterotrophic metabolism within the lake.
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there is an emerging view (discussed previously in 

this chapter) that many of the lakes are connected 

by advective fl ow, which could disperse gene pools 

within and perhaps across watersheds. The balance 

between growth rates and rates of advection must 

be known before subglacial biogeography can be 

understood. We must further know if the micro-

organisms within the subglacial environments 

were derived solely from the overlying glacial ice 

or from the sedimentary environment underlying 

the ice sheet. This has important implications for 

the evolutionary times scales involved. If derived 

from the overlying ice sheet, the organisms would 

only have about 1 million years to evolve, a time 

scale that is highly unlikely to lead to evolution, 

particularly at the slow growth rates expected. If 

the organisms were derived from the sediment 

environment, their lineages could have evolved 

over perhaps 30 million years, which approximates 

the time when the fi rst major glaciations were 

thought to have occurred in Antarctica.

Before we can understand unequivocally the 

biology and selection pressures within subglacial 

7.4.2 Microbial ecology of icy environments

A major question that arises in the study of sub-

glacial and other icy environments concerns the 

role of microorganisms in terms of ecosystem 

structure and function. Stated more succinctly: 

are the organisms we observe ‘freeloaders’ or are 

they actively involved in ecosystem processes? If 

the latter, we would expect to observe distinct bio-

geographical distributions of organisms within icy 

environments, much like those observed in cyano-

bacteria in hot springs (Papke and Ward 2004). 

Microbiological surveys of icy environments have 

identifi ed common bacterial genera from global 

locations (e.g. Priscu and Christner 2004; Christner 

et al. 2008). We have used data from these surveys 

to show that more than 60% of these isolates group 

into only six genera (Figure 7.5), implying that icy 

habitats are indeed selecting for specifi c groups of 

microorganisms and that these organisms may be 

actively growing within icy environments. Caution 

should be taken when applying the results sum-

marized in Figure 7.5 to subglacial lakes because 
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Figure 7.5 The most frequently recovered genera from glacial ice and subglacial environments based on the phylogeny of the 16 S rRNA 
molecule . The various source environments in which these genera have been documented are quite diverse and share little in common except 
that all are permanently frozen. See Priscu and Christner (2004) and Christner et al. (2008) for details.
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to overlying glacial ice due to the exclusion of gas 

during refreezing (Jouzel et al. 1999). This exclusion 

would lead to increased dissolved gas concentra-

tions in Lake Vostok (Lipenkov and Istomin 2001; 

McKay et al. 2003). Dissolved oxygen concentrations 

are predicted to be as much as 50 times higher than 

air-equilibrated water (McKay et al. 2003). Within 

400 000 years (�29 residence times), gas concentra-

tions in the lake are predicted to reach levels that 

favor the formation of air hydrate. Air hydrate 

formed in the lake would fl oat to the surface of the 

lake if formed from air or sink if it contains more 

than 10% carbon dioxide. The estimates of Lake 

Vostok water dissolved oxygen concentrations do 

not consider the effects of biological removal proc-

esses or hydrologic recharge (McKay et al. 2003). 

High oxygen levels can react with intracellular 

molecules to produce superoxides and hydrogen 

peroxide, the latter of which can generate free rad-

icals following the reaction with certain intracel-

lular metals (e.g. iron). These strong oxidants can 

degrade macromolecules and damage membranes. 

To combat the effects of these oxidants, we would 

expect the microorganisms within the lakes to 

contain antioxidants and other detoxifying agents 

such as superoxide dismutase and catalase.

Dissolved organic carbon (DOC) plays a key role 

in ecosystem carbon cycling owing to its role as an 

energy and carbon source for heterotrophic organ-

isms. DOC concentrations in Lake Vostok accretion 

ice are low (<70 µM; Christner et al. 2006), implying 

that DOC concentrations in surface lake waters are 

low as well. Priscu et al. (1999) and Christner et al. 
(2006), using partitioning coeffi cients of DOC from 

McMurdo Dry Valley lakes, estimated DOC levels 

in the surface waters of Lake Vostok between 86 

and 100 µM (160 µM for the shallow embayment). 

Although these DOC levels can support hetero-

trophic growth, molecular evidence from Lake 

Vostok accretion ice implies that carbon dioxide 

fi xation by chemolithoautotrophs may also be an 

important source of new organic carbon in Lake 

Vostok (Christner et al. 2006). The new carbon pro-

duced by this process can then provide a substrate 

to support heterotrophic activity.

One must also consider the sediments that exist 

within subglacial environments in any discussion 

of metabolic activity, and distribution and  evolution 

environments, the habitat must be defi ned precisely. 

For example, most of what we know about Lake 

Vostok comes from accretion ice, which formed 

from near-surface lake water. Physical limnology 

models that assess water circulation in Lake Vostok 

have been reviewed recently by Siegert et al. (2005). 

Lake Vostok circulation is predicted to be a conse-

quence of differences in the pressure melting point 

between the north and south ends of the lake. In a 

freshwater (i.e. low ionic strength) lake, geothermal 

heating will warm bottom waters to a temperature 

higher than that of the upper layers. The water 

density will decrease with increasing temperature, 

resulting in an unstable water column leading to 

convective circulation where cold meltwater sinks 

and water warmed by geothermal heat ascends. 

Conversely, if the lake is slightly saline, the fresh 

glacier meltwater will be buoyant relative to bulk 

lake water, and the northern meltwater would 

spread southward and upward. If the horizontal 

salinity gradient is great enough to compensate 

for geothermal warming, water would move into 

regions of progressively lower pressure, displacing 

lake water in the south. The cold northern water 

would eventually refreeze onto the ice sheet base 

some distance from where it fi rst melted. In this 

case, a conveyor of fresh cool meltwater would 

migrate from north to south beneath the ice sheet, 

causing displacement of warmer dense lake water 

from the south to the north. If the lakes are verti-

cally chemically stratifi ed, an upper layer of cold 

fresh water can circulate over a deep layer of warm 

saline water. The heat in the deep saline water may 

originate from biogenic processes as well as geo-

thermal heating.

Air hydrate (a naturally occurring solid com-

posed of crystallized water (ice) molecules, forming 

a rigid lattice of cages (a clathrate) with most of the 

cages containing a molecule of air) is suspected of 

playing a role in establishing the physical, chemical, 

and biological characteristics of subglacial lakes. 

Atmospheric air, captured in ice sheets, occurs 

exclusively as gas hydrate at an ice thickness of a 

few kilometers (Hondoh 1996). In large subglacial 

lakes, such as Lake Vostok, with a geometry that 

favors the establishment of a melt–freeze cycle, the 

melting of the ice sheet would release air hydrate 

to the water. Accretion ice is nearly gas-free relative 
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samples with SYTO 60, a DNA-binding fl uorescent 

dye) ranged from 2.1×10–2 to 1.6×105 ml–1, with the 

highest levels at 94 m, the depth with the highest 

abiotic particle density. Although these data from 

the West Antarctic Ice Sheet site represent only 

the near-surface ice, they do imply that biotic and 

abiotic particle densities at the West Antarctic Ice 

Sheet site are higher than in the Vostok core col-

lected from the East Antarctic Ice Sheet (Christner 

et al. 2006). These ice entombed bacteria will even-

tually be released to the subglacial environment 

following a period of transit (hundreds of thou-

sands of years). Owing to the large volume of 

Antarctic glacial ice (see Table 7.1), these ice-bound 

bacteria may represent an important reservoir of 

global organic carbon. Priscu and Christner (2004) 

fi rst estimated the organic carbon reservoirs asso-

ciated with the Antarctic ice sheet and associated 

of microorganisms. Sediments have been shown to 

be hotspots for biological diversity and activity in 

most surface lakes on our planet, and they should 

have a signifi cant role in all subglacial microbial 

processes. Lake sediments are generally organic, 

nutrient-rich, and support a wide range of reduc-

tion/oxidation conditions over relatively small 

spatial scales (e.g. Wetzel 2001). Consequently, 

sedimentary habitats can support diverse meta-

bolic lifestyles. Data from Lake Bonney (McMurdo 

Dry Valleys) show that sediment bacterial diver-

sity and metabolic activity exceed those in the 

overlying water column (J.C. Priscu, unpublished 

results), and preliminary data from the subglacial 

sediment environment beneath the ice streams 

of West Antarctica reveal that microbial density 

exceeds 107 cells g sediment–1 (B. Lanoil, unpub-

lished results). Biogeochemical transformations 

produce chemical gradients within the sediments, 

which affect the properties of the overlying water 

column. For example, organisms utilizing oxygen 

as a terminal electron acceptor can produce anoxic 

or suboxic conditions within the sediments and 

the lower portion of the water column. Sediment 

biogeochemistry can also produce compounds (e.g. 

CH4, H2S, NH4
+, PO4

3−) that diffuse into the water 

column, supplying redox couples and nutrients to 

water column bacteria. As with surface lakes, sedi-

ments in subglacial lakes should play an import ant 

role in the lake ecosystem.

7.4.3 Subglacial environments as reservoirs 
of organic carbon

Snowfall typically accumulates on the Antarctic ice 

sheets at a rate of 2–10 cm year–1 (accumulation of 

�22 cm year–1 can occur near ice divides (e.g. www.

waisdivide.unh.edu/) and carries with it a record 

of gases, ions, and particles present in the atmos-

phere at the time of snowfall (e.g. Priscu et al. 2006). 

An initial analysis of particle data collected with a 

fl ow cytometer from 70 to 130 m (which represents 

�1000 years of accumulation) at an ice divide in the 

West Antarctic Ice Sheet revealed total densities 

ranging from 2×104 to 1×107 particles ml–1, with the 

highest densities occurring 94 m beneath the sur-

face (Figure 7.6). Concentrations of bacterial-sized 

particles containing DNA (determined by staining 
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Figure 7.6 Vertical profi les of biotic and abiotic particles in the 
30–130-m (below the surface) glacial ice from the West Antarctic 
Ice Sheet divide core site. The data were obtained on melted 
samples processed with a fl ow cytometer. Biotic particles were 
determined by particle fl uorescence following application of the 
DNA stain SYTO 60.
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Table 7.2 Summary of the prokaryotic cell number, prokaryotic carbon (Cell carbon), and dissolved organic carbon (DOC) computed for Antarctic subglacial lakes, the ice sheet, and the 
subglacial aquifer. Carbon concentrations are in Petagrams (1015 g). Global estimates of cell number in freshwater lakes and rivers, the open ocean, the terrestrial subsurface and soils are from 
Whitman et al. (1998; Tables 1 and 5). Global cellular carbon reservoirs for the terrestrial subsurface and soils are also from Whitman et al. (1998); a carbon content of 11 fg C cell−1 was used 
to obtain the carbon reservoirs in the freshwater lakes and rivers, and open ocean. DOC estimates for fresh waters, the open ocean, and the terrestrial subsurface assume average values of 
2.2, 0.5, and 0.7 mg l−1 for these systems (Thurman 1985) and volumes of 2.31 × 105, 1.37 × 109, and 6.00 × 107 km3, respectively (Wetzel 2001). Cellular and DOC pools in subglacial lakes were 
estimated using values projected for the main body of Lake Vostok (1.50 × 108 cells m−3 and 1.03 × 103 mg m−3, respectively (Christner et al. 2006), in concert with the volume for all subglacial 
lakes of 10 000 km3 (Dowdeswell and Siegert 1999). Cellular and DOC data from ice cores collected below Vostok Station (Christner et al. 2006) were depth-weighted to yield average values of 
1.34 × 108 cells m−3 and 3.09 × 102 mg m−3. These values were used with an ice-sheet volume of 3.01 × 107 km3 (IPCC 1995) to compute the cellular reservoirs within the ice sheet. A subglacial 
aquifer volume of 107 km3 was computed assuming that depth equals 1 km and surface area equals 1.0 × 107 km2. The aquifer volume was used with a cellular density obtained from samples 
collected beneath the Kamb Ice Stream (2 × 107 cells g−1) and a sediment density of 2 g cm−3 to compute the number of total cells in the aquifer (B. Lanoil, unpublished results). The method used 
to determine cellular abundance includes cells attached to sediment particles and those residing within the pore waters. Hence, our results provide a bulk estimate of cells within the entire 
aquifer, not just the pore water. The DOC reservoir in subglacial groundwater was computed using a subglacial aquifer porosity of 10% and an average value for groundwater DOC of 700 mg m−3 
(Thurman 1985; assuming all DOC is in pore water). Cellular carbon in all Antarctic habitats was computed using a conversion factor of 11 fg C cell−1, determined for bacteria from a permanently 
ice-covered lake in the McMurdo Dry Valleys, Antarctica (Takacs and Priscu 1998). NA, not computed owing to the large variation in published values.

Antarctica Greenland Both poles Global

Lakes Ice sheet Subglacial 
aquifer

Total Ice sheet Lakes, ice sheet 
and subglacial 
water 

Fresh water Open ocean Terrestrial 
subsurface

Soils

Cell number 1.50 (×1021) 4.03 (×1024) 4.00 (×1029) 4.00 (×1029) 3.51 (×1023) 4.00 (×1029) 1.31 (×1026) 1.20 (×1029) 2.50 (×1030) 2.60 (×1029)
Cell carbon (Pg) 1.65 (×10−8) 4.43 (×10−5) 4.40 (×100) 4.40 (×100) 3.86 (×10−6) 4.40 (×100) 1.44 (×10−3) 1.32 (×100) 2.15 (×102) 2.60 (×101)
DOC (Pg) 1.03 (×10−2) 9.29 (×100) 7.00 (×10−1) 1.00 (×101) 9.50 (×10−1) 1.10 (×101) 5.08 (×10−1) 6.85 (×102) 4.20 (×101) NA
Cell carbon+DOC (Pg) 1.03 (×10−2) 9.29 (×100) 5.10 (×100) 1.44 (×101) 9.50 (×10−1) 1.54 (×101) 5.10 (×10−1) 6.86 (×102) 2.57 (×102) NA
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Outline

Polar aquatic ecosystems are excellent laboratories for biogeochemical research. The polar regions are 

among the least modifi ed by human activities, so there are opportunities to study biogeochemical proc-

esses in the absence of overwhelming anthropogenic infl uences. In addition, there are abundant freshwater 

ecosystems in which comparative or experimental work can be conducted, and increasing evidence for 

environmental change is driving a rapid expansion in polar research. Extensive surveys of lake chemistry 

now exist, and in this chapter we draw upon these data to summarize the biogeochemical composition 

of polar lakes, and to illustrate the growing potential for cross-system comparisons. We describe the gen-

eral features of biogeochemical cycles in polar aquatic environments, and the important and sometimes 

unique controls over biogeochemical processes. In addition we briefl y address key studies, new literature, 

expanding areas of research, and geochemical linkages in polar systems. Finally, we end the review with 

an analysis of climate change scenarios for the Arctic and Antarctic.

for lake ice and lesser the amount of terrestrial 

organic soils and vegetation. All of these factors 

serve to reduce the infl uence of terrestrial biogeo-

chemistry. For example, the McMurdo Dry Valley 

aquatic systems at 78°S sustain stream fl ows from 4 

to 10 weeks per year (Plate 6) , have perennial lake 

ice covers (Plate 4), and are little affected by inputs 

of terrestrial organic carbon.

Antarctic ecosystems have been termed ‘unique 

and sensitive’, containing organisms with an 

‘extremely high level of adaptation to the most 

drastic abiotic conditions on Earth’ (Grémillet and 

LeMaho, 2003). Laybourn-Parry (2003) has pointed 

out that both polar regions contain lakes of vari-

ous depths, sizes, and salinities, but that hypersa-

line systems are more common in the Antarctic. 

Antarctica also has a much greater number of 

epishelf lakes, freshwater lakes sitting on sea 

water, which thereby have direct contact with the 

ocean (Laybourn-Parry 2003). Many permanently 

8.1 Introduction

There has been little attempt in the past to compare 

and contrast Arctic and Antarctic aquatic systems, 

let alone their biogeochemistries. There are simi-

larities as well as differences in aquatic environ-

ments between the two polar regions (Grémillet 

and LeMaho 2003; Laybourn-Parry 2003; see also 

Chapter 1 in this volume). Both are dominated by 

cryospheric processes and have common tempera-

ture, radiation, and humidity regimes (Laybourn-

Parry 2003; Pienitz et al. 2004), whereas differences 

include the period of melt and, hence fl ow, in 

streams and the amount and type of lake ice cover 

(Doran et al. 1997). Variations in the quality and 

quantity of landscape vegetation also greatly 

infl uence biogeochemical cycles and processes in 

these high-latitude aquatic environments (Lyons 

et al. 2001). In general, the higher the latitude, the 

shorter the melt and fl ow cycle, the longer period 

CHAPTER 8

Biogeochemical processes in 
high-latitude lakes and rivers
W. Berry Lyons and Jacques C. Finlay
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systems, some thought to be Pleistocene in age, to 

epishelf lakes formed in marine embayments or 

dammed by ice shelves, to epiglacial lakes formed 

against melting glaciers (Laybourn-Parry 2003; 

Hodgson et al. 2004). A similarly wide diversity of 

Arctic lakes exists, with additional infl uences of 

thermokarst (permafrost thaw), glacial scour, and 

wind action on lake formation (see Chapter 2 for 

further details on lake formation). The diversity of 

age and hydrology of these different types of lakes 

lead to large  variations in physical, chemical, and 

biological processes.

Polar lakes exist and have been investigated 

over a broad range of latitudes, from lakes on 

Signy Island at 60°S to Lake Wilson at 80°S in the 

Antarctic, and from thaw lakes on discontinuous 

permafrost at 55°N (Plates 8 and 9) to Ward Hunt 

Lake at 83°N in the Arctic (Plate 4) . This latitu dinal 

span in each polar region corresponds to large 

variations in melt season, ice-cover duration, and 

landscape vegetation. Other important differences 

among the Antarctic lake and stream systems are 

the infl uence of past climatic change on the cur-

rent system. This concept of ecological carry over 

or ‘legacy’ is extremely important in controlling 

biogeochemical processes in McMurdo Dry Valley 

aquatic systems. In the Arctic, effects of landscape 

age, geology, permafrost, and vegetation exert 

strong controls over biogeochemical processes and 

composition through effects on weathering, inputs 

of organic matter, and hydrologic processes.

River and stream systems in the Antarctic are 

small by Arctic standards (see Plates 6 and 7). 

The Onyx River, Wright Valley (McMurdo Dry 

Valleys) and the Algae River, Bunger Hills being 

the longest rivers on the continent at 28 and 25 km 

in length, respectively. The amount of literature 

on the biogeochemistry of Antarctic lakes is much 

greater than that on Antarctic streams. In contrast, 

the Arctic contains some of Earth’s largest rivers, 

and some large lakes. The amount of literature on 

Arctic rivers is comparable with that on lakes, in 

part because of the great importance of water and 

solute fl uxes to the Arctic Ocean.

The sources of solutes, gases, and solids to the 

streams and lakes in the Antarctic are infl uenced by 

similar processes: seasonality and source of melt, ice 

cover, landscape vegetation,  groundwater–surface 

ice-covered lakes exist in the Antarctic, includ-

ing the McMurdo Dry Valley lakes, Beaver Lake 

(MacRobertson Land), and Untersee (Queen Maud 

Land), where detailed limnological investigations 

have taken place. There are also lakes that are fro-

zen to the bottom or almost so where hypersaline 

brines exist under more than 10 m of ice (Doran 

et al. 2003). Small lakes and ponds are also abun-

dant in the ice-free regions of Antarctica and in 

the McMurdo Dry Valley region their biogeochem-

istries have been extensively documented (Healy 

et al. 2006). In addition to these ‘surface’ lakes and 

ponds, over 100 subglacial lakes of various depths 

and sizes occur beneath the Antarctic ice sheets 

(Siegert 2005; Plate 1).

Some of these features important to Antarctic 

lakes also infl uence the coldest Arctic lakes. For 

example, permanent ice cover may be found in 

lakes of northern Canada and Greenland;  relict 

sea water is present in some lakes, resulting in 

meromictic conditions (Van Hove et al. 2006); 

evaporative concentration is a signifi cant factor in 

biogeochemical composition of some Greenland 

lakes (Anderson et al. 2001). These systems consti-

tute a small percentage of the overall number of 

Arctic lakes, however. Instead, the diversity of bio-

geochemical characteristics in Arctic lakes is more 

strongly linked to the nature of their contact with 

terrestrial ecosystems, geological heterogen eity, 

and climate. These factors may result in greater 

overall complexity and biogeochemical diversity 

of Arctic aquatic ecosystems compared with their 

Antarctic counterparts (Lyons et al. 2001). Access 

to some parts of the Arctic is comparatively easier, 

however, so there are more long-term and season-

ally representative data-sets available than for 

Antarctica.

Most Antarctic lakes are found around the 

coastal ‘oasis’ of the continent where either glacier 

retreat or isostatic rebound have created ice-free 

regions where water can accumulate (Hodgson 

et al. 2004). In contrast, lakes and permanent  rivers 

are abundant throughout much of the pan-Arctic, 

and hydrological transport and processing of 

elements in freshwater ecosystems play a major 

role in the biogeochemistry of both inland and 

marine waters. A wide diversity of lake types 

exist in the Antarctic, ranging from closed-basin 



B I O G E O C H E M I C A L  P R O C E S S E S    139

described in a number of Antarctic lakes, includ-

ing Lake Bonney, McMurdo Dry Valleys, and 

Beaver Lake, an epishelf lake at 70°48�S, 68°15�E 

(Priscu et al. 1999; Laybourn-Parry et al. 2006), and 

a number of lakes and rivers across the Arctic, 

including Toolik Lake, Alaska, and Char Lake, in 

high Arctic Canada (see Chapter 11).

8.2.1 Inorganic carbon dynamics

Inorganic carbon derived from glacier ice and 

from the atmosphere is a major source of total 

inorganic carbon (ΣCO2; i.e. the sum of CO2, HCO3
− 

and CO3
2−) for the streams and lakes in Antarctica. 

Direct glacier melt into supraglacial lakes can have 

very old ΣCO2 (i.e. low 14C values), whereas stream 

ΣCO2 is usually equilibrated with the atmosphere 

(Takahashi et al. 1999). McMurdo Dry Valley 

streams are supersaturated with respect to atmos-

pheric carbon dioxide and therefore the streams 

are undersaturated with respect to calcium carbon-

ate (Neumann et al. 2001), leading to the potential 

dissolution of carbonate minerals in the stream 

channels and hyporheic zones. Annual fl uxes of 

3 mmol m−2 of CO2 have been measured entering 

Lake Fryxell, McMurdo Dry Valleys, from streams 

(Neumann et al. 2001).

Unlike temperate lakes and, in fact, most other 

polar lakes, the permanent ice covers of the 

McMurdo Dry Valley lakes eliminate phys ical 

mixing and carbon dioxide exchange with the 

atmosphere, therefore greatly restricting the redis-

tribution of ΣCO2 (Neumann et al. 2004). The sur-

face waters of the lakes, however, can be greatly 

depleted, relative to the atmosphere, in carbon 

dioxide, with values as low as 10−4.3 (pCO2) in Lake 

Bonney, McMurdo Dry Valleys. This depletion is 

thought to be due to biological uptake without 

replenishment via the atmosphere due to the ice 

cover (Neumann et al. 2001). Recent work using �13C 

supports the idea that carbon dioxide depletion via 

photosynthesis is a major seasonal occurrence, 

especially in the shallow water regimes where 

abundant benthic mats exist (Lawson et al., 2004). 

A large upward fl ux from aphotic deeper waters 

can provide an important source of carbon diox-

ide for photosynthesis in some lakes (Neumann 

et al. 2001). All the McMurdo Dry Valley lakes have 

water interactions, and legacy effects. Solutes in the 

streams and lakes come from a number of sources 

including glacier/snowmelt dominated by marine 

aerosols, chemical weathering in the stream chan-

nels and hyporheic zones, and in some cases rem-

nant sea water (e.g. Green et al. 2005). The quantity 

and quality of the solute input varies with land-

scape position, elevation, and proximity to the 

ocean. Stream gradient has an important infl u-

ence on hyporheic exchange and hence chemical 

weathering and nutrient dynamics (Gooseff et al. 
2002) (see Chapter 5). Supraglacial processes can 

also greatly infl uence stream and lake chemistry 

through particle dissolution and/or biochemical 

reactions. Gas geochemistry in the lakes is con-

trolled in great part by the extent and duration 

of the ice cover with extreme supersaturations of 

oxygen, nitrogen, argon, neon, and helium occur-

ring in the permanently ice-covered lakes due to 

lack of atmospheric exchange (e.g. Craig et al. 1992). 

Legacy effects, such as the past cryocentration of 

lake waters during cooler, drier climatic regimes 

when ice covers were actually lost for relatively 

long periods of time, can also have great signifi -

cance in the overall biogeochemical dynamics of 

Antarctic lakes (Priscu 1995). These episodes of 

drawdown and cryoconcentration of solutes have 

created a number of meromictic lakes with hyper-

saline, anoxic monimolimnia where nutrients are 

highly concentrated. Diffusion of these nutrients 

into the upper, oxic, nutrient-depleted waters is 

extremely important to lake production (Priscu 

1995; Laybourn-Parry 2003), with the development 

of deep chlorophyll maxima (see Chapter 9 in this 

volume). The lack of terrestrial input of organic car-

bon into McMurdo Dry Valley lakes and streams 

and their similar chemical characteristics indi-

cate that the source of this carbon is derived from 

microorganisms only (McKnight et al. 1993).

8.2 Carbon cycle

Studies of carbon cycling are of particular inter-

est because of the environmental sensitivity of 

polar freshwater carbon cycles, and their role in 

responses of terrestrial ecosystems to climate 

change. Surveys of carbon distributions are most 

common, but detailed carbon dynamics have been 
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for carbon transformation and transport in Arctic 

fresh waters. In Siberian lakes, thermokarst activ-

ity increases microbial access to Pleistocene-aged 

carbon, stimulating high rates of methane and car-

bon dioxide release (Walter et al. 2006). Lakes con-

tribute signifi cantly to high-latitude greenhouse 

gas fl uxes, and may represent an important posi-

tive feedback to climate warming.

As for many other solutes in Arctic fresh waters, 

ΣCO2 and methane concentrations and fl uxes are 

seasonally dynamic and challenging to study. For 

example, although HCO3
− concentrations are gen-

erally low due to the presence of permafrost, they 

typically rise during winter in rivers due to inputs 

from groundwater (e.g. Smedberg et al. 2006). 

Carbon dioxide and methane accumulate under ice 

in rivers and lakes, so degassing during ice-out is 

a major factor in annual carbon fl uxes (e.g. Phelps 
et al. 1998). A fi nal example is that fl uxes of  methane 

from lakes can occur largely via ebullition, requir-

ing special sampling methods for accurate meas-

urement (Walter et al. 2006).

Autotrophic production by phytoplankton in 

Arctic fresh waters is strongly nutrient-limited 

and generally low (see Section 8.3 on nutrients, 

below). As a consequence, photosynthetic effects 

on inorganic carbon dynamics are often minimal 

(Kling et al. 1992a; Jonsson et al. 2003) and calcium 

carbonate precipitation is uncommon. Signifi cant 

precipitation has been observed in some areas 

such as shallow coastal lakes of northern Alaska 

and hypersaline lakes near the ice-sheet terminus 

in Greenland (Anderson et al. 2001).

8.2.2 Dissolved organic carbon dynamics

The dissolved organic carbon (DOC) concentra-

tions in Antarctic streams are very low,  ranging 

from 17 to 75 µM in the McMurdo Dry Valley 

streams (McKnight et al. 1993). Glacier ice where the 

meltwater originates has even lower values (≈8 µM; 

Lyons et al. 2007), suggesting that some DOC enter-

ing the lakes is derived from the algal communities 

in the streams. Maximum DOC values in the lakes 

range from 2090 and 2370 µM at depth, respect-

ively, in Lakes Fryxell and Vanda (McMurdo Dry 

Valleys); however, the surface waters of these 

lakes contain less than 25 µM DOC . Maximum 

upper to mid-depth �13C-CO2 maxima, refl ecting 

the preferential biological uptake of 12C, whereas 

only a few have deep waters with negative values 

of �13C, indicating extensive remineralization of 

organic carbon (Neumann et al. 2004).

Green et al. (1988) measured the solubility of cal-

cium carbonate in the McMurdo Dry Valley lakes 

and found that Lakes Hoare, Miers and Joyce are 

supersaturated in the euphotic zone relative to 

calcite, but undersaturated at depth. Lake Fryxell 

was supersaturated throughout the water column. 

These fi ndings suggest that only in Lake Fryxell 

would calcium carbonate derived pelagically be 

preserved in the sediments. The data suggest that 

the shallow, benthic portions of the lakes would 

also preserve calcium carbonate, especially where 

 benthic mats are abundant and photosynthesis 

drives the pH and inorganic carbon system towards 

carbonate precipitation. These ideas are  supported 

by the observation that paleo delta deposits 

throughout Taylor Valley contain both organic 

matter and calcium carbonate. Calcium carbonate 

precipitation has also been documented in some 

of the Vestfold Hills lakes. Organic Lake has both 

monohydrocalcite and aragonite, indicating both 

inorganic and biogenic precipitation of carbonate 

minerals (Bird et al. 1991). The �13C and �18O ana-

lysis of this calcium carbonate indicates that in the 

most recent history of the lake, calcium carbonate 

is primarily derived from inorganic processes, not 

biological activity. On the other hand, the very low 

ionic strength epishelf lakes are extremely under-

saturated with respect to calcium carbonate min-

erals (Doran et al. 2000).

Permafrost and low temperature are also strong 

constraints on weathering in the Arctic, leading to 

low HCO3
− concentrations in many rivers and lakes. 

Dissolved carbon dioxide is also a signifi cant con-

stituent of ΣCO2, but, in contrast to Antarctic fresh 

waters, much of this carbon dioxide is derived from 

mineralization of transported terrestrial organic 

carbon (e.g. Jonsson et al. 2003). Arctic fresh waters 

are almost always net sources of carbon dioxide to 

the atmosphere, so consideration of gaseous as well 

as soluble forms of carbon are important to accur-

ately measure aquatic and terrestrial net ecosystem 

production (Kling et al. 1991). In addition, methane 

production represents another dynamic pathway 
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lakes, carbonate reduction was the pre dominant 

methanogenic pathway. Methane  consumption 

in the anoxic water column of Lake Fryxell 

where sulphate reduction is occurring is a major 

 carbon-processing mechanism in the lake (Smith 

et al. 1993).

DOC is of particular interest in Arctic fresh 

waters because it is often the dominant form of 

carbon, is sensitive to environmental change, is 

associated with transport of nutrients and trace 

elements, and can strongly affect underwater light 

(see Chapter 4). Concentrations of DOC in rivers 

are elevated compared with those of temperate 

 rivers, and highly varied temporally. DOC concen-

trations in lakes are noticeably elevated compared 

with typical values for temperate lakes only in cer-

tain areas (see Table 8.2, below; see Gregory-Eaves 

et al. 2000). A prevalent feature of DOC in northern 

fresh waters is that isotopes and other tracers con-

sistently show a dominant contribution by terres-

trial organic matter (e.g. Neff et al. 2006). Despite 

the overall consistency of terrestrial organic carbon 

sources to Arctic fresh waters, there is substantial 

spatial variation in concentration and composition 

of DOC. Of the many physical and biological fac-

tors that infl uence DOC production and transport, 

effects of temperature appear to be very import-

ant in both laboratory studies and fi eld surveys 

(Frey and Smith 2005). Some of the observed spa-

tial variation may be related to the availability of 

soluble organic compounds associated with terres-

trial vegetation, with greater concentrations gen-

erally found in soils and fresh waters with trees 

and shrubs (e.g. Pienitz et al. 1997). Other factors 

such as soil chemistry and acid deposition (Evans 

et al. 2005) have also been implicated in trends of 

increasing river DOC concentration and fl ux in 

north temperate watersheds but their importance 

in Arctic regions is unknown.

A second prominent feature of DOC in Arctic 

fresh waters is substantial temporal variation. 

Hydrologic fl uxes are dominated by spring snow-

melt for many regions, and these peak fl ows from 

uplands carry a disproportionately high load 

of DOC to rivers and lakes (Finlay et al. 2006). 

Concentrations of DOC and other organic com-

pounds increase with fl ow in many watersheds 

(see Chapter 5). Interestingly, opposite patterns 

water- column values in Beaver Lake were 54 µM 

(Laybourn-Parry et al. 2006). Saline lakes in the 

Vestfold Hills have varying amounts of DOC from 

maximum season values of approximately 58 µM 

in Pendant Lake to values as high as 3330 µM in 

Rookery Lake (Laybourn-Parry et al. 2002). The 

lowest DOC values in these Vestfold Hills lakes 

occur in the late austral summer. This  observation 

along with strong coincidence between DOC con-

centrations and bacterial growth suggests DOC 

consumption. The Signy Island lakes have higher 

DOC concentrations in the austral summer with 

concentrations as high as approximately 100 µM, 

but decrease to undetectable levels in the late aus-

tral winter (Butler 1999).

The major carbon fractions of both autoch-

thonous (derived from biological processes within 

the lake) and allochthonous (derived from outside 

the lake) sources in the McMurdo Dry Valley lakes 

are similar (fulvic and hydrophilic acids), and 

refl ect a similar source of microbially derived com-

ponents (McKnight et al. 1993). The composition 

of minor components of the DOC vary between 

lakes and between their sediments and water col-

umn, however, refl ecting differences in microbial 

communities and lake history. For example, fatty 

acids increase with depth until the anoxic layer in 

Lake Vanda, then decrease down to the sediments 

(Matsumoto 1993). The low-molecular-mass frac-

tion of the DOC pool in the Taylor Valley lakes is 

thought to be labile and an important source of 

bacterial energy (McKnight et al. 1993; Takacs et al. 
2001). Budgetary considerations suggest that in the 

Taylor Valley lakes, bacterial respiration is 1.25–2 

times greater than the DOCsupply, indicating that 

either bulk DOC is being drawn down or that sea-

sonal decomposition of particulate carbon is also a 

major DOC source (Takacs et al. 2001).

Methane production has been observed in 

a number of Antarctic lakes, including Lake 

Fryxell, McMurdo Dry Valleys, Lake Untersee, 

East Antarctica (Smith et al. 1993; Wand et al. 2006), 

and Ace Lake, Vestfold Hills (Coolen et al. 2004). 

Lake Untersee has one of the highest concentra-

tions (≈21.8 mM) ever observed in a natural aquatic 

ecosystem. In Lake Fryxell methane is produced 

only in the sediments, whereas in Lake Untersee, 

water-column production was observed. In both 
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channels and the hyporheic zone but phosphate 

was only lost through the main channel. These 

data imply that organisms associated with the 

hyporheic zone obtain their phosphorus through 

in-situ weathering processes. Recent work in the 

Antarctic maritime indicates that microbes in both 

snowpack and ice-marginal environments can 

take up dissolved inorganic nitrogen and phos-

phate, thereby complicating the snowmelt and 

elution processes (Hodson 2006). It is clear from 

these works and others that the nutrient chem-

istry is modifi ed greatly from melting glaciers 

through the streams into the lakes. Supraglacial 

processes can also impact the nutrient chemistry. 

Recent research in the Taylor Valley aquatic sys-

tem strongly indicates that the C:N:P stoichiom-

etry is modifi ed greatly as water fl ows along the 

hydrological continuum from snow/glacier ice to 

the closed-basin lakes. The biota helps control the 

elemental ratios in these waters, although land-

scape age also has great infl uence (Barrett et al. 
2007). Streams on younger surfaces provide more 

phosphorus relative to nitrogen, and streams with 

high abundances of algal mats have much lower 

N:P water ratios. Thus landscape age and history 

along with the gradient and geomorphology of the 

streams (which in large part help constrain the 

biological complexity of the stream channels and 

hyporheic zones) play an important role in regulat-

ing the nutrient input into the lakes.

Experimental work by Priscu (1995) demon-

strated that in the McMurdo Dry Valleys, Lakes 

Bonney and Lake Vanda are phosphorus-defi -

cient, whereas Lake Fryxell and Lake Hoare are 

nitrogen-defi cient (see Chapter 9). Nitrate, soluble 

reactive phosphate, DOC, reactive silicate, plus 

chloride and sulphate profi les for these four major 

Taylor Valley lakes (McMurdo Dry Valleys) are 

shown in Figure 8.1. The deep-water enrichments 

of dissolved nitrogen and phosphorus in some of 

the McMurdo Dry Valley lakes and other lakes in 

Antarctica are related to legacy events tied to the 

hydrologic and climatic history of these lakes. This 

is defi nitely the case for Lakes Bonney, Fryxell, and 

Vanda (Priscu 1995). These past events show that 

cryoconcentrated solutes can greatly impact nutri-

ent dynamics in the lakes (Laybourn-Parry 2003) 

and may even be related to trace-metal toxicity that 

are observed for low-gradient, wetland watersheds 

(Laudon et al. 2004). DOC exported by rivers dur-

ing snowmelt is of modern age, and more domi-

nated by aromatic compounds compared with 

low-fl ow periods (e.g. Neff et al. 2006). Although 

terrestrial DOC is often recalcitrant in fresh water, 

spring snowmelt mobilization of labile materials 

can lead to relatively rapid metabolism and nutri-

ent cycling despite the prevailing cold tempera-

tures (e.g. Michaelson et al. 1998). Overall, spring 

periods are underrepresented in sampling efforts 

to characterize fl uxes and composition of dissolved 

organic matter (DOM).

8.3 Nutrient cycling

Many Antarctic lakes are oligotrophic or even ultra-

oligotrophic with photosynthesis rates of less than 

2.5 µmol C L−1 day−1. However, there are exceptions, 

such as lakes that have been infl uenced by bird 

rookeries or saline lakes in the Vestfold Hills that 

have been derived from relicit sea water. Antarctic 

lakes vary considerably in their nutrient concentra-

tions and in many cases phosphorus appears to be 

limiting for phytoplankton production (Laybourn-

Parry 2003). Thus nutrient limitation is a major fea-

ture of most Antarctic limnetic systems. Although 

physical factors such as low light and temperature 

are important constraints on production in many 

lakes, nutrient limitation can also be signifi cant. 

Dissolved inorganic nitrogen and phosphate meas-

urements have been made in a vast majority of 

Antarctic lakes, and, where investigated, seasonal 

nutrient cycles occur, with the lowest concentra-

tions occurring from November through the aus-

tral autumn (e.g. Henshaw and Laybourn-Parry 

2002). A number of investigations in the McMurdo 

Dry Valley lakes indicate that nutrients are taken 

up rapidly in streams via algal mats and/or the 

hyporheic zone (Howard-Williams et al. 1986; 

McKnight et al. 2004). Howard-Williams et al. (1986) 

demonstrated great variability in nutrient concen-

trations between streams but also showed that the 

early summer discharge contained higher levels of 

dissolved nitrogen and phosphorus. Canfi eld and 

Green (1985) also showed early-season high fl uxes 

in stream nutrients. McKnight et al. (2004) illus-

trated that nitrate uptake occurred in both stream 
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exceptions include streams draining steep, barren 

ground and discontinuous permafrost watersheds 

(Jones et al. 2005; Schindler et al. 1974) and winter 

basefl ow when NO3
− makes a large contribution to 

nitrogen pools or transport. Elsewhere, dissolved 

inorganic nitrogen (DIN) concentrations are often 

low relative to DON. Dynamics of DON in Arctic 

fresh waters are similar to those of DOC in many 

respects, including peak lability, concentration, 

and fl ux during spring snowmelt (Stepanaukas 

et al. 2000).

Low DIN concentrations may account for the 

evidence for nitrogen limitation of  phytoplankton 

is thought to exist in the east lobe of Lake Bonney 

(Ward et al. 2003).

As in the Antarctic region, Arctic lakes are gen-

erally highly oligotrophic, leading to low rates of 

planktonic biomass (Table 8.1) and primary pro-

duction. As a consequence, production in Arctic 

lakes is often dominated by benthic algae, so fac-

tors such as light limitation are also important in 

 regulating primary production and nutrient uptake 

(e.g. Bonilla et al. 2005).

Nitrogen in Arctic streams and lakes is often 

overwhelmingly dominated by dissolved organic 

nitrogen (DON) (Dittmar and Kattner 2003). Some 
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can also exert strong effects on phosphorus 

 availability. Surfi cial sediments are usually oxic in 

Arctic lakes, and have a large capacity to bind PO4 

(Whalen and Cornwell 1985). Thus these lakes may 

recovery rapidly from pulsed phosphorus inputs 

(O’Brien et al. 2005).

Other nutrients have generally received less 

 attention in both Arctic and Antarctic regions. 

Relatively little systematic research has been 

done on silicate dynamics in Antarctic lakes. The 

one investigation suggests that there is little bio-

logical control on silicate concentrations due in 

part because of the low numbers of diatoms in the 

water column (Figure 8.1). Thermodynamic calcu-

lations using data from the McMurdo Dry Valley 

lakes indicate that amorphous or biogenic SiO2 is 

undersaturated in all the lakes except for the deep 

waters of the east lobe of Lake Bonney. This sug-

gests that any SiO2�H2O produced in the water col-

umn, such as diatom debris, should dissolve (Lyons 

et al. 1988). Diatoms are much more abundant in the 

stream and lake algal mats.

Sulphate reduction in both the anoxic hypolim-

nia and sediments occurs in many Antarctic lakes, 

especially the ones with strong chemoclines such as 

Lakes Fryxell, Vanda, and Hoare (Green et al. 1988), 

in the McMurdo Dry Valleys, Lake Untersee, and 

in many of the relicit sea-water lakes of the Vestfold 

Hills (Franzmann et al. 1988). Sulphur-oxidizing 

bacteria have been recently documented in Lake 

Fryxell, suggesting a complex sulphur cycle in the 

lake (Figure 8.1). The identifi ed bacteria are chemo-

lithotrophs and exist in both the oxic and anoxic 

portions of the lake (Sattley and Madigan 2006), 

growth in some Arctic lakes (e.g. Levine and 

Whalen 2001; Bergstrom et al. 2005). Less work has 

been done in rivers, which generally show high 

dissolved N:P, possibly indicating more consistent 

phosphorus defi ciency. Even where phos phorus 

limitation is documented, demand for DIN is often 

relatively high (Wollheim et al. 2001), and colimi-

tation by nitrogen and phosphorus is common 

(e.g. Bowden et al. 1992; Levine and Whalen 2001). 

Nitrogen-limited primary production is somewhat 

of a paradox considering the large terrestrial pools 

of nitrogen in soils of surrounding watersheds. 

Despite these large nitrogen pools, slow rates of 

decomposition and nitrogen mineralization on 

land lead to limited availability of DIN for terres-

trial plants. Strong terrestrial demand for DIN cou-

pled with low rates of atmospheric inputs typically 

leads to strong watershed retention of atmospheric 

nitrogen inputs (e.g. Kortelainen and Saukkonen 

1998; but see Jones et al. 2005).

Concentrations of phosphorus in Arctic fresh 

waters are often extremely low (Table 8.2), leading 

to limitation or colimitation of autotrophic produc-

tion in many lakes and streams. Modest elevation 

of phosphorus (sometimes nitrogen and phos-

phorus) leads to dramatic changes in ecosystem 

structure and processes. Long-term phosphorus 

addition experiments in a river (Slavik et al. 2004) 

and combined nitrogen and phosphorus addition 

to a lake in Alaska (O’Brien et al. 2005) demonstrate 

strong limitation to autotrophic production, with 

both effects on higher trophic levels and stimula-

tion of nutrient cycling. Although biotic demand 

for PO4 is extremely high, geochemical  processes 

Table 8.1 Responses in McMurdo Dry Valley lakes (Taylor Valley, Antarctica) to a period of 
high stream discharges (fl ood year 2001–2002). Biomass: depth integrated phytoplankton 
chlorophyll a; PPR, phytoplankton production in the upper water column.

Lake Biomass (next 
season, 2002–2003)

PPR (next season, January 2002, 
2002–2003)

West Bonney �50% increase �23% decrease 2× increase
East Bonney �150% increase �10% increase 2× increase
Hoare �20% increase No change No change
Fryxell No change 5× increase 6× increase at 5 m

Source: Foreman et al. (2004).



Table 8.2 The chemical composition of lakes and ponds for selected Arctic regions. Mean values were assessed for lakes with maximum depth of over 2 m for recent surveys of lake chemistry. 
Analytical methods were approximately similar for most studies. PD, polar desert; T, tundra; FT, forest-tundra; TChla, total chlorophyll a uncorrected for phaeophytin; TP, total phosphorus; TN, total 
nitrogen. The fi rst column gives the number of lakes, n.

n Study Region Land 
cover

Year/
period

Latitude 
(N)

TP 

(µgL−1)

TN 

(mgL−1)

TChla 

(µgL−1)

DOC 

(mgL−1)

∑DIC 

(mgL−1)
Individual ions (mgL−1)

SO4 Ca Mg Na K Cl

16 Ruhland and Smol 
(1998)

Central Canada T 1998 65°24� 9.61 0.20 0.99 2.33 1.61 1.94 0.88 0.59 0.29 0.32 0.85

2 Brutemark et al. 
(2006)

SW Greenland T 66°59� 1.20 0.73 0.10 65.50 40.83 23.28 87.86 178.5 64.4 233.5

6 Laperriere et al. 
(2003)

Alaska FT 1990s 67°00� 4.17 0.30 1.38

10 Laperriere et al. 
(2003)

Alaska T 1990s 68°00� 6.95 0.28 1.51

40 Jonsson et al. (2003) Northern Sweden T 2000 68°13� 6.82 0.23 0.62 4.18 1.63
10– 38 Kling et al. (1992b, 

2000)
Alaska T 1990s 68°23� 1.85 3.48 6.15 3.56 17.30 2.06 0.48 0.39 0.22

6 Gregory-Eaves et al. 
(2000)

Alaska T 1996 68°24� 8.23 0.29 0.71 24.63 15.25 4.82 21.53 2.25 0.48 0.37 1.52

6 Pienitz et al. (1997) NW Territories FT 1990 69°00� 23.73 0.67 1.63 16.15 6.38 24.73 16.52 3.68 1.03 3.02
18 Pienitz et al. (1997) NW Territories T 1990 69°00� 10.33 0.39 1.21 8.86 14.18 8.28 18.83 4.99 1.31 7.94
23 Duff et al. (1998) Taimyr Peninsula FT 1993 69°14� 5.40 1.00 4.00 6.10 3.90 6.30 1.90 0.80 0.20 0.40
31 Duff et al. (1998) Lena delta T 1994 71°18� 6.50 1.40 4.10 4.00 1.90 5.30 1.60 0.80 0.40 0.60
9 Michelutti et al. 

(2002a)
Victoria Island PD 1997 72°10� 1.35 0.18 0.54 1.19 16.29 2.50 19.98 5.38 0.44 0.22 1.03

17 Lim et al. (2005) Banks Island T 2000 72°57� 11.31 0.27 1.23 3.55 12.45 14.71 14.48 8.71 23.15 1.29 41.02
15 Lim et al. (2001) Bathhurst Island PD 1994 75°42� 13.57 0.46 0.68 2.82 19.37 6.39 31.56 4.66 3.01 0.49 5.78
13 Lim and Douglas 

(2003)
Devon Island PD 2000 75°48� 3.89 0.11 0.68 1.95 16.12 4.55 19.49 5.79 1.28 3.08

1 Antoniades et al. 
(2003)

Ellef Ringnes Island PD 1997 78°29� 6.30 0.08 1.30 1.00 2.40 17.30 4.50 2.30 1.60 0.50 0.90

12 Michelutti et al. (2002b) Axel Heiberg Island PD 1998 80°12� 4.10 0.25 0.64 3.51 10.66 39.85 21.68 6.67 9.48 2.03 14.04
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as 5.3 nmol N day−1 (Priscu 1997). Both DMS and 

DMSO are abundant in the deeper waters of Lake 

Bonney with values of DMS reaching 317 nM in the 

west lobe, and DMSO values as high as approxi-

mately 200 nM in the east lobe of the lake (Lee et al. 
2004). These high concentrations are extremely 

unusual as they occur in the absence of primary 

production. Lee et al. (2004) concluded that the 

reduction of DMSO to DMS in the west lobe, but 

not in the east lobe, could explain the differences in 

concentrations between these two species.

Concentrations of most major ions are dilute in 

Arctic waters compared with many other regions. 

For example, Table 8.2 shows concentrations of 

major ions such as Ca2+, SO4
2−, and HCO3

− in lakes in 

most regions to be extremely low. Rivers are simi-

larly dilute, on average, but less well characterized 

and more temporally varied. Low ionic strength 

is related primarily to limited weathering, result-

ing from low temperatures and permafrost, which 

and are thought to play an important role in the 

biogeochemical cycling of carbon. Photosynthetic 

sulphur bacteria are also known from Lake Fryxell, 

saline lakes in the Vestfold Hills, ice-shelf micro-

bial mat communities, and certain Arctic lakes (e.g. 

Van Hove et al. 2006).

A number of the McMurdo Dry Valley lakes 

contain very high concentrations of N2O,  dimethyl 

sulphide (DMS), and dimethyl sulphoxide (DMSO). 

Vincent et al. (1981) fi rst documented N2O in Lake 

Vanda at concentrations exceeding 2 µM. Their 

experimental work indicated that the N2O was 

produced via nitrifi cation in the oxic zone of the 

lake. Loss was due to both diffusion upward in 

the oxic zone and by denitrifi cation in the anoxic 

zone below the chemocline (Figure 8.2). Recent 

work confi rmed that N2O is produced via nitrifi ca-

tion and ammonium oxidation in all the McMurdo 

Dry Valley lakes with production rates, computed 

with a one-dimensional diffusion model, as high 
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Vanda, Wright Valley, Southern Victoria Land, Antarctica. 
Drawn from Vincent et al. (1981).
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DOC dynamics (Hobbie et al. 2002). For rivers, a 

classic example is the 1969  survey of the McKenzie 

River showing different composition of tributaries 

depending on geology and permafrost presence 

(Reeder et al. 1972). Where permafrost coverage 

is discontinuous, high rates of weathering may 

occur in permafrost free areas, and rates may be 

enhanced by cryogenic processes or recent expos-

ure of permafrost.

8.4 Geochemical linkages

A series of seminal papers by Green and his 

 coworkers were the fi rst to approach the aquatic 

systems of Antarctica from a holistic, ‘watershed’ 

perspective. These papers compared stream ele-

ment inputs with total lake concentrations of the 

respective elements of interest and determined 

elemental residence times, mass budgets of each 

element, and lake ‘ages’ (e.g. Green et al. 1988). This 

pioneering work was based on stream inputs for 

as little as one austral summer. With the estab-

lishment of the McMurdo Dry Valleys Long-Term 

Ecological Research (MCM-LTER) program in 1993 

in Taylor Valley, and the season-to-season  gauging 

of the Taylor Valley streams, it became clear that 

stream fl ows and, hence, geochemical fl uxes to 

the lakes, can vary dramatically from year to 

year. Lyons et al. (1998) followed up on the earlier 

work of Green and coined the term ‘geochemical 

continuum,’ meaning the geochemical change of 

waters as they evolve from glacier melt to progla-

cial streams to closed basin lakes. This idea was 

later extended to include geochemical processes 

occurring in the glaciers as well as the hyporheic 

zones of the streams (Lyons et al. 2001). Recent 

work in the McMurdo Dry Valleys and on Signy 

Island has added to our overall knowledge of how 

aquatic systems in Antarctica evolve from a nutri-

ent perspective (Hodson 2006; Barrett et al. 2007). 

These papers demonstrate that exchanges of liquid 

water and biological processes both play important 

roles in changing nutrient concentrations and spe-

ciation across Antarctic landscapes. Similar work 

in Alaska at Glacier Bay (Engstrom et al. 2000) 

and Toolik Lake (Hobbie et al. 2002) is providing 

 similar information for recently glaciated Arctic 

landscapes.

limits access to mineral soils. An additional factor 

is the low human population density and absence 

of urban and industrial development in most parts 

of the Arctic, leading to limited anthropogenic 

 contributions to atmospheric deposition and point 

source pollution. An important exception is long-

range transport of toxic compounds which has 

elevated concentrations even in some of the most 

remote streams and lakes (see Chapter 16). Further, 

local industrial sources are present in some areas 

(e.g. smelters on the Kola Peninsula and near 

Norilsk in Russia, and oil and gas fi elds at Prudhoe 

Bay, Alaska) which elevate local pollutant inputs 

(e.g. Gordeev et al. 2004).

Despite their generally dilute nature, there is 

substantial diversity in the chemical compos-

ition of Arctic fresh waters. Table 8.2 summarizes 

chemical composition of lakes by region from some 

recent surveys. Even at this broad scale, substantial 

regional variation in chemical composition can be 

seen in Arctic lakes. Considerably more variation 

is observed at smaller, local scales. Regional and 

local diversity may be partially explained by the 

following factors: climate and hydrologic variation, 

effects of marine inputs, geological heterogeneity, 

and presence or absence of permafrost. These fac-

tors are considered briefl y below.

Climate infl uences ion composition via evap-

orative or runoff-dominated processes affecting 

water chemistry. Although evapotranspiration 

is generally low in polar regions, precipitation is 

also often low. Thus some regions, such as parts 

of Greenland, evaporative concentration of sol-

utes is a primary control over lake chemistry 

(Anderson et al. 2001). Effects of marine inputs are 

prevalent near coastal areas, which are extensive. 

Here, marine inputs have a strong infl uence over 

ionic composition and concentrations, in particu-

lar elevating SO4
2−, Na+, and Cl− concentrations 

(e.g. Pienitz et al. 1997). Geological heterogeneity, 

due to varied glacial, periglacial, and geothermal 

processes, also infl uence chemical composition of 

Arctic fresh waters. For example, varied glaciation 

of northern Alaska has produced landscapes that 

range in age from 10 000 to over 1 million years 

old. Despite the presence of continuous perma-

frost, landscape age infl uences chemistry of sur-

rounding lakes through varied weathering and 
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8.5 Future responses to a 
warming climate

Lyons et al. (2006) recently put forth a scenario of 

how Antarctic aquatic systems might respond to 

warming climate. Similar conceptual models have 

been developed by other Antarctic limnologists 

(A. Camacho, personal communication). These 

scen arios were based on long-term monitoring of 

ecological, hydrological, and meteorological data 

from Signy Island, McMurdo Dry Valleys, and 

Livingston Island. With warming, especially warm-

ing in the austral summer, longer melt seasons 

will lead to larger volumes of liquid water fl owing 

through streams into the lakes. Increased stream 

fl ow could lead to decreased algal mat abundances 

in the streams (McKnight et al. 1999). This would 

decrease nutrient uptake in the streams, thereby 

increasing the dissolved fl ux into the lakes. Lake 

volumes will increase and lake ice could thin and 

larger moat areas would occur in the austral sum-

mer. The  latter would lead to increasing atmosphere 

exchange. In the lower latitudes of the continent 

and in the sub-Antarctic, ice cover would be lost 

for longer periods of time, thereby greatly enhan-

cing atmospheric contact. This increase in fl ow of 

meltwater would increase the nutrient fl uxes into 

the surface waters of the lakes.

The increased nutrient fl uxes, greater atmos-

pheric exchange enhancing carbon dioxide input, 

decreased ice covers (enhanced photosynthetically 

available radiation), and warmer temperatures 

would in turn increase primary production in the 

lakes. The higher volume of fresh glacier meltwater 

into the mixolimnia would enhance the physical 

stability of lakes whose bottom waters are brack-

ish to hypersaline. The increased stability and pri-

mary production will enhance the organic carbon 

fl ux to the deeper waters, which in the most stably 

stratifi ed lakes could produce suboxic to anoxic 

conditions. This increased eutrophy will infl uence 

the biological structure and function of the lakes.

Ongoing changes in hydrologic, physical, and 

biological conditions in fresh waters are evident 

across a broad swath of the Arctic. Recent reviews 

summarize these diverse changes (e.g. Rouse 

et al. 1997; Hobbie et al. 1999; Hinzman et al. 2005). 

Here we focus on biogeochemical responses to 

Because of the seasonal and sometimes aperiodic 

variations of liquid water production in polar envir-

onments, geochemical fl uxes are closely linked to 

hydrologic variations. In unvegetated watersheds, 

early-season stream fl ows may have very high 

 solute concentrations as they fl ush previously pre-

cipitated salts, newly produced  weathering prod-

ucts, and aeolian inputs into lakes and ponds. For 

watersheds with extensive vegetation and soils, 

snowmelt carries large fl uxes of nutrients and 

trace elements in DOM. Changes in elevation and 

distance from the ocean also can greatly impact 

solution chemistry, as fi rst noted by Wilson (1981). 

The geochemical variation is refl ected in changes 

in the aerosol chemistry, changes in moisture, and 

changes in temperature. For example, the higher, 

drier elevations of the McMurdo Dry Valleys have 

soils with higher NO3
− relative to Cl− and SO4

2−, 

whereas the lower elevations, closer to the marine 

source, have higher Cl− concentrations.

Streamfl ow is highly variable in polar regions, 

and higher stream fl ows lead to larger inputs of 

solutes into lakes. For example, Foreman et al. 
(2004) demonstrated the signifi cance of an extreme 

high-fl ow event on the biogeochemistry of the 

McMurdo Dry Valley lakes. This high fl ow of melt-

water occurred because of an unseasonably warm 

mid-December to mid-January in 2001–2002 when 

record stream discharge lead to increased lake 

 levels and a decrease in lake ice thickness. The ini-

tial fl ood event decreased primary production in 

one lake, but increased it in others (Table 8.1). The 

following summer both primary production and 

biomass increased (Table 8.1). These responses are 

thought to be related to the extremely high nutrient 

inputs by this fl ood event. For example, the phos-

phate fl ux to Lake Fryxell was four times greater 

than the longer-term annual inputs (Foreman et al. 
2004). The warming event with its subsequent 

input of glacier melt served to recharge the system 

with water and nutrients, thereby greatly increas-

ing production in the water column (Foreman et al. 
2004). Flood events in the McMurdo Dry Valleys, 

such as the one of the 2001–2002 austral summer, 

occur aperiodically, but at what could be described 

as ‘quasi-quintennial’ to decadal. These sporadic 

events are probably a major long-term driver of 

production in these lakes.
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 surface soils will increase infi ltration of water into 

soils (Figure 8.3), with manifold consequences for 

biogeochemical composition of runoff to fresh 

waters. An example of the effects of permafrost on 

hydrology and solute composition can be seen in 

the Sub-Arctic Caribou-Poker watershed in central 

Alaska. Watersheds ranging from 4 to 53% perma-

frost cover show large contrasts in hydrology and 

solute form and fl ux (Jones et al. 2005; Petrone et al. 
2006). Streams in watersheds with less permafrost 

show dampened hydrologic variation, with higher 

inorganic and lower organic solute concentrations 

relative to those with extensive permafrost. Water 

infi ltration through mineral soils allows greater 

retention and mineralization of organic matter, 

and increased transport of weathering products 

(Figure 8.3).

8.5.2 Direct effects of rising temperatures

Rising temperatures will have broad impacts on 

biogeochemical fl uxes and cycling of elements in 

Arctic fresh waters. Warmer temperatures will have 

diverse physical and biological effects that could 

include increased primary production (Flanagan 

et al. 2003) and stratifi cation in lakes, decreased 

snow and ice cover, increased weathering rates, 

and changes in vegetation within watersheds. All 

 hydrologic, thermal, and permafrost changes that 

will affect the biogeochemical properties of Arctic 

fresh waters.

8.5.1 Hydrologic change

As discussed above, runoff volume and timing 

play a key role in determining concentrations and 

fl uxes of solutes. Recent increases in precipitation, 

and perhaps permafrost melting, have contributed 

to a signifi cant increase in water fl ux from large 

Arctic rivers (e.g. McClelland et al. 2006). Increasing 

river discharge may increase fl ux of many solutes, 

but the magnitude will depend on the specifi c 

mechanisms that govern their production and 

availability in soils for transport. Altered spatial 

and temporal distributions of precipitation are also 

likely, and could have important consequences for 

many regions which currently have very low sum-

mer rainfall.

Another hydrologic change with important 

biogeochemical consequences is the increase in 

groundwater infi ltration that accompanies loss 

of permafrost and seasonally frozen surface 

 layers. Permafrost watersheds have characteris-

tically fl ashy hydrographs and little groundwater 

fl ow compared with permafrost-free watersheds. 

A decrease in permafrost or seasonally frozen 

Shallow active layer Deep active layer

Permafrost

Rapid runoff  
through soil 
surface:
+DOM transport 
–weathering
–groundwater

Deeper water 
infiltration:
+weathering
+DOM sorption
+nitrification
+groundwater

Organic
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-/+ riparian zone function?
-/+ hyporheic processing?
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composition in valley bottoms:
–/+ riparian-zone function?
–/+ hyporheic processing?

Flow

Figure 8.3 A conceptual model of infl uence of permafrost on runoff chemical composition. Modifi ed from work of O’Donnell and Jones 
(2006) and Petrone et al. (2006).
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and this has  important implications for the Arctic 

carbon cycle since terrestrial vegetation is strongly 

nitrogen-limited.

Acting against stimulatory effects on DOM pro-

duction are other temperature-dependent changes 

that may have opposing effects on DOM inputs to 

aquatic ecosystems. For example, microbial deg-

radation of DOM to carbon dioxide and NH4
+ is 

positively affected by temperature, possibly lead-

ing to a reduction in DOC and DON transport 

with warming. As discussed below, greater expo-

sure of mineral soils with permafrost thaw could 

decrease fl uxes of organic materials via effects of 

sorption.

8.5.3 Permafrost thaw

An important indirect effect of rising temperatures 

is thawing of permafrost, a dominant feature of 

much of the Arctic. Permafrost temperatures are 

increasing and there are local examples of near-

surface permafrost loss in many regions. A recent 

modeling study suggests substantial reductions 

of these changes could have major effects on bio-

geochemical processes.

Perhaps the most notable direct effect of 

increased temperature on Arctic fresh waters will 

be changes in dynamics of DOM production and 

transport from watersheds. Increasing tempera-

tures may have positive effects on generation of 

DOM in soils. Laboratory experiments consistently 

show temperature sensitivity of DOM production 

in soils (e.g. Neff and Hooper 2002). A recent sur-

vey of wetland streams in central Siberia yields 

data that support an important role for  temperature 

in regulating DOC mobilization to aquatic eco-

systems (Figure 8.4). Streams in cold permafrost 

watersheds had modest DOC concentrations that 

were unrelated to the extent of wetlands within the 

watershed. In contrast, DOC was strongly related 

to wetlands in warmer regions to the south, sug-

gesting a large mobilization of DOC as tempera-

ture increases in northern wetlands. Because 

behavior of DON is in some respects similar to 

DOC in northern watersheds, DON concentrations 

may also rise as a result of continued warming, 
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could greatly alter the chemical composition of 

streams and lakes in perma frost regions. Evidence 

for such changes has been seen in an increase of 

weathering products in Toolik Lake over the past 

30 years (Hinzman et al. 2005).

Increased hydrologic water contact with mineral 

soils is also likely to greatly reduce the export of 

organic material. Mineral soils can stabilize organic 

materials onto charged surfaces. Such stabilization 

can be for long periods, as part of soil development, 

or could allow greater microbial mineralization of 

DOM in soils, resulting in increases in oxidized 

forms of nitrogen and carbon in soils, streams, 

and lakes. There is little aquatic data to assess 

this hypothesis, but a recent study of Sub-Arctic 

 watershed nitrogen budgets showed that low per-

mafrost cover is associated with high rates of stream 

NO3
− fl uxes relative to DON. High NO3

− losses 

resulted in greater stream export than atmospheric 

inputs, an unusual result for nitrogen retention for 

undisturbed watersheds (Jones et al. 2005). Similar 

effects may have been observed in the Yukon River, 

where comparison of DOC fl ux for two periods 

(1978–1980 and 2001–2003) shows a large recent 

decrease (Striegl et al. 2005). These  studies illus-

trate the need to understand  inter actions between 

 temperature and hydrologic change for under-

standing the complex,  multiple effects of  climate 

alterations on Arctic fresh waters.

8.6 Conclusions

The vast polar regions present both challenges 

and opportunities to the study of freshwater bio-

geochemistry. The challenges generally arise from 

landscape heterogeneity in a remote and variable 

environment. The Arctic and Antarctica contain 

streams, rivers, and lakes whose diversity rivals 

that of any other region on Earth. Unpredictable 

temporal variation in the environment, such as the 

timing and magnitude of spring snowmelt, have 

key roles in biogeochemical cycles yet are extremely 

diffi cult to study without sustained intensive moni-

toring programs, which are uncommon. As a con-

sequence, the knowledge base for polar regions 

remains inadequate. For example, Arctic freshwater 

biogeochemical studies have primarily emphasized 

fl ux estimation (e.g. nitrogen and carbon), surveys 

in permafrost in the upper 3 m of soils within 

the next 100 years (Lawrence and Slater 2005). 

Permafrost thaw will have strong direct effects on 

biogeochemical composition of fresh water in add-

ition to those effects mediated through changes 

in hydrology, soil temperature, and weathering. 

Immediate effects of permafrost thaw would be 

through release of easily leached compounds from 

permafrost. Permafrost appears to contain large 

soluble pools of ions and these are likely to be 

removed rapidly and transported to streams and 

lakes (Kokelj et al. 2005). Permafrost is of diverse 

composition in the pan-Arctic, however, and little 

is known about the general composition of soluble 

organic and inorganic compounds in much of the 

permafrost regions that are sensitive to thaw.

Much less is known about nutrients. Permafrost 

may be relatively rich in organic carbon and nitro-

gen and phosphorus, and release of these solutes 

during permafrost thaw could be large (Zimov 

et al. 2006). There remains great uncertainty regard-

ing concentrations of carbon, nitrogen, and phos-

phorus in near-surface permafrost in the Arctic 

region. Recent studies in Siberia indicate that soil- 

and  permafrost-bound DOC and nutrients are 

 apparently being released into rivers and lakes in 

northern Siberia. Radiocarbon dating of DOC indi-

cates low but detectable fl uxes of Pleistocene carbon 

to rivers (Neff et al. 2006). There is some evidence 

of mobilization of soil nutrients because stream 

nitrogen and phosphorus levels in the region are 

roughly 2–6-fold those observed in other parts of 

the Arctic (J.C. Finlay et al., unpublished results). 

Thus it is possible that rapid warming of nutrient-

rich permafrost could increase nitrogen and phos-

phorus fl uxes to aquatic ecosystems.

We summarize the longer-term effects of perma-

frost thaw on fl ux and composition of Arctic 

fresh waters with a conceptual model (Figure 

8.3). Extensive hydrologic contact with organic 

soils, and little interaction with mineral soils in 

 permafrost watersheds with shallow active lay-

ers account for the high organic matter content 

and extremely dilute ionic composition of many 

streams and lakes. The exposure of poorly weath-

ered soils during permafrost thaw coupled with 

increased water fl ux could provide a sustained 

increased supply of weathering products that 
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and planktonic algal communities in a high arctic lake: 

pigment structure and contrasting responses to nutri-

ent enrichment. Journal of Phycology 41, 1120–1130.
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Epilithic chlorophyll a, phototsynthesis, and respir-

ation in control and fertilized reaches of a tundra 

stream. Hydrobiologia 240, 121–131.

Brutemark, A., Rengefors, K., and Anderson, N.J. (2006). 

An experimental investigation of phytoplankton nutri-

ent limitation in two contrasting low Arctic lakes. Polar 
Biology 29, 487–494.

Butler, H.G. (1999). Temporal plankton dynamics in a 

maritime Antarctic lake. Archives of Hydrobiology 146, 

311–339.

Canfi eld, D.E. and Green, W.J. (1985). The cycling of 

nutrients in a closed-basin Antarctic lake: Lake Vanda. 

Biogeochemistry 1, 233–256.

Coolen, M.J.L. et al. (2004). Evolution of the methane cycle 

in Ace Lake (Antarctica) during the Holocene: response 

of methanogens and methanotrophs to environmental 

change. Organic Geochemistry 35, 1151–1167.

Craig, H., Wharton, R.A., and McKay, C.P. (1992). Oxygen 

supersaturation in ice-covered Antractic lakes: 

 biological versus physical contributions. Science 255, 

318–321.

Dittmar, T., and Kattner, G. (2003). The biogeochemistry 

of the river and shelf ecosystem of the Arctic Ocean: a 

review. Marine Chemistry 83, 103–120.

Doran, P., Adams, P., and Ecclestone, M. (1997). Arctic and 

Antarctic lakes: contrast or continuum? In Lewkowicz, 

A.G. (ed.), Poles Apart: a Study in Contrasts. Proceedings 

of an International Symposium on Arctic and Antarctic 

Issues, University of Ottawa, 25–27 September 1997. 

University of Ottawa Press, Ottawa.

Doran, P., Wharton, R.A., Lyons, W.B., Des Marais, D.J., 

and Andersen, D.T. (2000). Sedimentology and geo-

chemistry of a perennially ice-covered epishelf lake in 

of chemical compositions, and tracer studies using 

isotope, geochemical, or organic markers to deter-

mine sources of solutes and particulate matter. With 

some notable exceptions, studies of biogeochemical 

processes are relatively rare, and more confi ned 

spatially. Time-series data, and data for many 

important parts of the Arctic such as Siberia, are 

also uncommon. Most of the studies that provided 

much of the fi rst modern scientifi c data for Arctic 

fresh waters decades ago have not been continued, 

leaving a limited basis for understanding ecosys-

tem responses to climate change. Much of our cur-

rent understanding of large river chemical fl uxes 

comes from studies done decades ago (Dittmar and 

Kattner 2003), using widely varied approaches (see 

Holmes et al. 2000; Finlay et al. 2006).

The research cited in this review has clearly 

demonstrated that relatively subtle climate change 

could signifi cantly impact the biogeochemistry of 

polar aquatic systems. Because of this, there is a 

need to integrate both biogeochemical observations 

and process studies into climatic response investi-

gations as a much-needed link to understanding 

the ecological consequences of climate change in 

these sensitive and unique aquatic ecosystems.
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between Arctic and Antarctic systems in each of 

these  fundamental topics.

9.2 Photosynthetic plankton

The planktonic organisms associated with photo-

synthetic production in polar lakes include bacteria, 

eukaryotic algae, and ciliated protists (Table 9.1). 

Almost all taxonomic groups of eukaryotic algae 

and cyanobacteria have been recorded in both the 

Arctic and Antarctic. There have been fewer obser-

vations of anoxygenic photosynthetic bac teria 

and plastid-sequestering and symbiotic ciliates. 

Genomic data and taxonomic revisions have led to 

recognition of more major taxonomic groups. Thus 

9.1 Introduction

The phytoplankton are a critical foundation for 

food webs in polar lake ecosystems, and provide 

scientists with many examples of how microbial 

life survives and fl ourishes in extreme environ-

ments. The aim of this chapter is to review cur-

rent knowledge about the diversity of microbes 

contributing to the primary production in the 

water column of polar lakes, the range of biomass 

accumulation and productivity in polar lakes, 

and the environmental factors that limit primary 

production. The number and diversity of stud-

ies has grown considerably in the past few dec-

ades, which allows for a substantial comparison 

Outline

Phytoplankton are microscopic organisms capable of contributing to primary production. These photosyn-

thetic microbes include bacteria (oxygenic cyanobacteria and anoxygenic photosynthetic bacteria), many 

forms of eukaryotic algae, and other chloroplast-containing protists (e.g. ciliates). Biomass accumulation 

in polar lakes often occurs in layers, including deep chlorophyll maxima, especially beneath ice cover. The 

majority of polar lakes studied would be classifi ed as ultra-oligotrophic based on maximum chlorophyll 

concentrations. However, few lakes have been studied seasonally to determine the annual peak in bio-

mass, thus trophic status is probably underestimated; intensively studied lakes are mostly oligotrophic. 

Eutrophication has been noted in polar lakes, usually associated with colonies of marine birds and mam-

mals, but also due to human activities. The seasonal progression of primary production is initiated and 

ended by the large seasonal changes in solar radiation. A springtime peak is evident in most polar lakes, 

with subsequent enhancement or restraint by changes in light (e.g. ice and snow cover; water clarity), nutri-

ent availability (e.g. depletion by primary producers, infl ux from streams), or losses (e.g. grazing, disease, 

washout, sedimentation). Comparisons between Arctic and Antarctic lakes imply that there may be differ-

ences in biodiversity, lake trophic status, and primary production that can improve understanding of the 

how polar lake phytoplankton are infl uenced by climate, nutrient supply, biotic interactions, and their own 

capacity to acclimate to their environment.

CHAPTER 9

Phytoplankton and primary 
production
Michael P. Lizotte
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Table 9.1 Photosynthetic taxa observed in the plankton of polar lakes. The Prasinophyceae, Chrysophytes, Cryptophytes, Dinofl agellates, 
Euglenoids, and Haptophytes are classifi ed here as Algae, but elsewhere in this volume are classifi ed as Phytomastigophora or the 
phytofl agellates within the sub-Kingdom Protozoa in the Kingdom Protista; for a recent classifi cation of all microbial eukaryotes see Adl et al. 
(2005).

Taxonomic group Common genera, Arctic Common genera, Antarctic

Bacteria
Cyanobacteria Chroococcales Aphanocapsa, Aphanothece, Chroococcus, 

Gloeocapsa, Microcystis, Synechococcus, 
Woronichinia

Aphanocapsa, Chroococcus, 
Gloeocapsa, Synechococcus, 
Synechocystis

Nostocales Anabaena Anabaena
Oscillatoriales Oscillatoria, Phormidium, Planktothrix Oscillatoria, Phormidium

Green sulphur Chlorobia Chlorobium, Pelodictyon, Prosthecochloris Chlorobium
Purple sulphur Gammaproteobacteria Thiocapsa, Thiocystis Chromatium, Thiocapsa
Purple non-sulphur Alphaproteobacteria Rhodospirillum, 

Rhodopseudomonas
Betaproteobacteria Rhodoferax

Algae
Chlorophytes Chlorophyceae Ankyra, Botryococcus, Chlamydomonas, 

Oedogonium, Oocystis, Pediastrum, Scenedesmus 
Ankyra, Chlamydomonas, 

Chloromonas, Dunaliella 
Klebsormidiophyceae Stichococcus Raphidonema, Stichococcus
Pedinophyceae Pedinomonas Pedinomonas
Prasinophyceae Monomastix Pyramimonas
Trebouxiophyceae Ankistrodesmus, Chlorella Ankistrodesmus, Chlorella
Ulvophyceae Binuclearia Gloetila
Zygnematophyceae Closterium, Cosmarium, Euastrum, Mougeotia, 

Staurastrum
Closterium, Cosmarium, 

Cylindrocystis, Mougeotia
Chrysophytes Chrysophyceae Chrysococcus, Chromulina, Dinobryon, Ochromonas, 

Pseudokephyrion, Uroglena
Chromulina, Ochromonas, 

Pseudokephyrion 
Dictyophyceae Pseudopedinella Pseudopedinella
Eustigmatophyceae Chlorobotrys
Synurophyceae Mallomonas, Synura Mallomonas
Xanthophyceae Tribonema Tribonema

Diatoms Bacillariophyceae Navicula, Nitzschia, Pinnularia Achnanthes, Navicula, Nitzschia, 
Pinnularia

Coscinodiscophyceae Aulacoseira, Cyclotella, Rhizosolenia, 
Stephanodiscus

Aulacoseira, Cyclotella, 
Stephanodiscus

Fragilariophyceae Asterionella, Diatoma, Fragilaria, Synedra, Tabellaria Asterionella, Fragilaria, Tabularia
Cryptophytes Cryptophyceae Chroomonas, Cryptomonas, Rhodomonas Chroomonas, Cryptomonas, 

Rhodomonas
Dinoflagellates Dinophyceae Amphidinium, Ceratium, Gymnodinium, Gyrodinium, 

Peridinium
Gonyaulax, Gymnodinium, 

Gyrodinium, Peridinium
Euglenoids Euglenophyceae Euglena, Phacus, Trachelomonas Euglena
Haptophytes Prymnesiophyceae Chrysochromulina Chrysochromulina

Protozoa: Ciliates
Litostomatea Mesodinium Mesodinium
Prostomatea Plagiocampa
Spirotrichea Strombidium, Euplotes
incertae sedis Limnostrombidium
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Although rare in polar seas, cyanobacteria are 

common in high-latitude lakes (Vincent 2000b) and 

range from small single cells to large multicelled fi l-

aments and colonies. The order (called a subsection 

in the classifi cation system used by bacteriologists) 

Nostocales includes mostly large colonies with 

specialized cells for carrying out nitrogen fi xation, 

and includes Anabaena that is sometimes encoun-

tered in polar-lake plankton. Most of the cyanobac-

terial diversity and abundance is within the orders 

Chroococcales (coccoid cells, some in colonies) 

and Oscillatoriales (fi lamentous species without 

heterocysts). The latter includes Oscillatoria and 

Phormidium, which have been reported as  dominant 

and bloom species in some polar lakes, particularly 

in deep chlorophyll layers. Cyanobacteria are often 

observed as the dominant component of benthic 

mats in lakes, shores and infl owing streams (see 

Chapter 10 in this volume), and the possibility exists 

that minor populations in the plankton have been 

advected to the lakes, or are from species that grow 

in both plankton and benthos (tychoplanktonic). 

Colonial planktonic forms include Microcystis in 

the Arctic and Gloeocapsa in the Antarctic. Single-

celled genera often dominate the picophytoplank-

ton, most notably Synechococcus, and are the most 

abundant photosynthetic cell types in many polar 

lakes (Vincent 2000b).

The other bacteria listed in Table 9.1 are generally 

referred to as anoxygenic (‘not oxygen-producing’) 

photosynthetic bacteria. They have traditionally 

been classifi ed in terms of their major photosyn-

thetic pigment and electron acceptors. ‘Purple’ 

bacteria contain either bacteriochlorophyll a or b, 

whereas the ‘green’ bacteria usually contain bac-

teriochlorophylls c, d, or e. So-called sulphur bac-

teria typically use reduced sulphur compounds 

(sulphide or elemental sulphur) as an electron 

source, whereas ‘non-sulphur’ bacteria typically 

use organic molecules or hydrogen (although some 

species can use sulphide at low concentrations). 

This matrix of pigments and electron sources 

defi nes four types of bacteria, but one, the green 

non-sulphur bacteria, has only been observed in 

benthic mats of polar lakes and not the plankton 

(Madigan 2003).

The green sulphur bacteria are obligate anaer-

obes; thus they are limited to environments high 

Table 9.1 is arranged by traditional common names 

(which have utility in understanding ecological 

relationships) and the class-level names in online 

taxonomic databases (e.g. www.catalogueofl ife.

org, http://sn2000.taxonomy.nl/Taxonomicon). The 

genera listed are taken directly from the literature 

cited (i.e. there has been no attempt to update for 

species re-designated into new or existing genera). 

However, the reader should be aware that else-

where in this volume, phytofl agellates, here clas-

sifi ed as Algae, are referred to as Protozoa, within 

the sub-phylum Phytomastigophora; for a recent 

classifi cation of all eukaryotic microbes, see Adl 

et al. (2005). At the species and genus level, the 

validity of past taxonomic designations (e.g. use of 

temperate species names based on morphological 

similarity) and questions of endemism will con-

tinue to be assessed as genomic and advanced 

microscopic techniques provide new information 

(Vincent 2000a). The major groups of planktonic 

photosynthetic organisms will be discussed in 

terms of presence, absence (or not yet recorded), 

and which groups have been observed to dominate 

planktonic communities in polar lakes.

9.2.1 Photosynthetic bacteria

Cyanobacteria are the most commonly reported 

photosynthetic bacteria in lakes. Cyanobacteria 

contain chlorophyll a (Chl-a) as a major photosyn-

thetic pigment, and conduct their most effi cient 

photosynthesis using two photosystems, using 

water as an electron source and producing oxy-

gen as a major waste product of photosynthesis. 

As photosynthetic producers, cyanobacteria usu-

ally operate much like the eukaryotic algae in the 

plankton; thus cyanobacteria and algae compete 

for resources and are part of the same food web. 

However, many species of cyanobacteria are also 

capable of operating anoxygenic photosynthesis, 

which is less effi cient, running a cyclic pathway 

with only one photosystem and using different 

electron acceptors, such as hydrogen sulphide. 

Whereas anoxygenic photosynthesis may allow 

some cyanobacteria to colonize anaerobic environ-

ments to avoid aerobic competitors or grazers, it 

can place them in competition with the other types 

of photosynthetic bacteria.

www.catalogueoflife.org
www.catalogueoflife.org
http://sn2000.taxonomy.nl/Taxonomicon
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9.2.2 Eukaryotic phytoplankton

Studies of algal and protistan diversity in polar 

lakes have been concentrated over the past half 

century, during which traditional groupings 

have been split. As a transition from the older lit-

erature and to help ecologists trying to proscribe 

certain functional groups (e.g. based on roles in 

biogeochemical cycles), the review that follows will 

discuss the traditional groupings such as chloro-

phytes, chrysophytes, cryptophytes, diatoms, and 

dinofl agellates. Only exceptional observations will 

be cited in this text, while the most common genera 

can be found repeatedly in taxonomic listings for 

Arctic lakes (e.g. Kalff 1967; Sheath and Hellebust 

1978; Alexander et al. 1980; Wallen and Allen 1982; 

O’Brien et al. 1997; Vezina and Vincent 1997; Cremer 

and Wagner 2004) and Antarctic lakes (e.g. Light 

et al. 1981; Parker et al. 1982; Laybourn-Parry and 

Marchant 1992; Spaulding et al. 1994; Izaguirre 

et al. 1998; Unrein and Vinocur 1999; Allende and 

Izaguirre 2003). As with the cyanobacteria, there 

are questions about some species observed in the 

plankton that are usually associated with ben-

thic habitats, particularly for diatoms and certain 

 chlorophytes, prasinophytes, and xanthophytes.

The traditional group identifi ed as chlorophytes 

or green algae that have been observed in polar 

lakes include members of several classes, with 

Chlorophyceae and Trebouxiophyceae having the 

most common species. Whereas all the classes have 

genera found at both poles, Arctic lakes appear to 

have much greater species diversity. The plank-

tonic chlorophytes include common fl agellates 

(e.g. Chlamydomonas), unicells, or small colonies 

(e.g. Ankyra, Pediastrum), and sometimes fi lamen-

tous forms (e.g. Oedogonium). The trebouxiophytes 

are single or colonial cells that include the bloom-

 forming Ankistrodesmus and the commonly reported 

Chlorella. The klebsormidiophytes include bloom-

forming Stichococcus and Raphidonema; the latter 

includes common algae from snow fi elds, thus it is 

possible that ‘blooms’ might be based on advected 

cells after snowmelt. Prasinophytes are mostly fl ag-

ellates and include Pyramimonas, which is commonly 

observed in and sometimes dominates Antarctic 

lakes (e.g. Laybourn-Parry et al. 2002; the deep 

chloro phyll maximum of Lake Fryxell, Vincent 1981). 

in reduced sulphur and lacking oxygen. The have 

been found in lakes with anaerobic hypolimnia 

with high sulphide concentrations (e.g. Burke and 

Burton 1988). Chlorobium is the most important 

genus, though a more diverse community of green 

sulphur bacteria is reported from the European 

Arctic (Lunina et al. 2005). Green sulphur bacteria 

form well-developed deep chlorophyll maxima 

in Arctic meromictic lakes and result in a high-

 turbidity scattering layer of sulphur particles (e.g. 

Van Hove et al. 2006).

Purple sulphur bacteria reported in polar lakes 

are members of the Gammaproteobacteria, and can 

tolerate some oxygen but will only conduct pho-

tosynthesis under anaerobic conditions. They have 

been reported from deeper lakes in Antarctica (e.g. 

Burke and Burton 1988; Madigan 2003). Recent 

studies of an Arctic lake dominated by purple sul-

phur bacteria (Lunina et al. 2005) showed that they 

can be responsible for a majority of the primary 

production (Ivanov et al. 2001). This group is not 

always found in lakes that would appear to have 

the expected growth conditions; for example, Lake 

Fryxell in Antarctica (Madigan 2003).

Purple non-sulphur bacteria include species from 

different bacterial classes, but have some common 

attributes. Photosynthesis occurs under anaerobic 

conditions, they can utilize organic compounds as 

electron sources for photosynthesis or directly for 

growth, and most are sensitive to high sulphide 

concentrations, and are thus limited to thin  layers at 

the interface between sulphide-rich bottom waters 

and oxygenated surface waters. However, one of 

the Betaproteobacter species, a Rhodoferax strain 

cultured from Antarctic Lake Fryxell showed wide 

tolerance for sulphide and inhabited the entire 

sulphide-rich hypolimnion (Jung et al. 2004). The 

Alphaproteobacter group has been more widely 

observed in Antarctic lakes, including gas-vacuolate 

species that may dominate the primary produc-

tion of the lake (Karr et al. 2003). Ellis-Evans (1996) 

suggests that anoxygenic photosynthetic bacteria 

might not be widespread because only certain lake 

types have good conditions for their growth (e.g. 

hypersaline hypolimnia), thus species of purple 

non-sulphur bacteria (with their trophic fl exibility) 

might be the most widely distributed. No reports of 

this group in Arctic lakes have emerged.
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indicators. All three diatom classes are diverse 

and well represented in polar lakes, although only 

a few genera have species that form blooms. The 

species diversity is much greater in the Arctic, as 

are diatom dominance or blooms. Bacillariophytes 

include the common genera of Navicula, Nitzschia, 

and Pinnularia; there are also reports of Achnanthes 

in small Antarctic lakes (e.g. Unrein and Vinocur 

1999), but they occur by resuspension as this 

genus is usually attached. The coscinodiscophytes 

include the most common planktonic diatoms in 

polar lakes, including Aulacoseira, Cyclotella, and 

Stephanodiscus, although blooms have only been 

reported in the Arctic (e.g. Kalff et al. 1975; Cremer 

and Wagner 2004). The fragilariophytes include 

Asterionella, Diatoma, Fragilaria, and Tabellaria, with 

blooms reported in the Arctic.

Dinofl agellates, have been widely reported 

in polar regions with species of Gymnodinium, 
Gyrodinium, and Peridinium at both poles. In the 

Antarctic coastal lakes, the colonial Gonyaulax has 

been reported (Laybourn-Parry et al. 2002), pos sibly 

of marine origin. Dinofl agellate blooms, usually of 

Gymnodinium species, have been reported beneath 

the ice in early spring in the Arctic (e.g. Kalff et al. 
1975; Sheath and Hellebust 1978) and Antarctica 

(Butler et al. 2000).

Other taxa of fl agellated phytoplankton have 

been reported from the Euglenophyceae and 

Prymnesiophyceae, but not as dominant spe-

cies. The euglenophytes are more common and 

diverse in the Arctic (e.g. Sheath and Hellebust 

1978). Prymnesiophytes are rare in fresh waters, 

but Chrysochromulina has been reported from both 

poles (e.g. Light et al. 1981; O’Brien et al. 1997).

9.2.3 Ciliates

A contribution to photosynthesis can be made 

by ciliates that either harbor symbiotic algae or 

 sequester captured algal chloroplasts, which 

are held for a substantial period (days to weeks) 

before digestion. These ciliates are considered 

mixotrophic, with ecological functions as both 

photosynthetic autotrophs and heterotrophic con-

sumers. The observations may be more numerous 

and thorough in the Antarctic (Laybourn-Parry 

2002), where a symbiotic species of Mesodinium 

The planktonic Zygmatophyceae include a diverse 

group of desmids. The species diversity of desmids 

is much higher in the Arctic than the Antarctic 

(Coesel 1996); the few  multispecies observations 

in the Antarctic are from the Antarctic Peninsula 

and South Atlantic islands (e.g. Izaguirre et al. 1998), 

suggesting that long-range migratory birds may be 

a vector for this group. The  ulvophytes are a large 

class of fi lamentous and macro-algae, and smaller 

fi lamentous genera have made rare appearances in 

the plankton at both poles. The pedinophytes are 

a new group with few genera, represented by the 

fl agellate Pedinomonas in polar lakes (e.g. Alexander 

et al. 1980; Light et al. 1981).

The chrysophytes, traditionally proscribed as 

yellow-brown algae exclusive of diatoms, include 

several major classes, but the Chrysophyceae 

retain the most important species. As with the 

green algae, the overall species diversity is much 

higher in the Arctic. The Chrysophyceae include 

common polar genera of the single-celled fl agel-

lates Chromulina, Ochromonas, and Pseudokephyrion. 

Arctic lakes frequently have colonial species such 

as Uroglena and Dinobryon. Dictyophytes are rare, 

but the genus Pseudopedinella has been observed at 

both poles (e.g. Sheath and Hellebust 1978; Butler 

et al. 2000). Eustigmatophytes have only been 

reported from the Arctic with the genus Chlorobotrys 

(Alexander et al. 1980). Synurophytes include the 

common fl agellates Synura and Mallomonas; the 

species diversity is higher in the Arctic, whereas 

only Mallomonas has been reported, rarely, in the 

Antarctic (e.g. Spaulding et al. 1994; Butler et al. 
2000). The  xanthophytes are represented by the fi l-

amentous Tribonema (Alexander et al. 1980; Allende 

and Izaguirre 2003), which may have stream or 

benthic origins.

Cryptophytes have been reported repeatedly 

as dominant members of polar lake plankton, 

including the unicellular fl agellates of Chroomonas, 
Cryptomonas, and Rhodomonas. They occur in coastal 

ponds as well as larger lakes, including meromictic 

systems (Vincent and Vincent 1982b).

Diatoms are unifi ed as a functional group due 

to their high demand for silica which they use 

to make a cell wall. They are also of great inter-

est because these cell walls preserve well as fos-

sils and have great utility as paleolimnological 
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The most common method for estimating the 

biomass of phytoplankton is the measurement of 

chlorophyll a (Chl-a) concentrations. This method 

has several advantages over microscopy-based 

methods: it can be used as a measure of total phyto-

plankton biomass, it is easier and faster (allowing 

more numerous observations), and it can be based 

on the same cell concentration techniques (fi ltration) 

used in chemical and radiotracer studies. However, 

chlorophyll has limitations as a biomass estimate. 

Concentrations per cell are subject to acclimation 

of the photosynthetic system, nutrient availability, 

and other physiological conditions. Whereas Chl-a 

is an abundant pigment in cyanobacteria, eukaryo-

tic algae, and photosynthetic ciliates, it will miss 

or severely underestimate bacteriochlorophyll-

containing photosynthetic bacteria. Finally, results 

can vary among the different standard methods 

(trichromatic spectrophotometry, fl uorometry, 

and high-performance liquid chromatography, or 

HPLC) due to different interference effects and 

pigment-extraction techniques. The most advanced 

methodology, albeit the most expensive and labor-

intensive, is HPLC, which can also be used to derive 

information about other pigments that are specifi c 

to particular taxonomic groups. This chemotaxon-

omy approach can be used to derive biomass esti-

mates (as a percentage of total Chl-a biomass) for 

several major groups (e.g. Lizotte and Priscu 1998; 

Bonilla et al. 2005).

As Chl-a biomass has been the most common 

method employed over the past 40 years, it provides 

the most useful measure for comparing lakes. Chl-a 

concentration has now been measured in hundreds 

of polar lakes in surveys and has been widely used 

in seasonal studies of phytoplankton dynamics. 

Chl-a concentrations in Arctic lakes range from 

below levels of detection (often less than 0.01 mg m−3, 

although this is subject to the volume fi ltered and 

the detector used) to over 100 mg m−3 (Table 9.2). 

Even higher concentrations have been reported in 

the Antarctic (Table 9.3). A data-set derived from 

the sources in these two tables was used to derive 

frequency distributions for polar lakes in each 

hemisphere. Only the highest value reported for a 

given lake was used, including single observations; 

if the study only reported a range for a number of 

lakes, only the upper value (representing a single 

and  chloroplast-sequestering species of Euplotes, 
Plagiocampa, and Strombidium have been reported. 

All these ciliate genera have been observed in Arctic 

lakes, including Mesodinium in High Arctic Lake A 

(P. Van Hove et al., unpublished results). For the 

Arctic, photosynthetic ciliates are Limnostrombidium 
(Laybourn-Parry and Marshall 2003).

9.3 Biomass

To follow changes in phytoplankton populations, 

various methods have been devised to estimate 

their biomass. Because biomass is usually dilute in 

natural waters, direct weighing of phytoplankton 

is not possible; it would require concentrating cells 

from many, perhaps hundreds of, liters of water, 

with the added diffi culty of separating planktonic 

animals and other non-photosynthetic organisms 

that overlap in size. The most common approaches 

for measuring biomass have focused on counting 

organisms or measuring a common chemical con-

stituent (photosynthetic pigments).

The main method for measuring biomass of 

phytoplankton has been through light micros-

copy. The phytoplankton cells are counted and the 

 average biovolume of the cells is used to estimate 

the biovolume for each taxa. These biovolume esti-

mates are often converted to carbon units based on 

carbon:biovolume ratios. The latter can be a limi-

tation of the method, as carbon:biovolume ratios 

are subject to physiological variations, and can 

also differ greatly among taxa. The main advan-

tage of the method is that one can derive popu-

lation-level estimates (e.g. Sheath and Hellebust 

1978; Alexander et al. 1980; Spaulding et al. 1994; 

Izaguirre et al. 2001) that help to understand com-

petition among phytoplankton species, differen-

tial response to environmental conditions, grazing 

impacts, disease outbreaks, suspension of attached 

or benthic species, and many other important 

 studies. The main drawback to the method is that 

it is labor-intensive. Some populations, particularly 

of small, single-celled organisms, can be studied 

using automated fl ow-cytometry systems that can 

sort some major phytoplankton groups based on 

pigment and fl uorescent characteristics; however, 

this technique has seen limited use in polar lakes 

(e.g. Andreoli et al. 1992).
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Table 9.2 Chlorophyll concentrations reported for plankton of Arctic lakes.

Region Lake Chlorophyll 
concentration 
(mg Chl-a m−3)

Source

West N. America 
(110–170°W)

16 lakes 0.3–148 Kling et al. (1992)
24 lakes 0–1.4 Pienitz et al. (1997)
10 lakes 0.05–4.7 Kling et al. (2000)
39 lakes 0.2–5.1 Levine and Whalen (2001)
2 lakes 0.9–18.2 Whalen et al. (2006)
N2 0.5–4.5 O’Brien et al. (2005)
Oil Lake 0.1–3.0 Miller et al. (1978)
Pond B 0.1–2.1 Alexander et al. (1980)
Toolik 0.5–5.9 Whalen and Alexander (1986a, 1986b)

Canadian Shield 
and Archipelago 
(60–130°W)

32 lakes 0.52–6.8 Welch and Legault (1986)
9 lakes 0.1–29.8 Vezina and Vincent (1997)
7 lakes 0.04–1.24 Markager et al. (1999)
6 lakes 0.22–1.02 Van Hove et al. (2006)
Methane 0.75–3.98 Welch et al. (1980)

Greenland 74 lakes 0.2–5.4 Jeppesen et al. (2003)
Europe (0–70°E) 2 lakes 0.2–1.65 Laybourn-Parry and Marshall (2003)

15 lakes 0.33–21 Ellis-Evans et al. (2001)
Imandra 1–7 Moiseenko et al. (2001)

lake) was used in the frequency distribution. The 

results (Figure 9.1) showed that that most observa-

tions are in the lowest bins (<2 mg Chl-a m−3), but 

that one-quarter of the Antarctic data-set were in 

the higher ranges (>8 mg Chl-a m−3). For compari-

son, Padisak (2004) reviewed the classifi cation of 

lakes into different trophic states based on the 

annual mean and maximum for Chl-a concentra-

tion (Table 9.4). This scale is useful as a guide to 

how nutrient-rich and biologically productive is a 

given lake ecosystem.

Based on regional surveys and seasonal studies 

of individual lakes, some general conclusions can 

be drawn. First, there have been very few obser-

vations of hypertrophic lakes in polar regions. In 

most cases, these systems have been associated 

with imports of animal wastes by natural causes, 

such as breeding colonies; for example, ponds and 

lakes near penguin colonies on Antarctica (Parker 

1972; Spurr 1975; Izaguirre et al. 1998). In Pony Lake 

on Ross Island, Antarctica, the enrichment by an 

Adélie penguin colony has resulted in extreme 

 phytoplankton cell densities, and a measured Chl-a 

concentration of 839 mg m−3 (Vincent and Vincent 

1982b). Even eutrophic lakes are rare, but often 

associated with animal colonies (Ellis-Evans 1981b; 

Izaguirre et al. 2001; Laybourn-Parry et al. 2002; Toro 

et al. 2007) and, in the Arctic, with human sewage 

(Kalff and Welch 1974). Mesotrophic lakes have not 

been widely reported in the Arctic, though they are 

known in Alaska (e.g. O’Brien et al. 2005; Whalen 

et al. 2006), Svalbard (Ellis-Evans et al. 2001), and 

probably Russia (e.g. Moiseenko et al. 2001). A 

larger proportion of Antarctic lakes are in the mes-

otrophic category, including numerous lakes on 

the Antarctic Peninsula (e.g. Izaguirre et al. 1998; 

Unrein and Vinocur 1999; Allende and Izaguirre 

2003), the Vestfold Hills (Heath 1988; Laybourn-

Parry et al. 2002, 2005), Signy Island (Ellis-Evans 

1981a), and in Victorialand (Andreoli et al. 1992; 

Roberts et al. 2004).

Current knowledge of polar lakes would place 

a majority (55–70% by Figure 9.1) in the ultra-

 oligotrophic category. Many large-scale surveys 

of Arctic lakes, based on single observations dur-

ing the open water season, fi nd averages below 

1.5 mg Chl-a m−3 (e.g. Levine and Whalen 2001; 

Jeppesen et al. 2003). However, ultra-oligotrophic 
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Table 9.3 Chlorophyll concentrations reported for plankton of Antarctic lakes.

Region Lake Chlorophyll 
concentration 
(mgChl-a m−3)

Source

Peninsula and Scotia Arc (30–90°W) Ponds 35–112 Parker (1972) 
9 lakes 0–550 Izaguirre et al. (1998)
Boeckella 0–9.4 Allende and Izaguirre (2003)
Chico 0–2.45 Allende and Izaguirre (2003)
Heywood 0–40 Ellis-Evans (1981b); Hawes (1985)
Kitiesh 0.74–1.67 Montecino et al. (1991)
Moss 0.7–8 Ellis-Evans (1981a)
Otero 0–202 Izaguirre et al. (2001)
Sombre 0–9.5 Hawes (1985)
Tranquil 0–4.2 Butler et al. (2000)
Tres Hermanos 1.6–8.3 Unrein and Vinocur (1999)

Queen Maud Land (30°W–30°E) 3 lakes 0.05–0.8 Kaup (1994)
East Antarctica (30–90°E) 9 lakes 0.36–1.57 Tominaga (1977)

12 lakes 0.1–2.69 Laybourn-Parry and Marchant (1992)
Ace 0.7–5.7 Laybourn-Parry et al. (2005)
Beaver 0.39–4.38 Laybourn-Parry et al. (2001)
Crooked 0–1.05 Henshaw and Laybourn-Parry (2002)
Druzhby 0–1.9 Henshaw and Laybourn-Parry (2002)
Highway 0.32–12.66 Madan et al. (2005); Laybourn-Parry et al. (2005)
Pendant 0.79–21.6 Madan et al. (2005) 
Watts 0.1–10 Heath (1988)

Victoria Land (150–180°E) 11 lakes 0.62–13.68 Andreoli et al. (1992)
Bird 194–4,000 Spurr (1975)
Bonney-East 0.03–3.8 Lizotte et al. (1996); Priscu et al. (1999)
Bonney-West 0–7.4 Priscu (1995); Roberts et al. (2004)
Fryxell 0.03–21.8 Priscu et al (1987)
Hoare 0.1–6 Roberts et al. (2004)
Joyce 0.3–6 Parker et al. (1982); Roberts et al. (2004)
Miers 0.3–3.5 Parker et al. (1982); Roberts et al. (2004)
Vanda 0.03–1.2 Parker et al. (1982); Priscu et al (1987)

status has been confi rmed by multiple sampling 

in only a few cases, such as the Arctic Char Lake 

(Kalff and Welch 1974), and the Antarctic lakes of 

the Schirmacher Oasis (Kaup 1994), Crooked and 

Druzhby Lakes of the Vestfold Hills (Henshaw and 

Laybourn-Parry 2002), and Lake Vanda of the Dry 

Valleys (Vincent and Vincent 1982a). Given that 

the frequency distributions in Figure 9.1 include 

lakes for which we have only single observations 

rather than a time series from which to estimate 

the annual maximum Chl-a levels, it is possible 

that there are more polar lakes in the oligotrophic 

category than currently known. Seasonal studies 

of Arctic tundra ponds and lakes Chl-a levels that 

even at the annual maximum indicate an oligo-

trophic status (Miller et al. 1978; Welch et al. 1980; 

Whalen and Alexander 1986b), as do several lakes 

in the McMurdo Dry Valleys (Priscu 1995, Roberts 

et al. 2004).

The standing stock of phytoplankton per unit 

area (for a water column profi le) ranged from 

1 to 165 mgChl-a m−2 (Table 9.5). Standing stock 

provides a different perspective on the biological 

productivity of a lake because deeper oligotrophic 

lakes can accumulate substantial biomass rival-

ing levels observed in shallower eutrophic lakes. 
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For example, the standing stocks in Lake Bonney, 

with a productive water column of over 15 m, can 

exceed that of the 6–9-m productive zones in GTH 

112, GTH 114, Toolik Lake and Lake Kitiesh. It is 

likely that only eutrophic, shallow lakes (e.g. Lake 

Meretta, Lake Heywood) and hypertrophic lakes 

and ponds (e.g. Pony Lake, Lago Refugio) reach 

standing stocks of phytoplankton that might cause 

signifi cant self-shading (impeding light quantity 

or quality to deeper populations) or shading out of 

benthic algae or plants.

There have been a few efforts to estimate the 

biomass of anoxygenic photosynthetic bacteria 

using bacteriochlorophyll (Bchl) concentrations. 

Lakes in the Vestfold Hills of Antarctica had con-

centrations of Bchl-c (green sulphur bacteria) as 

high as 490 mg m−3 (Burke and Burton 1988). Lake 

Mogilnoe had concentrations of Bchl-e (green 

 sulphur  bacteria) as high as 4600 mg m−3 (Lunina 

et al. 2005; see Figure 9.5 below).
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Figure 9.1 Frequency distribution of maximum observed 
chlorophyll concentrations in Arctic (top panel) and Antarctic 
(bottom panel) lakes. Note the differing scales on the x axes.

Table 9.5 Chlorophyll concentrations as standing stock reported for the plankton of polar lakes.

Region Lake Chlorophyll 
concentration, standing 
stock (mgChl-a m−2)

Source

Arctic GTH 112 4.0–19.4 Whalen et al. (2006)
GTH 114 2.6–10.2 Whalen et al. (2006)
Toolik 2–12 Whalen and Alexander (1986b)
Char 1–6 Kalff and Welch (1974)
Meretta 1–40 Kalff and Welch (1974)

Antarctic Heywood 15–165 Light et al. (1981)
Kitiesh 6.7–12.6 Montecino et al. (1991)
Bonney-East 1–32.4 Lizotte et al. (1996); Priscu et al. (1999)

Table 9.4 Trophic categories based on phytoplankton biomass (as reviewed by Padisak 2004) and example polar lakes.

Chl-a (mg m−3) Arctic lakes Antarctic lakes

Annual maximum Annual mean

Ultra-oligotrophic <2.5 <1 A (Ellesmere), Char Crooked, Druzhby, Vanda, Verkhneye
Oligotrophic 2.5–8 1–2.5 Methane, Oil, Toolik Ace, Beaver, Bonney, Chico, Hoare
Mesotrophic 8–25 2.5–8 N2 (Alaska) Boeckella, Fryxell, Highway, Moss, 

Pendant, Sombre, Watts
Eutrophic 25–75 8–25 Meretta Heywood, Rookery
Hypertrophic >75 >25 Otero
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production rates have been reported on hourly, 

daily, monthly, and yearly timescales; extrapolation 

between these estimates is diffi cult because of the 

need to factor in temporal changes in irradiance, 

nutrient supplies, competition, grazing losses, and 

other factors on appropriate timescales. Production 

rates are also reported on either a volumetric basis 

(e.g. per liter or cubic meter) or an areal basis (e.g. 

per square meter). The former relates best to the 

three- dimensional world of the phytoplankton 

cells, but the latter is relevant to understanding a 

system that can be limited by fl ux across a hori-

zontal plane, from above (e.g. light; atmospheric 

deposition) or below (e.g. diffusion of recycled or 

reduced chemicals; anaerobic waters; vertically 

migrating grazers). The most frequently reported 

estimates for polar lakes have been for daily pro-

duction per unit volume, and for annual produc-

tion per unit area.

Daily phytoplankton production rates as high 

as 1500 mg C m−3 day−1 have been reported in polar 

lakes, but most observations are in the range of 

1–100 mg C m−3 (Tables 9.6 and 9.7). As with the 

research on phytoplankton biomass, the far larger 

number of lakes in the Arctic than the Antarctic 

has led to more multilake surveys, particularly in 

Alaska and Svalbard. In the Antarctic, nearly all 

primary production estimates are from the Vestfold 

Hills (East Antarctica), the McMurdo Dry Valleys 

(Victoria Land), and Signy Island (Scotia Arc).

As described above for biomass, a data-set 

derived from the sources in Tables 9.6 and 9.7 was 

used to derive frequency distributions for polar 

lakes in each hemisphere (using only the high-

est value reported for a given lake). The results 

(Figure 9.2) showed that the Antarctic data were 

more skewed (52%) to the lowest bin of less than 

10 mg C m−3 day−1, while the Arctic data-set included 

more lakes (43%) with high values of more than 

100 mg C m−3 day−1. These distributions are reversed 

from those seen in biomass (Figure 9.1). Whereas 

the data-sets for biomass and production include 

studies from different lakes, and thus not directly 

comparable, the differences in the frequency distri-

butions could be useful for generating hypotheses 

based on physical, chemical, physiological, and 

ecological differences between the Antarctic and 

the Arctic as settings for lakes.

9.4 Primary production

Phytoplankton photosynthesis results in the pro-

duction of organic material, specifi cally increased 

cellular biomass and the associated release of 

 extracellular materials. The latter include poly-

mers, colonial matrices and structures, and dis-

solved excretions. A change in biomass over time, 

for example as cells, dry weight, carbon, or pig-

ments, can be used to estimate net production, but 

this will underestimate the gross production due 

to losses from consumption by grazers, lysis (e.g. 

by viruses), and diffi culty of clearly identifying the 

origin of many dissolved and particulate organic 

materials. Thus, researchers have most often esti-

mated phytoplankton productivity based on either 

the production of the photosynthetic byproduct 

oxygen or the incorporation of inorganic car-

bon. Nearly all published estimates of polar lake 

phytoplankton production were made in the last 

40 years, during which the use of radiocarbon 

 tracers (14C-labelled CO2) have dominated the fi eld. 

Radioisotope-based approaches have almost cer-

tainly been popular due to the higher sensitivity 

over biomass- or oxygen-based methods, a critical 

consideration when biomass is low and physio-

logical rates are suppressed by low temperatures. 

The strengths of 14C-based estimates of primary 

production include the ability to: trace all products 

(particulate and dissolved, cellular and excreted, 

even consumed); differentiate cellular/colonial 

production in size classes (important to food web 

studies); and biochemically separate different prod-

ucts (for understanding physiological acclimation, 

nutritional content, etc.). The major drawback to the 
14C methods are that they still underestimate gross 

production due to the potential for cells to respire 

some of the radiolabelled product. Thus 14C-based 

estimates are best interpreted as between gross 

and net production rates.

Phytoplankton production is one of the sources 

of primary (autotrophic) production in lakes, in 

addition to aquatic plants, benthic macroalgae, 

attached photosynthetic microbes, and chemosyn-

thetic bacteria. In many polar lakes, phytoplank-

ton are the most frequently measured source of 

primary production; in many lakes, they are the 

only source measured. Phytoplankton primary 
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accumulation with lower productivity in Antarctica 

might be a symptom of lower light availability rela-

tive to Arctic lakes. While the range of latitudes are 

similar in both data-sets (61–79°), most of the Arctic 

First, phytoplankton acclimate to lower light 

intensities by increasing pigment content, thus 

increasing light-harvesting capacity to maintain 

photosynthetic and growth rates. Higher Chl-a 

Table 9.7 Photosynthetic rates reported for the plankton of Antarctic lakes.

Region Lake Photosynthetic rate (mgC m−3) Source

Hourly Daily

Peninsula and Scotia Arc 
(40–90°W)

Ponds 0.8–72 Parker (1972)
Heywood 0–720 Ellis-Evans (1981b)
Moss 0–28 Ellis-Evans (1981a)
Sombre 0–40 Hawes (1983)
Tranquil 0–4.5 Butler et al. (2000)

East Antarctica (30–90°E) 9 lakes 3.5–18 Tominaga (1977)
5 lakes 0.15–240 Laybourn-Parry et al. (2002)
Ace 0–32.1 Laybourn-Parry et al. (2005)
Beaver 19.7–25.5 Laybourn-Parry et al. (2001)
Crooked 0–70 Henshaw and Laybourn-Parry (2002)
Druzhby 0–52 Henshaw and Laybourn-Parry (2002)
Highway 0.56–45 Laybourn-Parry et al. (2005)
Watts 0–6.4 Heath (1988)

Victoria Land (150–180°E) Bonney-East 0–7.5 Parker et al. (1982)
Bonney-West Up to 0.03 0–9.5 Parker et al. (1982); Priscu (1995)
Fryxell 0–3 0–73 Vincent (1981); Priscu et al. (1987)
Hoare 0.4–5.0 Priscu (1995)
Joyce Up to 0.036 0–2 Parker et al. (1982)
Vanda 0–0.17 0.1–1.6 Vincent and Vincent (1982a); Priscu (1995)

Table 9.6 Photosynthetic rates reported for the plankton of Arctic lakes.

Region Lake Photosynthetic rate (mgC m−3) Source

Hourly Daily

Alaska 2 ponds 0–260 Kalff (1967)
6 lakes 0–792 Howard and Prescott (1971)
4 ponds 0–17 Up to 200 Alexander et al. (1980)
10 lakes 1.9–230 Kling et al. (2000)
39 lakes 6.5–101 Levine and Whalen (2001)
2 lakes 41–220 Whalen et al. (2006)
N2 5–20 O’Brien et al. (2005)
Oil Lake 0–82 Miller et al. (1978)
Pond C 0–130 Miller et al. (1978)

Canada 4 ponds 0.67–16.7 Wallen and Allen (1982)
Greenland Lake 95 0–14 Maehl (1982)
Europe 2 lakes 3–1000 Laybourn-Parry and Marshall (2003)

14 lakes 0–1500 Ellis-Evans et al. (2001)
Mogilnoe 0.7–812 Ivanov et al. (2001)
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lake phytoplankton (reviewed below) and the 

predominance of the ultra-oligotrophic trophic 

classifi cation described above suggest that nutri-

ent availability is a common regulator of biomass 

 accumulation and daily primary production rates. 

For example, higher Chl-a concentrations with 

lower photosynthetic rates in some Antarctic lakes 

may indicate that phytoplankton are present, but 

less able to access nutrients for growth. Arctic 

lakes can have much larger watersheds and links 

with substantial terrestrial ecosystems which may 

provide more or timely deliveries of nutrients (e.g. 

Kling et al. 2000).

Third, some members of the phytoplankton 

can gain nutrition from processes other than 

 photosynthesis, which may affect the relation-

ship between biomass and primary production. 

Mixotrophic species (e.g. many of the phytofl ag-

ellates such as cryptophytes, chrysophytes, dino-

fl agellates, and the ciliates) can consume bacteria 

and other microbes to gain nutrients and energy. 

Mixotrophy is an important strategy for survival, 

such as over the long, dark polar winter, and it may 

help organisms through acute or chronic shortages 

in light or nutrients during the growth season 

(Laybourn-Parry 2002). Mixotrophic cells usually 

retain pigments even while photosynthetic rates 

are low; thus we might hypothesize that the lower 

productivity of Antarctic lakes might be due to a 

greater prevalence of mixotrophic organisms in the 

phytoplankton.

Fourth, many of the Antarctic lakes are lacking 

or have poorly developed macrozooplankton and 

benthic invertebrate communities compared to 

Arctic lakes. This would allow phytoplankton in 

Antarctic lakes to accumulate to higher biomass 

at lower primary production rates. Conversely, 

increased grazing pressure in Arctic lakes would 

suppress phytoplankton biomass, but could also 

increase nutrient recycling to fuel higher daily pri-

mary production rates (and decrease the need for 

mixotrophic acquisition of nutrients).

It is important to recognize the limitations of 

frequency distributions and summary statistics. 

Another valuable approach is to compare systems, 

such as case studies of individual lakes that have 

helped us understand the relative roles of light and 

nutrients (see also Chapter 1).

lakes where primary production has been studied 

have ice-free seasons, whereas most of the Antarctic 

lakes listed (especially Victoria Land and East 

Antarctica) have perennial ice covers. At the sub-

stantially lower light levels beneath ice, it is likely 

that all primary production occurs at light-limited 

rates of primary production. The factors regulat-

ing the light environment in polar lakes include 

characteristics of the ice cover such as thickness, 

opacity, and accumulated snow, and optical con-

stituents of the water such as cells, abiotic parti-

cles, and dissolved materials (see Chapter 4). Since 

photo synthetic organisms require a minimum 

irradiance to support cellular metabolism, the 

length of the growth season depends not only on 

the annual solar cycle, but varies greatly depend-

ing on ice, snow, and hydrology conditions.

Second, phytoplankton photosynthetic rates can 

be limited by nutrient availability. Some nutrients 

(e.g. nitrogen) are also necessary for pigment syn-

thesis; thus nutrient-limited phytoplankton may 

also be diminished in their capacity to acclimate 

to low light. Studies of nutrient limitation of polar 
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 chlorophyll values. The highest primary produc-

tion is in the phytobenthos, where light is limiting 

but nutrients are abundant. However, the addition 

of nutrients from marine birds and mammals can 

increase phytoplankton to spectacular levels.

There have been few estimates of annual primary 

production in polar lakes (Table 9.8). The range of 

values reported is 0.3–270 gC m−2 year−1, compared 

with ranges of 0.6–600 gC m−2 year−1 reported in 

global lake reviews (e.g. Schindler 1978). However, 

the most common estimates are in the order of 

magnitude of 1–10 gC m−2 year−1, within the range 

of oligotrophic lakes worldwide. Schindler (1978) 

hypothesized that low annual production in polar 

lakes compared with more equatorial lakes cor-

responds to differences in light availability of 

approximately 50 times (due to seasonal irradiance 

and snow and ice cover), and differences of natural 

nutrient delivery of approximately 100 times (for 

example, due to precipitation rates, freezing, and 

Arctic Lake A and Char Lake• : Lake A receives less 

light because it is 1000 km north of Char Lake. Lake 

A also accumulates about 0.5 m of snow in spring, 

while Char Lake is often windswept. Yet Lake A has 

higher algal biomass than ultra-oligotrophic Char 

Lake (Van Hove et al. 2006).

Antarctic Lakes Fryxell and Vanda• : located in the 

Dry Valleys, Lake Vanda is renowned for its clean, 

clear, ice with 10–15% penetration by sunlight, 

while Lake Fryxell has a rough, milky ice cover 

passing about 1% of sunlight. Lake Fryxell has a 

much higher biomass and production of phyto-

plankton (Vincent 1981).

Arctic Char Lake and Meretta Lake• . These adjacent 

lakes provide a classic example of eutrophication. 

Similar in ice, snow, and incident irradiance condi-

tions, they differ in primary production because 

of accelerated eutrophication of the latter through 

sewage discharge (Schindler et al. 1974).

Arctic and Antarctic open-water ponds• : most polar 

open-water ponds have clear waters with low 

Table 9.8 Annual primary production rates reported for plankton of polar lakes.

Region Lake Production rate 
(gC m−2)

Source

Arctic
Alaska 2 ponds 0.38–0.85 Kalff (1967)

4 ponds 0.3–0.7 Alexander et al. (1980)
GTH 112 7.7 Whalen et al. (2006)
GTH 114 10 Whalen et al. (2006)
Peters 0.9 Hobbie (1964)
Schrader 6.5–7.5 Hobbie (1964)
Toolik 1.6–10.6 O’Brien et al. (1997)

Canada Char 3.6–4.7 Kalff and Welch (1974)
Far 9.7 Welch and Bergmann (1985)
Maretta 9.4–12.5 Kalff and Welch (1974)
P and N 15.4 Welch and Bergmann (1985)
Spring 15.9 Welch and Bergmann (1985)

Greenland Lake 95 4.7 Maehl (1982)

Antarctic
Scotia Arc (30–90°W) Heywood 100–270 Light et al. (1981)
Queen Maud Land 

(30°W–30°E)
Moss 14 Ellis-Evans (1981a)
Verkhneye 0.58 Kaup (1994)

East Antarctica (30–90°E) Watts 10.1 Heath (1988)
Victoria Land (150–180°E) Alga 5.9–7.3 Goldman et al. (1972)

Bonney-East 1.26–2.34 Priscu et al. (1999)
Skua 45–133 Goldman et al. (1972)
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a full annual growth season. The seasonal pro-

gression of primary production in polar lakes is 

strongly tied to spring increases in solar irradiance, 

ice-cover melting, the summer solstice, and ice-

cover freezing (Figures 9.3 and 9.4). The Antarctic 

lakes with perennial ice cover tend to peak months 

before the summer solstice at the end of December, 

suggesting nutrient limitation. Polar lakes that lose 

soil microbe activity). The only polar lakes reported 

to achieve mesotrophic annual production levels 

exceeding 100 g C m−2 year−1 are Antarctic lakes 

Heywood and Skua, which received large inputs 

of animal wastes from seabird and marine mam-

mal colonies.

Estimating annual primary production is prob-

lematic because very few studies have recorded 
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Figure 9.4 Seasonal to multiyear observations of areal primary production rates (mgCm−2 day−1) in Arctic lakes. Graphs enclosed in boxes 
have units of production per volume of water (mgCm−3 day−1). Source data are from (a) Sheath and Hellebust (1978), (b, c) Howard and 
Prescott (1971), (d, e) Kalff (1967), (f) Miller et al. (1978), (g) Whalen and Alexander (1986b), and (h) Maehl (1982). 
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Temperature limitation of polar phytoplankton 

is nearly always due to temperatures less than the 

optimal range for physiological processes. The 

range of temperatures in polar lakes during the 

primary production season range from near freez-

ing to more than 15°C. The latter may approach or 

exceed the optimum temperature for psychrophilic 

organisms. Species can be adapted to lower optimal 

temperatures or have more dynamic responses to 

temperature change (e.g. Q10 values much greater 

than the canonical 2 for a physiological rate). In a 

cross-system review, Markager et al. (1999) observed 

that the photosynthetic performance of polar-lake 

phytoplankton is often much lower than for algae 

in other cold environments (polar seas, sea ice, and 

in culture), and suggested that this may be a stress 

response resulting more from nutrient limitation 

than temperature effects.

Nutrient availability in polar lakes is highly 

variable geographically. High concentrations of 

nitrate (>100 µM) and phosphate (>5 µM) have 

been widely reported in Antarctic lakes on the 

Antarctic Peninsula (e.g. Izaguirre et al. 1998, 2001), 

Signy Island (Butler 1999), Ross Island (Vincent 

and Vincent 1982b), Vestfold Hills (e.g. Laybourn-

Parry et al. 2002), and the Dry Valleys (e.g. Vincent 

1981; Priscu 1995; Roberts et al. 2004). High nutri-

ent conditions were found in lakes and ponds 

enriched by marine animals and in perennially 

ice-covered lakes that accumulate nutrients in 

deep monomolimnia. In the Arctic, nitrate levels of 

more than 10 µM have only rarely been recorded, 

including in lakes near marine animal colonies on 

Spitzbergen (Ellis-Evans et al. 2001; Laybourn-Parry 

and Marshall 2003), a Russian lake (Moiseenko 

et al. 2001), and in perennially ice- covered lakes 

in Canada (Van Hove et al. 2006); only the latter 

had high phosphate levels (>5 µM), in its deep 

anoxic zone. Maximum values of nitrate less than 

4 µM and phosphate of less than 0.2 µM have been 

repeatedly reported in the Arctic for Alaskan lakes 

(e.g. Whalen and Alexander 1986a; Kling et al. 
2000; Levine and Whalen 2001; Whalen et al. 2006), 

Canada (e.g. Pienitz et al. 1997; Vezina and Vincent 

1997), and in Greenland (e.g. Maehl 1982). Such 

oligotrophic conditions have been observed in 

some remote Antarctic lakes (e.g. Tominaga 1977; 

Andreoli et al. 1992; Kaup 1994), but can also occur 

their ice cover during the summer often show a 

peak within weeks of ice-out, and often another 

peak approximately 1–2 months later. Although 

increased light availability will increase primary 

production, ice-out is probably strongly correlated 

with increased runoff delivering nutrients to the 

lakes, and increased wind-induced entrainment of 

deeper, nutrient-rich waters into the euphotic zone. 

Later peaks in primary production may also be 

related to zooplankton population dynamics and 

life cycles, particularly for Arctic lakes.

9.5 Environmental stressors

Phytoplankton primary production can be limited 

by factors that reduce populations, limit physio-

logical activity, or both. For example, population 

losses can occur due to grazing, disease outbreaks, 

or high fl ushing rates. Common factors limiting 

physiological activity include sub-optimal tempera-

ture, insuffi cient light, and nutrient shortages.

In polar lakes, the potential for grazing on phyto-

plankton can vary a great deal depending on food-

web complexity. Many Arctic lakes have food webs 

as complex (in terms of trophic levels, if not species 

diversity) as found at lower latitudes, with micro-

bial, invertebrate, and vertebrate members (e.g. 

O’Brien et al. 1997). However, shallower lakes can 

occasionally experience a winter ice-cover thick-

ening that can kill off many overwintering mac-

rofauna by concentrating organisms in a restricted 

deep part of the lake (with subsequent exhaustion 

of oxygen) or by freezing the entire water column. 

In these cases, and for geographically isolated lakes 

of Antarctica and higher latitudes of the Arctic, the 

grazers may be limited to protists and few small 

invertebrates (e.g. rotifers), and be lacking in verte-

brates, crustaceans, and mollusks.

Diseases from viral or bacterial infection, or from 

fungal parasites, are poorly understood for phyto-

plankton. Sheath (1986) reported that chlorophytes 

suffered a hyphomycete (fungal) infection that led 

to a rapid population decrease in an Arctic lake. 

Virus-like particle counts in Antarctic lakes have 

not shown strong relationships with phytoplank-

ton (e.g. Madan et al. 2005), although cyanophage 

may exert a control on the picocyanobacteria that 

are common in many polar lakes.
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mole of photons absorbed), has also been found to 

be very low, approximately an order of magnitude 

lower than theoretical limits (Lizotte and Priscu 

1994; Markager et al. 1999). Quantum effi ciency is 

not a temperature-sensitive parameter, thus low 

values are often interpreted as a less ambiguous 

indicator of nutrient limitation reducing the effi -

ciency of algal photosynthesis. Light limitation 

may also affect nutrient uptake and utilization 

directly (Priscu 1989). Natural events that deliver 

stream fl ow to polar lakes (e.g. from glacial melt-

ing) have an overall negative impact on primary 

production because the negative effects of light 

attenuation from sediments may reduce the abil-

ity of algae to utilize the increased nutrient load 

(Foreman et al. 2004; Whalen et al. 2006).

Many of the dimensions of phytoplankton 

dynamics in polar lakes come together in studies 

of the deep chlorophyll maxima observed in many 

polar lakes (Figure 9.5). The deep chlorophyll 

maxima examples in this fi gure are dominated 

by different organisms (cyanobacteria, phytofl ag-

ellates, non-fl agellated algae, photosynthetic bac-

teria), and live in lakes of differing chemistry and 

physical conditions. Multiple deep chlorophyll 

maxima in a column are possible; for  example, 

an oxygenic population above an anoxygenic 

bacterial layer. Shared characteristics include ice 

cover and very resilient pycnocline features (see 

Chapter 4). Deep chlorophyll maxima can be very 

stable features for repeated or long-term study in 

polar lakes. The main conceptual ideas about why 

deep chlorophyll maxima form include locating 

resources (such as a limiting nutrients, or prey for 

mixotrophs), locating optimal environmental con-

ditions (e.g.  temperature or oxygen levels), avoiding 

predation, avoiding harmful ultraviolet radiation, 

reducing energy needs (e.g. for swimming) by 

settling to a neutral buoyancy depth, accumulat-

ing more pigment per cell at depth to acclimate to 

the lower light levels, domination by species with 

different pigmentation, accumulation of dead or 

dying cells on the pycnocline, and  combinations 

of the above. Burnett et al. (2006) recently reviewed 

the literature to test some of the pycnocline- related 

hypotheses. Their analyses suggest that for these 

lakes, deep chlorophyll maxima are primarily 

explained by resource availability (light from 

seasonally in the surface waters of perennially ice-

covered lakes cited above.

Nutrient limitation of primary production has 

been frequently observed in polar lakes. Bioassays 

have been the most common method employed, 

where algae are monitored after the addition of 

one or more potentially limiting nutrients (usually 

phosphate, nitrate, and ammonium). This method 

has most often demonstrated phos phorus defi -

ciency in the Antarctic (e.g. Vincent and Vincent 

1982a; Kaup 1994; Priscu 1995; Dore and Priscu 

2001) and Greenland (Brutemark et al. 2005). 

Phosphate defi ciency in these lakes has also been 

supported by N:P ratios that are anomalously low 

in the dissolved nutrient pools and high in algal 

cells, and by measurements of phosphatase activ-

ity (Dore and Priscu 2001; Brutemark et al. 2005). 

Simultaneous additions of nitrogen and phos-

phorus occasionally show signifi cant responses in 

Antarctic lakes (e.g. Priscu 1995; Dore and Priscu 

2001) but are very common in Alaskan lakes (e.g. 

Whalen and Alexander 1986a; Levine and Whalen 

2001). A strong nutrient response was observed in 

phytoplankton bioassays at Ward Hunt Lake, the 

northernmost lake in the Canadian High Arctic, 

while the phytobenthos showed no improved 

growth in response to enrichment (Bonilla et al. 
2005). On larger and longer scales, Alaskan lakes 

have been studied through additions of nitrogen 

and phosphorus to mesocosms and whole lakes 

(O’Brien et al. 2005), allowing for a more sophisti-

cated whole-ecosystem evaluation of enrichment. 

Scientists have also studied nutrient effects from 

eutrophication events caused by natural increases 

in animal colonies (Butler 1999) and human pollu-

tion (Kalff et al. 1975).

Phytoplankton acclimation to the low-light envir-

onment of polar lakes may often be diminished due 

to other stress factors. Photosynthetic rates, normal-

ized to biomass (chlorophyll concentrations), rarely 

exceed 1 mg C (mg Chl)−1 h−1 in the Arctic (Markager 

et al. 1999) or Antarctic (e.g. Tominaga 1977; Vincent 

1981; Heath 1988; Kaup 1994). Exceptions include 

seasonally higher rates reported for nutrient-rich 

lakes on Signy Island (e.g. Hawes 1985) and the 

Antarctic Peninsula (Montecino et al. 1991). The 

effi ciency of light harvesting, as measured by the 

maximal quantum yield (moles of carbon fi xed per 
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and distinguishing rare or less conspicuous organ-

isms. Second, autonomous samplers and instru-

mentation will greatly increase the capacity to 

conduct year-round studies in remote lakes. Third, 

increased sensitivity in chemical analyses (partic-

ularly mass spectrometry) are rapidly  developing 

new  methods for tracing for biological activity 

from gene products through food webs.

Polar limnologists can also address several issues 

that are emerging from past studies. The occur-

rence and role of nonoxygenic photosynthetic bac-

teria should be more widely explored in  stratifi ed 

lake systems, and it is possible that aerobic anoxy-

genic photoheterotrophs have gone undetected in 

oxygenated waters. While the challenge of detect-

ing the wide variety of photosynthetic bacteria 

is making signifi cant progress, studies of their 

activity remain rare and diffi cult. Estimating their 

above and  nutrients from below; see Plate 14) and 

the presence of strong density gradients.

9.6 Conclusions 

Our understanding of photosynthetic plankton 

and their productivity in polar lakes has advanced 

rapidly over the last few decades. These stud-

ies have shown that polar aquatic ecosystems are 

largely of ultra-oligotrophic or oligotrophic trophic 

status, and that they respond strongly to nutrient 

enrichment. However, the observations to date 

have been constrained by the sampling and analy-

sis limitations common to all limnologists, and by 

the  special logistical limitations of polar research. 

In the future, the diversity of microbes involved in 

lake autotrophy will be greatly expanded by the 

development of molecular approaches for  detecting 
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contribution to primary production may require 

sampling and measurements on microlayers and 

fi ne-scale vertical gradients in oxygen, hydrogen 

sulphide, and nutrients, combined with detailed 

hydrodynamic and optical measurements. Such 

work will need to be complemented by experimen-

tal studies of their physiology under controlled 

laboratory conditions. Several studies have noted 

that very small cells, picoplankton, can make up 

a large component of the primary producers in 

oligotrophic polar lakes. Ongoing studies on this 

size class will be critical for understanding the 

food-web dynamics of polar lakes, which are often 

dominated by the microbial production and loss 

processes.
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 temperatures, a short growing season, and low 

fl uxes of nutrients from barren catchments, mak-

ing the benthic environment diverse and product-

ive oases in polar desert and tundra landscapes.

Benthic environments in lakes, ponds, and 

streams are dominated by microbial mats in which 

cyanobacteria are typically the dominant element 

of the biota (Plate 10), although they are not always 

well developed, as in the lakes of the Vestfold 

Hills (Antarctica). Microbial mats are multilay-

ered  microbial consortia commonly found in polar 

aquatic or semi-aerophytic ecosystems in which 

they cover large expanses as soon as liquid water 

is available. They are thus widespread in lakes, 

ponds, streams, glaciers, and ice shelves, and they 

often dominate the total biomass and bio logical 

productivity in the polar  environments (Vincent 

10.1 Introduction

In the polar non-marine aquatic ecosystems the 

benthic habitat is typically richer in diversity and 

biomass than the planktonic habitat (e.g. Bonilla 

et al. 2005; Moorhead et al. 2005). Benthic commu-

nities in polar freshwater systems are often domi-

nated by microbes, with more complex organisms 

either absent or scarce (Vincent 1988). The reduced 

number or absence of multicellular invertebrates 

removes the top–down stresses of bioturbation 

and grazing and thus makes these systems  stable 

and able to accumulate biomass at the lower 

trophic level over many years. The principle of 

accumulation over time applies to photosynthet-

ically produced biomass and also to nutrients. This 

allows  luxuriant growths to develop, despite low 

Outline

In polar ecosystems, liquid water is one of the most limiting factors for life, thus organisms are mainly 

distributed in the places and times in which liquid water is present. Freshwater ecosystems are typically 

considered as oases for life in the polar desert and tundra biomes. The benthic component of these lakes, 

ponds, rivers, and streams is often rich in biodiversity as well as biomass. The main communities in the 

benthic habitat are microbial mats, aquatic mosses, and green algal felts that inhabit both running and 

lentic waters. The substantial primary production in these benthic autotrophic communities, together 

with their reduced losses of assimilated carbon because of the low temperatures, low degradation rates, 

and minimal grazing pressure, can result in luxuriant growth and accumulation of these photosynthetic 

 elements. In this chapter, we fi rst describe the types of communities typically found in non-marine ben-

thic habitats. We then review the primary production rates that ha ve been measured under different 

 circumstances,  drawing on information from the literature as well as unpublished results. We conclude 

the chapter by exploring why the benthic component (phytobenthos) often dominates over planktonic 

 communities ( phytoplankton) in polar aquatic ecosystems.

CHAPTER 10

Benthic primary production in 
polar lakes and rivers
Antonio Quesada, Eduardo Fernández-Valiente, 
Ian Hawes, and Clive Howard-Williams
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10.2 Types of benthic community

10.2.1 Microbial mats

10.2.1.1 Benthic communities in perennially 
ice-covered lakes
Perennially ice-covered lakes occur in many parts 

of the Antarctic and High Arctic. Doran et al. (2004) 

list fi ve Arctic and 11 Antarctic lakes or lake regions 

that, at the moment, are perennially ice-covered. 

Perennial ice cover imparts quite different char-

acteristics than seasonal ice cover. These effects 

include isolation from the atmosphere, which infl u-

ences gas exchange and transfer of kinetic energy 

from wind to water, and the reduction in irradi-

ance reaching the water column (see Chapter 4 in 

this volume).

A subset of lakes found in the McMurdo Sound, 

Dry Valley region of Antarctica (see Chapter 1) is 

the best-studied group of perennially ice-covered 

lakes. These are desert lakes, receiving low but 

variable water loadings each year, and most are 

endorheic. As the annual infl ux of water is highly 

variable over timescales of years to millennia, most 

have undergone sequential periods of positive and 

negative water balance, resulting in dry-down 

(concentrating salts) and refi lling (dilute water 

infl ux) events. This, coupled with the lack of wind-

induced mixing, has allowed the evolution and per-

sistence of strong salinity gradients (see Chapter 8). 

The result can be stratifi cation or stable gradients 

within the water column, through which the trans-

fer of materials is dependent on diffusion, active 

movement of biota, and sedimentation. Diffusion 

is an effective process for the movement of solutes 

over short distances, up to millimeter spatial scales, 

but thick layers of stable water within density gra-

dients severely restrict the fl ux of solutes and fi ne 

p articles (Spigel and Priscu 1998).

A second important feature of the McMurdo 

Dry Valley ice-covered lakes is that they are free 

of Metazoa large enough to cause substantial bio-

turbation of sediments or to graze substantially on 

benthic phototrophs. This is not the case in at least 

one Arctic perennially ice-covered lake, Ward Hunt 

Lake at 83ºN on Canada’s Ellesmere Island (Bonilla 

et al. 2005). Here, the sediments are densely popu-

lated by an unidentifi ed chironomid larva, which 

enter and leave the lake via the ice-free margins 

2000). These mats typically consist of a matrix of 

mucilage in which cyanobacterial trichomes and 

other algal cells are embedded together with other 

heterotrophic and chemoautotrophic microorgan-

isms and with sand grains and other inorganic 

materials (De los Ríos et al. 2004). In that way, they 

can be considered as complete ecosystems, with 

all trophic levels compressed into a layer only a 

few millimeters in thickness. The stratifi cation 

of these communities can often be recognized 

by some degree of vertical color zonation due to 

the different pigmentation of phototrophic micro-

organisms (Vincent et al. 1993b), or  associated with 

annual growth cycles by layers usually formed by 

seasonal sediment cycles rather than fast and slow 

growth patterns (Hawes et al. 2001). Advanced 

electron-microscopy techniques have shown that 

instead of a dense tissue, typical microbial mats 

are sponge-like structures with numerous holes 

allowing gliding fi lamentous cyanobacteria to 

adjust their position, vertically and horizontally, 

depending upon the environmental character-

istics (De los Ríos et al. 2004). The ubiquitous 

presence of cyanobacterial mats and their taxo-

nomic composition and physiological activities 

in streams, ponds, lakes, and meltwaters of dif-

ferent places in Antarctica are well documented 

(Howard-Williams and Vincent 1989; Howard-

Williams et al. 1989a; Vincent et al. 1993a, 1993b; 

Ellis-Evans 1996; Fernández Valiente et al. 2001; 

Sabbe et al. 2004). Cyanobacterial mats are also 

common in shallow Arctic aquatic ecosystems 

(Villeneuve et al. 2001), but they have not yet been 

reported in the deep waters of Arctic lakes. On 

the contrary, benthic chlorophytes may only occa-

sionally dominate in stream habitats, particularly 

in nutrient-rich conditions. For example, dense fi l-

amentous growths of Mougeotia and Klebsormidium 

were recorded in the Antarctic Peninsula area by 

Hawes (1989) and fi lamentous Prasiola calophylla, 

and Binuclearia and thalloid Prasiola crispa were 

common in some streams in the McMurdo Sound 

area (Broady 1989). Aquatic moss communities are 

found commonly in lakes of both polar regions 

(Imura et al. 1999; Sand-Jensen et al. 1999; Toro et al. 
2007) and their standing stocks may be the domi-

nant biomass component of some high-latitude 

aquatic ecosystems.
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nutrient fl ux have only recently begun to be fully 

appreciated. It is clear that, where light permits, 

benthic microbial mats are sinks for carbon in 

these lakes; they are net photosynthetic systems 

and sequester carbon, allowing the gradual accu-

mulation of organic layers on the fl oor of the lakes 

(Hawes et al. 2001). Indeed, one of the remarkable 

features of these mats is the very high biomass 

that accumulates (Figure 10.1). Data collected from 

multiple sites and multiple years from Lake Hoare 

show a slight trend of a gradual decline in benthic 

chlorophyll a (Chl-a) concentration with depth, with 

a great degree of variability at any given depth and 

site (Figure 10.1).

Undoubtedly the absence of benthic invertebrates 

or strong physical mixing allows slow accumulation 

of benthic biomass to occur without disruption, but 

it seems that it is highly effi cient photosynthetic 

processes that allow this live biomass to accumulate 

enough carbon in summer to persist year-round. 

The high effi ciency of summer photosynthesis 

revolves around effi cient capture and utilization of 

incoming solar radiation. The light that penetrates 

ice cover has a spectrum weighted to the blue-

green wavelengths, peaking at 450–500 nm with 

very little light at wavelengths longer than 600 nm 

(Howard-Williams et al. 1998; Hawes and Schwarz 

2001). The cyanobacteria that dominate mat under 

ice have a distinctive pink appearance (see Plate 

10), which is due to a high content of phycoeryth-

rin, a light-harvesting pigment that forms part of 

cyanobacterial  phycobilisomes and which absorbs 

strongly in the blue-green region, at 500–550 nm 

(Hawes and Schwarz 2001). Phycoerythrin concen-

trations greatly exceed those of phycocyanin and 

even Chl-a in mats from under perennial ice cover, 

in contrast to mats from the moat regions of these 

lakes that thaw out annually, and where mats must 

cope with seasonally high irradiances (Hawes and 

Schwarz 1999).

Measurements show consistently that the pig-

ment systems of benthic communities absorb 

over 50% of irradiance incident to a mat surface, 

and that this is utilized at quantum yields (car-

bon fi xed per photon absorbed) which approach 

theoretical maxima of 12 photons per carbon atom 

fi xed (Hawes and Schwarz, 2001; Vopel and Hawes 

2006). In Lake Hoare, in the McMurdo Dry Valleys, 

during summer. The under-ice benthic vegetation 

in Ward Hunt Lake is sparse and dominated by 

diatoms and aquatic mosses, with cyanobacterial 

mats restricted to the lake margins.

10.2.1.2 The benthic flora of McMurdo 
Dry Valley lakes
Studies on the benthic communities of the 

McMurdo Dry Valley lakes consistently show that 

fi lamentous cyanobacteria, primarily species of 

Lyngbya, Leptolyngbya, Oscillatoria, and Phormidium, 

dominate the matrix of these microbial mats, with 

a range of pennate diatoms also present, increas-

ing in relative abundance with increasing depth 

(Wharton et al. 1983; Wharton 1994; Hawes and 

Schwarz 1999). As with the cyanobacteria, all of 

the dominant diatoms are motile, with species of 

Diadesmis, Achnanthes, Navicula, Muelleria, Luticola, 

and Stauroneis commonly encountered. Mats form 

a variety of macroscopic structures on the lake 

fl oor, variously categorized by their gross morph-

ology as pinnacle mats, lift-off mats, or columnar 

or prostrate mats (Wharton et al. 1983; Wharton 

1994). In many situations, precipitation of calcite 

occurs within the mat, giving them further struc-

tural complexity.

Recent research has shown that fi ne-scale lamin-

ations (<1–3 mm) of mats in McMurdo Dry Valley 

lakes can be attributed to annual growth layering 

(Hawes et al. 2001), whereas coarser laminations are 

due to episodic events where pockets of sediment 

fi nd their way through the ice and fall to the lake 

fl oor (Squyres et al. 1991). Fine-scale laminations 

become compressed as they are buried beneath 

new growth and the water that forms much of the 

mat matrix is excluded. The laminated, calcite-rich 

structures have been investigated as modern ana-

logs of ancient stromatolites, currently the earliest 

complex communities for which we have any fossil 

record (Parker et al. 1981) and also as the possibil-

ity that they may be the nearest earthly analog of 

putative ice-covered aquatic communities that may 

have formed and perished on Mars during the early 

stages of its evolution (e.g. Doran et al. 1998).

Although the existence of these benthic micro-

bial mats and the complex structures that they 

form have been known about for many years, their 

activity and contributions to lake carbon fl ow and 
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Vopel and Hawes (2006) were also able to confi rm, 

using pulse amplitude-modulated fl uorometric 

techniques, that layers remain photosynthetically 

active, albeit at much slower rates than surface 

 layers, for many years after they have been formed, 

with active pigments persisting for up to seven or 

eight layers in mats from Lake Hoare. The number 

of active laminae decreases with depth.

The contribution of benthic communities to 

whole-lake production is strongly affected, as in 

all lakes, by the ratio of littoral to pelagic zones. 

However, as appears to be the case in oligo-

trophic lakes worldwide, within the littoral zone 

benthic production is considerably greater than 

that of the plankton in those ice-covered lakes 

for which  comparisons can be made. Moorhead 

et al. (2005) estimated that in Lake Hoare benthic 

photo synthesis substantially exceeded that of phy-

toplankton on a whole-lake basis, a conclusion sup-

ported by Lawson et al. (2004) on the basis of stable 

 isotopic ratios.

Several factors combine to allow benthic micro-

bial mats to dominate biomass and activity in the 

actively photosynthetic communities are found to 

at least 22 m depth, where in situ irradiance is not 

only restricted to a narrow waveband but also to 

extremely low values of 0.2–2 µmol photons m−2 s−1 

(Hawes and Schwarz 1999). This barely exceeds 

0.01–0.1% of midday summer irradiance in tem-

perate regions. The low but persistent irradiance 

experienced during summer under perennial ice 

cover allows communities to acclimate to a narrow 

irradiance range in terms of total energy as well as 

spectral composition, and the light-utilization effi -

ciency for these communities is very high.

Only recently have in situ observations con-

fi rmed that microbial mats are photosynthetically 

active under ambient conditions and that the rates 

of activity measured in laboratory incubations are 

indeed realistic estimates of in situ activity. Vopel 

and Hawes (2006) measured fi ne-scale gradients of 

oxygen concentration across the mat–water inter-

face of Lake Hoare and confi rmed that they are 

net sources of oxygen. Rates of net oxygen evolu-

tion measured were 100–500 µmol oxygen m−2 h−1 at 

an ambient irradiance of 1–5 µmol photons m−2 s−1. 
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Figure 10.1 Biomass of benthic microbial mat as chlorophyll-a at three sites in Lake Hoare, McMurdo Dry Valleys, sampled in 2000 and 
2002. Depths have been normalized to the nearest meter, based on lake depth in 2000. Methods used as described in Hawes and Schwarz 
(1999), unpublished author’s data. Mean ± standard error, n = 5.
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the microbial mats, must affect their growth 

dynamics (Moorhead et al. 2005), although as yet 

this has to be effectively measured. A rise in lake 

level will both expose new substrates for microbial 

mat growth, and reduce the amount of light that 

reaches those already under the ice. Substantial 

lake-level reductions will expose mats to the air, 

and it has been suggested that this process, fol-

lowed by drying and wind abrasion, is a signifi cant 

in supplying fi xed carbon to the soil ecosystem 

(Moorhead et al. 1999).

At any one time the microbial mats under the 

 perennial ice cover are at best in a quasi-equilibrium 

state, as they adjust to daily, seasonal, decadal, and 

longer-term changes in their environment. The cor-

respondence between time scales of habitat change 

and microbial responses is indicated in Figure 10.2. 

While we are beginning to understand the short-

term responses, this understanding is still fl awed 

since we are unable to place our experiments in 

the longer-term context of change and response. 

Paleolimnological studies offer some insights into 

long-term change (e.g. Spaulding et al. 1997). One 

of the key challenges facing research on these fas-

cinating communities now is to understand the link 

between longer-term changes to their  environment 

littoral zones of perennially ice-covered lakes. First, 

the absence of signifi cant bioturbation or wave 

stress allows them to accumulate at millimeter 

rates to form thick, laminated sediments. Second, 

the unusual irradiance regime, with a relatively 

stable photon fl ux over the summer period allows 

them to photo-acclimate such that they are highly 

effi cient over the range of irradiance that they 

experience. Finally the accumulation and recycling 

of nutrients within and beneath the mat complex 

appears to create a nutrient-rich microzone within 

an otherwise highly oligotrophic environment.

Whereas these observations conjure the image of 

a stable community in a stable environment, this is 

not necessarily the case. The physical environment 

within the lakes of the McMurdo Dry Valleys is not 

constant, but subject to climate-driven changes in 

both ice thickness and water level, over short and 

long time frames (Doran et al. 2002). The thickness 

and transparency of ice cover varies over time-

scales of years to decades; for example, in our work 

at Lake Hoare we have measured transmission of 

photosynthetically available irradiance through 

the ice cover to vary from 0.1 to 2.5%. Snow cover is 

a key variable here. Such changes in  transparency, 

resulting in a 25-fold range in irradiance  reaching 
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Figure 10.2 Schematic diagram of the correspondence between environmental change and community response in benthic microbial 
communities. At present our understanding is largely restricted to the right-hand end of this fi gure.



184   P O L A R  L A K E S  A N D  R I V E R S

by means of superoxide dismutase and quenching 

pigments allows them to alleviate the effects of 

high radiation (Quesada and Vincent 1997).

In shallow water bodies another important 

envir onmental constraint is temperature variation, 

which, unlike in perennially ice covered lakes, can 

change rapidly; for example from subzero freezing 

temperatures to +8°C within 24 h in the McMurdo 

Ice Shelf region (Figure 10.3). Photosynthetic rates 

in microbial mats increase with temperature, 

as has been shown by Velázquez et al. (2006) in 

Antarctic microbial mats, and similar results have 

been found in the High Arctic by Mueller et al. 
(2005). This indicates that many polar photosyn-

thetic organisms are psychrotolerant rather than 

psychrophilic and are able to photosynthesize in a 

wider range of temperatures than usually encoun-

tered in their habitats.

In this way, the cyanobacterial mats from the 

two different ecosystems (permanently and sea-

sonally ice-covered lakes) are subject to different 

ecological constraints and either are formed by dif-

ferent organisms, or show differences in the phys-

ical structure or comprise environmentally fl exible 

organisms that can acclimate rapidly to highly 

variable conditions. In fact, recent studies using 

polyphasic methods suggest that the communities 

found in microbial mats from deep polar lakes may 

be different to the cyanobacterial consortia found 

in shallow ecosystems (see Chapter 12), although 

even the most refi ned genetic tools used to date 

have not identifi ed particular phylotypes found 

exclusively in shallow or deep ecosystems.

Another important difference between both 

deep and shallow water ecosystems is the mar-

ginal zone. Small seasonally ice-covered fresh 

water ecosystems typically thaw fi rst around the 

perimeter because of the direct effect of solar radi-

ation over the edges of the water mass. Commonly 

in less extreme polar regions the liquid moat allows 

some movement to the still frozen ice plate, and 

the scouring of this ice on the littoral sediment and 

communities is one of the main constraints for the 

development of benthic communities, which are 

subsequently typically limited to the lake bottom 

at depths greater than the ice thickness. As a result, 

the littoral zone of the seasonally ice-covered lakes 

is little colonized by benthic communities and only 

and community response. Approaching this prob-

lem, through a variety of approaches including 

physiological, long-term observation and pale-

olimnological methods, will allow us to much bet-

ter understand the dynamics and ecosystem role of 

benthic microbial mats.

10.2.1.3 Mats in seasonally ice-covered 
freshwater ecosystems
Cyanobacterial mats are also widespread in shal-

low polar ecosystems that typically thaw in 

summer and may represent the most luxuriant 

phototrophic communities in non-marine eco-

systems of the polar regions (Rautio and Vincent 

2006). They are especially abundant in lakes and 

ponds, including thermokarst lakes, in High Arctic 

regions (Vézina and Vincent 1997), but also in 

ice-shelf ponds (see Chapter 6), and in ice- retreat 

ponds (Fernández-Valiente et al. 2007) in both polar 

regions. The physical structure and  community 

composition of microbial mats from shallow eco-

system is apparently similar to that found in deeper 

water bodies. However, their environmental con-

straints are very different. Whereas in perman-

ently ice-covered lakes one of the limitations for 

photosynthesis is the lack of light, in shallow lakes 

organisms are exposed to bright light, including 

high UV-A and UV-B radiation, and for a full 24-h 

day at high latitudes in summer. Under this situ-

ation benthic communities in shallow ecosystems 

need a number of strategies to minimize the perni-

cious effects of high radiation. First, the structure 

of the mat provides shade, in that way the surface 

layers are usually composed by material rich in 

carotenoids and sheath pigments (Quesada et al. 
1999), characterized by very low oxygen evolution 

(e.g. Fernández-Valiente et al. 2007), indicating low 

physiological activity. On the contrary, active organ-

isms are found in deeper layers, forming a bright 

blue-green band that is rich in photosynthetic pig-

ments (Chl-a and phycobiliproteins; Quesada et al. 
1999). Second, the capability of some cyanobacteria 

to migrate within the depth profi le allows sensi-

tive organisms to fi nd the position with the most 

appropriate light climate (Quesada and Vincent 

1997; Plate 10). Third, the capability of cyanobac-

teria to effi ciently quench highly toxic, reactive 

oxygen species produced by exposure to high light 
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et al. 1999). Mosses can grow at extraor dinary 

depths in clear polar lakes, with a maximum depth 

reported so far of 81 m in Radok Lake, Amery Oasis, 

Antarctica. Mosses are quantitatively import ant 

components of the polar aquatic communities, 

often contributing to high biomass (Sand-Jensen 

et al. 1999) and to lake production (Welch and Kalff 

1974; Priddle 1980a; Montecino et al. 1991; Ramlal 

et al. 1994).

Only a small number of moss genera are rep-

resented in the polar lake fl ora (Table 10.1), with 

a much larger diversity in high latitude wetlands. 

Within regions, similar taxa appear to dominate 

the fl ora and there are surprisingly similar genera 

in lakes of the northern and southern polar regions. 

Most aquatic species appear to be forms of the local 

terrestrial and semi-aquatic fl ora. Exceptions to this 

do occur, notably the genus Leptobryum that forms 

moss pillars in lakes near Syowa station (Plate 10) 

but that is apparently absent from the local terres-

trial fl ora (Imura et al. 1999). Studies of these moss 

pillars provide a striking example of the rarity of 

aquatic mosses from the marginal zones of polar 

opportunistic organisms can inhabit these areas 

after the lake ice has melted. On the contrary per-

ennially ice-covered lakes have a very rich littoral 

zone that receives high irradiance allowing higher 

growth rates, but without the physical disturbance 

of the ice moving and eroding the lake bottom. 

Even in those perennially ice-covered ecosystems, 

the littoral zone can melt but ice movement is rare. 

In these ecosystems ice melts at mid depths fi rst, 

as the air is still cold while solar radiation heats up 

the water. Cold air keeps ice on the surface while 

the ice at 30–50 cm has already melted.

10.2.2 Aquatic mosses

Mosses are the commonest form of macrophytic 

vegetation in polar lakes, since at least in oligo-

trophic temperate lakes they tolerate extreme low 

irradiance. Typically they take the form of moss 

carpets (Priddle and Dartnall 1978), although ‘moss 

pillars’ – an assemblage of mosses and cyanobacte-

ria forming a characteristic pillar structure – have 

also been described in some Antarctic lakes (Imura 
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Figure 10.3 Temperature variations at the microbial mat surface in P70 pond in the McMurdo Ice Shelf in January 1998. E. Fernandez-
Valiente and A. Quesada, unpublished results.



186   P O L A R  L A K E S  A N D  R I V E R S

year, but can retain actively photosynthetic leaves 

on their stems for more than 10 years (Sand-Jensen 

et al. 1999; Hawes et al. 2002).

Priddle (1980a) estimated moss to cover 40% 

of the bottom of a small lake in the maritime 

Antarctic (Signy Island), and estimated total 

biomass, through a cleared-quadrat method, at 

90 g m−2 as ash-free dry weight. Ramal et al. (1994) 

gave broadly similar estimates of biomass from 

a small lake in the Canadian Arctic (12–151 g dry 

weight m−2 for green tissue).

Comparison of photosynthesis in aquatic polar 

mosses is confused by the variety of methods and 

temporal coverage associated with different stud-

ies. The most complete, year-round or near-year-

round studies are those of Priddle (1980a) at Signy 

Island in Antarctica and Welch and Kalff (1974) 

in the Canadian High Arctic. These authors car-

ried out temporally extensive investigations and 

reported respective annual production of 400 and 

1600 µg C cm−2 year−1 (converted from oxygen by 

Priddle 1980a). Shorter-term measurements have 

been made, but these offer limited insight into the 

production dynamics of these long-lived, slow-

growing, and persistent moss-based autotrophic 

benthic communities that can dominate primary 

production in oligotrophic systems (e.g. Montecino 

et al. 1991; Ramlal et al. 1994).

Perhaps the best approach to assessing the per-

formance of polar mosses is a reconstruction tech-

nique developed by Riis and Sand-Jensen (1997) 

lakes. Moss pillars occur throughout most ponds 

in this region, but never in the upper 2 m, which 

are ice-bound during winter (Imura et al. 1999). We 

have also noted that mosses are rare in the mar-

ginal zones of Arctic lakes, and that while moss 

propagules are present in shallow Antarctic ponds, 

such as those described above at Bratina Island (i.e. 

mosses grow out of axenic enrichment cultures of 

microbial mats), they are never seen in the ponds 

themselves.

The reason for the abundance of bryophytes in 

polar systems is often attributed to their abilities 

to grow and accumulate slowly, while losing little 

fi xed carbon through respiration, decomposition, 

or grazing. This appears to be an inherent feature 

of aquatic mosses; they contribute much more to 

 biomass and primary production than they do 

to fuelling secondary production (Heckey and 

Hesslein 1995). Low water temperatures in polar 

lakes appears to amplify this attribute through 

further suppression of respiratory losses (Priddle 

1980b; Sand-Jensen et al. 1999), although most of the 

summer surplus production is still consumed under 

ice during winter (Welch and Kalff 1974). Welch 

and Kalff (1974) provided evidence that the lower 

depth limits of mosses in Char Lake, Canadian 

High Arctic, was set by the annual compensation 

point (where annual respiration equals annual 

photosynthesis). Because of the very fi ne balance 

between photosynthesis and respiration, Arctic 

mosses appear to grow just a few  centimeters each 

Table 10.1 Mosses reported from various lakes in the Antarctic and High Arctic.

Mosses Location Latitude Reference

Amblystegium sp., Calliergon sarmentosum, 
Drepanocladus sp.

Signy Island 60°S Priddle (1980a)

Drepanocladus longifolius Livingston Island 63°S Toro et al. (2007)
Campyliadelphus polygamus King George Island 64°S Montecino et al. (1991)
Bryum pseudotriquetum Bunger Hills 66°S Savich-Lyubitskaya and Smirnova (1959)
Leptobryum pyriforme, Bryum pseudotriquetum Syowa 69°S Imura et al. (1992, 1999)
Plagiothecium simonovii Schirmacher oasis 71°S Savich-Lyubitskaya and Smirnova (1964)
Bryum pseudotriquetum Amery Oasis 71°S Wagner and Seppelt (2006)
Bryum cf algens McMurdo Dry Valleys 78°S Love et al. (1997)
Drepanocladus revolvens, Calliergon giganteum Cornwallis Island 75°N Sand-Jensen et al. (1999)
Drepanocladus revolvens, Calliergon giganteum Axel Heiburg Island 79°N Hawes et al. (2002)
Drepanocladus exannulatus, Scorpidium scorpioides Greenland 81°N Fredskild (1995)
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The hydrology of high-latitude melt streams, 

and hence the ecosystems they support, is deter-

mined from seasonal and daily heat balance on 

snow and ice surfaces rather than from precipita-

tion. The resulting strong diurnal signals in fl ow 

 superimposed on the seasonal melt and freeze 

cycles constitute a harsh environment for ecosys-

tem function in both Antarctic and Arctic streams 

(Vincent et al. 1993c; Howard-Williams and Hawes 

2007 and references therein). Relatively high ultra-

violet radiation, desiccation, and daily freeze–thaw 

cycles impose constraints on ecosystem compo-

nents but microbial mat communities dominated 

by cyanobacteria appear to be able to cope well 

with these. This community type is the most com-

mon in polar streams (e.g. as in Svalbard, 79°N; 

Kubečkova et al. 2001), although in some streams 

Chlorophyceae and Bacillariophyceae may dom-

inate at some stages in the development of a stream 

benthic fl ora. Chlorophyceae are most common 

in nutrient-rich conditions (Moore 1974a, 1974b; 

Hawes 1989; Hawes and Brazier 1991). Cohesive 

mats in stream channels are especially common 

in Arctic and Antarctic streams where stable sub-

strates (cobbles, boulders, or gravels) are found 

whereas epipsammic diatoms (Navicula, Hantzchia, 

and Stauroneis) may predominate on sandy sub-

strates that may be disturbed by variable stream 

fl ows (Hawes and Howard-Williams 1998), and 

epipelic diatoms (Achnanthes and Tabellaria spp.) 

were the dominant benthic producers in fi ne sedi-

ment-based Arctic streams (68°N) on Baffi n Island 

(Moore 1974a). Epilithic datioms dominate the fl ora 

in the Kuparuk River, North Slope, Alaska, with the 

genera Hannaea, Cymbella, Achnanthes, Synedra, and 

Tabellaria being most common. Short stream lengths 

and daily hydrological changes due to freeze–thaw 

cycles in summer mean that  planktonic production 

in high-latitude streams is generally negligible.

In Antarctic streams dominated by benthic 

Chlorophyceae, the summer biomass is destroyed 

by winter desiccation and freezing and new  biomass 

is formed each summer. For instance, the viability 

of the dense fi lamentous Zygnema community in 

streams at Signy Island depends on a few highly 

resistant cells that survive winter. In contrast, 

Antarctic stream-bed cyanobacterial mats may 

survive winter almost intact and in a ‘freeze-dried’ 

and applied in three Arctic lakes (Sand-Jensen et al. 
1999; Hawes et al. 2002). This exploits the annual 

banding of the mosses, evident as longitudinal 

waves of leaf length and spacing, which result 

from the extreme seasonality of irradiance at high 

latitude and with thick ice cover. During summer, 

large, closely spaced leaves are produced, with 

small,  spaced-out leaves in spring and autumn. 

This growth pattern results in annual segments, 

which can be used to determine the annual growth. 

Sand-Jensen et al. (1999) recorded a remarkably con-

stant year-to-year biomass accumulation in Char 

Lake, in the Canadian High Arctic, and Hawes 

et al. (2002) discussed the use of reconstruction to 

assess historical changes in growth conditions. We 

know of no applications of this technique to date in 

Antarctic waters.

As in lakes worldwide, the complex, three-

 dimensional matrix of benthic macrophytes cre-

ates habitats for a wide range of epiphytic fl ora 

and fauna. Turnover of carbon within the epifl ora 

is likely to be much faster than that of the moss 

itself. Priddle and Dartnall (1978) have described 

a complex mixture of algae and invertebrates liv-

ing within a moss carpet, with the diet of most 

invertebrates being algae rather than mosses. In 

Byers Peninsula (Livingston Island in maritime 

Antarctica), Toro et al. (2007) found that the popu-

lations of important limnetic invertebrates such 

as chironomid larvae (Parochlus steinenii) and the 

cladoceran Macrothrix ciliate were associated with 

the presence of the aquatic moss Drepanocladus 
longifolius. Other than these studies, experimental 

investigation of the ecological role of benthic moss 

carpets in polar lakes is rather sparse. The eco-

logical reasons leading to the dominance of mosses 

and/or cyanobacteria are unknown.

10.2.3 Benthic communities in running waters

High-latitude polar streams whose source waters 

are from snow or glacier melt are highly seasonal, 

usually short (fi rst- or second-order) and exposed 

with no riparian vegetation. In the Arctic, par-

ticularly in Canada and Russia, there are large 

 rivers that fl ow into high latitudes but whose source 

waters arise from much lower latitudes. These are 

not dealt with here (see Chapter 5).
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High Arctic. In contrast with fl owing waters 

nearby, this stream has prolifi c moss communities. 

In Antarctic streams, temperature was found to be 

the primary control on benthic biomass accumu-

lation and photosynthesis (Vincent and Howard-

Williams 1989) with nutrients determined to be not 

limiting, at least over timescales of days to weeks. 

Experimentally derived temperature optima for 

these communities are well above ambient (Hawes 

and Howard-Williams 1998).

High light and 24-hour days, combined with 

adequate nutrients from glacial or snowmelt and 

nitrogen fi xation in some cases meant that photo-

synthetic rates of stream benthos in midsummer 

were similar to those in some temperate streams. 

Nitrogen fi xation was found to contribute 10% to 

the total nitrogen uptake of the mats in Fryxell 

Stream, now offi cially named Canada Stream 

(details in Howard-Williams et al. 1989b). The grow-

ing season at latitudes above 70°S in the Antarctic 

is often very short due to a restricted period of 

available melt water (2–8 weeks) rather than solar 

radiation. The high biomass of benthic mats and 

fi laments there can only be accounted for by a sig-

nifi cant over-wintering stock that remains viable, 

combined with a lack of grazing.

10.3 Benthic primary production

The photosynthetic rate of the benthic component 

in different habitats and locations of polar regions 

is quite similar, with typical values within the 

range of 1–10 µg C cm−2 h−1 (Table 10.2). It is remark-

able that photosynthetic rates are quite similar in 

mats from different latitudes within polar regions 

and from different types of habitats, indicating 

an ecological maximum for these communities in 

high-latitude regions. In mats from less extreme 

latitudes, even in tropical areas, the photosynthetic 

rates vary by three orders of magnitude, although 

most studies are within the same range as the polar 

communities (e.g. Paerl et al. 2000). Castenholz et al. 
(1992) attributed the large variance found to meth-

odological differences.

In addition to photosynthesis, chemoautotrophic 

carbon assimilation can also contribute to  primary 

production in autotrophic benthic communities. 

Studies performed in benthic mats from fi ve ponds 

state, and rapidly recover photosynthetic  capacity 

when meltwater fl oods the stream channels the next 

summer (Vincent and Howard-Williams 1986).

Vincent et al (1993a) summarized stream biomass 

values in Antarctica. The highest recorded mean 

values were those on Signy Island,  ranging from 

69 mg Chl-a m−2 for the chlorophytes Mougeotia and 

Zygnema to 198 mg Chl-a m−2 for cyanobacteria-

dominated communities. Maximum biomass val-

ues were also those of cyanobacteria, particularly 

Nostoc (up to 226 mg Chl-a m−2) and Phormidium (up 

to 400 mg Chl-a m−2). These high biomass values 

were associated with high stream-bed cover by 

the autotrophic benthic communities of 50–100%. 

In sandy sections of the Onyx River dominated by 

benthic diatoms, a Chl-a biomass value of 8 mg m−2 

was recorded (Vincent et al. 1993c). Diatom-

dominated Chl-a biomass on the Kuparuk River, 

Alaska, varied considerably from not detectable 

to 21.9 mg m−2 depending on time of season and 

between low-fl ow (high-biomass) and high-fl ow 

(low-biomass) years. The average over seasons and 

sites for 2 years was 3.36 mg m−2 (Peterson et al. 1986; 

Slavik et al. 2004).

The major difference between High Arctic and 

Antarctic stream communities lies in the lim-

ited occurrence or even absence of grazers in the 

Antarctic. Grazing invertebrate larvae (e.g. the 

blackfl y Prosimulium, the midge Orthockadius, and 

the stone fl y Nemoura) are commonly found in 

Arctic streams and may play an important role 

in biomass control of benthic producers (Peterson 

et al. 1985; Miller and Stout 1989; Kubečkova et al. 
2001). Moore (1974a) found that light and tempera-

ture were the primary controls on epipelic algal 

numbers with grazing and nutrient supply hav-

ing little effect. In the Alaskan Arctic when long-

term phosphorus fertilization was applied to the 

Kuparuk River, maximum photosynthesis (Pmax) 

values increased from 2.5 to 8.9 µg C cm−2 h−1, indi-

cating nutrient limitation in this High Arctic river 

system (Peterson et al. 1993). Combined nitrogen 

and phosphorus enrichment of the river resulted 

in an eventual and dramatic shift from benthic 

algae to mosses (Plate 7; see Bowden et al. 1994). 

The enrichment effect of ntriuents is also seen in 

the sewage-infl uenced stream discharging into 

Meretta Lake, at Resolute Bay in the Canadian 
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151 mg m−2 in December 1999 (Hawes and Schwarz 

2001). Integrating planktonic Chl-a from 5 to 

65 m (that is, the planktonic photic zone), for the 

same time period, gives a total of only 5.3 mg m−2 

(I. Hawes, unpublished results). The differences are 

much more remarkable in ponds or shallow lake 

ecosystems, seasonally ice-covered, in which the 

benthic component of the ecosystem shows stand-

ing stocks and primary production to be several 

orders of magnitude larger than the planktonic 

component. For instance in Limnopolar lake (Byers 

Peninsula, Livingston Island, Antarctica) the inte-

grated planktonic standing stock of photosynthetic 

organisms ranges between 2.6 and 3.6 µg C cm−2. 

However, the estimated standing stock of the lake 

bottom – which is covered by a very rich commu-

nity of subaquatic mosses (Drepanocladus longifolius; 

in Bratina Island, McMurdo Ice Shelf, showed 

consistent rates of chemoautotrophic carbon 

assimilation that were 3–10% of those of photosyn-

thetic carbon assimilation (E. Fernández-Valiente 

and A. Quesada, unpublished results; Figure 

10.4). However, this activity was not observed in 

mats from Byers Peninsula, Livingston Island 

(Fernández-Valiente et al. 2007).

In perennially ice-covered lakes, the photosyn-

thetic rates of benthic elements may be less than 

that of the plankton, due probably to light limita-

tion. Areal benthic Chl-a concentrations within mat 

communities can be very high in comparison with 

integrated areal concentrations of Chl-a for plank-

tonic communities. For example, at 30 m depth in 

Lake Vanda, close to the mid-point of the photic 

zone, benthic undegraded Chl-a was  measured at 

Table 10.2 Primary productivity in polar regions.

Location Habitat Photosynthetic rate 
(µg C cm−2 h−1)

Reference

Byers Peninsula (Livingston Island, Antarctica) Ponds 1.5–6 Fernández- Valiente et al. (2007)
Lake Bonney (Dry Valleys, Antarctica) Moat 0–18.8a Parker and Wharton (1985)

McMurdo Ice Shelf (Antarctica) Ponds 1–4 Vincent et al. (1993a)
Ward Hunt Ice Shelf (High Arctic) Ponds 2.7–10 Mueller et al. (2005)
Lake Hoare (Dry Valleys) Moat 2.8a Hawes and Schwarz (1999)

Lake Hoare (Dry Valleys) Deep (under 
perennial ice cover)

2a Hawes and Schwarz (1999)

a Calculated from a daily rate (divided by five as in Castenholz et al. 1992).
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Figure 10.4 Comparison between photosynthetic 
and chemosynthetic carbon assimilation in fi ve ponds 
of Bratina Island (McMurdo Ice Shelf). E. Fernández-
Valiente, M. Sánchez-Contreras, and A. Quesada, 
unpublished results.
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In support of this hypothesis, data show that 

benthic communities are sinks for carbon,  nitrogen 

and phosphorus, as the accumulating layers that 

are slowly buried under new growth contain these 

elements (Figure 10.5). Furthermore, the limited 

data available on concentrations of nitrogen and 

phosphorus within the mat pore water (i.e. within 

the microbial mat matrix) are higher than in the 

water column, with a diffusion gradient from deep 

in the mat to the active layer (Table 10.3). Similar 

nutrient distribution has been described in mats 

from Arctic shallow ecosystems (Bonilla et al. 
2005). In some polar microbial mats it is common to 

fi nd thick layers of dead but undegraded biological 

material at the bottom of the mat, indicating slow 

decomposition processes, and thus nutrient recy-

cling, in these extreme environments. However, 

nutrient concentrations within mat interstitial 

waters (Table 10.3) are typically very high, indi-

cating that growth of the mat primary pro ducers 

should not be nutrient-limited, as shown by Bonilla 

et al. (2005) in enrichment experiments with Arctic 

microbial mats.

In spite of the apparent nutrient suffi ciency in 

complete microbial mats, nitrogen-fi xing micro-

organisms are abundant in polar cyanobacterial 

mats and nitrogen fi xation, determined in situ, has 

been shown to be a considerable fraction of the 

nitrogen input into the ecosystem. It was found to 

contribute at least one-third of the nitrogen require-

ments of microbial mats in the McMurdo Ice Shelf 

communities (Fernández-Valiente et al. 2001). In mats 

from Byers Peninsula (maritime Antarctica) nitro-

gen fi xation constituted up to 23% of the assimilated 

nitrogen (Fernández-Valiente et al. 2007). Many of 

the nitrogen fi xers, notably species of Nostoc, are 

located at the mat surface, or in some ponds at 

the water surface, often in a foliose form spatially 

separated from the underlying oscillatorian matrix, 

where interstitial nitrogen concentration may be 

high. However, other attributes such as the ability 

to tolerate desiccation and high ultraviolet irradi-

ance, may explain their presence within mats.

Photosynthetic parameters for Antarctic stream 

benthic mats are summarized in Table 10.4. Polar 

stream benthic producers are usually exposed 

to full sunlight in shallow streams and most are 

characterized as ‘high light’ communities in terms 

Toro et al. 2007), and with cyanobacteria (Nostoc sp. 

colonies), green algae, and diatoms as epiphytes – 

is about three orders of magnitude larger than the 

planktonic standing stock (E. Fernández-Valiente, 

A. Justel, C. Rochera and A. Quesada, unpublished 

results). Nevertheless, the photosynthetic rate is 

2-fold greater in the planktonic than in the benthic 

habitat in Limnopolar Lake, in agreement with 

ponds carpeted by microbial mats (see above). The 

differences in standing stock and production of the 

communities from both habitats can be explained 

by different temporal strategies. The autotrophic 

benthic communities follow the ‘lichen strategy’: 

they grow slowly, but are capable of remaining 

under very adverse conditions and as soon as the 

envir onment allows them to grow, they increase 

their biomass with lower grazing pressure. On 

the other hand, the planktonic community is more 

opportunistic, showing high growth rates that are 

neces sary to compensate the loss processes, includ-

ing higher grazing pressure and wash-out events.

We hypothesize that the high benthic produc-

tion in ice-covered lakes is due to the high biomass, 

which accumulates over long time periods, dec-

ades, or even longer. This accumulation is due to 

slow loss processes and may be further supported 

by cycling of nutrients within a relatively closed 

sediment-mat system. Earlier we suggested that the 

fl uxes of solutes in stratifi ed lakes were restricted 

to diffusion, an ineffective process at large spatial 

scales. However, microbial mats are structured on 

scales where diffusion can be effective (Paerl et al. 
2000). Close alignment of microbes that mediate 

cascade-like nutrient transformations is possible 

within steep gradients of metabolite concentration, 

for example those responsible for nitrogen cycling, 

means that diffusive fl ux is an effective means of 

transport. We hypothesize that when the active 

surface layer of mat has a suffi ciently high affi n-

ity for nutrients to prevent these being returned 

to the water column, it allows the mat structure to 

recycle and accumulate nutrients delivered from 

the water column, acting as a one-way trap. In this 

way the benthic autotrophic community will act 

as a long-term sink for nutrients entering the lake 

and the constant supply of recycled nutrients from 

 underlying layers fuels growth in those upper 

 layers that receive suffi cient irradiance.
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the Antarctic streams and 0.8–2.5 μg C cm−2 h−1 in 

the Arctic, with the highest values recorded in the 

Nostocales, largely because of signifi cant accumu-

lations of Nostoc biomass in some streams often as 

high as 60 μg Chl-a cm−2 (Nigoyi et al. 1997; McKnight 

et al. 1998). These values of Pmax are comparable with 

those in temperate streams. The exceptions were 

Gloeocapsa and Prasiola calophylla that occurred in 

crevices between rocks or in shade under  boulders 

of their photosynthetic parameters (Howard-

Williams and Vincent 1989). These show high 

levels of maximum photosynthesis (Pmax), and a 

high light saturation value (Ek) of approximately 

100 μmol m−2 s−1 or more (Table 10.4). Maximum 

rates of gross photosynthesis normalized to unit 

area were particularly high in Antarctica for 

dense Nostoc-dominated communities. Recorded 

Pmax values ranged from 0.4 and 12 μg C cm−2 h−1 in 

N and P concentration (µg cm–3)
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Figure 10.5 Accumulation of ash-free dry weight 
(AFDW), nitrogen, and phosphorus with depth into 
a core of microbial mat from 12.6 m depth in Lake 
Hoare, McMurdo Dry Valleys. The data are means 
of two replicate cores which were frozen and then 
sectioned into 2 mm segments.

Table 10.3 Concentrations of nitrogen and phosphorus species in interstitial waters within three layers of a microbial mat 
from 12.6 m and in overlying water in Lake Hoare, McMurdo Dry Valleys, in December 2000. Overlying water was collected into 
acid-washed syringes, while mat water was extracted by gently squeezing mat layers in an acid-washed, 60-ml syringe that had been 
pre-rinsed by making a preliminary extraction. Upper, mid, and lower mat layers refer to the cohesive and pigmented, photosynthetic 
layer approximately 10 mm thick, a cohesive but unpigmented layer immediately below, also roughly 10 mm thick, and fi nally an 
uncohesive layer below this cut to 1 cm thick, respectively. Overlying and expressed mat water was fi ltered through a glass fi bre 
fi lter (type GF/F), frozen, and analysed in New Zealand using standard methods. Values are means of three replicates. FRP, fi lterable 
reactive phosphorus; FOP and FON, fi lterable organic phosphorus and nitrogen (I Hawes, unpublished results).

Concentration (mg m−3)

FRP NH4
+−N NO3

−−N FOP FON

Water 2.1 16.9 58.8 0.7 236
Upper mat extract 7.8 14.1 42.9 43.8 778
Middle mat layer 15.5 52.15 72.7 37.2 838.5
Lower mat extract 33.2 101.3 147.5 80.25 2068.5
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annual layering in cyanobacterial mats in perenni-

ally ice-covered Antarctic lakes are clearly demon-

strated: photosynthetically active elements can be 

found in systems many years old, and the annual 

growth is a minute fraction of the standing  biomass. 

The marked persistence of such  communities in 

waters that do not freeze each year (deep, ice-capped 

lakes) requires that net photosynthesis in summer 

offsets winter respiration, and this appears to be a 

fi ne balance in this type of community (Welch and 

Kalff 1974; Hawes et al. 2001).

Benthic microbial mats in shallow water envir-

onments also refl ect a perennial, K-type strategy, 

although their stresses are different to those dis-

cussed above for deep-water communities. It is 

notable that the respiration/photosynthesis ratio 

in mature shallow-water communities appears to 

be close to a balance during the summer growth 

period. This would appear to offer little or no 

scope for utilization of summer-photosynthate 

during winter darkness. We suggest that this sim-

ply refl ects the fact that these communities are 

frozen for most of the dark period, thus  metabolic 

 requirements are exceedingly small. We sug-

gest that communities from annually frozen and 

 unfrozen areas are thus fundamentally different; 

one is structured around the stresses of low annual 

irradiance and prolonged darkness, the other 

around stresses of high summer irradiance and 

winter freezing. Lotic meltstream habitats present 

a special case with the autotrophic benthic com-

munities needing to survive winter dessication, 

summer freeze–thaw cycles, and high irradiance. 

(Hawes and Howard-Williams 1998). Hence these 

were better adapted to moderate or low-light con-

ditions. Assimilation numbers (photosynthetic 

rates per unit of Chl-a biomass) were very low, 

often less than 0.1 µg C (μg Chl-a)−1 h−1 (Vincent and 

Howard-Williams 1986) and generally not com-

parable to temperate stream communities. Low 

assimilation numbers are due to the high accumu-

lations of Chl-a that degrades very slowly in these 

cold envir onments (Vincent and Howard-Williams 

1989). Consequently much of the recorded biomass 

may be non-active Chl-a that accumulates in the 

benthic mats, skewing the calculation of assimila-

tion numbers. Further  discussion on low assimi-

lation numbers in Antarctic microbial mats was 

provided in Howard-Williams et al. (1989a) who 

showed that Chl-a when  determined spectro-

photometrically over- estimated high-performance 

liquid  chromatography (HPLC)-measured Chl-a 

by 21–45% as it also included the non-active 

epimer Chl-a� and some of the degradation prod-

uct  chlorophyllide.

10.4 Conclusions

Benthic autotrophic communities are extremely 

important in the polar regions where they fre-

quently dominate the biomass of inland water eco-

systems. This appears to be due to the long-term 

strategy of slow growth and accumulation each 

year, coupled with multiyear persistence and activ-

ity. Recognizable annual features in the growth of 

mosses in seasonally ice covered Arctic lakes and 

Table 10.4 Summary of ranges of photosynthesis–irradiance relationships for Antarctic stream communities (adapted from 
Hawes and Howard-Williams 1998). Pmax, maximum rate of gross photosynthesis normalized to unit area; Ek, light saturation onset 
parameter; �, slope of photosynthesis–irradiance curve at low irradiance; R, dark respiration; ND, no data. References: 1, Hawes 
(1993); 2, Howard-Williams and Vincent (1989); 3, Vincent and Howard-Williams (1986); 4, Hawes and Howard-Williams (1998); 5, 
J.H. Duff and C.M. Tate, unpublished results.

Community Pmax 
(μg C cm−2 h−1)

Ek 
(μmol m−2 s−1)

� 
(Pmax/Ek)

R 
(μg C cm−2 h−1)

References

Oscillatoriaceae 0.4–6.5 75–300 0.01–0.06 0.07–5.7 1–5
Nostocaceae 0.2–8.0 60–150 0.02–0.15 0.24–3.2 2, 3, 5
Gloeocapsa 0.4 40 0 ND 4
Chlorophyceae, Prasiola calophylla 3.5 20 0.17 ND 2
Chlorophyceae, Binuclearia 2.8 70 0.04 ND 2
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The ability to maintain biomass in an over-

 wintering state that allows rapid re-establishment 

of metabolic processes the following summer is a 

key adaptation to the polar environment. Benthic 

cyanobacteria appear to be especially successful 

under all of these  conditions.
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while Antarctica is an isolated continent. This fact 

has major implications for colonization, which is 

explored in Chapter 12 in this volume.

As outlined in Chapter 1 the polar regions contain 

a wide variety of lakes ranging from small shallow 

ponds to large deep lakes and epishelf lakes that 

are unique to these regions. Freshwater, brackish, 

saline, and hypersaline lakes occur. Apart from 

the more severe climate of southern polar regions, 

another major difference between the Arctic and 

Antarctic is the presence of vegetation; e.g. grasses, 

sedges, willow, and birch, in the catchment of many 

Arctic lakes, particularly in the tundra zones. Most 

of Antarctica is covered by an ice cap up to 4 km 

thick. The ice-free 2% of the continent does have 

lakes set amidst bare rock where one may fi nd 

sparse colonies of mosses and lichens. As a result 

many Arctic lakes receive allochthonous carbon 

and other nutrients derived from soils and vegeta-

tion but Antarctic lakes lack such inputs unless they 

are adjacent to a penguin rookeries or seal wallows. 

It should be noted that almost all (85–90%) of the 

11.1 Introduction

A major difference between Arctic and Antarctic 

inland waters is that most Arctic lakes and ponds 

receive large amounts of organic matter from their 

catchments and immediate surroundings (alloch-

thonous organic matter) while the organic matter 

in Antarctic waters is almost all autochthonous, 

produced from primary production within the 

pond or lake. Arctic lakes and ponds form a con-

tinuum from those close to the treeline in the 

south, surrounded by tundra and very like Sub-

Arctic and temperate lakes, to those in vegetation-

free rock basins in the far north where lakes may 

have year-round ice cover. Even the northernmost 

Antarctic lakes resemble the most extreme Arctic 

lakes with no plants in their drainage basin and 

some with year-round ice covers. Other differ-

ences are the consequence of a more severe climate 

in the Antarctic than in most of the Arctic. The 

Arctic is largely composed of the northern regions 

of continents (North America, Asia, and Europe), 

Outline

This review is limited to lakes on the Antarctic continent and Arctic lakes and ponds of Europe, Asia, 

North America, and Greenland. Our emphasis is on heterotrophy of microbes (bacteria, fl agellates, and 

ciliated protozoans), the food web that consumes almost all of the organic carbon produced in these inland 

waters (autochthonous carbon) or produced on land and transported into these waters (allochthonous car-

bon). Primary production and the factors that control it are treated in Chapter 9, and secondary production 

for non-microbial organisms is covered in Chapters 13 and 15. The linkages between all these elements in 

polar aquatic food webs are detailed in Chapter 1. Among the photosynthetic fl agellates there are elements 

that sit on the boundary between heterotrophy and phototrophy (mixotrophs) that are dealt with here. In 

some instances these mixotrophic microbes may be seasonally important as consumers of bacteria.

CHAPTER 11

Heterotrophic microbial processes 
in polar lakes
John E. Hobbie and Johanna Laybourn-Parry
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Whereas Antarctic lake food webs are simple, 

and none contain fi sh (Chapter 1, Figure 1.6), there 

are variations across the continent. Lakes on coastal 

ice-free areas, like the Vestfold Hills lying between 

68°25�S 77°50�E and 68°40�S 78°35�E usually have a 

single planktonic crustacean. In the freshwater and 

slightly brackish lakes (e.g. Highway Lake) sparse 

populations of the endemic Antarctic cladoceran 

Daphniopsis studeri (Plate 12) occur, while in the 

marine-derived saline lakes with salinities up to 

that of seawater, the marine copepod Paralabidocera 
antarctica occurs. Both species remain active 

throughout the year. The McMurdo Dry Valleys lie 

much further south, between 76°S and 78°S in west-

ern Antarctica. Here planktonic Crustacea are lack-

ing, though a few copepod nauplii were found on 

the chemocline of Lake Joyce (upper Taylor Valley) 

(Laybourn-Parry 2008). Philodina gregaria (Plate 3), a 

common component of Antarctic algal mats in lakes 

and ponds on ice shelves (Suren 1990), has also been 

found in the plankton of the dry valley lakes.

In conclusion, there is a great deal of similarity 

in the food webs of Arctic and Antarctic lakes and 

ponds at the level of bacteria, nanofl agellates, and 

ciliates. For ponds and lakes at the same trophic 

status across the poles, the genera are similar, as 

are the numbers of organisms per litre. The simi-

larity does not hold, however, for higher trophic 

levels (see Chapter 15). There are only a few genera 

of rotifers and crustacean in Antarctic lakes and 

ponds while rotifers and crustaceans are relatively 

abundant in Arctic waters.

11.3 Bacteria

The concentration of heterotrophic bacteria in polar 

lakes is a function of the concentration of organic 

carbon, inorganic and organic nitrogen and phos-

phorus, and the abundance of the heterotrophic 

and mixotrophic nanofl agellates, the principal 

grazer on bacteria. When all the organic matter 

comes from the plankton, bacterial numbers are 

low, refl ecting the oligotrophic nature of the waters, 

as is the case in Antarctic and High Arctic lakes. 

In contrast, tundra lakes and ponds in the Arctic 

receive relatively high amounts of organic matter 

from the surrounding watershed and the bacteria 

numbers are correspondingly higher (Table 11.1). 

allochthonous material is dissolved organic carbon 

(DOC), dissolved organic nitrogen (DON), and dis-

solved organic phosphorus (DOP). The quantities 

of DOC entering lakes can be many times higher 

than the algal primary production; in Toolik Lake, 

Alaska, Whalen and Cornwell (1985) measured the 

annual loading as 98 g C m−2 compared to an algal 

productivity of 14 g C m−2 year−1. It is important to 

note that microbes in Toolik Lake make use of less 

than 10% of the allochthonous DOC, most of which 

(86 g C m−2) fl ows out of the lake.

The limnology of the Arctic must be regarded 

as simply an extension of temperate limnology. In 

the low Arctic, chemical, physical, and biological 

processes and species found in ponds and lakes 

are very similar to those of oligotrophic temper-

ate ponds and lakes. The more northerly an Arctic 

water body, the more oligotrophic is the food web 

and the lower the biodiversity. Entire trophic  levels 

drop out until only algae, bacteria, ciliates, and het-

erotrophic and mixotrophic fl agellates persist. The 

limnology of the Antarctic is similar to the more 

northerly Arctic lakes in that there are no fi sh and 

few metazoans. Some types of metazoans may be 

missing because of biogeography; that is, the physi-

cal isolation of Antarctica. However, the physics and 

chemistry of a number of Antarctic lakes are very 

different from nearly all Arctic lakes. Many lakes 

are saline or hypersaline because they are derived 

from either seawater or the evapor ation of fresh 

water. The combination of ice cover, salinity, and 

penetration of solar radiation into the clear waters 

of lakes creates unique warm-water columns. There 

are even a number of lakes beneath the 4-km-thick 

ice sheet, although little is yet known about their 

biology (see Chapter 7).

11.2 Food webs

The structure of polar lake food webs outlined in 

Chapter 1 shows that Antarctic lakes are species-

poor and possess simplifi ed, truncated food webs 

dominated by the microbial loop (Figure 1.6). In 

contrast, Arctic lakes possess a variety of food 

webs ranging from those with well-developed 

zooplankton and fi sh communities (Figure 1.5) to 

depauperate food webs with no planktonic meta-

zoans (Figure 1.6).
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(2003) found that bacterioplankton communities 

were composed of persistent populations present 

throughout the year and transient populations that 

appeared and disappeared. Most of the transient 

populations were either the populations that were 

advected into the lake with terrestrial dissolved 

organic matter during the spring runoff or those 

that grew up from low concentrations during the 

development of the phytoplankton community 

in early summer. A spatial study over lakes and 

streams in some 50 km2 of the Toolik Lake drainage 

basin found that communities of bacteria in lakes 

and streams were quite different. Nine hydraul-

ically connected lakes were all quite similar yet the 

communities in these lakes were somewhat differ-

ent from the community in one nearby but uncon-

nected lake. Thus across a landscape, geographic 

distance and connectivity greatly infl uence the dis-

tribution of bacterial communities.

11.4 Photosynthetic plankton: 
autotrophs and mixotrophs

The photosynthetic picoplankton, 0.2–2.0-µm-sized 

cyanobacteria, can be abundant in polar lakes 

and sometimes may even dominate the biomass 

Crooked Lake in the Antarctic (68°S), one of the 

few polar lakes sampled year-round, has very 

low numbers of bacteria – (0.15–0.5) × 109 cells L−1 – 

which is exactly the concentration found in the 

upper oxygenated water column of meromictic 

Lake Fryxell. In the High Arctic, a lake at 81°N in 

the Franz Josef archipelago had summer numbers 

close to 1.5 × 109 cells L−1.

Molecular biology has allowed the development 

of a growing database on polar bacterial biodiver-

sity. Although there is some evidence of endem-

icity in the Antarctic, there are as yet insuffi cient 

data to substantiate a consensus (Laybourn-Parry 

and Pearce 2007); nonetheless, there is now an 

expanding database on the molecular diversity of 

Antarctic bacteria (see Chapter 12). There are only 

a few studies of Arctic lakes, mostly of Toolik Lake 

where the bacterial community has limited diver-

sity compared with that of temperate lakes. The 

bacteria in this oligotrophic lake were  identifi ed 

as members of globally distributed freshwater 

phylogenetic clusters within the Proteobacteria, 

the Cytophaga-Flavobacteria-Bacteroides group, and 

the Actinobacteria. Toolik studies also offer some 

insight into community changes over the year and 

over a region. In a seasonal study, Crump et al. 

Table 11.1 Bacterial, heterotrophic nanofl agellate (HNAN), and autotrophic nanofl agellate (PNAN) abundances in Arctic and Antarctic lakes.

Lake Bacteria 
(×109 L−1)

HNAN 
(×105 L−1)

PNAN 
(×106 L−1)

Reference

Antarctica
Crooked Lake, Vestfold Hills 0.15–0.48 0.04–5.09 0.81–0.68 Henshaw and Laybourn-Parry (2002), Laybourn-Parry 

et al. (2004)
Lake Nottingham, Vestfold Hills 0.094–1.16 0.91–6.44 0.19–1.38 J. Laybourn-Parry, T. Henshaw, and W. Quayle, 

unpublished results
Ace Lake, Vestfold Hills 0.13–7.28 9.2–402 1.52–215.0 Bell and Laybourn-Parry (1999)
Beaver Lake, MacRobertson Land 0.093–0.14 2.26–13.38 0.35–1.31 Laybourn-Parry et al. (2006)
Pendant Lake, Vestfold Hills 0.20–7.77 2.76–10.12 7.6–424.1 Laybourn-Parry et al. (2002)
Lake Fryxell, Dry Valleys 0.4–3.4 6.9 max. 14.5 max. Roberts et al. (2000)
Lake Hoare, Dry Valleys 1.18 max. 3.4 max. 2.1 max. Roberts et al. (2004)

Arctic
Tvillingvatnet, Svalbard 0.6–2.98 0.5–3.2 0.35–90.6 Laybourn-Parry and Marshall (2003)
Toolik Lake, Alaska 0.2–3.0 1–6 ≈2 O’Brien et al. (1997), Hobbie et al. (2000)
Pond C, Barrow, Alaska 2–6 1–6 Alexander et al. (1980), Hobbie et al. (1980)
Meretta Lake, Canada 0.2–8.3 Morgan and Kalff (1972)
Char Lake, Canada 0.01–0.02 Morgan and Kalff (1972)
Franz Josef Land 0.9–1.7 0.7–1.7 Panzenbock et al. (2000)



200   P O L A R  L A K E S  A N D  R I V E R S

the strict phototrophs, perhaps because they can 

gain nutrients from bacteria. In Langemandssø, a 

lake in Greenland (74°N), there was a remarkable 

and unexplained shift from dominance by dino-

phytes in a short, cold summer to chrysophytes in 

a long, warm summer (Wrona et al. 2006).

11.5 Heterotrophic microplankton: 
fl agellates, ciliates, and rotifers

Our information on the biodiversity of hetero-

trophic nanofl agellates, major grazers of het-

erotrophic bacterioplankton and photosynthetic 

picoplankton, is so far restricted to classic mor-

phologically based identifi cations. In the Antarctic, 

Paraphysomonas sp., Heteromita sp., and Monosiga 
consociata have been identifi ed from Vestfold Hills 

freshwater lakes (Tong et al. 1997). Some of the 

marine-derived saline lakes are dominated by 

marine choanofl agellates, for example Diaphanoeca 
grandis (Plate 11) in brackish Highway Lake (5‰), 

and in hypersaline Organic Lake (176‰) a spe-

cies resembling Acanthocorbis unguiculata that is 

found in the sea off the Vestfold Hills occurs (Van 

den Hoff and Franzmann 1986). In the Arctic, 

Chrysophyceae are dominant in Toolik Lake and 

the genera Chromulina, Ochromonas, Spiniferomonas, 
Pseudopedinella, Pseudokephyrion, Paraphysomonas, 
and Kephyrion are present. Some of these have 

colorless forms or are mixotrophic (Hobbie et al. 
2000). In general the abundance of the hetero-

trophic nanofl agellates depends on the dens ity of 

their bacterial food source (Table 11.1).

The ciliate communities of the Antarctic con-

tinent display distinct differences not only across 

freshwater to saline habitats, but also across the 

continent. In the Vestfold Hills the freshwater 

lakes have low species diversity that includes 

Askenasia sp., Strombidium viride, and scuticocili-

ates. Moreover, this simple community is found 

in all the freshwater lakes in this region, includ-

ing very young lakes that have formed adjacent 

to the ice cap as it is retreating. Concentrations 

are usually low, less than 100 L−1. The much older 

meromictic lakes of the Dry Valleys have 11 genera. 

These include Plagiocampa, Askenasia, Cyclidium, 
Monodinium, Euplotes, Vorticella, and the preda-

tory suctorian ciliate Sphaerophrya that preys on 

of the phytoplankton community. Synechocystis 
 dominated the deep chlorophyll maximum in Lake 

Vanda in the McMurdo Dry Valleys and in Ace Lake 

(Vestfold Hills) Synechococcus was found at <107 L−1 

during the winter and at remarkably high peak con-

centrations of 8×109 L−1 during the summer (Vincent 

2000). Picocyanobacteria and eukaryotic photosyn-

thetic picoplankton have also been identifi ed in 

ponds near Terra Nova Bay (Antarctica). In several 

cases more than 50% of the planktonic chloro phyll 

was in the photosynthetic picoplankton (Andreoli 

et al. 1992). However, in many Antarctic lakes they 

are not signifi cant. There are  picocyanobacteria in 

oligotrophic Arctic lakes (Vincent 2000). In Toolik 

Lake, Alaska, picocyanobacteria abundance was 

(1.5–64)×106 cells L−1 (June-August), and at Bylot 

Island, Canada (73°N), these were also among 

the dominant planktonic organisms (Vézina and 

Vincent 1997). Synechococcus is also important in 

lakes along the northern coastline of Ellesmere 

Island (P. Van Hove et al., unpublished results). In 

shallow lakes in both polar regions, benthic cyano-

bacteria are often abundant and may dominate bio-

mass within the ecosystem.

The phytoplankton of Antarctic lakes is often 

dominated by a few species among which crypto-

phytes are common (Plate 11). These photo synthetic 

fl agellates are often mixotrophic ingesting bac-

teria and in some cases possibly taking up dis-

solved organic matter to supplement their carbon 

budgets and/or gain nutrients for photosynthe-

sis (Laybourn-Parry et al. 2005). Pyramimonas sp. 

(Plate 11) is common and in both the dry valleys 

and the Vestfold Hills lakes is also mixotrophic, 

but has not been reported so at lower latitudes. 

In Arctic lakes phytoplankton are almost always 

dominated by small fl agellates, less than 6 µm in 

diameter. In Toolik Lake, fl agellates belonging 

to the Chrysophyceae and Cryptophyceae dom-

inate, although small planktonic centric diatoms, 

Cyclotella compta and Cyclotella bodanica, are also 

present. The larger fl agellates Dinobryon (Plate 11) 

and Cryptomonas are well-known mixotrophs and 

were found by Laybourn-Parry and Marshall (2003) 

in an Arctic lake at 78°N, and are also common in 

Char Lake and Ward Hunt Lake in the Canadian 

High Arctic (Bonilla et al. 2005). The mixotrophs 

appear to become abundant earlier in the year than 
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(Arctic LTER database, http://ecosystems.mbl.edu/

ARC). A fertilization experiment on an oligotrophic 

lake near Toolik Lake demonstrated that plank-

tonic microplankters are also  controlled by trophic 

state. When the lake was fertilized with nitrogen 

and phosphorus for 5 years at two to three times 

the annual loading of lakes in the area both the 

chlorophyll and primary productivity increased 

10-fold. Prior to fertilization the average biomass 

of the protozoans was 0.5 µg C L−1, with values 

never exceeding 1.4 µg C L−1. As a result of ferti-

lization the structure of the microplankton com-

munity changed from a nutrient- limited system, 

dominated by oligotrich protozoans (Strombidium, 
Strobilidium, and Halteria spp.) and small-particle-

feeding rotifers (Conochilus unicornis and Keratella 
cochlearis), to a system dominated by a succession 

of peritrich protozoans and predatory rotifers 

(Bettez et al. 2002). The average biomass of the rotif-

ers and protozoans was more than seven and a half 

times larger by the end of fertilization than it was 

initially. Bacterivore peritrichs, which are common 

in lower-latitude mesotrophic and eutrophic lakes, 

responded to increased bacteria numbers. The 

rotifers that responded, Synchaeta and Polyarthra, 

both feed on fl agellated algae. The predatory rotif-

ers (Trichodercidea) increased strongly during the 

fourth year of fertilization. Thus, this artifi cial 

increase in the trophic state of this lake allowed 

new functional groups, the bacterivores and pred-

ators, to become a prominent part of the micro-

plankton community structure.

11.6 Viruses

Viruses can cause lysis of bacterial and phyto-

plankton cells, thereby short-circuiting the micro-

bial loop and returning dissolved and particulate 

carbon to the carbon pool. They also play a role in 

transferring genetic material between bacteria by 

transduction. There is now a growing database on 

viruses in polar lakes, where their numbers are 

high, for example in saline lakes of the Vestfold 

Hills (0.89–12.02)×1010 L−1 over an annual cycle; 

Madan et al. 2005), in the Dry Valley lakes (0.023–

5.56)×1010 L−1; Lisle and Priscu 2004), and in ultra-

oligotrophic freshwater lakes (0.016–0.16)×1010 L−1; 

Säwström et al. 2007). The values for saline lakes 

other ciliates (Kepner et al. 1999). In these peren-

nially ice-covered lakes the ciliates occupy distinct 

strata in the stable water columns (Roberts et al. 
2000, 2004). The same is true of the only epishelf 

lake that has been  studied in detail, Beaver Lake 

in MacRobertson Land (70°48�S, 68°15�E). This lake, 

which is believed to predate the last major glaci-

ation, has species from genera found in both the 

McMurdo Dry Valleys and Vestfold Hills: Askenasia, 
Monodinium, Strombidium, and Mesodinium spp. as 

well as a range of scuticociliate species. Beaver 

Lake is ultra- oligotrophic and supports only low 

numbers of ciliates, usually around 50 L−1 or less 

(Laybourn-Parry et al. 2006).

The dominant ciliate in the marine-derived 

brackish and saline lakes of the Vestfold Hills is 

the remarkable marine ciliate Mesodinium rubrum 

(Plate 11) that occurs worldwide in seas and estuar-

ies where it may form red tides. It is photosynthetic 

and was thought to contain an endosymbiotic 

cryptophycean, but there is some evidence to sug-

gest that some strains may be sequestering plastids 

from ingested cryptophytes. It lacks a cell mouth or 

cytostome. This protozoan also has the potential to 

take up DOC but it is not known whether it gains 

signifi cant energy by this mode. Mesodinium rubrum 

can reach concentrations of around 100 000 L−1, and 

as in the dry valley lakes there is considerable 

inter-annual variation. The population numbers 

drop in winter, though active cells remain. Many 

of the individuals encyst and in spring the actively 

growing population is augmented by excysting 

cells (Bell and Laybourn-Parry 1999).

In the Arctic, the structure of the ciliate/rotifer/

copepod (microplankton) community (20–200-µm-

size fraction) is dependent upon the trophic state of 

the lake or pond. Biogeography seems to play little 

role. When oligotrophic Barrow ponds in the Arctic 

were compared with similar oligotrophic temper-

ate ponds, the diversity of ciliates in the benthos 

was very similar. Even the species were exactly the 

same (Hobbie et al. 1980). In Toolik Lake, the gen-

era of protozoans found are similar to those found 

in oligotrophic lakes in the Antarctic, mainly the 

oligotrichs Strobilidium sp. and Strombidium (Plate 

11), Urotricha sp., and Askenasia sp. as well as small, 

medium, and large unidentifi ed ciliate species. 

The number of ciliates ranged from 40 to 1000 L−1 

http://ecosystems.mbl.edu/ARC
http://ecosystems.mbl.edu/ARC
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freshwater Antarctic systems are usually low and 

close to the 1.3 mg DOC L−1 in Lake Fryxell (Roberts 

et al. 2000). Low DOC concentrations in the epishelf 

Beaver Lake (0.1–0.3 mg DOC L−1) (Laybourn-Parry 

et al. 2006) and lakes abutting the ice cap, like Lake 

Nottingham (0.1–1.4 mg DOC L−1), suggest that at 

times that the bacterial community may be organ-

ic-carbon-limited. In contrast, the saline lakes of 

Antarctica have higher DOC concentrations, par-

ticularly in the monimolimnion of meromictic 

lakes like Ace Lake (2.9–22.8 mg DOC L−1).

overlap and exceed reported values for marine 

systems, while those in freshwater lakes are lower 

than values reported for temperate lakes. Whereas 

virus to bacteria ratios were high in the saline 

lakes (18.6–126.7) they were low in the freshwater 

lakes (1.2–8.4); however, analysis of visibly infected 

cells showed a high level of infection compared 

with lower-latitude lakes with 11.4–66.7% of bac-

terial cells containing phage. Although burst sizes 

of infected bacteria were low (around 2–15) com-

pared with lower-latitude systems, it is clear from 

the accumulating information that viruses are 

playing a role in recycling carbon in polar lakes, 

particularly those lakes dominated by the micro-

bial loop.

11.7 Microbial heterotrophic 
processes and controls

The base of the heterotrophic food web is DOC 

derived from algal photosynthesis or terrestrial 

plant photosynthesis (allochthonous inputs) that 

provides a substrate for bacterial growth. The DOC 

pool is chemically complex and is derived from exu-

dation of photosynthate by the phytoplankton and 

benthic algae, sloppy feeding by zooplankton, and 

dissolution of fecal pellets as well as from alloch-

thonous inputs from the catchment. Given the 

major differences in the catchments and food webs 

of Arctic and Antarctic lakes one would expect 

differences in the concentration of DOC and its 

chemical makeup. In general, DOC concentration 

is negatively correlated with latitude (Vincent and 

Hobbie 2000). Both Antarctic lakes and far-north 

Arctic lakes have very low concentrations of DOC 

(Figure 11.1). In the Arctic there is also a strong cor-

relation with treeline; the farther north one moves 

from the treeline the lower the DOC concentration 

(Figure 11.1). The higher DOC is directly correlated 

with the coniferous vegetation.

Allochthonous inputs are negligible in Antarctic 

lakes, the bulk of DOC is derived from algal pro-

duction. Where lakes are fertilized, for example 

Rookery Lake close to a penguin rookery in the 

Vestfold Hills, the levels of bacterial production 

are greatly increased (177–7848 µg C L−1 day−1; see 

Table 11.2 for comparison); however, turbidity 

inhibits photosynthesis. Concentrations of DOC in 
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Figure 11.1 Dissolved organic carbon (DOC) in high-latitude 
lakes. Top: decreasing penetration (attenuation length) of ultraviolet 
radiation (UVR) with increasing DOC concentration in the upper 
water columns of Antarctic polar desert lakes (open squares; V, 
Lake Vanda; Ho, Lake Hoare; B, Lake Bonney; F, Lake Fryxell), 
Arctic polar desert lakes (open circles; H, Lake Hazen; C, Char Lake; 
N, North Lake), and forest-tundra lakes, Québec (closed circles). 
Bottom: DOC concentration as a function of distance from the 
treeline in Sub-Arctic Québec lakes. Adapted from Vincent (1997) 
and Vincent and Pienitz (1996).
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lakes. The low  fraction of dissolved carbohydrates 

suggests that this was the preferred fraction by the 

bacterial community. Both fractions can be used 

and in lower- latitude systems there is a preference 

for amino acids. In brackish Pendant, Ace, and 

Highway lakes and hypersaline Lake Williams 

dissolved free amino acids also predominated over 

carbohydrates. In late summer they  contributed 

between 72 and 100% of the DOC pool, while in 

meromictic Ace Lake they contributed only 28%, 

indicating that other fractions predominated 

(Laybourn-Parry et al. 2002, 2004). Chromophoric 

dissolved organic matter composed of aromatic 

humic and fulvic acids derived from vegetation 

and leaf litter in the catchment provide protection 

from UV-B radiation. While many Arctic lakes do 

have high chromophoric dissolved organic matter, 

Antarctic and Arctic desert lakes do not (Vincent 

et al. 1998; Laurion et al. 1997). Thus in polar desert 

lakes there is the potential for inhibition of pri-

mary production by ultraviolet radiation.

Heterotrophic processes in Antarctic lakes are 

almost exclusively driven by carbon fi xed during 

photosynthesis by the phytoplankton and  benthic 

The tremendous range in concentrations of DOC 

in the Arctic is caused by a large variation in the 

amount of allochthonous carbon derived from the 

surrounding terrestrial ecosystem. Where vege-

tation cover of the drainage basin is very low the 

DOC is low; for example, 1 mg L−1 in Char Lake 

and in another High Arctic lake in Franz Joseph 

Land. When there is a continuous vegetation cover 

the concentrations that run off from land are high. 

For example, spring runoff for a stream entering 

Toolik Lake had a DOC loading of 12.1 mg DOC L−1 

(Crump et al. 2003), which contributed to a summer 

average of 6 mg DOC L−1 within the lake (O’Brien 

et al. 1997). Other lakes and ponds in vegetated 

regions possess high DOC concentrations such as 

Barrow ponds (10–14 mg DOC L−1), and lakes above 

treeline in Finnish Lapland with a mean of 18 mg 

DOC L−1 (Rautio and Korhola 2002).

Where chemical analysis of the DOC pool has 

been undertaken, bulk dissolved amino acids 

appear to predominate throughout the year in 

freshwater Crooked Lake and Lake Druzhby. 

Amino acids and dissolved carbohydrates 

accounted for up to 64% of total DOC in these 

Table 11.2 Primary and bacterial production in Arctic and Antarctic lakes.

Lake Primary productivity 
(µg C L−1 day−1)

Bacterial productivity 
(µg C L−1 day−1)

References

Antarctica
Crooked Lake, Vestfold Hills 0–13.4* 0–11.4* Bayliss et al. (1997),

 Laybourn-Parry et al. (2004)
Lake Druzhby, Vestfold Hills 0–8.3* Laybourn-Parry et al. (2004)
Beaver Lake, MacRobertson Land 2.2–13.8 0.05–0.29 Laybourn-Parry et al. (2006)
Ace Lake, Vestfold Hills 0–195.6 4.6–25.1 Laybourn-Parry et al. (2007)
Pendant Lake, Vestfold Hills 28.2–152.2 6.5–77.3 Laybourn-Parry et al. (2007)
Lake Fryxell, Dry Valleys Up to 30 0–9.0 Spaulding et al. (1994),

 Takacs and Priscu (1998)
Lake Hoare, Dry Valleys – 0–0.7 Takacs and Priscu (1998)
Lake Verkhneye, Schirmacher Oasis 0.1–10.1 – Kaup (1994)

Arctic
Tvillingvatnet, Svalbard 24.5–1000 – Laybourn-Parry and Marshall (2003)
Cryoconites, Svalbard 8.2–3767 – Säwström et al. (2002)
Toolik Lake (10-m column) 8.3–12.7 1.6–22.4 Miller et al. (1986), O’Brien et al. (1997)
Franz Joseph Land lake 22 1.2–3.9 Panzenböck et al. (2000)

*Over an annual cycle.



204   P O L A R  L A K E S  A N D  R I V E R S

(Laybourn-Parry et al. 2004). In the more extreme 

lakes of the Dry Valleys bacterial production was 

lower, with rates at the lower end of the spectrum 

reported from continental lakes (Table 11.2). This 

refl ects lower bacteria concentrations and biomass 

(Table 11.1). However, here too the saline mero-

mictic lake (Lake Fryxell) had higher production 

than freshwater Lake Hoare. There are less data on 

bacterial production in algal mats and they are dif-

fi cult to compare directly with planktonic rates as 

they are expressed in production per unit area. In 

the High Arctic ice-shelf mats had high bacterial 

production rates of 0.037–0.21 mgC m−2 h−1, although 

these rates were three orders of magnitude lower 

than primary production (Mueller et al. 2005).

As indicated in Figure 1.6, the bacterioplank-

ton form a crucial energy source for heterotrophic 

nanofl agellates, and also at times for mixotrophic 

nanofl agellates. It is possible to measure the 

grazing rates of fl agellates and ciliates in several 

ways. The bacteria ingested can be counted micro-

scopically or the number of bacteria consumed 

can be calculated from changes in numbers of 

bac teria. The uptake of fl uorescently labelled bac-

teria (FLB) is now the most widely used technique. 

These bacteria are heat-killed and stained with the 

fl uorochrome 5-[(4,6-dichlorotriazine-2-yl)amino]-

fl uoroscein (DTAF). The protozoans take up these 

bacteria despite the fact that the cells walls of the 

food have been altered by death and a stain. The 

assumption has been that the protozoans cannot 

discriminate between live and dead cells or strains 

of bacteria. However, it is now possible to insert 

different colored fl uorescent marker genes into 

bacteria, such as green fl uorescent proteins (GFPs). 

The bacteria are strongly fl uorescent and have the 

advantage that they are alive and their cell walls 

are unaffected by the marker gene. Moreover, 

grazing rates measured using cells with GFP are 

up to 45% higher than rates measured with the 

dead DTAF-stained cells. The fl agellates evidently 

‘prefer’ the live GFP-containing cells. Many of the 

grazing rates that will be discussed here were 

determined using FLB; thus the reader should be 

aware that these may represent underestimates of 

grazing rates and impact.

Grazing plays a role in controlling the numbers of 

bacteria in lakes but this is diffi cult to  demonstrate 

algal mats, because there is negligible alloch-

thonous carbon input from the catchment. This 

contrasts with Arctic lakes where there may be 

signifi cant allochthonous inputs. Rates of photo-

synthesis in Antarctica are low (Table 11.2; see also 

Chapter 9). However, photosynthesis is not entirely 

confi ned to the short summer. Year-long studies 

have shown that both the freshwater and saline 

lakes of the Vestfold Hills have measurable photo-

synthesis in late winter and early spring and this 

drives microbial heterotrophic processes all year 

around. Viral lysis of bacteria and the recycling 

of carbon probably also contributes to sustaining 

heterotrophic microbial processes over the winter. 

As yet we do not know what happens in winter in 

the Dry Valley lakes as they are only investigated 

during summer. However, an early season study 

in September showed that photosynthesis was 

occurring (Lizotte et al. 1996). The evidence sug-

gests that these more southerly lakes operate in the 

same way as the coastal lakes in the Vestfold Hills 

where biological processes continue over winter 

allowing communities to enter the short austral 

summer with actively growing populations. This 

contrasts to many Arctic systems, where under 

snow- covered ice primary production is inhib-

ited by lack of photo synthetically active radiation. 

Snow cover is rare on Antarctic lakes as it is blown 

off by katabatic winds.

Bacterial production occurs throughout the year 

in the lakes of the Vestfold Hills, but the rates are 

low (Table 11.2). The saline lakes have higher DOC 

concentrations and consequently support higher 

production. Interestingly, highest bacterial growth 

is often recorded in winter and tends to follow peaks 

in DOC. It is likely that viruses play an important 

role in the recycling of carbon to support bacterial 

growth, as they are present in relatively high num-

bers with high virus to bacteria ratios (see above). 

In lower-latitude lakes aggregates or ‘lake snow’ 

of organic carbon support higher concentrations 

of bacteria and production than the surround-

ing water. In Antarctic freshwater lakes (Crooked 

Lake and Lake Druzhby, Vestfold Hills) attached 

bacteria were larger than free-fl oating bacteria and 

production in aggregate-associated bacteria higher 

by 82–94% and 38–100% respectively. On only one 

occasion was production in free bacteria higher 
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(Svalbard) where Laybourn-Parry and Marshall 

(2003) found low numbers of bacteria for most of 

the season (≈0.6×109 L−1) followed by a sudden rise 

in late summer to approximately 3×109 L−1 at the 

same time as the heterotrophic nanofl agellates 

decreased. Differences in bacterial concentrations 

in Char Lake and Meretta Lake (Table 11.1), were 

caused by sewage nutrients entering Meretta Lake 

and stimulating primary productivity by 8-fold. 

Higher bacterial numbers in the summer months 

in Toolik Lake, between 1 and 2×109 L−1, are high 

for an oligotrophic lake but are a result of alloch-

thonous organic matter input (the DOC in the lake 

is 6 mg C L−1).

Heterotrophic nanofl agellates vary considerably 

in abundance across Antarctic lakes, refl ecting the 

in natural waters. In an experiment in a fertilized 

92 m3 limnocorral in Toolik Lake (Figure 11.2a), 

the bacterial population at fi rst grew rapidly and 

peaked at 8×109 L−1 in response to high rates of algal 

photosynthesis (O’Brien et al. 1992). The fl agellates 

grew more slowly and did not reach high numbers 

until day 19 when they soon reduced the bacterial 

numbers. Note that there are three clear peaks of 

fl agellate abundance (day 4, 22, and 27) that correlate 

with a decrease in bacterial abundance. Bacterial 

production was at its peak (both per cell and total) 

when the fl agellates reached their  maximum and 

the bacterial numbers were falling rapidly. It is 

extremely diffi cult to fi nd examples of similar 

predator/prey cycles in natural waters but there 

is one example (Figure 11.2b) from Tvillingvatnet 
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Figure 11.2 (a) Bacterial (109 L−1) and fl agellate 
(106 L−1) abundance in corral B in Toolik Lake, Alaska. 
The corral volume of 92 m3 was fertilized daily with 
2.77 g N as ammonium and 0.465 g P. Redrawn 
from data in Hobbie and Helfrich (1988) and O’Brien 
et al. (1992). (b) Bacterial (circles) and heterotrophic 
nanofl agellate (squares) abundance in Tvillingvatnet, 
Svalbard. Redrawn from data in Laybourn-Parry and 
Marshall (2003).
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very signifi cant at times, for example in Beaver 

Lake where at midsummer all of daily bacterial 

 production is grazed, causing a decline in bacte-

rioplankton, followed by a decline in the hetero-

trophic nanofl agellates. In Lakes Fryxell and Hoare 

fl agellate grazing has been implicated in marked 

decreases in bacterial biomass in summer (Takacs 

and Priscu 1998). In other lakes the heterotrophic 

nanofl agellates have a negligible impact of bacte-

rial production (Table 11.3).

Nutritional versatility appears to be an 

important survival strategy among Antarctic 

phytofl agellates. Some of the most successful 

phytofl agellates, especially cryptophytes (Plate 11), 

are mixotrophic, ingesting bacteria to  supplement 

their carbon budgets or to acquire nitrogen and 

phosphorus (for grazing rates see Table 11.3). 

Cryptophytes dominate the plankton of several dry 

abundances of their prey (Table 11.1). Generally 

bacterial numbers are higher in the saline lakes 

(e.g. Pendant, Ace, Fryxell) compared with fresh-

water lakes, which tend to be ultra- oligotrophic. 

Heterotrophic nanofl agellate grazing impact 

also varies and this relates to their grazing rates. 

Choanofl agellates tend to have higher grazing 

rates than other heterotrophic nanofl agellates. In 

Lakes Fryxell and Hoare choanofl agellate species 

predominated, accounting for higher ingestion 

rates compared with heterotrophic nanofl agellates 

in the other Antarctic lakes listed in Table 11.3. 

In Highway Lake the predominant fl agellate is 

Diaphanoeca grandis (Plate 11) a marine choano-

fl agellate that had relatively high clearance rates 

compared with those of the heterotrophic nano-

fl agellates in neighboring Ace Lake. The impact 

of heterotrophic nanofl agellate grazing can be 

Table 11.3 Protozoan grazing rates and grazing impact (% of bacterial production removed) in the plankton of Arctic and Antarctic lakes. 
HNAN, heterotrophic nanofl agellates; PNAN, mixotrophic phytofl agellates; HC, heterotrophic ciliates.

Lake Temperature 
(°C)

Clearance rate 
(nL cell−1 h−1)

Grazing rate 
(bacterial 
cells h−1)

Bacterial biomass 
grazed (day−1)

References

Antarctic
Crooked Lake HNAN, 

Vestfold Hills
2–4 – 0.2 0.1–9.7% of 

production
Laybourn-Parry et al. (1995)

Beaver Lake HNAN, 
MacRobertson Land

1 1.11 0.113–0.15 Up to 100% of 
production

Laybourn-Parry et al. (2006)

Highway Lake HNAN 
Vestfold Hills PNAN

2 
2

0.02–1.80 
0.04–1.05

0.02–2.4 
0.002–1.56

0.51–5.8% 
1% max

Laybourn-Parry et al. (2005)

Ace Lake HNAN, 
Vestfold Hills PNAN

2 
2

0.04–0.37  
0.002–0.21

0.01–1.45  
0.003–1.04

<1% 
1% max

Laybourn-Parry et al. (2005)

Lake Fryxell HNAN 
Dry Valleys PNAN

0.41 
0.41

– 4.0–5.4 
1.6–3.6

1–4%
5.0–13% 

Roberts and Laybourn-Parry 
(1999)

Lake Hoare HNAN 
Dry Valleys PNAN

2 – 6.2–6.7 
0.2–1.0

1–2% 
<1–3%

Roberts and Laybourn-Parry 
(1999)

Arctic
Ossian Sars Lake HNAN 

Svalbard PNAN
4 
4

2.1–7.2 
0.78–4.2

0.79–16.9  
0.28–1.12

Up to 20% 
<1%

Laybourn-Parry and 
Marshall (2003)

N1 (near Toolik) 
Vorticella HC Epistylis HC

150–280 
200–1300

150–560 
200–260

6% 
3%

Bettez (1996)

Toolik fertilized corral 
HNAN+PNAN

11–13 2–20 3–160 50–200% Hobbie and Helfrich (1988)

Barrow pond HNAN, 
sediment HC

20% of production Hobbie et al. (1980)
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compounds effectively at the ambient concentra-

tions; third, evidence that the  phytoplankton are 

physiologically equipped to use these substrates 

for growth; and last, an assessment of the relative 

contribution in situ of the dissolved organic sub-

stances compared with light and carbon dioxide 

as carbon and energy sources for phytoplankton 

growth. The take-home message is that when 

organic compounds are added to plankton they 

move across cell membranes or into feeding vacu-

oles but rate measurements are necessary to prove 

the importance of DOC for algal nutrition. Perhaps 

the picoplankton, close to heterotrophic  bacteria in 

size, can better compete with bacteria for DOC but 

this has not been tested. In conclusion, phytoplank-

ton survival by heterotrophy on DOC remains 

 controversial.

The ciliate communities of the ultra-oligotrophic 

Antarctic lakes are sparse and probably play a 

small role in control of the heterotrophic food 

web. In Beaver Lake, Crooked Lake, and Lake 

Nottingham, for example, their numbers are usu-

ally below 100 L−1. In more productive Lake Hoare 

ciliates reached concentration up to 23 400 cells L−1, 

but there are very signifi cant inter-annual vari-

ations. Here the dominant species was Plagiocampa 

that contributed up to 64% of biomass. In mero-

mictic brackish Lake Fryxell this species also pre-

dominated accounting for more than 80% of ciliate 

biomass where maximum ciliate abundance on the 

chemocline reached 58 000 cells L−1. In Lake Fryxell 

Plagiocampa appears to depend very largely on 

cryptophytes as food. The cryptophytes remain 

undigested for several days and retain their autofl u-

orescence. It is possible the Plagiocampa sequesters 

its prey for a period before digestion, allowing the 

cells to undertake photosynthesis in a nutrient-rich 

environment and benefi ting from that production. 

In these Dry Valley lakes the ciliates probably do 

play some role in carbon cycling.

The sparse crustacean populations of Antarctic 

waters probably do not exert any signifi cant 

top-down control. Modeling of carbon cycling 

has indicated that this is the case in Ace Lake 

where P. antarctica occurs. Beaver Lake supports 

a sparse population of a dwarf form of Boeckella 
poppei that has only been recorded in the lakes 

of MacRobertson Land in eastern Antarctica. 

valley lakes (Hoare and Fryxell) and in the brack-

ish and saline lakes of the Vestfold Hills. In the 

McMurdo dry valleys they never become entirely 

photo synthetic, but the dependence on mixotrophy 

decreases towards midsummer and in meromictic 

Lake Fryxell, higher in the water column above 

the chemocline. The evidence suggests that they 

are heterotrophic in winter and become progres-

sively more autotrophic towards summer. At times 

they remove more bacterial biomass than the het-

erotrophic nanofl agellates in Lake Fryxell, Table 

11.3. In the less extreme lakes of the Vestfold Hills 

cryptophytes are also mixotrophic, but not all year 

around (Laybourn-Parry et al. 2005). Cryptophytes 

do practice mixotrophy in lower-latitude envir-

onments, but it is rare. Pyramimonas is not a genus 

reported as mixotrophic at lower latitudes, but in 

the lakes of the dry valleys and the Vestfold Hills 

it takes up bacteria and DOC. This nutritional ver-

satility enables these organisms to remain active 

all winter. Contrary to what one might expect, the 

planktonic communities of Antarctic lakes remain 

functional in winter, including the few zooplank-

ton species that tend to contain very obvious fat 

globules that probably provide endogenous energy 

reserves to supplement their diet.

Despite the bacteria out-competing the phyto-

plankton in head-to-head competition for DOC, 

when isotopically or fl uorescently labelled organic 

compounds are added to lake samples some of 

the label does enter the phytofl agellate cells. For 

example, Laybourn-Parry et al. (2005) showed that 

dextran with a fl uorescent tag entered the feed-

ing vacuoles of cryptophytes and Pyraminomas in 

saline Antarctic lakes. Vincent and Goldman (1980) 

found that 14C-acetate did enter algal cells collected 

from deep in Lake Tahoe. These authors, however, 

concluded that it is not suffi cient to demonstrate a 

potential pathway. In addition, uptake rates must 

be combined with concentrations of substrate to 

prove that the algae can survive and grow as DOC 

heterotrophs. Vincent and Goldman (1980) argued 

that fi nal proof of algal heterotrophy in situ must 

ultimately include the following: fi rst, an analytical 

description of the ambient concentrations and rate 

of supply of utilizable substrates; second, in situ 

evidence that the algae have high-affi nity trans-

port systems which enable them to take up organic 



208   P O L A R  L A K E S  A N D  R I V E R S

11.8 Carbon and microbial heterotrophy

The detailed fl ux of carbon in the heterotrophic food 

web has only been measured a few times in both 

polar regions. The pond studied at Barrow, Alaska 

(Figure 11.3), is very shallow and the carbon input 

is dominated by the emergent graminoids Carex 
aquatilis and Arctophyla fulva. Feeding rates of pro-

tozoans and micrometazoans (rotifers, nema todes, 

chaetonotids, and microcrustaceans) were deter-

mined by a variety of means. The bac teria actively 

break down the plant remains to DOC and their 

productivity adds some 5% to the bac terial biomass 

each day. Protozoans and micrometazoans graze 

only 1% of the bacterial biomass each day but this 

is some 20% of the bacterial production. Another 

food web is based on the prod uction of benthic 

algae (mostly cyanobacteria and green algae). Their 

primary production adds 5% to the standing stock 

of microalgae; animal grazing removes the same 

amount (Hobbie et al. 1980).

The carbon dynamics of Lake 18, a typical 

Tuktoyaktuk Peninsula (Canada) freshwater lake, 

which has a mean depth of 1.45 m and a maximum 

depth of 5.2 m, indicated that 50% of the carbon was 

produced by the benthic community and 20% by 

plankton, and that 30% entered as allochthonous 

Normal-sized individuals form populations in 

lakes in western Antarctica and South America. 

The females carry few eggs in their egg sacs, sug-

gesting low fecundity. They probably grow and 

reproduce very slowly in the cold unproductive 

waters of Beaver Lake. Their fecal pellets persist 

in the water column and are well colonized by 

bacteria and fl agellates. It is likely that Boeckella 

practices coprophagy, thereby benefi ting from 

microbial production.

The crustaceans are also sparse in Arctic lakes 

and O’Brien et al. (1997) concluded that their graz-

ing rates on the phytoplankton of Toolik Lake 

(Alaska) are very low. The cladoceran fi ltering rate 

is approximately 50 ml L−1 day−1 and the copepod 

rate is 100 ml L−1 day−1. At its greatest, the zooplank-

ton might turn over the epilimnetic water once a 

week in late June and early July and once a month 

in August. One reason the crustaceans are sparse 

is predation by fi sh such as the Arctic grayling 

and small lake trout. These, as well as whitefi sh, 

use planktonic and benthic sources of food and so 

their numbers are high enough that their grazing 

can be a control on zooplankton abundance. In one 

whole-lake experiment near Toolik Lake, most of 

the fi sh were removed by gill netting followed by 

an  explosion of Daphnia numbers.

Carnivorous
ciliates

0.1 mg C

Bacterivorous
ciliates

0.2 mg C

Bacteria
1500 mg C

Algae
700 mg C

Micrometazoa
35 mg C
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Figure 11.3 Carbon fl ow through the bacteria, algae, 
protozoans, and micrometazoa of the sediment of a 
tundra pond, Barrow, Alaska, on 12 July 1971. Units are 
mg C m−2 for the standing stock (rectangles) and mg 
C m−2 day−1 for the rates (arrows). Based on information 
in Fenchel (1975) and Hobbie et al. (1980).
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types of lakes in both polar regions: lakes with a 

perennial ice cover, lakes with a very short ice-free 

season, meromictic lakes, and saline lakes. There 

are, however, no Antarctic lakes similar to the low 

Arctic lakes situated in tundra-covered water-

sheds. If Arctic lakes and ponds can be thought of 

as a continuum from the climate of the Sub-Arctic 

and temperate regions to the High Arctic, then 

the Antarctic lakes cover only the colder half of 

this range.

Bottom-up control of food webs is important in 

the polar regions where virtually all the lakes and 

ponds are oligotrophic and some ultra-oligotrophic. 

In the polar regions, the low trophic status of the 

entire heterotrophic food web results in shortened 

or truncated food webs (Figures 1.5 and 1.6). In the 

extreme latitudes of the polar regions, the entire 

heterotrophic food web may consist of bacteria, 

and mixotrophic and heterotrophic small fl agel-

lates. As the trophic level of the waters increase 

towards lower latitudes, rotifers, and other micro-

heterotrophs become relatively abundant. One 

aspect of the resource or bottom-up control is the 

increased importance of mixotrophy or the con-

sumption of bacteria by photosynthetic fl agellates. 

Mixotrophy, as exemplifi ed by the chrysophyte 

fl agellate Dinobryon, is found in oligotrophic lakes 

worldwide. There is good evidence that polar lakes, 

where the phytoplankton is usually dominated by 

small fl agellates, exhibit a great deal of mixotro-

phy. This ability of the mixotrophs to consume bac-

teria is likely the reason that the small fl agellates 

are active even under the ice and darkness of the 

Antarctic winter. There is also evidence that mix-

otrophy is more important in the Antarctic than in 

the Arctic. However, it is also true that the pro cess 

has been more extensively studied in Antarctic 

than in Arctic waters.

As we have seen, Antarctic lakes lack sub-

sidies of allochthonous carbon from their catch-

ments, whereas many Arctic waters receive large 

amounts of dissolved organic carbon, nitrogen, 

and phosphorus when they are surrounded by 

tundra vegetation. In the spring runoff much of 

this allochthonous material is available for micro-

bial breakdown but later in the season it is resistant 

to breakdown. Overall most of the allochthonous 

material appears to pass through the lakes and is 

matter (Ramlal et al. 1994). While allochthonous 

carbon dominated in this lake, a lake in the far 

north (81°N) had only autochthonous carbon. In 

this lake in the Franz Joseph Land archipelago, 

Panzenböck et al. (2000) measured algal prod-

uctivity, photosynthetic extracellular release, and 

bac terial productivity. Rotifers were the highest 

trophic level. Photosynthetic extracellular release 

made up 31–96% of total primary productivity. 

Bacterial growth rates (0.1–0.3 day−1) were closely 

tied to the extracellular release rates indicating 

that algal exudates are the major carbon source 

for the bacteria. Bacterial carbon demand (assum-

ing a 50% growth effi ciency) amounted to 19% of 

total primary productivity and 31% of the exudate 

 production.

Detailed studies on the plankton of simple micro-

bially dominated Antarctic lakes allow models of 

carbon cycling to be developed. Simulations on the 

food web of Lake Fryxell over 2 years revealed little 

evidence of top-down control. Major fl uctuations in 

total community biomass followed general patterns 

of seasonal and inter-annual photo synthetically 

active radiation levels, clearly indicating bottom-up 

control (McKenna et al. 2006).

11.9 Conclusions

The organisms and processes involved in hetero-

trophy and microbial food webs are very similar 

in the two polar regions. Differences are matters 

of degree. For example, the Antarctic is colder than 

the Arctic, the Arctic has more biotic diversity in 

the heterotrophs and more complex microbial food 

webs, allochthonous organic matter is important 

in the Arctic, and mixotrophy is more prevalent in 

the Antarctic. Differences between heterotrophic 

microbial processes are mostly linked to the 

absence of some aquatic metazoans.

The extreme climate of Antarctic and Arctic 

lakes and ponds affects the heterotrophic food 

webs in direct and indirect ways. The direct effect 

is that the cold temperatures and winter darkness 

cause slow growth rates and limit the length of the 

growing season for the phytoplankton. There is, of 

course, a difference in the climate of the two polar 

regions as the Antarctic continent is far colder than 

the Arctic region. In spite of this, there are similar 
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discharged through the outlet. The material that 

remains is used by microbes. As a result, bacteria 

in those lakes with large allochthonous loadings 

have a much higher bacterial production than other 

lakes with a similar primary production. However, 

the added DOC will prevent the penetration of UV 

light into lakes, which in turn will reduce the rate 

of photosynthesis and increase the release of nutri-

ents from complex organic compounds of DOC.

The fi nal topic is the regulation of the plank-

tonic heterotrophic food web by grazers, called 

top-down control. These relationships are diffi cult 

to study in any system but the oligotrophic state 

of polar lakes makes it especially diffi cult to tease 

apart the controls. In the most oligotrophic lakes the 

upper ranges of bacterial concentration are clearly 

controlled by the mixotrophic and heterotrophic 

fl agellates. In Toolik Lake (Alaska) the crustaceans 

are so small and sparse that that they take weeks 

to a month to fi lter all of the water in the epilim-

nion. Although the zooplankters are too sparse to 

support the fi sh population of Toolik Lake, which 

depends in great part on benthic sources of food, 

the fi sh do control the abundance of zooplankton.

The microbial food web and the primary pro-

ducers and grazers that feed it with carbon and 

energy and control the structure of the communi-

ties involved are an important part of the ecology 

of polar lakes. In some cases they are the whole 

of the ecosystem. While there is a surge in proc-

ess measurements today, there are still only a few 

places in the polar regions where bacterial produc-

tivity, transfer of carbon and energy, and controls 

by grazing of fl agellates, ciliates, and higher level 

animals, have been measured. These measure-

ments are only the fi rst steps in developing the 

understanding of the microbial food webs neces-

sary to predict the effect of changes in climate and 

species.
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Microorganisms are fundamental members of 

the trophic chain in aquatic ecosystems, where 

they recycle nutrients and transform chemical 

components. They catalyze reactions involving 

molecules such as carbon and nitrogen, which are 

part of larger biogeochemical cycles; for example, 

the cyanobacteria and photosynthetic sulphur 

bacteria are dominant primary producers in these 

ecosystems. Thus aquatic microorganisms directly 

infl uence global processes. Until recently, however, 

the diversity and role of microorganisms in defi ned 

ecosystems were not acknowledged because of 

the lack of data, mainly due to  methodological 

 limitations. However, the recent development of 

molecular techniques targeting phylogenetic genes 

has dramatically improved our ability to study 

microorganisms in the environment (Table 12.1). 

12.1 Microbial biodiversity

Biodiversity is the variety of life within a given 

ecosystem. Biodiversity can have a profound effect 

on ecosystem function (Hooper et al. 2005), and 

the investigation of biodiversity in microbial sys-

tems has led to the detection of novel physiologies, 

the description of new biochemical pathways and 

the discovery of biochemicals such as enzymes 

that function in different ways. Microorganisms 

inhabit all available ecosystems on the planet and 

contribute the greatest genetic diversity in the bio-

sphere (www.microbes.org/biodiversity.asp); how-

ever, according to the Global Biodiversity Assessment, 
even though an estimated 1 000 000 bacterial spe-

cies exist on Earth, so far, fewer than 4500 have 

been described.

Outline

Microorganisms dominate high-latitude aquatic ecosystems, although much of the microbial biodiversity 

in the polar regions remains poorly described. Here, we summarize the major groups of microorgan-

isms found in high-latitude aquatic ecosystems and the methodological approaches used to study their 

biodiversity. We consider the underlying mechanisms which infl uence this microbial biodiversity, includ-

ing both the survival (selection pressure) and dispersal (colonization) of microorganisms in polar aquatic 

environments. Finally, we take a look at the biogeography of microorganisms (i.e. the distribution of their 

biodiversity) in polar aquatic ecosystems and present studies that reveal a degree of endemism. The polar 

regions, due to their remoteness and relatively extreme environmental conditions, can be regarded as 

discrete ecosystems with diverse aquatic chemistry. This leads to novel selection pressures that can be 

infl uenced by low temperature and slow metabolism. To date, studies have shown that among the micro-

organisms of polar aquatic habitats, morphological class hides a much greater genetic diversity, that the 

extent of the biodiversity uncovered is proportional to sample effort, that the vast majority of biodiversity is 

as yet uncultivated, that cosmopolitan groups are present, and that the key environmetal factors controling 

microbial distribution are temperature and biotic interactions.

CHAPTER 12

Microbial biodiversity and 
biogeography
David A. Pearce and Pierre E. Galand

www.microbes.org/biodiversity.asp
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with their environment. For example, Antarctic 

lakes can exhibit periods when a maximum of only 

three species comprise more than 80% of the stand-

ing crop (Allende and Izaguirre 2003). Relatively 

simple microbial communities, or conspicuous 

species within them, might be used as indicators 

of microbial processes and responses to environ-

mental change. However, to date, no polar limnetic 

ecosystem has been sampled to saturation.

The notion of species, which is widely used to 

describe the biodiversity of larger organisms, is not 

normally applicable to microorganisms, because 

they lack specifi c morphological characteristics 

and a sexual life cycle. Microbial diversity in the 

environment is therefore often characterized by 

comparing the level of similarity between micro-

bial DNA sequences and is thus described as phylo-

genetic diversity or genetic diversity. In recent 

years, the 16 S rRNA gene has been recognized as 

a universal marker to determine the phylogenetic 

position of microorganisms colonizing the envir-

onment, and increased attention has been focused 

on microbial biodiversity in polar ecosystems. In 

The introduction by Carl Woese of the 16 S rRNA 

gene as a phylogenetic marker (Woese et al. 1975) 

enabled the description of the three domains of 

life: Eukarya, Archaea, and Bacteria. Archaea and 

Bacteria are two purely microbial domains of life 

which include only prokaryotic organisms (i.e. 

without a cell nucleus). The third domain, Eukarya, 

comprises eukaryotic organisms and includes a 

large diversity of microorganisms such as fungi, 

protozoa, and algae. Recently more attention has 

been directed toward describing the diversity of 

yet another important group of microorganisms 

found in the environment, the viruses.

The total biodiversity of polar limnetic systems is 

generally regarded as low, as there are a relatively 

low number of described species and restricted bio-

mass. However, the extent of the biodiversity uncov-

ered is often determined by the sample effort, and 

the more these systems are investigated, the higher 

the apparent microbial biodiversity. With a rela-

tively low diversity and low species richness, polar 

limnetic systems can provide excellent models in 

which to study the  interaction of  microorganisms 

Table 12.1 A summary of the methods most commonly used to study the biodiversity of microorganisms in the environment.

Methods Principles Use

Traditional
Culture-based approaches Isolate microorganisms through cultivation Identify and characterize the physiology
Microscopy Direct observation of microorganisms through 

magnification
Identify and enumerate

Flow cytometry Automated enumeration and size fractionation Quantification and diversity estimates

Molecular
Polymerase chain reaction 

(PCR)
Specifically amplify targeted genes Essential step to further uncover the identity and 

function of microorganisms 
Molecular fingerprinting Separate from each other the different types of 

sequences amplified by PCR
Describe and compare microbial diversity in the 

environment
Molecular cloning Separate different sequences using the cellular 

machinery within bacteria
Determine the identity of organisms present in the 

environment
Sequencing Process by which the order of nucleotides forming a 

DNA strand is determined
Determine the identity of organisms and the 

composition of their genome
Quantitative PCR (qPCR) Quantify the abundance of specific targeted genes Monitor the abundance of microorganisms or their 

functional genes
Metagenomics Sequence and analyse an ensemble of genes from an 

environment or community
Uncover microbial diversity and functional genes from 

an environmental sample or community
Microautoradiography Enables direct detection of active bacteria in complex 

microbial systems at the single-cell level
Link key physiological features to the identity of the 

microorganism
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 bacillary dysentery (Pauls, 1953). Boyd and Boyd 

(1963) broadened the description and reported 

a variety of species in the coastal lakes of north-

ern Alaska. Isolated strains were non-pathogenic, 

such as species of Chromobacterium (Figure 12.1), 

Flavobacterium, and Pseudomonas, among which 

were some isolates capable of denitrifi cation. 

Although the fi rst descriptions of bacteria in Arctic 

lake ecosystems were published in the 1950s, the 

fi rst molecular description of an Arctic freshwater 

system was not published until much later. In this 

fi rst study, Bahr et al. (1996) reported a diversity of 

Bacteria in Toolik Lake (Alaska, USA) with isolated 

cultures grouping into 11 phenotypes including one 

Gram-positive species, one Flavobacterium, and sev-

eral Proteobacteria of the gamma and beta subclasses. 

Sequences from Betaproteobacteria were dominant 

in their clone library giving a fi rst indication of 

the importance of that group of bacteria in Arctic 

freshwater systems. They also described the pres-

ence of Alphaproteobacteria forming a fresh water 

SAR11 clade. SAR11 was fi rst detected in marine 

waters (Giovannoni et al. 1990) and later described 

as representing the most common group of bacteria 

in the ocean surface (Morris et al. 2002). The fresh-

water clade of SAR11 fi rst detected in Toolik Lake 

Antarctic lakes, microorganisms are confronted 

by continuous low temperatures as well as a poor 

light climate and nutrient limitation. Such extreme 

environments support truncated food webs with 

no fi sh, few metazoans, and a dominance of the 

microbial plankton (Tranvik and Hansson 1997; 

Laybourn-Parry 2002). Antarctic prokaryotes 

are considerably diverse and most evolutionary 

groups are represented, including representatives 

of both Archaea and Bacteria (Franzmann 1996; 

Tindall 2004). The application of molecular tech-

niques has also allowed the fi rst detailed descrip-

tions of microbial consortia at high latitudes, and 

even though the number of studies remain lim-

ited, microbial communities have now also been 

described in a range of Arctic habitats.

12.2 Bacteria   

The fi rst descriptions of high-latitude aquatic micro-

organisms were intended primarily to demon-

strate the presence of pathogens in water supplies. 

Bacteria were therefore the fi rst micro organisms 

targeted, and early studies described the pres-

ence of coliforms, thermophilic bacteria (McBee 

and McBee 1956), and the bacteria  responsible for 

Figure 12.1 Highly pigmented Chromobacter 
isolated from Signy Island in the South Orkney 
Islands. Photograph: D. Wynn-Williams.
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have been described as a group commonly found 

in freshwater systems over a wide range of cli-

mates (Zwart et al. 2002). Dominant sequences from 

each site belonged or were closely related to typical 

freshwater groups previously named BAL 47 and 

GKS16 (Zwart et al. 2002). The second most abun-

dant groups belonged to the CFB group at the John 

Evans Glacier and Gamma- and Epsilonproteobacteria 

at the Bench Glacier, also common in freshwater 

ecosystems. Samples also contained several other 

bacterial groups refl ecting a relatively high diver-

sity of Bacteria in that particular type of environ-

ment. These groups included representatives from 

the Alpha-, Gamma-, Delta-, and Epsilonproteobacteria, 

Actinobacteria, and Verrucomicrobia. A recent study 

of the John Evans glacier by Cheng and Foght 

(2007) reported that Betaproteobacteria sequences 

were the most abundant in clone libraries of glacial 

melt water, thus confi rming that the group was also 

well represented in that Arctic environment.

Very little attention has been directed toward 

describing microbial diversity in rivers gener-

ally and toward Arctic rivers especially. In the 

fi rst study on an Arctic river, Garneau et al. 
(2006) evaluated the proportion of Alpha-, Beta-, 

and Gammaproteobacteria and CFB group in the 

Mackenzie River and adjacent Beaufort Sea. They 

described a microbial community largely dom-

inated by members of the Betaproteobacteria in the 

Mackenzie River; the other targeted groups had an 

equally low abundance in the sample. The phylo-

genetic identity of the bacterial groups was later 

identifi ed by Galand et al. (2008). Betaproteobacteria 

dominated the clone libraries followed by 

Bacteroidetes. Betaproteobacteria sequences belonged 

to typical freshwaters groups, mostly to the BAL47, 

GKS16, and P. necessarius clusters. The study also 

revealed that the river contained a high diversity 

of bacteria with the estimated presence of more 

than 73 phylotypes for a 3% distance level between 

sequences.

Antarctic lakes contain a wide variety of com-

mon freshwater bacterial genera (Table 12.2) and 

many as yet uncultivated groups. Bowman et al. 
(2000b) examined the biodiversity and commu-

nity structure within anoxic sediments of sev-

eral marine-type salinity meromictic lakes, and a 

coastal marine basin located in the Vestfold Hills 

was later named LD12 by Zwart et al. (2002), and is 

 similar to the alphaV cluster of Glöckner et al. (2000). 

In a more recent molecular survey of Toolik Lake, 

Crump et al. (2003) revealed the presence of mem-

bers of globally distributed freshwater phylogenetic 

clusters including Alpha- and Betaproteobacteria, the 

Cytophaga-Flavobacterium-Bacteroidetes (CFB) group 

and Actinobacteria. Among the Alphaproteobacteria, 

members of the LD12 cluster were detected again, 

and among the Betaproteobacteria freshwater clus-

ters such as BAL47 and Polynucleobacter necessarius 

were common.

In addition to polar limnetic ecosystems, there 

are a wide variety of other freshwater environ-

ments in high-latitude systems and these are each 

potential habitats for freshwater microorganisms. 

Such sources include ponds, rivers, streams, ice, 

and snow. Within these systems, microorganisms 

are often associated with other components of the 

ecosystem, for example, the plankton (particle-

 associated and free-living), benthos, microbial 

mats (Buffan-Dubau et al. 2001; Van Trappen et al. 
2002; Spring et al. 2003; Stackebrandt et al. 2004; 

Taton et al. 2006a, 2006b), sediment (Battin et al. 
2001; Purdy et al. 2003), glacial meltwater (Dietrich 

and Arndt 2004), subglacial meltwaters, polyther-

mal glaciers, ice caps, Greenland glaciers, Antarctic 

ice sheets (Mikucki et al. 2005), subglacial lakes 

(Priscu et al. 1999; Price, 2000; Poglazova et al. 2001; 

Christner et al. 2006), and cryoconites (Christner 

et al. 2003).

Glacial meltwaters have recently been described 

as a habitat for microbial communities in the 

Arctic. A study combining culture and microscop-

ical observation of microorganisms revealed the 

presence of a range of bacteria in this environment, 

where both the solute concentration and tempera-

ture are low (Skidmore et al. 2000). Microorganisms 

present included aerobic chemoheterotrophs, 

anaerobic nitrate reducers, sulphate reducers, and 

methanogens. Further description of subglacial 

communities revealed a wide range of different bac-

terial phylotypes (Skidmore et al. 2005). The authors 

studied meltwater samples from two glaciers, 

Bench Glacier situated in Alaska, and John Evans 

Glacier on Ellesmere Island, Canada. At both loca-

tions the bacterial communities were dominated by 

members of the Betaproteobacteria. Betaproteobacteria 
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grouped with Prochlorococcus cyanobacteria, diatom 

 chloroplasts, delta proteobacteria (Desulfosarcina 

group, Syntrophus, the  genera Geobacter, Pelobacter, 
and Desulfuromonas, and the orders Chlamydiales 

(Parachlamydiaceae) and Spirochaetales (wall-less 

Antarctic spirochaetes).

Van Trappen et al. (2002) isolated 746 bacterial 

strains from mats collected from 10 lakes in the Dry 

Valleys. The strains belonged to the Alpha, Beta, and 

Gamma subclasses of the Proteobacteria, the high 

and low percentage G+C Gram-positives, and to 

the Cytophaga-Flavobacterium-Bacteroidetes branch. 

They also found that the clusters some represented, 

belonged to taxa that have not been sequenced yet 

or represented as yet unnamed new taxa, related 

to Alteromonas, Bacillus, Clavibacter, Cyclobacterium, 
Flavobacterium, Marinobacter, Mesorhizobium, Micro-
bacterium, Pseudomonas, Saligentibacter, Sphingomonas, 
and Sulfi tobacter. From similar microbial mats, 

Taton et al. (2006b) isolated 59 cyanobacterial 

strains and characterized their morphological and 

genotypic diversity. They included a majority of 

Oscillatoriales assigned to seven morphospecies, a 

few Nostocales corresponding to the genera Nostoc, 

Calothrix, Petalonema, and Coleodesmium, and one 

unicellular Chondrocystis. However, the 16 S rRNA 

gene analysis detected 21 operational taxanomic 

units (OTUs; groups of sequences with more than 

97.5% similarity), showing that simple morpholo-

gies hide a larger genetic diversity. Nine new OTUs 

were detected at this time. Moosvi et al. (2005) 

described a diverse facultatively methylotrophic 

microbiota which exists in some Antarctic loca-

tions, including Methylobacterium, Hyphomicrobium, 
Methylobacterium, Methylomonas, Afi pia felis, and a 

methylotrophic Flavobacterium strain.

A new and exciting environment in the Antarctic 

is that of the subglacial lakes. Lake Vostok, the 

largest subglacial lake in Antarctica, is separated 

from the surface by approximatly 4 km of glacial 

ice. It has been isolated from direct surface input 

for at least 420 000 years, and the possibility there-

fore exists of a novel environment, with distinct 

selection pressures. Lake Vostok water has not 

been sampled, but an ice core has been recovered 

that extends into the ice accreted below glacial ice 

by freezing of Lake Vostok water. Brachybacteria, 

Methylobacterium, Paenibacillus, and Sphingomonas 

area of eastern Antarctica. Importantly, they found 

that a number of phylotypes predominated, with 

a group of 10 phylotypes (31% of clones) form-

ing a novel deep branch within the low G+C 

Gram-positive division. Other abundant phylo-

types detected in several different clone libraries 

Table 12.2 Diverse range of bacteria identifi ed from freshwater 
lakes on Signy Island, in the South Orkney Islands

Phylum Class/order Genus

Actinobacteria Actinobacteria Acidothermus
Actinobacterium
Actinomycetales
Actinoplanes
Arcanobacterium
Cellulomonas
Clavibacter 
Micrococcus 
Nocardioides 
Rhodococcus 
Tsukamurella

Proteobacteria Alpha Nordella 
Rhodobacter 
Sphingomonas

Proteobacteria Beta Achromobacter
Acidovorax
Alcaligenes
Bordetella
Burkholderia
Comamonadaceae 
Neisseria
Pelistega
Polaromonas
Polynucleobacter 
Rhodoferax
Thauera
Variovorax

Proteobacteria Gamma Acinetobacter 
Pseudomonas 
Stenotrophomonas

Bacteroidetes Flavobacteria Flavobacterium 
Sphingobacteria Cytophaga

Flectobacillus 
Flexibacter 
Haliscomenobacter 

Firmicutes Bacilli Paenibacillus 
Staphylococcus

Verrucomicrobia Verrucomicrobiae Verrucomicrobium
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 community. Their sequencing effort on autumn 

samples revealed a remarkably high diversity 

of Archaea in the river. These grouped mainly 

in two environmental clusters of uncultured 

Euryarchaeota named RC-V (Rice Cluster-V) and 

LDS (Lake Dagow sediment) and were related to 

sequences previously retrieved from freshwater 

environments such as lake sediment and rice-fi eld 

soil (Figure 12.2). A second study of samples from 

the Mackenzie River and the downstream stamukhi 

Lake Mackenzie confi rmed the high diversity of 

Archaea (Galand et al. 2008). Euryarchaeaota from 

the RC-V and LDS clusters were still the dominant 

groups in that sample but the authors also detected 

a large number of Crenarchaeota from Group I.1a. 

The authors named the group Freshwater Group 

I.1a and defi ned it as crenarchaeotal Group I.1a 

containing freshwater representatives.

In the Antarctic, Bowman et al. (2000b) found 

that most archaeal clones detected (3.1% of 

clones) belonged to a highly diverged group of 

Euryarchaeota clustering with clones previously 

detected in rice soil, aquifer sediments, and hydro-

thermal vent material. Little similarity existed 

between the phylotypes detected in this study and 

other clone libraries based on marine sediment, 

suggesting that an enormous prokaryotic diver-

sity occurs within marine and marine-derived   

 sediments.

12.5 Eukaryotes

Small eukaryotes are bigger than prokaryotes 

and thus can be visualized with microscopy and 

morphological traits used to separate species. This 

characteristic has allowed early descriptions of 

eukaryotic communities with distinct morpho-

logical structure, such as the diatoms. The fi rst 

descriptions date from as early as the 1880s in 

Greenland and over the years a number of species 

were described from various Arctic limnic sys-

tems. Diatom communities have been described 

through layers of sediments from a paleolimno-

logical perspective (see Chapter 3) but a number 

of studies have also reported the planktonic or 

benthic diversity of living diatoms. A detailed 

review of the available literature on diatom fl ora in 

the Arctic can be found in Cremer et al. (2001) and 

lineages have all been identifi ed from a sample of 

meltwater from this accretion ice that originated 

3593 m below the surface. This meltwater also con-

tained sequences from Alpha- and Betaproteobacteria, 

low- and high-G+C Gram-positive bacteria and a 

member of the CFB lineage (Christner et al. 2001). 

Elsewhere (in South Pole snow), Deinococcus, a 

radiation-resistant genus, has also been observed 

(Carpenter et al. 2000; see Chapter 7).

12.3 Cyanobacteria

For the Cyanobacteria, Oscillatoriacae and Nostoc 

sp. (Buffan-Dubau et al. 2001) are typical Antarctic 

taxa identifi ed, with Nostoc sp. being dominant in 

two of three Signy Island lakes studied (Pearce 

2003; Pearce et al. 2003, 2005). Clone libraries of fi ve 

benthic microbial mats of four lakes on the eastern 

Antarctic coast showed the presence of 28 OTUs, of 

which 11 were novel and generally present in only 

one lake (Taton et al. 2006a); see also a review of 

Cyanobacteria in polar aquatic habitats by Zakhia 

et al. (2007). Picocyanobacteria have been analyzed 

in the Mackenzie River (Canadian Arctic) and the 

adjacent Beaufort Sea, and the results suggest that 

the marine assemblages are derived from the river 

(Waleron et al. 2007).

12.4 Archaea

The largest proportion and greatest diversity of 

Archaea exist in cold environments (Cavicchioli 

2006). Most of the Earth’s biosphere is cold, and 

Archaea therefore represent a signifi cant frac-

tion of the biomass present. The description of 

archaeal communities started with the develop-

ment of molecular techniques, and Archaea were 

subsequently detected in a wide range of ecosys-

tems. However, there are currently no descriptions 

of archaeal communities in Arctic lakes or glacial 

meltwater. The only Arctic limnic system from 

which Archaea have been described so far is the 

Mackenzie River. In this ecosystem, Archaea were 

found to represent a relatively large fraction of the 

prokaryotic community (Garneau et al. 2006) and 

the phylogenetic composition of the archaeal com-

munity was then described by Galand et al. (2006) 

in the fi rst report of an Arctic limnic archaeal 
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Figure 12.2 Phylogenetic tree illustrating the high diversity of archaeal sequences found in an Arctic lake and river. Sequences in italics 
were retrieved from the Mackenzie River and stamukhi Lake Mackenzie. Most of the sequences detected in that environment belonged to two 
clusters of uncultured Euryarchaeota (LDS and RC-V clusters). From Galand et al. (2008), by permission of the American Society of Limnology 
and Oceanography.
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(2008) reported the fi rst molecular description 

of picoeukaryote community in the Arctic. They 

described sequences obtained from the Mackenzie 

River and reported the presence of a large diver-

sity of organisms dominated by members of the 

alveolates (Choreotrichia), stramenopiles (Spumella/

Ochromonas), and Cryptophyta. The diversity of 

picoeukaryotes in other Arctic freshwater systems 

remains unknown but it is hoped that the use of 

molecular tools will, in future, uncover the true 

diversity of that group of microorganisms.

Some of the important microbial eukaryotes 

(Plate 11) that have been studied in Antarctic lim-

netic systems are the fungi (Figure 12.4), algae, het-

erotrophic fl agellates, centrohelid Heliozoa, and 

fi lose amoebae. Copepods are known to play a cru-

cial role in the regulation of microbial food webs in 

certain polar lakes (Tong et al. 1997; Bayly et al. 2003; 

see also Chapters 1 and 11). Allende and Izaguirre 

(2003) studied two Antarctic lakes near Hope Bay. 

In Lake Boeckella, Chlamydomonas sp. followed by 

Ochromonas sp. were the most frequently encoun-

tered taxa in the nanophytoplankton fraction; how-

ever, the latter species was dominant when the lake 

froze. In Lake Chico, the major contribution to this 

fraction was due to different genera of fl agellated 

Chrysophyceae (Ochromonas sp., Chromulina sp. cf. 

Chrysidalis).

Antoniades et al. (2008). Recent publications have 

added additional taxonomical information on the 

species present in Arctic lakes, for example from 

northeast Greenland (Cremer and Wagner, 2004; 

Cremer et al. 2005), northeastern Siberia (Cremer 

and Wagner, 2003), and northern Canada (Stewart 
et al. 2005).

Chrysophytes also have traits which allow 

identifi cation using microscopy. They have been 

described in Arctic lakes (e.g. the mixotrophic 

species Dinobryon, Plate 11) and dominate assem-

blages at various locations (Douglas and Smol, 

2000; Laybourn-Parry and Marshall 2003; Rasch 

and Caning 2003; Bonilla et al. 2005). Other groups 

of small eukaryotes described in Arctic lakes 

include dinofl agellates (also found in Antarctic 

lakes; Figure 12.3) in Greenland and Spitsbergen 

(Laybourn-Parry and Marshall 2003; Rasch and 

Caning 2003), and ciliates in Spitsbergen (Petz 

2003; Petz et al. 2007).

The identifi cation and description of picoeu-

karyotes (between 0.2 and 3 μm in diameter) is 

more diffi cult with conventional microscopy due 

to the small cell size. The development of molecu-

lar techniques has allowed the discovery of a 

large diversity of picoeukaryotes in the oceans 

but their description in limnic systems remains 

limited to few temperate lakes. Galand et al. 

Figure 12.3 An Antarctic dinofl agellate. 
Photograph: G. Nash.
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phages per cell have been determined in Antarctic 

and Arctic ultra-oligotrophic freshwater environ-

ments. Data showed the highest frequency of vis-

ibly phage-infected bacterial cells (average 26.1%, 

range 5.1–66.7%) and the lowest number of phages 

per cell (average 4, range 2–15) ever reported in 

the literature (Sawström et al. 2007). In the Arctic, 

tomato mosaic virus has been isolated from the 

Greenland ice core (Castello et al. 1999), raising 

speculation at the time that one day as the ice 

caps might melt, such pathogens might be relased 

back into the biosphere. Viruses are also potential 

regulators of microbial biodiversity by selectively 

lysing particularly successful or dominant groups 

and can be responsible for the transfer of genetic 

information from one organism to another.

12.7 Survival

One key determinant of biodiversity is survival, 

largely determined through the action of selec-

tion pressure. The often intense selection pres-

sures found in polar aquatic ecosystems include 

competition for photosynthetically active radiation 

(photoperiod, wavelength, ice shadow), low tem-

perature, high dilution rate, slow metabolic rate, 

slow growth rate, incidence of ultraviolet radiation, 

freeze–thaw cycling (and rate), low turbidity, salin-

ity, and also their combined effects, for example, 

the availability of key environmental resources, 

Unrein et al. (2005) studied the composition of 

planktonic eukaryotes in the size fraction 3–20 μm 

of 10 maritime Antarctic lakes using denaturing 

gradient-gel electrophoresis (DGGE). Microscopic 

observations were also carried out to compare the 

results obtained by this molecular fi ngerprint-

ing technique with morphological data. Six lakes 

from Hope Bay (Antarctic Peninsula) and four 

from the Potter Peninsula (King George Island) 

were sampled. The most important organisms 

in these lakes were the Chrysophyceae, includ-

ing unifl agellated and bifl agellated naked organ-

isms: sequences belonged to the Chrysosphaerales 

and to the Ochromonadales (unicellular bifl ag-

ellates). Sequences related to Chlorophyceae, 

Bacillariophyceae, and probably Cercozoa were 

also retrieved. A Dictyochophyceae belonging 

to the order Pedinellales was reported for the 

fi rst time in freshwater Antarctic ecosystems. 

Microscopic observations suggested that this phy-

toplanktonic organism most likely corresponded 

to Pseudopedinella.

12.6 Viruses

Viruses are now generally accepted to be import-

ant components of nearly all ecosystems, and 

polar limetic ecosystems are no exception (Pearce 

and Wilson 2003). The frequency of visibly phage-

infected bacterial cells and the average number of 

Figure 12.4 Antarctic rotifer trapped by 
an aquatic Antarctic fungus (McInnes 2003). 
Photograph: S.J. McInnes.



222   P O L A R  L A K E S  A N D  R I V E R S

Dilution rates and storms can also affect microbial 

numbers, and material fl owing into lakes can deter-

mine the composition of the bacterial community 

present. The extent to which this happens depends 

upon the volume of the lake and the fl ow rate of the 

infl ow (Lindström, 1998). Battin et al. (2001), stud-

ied the abundance of sediment-associated Archaea, 

and found that they decreased downstream of the 

glacier snout; in addition, a major storm increased 

their relative abundance by a factor of 5.5–7.9. 

Bacteria of the CFB group were also 6–8-fold more 

abundant in the storm  aftermath.

Salinity may also be important in survival. 

Bowman et al. (2000a) used 16 S rRNA clone library 

analysis to examine the biodiversity and commu-

nity structure within sediments of three hypersa-

line Antarctic lakes. Compared to sediment of low 

to moderate salinity Antarctic lakes the species 

richness of the hypersaline lake sediments was 

2–20 times lower.

Finally, high-latitude aquatic ecosystems are 

 currently subject to interest in relation to global 

change (Plate 16). In the Arctic, increased melt-

ing is potentially leading to more drainage and 

the increased infl uence of soils. In the Antarctic 

more freshwater lakes might appear in association 

with the temperature increase, especially along the 

Antarctic Peninsula, which is warming at a rate 

three times higher than the global average (Quayle 

et al. 2002; Vaughan et al. 2004). These increases in 

temperature will have consequences for microor-

ganisms and could infl uence the effect of microor-

ganisms in global climate processes (for example, 

in the production of greenhouse gas).

12.8 Dispersal

Biodiversity is also dependent upon dispersal. 

The dispersal of microorganisms present in high-

 latitude ecosystems is dependent upon a number 

of key factors. These include historical factors; that 

is, which organisms were present in the environ-

ment prior to lake formation and factors related to 

colonization, mechanisms of infl ow, survival and 

input rates, local and global sources, and evolution 

rates and colonization rates.

The time of colonization (or recolonization) of 

Antarctic environments by individual species 

such as water and nutrients, are likely to have a 

greater impact upon continental Antarctic ecosys-

tems than the effects of fl uctuations in temperature 

alone (Wasley et al. 2006).

Key selection pressures in high-latitude aquatic 

environments are nutrient availability, tempera-

ture, biotic interactions, dilution rate, and salinity. 

Nutrient availability can include the availability 

of key trace metals (Bratina et al. 1998) and high-

 latitude lake systems can have specifi c mechanisms 

of nutrient enrichment (Bell and Laybourn-Parry 

1999a, 1999b; Pearce et al. 2005). However, Laybourn-

Parry et al. (2006) suggested using from data from 

Beaver Lake that primary production and bac terial 

production were not limited by nutrient availabil-

ity, but by other factors; for example, in the case 

of bacterial production by organic carbon con-

centrations and primary production by low tem-

peratures. Crooked Lake and Lake Druzhby data 

indicated that bacterial production was limited 

by continuous low temperatures and the limited 

availability of suitable dissolved organic carbon 

substrate. However, the bacterioplankton func-

tions year round, responding to factors other than 

temperature (Laybourn-Parry et al. 2004). In at least 

three other polar studies, the key factors control-

ling bacterioplankton community structure were 

found to be temperature and biotic interactions 

(Lindström 2000, 2001; Pearce 2005; Yannarell and 

Triplett 2005). In addition, Upton et al. (1990) iden-

tifi ed at least four different groups of bacteria that 

occupied separate so-called temperature niches.

Biotic interactions come in a variety of differ-

ent forms, which include grazing, competition, 

and viral lysis. Bell and Laybourn-Parry (2003) 

calculated that the grazing Pyramimonas gelidi-
cola community could remove between 0.4% and 

approximately 16% of in situ bacterial biomass, 

equivalent to between 4% and more than 100% 

of in situ bacterial production. Elsewhere, it has 

been observed that there was a positive correl-

ation between bacterial and total phytoplankton 

(Izaguirre et al. 2001). In Beaver Lake, an extreme 

lacustrine ecosystem where heterotrophic proc-

esses occasionally appear to be carbon-limited, 

highest rates coincided with times of highest pri-

mary production (Laybourn-Parry et al. 2006; see 

Chapter 11).
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by organisms that are not uniquely adapted to the 

lake-ice ecosystem, but instead were species that 

originated elsewhere in the surrounding region 

and opportunistically colonized the unusual habi-

tat provided by the sediments suspended in the 

lake ice. Conversely, when lake mats detach from 

the bottom because they are loaded with oxygen 

bubbles that are stuck in the mucilage, they enter 

the ice cover from below. Due to albedo, they can 

melt the ice locally, rising until they reach the sur-

face. From the surface, they can be blown by the 

wind to the surrounding soil and rocks. So, the 

exchange of material goes in both directions.

Feet and feathers of birds are also excellent 

sources of inocula. The genus Thelebolus is known 

to combine psychrophily with growth on dung and 

guano, suggesting that strains in lake biomats have 

originated from bird vectors (De Hoog et al. 2005).

12.9 Biogeography

Biogeography is the study of biodiversity distribu-

tion over space and time. It aims to reveal where 

organisms live, at what abundance, and why 

(Martiny et al. 2006). These distribution patterns are 

often related to physical or biotic factors. Currently 

microorganisms are found in all ecosystems on 

Earth, including freshwater systems in the Arctic 

and Antarctic, and with the increased awareness of 

their important function in ecosystems, microbiolo-

gists are now directing their attention to fi nding out 

what species are present, and what role they might 

have in particular habitats. Increasingly, studies 

are now focusing on mapping the biodiversity of 

microorganisms within the environment.

The bipolar geographic separation of the 

Antarctic and Arctic regions represents the most 

extreme geographic separation possible on Earth 

(Petz 2003; Petz et al. 2007; Pearce et al. 2007), yet 

these two high-latitude environments share simi-

lar selection pressures, and, as such, offer the 

unique opportunity to test theories and investi-

gate patterns of global distribution. There are also 

marked differences between these two types of 

environment. Big rivers are present in the Arctic 

but not in the Antarctic, the types of lakes differ, 

the infl uence of soil is present in the Arctic but not 

often in the Antarctic, and there are  differences 

may have been very recent in evolutionary time 

scales (Franzmann 1996). Use of the 16 S rRNA 

gene as a molecular clock would suggest that the 

majority of Antarctic prokaryotes diverged from 

their nearest known non-Antarctic relatives long 

before a stable ice sheet developed in Antarctica 

(Franzmann 1996). Judging from â-tubulin data, 

the species emerged 30–40 million years ago, when 

the Antarctic continent reached its current position 

(De Hoog et al. 2005). Most Antarctic environments, 

however, continue to receive microbial propagules 

from outside the region, as indicated by spore-trap 

data, the microfl ora found in Antarctic snow and 

ice, the colonizing taxa at geothermal sites, and the 

high frequency of apparently cosmopolitan species 

in most habitats.

Many freshwater microorganisms could ori-

ginate from marine environment. Franzmann and 

Dobson (1993) sequenced the 16 S rRNAs of nine 

species of prokaryotes, isolated from four lakes 

of the Vestfold Hills, and found that generally 

they were most closely related to organisms from 

marine environments. The sequence dissimilarity 

between the rRNA gene sequences of the Antarctic 

strains and their nearest known relatives  suggest 

they diverged from each other much earlier than 

the establishment of their modern Antarctic 

 habitat. In a study of freshwater Heywood Lake 

on Signy Island, clones with closest matches to 

clones of marine origin were also observed (Pearce 

et al. 2005).

Aerial transport is also a major source of micro-

bial propagules into the Antarctic (Hughes et al. 
2004). For example, in a study by Christner et al. 
(2003), biotic communities did not refl ect the com-

position of the community in the immediately sur-

rounding environments, suggesting the effects of 

eolian mixing and transport of sediments and biota 

across the valley. Gordon et al. (2000) investigated 

the phylogenetic diversity of bacteria and cyano-

bacteria colonizing sediment particles in the per-

manent ice cover of an Antarctic lake. The results 

demonstrated the presence of a diverse microbial 

community dominated by cyanobacteria in the lake 

ice, and also showed that the dominant members 

of the lake-ice microbial community were found in 

terrestrial mats elsewhere in the area. The lake ice 

microbial community appeared to be dominated 
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of  bacterial populations which they correlated to 

changes in the source and lability of DOM. The 

community shift corresponded fi rst to the arrival 

of large infl ux of DOM associated with snow melt-

water and then to the development of  phytoplankton 

communities. They also showed that some bacteria 

were present all year long while others were tran-

sient populations which appeared and disappeared 

following the seasons. Some of the transient com-

munities were advected to the lake while others 

grew when the phytoplankton developed. Similar 

observations have also been made for Signy Island 

lake communities in the Antarctic (Ellis-Evans and 

Wynn-Williams 1985).

There are no specifi c studies on the biogeog-

raphy of Archaea in the Arctic to date, but the 

archaeal community of the Mackenzie River has 

been described for two different seasons: spring 

(June; Galand et al. 2008) and autumn (October; 

Galand et al. 2006). The composition of the spring 

archaeal community differed from the autumn 

community; the main difference was illustrated 

by a clear presence of members of Crenarchaeota 

Group I.1a sequences in spring and a quasi absence 

in autumn. We can speculate that the difference 

in community composition represents a seasonal 

variation of the community possibly linked to 

a change in water regime, as shown for bacteria 

in Toolik Lake (Crump et al. 2003). However, this 

observation relies on few samples and extended 

analyses would be required to demonstrate sea-

sonal biogeog raphy of Archaea in Arctic systems.

For eukaryotes, a recent study of diatoms in 

sediments from 62 lakes from the Canadian Arctic 

Archipelago revealed interesting patterns of spatial 

biogeography (Bouchard et al. 2004). The authors 

showed that although many taxa were found across 

the Arctic, there were clear regional differences in 

diatom assemblages. Variability in assemblages 

was explained mostly by lake water chemistry but 

also by other environmental factors such as water 

infl ows or terrestrial vegetation. Their result dif-

fered from an early study on diatom assemblages 

in lakes from Arctic Lapland which indicated that 

spatial distribution of diatoms was markedly reg-

ulated by temperature (Weckström and Korhola 

2001). For seasonal variation, Stewart et al. (2005) 

recently reported the temporal survey of diatom 

in  temperature and seasonal cycling. More fun-

damentally, the Arctic Ocean is surrounded by 

land, and subject to terrestrial inputs, whereas 

the Antarctic is an icy continent surrounded by 

water and subject to marine inputs. This also acts 

as a major barrier to dispersal. Lakes and ponds 

on land may also serve as ‘islands’ that facilitate 

the selection and separation of unique species 

(Naganuma et al. 2005), particularly in view of the 

large distances involved in the geographical sep-

aration of psychrotrophic limnetic environments. 

Other psychrotrophic lake environments occur at 

altitude (for example, the alpine lake systems) and 

mountain ranges can in themselves act as islands, 

which reduce the  potential for gene fl ow.

The Arctic, with its very strong seasonality and 

vast geographical span, is an important environ-

ment for the study of microbial biogeography. 

However, such studies are rare. Nevertheless, 

some reports have recently been published giving 

the fi rst indications on the distribution and factors 

controlling Arctic limnic microbial populations. 

For instance, Skidmore et al. (2005) compared the 

composition of glacier meltwater microbial com-

munities between the Bench Glacier in Alaska and 

the John Evans Glacier on Ellesmere Island, north-

ern Canada, and revealed an interesting biogeog-

raphy. The two glaciers included in their study 

are separated by thousands of kilometers but their 

microbial communities were dominated by the 

same phylogenetic group of Betaproteobacteria. The 

authors noticed, however, some clear differences 

in community composition indicative of distinct 

populations. The most interesting feature was the 

presence of a large number of CFB group bacterial 

sequences at the John Evans glacier and Gamma- 
and Epsilonproteobacteria at the Bench Glacier. The 

authors suggested that the difference in com-

position was due to the presence of iron- and 

 sulphur-oxidizing organisms at the Bench Glacier 

and correlated the microbial populations with the 

observed aqueous geochemistry.

Regarding seasonal variations, Crump et al. 
(2003) described the diversity of bacterial commu-

nities in Toolik Lake, Alaska, from spring to sum-

mer, and correlated diversity with the quality of 

terrestrial dissolved organic matter (DOM). They 

demonstrated a seasonal shift in the  composition 



M I C R O B I A L  B I O D I V E R S I T Y  A N D  B I O G E O G R A P H Y    225

traits were found. Van Trappen et al. (2002) also 

isolated bacterial strains from mats collected from 

10 lakes in the McMurdo Dry Valleys. Some of the 

clusters that they represented belonged to taxa that 

have not been sequenced yet or are as yet unnamed 

new taxa. Stackebrandt et al. (2004) reported a high 

degree of as-yet- uncultured prokaryotes, and 

many of the taxa could be regarded novel species 

as judged from the distance of their gene sequences 

to those of their nearest cultured phylogenetic 

neighbors.

Elsewhere, Taton et al. (2003) used molecular 

methods to study the diversity of cyanobacteria 

in a fi eld microbial mat sample. They found that 

the 16 S rRNA gene sequences were distributed 

in 11 phylogenetic lineages, three of which were 

exclusively Antarctic and two that appeared to 

be novel (more than 2.5% dissimilarity of the 16 S 

rRNA gene sequences with the GenBank data at 

the time). They suggested that Antarctic endemic 

species could be more abundant than has been 

estimated on the basis of morphological features 

alone. Jung et al. (2004) studied strains of two 

strains of Rhodoferax antarcticus. They concluded 

that although the strains might indeed be the same 

species, their ecologies were quite different. In the 

Unrein et al. (2005) study of planktonic eukary-

otes, most lakes were shown to share several com-

mon sequences, which suggests the existence of 

well-adapted nanoplanktonic species dispersed 

throughout the Antarctic lakes.

12.11 Conclusions

The very low number of studies of microbial com-

munities in high-latitude aquatic ecosystems sug-

gests that caution is necessary in drawing general 

conclusions about the biodiversity and biogeog-

raphy of microorganisms in that environment. In 

common with other freshwater environments, for 

bacteria, the Betaproteobacteria appears as the dom-

inant group in glacial meltwater, lakes, and rivers 

and thus is probably the most abundant group 

in all polar freshwater systems. Dominant fresh-

water lake bacterioplankton with a bipolar distri-

bution do occur, and most of the bac terioplankton 

groups encountered in both Arctic and Antarctic 

fresh water lake systems might fi t into emerging 

communities in the Lord Lindsay River, Nunavut, 

Canada. In the fi rst study of its kind, the authors 

monitored possible changes in diatom assemblages 

throughout the melt season. They showed that 

the composition of diatom assemblages remained 

relatively constant throughout the season and that 

those assemblages only responded to dramatic 

hydrological changes.

In the Antarctic, there have been fewer studies, 

but the cyanobacterial distribution on the Antarctic 

continent has been studied in detail (Taton et al. 
2006a). A synthesis of existing 16 S rRNA gene 

sequences in databases showed the presence of 

53 OTUs, of which 68% had not been recorded for 

non-Antarctic sites at the time, suggesting endem-

ism (i.e. it is unique to that location). There was 

also a tendency for OTUs found outside Antarctica 

to be detected in more than one region, suggest-

ing a larger tolerance to environmental factors and 

dissemination conditions. Each new sample also 

brought new diversity, suggesting that there is 

much more diversity left to uncover.

12.10 Endemism

Antarctic isolation makes it an ideal place to study 

the occurrance of microbial endemism (Vincent 

2000). Common freshwater clusters of cosmo-

politan distribution have already been suggested 

(Glöckner et al. 2000), and this might be expected 

given the colonization of lake systems by birds 

and mammals, some of which might act as com-

mon sources of inoculation. Zwart et al. (2002) com-

pared 689 bacterial 16 S rRNA gene sequences from 

available freshwater data-sets using BLAST. They 

found that the majority of the sequences (54%) 

were similar to other sequences found in fresh-

water habitats. However, in several studies from 

Lake Fryxell there is growing evidence that polar 

endemism can occur. Spring et al. (2003) conducted 

taxonomic studies on four strains of anaerobic, 

Gram-positive, spore-forming bacteria originally 

isolated from a mat sample. Phylogenetic analyses 

indicated that these strains were affi liated with 

cluster I Clostridia and formed a coherent group 

with Clostridium estertheticum and Clostridium lara-
miense. However, despite the close phylogenetic 

relationship, several distinguishing phenotypic 
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these ecosystems function and how they might 

respond to environmental change. Further work 

will allow us to identify the specifi c role of these 

 microorganisms in global biogeochemical cycles 

and to  understand which factors control their dis-

tribution and  activity.
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and  demanding environment aquatic invertebrate 

communities can be stable and abundant (Hershey 

et al. 1995; O’Brien et al. 2004).

An important factor that contributes to the suc-

cess of polar aquatic invertebrates is the lack of 

effi cient predators. All Antarctic and many Arctic 

zooplankton and zoobenthic communities live in a 

fi sh-free environment in which top-down control 

13.1 Introduction

In the Earth’s high-latitude regions winter-like 

conditions last up to 9 months of the year, and 

these areas are characterized by water bodies that 

are ice-covered or frozen solid, and that experience 

limited underwater light intensities, short open-

water season, and low food supply. In this harsh 

Outline

Zooplankton and benthic invertebrates are important components of polar lakes and often form the  highest 

trophic level in the aquatic food web. Their biodiversity decreases towards high latitudes, although the 

two poles have different species composition despite environmental similarities in temperature, habitat 

structure, and light cycle. Different geological history and accessibility largely explain the faunal differ-

ences between the poles. The Arctic, with easier colonization from the south, extensive high-latitude gla-

cial refugia and a milder climate, is more species-rich than the Antarctic. Furthermore, some taxonomic 

groups occurring in the Arctic are entirely missing from the Antarctic. Whereas some species live close to 

their environmental tolerance in the cold polar regions, others have adapted to life at low temperatures, 

short growing season, long periods of ice cover, and low food supply. Their abundance can be as high as 

at lower latitudes, especially in shallow water bodies where microbial mats increase the habitat complexity 

and food. Lakes, ponds, rivers, and streams are all inhabited by various and often different communities 

of zooplankton and zoobenthos. Small-bodied zooplankton grazing on small food particles are dominant 

in lakes, while large, pigmented species are often found in shallow ponds where they can be exposed to 

high levels of ultraviolet (UV) radiation. In some coastal saline lakes of Antarctica zooplankton can form 

the highest biomass in the plankton. In the well-oxygenated polar lakes and streams benthic animals can 

be found at high abundance. The aim of this chapter is to describe the unique cold-water communities of 

zooplankton and zoobenthos common to both poles. The chapter reviews the most important factors that 

defi ne the zoogeography and diversity of freshwater invertebrates in the Arctic and Antarctic. It describes 

the range of aquatic invertebrate communities in different habitats, and introduces in more detail the ecol-

ogy and life history of some key zooplankton and aquatic insects. The fi nal section considers how climate 

change, especially elevated temperature and increase in UV radiation, are altering high-latitude aquatic 

invertebrate communities.

CHAPTER 13

Zooplankton and zoobenthos in 
high-latitude water bodies
Milla Rautio, Ian A.E. Bayly, John A.E. Gibson, and 
Marjut Nyman
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The origins of the fauna of the Arctic and 

Antarctic lakes can be considered over two time 

frames: since the development of the current 

arrangement of the continents, including the sep-

aration of Pangaea into Laurasia and Gondwana, 

and the subsequent break-up of Gondwana, begin-

ning about 170 million years ago; and the reaction 

of the fauna to glaciation that may have begun as 

early as 34 million years ago (Ivany et al. 2006) and 

that have had dramatic infl uence on the landforms 

of both polar regions. Prior to the onset of gla-

ciation, both poles would probably have harbored 

a biota that was more diverse than at present. The 

species and genera present undoubtedly refl ected 

the arrangement of the continents at the time, with 

Antarctica dominated by Gondwanan species 

(Antarctica retained direct links to South America 

until about 32 million years ago; Livermore et al. 
2007) and the Arctic by Laurasian species. While 

current-day distributions may refl ect the species 

present during the preglacial period, it may also 

be that they represent in part or in entirety more 

recent secondary colonization. For example, tardi-

grades of Antarctica have a clear Gondwanan ori-

gin (McInnes and Pugh 1998), and, as most of the 

species present are endemic there is an implication 

of a long association with the continent. The pres-

ence of a few cosmopolitan species suggests some 

later colonization from the north. In contrast, the 

Arctic fauna appears to have been the result of 

postglacial recolonization rather than local sur-

vival (Pugh and McInnes 1998).

The series of Pliocene/Pleistocene glaciations 

have clearly had a major infl uence on the distribu-

tion of the lake biota. Many of the lakes now present 

were under many kilometers of ice at the last glacial 

maximum (approximately 18 000–20 000 years ago), 

and have probably undergone a cycle of glaciation 

and exposure since the start of the Pliocene. Any 

present-day inhabitants of lakes in previously ice-

covered areas would have to have migrated from 

non-glaciated areas that provided habitats (often 

termed refugia) in which the animals survived.

For both the Arctic and the Antarctic there 

were three general types of refugia during gla-

cial  periods: relatively low-latitude areas beyond 

the furthest advance of the ice sheet; high-latitude 

areas where low precipitation rates or other factors 

is absent or only from other invertebrate species. 

In such ‘two-level’ systems zooplankton form the 

highest trophic level in the water column (Hansson 

et al. 1993) and their abundance is mainly struc-

tured by food supply and the ability to survive 

in cold conditions. There are several successful 

species that have adapted to a life at low tempera-

tures so well that their abundance and biomass 

can be as high as the biomass of aquatic inver-

tebrates at lower latitudes. Once an animal can 

survive in near-0°C water it can potentially live at 

very high latitudes, as the water temperature in 

lakes is buffered against the extremes of external 

 temperature.

Persistence of abundant zooplankton communi-

ties is further facilitated by well-developed ben-

thic–pelagic coupling. Phytoplankton may be the 

preferred food source for zooplankton but they 

have also evolved the ability to use alternative 

food. Clear water, shallowness, and oligotrophy 

create good conditions for periphytic communi-

ties and they can be responsible for a large propor-

tion of primary productivity in ponds and shallow 

lakes (Vadeboncoeur et al. 2003). Many zooplank-

ton species are capable of feeding directly on these 

microbial mats and other species can ingest par-

ticles from mats that are brought up into suspen-

sion (Rautio and Vincent 2006, 2007).

Despite successful adaptations to life at low 

temperatures, the biodiversity of zooplankton and 

 benthic invertebrates decreases towards high lati-

tudes (Hebert and Hann 1986; Patalas 1990; Gibson 

and Bayly 2007). Many zooplankton and benthic 

invertebrates live close to their limit of existence 

in the cold polar region and limited dispersal 

 capability further keeps the species number low. 

This has important implications for the resistance 

of polar ecosystems to climate change.

13.2 The origin of polar fauna

The biogeography of metazoans in the lakes of both 

the Arctic and Antarctic has been of great interest 

since early in the twentieth century. Classical taxo-

nomic and distributional studies are now being 

complemented by modern molecular taxonomic 

work and paleolimnological research that have pro-

vided new perspectives on faunal distributions.
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Beringia, which was located in Alaska and north-

eastern Siberia and included the land bridge 

that joined Asia and North America that is now 

beneath the Bering Strait. Patalas (1990) showed 

that Canadian zooplankton could be separated 

into two groups: those such as L. macrurus that 

survived south of the Holocene glaciation and have 

since radiated north, and a second group, includ-

ing the cladoceran Daphnia middendorfi ana and 

the copepod Diaptomus pribilofensis, which has its 

locus in modern-day Alaska. Species have clearly 

dispersed from these two areas: biodiversity is 

greatest in areas that could be colonized from 

both regions, and is lowest in areas to the north-

east well away from both major refugia (Figure 

13.1). Greatest penetration of the southern group 

to the north has occurred along the Mackenzie 

River drainage basin, while the absence of strong 

north–south and west–east transport mechanisms 

appears to have limited the penetration of the 

Beringean group into new areas. Similar north-

ern refugia are still present today: Peary Land in 

far north Greenland is largely ice-free, and many 

lakes are present. If new lakes were to be formed 

by the melting of the ice sheet they could be popu-

lated from these lakes.

 precluded the formation of extensive ice sheets; 

and marine waters, in particular brackish estuar-

ies and semi-enclosed seas, such as the present-day 

Gulf of Bothnia.

Glacial ice in the Arctic reached as far south as the 

Great Lakes in North America, and central France 

and Germany in Europe. As the ice expanded some 

lacustrine species were able to migrate to the south. 

This was in part due to the regular occurrence of 

large, long-lived proglacial lakes along the south-

ern margins of the ice sheets. Once the ice began to 

retreat many species were able to migrate north to 

populate new lakes in recently exposed areas, but 

also retained their southern populations. A clas-

sic example is the copepod Limnocalanus macrurus, 
which occurs from Lake Michigan in the south to 

the northernmost lakes in far northern Canada (Van 

Hove et al. 2001). Molecular genetic studies indicate 

that the populations that occur in inland lakes 

through Ontario, Québec, and in central- western 

Canada are closely related, and are the result of 

postglacial northern migration (Dooh et al. 2006).

The presence of northerly refugia at fi rst seems 

counter-intuitive, but major ice-free regions 

occurred at high latitude throughout the glacial 

periods. Perhaps the best known has been termed 

Latitude, degrees W(–) or E(+)
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rather has been associated with the Antarctic con-

tinent since its separation from Australia (Bayly 

et al. 2003). Survival in continental lakes has been 

shown directly for the most recent glacial period 

for two species, the cladoceran Daphniopsis studeri 
(Plate 12) and the rotifer Notholca sp., which have 

been present continually in lakes of the Larsemann 

Hills for approximately 140 000 years (Cromer et al. 
2006). It may well be that other species shared with 

Patagonia have also survived on the continent, and 

this will be either confi rmed or refuted by molecu-

lar studies.

The marine habitat has also been a source of 

lacustrine biota in Antarctica. Modern-day marine 

biotas occur in saline lakes of the Vestfold Hills, 

east Antarctica, but these are recent colonizers of 

the Antarctic lakes (see Section 13.4.2, on saline 

standing waters, below). Molecular and paleolim-

nological evidence suggests that a marine copepod 

closely related to Paralabidocera antarctica, one of the 

species in the modern-day continental saline lakes, 

had undergone an earlier transition to survival in 

lakes, eventually occurring in a freshwater lake, 

Lake Terrasovoje (Bissett et al. 2005; Gibson and 

Bayly 2007).

A further mechanism for transporting ani-

mals around the Arctic and Antarctic exists: 

human involvement. There are many records 

of  deliberate introductions in the Arctic, par-

ticularly in Scandinavia. This is not the case, 

however, in Antarctica, where there is only one 

known anthropo genic introduction, a chironomid, 

Eretmoptera murphyi.

13.3 Species diversity between poles

Eighteen species of Crustacea, including  copepods, 

cladocerans, ostracods, and an anostracan, are 

known to inhabit lakes of the Antarctic continent 

or islands offshore from the Antarctic Peninsula. 

Of these, 10 are found in maritime Antarctica, with 

nine on the Antarctic continent proper (Gibson and 

Bayly 2007). If species apparently recently derived 

from the marine environment are removed, the 

numbers drop to eight and fi ve respectively. 

Only one species, the copepod B. poppei, is shared 

between these regions. New species continue to 

be discovered in Antarctica as many lake  districts 

The fi nal source for the lacustrine animals is 

marine waters, particularly brackish water such as 

the Gulf of Bothnia. Molecular genetic studies of 

species such as L. macrurus and Mysis relicta (and 

related species) show that while there are popu-

lations that have stemmed from glacial refugia; 

others, particularly in near-coastal lakes that have 

formed from the result of isostatic rebound (uplift 

of the land as a response to the removal of ice), 

have come from marine populations (Audzijonyte 

and Väinölä 2006; Dooh et al. 2006). Interestingly it 

does not appear that all these marine populations 

came from the same genetic stock, but rather that 

some pre-speciation had occurred in the marine 

environment prior to isolation in the lakes.

The situation in Antarctica is similar, but with an 

important difference. In this case there was no land 

at the margin of the ice during glacial maxima, so 

that if a species were to populate the continent from 

temperate refugia it also had to migrate across sig-

nifi cant zones of open water. The closest approach 

of another continent to Antarctica is South America, 

some 1500 km across the Drake Passage from the 

Antarctic Peninsula. Other extra-continental refu-

gia may include islands of the Southern Ocean such 

as Heard Island and Îles Kerguelen. South America 

(Patagonia) and the Antarctic Peninsula share 

many species (e.g. the copepod Boeckella poppei), 
and it is easy to conclude that these populations 

have been sourced from further north. However, at 

present there is little evidence that this is the case 

(Gibson and Bayly 2007).

Most east Antarctic tardigrades and nematodes, 

and many of those on the Antarctic Peninsula, are 

endemic to the continent, and therefore it becomes 

more diffi cult to conclude that there is a strong extra-

continental component to the fauna. It is becoming 

increasingly apparent that many species must have 

survived glaciation in continental refugia (Gibson 

and Bayly 2007). A striking example is the copepod 

Gladioferens antarcticus, which is only known from 

a series of freshwater epishelf lakes in the Bunger 

Hills (66°10�S, 101°E). The other species of this 

genus are limited to estuaries of the south coast of 

Australia and around New Zealand. G. antarcticus 

is the most primitive of its sub-genus, so there is 

every indication that it has not reinvaded Antarctica 

recently from an extra-continental source, but 
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crustacean zooplankton species. This unusually 

high diversity derives from the glaciation history 

of Alaska, as discussed above. The high species 

number in northern Scandinavia derives from easy 

dispersal from the south and from a more Sub-

Arctic than Arctic-like climate. Calanoid copepods 

seem to be the most sensitive zooplankton to cold 

temperatures with only three species, L. macrurus, 
Drepanopus bungei, and Eurytemora sp. recorded 

at sites in Canadian Arctic islands with less than 

350 degree-days (Hebert and Hann 1986; Van Hove 

et al. 2001). The low number of limnetic  zooplankton 

have yet to be sampled. New species have been 

found even in well-studied areas: Roberts et al. 
(2004) recently reported the occurrence of an 

as-yet- unidentifi ed copepod in Lake Joyce in the 

McMurdo Dry Valleys, where it had long been 

thought that no crustaceans occurred. Tadpole 

shrimps, clam shrimps, and freshwater mysids are 

entirely missing from the Antarctic.

The geographically less isolated and bigger 

Arctic has about eight times as many crustacean 

zooplankton species and an order of magni-

tude more benthic invertebrate species than the 

Antarctic (Table 13.1). Generally, the Arctic and 

Antarctic do not share the same species but some 

zooplankton genera can be found at both poles, for 

instance the fairy shrimp Branchinecta occurs in the 

Arctic as Branchinecta paludosa and in the Antarctic 

as Branchinecta gaini, and the copepod Drepanopus 

occurs in the Arctic as Drepanopus bungei and in the 

Antarctic as Drepanopus bispinosus.
The benthic insect diversity is low for both poles 

(Table 13.1). Non-biting midges (Chironomidae) 

are the most numerous benthic invertebrate group 

and among the best adapted and most successful 

insect groups in the Arctic. They can form up to 

95% of the benthic community species compos-

ition (Oliver 1964). Orthocladiinae is the dominant 

 chironomid subfamily in the Arctic zone, decreas-

ing in numbers in warmer regions. The several 

hundred known Arctic chironomid species con-

trast with only three (including one introduced) in 

the maritime Antarctic.

Ostracods, amphipods, mollusks, turbellarians, 

and oligochaetes contribute to the high-latitude 

benthic invertebrate community but the number of 

species present is limited (Table 13.1). For example, 

there is only one known occurrence of oligochaetes 

in the Antarctic, on Livingston Island (Toro et al. 
2007), and only a few species of freshwater bivalves 

and gastropods occur in the Arctic.

The Arctic climate is more variable than the 

Antarctic, hence dispersal rates and environmental 

conditions differ greatly within the Arctic, leading 

to large regional differences in species compos-

ition and number (Figure 13.1). Species richness of 

cladocerans is poor in Arctic islands and northern 

Greenland while the region of maximum zooplank-

ton species richness is in Alaska, with 54 reported 

Table 13.1 Major freshwater zooplankton and zoobenthos groups 
and their reported species numbers in the Arctic and Antarctic. 
Antarctica is here considered as the Antarctic continent and the 
South Orkney Islands (notably Signy Island), while the Arctic is 
restricted to the July 10°C isotherm. Arctic excludes Russian Arctic 
for all other taxa except for nematodes that are reported only from 
the Russian Arctic and Sub-Arctic. –, No data found.

Taxon Number of species 

Antarctica Arctic

Copepoda 11 48*
Cladocera 4 69
Notostracans 0 2
Anostracans 1 4
Ostracods 2 –
Amphipods 0 –
Mysids 0 4
Tardigrades 10–20 279

Nematodes <10 179†

Rotifers 62† 164
Chironomids 2 >94 
Gastropods 0 –
Hydracarina 2–5 1
Trichopterans 0 1
Mollusca 0 >6
Oligochaetes >1 –
Dytiscidae 0 2

* Excluding harpacticoids and parasitic species.
† Includes only free-swimming species

Sources: Antarctic. Arthropods: Gibson and Bayly (2007); rotifers: 
Sudzuki (1988); oligochaetes: Toro et al. (2007). Arctic. Crustaceans: 
Hebert and Hann (1986), Patalas (1990), Silfverberg (1999), Swadling 
et al. (2001), Audzijonyte and Väinölä (2006); rotifers: Pejler (1995); 
nematodes: Gagarin (2001); tardigrades: Pugh and McInnes (1998); 
chironomids, hydracarina, trichopterans, mollusca, and Dytiscidae: 
Danks (1981).
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The zooplankton in high-latitude water  bodies— 

rotifers, copepods, cladocerans, fairy shrimps 

(Anostraca), and mysids—are primarily restricted 

to lentic environments. Rotifers play important 

grazing roles in microbial mats with benthic spe-

cies dominating the communities; for example, 

several species of Philodina occur in the Dry Valley 

lakes and they have also colonized the open water. 

Truly planktonic rotifers such as Keratella, Notholca, 

and Filinia living in the open water are in general 

very rare, although the genus Notholca is well rep-

resented in Antarctica.

Early studies on limnology in the Arctic drew 

attention to the considerable crop of metazoo-

plankton in shallow lakes (e.g. McLaren 1958). More 

recently the Arctic studies of Rautio and Vincent 

(2006, 2007) and the Antarctic work of Hansson 

and Tranvik (2003) have suggested that this bio-

mass is sustained by the well-developed benthic 

microbial mats, which provide additional food 

sources to zooplankton and increase the physical 

complexity in the water body. Ponds with higher 

benthic primary production subsequently harbor a 

higher crop of zooplankton than lakes (Figure 13.2). 

They also have species that are bigger in size. Fairy 

shrimps (adults can reach >10 mm; Plate 12) and 

large Daphnia (>2 mm; Plate 12) have been recorded 

in many ponds throughout the Arctic (Stross et al. 
1980; Rautio 1998) while lakes often have smaller 

species. Fish predation in the Arctic lakes partly 

explains the dominance of small and transparent 

zooplankton but even in lakes without fi sh or other 

planktivores small copepods frequently dominate. 

It is probable that food is the most important single 

environmental factor explaining the zooplankton 

size distribution in different polar water  bodies. 

Ponds have higher water-column chlorophyll a 

concentrations (Figure 13.2) and it is likely that 

many of the potential food sources for zooplank-

ton, such as cyanobacterial trichomes, associated 

protists, and resuspended benthic mat, are also 

larger in size than in the lakes. Small food par-

ticles can only be ingested by small copepods with 

 correspondingly smaller mouthparts. This may 

provide the explanation for the marked dwarfi ng 

of the copepod P. antarctica in such Antarctic saline 

lakes as Ace Lake (I.A.E. Bayly and J.A.E. Gibson, 

unpublished results).

on Arctic islands derives also from limited disper-

sal between islands. Central Arctic islands includ-

ing Devon and Cornwallis islands have the most 

severe environment for aquatic insect survival and 

as a consequence the lowest diversity. Abiotic con-

ditions largely defi ne the species distribution while 

competitive exclusion does not occur among Arctic 

insects because their densities are usually very 

low. In most cases parasites and predators are also 

found in low densities (Strathdee and Bale 1998).

One of the biodiversity hotspots of Antarctica 

is Byers Peninsula, Livingston Island, which lies 

offshore from the northern Antarctic Peninsula. 

However, it still has a relatively low diversity com-

pared to many Arctic systems (Toro et al. 2007). The 

macrozooplankton community in most of the lakes 

is composed of the copepod B. poppei and the fairy 

shrimp Br. gaini, which is the largest fresh water 

animal in Antarctica, and can play an import ant 

role in aquatic food webs. A cladoceran species 

also occurs in the Byers Peninsula lakes: Macrothrix 
ciliata is a plankto-benthic species  associated with 

aquatic moss.

13.4 Habitats and their key species

13.4.1 Lakes and ponds

The high number of freshwater lakes is a charac-

teristic feature of Arctic and Antarctic landscapes. 

Within the circum-Arctic treeline region, the most 

abundant type of water body is a shallow pond 

often formed in glacial depressions or inside ice-

wedge polygons. The ponds freeze solid and lack a 

biologically active habitat for many months of the 

year. Most lakes, too, are small and seldom exceed 

5 m in depth. Length of the open-water season var-

ies from a few weeks to few months and in both 

the Antarctic and High Arctic some lakes are fro-

zen all year round. Most Arctic water bodies are 

dimictic or do not stratify because of their shal-

lowness or perennial low temperatures. The lakes 

in the Antarctic continent do not usually undergo 

thermal stratifi cation while some lakes in maritime 

Antarctica (e.g. Signy Island) may be dimictic. Both 

polar regions also have permanently stratifi ed 

meromictic lakes, though they are more common 

in the Antarctic.
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can also be important. Chironomidae genera 

Chironomus, Corynoneura, Cricotopus, Orthocladius, 
Procladius, Sergentia, and Tanytarsini are often abun-

dant in cold shallow ponds (Walker and Mathewes 

1989). In oligotrophic lakes, cold stenotherms, such 

as Heterotrissocladius, Paracladius, Parakiefferiella, 

Protanypus, Pseudodiamesa, Stictochironomus, and 

also Tanytarsini, may be abundant (Oliver 1964; 

Hershey 1985).

One of the largest and most abundant benthic 

invertebrate species occurring in Arctic lakes and 

ponds is the notostracan Lepidurus arcticus (Plate 

12). It inhabits numerous localities in Arctic and 

Sub-Arctic circumpolar areas from approximately 

60 to 80°N, and is recorded from all major Arctic 

regions. The giant amphipod Gammarus lacustris 

with a distribution that spreads from mid- to high 

latitudes also contributes signifi cantly to the ben-

thic biomass in many Arctic lakes. The high vari-

ability in its reproductive traits appears to be a key 

factor in the maintenance of successful populations 

in a wide range of aquatic habitats (Wilhelm and 

Schindler 2000). High-latitude species are gener-

ally characterized by biannual or perennial life 

histories, large body size, delayed maturity, and 

single or few broods with many, relatively large 

embryos.

The extreme seasonality in physical features 

(light, temperature) is refl ected in life cycles. In 

all polar water bodies the perennially low tem-

peratures mean that the species need to be able to 

Fairy shrimps (Plate 12) and mysids include 

the largest pelagic zooplankton species. Fairy 

shrimps at lower latitudes are primarily restricted 

to ephemeral environments but the four species 

present in the Arctic and one in the Antarctic, 

found in South Orkney Islands, South Shetland 

Islands and Antarctic Peninsula, are also abun-

dant in small lakes and ponds (Stross et al. 1980; 

Peck 2004). Instead of alternation between wetting 

and drying the life cycle of fairy shrimps in Arctic 

or Antarctic waters is regulated by alternation 

between freezing and thawing. In the Arctic these 

large animals are strictly missing from lakes with 

fi sh. Mysid crustaceans are predominantly marine, 

but the descendants of Arctic marine Mysis are dis-

tributed in circumarctic lakes and are included in 

several ‘glacial relict species’ of the M. relicta group 

(Audzijonyte and Väinölä 2006).

The benthic invertebrate community is also 

well developed and abundant in Arctic lakes. In 

Antarctic fresh waters microbenthos are often the 

only benthic animals and they occur wherever 

there are algal mats. The high-energy lake lit-

toral areas in the Arctic provide similar habitats 

for benthos to those of rivers. The oxygen supply 

is rich and the detritus accumulation from above 

is insignifi cant. Many riverine benthic insects may 

be found in lake littorals in the area. In the Arctic, 

insect larvae (especially Chironomidae) constitute 

most of the macrobenthic fauna, although oligo-

chaete worms, snails, mites, and  turbellarians 
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waters that are decidedly saline. Although the con-

siderable effort that has been put into the study of 

saline lakes in east Antarctica has generally been 

treated as an aspect of limnology, rather than ocean-

ography, these waters are, for the most part, thalas-

sic (marine) rather than athalassic (non- marine), in 

nature sensu Bayly (1967). Saline lakes also occur in 

the Arctic, particularly at high  latitude (Van Hove 

et al. 2006).

When the ice-free ‘oases’ around the periph-

ery of Antarctica lost their load of continental ice 

with Holocene amelioration, they rebounded by 

way of isostatic adjustment (Zwartz et al. 1998). As 

they rebounded, sea water was impounded in val-

leys and former fi ords, and a series of lakes came 

into existence. The major inorganic ions in these 

lakes are clearly of marine origin. Where the water 

budget within the catchment of a lake was positive 

it became hyposaline with respect to sea water, and 

where the budget was in defi cit it became hyper-

saline. Such a simple dichotomy makes the mean 

salinity of sea water, 35 g L−1, a key reference point. 

Bayly (1967) makes the point that it is undesirable to 

extend a classifi cation based on sea water to atha-

lassic saline waters. However, when dealing, as we 

are here, with thalassic saline waters it seems nat-

ural to do so. Sea water is here  considered as having 

 complete their life cycle within the period of toler-

able physical conditions in the water body. Many 

high-latitude aquatic invertebrates are therefore 

monovoltine (Figure 13.3), although some Arctic 

species exhibit a life-cycle length of up to 3 years 

(Elgmork and Eie 1989; Wilhelm and Schindler 

2000). However, some Antarctic copepods are 

known to have several generations a year; for 

example, some B. poppei populations are multi-

voltine. Arctic cladocerans and rotifers alternate 

between asexual and sexual reproduction and can 

produce several cohorts during the open-water 

period. As a result juveniles, adults, and ephip-

pial (resting) eggs can all be present in the water 

column at the same time. The Antarctic cladoceran 

Da. studeri has adopted varied strategies in lakes 

of the Vestfold and Larsemann Hills (Gibson and 

Bayly 2007). While in some lakes parthenogenetic 

females occur throughout the year in others the 

overwintering stage is ephippial eggs. Males of this 

species have been reported, but they may be non-

functional as is the case in some Arctic species.

13.4.2 Saline standing waters

Lentic limnology in Antarctica has dealt not only 

with freshwater ponds and lakes, but also  standing 
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The vertical distribution of post- naupliar stages 

swimming freely in the water column during 

summer was studied by Bayly and Burton (1987). 

A vertical profi le of population density showed 

two peaks: in the fi rst, located 7–130 cm beneath 

the under surface of the ice, copepodid (C) stages 

III and IV dominated, but in the second, located 

just above the anoxylimnion at 10–10.5 m depth, 

stage CV was dominant. Mature males and females 

were also relatively abundant in the bottom peak. 

At a depth of 30 cm beneath the ice– water interface 

the total density of all post-naupliar stages com-

bined was close to 20 ind L−1. Adult females were 

more abundant relative to adult males and stages 

CI–V in the water immediately beneath the ice 

than anywhere else in the water column, suggest-

ing that they may feed in part on epontic algae. 

Swadling et al. (2004) found that the life cycle of 

the Ace Lake population was less tightly regulated 

than that of marine populations; developmental 

synchrony was less marked and earlier naupliar 

stages were present throughout the year. The sea-

sonal population structure and life cycle is shown 

in Figure 13.4.

13.4.3 Rivers and streams

There are no permanently fl owing streams in 

Antarctica, and the ephemeral streams that do 

fl ow in summer have limited fauna (Young 1989). 

Protozoans, nematodes, rotifers, and tardigrades 

may be locally abundant, but there are no insect or 

crustacean grazers in the Antarctic continent and 

the total biomass of secondary producers is small. 

The benthic invertebrate communities of streams in 

Byers Peninsula, Livingston Island, have a higher 

number of taxa and functional groups (Toro et al. 
2007). Three species of chironomids occur along 

with oligochaetes. Further microinvertebrates, 

including unidentifi ed species of nematodes, roti-

fers, and tardigrades, are associated with cyano-

bacterial mats within the streams.

Arctic streams are mainly fi rst- to fourth-order 

streams with low habitat diversity. They are not 

shaded, except occasionally with dwarf willows, 

hence falling leaves provide a minimum amount 

of additional food resources to benthic stream 

 invertebrates. Ecotones, according to the river 

a salinity (S) of 35±2 g L−1. It should be noted that 

the use here of the terms hyposaline (S 3–33 g L−1) 

and hypersaline (S more than 37 g L−1) does not cor-

respond with the system of Hammer (1986, p. 15) 

that has been widely adopted for athalassic saline 

waters; with the Hammer system hyposaline 

denotes 3.0–20 g L−1, mesosaline 20–50 g L−1, and 

hypersaline more than 50 g L−1.

Why is it that most Antarctic saline lakes should 

be treated as being ‘thalassic’ (apart from the fact 

that their major ions are of relict marine origin)? 

Although they may have permanently lost their 

connection with the sea, with many there is little 

evidence that the originally enclosed sea water has, 

in its entirety, been evaporated to dryness prior to 

twentieth- and twenty-fi rst-century scientifi c stud-

ies. This lack of desiccation excludes them from 

Bayly’s (1967, 1991) defi nition of athalassic waters, 

and means that essentially marine species with-

out proven desiccation-resistant stages in their life 

cycle may still fl ourish. In contrast, the Dry Valley 

saline lakes are much older than the coastal ones, 

and many were reduced to shallow hypersaline 

pools about 1000 years ago. This event very prob-

ably ensured that the status of most of these lakes 

is that of true athalassic saline waters.

Microcrustacean species occurring in Antarctic 

salt lakes include the calanoid copepod P. antarc-
tica, the harpacticoid copepods Idomene scotti and 

Amphiascoides sp., and the cladoceran Da. studeri 
(Plate 12). Da. studeri inhabits only mildly saline 

lakes (up to about 5 g L−1) and also occurs in fresh 

waters. The copepod Drepanopus bispinosus is cap-

able of tolerating hypersaline waters (up to 50 g L−1) 

in lakes, such as Lake Fletcher, Vestfold Hills, with 

an intermittent connection with the sea.

P. antarctica has been intensively studied. In 

inshore marine habitats, it is, at least in the earl-

ier stages of its life cycle, sympagic (ice-dwelling). 

These early stages live in brine channels and small 

pockets of liquid in the bottom few centimeters of 

the undersurface of fast ice. The best-studied lacus-

trine population of P. antarctica is that in Ace Lake, 

Vestfold Hills, where it is non-sympagic. The spe-

cies was fi rst recorded from the hyposaline portion 

(6–31 g L−1) of this lake by Bayly (1978), who showed 

that the body size of individuals in this population 

was much smaller than that of marine individuals. 
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 collectors and collector-gatherer consumers. The 

communities are subjected to many types of abi-

otic disturbance. Most streams freeze solid for 

several months of the year and only insects that 

have physiological adaptations to survive encased 

in ice are found there (Hershey et al. 1995). In larger 

continuum concept by Vannote et al. (1980), are 

weakly developed and are of minor functional 

signifi cance. Fine particulate organic matter is 

an abundant resource and dominates macrocon-

sumer food webs in a wide range of running-water 

types (Vannote et al. 1980) favoring fi lter-feeding 
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Odonata, and Megaloptera are under-represented 

in the Arctic compared with temperate lotic sys-

tems (Oswood 1989). Ephemeroptera tend to be 

species-poor at high latitudes. For example, there 

may be a few species in larger, fourth-order streams 

in Alaska but in fi rst-order streams no mayfl ies 

are found (Miller et al. 1986; Hershey et al. 1995). 

Plecoptera and Trichoptera are rare or absent in the 

Arctic and only few species can be found in Sub-

Arctic streams. Trichoptera are not species rich but 

they can be important in the trophic dynamics of 

Arctic streams due to their large size and aggres-

sive behaviour (Hershey et al. 1995). Few species 

of aquatic beetles have been recorded from small 

beaded streams and Arctic ponds in Alaska, but 

they are not found from larger streams.

Low seasonal temperatures and nutrient or food 

limitation keep the macroinvertebrate produc-

tion low in Arctic streams; for example, in Alaska 

the production ranges between 0.5–1 g organic 

C m−2 year−1 (Huryn and Wallace 2000). Black fl ies 

(Simuliidae) often dominate the secondary pro-

duction in Alaskan Arctic streams where they 

can comprise nearly 100% of the insect secondary 

streams animals can migrate to deeper water. Most 

yearly discharge in streams occurs in the spring 

melt period. This causes major disturbance to the 

zoobenthos. Fauna in small streams, however, are 

protected as the stream substrata is still solidly fro-

zen at this time of the year.

The species diversity of insects in the Arctic 

is lower than in temperate regions and derives 

from the life-history constraints and habitat char-

acteristics. The species present are largely cold 

stenotherms and the zoobenthic communities are 

rhithral; that is, they prefer fast-fl owing, well-
 oxygenated waters with coarse substrata (Figure 

13.5). Diptera are the only insects that are well 

 represented in the Arctic, due particularly to the 

success of Chironomidae and Simuliidae (Oliver 

1968). Chironomidae especially are very successful 

in the Arctic and are nearly as species rich as in 

temperate streams (Hershey et al. 1995). They are 

able to overwinter in ice, which partly explains 

their success and high abundance. Sampling over 

two summer seasons in Alaska yielded 16 species 

of Simuliidae in an area of 168 km2 area (Hershey 

et al. 1995). Aquatic Coleoptera, Hemiptera, 
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respond to temperature change and to its various 

feedback mechanisms. Most aquatic animals have 

geographical range limits that are sensitive to tem-

perature. Thermal responses, however, vary mark-

edly among co-occurring species, thus affecting 

food-web structures and possibly entire ecosystems. 

Cold-adapted biota will be particularly exposed 

to strong thermal stress. These species show the 

greatest risk of local extinction during heating. Two 

zooplankton species in North America, the cope-

pod Dia. pribilofensis and the cladoceran D. midden-
dorfi ana are restricted in their southern  limits by 

a temperature of around 15°C (Patalas 1990). The 

calanoid copepod Mixodiaptomus laciniatus is also 

only found in cold lakes and ponds.

Nyman et al. (2005) concluded that factors most 

affecting chironomids in Finnish Lapland seem to 

be those that with great probability will also change 

as climate changes; for example, temperature and 

accumulation of organic material. Cascading 

effects of the individual responses (whether direct 

or indirect) to climate change have an inevitable 

effect on the composition and structure of com-

munities. Given the thermal constraints that act on 

Arctic insects it seems likely that for any level of 

climate warming there will be a disproportionately 

greater biological response with increasing latitude 

(Strathdee and Bale 1998).

As the effects of climate change become more 

pronounced (e.g. shifts in degree-day boundaries 

or mean temperature isotherms) the more dis-

persive northern hemisphere species are likely to 

extend their geographical ranges northward but 

their southern boundaries may move northwards 

too because of the expansion of other, warm-

adapted aquatic invertebrates that will have a com-

petitive edge. On the other hand, locally adapted 

Arctic species may be extirpated from some areas 

as environmental conditions exceed the tolerance 

of the organisms. Climate warming is expected 

to alter aquatic insect composition by shifting the 

locations of thermal optima northward by about 

160 km per 1°C increase in surface temperature. As 

a consequence of new dispersals, the total species 

number in the Arctic is estimated to increase with 

warming climate (e.g. Patalas 1990 for zooplankton; 

Figure 13.6). This greater total species number is 

gained through a compression and loss of optimal 

 production of the outlet streams (Hershey et al. 
1995). Arctic spring streams, due to their peren-

nially fl owing water and high level of substratum 

 stability, support many times higher biomass than 

the mountain streams (Parker and Huryn 2006). The 

slowest growth rate and longest-living stream mac-

roinvertebrates are Mollusca, and those with ages 

over 150 years are known (Ziuganov et al. 2000).

Life cycles longer than 1 year are common for len-

tic chironomids in the Arctic (Butler 1982; Hershey 

1985) but less common among lotic species. In gen-

eral, four main categories of life cycle have been 

recognized for northern insects (Ulfstrand 1968): 

(1) 1-year life cycles, with considerable growth 

commencing shortly after ovipositioning (e.g. 

Ephemerella aurivillii); intense growth concentrated 

to a period preceding emergence (e.g. Ameletus 
inopinatus and almost all Simuliidae); or egg and lar-

val stages lasting a short period and a long-lasting 

pupal stage (e.g. Glossosoma intermedium); (2) 2-year 

cycles, with considerable growth before and during 

the fi rst winter (e.g. Arctopsyche ladogensis); or fi rst 

winter spent as egg or as quiescent early nymph/

larva (e.g. Rhyacophila nubila); (3) 3- or 4-year cycle 

(e.g. Dinocras cephalotes); and (4) doubtful cases (e.g. 

in Polycentropus fl avomaculatus, which probably has 

2-year cycles).

13.5 Implications of climate change

13.5.1 Temperature

Some areas of the Arctic and Antarctic have expe-

rienced the greatest regional warming in recent 

 decades (ACIA 2005). Average annual tempera-

tures in areas of both polar regions have risen 

about 2–3°C since the 1950s and the trend is con-

tinuing. The temperature changes have already led 

to impacts on the environment, for example com-

parison of satellite images between years 1973 and 

1997–1998 have shown that 11% of Siberian lakes 

have either severely reduced in size or totally dis-

appeared (Smith et al. 2005). Thawing of perma frost 

and subsequent increase in drainage is driving this 

process.

Disappearance of a habitat is the ultimate threat 

to aquatic organisms (Smol and Douglas 2007) 

but even earlier in the warming process species 
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promote higher levels of carbon of  allochthonous 

origin in lakes. The organic supply will alter the 

structure of benthic habitat and change the light 

milieu for both benthos and plankton. These mul-

tiple stressors will have the additional impact on 

cold-adapted aquatic biota that they will have 

to compete with the new  invaders from lower 

 latitudes.

13.5.2 UV radiation

Dramatic change in the thickness of the strato-

spheric ozone layer and corresponding changes 

in the intensity of solar UV radiation were fi rst 

observed in Antarctica in the mid-1980s. These 

were related to the release of industrial chemicals 

containing chlorine or bromine into the atmos-

phere. In recent years, rates of ozone loss in the 

Arctic region have reached values comparable 

with those recorded over the Antarctic and further 

increases of 20–90% have been predicted for the 

period of 2010–2020 (Taalas et al. 2000).

Aquatic organisms are protected from UV radi-

ation by colored dissolved organic matter in the 

water that absorbs this high-energy waveband 

(Laurion et al. 1997), and in the polar regions by 

the prolonged cover of snow and ice (see Chapter 

4). Despite this external physical protection, many 

aquatic organisms are still exposed to UV radi-

ation at intensities that can be detrimental. Unlike 

 terrestrial organisms, the outer layer of plankton is 

habitat for native Arctic species and the increase in 

diversity should be seen as an adverse rather than 

positive phenomenon.

Temperature effects are likely even more pro-

nounced in the Antarctic Peninsula, which is cur-

rently the fastest-warming region in the southern 

hemisphere. Populations of extant species are 

likely to expand as a result of climate change. New 

sites further south will become available for colo-

nization of aquatic invertebrates, as pools further 

south become unfrozen and algal mats build up. 

There is strong likelihood that new species will 

eventually appear on the Antarctic continent as 

warming continues, and these new species could 

displace the current endemic groups (Peck 2005). 

Hahn and Reinhardt (2006) predict by studying 

the ecology of the chironomid Parochlus steinenii 
on the South Shetland Islands that the species will 

rapidly colon ize habitats that become available in 

the course of the regional warming of the Antarctic 

Peninsula region.

In addition to direct effects of warming temper-

atures on species ecology and distribution, many 

feedback mechanisms of climate change contribute 

to the changes in aquatic invertebrate communities. 

Biological interactions, including trophic struc-

ture and food-web composition will very likely be 

altered. The earlier ice break-up affects supplies of 

nutrients, sediments, and water quality, but also 

increases the amount of harmful UV radiation dur-

ing spring. Increase in surface runoff is expected to 
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 compounds have been described; the three major 

types are carotenoids, mycosporine-like amino 

acids, and melanin (Figure 13.7, Plate 12). The pho-

toprotective properties of carotenoids are mainly 

associated with antioxidant mechanisms and 

inhib ition of free radicals as opposed to direct UV 

screening, whereas mycosporine-like amino acids 

and melanin, with their absorption maximum in 

the UV range of the spectrum, function more via 

direct absorption. Organisms can also repair dam-

age from UV by nucleotide excision repair or by 

photoreactivation mechanisms such as photoenzy-

matic repair (Leech and Williamson 2000).

Despite their lines of defense against UV radi-

ation, polar zooplankton remain vulnerable to UV 

radiation. Furthermore, the defenses may not be 

effi cient enough if environmental changes in high 

latitudes continue. Most Arctic lakes are shallow, 

thereby restricting the amplitude of vertical migra-

tion. If these lakes become more UV-transparent as 

a result of reduced precipitation, and hence receive 

less UV-shielding colored dissolved organic matter 

from the catchment, vertical migration and other 

defenses may not provide enough protection from 

radiation. Similarly, changes in the catchment-

 derived dissolved organic carbon may occur in the 

maritime Antarctic where there are reasonable soils 

with mosses and higher plants. Lakes in the contin-

ental Antarctic with their bare rocky surroundings 

thin, providing little protection against radiation. 

Furthermore, Arctic lakes are shallow and clear, 

with often less than 2 mg L−1 of UV-attenuating dis-

solved organic carbon (Rautio and Korhola 2002). 

In most polar lakes, all functional groups, includ-

ing the benthos, are exposed to UV radiation.

UV radiation can directly affect the DNA, 

fecund ity, sex ratio, developmental and growth 

rates, pigmentation, feeding behavior, swimming 

behavior, and survival of aquatic invertebrates, 

especially the zooplankton (reviewed by Perin 

and Lean 2004). Responses to UV radiation differ 

among taxa and life stages. In general, early devel-

opmental stages are most susceptible in all species. 

Among taxa, cladocerans have shown to have the 

lowest UV tolerance, with Daphnia being one of the 

most sensitive taxa, whereas adult calanoid and 

cyclopoid copepods have higher UV tolerances. 

As a habitat adaptation, species in shallow water 

 bodies are more resistant to UV radiation than 

deep-lake species and have evolved effi cient ways 

to cope with high UV radiation irradiances.

Some species of zooplankton reduce exposure 

to UV radiation by vertical migration; that is, 

organisms avoid the highly irradiated areas by 

escaping the brightly lit surface zone (Rhode et al. 
2001). Aquatic organisms can also escape from 

UV radiation by reducing the effective radiation 

that penetrates the cell. A variety of UV-screening 
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 lacustrine mysid crustacean, and evidence of fast post-

glacial mtDNA rates. Molecular Ecology 15, 3287–3301.
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those in Australia. In Weatherley, A.H. (ed.), Australian 
Inland Waters and their Fauna, pp. 78–104. ANU Press, 

Canberra.

Bayly, I.A.E. (1978). The occurrence of Paralabidocera 
ant arctica (I.C. Thompson) (Copepoda: Calanoida: 
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sic (non-marine) saline waters. Salinet 5, 76–80.

Bayly, I.A.E. and Burton, H.R. (1987). Vertical distribution 

of Paralabidocera antarctica (Copepoda: Calanoida) in 

Ace Lake, Antarctica, in Summer. Australian Journal of 
Marine and Freshwater Research 38, 537–543.

Bayly, I.A.E., Gibson, J.A.E., Wagner, B., and Swadling, 

K.M. (2003). Taxonomy, ecology and zoogeography of 

two Antarctic freshwater calanoid copepod species: 

Boeckella poppei and Gladioferens antarcticus. Antarctic 
Science 15, 439–448.

Bissett, A., Gibson, J.A.E., Jarman, S.N., Swadling, K.M., 

and Cromer, L. (2005). Isolation, amplifi cation and 

identifi cation of ancient copepod DNA from lake 

 sediments. Limnology and Oceanography: Methods 3, 

533–542.

Butler, M.G. (1982). A 7-year life cycle for two 

Chironomus species in arctic Alaskan ponds (Diptera: 

Chironomidae). Canadian Journal of Zoology 60, 58–70.

Cromer, L., Gibson, J.A.E., Swadling, K.M., and Hodgson, 

D.A. (2006). Evidence for a lacustrine faunal refuge 

in the Larsemann Hills, East Antarctica, during the 

Last Glacial Maximum. Journal of Biogeography 33, 

1314–1323.

Danks, H.V. (1981). Arctic Arthropods. A Review of 
Systematics and Ecology with Particular Reference to North 
American Fauna. Entomological Society of Canada, 

Ottawa.

Dooh, R.T., Adamowicz, S.J., and Hebert, P.D.N. (2006). 

Comparative phylogeography of two north American 

‘glacial relict’ crustaceans. Molecular Ecology 15, 

 4459–4475.

Elgmork, K. and Eie, J.A. (1989). Two- and three-year life 

cycles in the planktonic copepod Cyclops scutifer in two 

high mountain lakes. Holoarctic Ecology 12, 60–69.

Gagarin, V.G. (2001). Review of free-living nematode 
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Subarctic. Biology of Inland Waters 2, 32–37.
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the origins of crustaceans of Antarctic lakes. Antarctic 
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should be less affected by changes in precipitation. 

Climate warming also leads to a shorter period of 

ice cover, which has already occurred in the north-

ern hemisphere (Magnuson et al. 2000). As a result 

of earlier thawing, Arctic lakes will be exposed 

to the most intensive period of UV radiation in 

mid-June. This may be lethal for those organisms 

that are not able to adjust their protection against 

increased UV radiation. Ecosystems in northern 

Europe are especially exposed to increases in UV 

radiation. Ozone is being depleted more rapidly 

over Scandinavia than over most geographical 

regions at corresponding latitudes. Furthermore, 

as a result of ocean circulation (Gulf Stream) the 

climate in this area is warmer than at correspond-

ing latitudes in North America and Asia, result-

ing in longer open-water period and hence longer 

exposure to UV radiation.

13.6 Conclusions

Most aquatic animals have geographical range  limits 

that are sensitive to temperature. With decreas-

ing temperatures the species number of aquatic 

invertebrates decreases towards high latitudes. The 

abundance can still be high, with both zooplank-

ton and benthic animals benefi ting from additional 

resources of high-biomass microbial mats. Hence, 

species that are traditionally considered planktonic 

often exhibit a benthic habitat in polar lakes which 

makes the separation of the plankton from the 

benthos diffi cult. The biggest threat to the future of 

these animal communities comes from the changes 

in the temperature and UV radiation. In a warmer 

climate, cold-adapted species will be restricted to 

smaller more northern regions in the Arctic. An 

increase in UV radiation over the poles is a special 

ecological concern because the biota have adapted 

to UV conditions that are substantially lower in 

intensity than those imposed by ozone depletion.
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In the Arctic, the ability of fi sh to migrate across 

conveniently defi ned geographic boundaries and 

to seasonally use available habitats, however, belies 

easy defi nition of what constitutes a true high-

 latitude species. For example, in their zoogeographic 

discussion of western North America Lindsey 

and McPhail (1986) included 69  anadromous and 

freshwater species in their count of Arctic spe-

cies. If sub-species occurring only in Great Slave 

Lake and its tributaries are excluded, the number 

is reduced to 51 (Power 1997). In the Hudson Bay 

drainage Scott and Crossman (1973) list 94 spe-

cies and Power (1997) 101 species. Farther east in 

the Ungava drainage there are only 18 species, 

14.1 Introduction

High-latitude lakes present unique challenges to 

the fi sh that inhabit them. Resident species must 

possess the physiological adaptations necessary 

to deal with low productivity and cold environ-

ments that are ice covered for much of the year (see 

Chapter 1). Within the Antarctic convergence con-

ditions are extreme enough to preclude the occur-

rence of endemic anadromous and fresh water 

populations fi sh altogether, the closest endemic 

populations of freshwater fi sh being found in 

the Auckland, Campbell, and Falkland islands 

(Hammar 1989).

Outline

There is a limited freshwater fi sh fauna in the High Arctic, with Arctic char (Salvelinus alpinus) dominat-

ing in most aquatic systems. As a result Arctic char are biologically and culturally important throughout 

the north polar region. Contrasting theories of observed bimodality in Arctic lacustrine fi sh population 

length-frequency distributions suggest bimodality may result from top-down control of fi sh population 

dynamics, resulting from the dominance of a few, large piscivorous individuals, or arise as the net con-

sequence of survival and growth trajectories. Although such theories pertain to a number of fi sh species, 

they have been most often applied in the context of Arctic char studies. In the High Arctic, Arctic char are 

the only resident freshwater species. In lake habitats, Arctic char display a complex variety of life-history 

tactics, varying in growth and feeding patterns to produce ecophenotypes that occupy distinctive niches. 

Anadromous Arctic char use lake habitats for critical life-history stages, including reproduction, juvenile 

growth, and over-wintering. Lakes, therefore, provide essential habitat for all Arctic char populations. 

In addition to Arctic char, lake char (Salvelinus namaycush) occupy many Arctic lake environments in the 

southern parts of the Canadian archipelago and the northern continental margin of North America. Lake 

char can structure lake fi sh populations through piscivory and compete with Arctic char, particularly in 

eastern lake environments. Atlantic salmon (Salmo salar) also occur in the Arctic, and are an important 

food source where they occur. Most other species, with the exception of sticklebacks (Gasterosteus aculeatus 

and Pungitius pungitius) occur only as populations at the northern fringes of their distributional range and 

while their occurrence can complicate the ecology of any given lake, such species are not an integral part 

of most High Arctic lake environments.

CHAPTER 14

Fish in high-latitude Arctic lakes
Michael Power, James D. Reist, and J. Brian Dempson
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freshwater environments support less than 1% of 

all anadromous and freshwater fi sh species (Power 

1997) and can be described as being low in both 

diversity and abundance. Within freshwater envir-

onments, Arctic char (Salvelinus alpinus) dominate 

in overall abundance and population number. 

Thus much of the discussion of high-latitude fi sh 

will invariably focus on this species.

Within the limitations of a single chapter it is 

not possible to exhaustively discuss all species 

that may be found in Arctic environments. Many 

of the species that are present north of the 10°C 

July isotherm (Figure 14.1) occur in low numer-

ical abundances in comparison to southern locales 

 including fourhorn sculpin (Myoxocephalus quadri-
cornis) originally of marine origin, whereas in the 

northern part of Labrador Black et al. (1986) report 

only 11 species north of approximately 56° latitude. 

In the Canadian Arctic archipelago the count is 

reduced to only eight species of anadromous and 

freshwater fi sh.

In any defi nition of what constitutes a high-

latitude species there will be those included that 

are at the northern limits of their distribution. 

The number defi ned as truly high latitude, there-

fore, will vary depending on the selection criteria 

used (Dunbar 1968). The exact number of species 

is probably not as important as the fact that Arctic 
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lake char (Salvelinus namaycush), or lake whitefi sh 

(Coregonus clupeaformis). Repeated sampling of 

Arctic lakes has indicated that in many the domin-

ant fi sh populations tend to consist of large, mature 

fi sh of uniform size, but variable age, that form a 

stable establishment showing little variability in 

either mean size or abundance (Johnson 1976). For 

example, in the continental and Arctic archipelago 

lakes of North America, lake trout, lake whitefi sh, 

and Arctic char can account for more than 95% of 

the fi sh biomass (Johnson 1976). Competing views 

(Johnson 1976; Power 1978) as to the mechanisms 

responsible for the observed age/length structure 

of fi sh populations in Arctic lakes emerged in the 

late 1970s with the examination of data collected 

from earlier extensive surveys of isolated lakes.

On the basis of examination of data from 

35 lakes in the Northwest Territories, Canada, 

Johnson (1976) noted the frequency distributions 

of fi sh in unexploited Arctic lakes showed simi-

lar size and age patterns, with a high degree of 

clustering around length-frequency modal values 

that was more pronounced in the length than age 

distributions. The resulting ‘standing waves’ were 

interpreted as characteristic of populations lim-

ited by resources. A mortality fi lter that controlled 

juvenile recruitment to the established adult popu-

lation was presumed to operate, whereby mortality 

among the adults reduced competitive pressures 

on juveniles (Johnson 1976). The fi lter imposes top-

down stability control on the aquatic ecosystem 

through control of the fi sh population by acting to 

dampen the effect of year-to-year fl uctuations in 

the year-class strength (Johnson 1995). Over suc-

cessive gener ations, the recruitment mechanism 

acts to maintain the population in a steady state 

or so-called climax condition and will restore the 

standing wave length and age distributions even 

after  periods of intense fi shing (Johnson 2002).

Johnson (1976) proposed that cannibalism may 

play a part in the suppression of juveniles by 

adults, but noted the low incidence of cannibal-

ism in lake trout populations, suggesting it was 

not the main mechanism. Restriction of juveniles 

to lake peripheries to reduce predation risks was 

argued as another means by which juveniles were 

suppressed. The mechanism, however, presup-

poses that no energetic or thermal advantages are 

more central to the natural distributional range of 

the species. Many species using high-latitude lakes 

are also not obligate lacustrine residents. Most use 

available lentic habitats for feeding or reproductive 

purposes and many migrate to nearshore marine 

areas (e.g. anadromous Arctic char) or nearby sea-

sonally available lotic habitats (e.g. Arctic grayling, 

Thymallus arcticus) for summer feeding. Lakes are 

thus one of many available habitats that fi sh will 

use to maximize fi tness. Nevertheless, lakes play 

an important role in the provision of overwinter-

ing or juvenile-rearing habitat for most of these 

species.

It is also important to note that for many species 

extensive reviews of the ecology and population 

dynamics exist (e.g. Atlantic salmon, Salmo salar; 

Klemetsen et al. 2003), which we will not attempt 

to synthesize because of space limitations. Rather, 

in this chapter we intend to provide a summary 

review of the ecology of the fi sh species having the 

greatest signifi cant biological and cultural import-

ance in the High Arctic and along the northern con-

tinental margins where indigenous peoples have 

traditionally gathered for hunting and harvesting 

purposes. Biological signifi cance is defi ned to arise 

from the importance of the species’ functional role 

in lacustrine ecosystems. Cultural signifi cance is 

tied to the economic (commercial or subsistence) 

importance of the species. The defi nition of high 

latitude adopted here, therefore, precludes discus-

sion of the more complex fi sh communities found at 

lower latitudes (e.g. Great Bear Lake, 65°50�N) and 

concentrates on the distinctively simpler commu-

nities characteristic of coastal regions (e.g. Nauyuk 

Lake, 68°22�N) and the Canadian Arctic archi-

pelago (e.g. Lake Hazen 81°83�N). Accordingly, dis-

cussions will focus on species such as Arctic char, 

that exert top-down control on the community 

structure of High Arctic lakes and are used as an 

important food resource and Atlantic salmon that 

are more important economically than ecologically 

throughout much of the polar region.

14.2 Fish population structure 
in Arctic lakes

Arctic lakes have short, simple food chains domi-

nated by a terminal predator, typically Arctic char, 
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 predation and possible resource competition may 

explain observed bimodalities in lake trout and 

Arctic char populations, lake whitefi sh popula-

tions cannot be stabilized by the same mechanism 

as a result of the lack of evidence for intra-specifi c 

predation (Power 1978). In addition, the Johnson 

theory presumes that lakes are autonomous sys-

tems. For many High Arctic and upland plateau 

lakes in the Sub-Arctic, the condition may be true. 

For some coastal plain lakes, particularly those in 

which anadromous populations occur, the condi-

tion does not hold, with anadromy providing a 

mechanism whereby the effects of external events 

may be transmitted to an otherwise isolated lake 

system.

14.3 Adaptations for high-latitude life

Fish living at high latitudes in fresh water have been 

shaped by the cumulative history of a  changing 

environment, particularly repeated interactions 

with periods of glaciation. In many areas periodic 

extinction will have been the norm. In refugia, 

populations will have survived and been the focal 

point for range expansion in the ensuing intergla-

cial periods. Occupants of the refugia, therefore, 

are most likely to have developed the traits neces-

sary for survival through abiotically dominated 

periods of repeated range expansion and contrac-

tion. Many of the refugia will have taken the form 

of proglacial lakes formed by the impoundment 

of water ahead of moving ice sheets (Power 2002). 

Within these lakes, environments capable of sup-

porting fi sh and other aquatic life will have existed 

and the cumulative scientifi c evidence points to 

many species (e.g. genus Salvelinus) having sur-

vived and/or diversifi ed in one or more cold per-

iglacial environments. Conditions in proglacial 

lakes would have been variable, with geologically 

sudden changes in the directions of outfl ows, 

infl ows, and lake level having been likely (Power 

2002). Furthermore, high turbidity, ice cover, low 

productivity, and reduced light penetration would 

also have been the norm. Over time, selection for 

life in cold, impoverished, highly variable envi-

ronments with extreme seasonal ice conditions 

would have occurred. Many of the resulting physi-

ological and behavioral adaptations for life in such 

 conferred on juveniles through the use of shal-

low lake margins. In Johnson’s view, the salient 

feature of the Arctic lake was its stability and he 

viewed isolated Arctic lakes as ‘closed’ systems, 

acting within defi ned boundaries that precluded 

exchange of materials with the other systems, but 

allowed exchange of energy and entropy to the 

extent that the structure and function of these 

systems was viewed to accord with basic thermo-

dynamic principles (Johnson 2002).

Johnson’s view has gained some support in 

the context of studies with Arctic char popu-

lations, where evidence of cannibalistic control 

of population structure has been found in Arctic 

Canada (Johnson 1980), Greenland (Sparholt 1985), 

Bear Island (Klemetsen et al. 1985), and Svalbard 

(Svenning and Borgstrøm 1995). In Svalbard lakes 

cannibalism is presumed to structure the fi sh popu-

lation (Svenning and Borgstrøm 1995) and may be 

an important strategy for Arctic char despite the 

substantial cost of parasite load accumulation and 

eventual mortality (Hammar 2000).

Using supplemental observations on lake trout 

and whitefi sh populations in northern Québec, 

Power (1978) argued that erroneous interpret-

ation of the aging structures routinely used to 

construct age-frequency distributions contributed 

to a mistaken characterization of the mechanisms 

responsible for the characteristic shape of sample 

length-frequency distributions and the apparent 

structure and stability of Arctic fi sh populations. 

By assuming continuous, asymptotic growth and 

a survivorship curve dominated by high juvenile 

mortality that declined rapidly to low adult mor-

talities, the characteristic Arctic lake fi sh popu-

lation length-frequency distributions described by 

Johnson (1976) were found to result.

The ecological consequence of low adult mortal-

ity in the Power model is the provision of a repro-

ductive reservoir likely to yield stability in the face 

of climatic or other environmental fl uctuations, 

which at intervals may exceed the limits for success-

ful reproduction for the species (Power 1978). The 

model does not require special invocation of life-

history specifi cs to explain the evolution of bimo-

dality, relying instead on the simple inter action of 

growth and mortality. Whereas removal of excess 

juveniles by intra-specifi c  density- dependent 
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and to latitudes as low as 43°N in North America 

and 45°N in Europe. The Arctic char is considered 

a habitat generalist and may be found at appropri-

ate times of the year in a variety of aquatic habi-

tats (lakes, streams, rivers, and the sea). There are 

fl uvial and lacustrine stocks and stocks in which 

individ uals migrate between both habitats. Within 

a habitat type, more than one life-history form 

(ecophenotype) can live sympatrically with another. 

Lake occupancy, however, dominates throughout 

the Arctic distributional range and north of about 

75° latitude Arctic char is the only fi sh species 

found in fresh water. Anadromous populations 

are numerous, particularly in the mid-range of the 

distribution where access to productive marine 

coastal margins is relatively easy. Few entirely riv-

erine populations are known or described (Power 

2002). A generalized depiction of life-history vari-

ation as infl uenced by environmental and physical 

factors is given in Figure 14.2.

Within lakes, Arctic char will use all habitat 

types (e.g. pelagic, littoral, profundal), with usage 

dependent on age and life stage of the char and co-

occurring species in the lake. Arctic char appear 

pre-adapted to low aggression (Power 2002) and 

in the face of interspecifi c competition niche shift 

is usually observed. In Scandinavia, Arctic char 

interactively segregate from brown trout (Salmo 
trutta), occupying the littoral zone for feeding in 

allopatry and shifting to the pelagic or profundal 

zones in sympatry with brown trout (Klemetsen 

et al. 2003). Hammar (1998) has noted that mech-

anisms responsible for dietary segregation in sum-

mer in Swedish lakes break down in winter when 

decreases in water temperature restrict brown 

trout activity. Reduced brown trout forging activ-

ity in winter and early spring permits competitive 

release, allowing the expansion of the Arctic char 

dietary niche to include exploitation of littoral 

benthos typically preyed on by brown trout at other 

times of the year. Similar separation between Arctic 

char and sympatric brook char (Salvelinus fontinalis) 
and lake trout populations has been observed in 

North America where feeding competition and 

predation risks are reduced by non-overlapping 

habitat use (Fraser and Power 1989; O’Connell and 

Dempson 1996). In sympatry with lake trout, Arctic 

char show faster growth rates, lower survival, and 

an  environment are obvious (e.g. cold tolerance, 

migratory or exploratory tendencies). Many of the 

adaptations are less obvious (e.g. modifi ed ago-

nistic behavior), but all adaptations have served 

to promote the continued survival of individuals 

and facilitated the collective, selective evolution of 

the genome over the millennia. Table 14.1 lists and 

describes the life-history traits likely to have been 

important for survival in proglacial lakes. Most of 

the traits will also promote individual survival in 

the high-latitude lakes of today. Although many of 

the traits will apply to the cold-water fi sh commu-

nity as a whole, chars as a group, and Arctic char 

in particular, exhibit extreme manifestation of the 

suite of characteristics (Power 2002). Taken collec-

tively, the traits defi ne species suited to the wide 

variability and harsh biological conditions found 

in existing high- latitude lakes and species with 

those traits will have been most able to disperse 

quickly during glacial retreats to the young envir-

onments in which they are found today.

The traits described in Table 14.1 are evident at 

both the individual and population level. Thus 

individuals may display variability in year-to-year 

reproduction and population averages may also 

vary as a consequence of large numbers of indi-

viduals within the population using similar tactics. 

Responses to given conditions may also determine 

population characteristics. For example, the ability 

to deal with low food availability through variable 

allocations of energy to somatic growth or repro-

duction has been implicated in the development 

of stunted populations of Arctic char (Hindar 

and Jonsson 1982). Traits are also often highly cor-

related, with changes in one trait holding signifi -

cant implications for expression of other traits. For 

example, delayed maturation will tend to increase 

body size with attendant positive effects on egg 

size and survivorship (Hindar and Jonsson 1982). 

Therefore, delayed maturation is often associated 

with increased body size, with increased longev-

ity acting as a means of offsetting possible conse-

quences for lifetime reproductive fi tness.

14.4 Arctic char, Salvelinus alpinus

Arctic char form a taxonomically diverse set of sal-

monid fi shes distributed throughout the Holarctic 
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shorter longevities (Fraser and Power 1989). High 

intraspecifi c competition may also result in onto-

genetic habitat shifts. In Takvatn, northern Norway 

(Figure 14.3) adult Arctic char occupy the littoral 

zone while juveniles occupy the profundal zone, 

shifting to the pelagic zone as they became food 

limited with increased size (Klemetsen et al. 1989). 

Stable isotope studies of feeding patterns suggest 

that resource-use separation within and among 

size or morphotype groupings has the effect of low-

ering resource competition, but can impose devel-

opmental energetic constraints dictating limits on 

body size, maturation rate, and fecundity (Guiguer 

et al. 2002; Power et al. 2005a).

Table 14.1 Life-history traits promoting survival of fi shes in high-latitude lake environments. Traits are grouped by the consequence of their 
main effect on the basic population processes of reproduction, growth, and survival that determine eventual population dynamics. Traits 
within each category are not necessarily independent of those in the other categories. For example, variable growth holds direct implications 
for reproductive plasticity, both of which facilitate maximization of lifetime fi tness under varying environmental conditions

Life-history trait Description of conferred advantage or effect

Reproductive traits
End of summer spawning Facilitates maximal energy acquisition for gonadal development, both large egg size and increased number of 

eggs.
Large egg size Promotes development of larger progeny, reduced larval mortality and dependence on exogenous food sources 

during critical larval developmental periods.
Active nest-site selection Provides protective advantages from biotic (e.g. predation) and abiotic (e.g. freezing) events, thereby increasing 

egg survival.
Variable reproductive 

cycles
Allows individuals to tune reproductive events to environmental conditions by postponing reproduction in poor 

years and accelerating gonadal development in good years. As a population trait, variability allows exploitation 
of a range of environments along a latitudinal gradient.

Variable age at maturity Facilitates development of larger body sizes associated with larger egg sizes and improved fecundity.
Iteroparity Multiple reproductive events facilitate hedging against environmental stochasticity by spreading reproductive 

effort across variously favorable years. Iteroparity also helps minimizes competition for limited habitat. Overall, 
iteroparity promotes greater reproductive success and population persistence.

Growth traits
Variable growth Occurs both within and between seasons. Within season, variability promotes growth tuned to food availability. 

Between seasons, variability promotes growth tuned to environmental stochasticity that acts in concert with 
variable reproductive cycles to facilitate individual survival during adverse environmental periods.

Adaptation to low 
temperatures

Ability to complete all life processes at low temperatures, with metabolic optima (growth, incubation) typically 
occurring as among the lowest for freshwater fish.

Diet flexibility Consumption of all prey types in all habitats, including cannibalistic behavior. With ecophenotypes, individual diet 
flexibility is reduced, but among group variability is maintained and competition reduced.

Metabolic efficiency/
variability

Ability to feed to satiation in summer and rapidly convert calorie intake for either somatic growth or gonadal 
development and reduce energy conversion requirements in winter via low basal metabolic demands.

Survival
Habitat generalists Allows exploitation of all available habitat types at optimal times (e.g. marine summer feeding) and facilitates 

maximization of growth and reproduction. With ecophenotypes, individual habitat flexibility is reduced, but 
among-group variability is maintained, survival maximized, and competition minimized.

Facultative life histories Facilitates optimal use of available habitats in unpredictable and changeable environments either as individuals 
(e.g. variable migration) or collectively as a population (e.g. development of land-locked populations as a result 
of isostatic rebound).

Exploratory/migratory 
tendencies

Allows facultative use of available overwintering or reproductive habitats in the face of environmental 
stochasticity (e.g. low flows preventing re-entry into freshwater) and opportuntistic use of new environments. 
Established movement between reproductive, feeding and overwintering areas promote familiarity with the 
physical environment.

Limited agonistic 
behavior

Low aggression toward conspecifics and others avoids energy use in social conflict, preserving it for somatic and 
gonadal purposes.
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describe sympatric (i.e. co-occurring) forms of char 

that may be morphologically, genetically, and/or 

ecologically distinct. When distinctive forms exist, 

there is often a small, epibenthic form that feeds 

on zoobenthos and a large, pelagic form that feeds 

Morphological variation in lacustrine popula-

tions of Arctic char is characteristic of the species 

and has been described extensively, generally from 

European lakes (Klemetsen et al. 2003 and refer-

ences therein). The term ecophenotypes is used to 

Northern extremities

2–5 Summer feeding
migrations before
maturity

1–2 Migrations between
spawnings

3–7 Years

  Repeat
spawners

Feeding migrations

Overwintering migrations

Spawning migrations

Southern extremities

Figure 14.2 A generalized depiction of possible Arctic char life-history strategies. Life-history strategy varies by latitude as a result of 
physical or ecological barriers that prevent marine feeding migrations. The black triangular symbols at the northern and southern extremities 
of the distribution represent ecological barriers to migration that may hinder or block char migrations. In the north, river and sea ice, stream-
discharge patterns, and low marine temperatures and productivity may all prevent migration or alter the migration/residency trade-off by 
altering the risks, costs and benefi ts associated with migration. In the south, high stream and marine temperatures and increased marine 
competition may similarly alter the costs and benefi ts of migration and residency. Toward the centre of the distribution, ecological constraints 
are relaxed, but physical barriers symbolized by the heavy dashed line may prevent migration. Physical barriers take the form of waterfalls too 
high to navigate, high water velocities associated with high stream gradients, and insuffi cient water depths at critical in- or out-migration 
periods. The effectiveness of physical barriers may vary between years as a result of variable weather (e.g. high or low precipitation leading 
to high or low stream-water levels). Populations established in fresh water that are prevented from migrating may develop ecophenotypes 
recognizable as distinctive body forms. Ecophenotypes may reproduce selectively (i.e. may also be distinctive genotypes) and have separate 
reproductive cycles as shown. Ecophenotypes are known to occur at both extremes of the distribution, but may also occur in mid-latitudes. In 
mid-latitudes, represented here by the middle lakes, a small resident population may co-exist with the dominant anadromous form. The latter 
may use alternative overwintering sites as shown, may spawn in the year of migration, or may spend a year in fresh water before spawning 
and then spend a second year in fresh water prior to migrating for summer feeding again.
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The morphological diversity observed in Arctic 

char is thought to be adaptive (Skúlason and Smith 

1995). In many cases where distinctive forms 

exist there is evidence of an ecological basis for 

its  occurrence, with morphologically specialized 

morphs appearing to feed more effectively than 

intermediate forms. For example, in Lake Hazen, 

Ellesmere Island, sympatric large and small forms 

of Arctic char occur that differ substantially in 

body form, color, number of pyloric caecae, cau-

dal peduncle length, and pelvic and pectoral fi n 

lengths (Reist et al. 1995).

Guiguer et al. (2002) demonstrated that small-

form, benthic-feeding individuals in Lake Hazen 

were more �13C-enriched and �15N-depleted than 

large-form, piscivorous conspecifi cs (Figure 14.4), 

thereby establishing a trophic basis for the poly-

morphism. Polymorphisms associated with diet, 

however, show considerable diversity (Power et al. 
2005b), and have been associated with differing 

combinations of morphological, behavioral, and 

life-history trait differences (Adams et al. 2003), and 

may occur independently of lake morphometry and 

on zooplankton (e.g. Lake Vangsvatnet; Hindar 

and Jonsson 1982). A larger piscivorous form may 

also exist that predates on the other forms (Jonsson 

and Jonsson 2001). In Scandinavian lakes form dif-

ferentiation occurs regularly, with forms being 

primarily distinguishable by size, body coloration, 

and habitat association. Small morphological dif-

ferences may exist, but have not been well docu-

mented in most instances. The young of all forms 

usually start as epibenthic zoobenthivores, becom-

ing pelagic as reductions in predation risk allow. 

Where piscivory develops, lengths of 20–25 cm 

must be attained and the proportion of pisciv-

orous fi sh will increase with increasing body size 

(Jonsson and Jonsson 2001). Different degrees of 

reproductive separation exist among sympatric 

ecophenotypes, varying from a high degree of 

interbreeding to complete isolation. Genetic stud-

ies have indicated that in most cases the forms are 

repeatedly derived from a single original type in 

the lake, with form occurrence likely depending on 

ecological conditions such as the number of avail-

able niches (Klemetsen et al. 2003).
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Figure 14.3 A schematic model of the life cycle of lake-resident Arctic char in Takvatn, Norway (adapted from Klemetsen et al. 1989). The 
littoral zone provides rich feeding opportunities (e.g. Gammarus, Eurycercus, Lymnaea, Planorbis, insect larvae, surface insects, sticklebacks) 
and is dominated by large adult fi sh. After emergence from spawning sites located in the littoral zone, juveniles take up residency in the 
profundal zone where reduced feeding potential (e.g. Heterotrissocladius) is offset by reduced predation risk. Limited feeding opportunities 
result in stunted body size and unless fi sh are recruited as small adults to the pelagic zone they will not continue to increase in size. In the 
pelagic zone, improved feeding opportunities (e.g. Bosmina, Copepoda, surface insects) facilitate further increases in size. Once large enough 
(>25 cm) to avoid predation (e.g. by adult char, brown trout, mergansers, divers), small adults may be recruited to the large adult population 
in the littoral zone. Horizontal and vertical distances are approximate. A similar pattern of life-stage-specifi c occupancy of the profundal, 
pelagic, and littoral zones will occur in many lakes where Arctic char is the only fi sh species.
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are generally thought to facilitate polymorphic 

development in Arctic char and a growing number 

of studies have suggested that relaxation of inter-

specifi c competition and open niche availability 

are essential prerequisites (Skúlason and Smith 

1995). Perhaps the greatest ecophenotypic diversity 

known for Arctic char occurs in Thingvallavatn, 

Iceland, where four distinct trophic morphs are 

known to exist (e.g. Skúlason et al. 1996 and refer-

ences therein): small benthic, large benthic, pelagic 

piscivore, and pelagic planktivorous forms. The 

history. For example, documented Canadian Arctic 

char polymorphisms (e.g. Lake Hazen (Reist et al. 
1995) and Gander Lake (O’Connell and Dempson 

2002)) occur in lakes situated at opposite ends of 

the latitudinal range that vary markedly in climate, 

environment, glacial history, and the complexity of 

resident fi sh communities. Thus, clearly other fac-

tors infl uence the development of ecophenotypes 

in char populations.

Geologically young, recently deglaciated habi-

tats (i.e. ≈10 000 years) or species-poor ecosystems 
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Figure 14.4 (a) Lake Hazen ecophenotypes (large and small forms). Forms differ substantially in body form, color, number of pyloric 
caecae, caudal peduncule length, and pelvic and pectoral fi n lengths. The large form preys more heavily on fi sh (i.e. is cannibalistic) than the 
small form, which preys largely on chironomids. (b) Differences in diets are refl ected in differences in length at age as shown, where ‘other’ 
(squares) represents juveniles and individuals that could not be identifi ed on the basis of morphology. Length-at-age regressions with 95% 
confi dence intervals for small-form (gray circles) and large-form (black circles) Arctic char are also plotted and are signifi cantly different from 
one another. (c) The nitrogen (�15N) and carbon (�13C) stable isotopes of the ecophenotypes with other, small-, and large-form differentiated 
as above. Higher nitrogen signatures for the large-form char are consistent with the higher occurrence of fi sh in the diet and indicative of 
long-term reliance on fi sh as a food resource. The 3.6–3.4‰ increase in �15N between large- and small-form, and the large-form and other, 
respectively, is also indicative of large-form individuals occupying higher trophic positions. On the �13C axis the small-form is 2–3‰ more 
enriched than other forms and more reliant on benthic secondary production as indicated by gut-content analysis. Overall, the isotope plots 
indicate long-term reliance on fi sh as a food for large Arctic char, with large-form individuals predating on juveniles of all ecophenotypes 
under 250 mm, but not on small-form Arctic char over 250 mm. A colour version of (a) is shown in Plate 13.
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while the remainder of the population becomes 

anadromous.

Morphological and size diversity among Arctic 

char are important because they provide evolu-

tionary options in the context of the variable and 

changing environments inhabited by the species. 

Diversity may also facilitate the structure and 

functioning of aquatic ecosystems by increasing 

the number and nature of trophic pathways present 

(e.g. Folke et al. 2004). For Arctic systems that are 

relatively depauperate at the species level, diversity 

below the species level may fulfi ll a stabil izing role 

in aquatic ecosystems similar to that of community 

complexity in lower-latitude systems.

Arctic char are known to be a cold-adapted 

species. Indeed, in a comparative study of freez-

ing resistance in fi ve salmonid species, Arctic 

char showed the greatest resistance to freezing 

(Fletcher et al. 1988). Arctic char can survive and 

feed close to 0°C (Brännäs and Wiklund 1992). In 

several Swedish lakes, benthos has been found 

in the stomachs of Arctic char actively feeding 

under the ice during the winter (Hammar 1998). 

High temperatures, however, can limit both activ-

ity and growth as char are among the least resist-

ant of salmonids to high temperatures (Baroudy 

and Elliott 1994). As early as 1964 the detrimental 

growth effects of temperatures above 14°C were 

noted (Swift 1964). Jobling (1983) measured the 

physiological effects of temperature on specifi c 

growth relative to 14°C and found signifi cant posi-

tive correlations between growth and temperature 

up to 14°C, with sharp declines in growth there-

after. Baker (1983)  similarly reported an optimal 

growth temperature of about 13°C for a Labrador 

and Norwegian strain of Arctic char and noted 

that there could be intraspecifi c differences in 

thermal optima for growth.

More recently, Larsson and Berglund (1998) have 

extended studies of growth to temperatures above 

14°C to estimate an optimum growth temperature 

of 15°C for age 0+ Arctic char and argued that 

within the range 9–20°C there are no signifi cant 

differences in measured growth rates when fi sh 

can feed at will. Results provide no indications that 

southern populations have been selected to tolerate 

higher temperatures. Recent experimental fi ndings 

also indicate negligible geographical variation in 

forms are quite different with respect to morph-

ology, habitat association, and diet, but are closely 

related genetically. Thingvallavatn is geologically 

quite young (i.e. ≈10 000 years) and in an area of 

tectonic activity (spreading continental plates and 

high vulcanism), indicating that char ecological 

complexity can develop rapidly in conditions of 

high environmental instability. Deep lakes with 

sep arate littoral, pelagic, and profundal zones 

offering unique foraging opportunities have been 

argued to be characteristic of systems where Arctic 

char morphotypes develop (Jonsson and Jonsson 

2001). Reports from northern Québec (M. Power, 

unpublished results) and the Transbaikalian region 

of Russia (S.S. Alexseyev, personal communication), 

however, belie the generality of this view. In both 

locales, morphologically distinctive forms of Arctic 

char occur in shallow lakes (<30 m) with numerous 

(5–11) co-occurring species. Such observations sug-

gest that mechanisms promoting morphological 

divergence in Arctic char are not fully understood 

and generalizations of cause and effect based on 

limited geographic studies should be avoided.

Where there are no ecophenotypes, variation 

in size within a single ecophenotype may occur. 

Many lacustrine Arctic char populations exhibit 

size polymorphisms in the form of bimodal length-

frequency distributions (Johnson 1995), with the 

frequency of bimodality increasing with latitude 

(Griffi ths 1994). In undisturbed unimodal popula-

tions, only a few individuals will grow very large, 

usually as a result of an early dietary switch to 

piscivory. Thus in single species lakes, piscivory 

(cannibalism) is thought to play an important role 

in population regulation (Svenning and Borgström 

1995; Hammar 2000; Johnson 2002), with experi-

mental manipulations in Norway having shown 

that large, cannibalistic Arctic char are essen-

tial for the maintenance of a bimodal population 

structure (Klemetsen et al. 2003). Seasonal prey 

shortages and slow juvenile growth, when coupled 

with the fi tness effects associated with larger body 

size, are thought to induce cannibalism (Hammar 

2000) and, where it exists, cannibalism among 

Arctic char has a top-down structuring effect on 

the whole population. Bimodality may also arise 

as a result of divergent life-history tactics whereby 

a portion of a  population remains lake-resident 
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Unlike many other salmonids there is no evi-

dence of an effect of egg size on Arctic char fecund-

ity (Power et al. 2005a), which may result from the 

ability of Arctic char to vary reproductive peri-

odicity by ‘resting’ for a year or more to gather suf-

fi cient energy for reproduction. The tactic is more 

typical of females as a result of the greater energy 

required to produce ova. Despite their appar-

ent long life spans, limitations imposed by short 

feeding seasons on acquiring surplus energy for 

gonadal development reduce the overall lifetime 

reproductive potential of Arctic char and may have 

signifi cant implications for the exploitation and 

sustainability of many populations.

Rather little detailed information is available 

on spawning behavior and site selection because 

of the diffi culties associated with making direct 

observations in the Arctic. All spawning occurs 

in fresh water, either in lakes or in streams and 

rivers. Arctic char may excavate redds, in which 

case they would require an unconsolidated grav-

elly substrate. They may also broadcast spawn 

their eggs after performing a ritual nest-site clean-

ing behavior when, as in Thingvallavatn, Iceland, 

the substrate is unsuitable for redd excavation 

(Sigurjonsdottir and Gunnarsson 1989). In streams 

and rivers, groundwater upwellings are probably 

required to protect the eggs from freezing. For 

example, Cunjak et al. (1986) recorded upwelling 

ground water in sites used by anadromous Arctic 

char in rivers in northern Québec. Where lakes are 

accessible and rivers are unsuitable, anadromous 

Arctic char will spawn in lakes. Use of lakes may 

involve a 2-year cycle of migration and matur ation 

marked by entry into fresh water after marine 

feeding, overwintering in the lake and maturing 

and spawning in the subsequent summer and 

autumn such as that fi rst described for the Nauyuk 

Lake/Willow Lake  system in the Canadian Central 

Arctic (Johnson 1980, 1989). In the Fraser River 

(Labrador), however, anadromous Arctic char use 

both lake and stream habitat (Dempson and Green 

1985) without fi rst overwintering in fresh water.

Anadromy is observed in most populations with 

open access to the marine environment and sum-

mer marine feeding, usually in near-shore coastal 

waters (Dempson and Kristofferson 1987), and 

provides an important opportunity to increase 

optimal growth temperatures (Larsson et al. 2005). 

Growth effi ciency, however, does decrease with 

increasing temperature, implying that increased 

ration is required to sustain growth rates at higher 

temperatures. Individuals experiencing tempera-

tures in excess of 14–15°C for extended periods of 

time will experience decreased seasonal growth 

patterns, with attendant effects on survival and 

fecundity, unless suffi cient increases in ration are 

available to offset the increased metabolic costs of 

living at higher temperatures. Warmer tempera-

tures may also limit habitat choice, with Arctic 

char tending to avoid littoral-zone temperatures 

in the 16–20°C range (Langeland and L’Abée-Lund 

1998). Thus warm epilimnetic water will induce a 

summer habitat switch by Arctic char, with move-

ment to the hypolimnion in lakes in the southern 

portion of the distributional range being the rule.

Arctic char are generally a long-lived fi sh, with 

northern lake-dwelling populations showing the 

greatest age range (e.g. to 30+ years; Johnson 1983). 

Anadromous populations generally have shorter 

life spans (e.g. 20+ years; Johnson 1989) than lacus-

trine populations, but are similarly long-lived in 

comparison to many southern fi shes. Among pop-

ulations age and size at maturation varies greatly 

(3–10 years), with females tending to mature 

1–2 years later than males. Age-at-maturity varies 

with latitude, increasing toward the north, particu-

larly in North America. Arctic char are iteroparous, 

potentially reproducing several times during their 

life. Fecundity is correlated with length, which has 

been shown to explain much of the observed vari-

ation in fecundity for lacustrine and anadromous 

populations (Power et al. 2005a). Fecundity also 

declines as latitude increases. Lake environments 

appear to buffer some of the negative effect of lati-

tude, with declines in the fecund ity among lacus-

trine Arctic char being less severe than among 

anadromous Arctic char. Thus vari ations in lacus-

trine fecundity must be infl uenced by other energy-

related considerations as determined by growing 

season length. Contributory factors may include 

variations in lake productivity driven by nutrient 

availability, the presence/absence of predators, the 

presence/absence of closely related competitive 

species, or the quantity and quality of available 

forage species (Power et al. 2005a).
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facilitate maturation the following summer with-

out emigration to marine environments (Rikardsen 

et al. 2004).

The sources and levels of natural mortality act-

ing on Arctic char populations are generally not 

well studied (Johnson 1980), with those studies that 

exist tending to focus on anadromous populations. 

Sparholt (1985) reported mean annual mortality for 

ages 3–20 years in the range of 23% on the basis of 

the study of four interconnected lakes at latitude 

62°15�N in Greenland. Results parallel those avail-

able for anadromous studies. For example, Moore 

(1975) estimated average annual mortality of 10–20-

year-old char from the Cumberland Sound area of 

Baffi n Island at 16%, with the higher rates (24–30%) 

occurring in the older age classes. Estimates of 

mean annual mortality from selected Canadian 

anadromous and lacustrine populations (M. Power, 

J.D. Reist, and J.B. Dempson, unpublished results) 

for 6- to 15-year-old fi sh (Figure 14.5) yield simi-

lar results, with annual mortality rates generally 

occurring in the 30–45% range, although several 

size prior to reproduction. Regardless of life-his-

tory type, all Arctic char utilize fresh water dur-

ing the fi rst few years of life and for overwintering. 

Groundwater seepages maintain suitable overwin-

tering habitats for some riverine populations of 

Arctic char, but for most populations lacustrine 

environments play a critical role in the life cycle 

by providing the necessary reproductive, juvenile 

rearing, and overwintering habitats. At the north-

ern fringe of the distribution (north of 75°N) Arctic 

char populations favor lacustrine residency even 

when access to the sea exists. Watershed sizes and 

gradients appear to infl uence the prevalence of 

anadromy, with gradients of more than 80 m km−1 

precluding successful upstream migration in 

Ungava (Power and Barton 1987). Basin sizes of 

more than 1000 km2 seem to guarantee suffi cient 

river discharge to permit anadromy where gradi-

ent or other obstruction barriers (e.g. waterfalls) do 

not exist (Power and Barton 1987).

Anadromous behavior is facultative and will vary 

depending on local conditions. Where anadromy 

does occur, the transition to summer marine feed-

ing begins generally between the ages of 3 and 

8 years. Individuals feed annually in the sea for a 

6–8-week period and, therefore, spend rather lit-

tle time actually feeding in marine environments. 

Nevertheless, marine feeding migrations facilitate 

rapid growth, with individuals increasing body 

size by as much as 42% in the period (Johnson 1980). 

Overall Arctic char populations are suspected of 

being facultative with respect to anadromy. Factors 

determining anadromy appear to be primarily 

environmental (e.g. duration of ice cover versus 

open water in freshwater systems, productivity in 

natal fresh waters versus near-shore marine waters, 

and costs versus benefi ts of migration). In some 

Arctic char populations with access to the sea the 

phenomenon of ‘partial migration’ exists, with a 

fraction of individuals remaining resident in fresh 

water (Nordeng 1983). A recent study from North 

Norway has provided a proximate explanation for 

the phenomenon, noting that in comparison with 

freshwater resident char, anadromous char main-

tain a high freshwater growth rate in late summer 

and early autumn prior to migration. In freshwater 

resident fi sh, arrested autumn growth, higher lipid 

levels and low lipid depletion in winter appears to 
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Figure 14.5 Estimated mean annual mortality ±95% confi dence 
interval for selected anadromous and lacustrine Arctic char 
populations in Canada. Estimates were derived from catch curves 
for fi sh of approximately equal ages. Anadromous populations 
analysed are: F, Fraser River, Labrador (56°39�N, ages 7–14 years); 
I, Ikarut River, Labrador (58°09�N, ages 6–13); S, Sappukait, 
Nunavik, Québec (59°28�N, ages 6–13); DR, Deception River, 
Nunavik, Québec (61°46�N, ages 6–13); D, Diana River, Nunavut 
(62°50�N, ages 7–14); and J, Jayco River, Victoria Island (69°34�N, 
ages 7–14). Lacustrine populations analysed are: M, Mini-Minto, 
Québec (57°19�N, ages 7–13); G, Gavia Lake, Booth Penninsula 
(68°21�N, ages 8–15); K, Keyhole Lake, Victoria Island (69°23�N, 
ages 8–15); C, Crooked Lake, Prince of Wales Island (72°38�N, 
ages 8–15); and S, Stanwell Fletcher Lake, Somerset Island 
(72°45�N, ages 8–15).
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the Labrador, Hudson Bay, and Beaufort Sea coasts 

(Marten and Olver 1980). Limited salinity toler-

ances have shaped its postglacial dispersion pat-

terns and help to explain why lake char are less 

widely distributed at high latitudes than Arctic 

char (Behnke 2002).

A critical problem with trying to understand 

the ecology and evolutionary history of lake char 

at high latitudes is that the majority of the scien-

tifi c literature deals with populations at or near 

the southern margins of the present distributional 

range (Power 2002). Like Arctic char, lake char are 

cold-adapted and in the northern portions of their 

geographic distribution are not obliged to seek 

profundal refuge during the summer. In Arctic 

lakes, lake char typically inhabit simple fi sh com-

munities, live at low densities, and may be the only 

fi sh in the lake (Johnson 1976). In many Arctic lakes 

lake char co-occur with lake whitefi sh and together 

will account for approximately 95% of the total fi sh 

population in the lake, with the relative importance 

of one species falling as other rises (Johnson 1976).

Lake char morphological characteristics have 

generally been regarded as stable throughout the 

geographic range, although ecological differen-

tiation and specializations have evolved in some 

populations in the last 10 000 years (Behnke 2002). 

Among the chars, lake char are the least color-

ful. Individuals grow slowly and live a long time 

(30–60 years). Faster growth rates are reported 

among populations in the vicinity of Great Slave 

Lake. Lower growth rates predominate in northern 

Québec, possibly as a result of lower lake product-

ivity. Across the distributional range, a gradual 

decline in growth with latitude is also evident. 

Recent studies, have documented the presence 

of ecophenotypes in some Arctic lakes (e.g. Great 

Bear Lake; Alfonso 2004) that appears to result 

from ecological polymorphism (Blackie et al. 2003). 

Currently, it is unknown how widespread this situ-

ation may be in Arctic lakes.

Maturity occurs between 8 and 12 years, with 

spawning occurring at irregular intervals of 

2–4 years as conditions permit (Power 2002). 

Reasons for the interrupted reproductive pat-

tern are not fully understood, but there appears 

to be a strong relationship between latitude and 

spawning frequency (Marten and Olver 1980). 

populations have rates of less than 25%. Overall, 

variations in morality rates among anadro mous 

and lacustrine populations appear similar, with 

variation probably arising from differences in 

 habitat productivity and intraspecifi c competition.

Old age and post-spawning debilitation were 

presumed to be the major causes of death. In 

Nauyuk Lake Johnson (1980) similarly reported 

post-spawning mortality. Like other salmonids, 

Arctic char mortality in early life (i.e. egg to age 3+) 

is relatively high, likely to be associated with the 

environments occupied and to result from both 

density-independent (e.g. environmental stochas-

ticity) and density-dependent (e.g. predation) 

factors. Mortality levels during transition to migra-

tory habits for sea-run forms and throughout the 

years to fi rst sexual maturity are similarly likely 

to be fairly high (Power 1978). Mortality for adult 

fi sh appears to be low, especially from predation 

(Power 1978; Johnson 1980) and to be confi ned 

largely to post-spawning mortality. However, mor-

tality resulting from subsistence or commercial 

fi sheries can be moderately high and for many 

populations remains the most signifi cant single 

source of mortality. Analyses of potential climate 

change impacts on Arctic char have suggested that 

climate may increase mortality, particularly in the 

juvenile age classes (Reist et al. 2006a, 2006b).

14.5 Lake char, Salvelinus namaycush

The lake char is an important commercial and 

sportfi sh across its range and is distributed widely 

in North America, including the Arctic. Most 

popu lations occur on the mainland, but popu-

lations of lake char have been reported from the 

Arctic Islands of Southampton, Victoria, Banks, 

King William, and Baffi n. The major determinant 

of the existing natural range has been the glacial 

history of North America, with the extent of the 

existing distribution lying almost totally within 

the extent of Pleistocence glaciation (Marten and 

Olver 1980). The lake char is viewed as an evolu-

tionary stable species specialized for a mode of life 

within narrow environmental tolerances (Behnke 

2002). It is almost an obligatory lacustrine species, 

but can be river-dwelling for part or all of the year 

and has been recorded in brackish waters along 
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salmon occupy a diverse array of physical and bio-

logical environments (Elliott et al. 1998) and can 

exist in both anadromous and non-anadromous 

forms, the latter completing their life cycle entirely 

within fresh water often by moving between rivers 

and lakes for spawning and overwintering. Under 

most circumstances the two forms do not co-exist 

as a result of interbreeding between forms result-

ing in the assimilation of the non- anadromous 

by the anadromous form (Power 1969). Non-

anadromous populations are common throughout 

the entire distributional range of Atlantic salmon 

in North America, particularly at the northern 

edge of the distribution in northern Québec and 

Labrador (Klemetsen et al. 2003). In Europe the 

non-anadromous form is normally associated with 

larger lakes including Ladoga, Onega, Vänern, 

and Saima (Klemetsen et al. 2003). Populations of 

small resident freshwater salmon, however, occur 

in both lacustrine and riverine habitats in Norway, 

most notably the River Namsen (Berg and Gausen 

1988). It is generally believed that non-anadromous 

or ‘land-locked’ populations were derived in post-

glacial times as a result of isolation from anadro-

mous populations owing to isostatic rebound of 

coastal regions following the last glacial periods 

(Power 1958).

Non-anadromous forms utilize lakes for growth 

and maturation purposes in a manner analogous 

to ocean use by anadromous salmon (Berg 1995), 

but may be subjected to higher postspawning mor-

tality in marginal lacustrine environments (Power 

1969). In North America, non-anadromous salmon 

typically range in size from 33 to 53 cm and weigh 

approximately 1.6 kg (Behnke 2002), although 

smaller sizes have been reported from lacustrine 

populations in northern Québec (Power 1969). 

Predation on smelt (Osmerus eperlanus) is often 

associated with larger sizes and nonanadromous 

salmon in excess of 12 kg have been reported from 

north European lakes (e.g. Ladoga) where smelt are 

common.

Along the northern margins of the Atlantic 

salmon distribution, climate conditions vary from 

Arctic (north Labrador and northern Québec) to 

Sub-Arctic (northern Norway, Finland, Russia; 

Hammar 1989). In all northern regions fresh-

water areas are ice-covered for long periods. As 

Although  considerable variability exists in egg 

counts between individuals of similar size and age 

from different populations, there is a general trend 

toward increasing fecundity with both length and 

age and a strong correlation between weight and 

fecund ity. A large individual (90–100 cm) may 

produce in excess of 15 000 eggs in a single spawn 

(Marten and Olver 1980). Spawning is temperature- 

and light-dependent, with time of spawning vary-

ing between populations from late September to 

October. Wind plays a role in triggering spawning, 

with spawning events being initiated by pervasive 

onshore autumn winds. Spawning usually occurs 

in shallow water over coarse rock or rubble sub-

strates (3–15 cm in diameter) along eroding, wave-

washed shoals with suffi cient fetch to irrigate eggs. 

Selected spawning beds must be deep enough to 

avoid ice-related substrate scour. Eggs are broad-

cast-spawned over the substrate and sink into 

interstitial spaces in the substrate where they swell 

and wedge. The substrate is kept clear of debris 

by shoreline currents or fetch, with local currents 

maintaining water quality, supplying oxygen, and 

removing metabolic wastes during development 

(Power 2002). There is some evidence to suggest 

lake char home to spawning areas, but homing is 

generally considered to be incomplete (Marten and 

Olver 1980).

The long life-span of high-latitude lake char is 

associated with relatively low rates of adult mortal-

ity in comparison with Arctic char. Low mortality 

has been argued to be refl ective of the trophic sta-

tus of lake char and their role as terminal preda-

tor in lake food webs (Healey 1978). Recruitment 

to the adult population is typically low due to 

long lifespan, low adult mortality, and low average 

fecundity and spawning success (Johnson 1976, 

Marten and Olver 1980).

14.6 Atlantic salmon, Salmo salar

Atlantic salmon is a cold-water species that dis-

plays considerable phenotypic plasticity and eco-

logical variability (see review by Klemetsen et al. 
2003), with the life history of the anadromous form 

being functionally linked to marine and fresh-

water environments that include riverine and often 

lacustrine habitats. Throughout their distribution 
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of female maturation curtails the normal life cycle 

such that the marine phase of the life cycle can be 

eliminated (Power 1969).

Besides the use of lakes by resident non-

 anadromous salmon, lacustrine habitats are also 

important rearing areas for juvenile anadromous 

salmon. This phenomenon was fi rst reported for 

Newfoundland, but similar occurrences have been 

reported in Labrador, Iceland, northern Finland, 

and Norway (Klemetsen et al. 2003). Lacustrine-

reared parr are often larger in size at the same age 

than those reared in fl uvial areas. Investigations 

have also shown that the relative amount of lacus-

trine habitat in a watershed infl uences migrating 

smolt size and, for some systems, marine sur-

vival is enhanced by greater amounts of lacus-

trine habitat (Klemetsen et al. 2003). Lacustrine 

rearing enhances fresh water survival during the 

 egg-to-smolt period, with lacustrine-reared parr 

often having higher protein, lipid, and overall 

energy levels compared to those reared in fl uvial 

habitats (Dempson et al. 2004).

14.7 The coregonines

Coregonine fi shes are recognized as a sub-family 

closely allied to other salmonids. Similar to chars, 

salmon, and grayling, they are primarily northern 

fi shes found in temperate, Sub-Arctic, and Arctic 

aquatic systems throughout the circum-Arctic. As 

for other salmonids, ciscoes and whitefi shes are 

important ecologically, economically, and socio-

culturally throughout high latitudes. Similar to the 

situation described above for chars, coregonines 

exhibit high diversity ecologically and ecopheno-

typically both among species and within species 

resulting in confused taxonomy. Unlike the chars, 

however, and with a few isolated exceptions in the 

western Canadian Arctic, almost all arctic coregon-

ines relevant to our discussion are primarily dis-

tributed in lakes and rivers extending only to the 

northern continental mainland coasts (e.g. see Scott 

and Crossman 1973; Reshetnikov 2003). That is, they 

are marginally present in the southern portion of 

the ‘high-latitude’ area considered herein and do 

not extend much beyond the southern edges of 

some of the Canadian Arctic islands; however, they 

can locally be extremely abundant and important 

a  consequence, salmon have adapted their exist-

ence to extreme environmental conditions where 

cold conditions and ice play a prominent role in 

infl uencing the local environment. In compari-

son to southern populations, northern popula-

tions show increased age and size at smoltifi cation 

(Power 1981; Klemetsen et al. 2003), delayed matu-

rity, and reduced fecund ity (Klemetsen et al. 
2003). Nevertheless, local differences in tempera-

ture, length of growing season, and the amounts 

and types of food available result in variations 

in observed biological characteristics (e.g. length 

at age) among both anadromous and non-

 anadromous northern populations. For  example, 

growth in fresh water is characteristically slower 

in more northern areas, generally resulting in 

increased age at smoltifi cation compared with 

northern European locations (Power 1981; Metcalfe 

and Thorpe 1990). Indeed, smolt ages of salmon 

from the Ungava region of northern Québec are 

among the oldest recorded (Power 1969). It has 

been suggested that where cold ocean tempera-

tures limit the distribution of salmon, large smolt 

size is selected owing to greater osmoregulatory 

ability (Jensen and Johnsen 1986). The possibility 

of a cold ocean temperature barrier in Ungava Bay 

has been linked with the phenomenon of some 

salmon remaining in fresh water and spawn-

ing in two successive years (Robitaille et al. 1986). 

Heinimaa and Erkinaro (2004) have also reported 

that the shorter growing season and long winters 

in northern areas contribute to a greater decline in 

lipid reserves and could explain the reduced fre-

quency of mature parr in north European popula-

tions. Smolt run timing is also generally believed 

to be synchronized with ocean temperatures and 

feeding opportunities such that timing of migra-

tion is generally later in more northern latitudes 

(Hvidsten et al. 1998).

The cold environmental conditions that char-

acterize much of the Ungava region in northern 

Québec have been linked with possible residuali-

zation of smolts in some populations (Power 1969), 

with temperature being the factor most important 

for controlling the distribution of salmon across 

the region (Power 1990). Thus parr growth is slow, 

owing to cold temperatures, but the size of Ungava 

smolts is quite large. In some instances, the onset 
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polymorphic forms in Icelandic lakes appear to 

originate in depauperate, geologically young lakes 

with large unoccupied areas of heterogenous habi-

tat being available (Kristjansson et al. 2002a, 2002b). 

Sticklebacks are largely benthivores and consume 

large amounts of aquatic invertebrates, with lim-

netic forms also predating plankton. Sticklebacks 

are also important prey species for anadromous 

and freshwater fi sh including Arctic char and may 

indirectly affect population structure. For example, 

Fraser and Power (1989) noted that the interactive 

feeding segregation of Arctic char and lake trout 

benefi ted Arctic char through a reduction in para-

site loading as a result of a lower reliance on three-

spine sticklebacks as a food source.

14.9 Conclusions

Arctic freshwater fi shes, in particular Arctic char, 

have adapted to life in harsh, variable envir-

onments with few resources. The dynamics of the 

ecosystems in which they live, however, are being 

continually perturbed by the increasing number 

of human interventions associated with northern 

development that have resulted in polluted envir-

onments, increasing habitat eutrophication, bar-

riers to migration, over-fi shing, the introduction of 

alien species, and—most recently—climate warm-

ing (Maitland 1995). Of these climate warming has 

the greatest potential to alter fi sh community struc-

ture and the population characteristics of Arctic 

freshwater fi sh both spatially and temporally. Most 

other threats will be local in nature, but at a given 

impact site are equally likely to cause signifi cant 

changes. The ability of fi sh to adapt to changing 

environments will be species-specifi c and there-

fore a general predictive scenario is diffi cult to 

construct. In cases of rapid warming associated 

with climate change there are three possible out-

comes for existing Arctic fi sh species: local extirpa-

tion due to thermal stress, a northward shift in the 

geographic range of potential competitors where 

dispersive pathways and other biotic and abiotic 

conditions allow, and genetic change within the 

limits of heredity through rapid natural selection 

(Reist et al. 2006a, 2006b).

Local extirpations are typically diffi cult to predict 

without detailed knowledge of critical  population 

from many perspectives. Exceptions include Arctic 

cisco (Coregonus autumnalis), distributed along the 

southern coast of Victoria Island, and broad and 

lake whitefi sh (Coregonus nasus and Coregonus clu-
peaformis), both reported to occur on Victoria Island 

(Scott and Crossman 1973).

14.8 Other species

Several other fi sh species are present in freshwater 

habitats along the continental coastal margin and 

on the Arctic islands and may be locally abundant 

and signifi cant for lake ecology and/or humans 

(see Scott and Crossman 1973; Reshetnikov 2003). 

These species can be divided into two groups: 

those that have a more southerly distribution, 

extending only as far north as the continen-

tal coasts of North America and Eurasia (Arctic 

grayling, Thymallus arcticus; European grayling, 

Thymallus thymallus; burbot, Lota lota; sculpins, 

Cottus spp.; longnose sucker, Catostomus catostomus; 
rainbow smelt, Osmerus mordax; European smelt, 

Osmerus eperlanus; and northern pike, Esox lucius), 
and those that are distributed in the Arctic islands 

of Canada and elsewhere (threespine sticklebacks, 

Gasterosteus aculeatus; ninespine sticklebacks, Pun-
gitius pungitius). All are found in lakes and rivers in 

this area and will move between lakes and  rivers 

for feeding and/or reproductive purposes. Of all 

the species, ninespine sticklebacks have the most 

northerly distribution, reaching to the northern 

portions of Baffi n Island, southern Greenland, 

and the Eurasian mainland to the north coast and 

southern areas of Novaya Zemlya.

Sticklebacks, although not important in fi sheries, 

must be noted for their signifi cant ecological roles 

in northern lakes where they occur. Threespine 

and ninespine sticklebacks are small (to ≈5 cm), 

locally abundant northern fi shes widely distributed 

around the circum-Arctic. Sticklebacks exhibit both 

freshwater and anadromous life histories similar 

to those described for chars and as euryhaline spe-

cies have been able to disperse to Canadian Arctic 

islands. Threespine sticklebacks also exhibit sym-

patric ecological polymorphisms (benthic and lim-

netic morphologies and life histories) that parallel 

those described for Arctic char and are attributable 

to similar causes in some situations. For example, 
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Continental Antarctic lakes are dominated by 

microbial-loop organisms; they generally lack 

higher trophic levels common elsewhere, receive 

little or no input of allochthonous organic mat-

ter from terrestrial ecosystems, and exist under 

extreme environmental conditions near the  limits 

to life. Lakes in maritime and Sub-Antarctic 

regions tend to have slightly more complex food 

webs with more invertebrate taxa and potential 

allochthonous inputs from terrestrial fl ora. Within 

this short  continuum, the aquatic food webs in 

Antarctica may serve as models where fundamen-

tal food-web properties may be explored. Studies of 

these simple ecosystems can provide insights that 

are diffi cult or impossible to obtain from larger, 

more complex systems (Bell and Laybourn-Parry 

1999; McKenna et al. 2006).

In contrast, Arctic lakes show higher biocomplex-

ity under comparable physical conditions, and they 

15.1 Introduction

15.1.1 Why study high-latitude lake food webs?

High latitudes contain a considerable fraction of 

the world’s lakes. Satellite images show that lakes 

and ponds are extremely abundant in many parts 

of the Arctic (Figure 15.1), and the ice-free regions 

of Antarctica also have numerous lakes and ponds; 

for example, in the Vestfold Hills, the McMurdo 

Dry Valleys, and the Byers Peninsula in maritime 

Antarctica (see Chapter 1 for site descriptions). 

Hence, there is an obvious need to understand the 

role of lakes and ponds in a broader ecosystem 

perspective, within both the current and future cli-

mates. In addition, high-latitude lakes offer a range 

of conditions making them particularly suitable for 

the investigation of properties that are of general 

relevance for freshwater food webs.

Outline

Lakes at high latitudes represent a range of biotic complexity imposed by strong abiotic limitations that are 

differentially ameliorated by biogeographic factors between the northern and southern latitudes. However, 

the communities in these lakes are simpler than those typically found in more temperate environments 

and represent a range of declining biocomplexity as conditions approach the limits to life in these extreme 

environments. These include changes in the relative importance of keystone predators and higher trophic 

levels (e.g. fi sh and birds), adjacent terrestrial communities, colonization between lakes, and benthic–pe-

lagic coupling within lakes in structuring the food webs. Examples and case studies are used to illustrate 

food-web interactions between microbial and classic food webs, the importance of autochthonous versus 

allochthonous carbon, and the implications of a changing climate.

CHAPTER 15

Food-web relationships and 
community structures in 
high-latitude lakes
Kirsten S. Christoffersen, Erik Jeppesen, Daryl L. Moorhead, 
and Lars J. Tranvik
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additional layer of snow may accumulate on sur-

face ice, further reducing the light penetration and 

retarding melt (Howard-Williams et al. 1998; see 

also Chapter 4). Thus, photosynthesis is precluded 

during the continuous darkness of winter and lim-

ited by light attenuation in the overlying ice and 

snow. In addition, compared to the water inputs 

in warmer climates, nutrient concentrations in 

polar lakes are typically low because water inputs 

largely consist of surface runoff of melt water, and 

have less contact with soils during transport in 

the drainage area. For these reasons biomass of 

the different trophic levels is often relatively low 

 compared with lakes in temperate regions, sug-

gesting that interactions between organisms are 

less complex (but see Chapter 13).

One of the greatest sources of differences between 

Arctic and Antarctic lakes may be their evolution-

ary histories. Antarctica has been  geographically 

isolated from all other continents for millions of 

years, which limits potential colonization (Battaglia 

et al. 1997; Fogg 1998). The continent offers few 

refuges for organisms during climatic fl uctua-

tions, implying that species present in Antarctic 

lakes apparently survived strong selection pres-

sures within the region. For example, lakes in the 

Vestfold Hills formed 10 000 years ago by isostatic 

uplift after the last major glaciation (Adamson 

and Pickard 1986) when isolated pockets of sea 

water evolved into lakes that today range from 

cover a greater range of climatic conditions. Thus, 

Arctic lakes establish a broader continuum from 

lakes similar to the microbial-loop communities 

of Antarctic lakes to the more typical aquatic com-

munities of temperate regions, which include fi sh, 

macrophytes, insects, and crustaceans. Although 

generally simpler than temperate lakes, Arctic 

lakes more closely resemble lower-latitude lakes 

than Antarctic lakes, and allow examination of the 

importance of detrital food webs, impacts of ver-

tebrate predators, and the role of metazoan links 

between the microbial loop and the overall food 

web (e.g. Hobbie et al. 1999).

15.1.2 Commonalities and differences 
between Arctic and Antarctic lakes

An extremely cold and often dry climate is the 

most obvious shared characteristic of polar 

regions, and it entails a very short growing season, 

in terms of both temperature and radiant energy 

regime (Roberts and Laybourn-Parry 1999; Prowse 

et al. 2006). High-latitude lakes and ponds are ice-

covered for most or all of the year. Arctic lakes are 

typically frozen for 8–10 months, and may have a 

maximum ice thickness of 2.5 m. Antarctic lakes 

above 70°S often have a roughly 5-m-thick perman-

ent ice cover which only thaws at the margins 

during brief periods in summer. In both regions, 

shallow water bodies freeze solid every winter. An 

Figure 15.1 Abundant lakes and ponds in 
the Arctic landscape. This is a satellite image of 
the Mackenzie River fl ood-plain showing one 
of the many small channels of the turbid river, 
and a small fraction of the 40 000 lakes that are 
distributed across it (see Chapter 5 and Plate 8). 
Photograph: NASA GSFC/METI/ERSDAC/JAROS 
and the US`/Japan ASTER Science Team.



F O O D  W E B S  A N D  C O M M U N I T Y  S T R U C T U R E S    271

energy, temperature, and nutrient availability on 

an annual basis. Many of the multicellular organ-

isms present in the unfrozen waters of lakes dur-

ing winter are primarily in a quiescent state, but 

become active as soon as suffi cient light is able to 

penetrate the ice cover to initiate photosynthesis 

by phytoplankton. Increases in the populations 

of  phytoplankton species stimulate cascading 

increases in productivity through zooplankton and 

other organisms at higher trophic levels. The sea-

sonal peak in lake productivity is normally reached 

before complete loss of ice cover after which prod-

uctivity rapidly declines as the limited available 

nutrients in the water body are depleted.

The carbon and energy transferred through the 

food webs of Arctic and Antarctic lakes are derived 

either from in situ primary production of phyto-

plankton in the water column as well as benthic 

algae, or mobilized by bacteria that utilize organic 

matter imported from the surrounding watershed. 

The biomass of benthic algae is often considerable 

in high-latitude lakes, resulting in extensive ben-

thic algal mats (Wharton et al. 1983; Moorhead et al. 
1999; Vadeboncoeur et al. 2006), and benthic algae 

often dominate total primary production, not least 

in the shallow lakes and ponds (Vadeboncoeur et al. 
2003). In turn, these mats are grazed by micro- and 

macroinvertebrates (Rautio and Vincent 2006) that 

may be eventually consumed by fi sh and birds.

The communities of nutrient-poor Arctic lakes 

include many groups of phytoplankton (diatoms, 

dinofl agellates, chrysophytes, and cyanobacteria). 

These algae are grazed by zooplankton (copepods, 

cladocerans, and rotifers) that in turn are predated 

by fi sh or large invertebrates. Algae and other 

organisms release dissolved organic substances 

into the water, either as feces and exudates from 

living organisms, or during senescence. These 

substances are utilized by bacteria, which in turn 

become prey for protozoan (fl agellates and ciliates) 

or metazoan bacterivores including cladoceran 

and rotifer species. The recycling of released 

organic matter into the food web via bacteria and 

protozoan bacterivores is commonly referred to as 

the microbial loop. In addition, bacteria consume 

organic matter imported from the catchment area 

(e.g. humic substances leaching from surround-

ing soils). Hence, bacteria are not only part of an 

 brackish to hypersaline (Ferris and Burton 1988). 

The marine communities trapped in these lakes 

lost many of the original marine protozoa as well 

as all metazoans, except the copepod Paralabidocera 
antarctica (Laybourn-Parry et al. 2002). In contrast, 

the McMurdo Dry Valleys (78°S, 162°E) in southern 

Victoria Land have a freshwater history over the 

past 2 million years, with cycles of greater inunda-

tion during glacial maxima and desiccation during 

interglacial times (Lyons et al. 1998). The pelagic 

food webs in the McMurdo lakes mainly consist of 

freshwater species of protozoa and a single meta-

zoan, the rotifer Philodina sp. (James et al. 1998), 

although Roberts et al. (2004) reported collecting 

unidentifi ed copepod nauplii from one lake. In con-

trast to the evolutionary isolation of the Antarctic 

continent, Arctic regions are much more closely 

linked to ecosystems at lower latitudes, allowing 

more migration and colonization, although spe-

cies richness is low in Greenland and other Arctic 

islands such as Svalbard.

Another major difference between Arctic and 

Antarctic lakes concerns the relative importance of 

allochthonous organic matter received from terres-

trial ecosystems. In Arctic lakes, the fl ow of carbon 

through the detrital food chain may greatly exceed 

in situ primary production, driven by inputs of ter-

restrial organic materials (Michaelson et al. 1998; 

Sobek et al. 2005; Jansson et al. 2007) that may be 

thousands of years old. In contrast, most Antarctic 

lakes receive little detrital input due to scarce ter-

restrial vegetation (Bell and Laybourn-Parry 1999; 

Laybourn-Parry et al. 2005). This may be another 

reason for the large difference in species richness 

of lakes between the two polar regions. In fact, 

it seems likely that some aquatic ecosystems in 

Antarctica export organic matter to surrounding 

soil communities, reversing the net fl ow of organic 

matter between terrestrial and aquatic systems that 

usually prevails in most temperate as well as in 

Arctic ecosystems (see below).

15.2 Food webs

15.2.1 Structural features

High-latitude biota are under strong physical 

controls exerted by extreme variations in radiant 
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Laybourn-Parry 2002). For example, Lake Fryxell, 

in the McMurdo Dry Valleys, southern Victoria 

Land, has seven trophic groups: rotifers (Philodina 

sp.), bacterial-feeding ciliates, fl agellate-feeding 

 ciliates, heterotrophic nanofl agellates, photosyn-

thetic nanofl agellates, larger phytoplankton, and 

bacteria (Figure 15.2a). In comparison, Ace Lake in 

the Vestfold Hills, Princess Elizabeth Land, con-

tains adult and juvenile copepods (P. antarctica), 

ciliates, heterotrophic nanofl agellates, photosyn-

thetic nanofl agellates, Mesodinium rubrum, dino-

fl agellates, and bacteria (Figure 15.2b). A single 

species of copepod appears to be the top predator 

in Ace Lake, whereas one group of rotifers is the 

top predator in Lake Fryxell.

In an effort to determine the relative import-

ance of top-down versus bottom-up controls in 

these food webs, McKenna et al. (2006; unpub-

lished results) modeled the carbon fl ow through 

the pelagic food webs of both lakes (see Case stud-

ies, Section 15.4). In brief, it appeared likely that 

these food webs were more strongly infl uenced 

by bottom-up than top-down controls. In Lake 

Fryxell, fl uctuations in total community biomass 

followed the general patterns of seasonal and inter-

annual availability of photosynthetically available 

irradiance, suggesting a strong energy limitation. 

Although the presence of adult copepods often had 

a signifi cant effect on biomass and carbon fl ows in 

the Ace Lake food web, detailed analyses showed 

that both community structure (biomass) and func-

tion (productivity) of Ace Lake were more related 

to nitrates, ammonia, ice thickness, and salinity 

than to adult copepods. Thus resource availabil-

ity (radiant energy and nutrients) and conditions 

(temperature, salinity) appeared to exert stronger 

control on these food webs than predation.

15.2.3 Maritime Antarctic and 
Sub-Antarctic lakes

Maritime lakes are common at both Antarctic 

and Sub-Antarctic latitudes, including the South 

Orkney, South Shetland, and South Sandwich 

Islands, as well as the Antarctic Peninsula. 

Differences in  elevation, aspect, exposure, dis-

tance from coast, and impacts of sea birds and 

mammals produce a wide range of oligotrophic 

internal loop within lakes, but also constitute a 

link between terrestrial primary producers and the 

aquatic food web (e.g. Jansson et al. 2007). The het-

erotrophic microbial metabolism of Arctic lakes is 

commonly based to a large extent on organic mat-

ter imported from the watershed (e.g. Sobek et al. 
2005). This is certainly the case for tundra lakes 

surrounded by organic-rich soils, whereas other 

High Arctic and Antarctic lakes have very barren 

watersheds providing little or no organic matter 

via runoff. Hence, the subsidy that lake food webs 

receive via the import of organic matter may vary 

greatly among different high-latitude ecosystems. 

As will be described below, this variability even 

extends to extreme cases in Antarctica, where the 

terrestrial environment is subsidized via organic 

matter produced in lakes.

At high latitudes, the importance of the different 

links and webs varies considerably among lake eco-

systems. A general feature of lakes in Continental 

Antarctica and on Sub-Antarctic islands is the lack 

of fi sh and other freshwater vertebrates. In add-

ition, the invertebrate fauna is less diverse, and 

insects are very few in comparison with Arctic 

lakes (see also Chapter 13). Due to the low bio-

diversity and the lack of higher animals, food-web 

structure is often less complex than in correspond-

ing High Arctic lakes. The pelagic food webs of 

high-latitude lakes may be depicted (Figure 15.2) 

along a gradient of increasing complexity, includ-

ing (1) food webs in Antarctic lakes where meta-

zoa are represented by only rotifers, (2) food webs 

where herbivorous copepods constitute the upper-

most functional trophic level, as exemplifi ed by 

Antarctic and Sub-Antarctic lakes, (3) Arctic food 

webs including Daphnia, which graze upon bacte-

ria as well as on phytoplankton, and (4) Arctic food 

webs where herbivorous zooplankton are under 

predation pressure from fi sh and/or invertebrate 

predators.

15.2.2 Continental Antarctic lakes

In general, the pelagic food webs in lakes at higher 

latitudes in Antarctica are dominated by microbial-

 loop organisms, and they usually have few or no 

metazoans (James et al. 1998; Bell and Laybourn-

Parry 1999; Roberts and Laybourn-Parry 1999; 
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36°40�W) are more strongly infl uenced by meltwa-

ter, are not visited by marine mammals, but to a 

limited extent by marine birds. The lakes closer to 

the sea are frequently visited by penguins and seals 

and are additionally infl uenced by breeding petrels, 

skuas, and gulls. This results in a productivity gra-

dient showing a negative correlation between total 

phosphorus content in the water (ranging from 4 to 

70 µg L−1) and distance to the sea (ranging from 40 to 

3500 m; Hansson et al. 1996).

None of these maritime lakes contain fi sh. 

The metazoan communities provide interesting 

to hypertrophic  conditions (Rosswall and Heal 

1975; Heywood et al. 1980; Hansson et al. 1996). For 

 example, snow strongly attenuates radiant energy 

transmission, so that even small differences in 

amount, distribution, and persistence have large 

impacts on productivity of both pelagic and benthic 

communities (Hawes 1985; Moorhead et al. 1997). 

Nutrient regimes are also highly variable, infl u-

enced by substrate weathering, atmospheric depo-

sition, and wastes from penguin and seal rookeries. 

For example, the lakes most remote (a few kilom-

eters) from the sea on South Georgia Island (54°10�S, 
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Figure 15.2 Pelagic food webs in high-latitude lakes of differing complexity. Bacterivores are within the hatched areas and herbivores in the 
rectangles surrounded by broken lines. Solid arrows indicate energy fl ux by feeding, and dotted arrows indicate release of dissolved organic 
matter. (a) Antarctic dry valley lakes, with metazoa represented only by rotifers (McKenna et al. 2006); (b) Sub-Antarctic lakes with no pelagic 
rotifers, and herbivorous copepods constituting the highest functionally important trophic level (Tranvik and Hansson 1997); (c) Arctic pond 
with no fi sh or invertebrate predators (Christoffersen et al. 2008); (d) Arctic lake with fi sh and/or invertebrate predators, where the biomass 
of cladocerans is highly suppressed (Christoffersen et al. 2008). In addition to internal fl uxes, the dissolved organic matter is amended to 
different extents with substances imported from the catchment area. In all four cases mixotrophic species combine the roles of bacterivorous 
protists and phytoplankton (the two latter phenomena are not depicted in the illustrations).



274   P O L A R  L A K E S  A N D  R I V E R S

of lacustrine food webs on maritime Antarctic and 

Sub-Antarctic islands.

The South Georgian lakes have thick benthic 

mats of fi lamentous algae and cyanobacteria 

(Dartnall and Heywood 1980; Hansson et al. 1996). 

More than 50 species of rotifers have been identi-

fi ed from the lakes, almost exclusively associated 

with the  benthic habitat. In addition, fi ve species of 

cladocerans have been found in the benthic envir-

onment, with only very occasional recordings from 

the water column (Figure 15.2c). The lakes harbor 

few other invertebrates, including nematodes and 

ostracods, but mollusks are absent. In both the 

water column and in benthic habitats, copepods 

are abundant, and a diving beetle, Lancetes angus-
ticollis, is common in the benthos of many lakes, 

but occasionally appears in the water column as 

well. The invertebrate fauna of the water column 

is dominated by three species of copepods (Figure 

15.2b). The almost 5-mm-long P. sarsi is predatory. 

The other two copepods, Boeckella michaelseni and 

B. poppei, are herbivorous and are prey for the 

predatory copepod (Parabroteas) and diving beetle 

(Lancetes). Experimental studies of the impact of 

these two predators on the abundance of herbiv-

orous copepods reveal that the predatory pressure is 

weak, with much less than 1% of herbivorous cope-

pods removed per day by the predators (Hansson 

and Tranvik 1996). Hence, the herbivorous cope-

pods probably constitute the highest functionally 

important trophic level. Possibly due to long life 

cycles, the development of Lancetes and Parabroteas 

is restricted by the severe climate and short grow-

ing season (Nikolai and Droste 1984), which may 

explain why the predators do not exert stronger 

control of their prey (Hansson and Tranvik 1996).

In a survey of 19 lakes in South Georgia, Hansson 

et al. (1993) demonstrated that the increase in algal 

biomass in the water column (measured as chloro-

phyll a) with increasing nutrient (phosphorus) 

concentration was less than across similar nutri-

ent gradients in temperate lakes. They suggested 

a strong control of algae by herbivorous zooplank-

ton in Sub-Antarctic and Antarctic lakes, because 

herbivorous zooplankton constituted the highest 

functionally important trophic level (see above). 

In contrast, zooplanktivorous fi sh or invertebrates 

typically dominate food webs at lower latitudes 

 contrasts to lakes of the more extreme Antarctic 

continent and of temperate regions. In general, 

maritime Antarctic and Sub-Antarctic lakes have 

higher metazoan diversity than lakes in Antarctic 

continental locations and metazoan diversity 

increases with decreasing latitude (Pugh et al. 
2002). For example, Otero Lake (64°09�S, 60°57�W) 

on the Antarctic Peninsula has no metazoans 

(Izaguirre et al. 2001) but near Hope Bay (63°24�S, 

57°00�W) the omnivorous copepod Boeckella pop-
pei and the rotifer Philodina gregaria are found in 

oligotrophic Lake Chico; B. poppei is also present 

in the meso-eutrophic Lake Boeckella; but only 

bdelloid rotifers occupy the hypertrophic Pingüi 

Pond (Izaguirre et al. 2003). Further north on King 

George Island (62°14�S, 58°40�W), Pociecha (2007) 

found the anostracan Branchinecta gaini in several 

lakes, including Lake Wujka (62°09�S, 58°28�W), 

and Hahn and Reinhardt (2006) found midge lar-

vae Parochlus steinenii in lakes with stable water 

levels. On the Byers Peninsula of Livingston Island 

(62°36�S, 61°00�W), Toro et al. (2007) reported both 

B. poppei and Branchinecta gaini in pelagic zones, the 

nekto-benthic cladoceran Macrothrix ciliata, and the 

chironomids Belgica antarctica and Parochlus steineii, 
as well as oligochaete Lumbricillus sp. in benthic 

regions. Still further north, Sombre Lake on Signy 

Island (60°43�S, 45°38�W) has two copepods, B. pop-
pei and the carnivorous Parabroteus sarsi, as well as 

Br. gaini (Butler et al. 2005). Finally, a recent survey 

of freshwater habitats on South Georgia Island 

(54°10�S, 36°40�W) found 29 species of arthropods, 

including 11 crustaceans and four insects, although 

not all were pelagic (Dartnall 2005).

Some of the earliest and most intensive studies of 

Sub-Antarctic lakes focused on the South Orkney 

Islands in conjunction with the Tundra Biome 

Program (e.g. Rosswall and Heal 1975; Heywood 

et al. 1980), particularly lakes on Signy Island. This 

island remains an important site for the study of 

Sub-Antarctic maritime lakes (e.g. Hawes 1985; 

Moorhead et al. 1997; Butler et al. 2005) and serves 

as a baseline for assessing impacts of climate 

change on Antarctic ecosystems (Quayle et al. 
2002). However, a recent suite of studies focusing 

on 20 lakes surrounding Husvik (54°10�S, 36°41�W) 

on South Georgia Island provides another excel-

lent example of the low complexity and dynamics 
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 generalizations may be premature. Few attempts 

have been made to quantify the patterns of energy 

fl ow through Antarctic lake food webs, but it 

is likely that energy fl ux or at least complexity 

increases with increasing diversity of the meta-

zoan community, which is consistent with gen-

eral relationships between productivity and such 

 environmental vari ables as latitude, local energy 

regime, and nutrient  availability.

15.2.4 Arctic lakes

The food-web structure in Arctic lakes is often 

more complex than in Antarctica because of a typ-

ically higher species diversity of zooplankton (see 

Chapters 11 and 13), including also key-stone graz-

ers; that is, Daphnia species and the presence of 

fi sh in many of the lakes (Figure 15.2d). Within the 

Arctic region, complexity varies between lakes on 

the American and European continent to lakes on 

islands, such as Greenland and from north towards 

south in the Arctic. Complexity generally increases 

from east to west Greenland (Jeppesen et al. 2001; 

Lauridsen et al. 2001) as the latter has closer contact 

with more species-rich continents.

When fi sh are present they are key players in 

structuring the food web. They have a strong 

impact on the size, abundance, and structure of 

the zooplankton (O´Brien 1987; O´Brien et al. 1992; 

Hersey et al. 1999; Jeppesen et al. 2003a, 2003b) 

and macroinvertebrate communities (Hersey et al. 
1999). Predation risk for large-bodied zooplankton 

is high because they grow slowly in these resource-

poor and cold environments, and they are therefore 

exposed to fi sh predation for a longer period before 

reproduction than in more nutrient-rich temperate 

lakes. High water clarity further enhances the for-

aging success of fi sh that hunt visually. Moreover, 

due to high contribution of the benthic commu-

nity to lake production, benthic–pelagic feeding 

fi sh may maintain a potentially high predation 

 capacity on pelagic zooplankton even in periods 

when zooplankton are scarce (Jeppesen et al, 2003a, 

2003b). Finally, only large but predation-vulnerable 

Daphnia occur in Greenland and these inverte-

brates are often more pigmented in Arctic than in 

temperate lakes, making them more vulnerable to 

predation by fi sh (Sægrov et al. 1996). In continental 

and thereby constrain the grazing pressure exerted 

by herbivorous zooplankton (Hansson et al. 1993). 

The hypothesis that herbivorous copepods occur 

essentially at the top of the food web is further 

corroborated by an increasing ratio of herbivorous 

copepod per carnivorous copepod (Parabroteas) 
with increasing trophic state, but no corresponding 

increase in algal biomass per herbivorous copepod. 

Such a pattern is expected when the herbivores are 

not suppressed by predation and algae are con-

trolled by herbivory. Interestingly, Hansson et al. 
(1993) found indications that the trophic cascade 

extended down to bacteria because bacterivorous 

fl agellate abundance per unit grazer (copepods) 

did not increase with increasing trophic state, and 

fl agellated bacterivores thus appeared to be con-

trolled by grazing. In contrast, planktonic bacteria 

increased along the same gradient, a tentative rea-

son for this being that fl agellates were not able to 

exert control due to predation from copepods.

The trophic cascade from copepods via phago-

trophic fl agellates to bacteria was tested experi-

mentally in two of the lakes (Tranvik and Hansson 

1997). In microcosms incubated in situ at differ-

ent copepod densities, fl agellates decreased and 

 bacteria increased over time in the presence of 

copepods. The small-sized B. michaelseni (≈0.7 mm) 

was able to feed on bacterivorous fl agellates, 

while the larger B. poppei (≈2.4 mm) was not able 

to  suppress bacterivorous fl agellates, even at high 

densities, but depended on larger algae as a food 

source (Hansson and Tranvik 1997). Both species 

competed for algae roughly 10–30 µm in length, 

while only B. poppei could feed on larger algae as 

well. A mesocosm experiment, using 0.5-m3 mes-

ocosms in contact with the sediment, and where 

copepods were either reduced in density by siev-

ing, or re-added to achieve roughly the original 

abundance, further corroborated the trophic cas-

cade from copepods to bacteria; at reduced cope-

pod abundance fl agellates thrived, while bacteria 

reached low levels, and vice versa.

In conclusion, the cross-system comparison 

of lakes on South Georgia indicates top-down 

control of algae and bacterivorous fl agellates by 

copepods functionally occupying the top of the 

food web. Since these studies have not yet been 

extended across the full range of Antarctic lakes, 
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Biomass but not production of these  communities 

seems determined by resources rather than preda-

tion. However, the total ciliate biomasses, its contri-

bution to the microbial carbon pool, and the biomass 

per cell of ciliates were signifi cantly higher in lakes 

with fi sh, most likely as a result of released compe-

tition from large-bodied Daphnia (E. Jeppesen et al., 
unpublished results; Figure 15.3).

In Arctic Canadian lakes, which typically are more 

nutrient-rich than the lakes studied in Greenland, 

cascading effects of fi sh also appear to reach down 

to the phytoplankton level. This is supported by an 

overall lower chlorophyll a/total phosphorus ratio 

than observed in temperate lakes (Flanagan et al, 
2003), although other factors may be involved (e.g. 

low inorganic nitrogen concentrations). However, 

comparable with studies in Greenland, a set of 

enclosure experiments in Toolik Lake showed 

strong effects on zooplankton when adding Arctic 

grayling (Thymalu arcticus), but no effect on phyto-

plankton biomass (O´Brien et al. 1992). Because of 

the higher variation in species richness of fi sh on 

the continents, response patterns for primary con-

sumers show more variation with lake types and 

fi sh community structure (Hersey et al. 1999; Table 

15.1). This may also affect primary consumers and 

microbial communities differently.

15.2.5 Benthic and pelagic production 
and the role in the food web

Benthic microbial mats are commonly found in 

shallow lakes both in Arctic and Antarctic environ-

ments. They are the largest source of biomass and 

productivity in shallow ponds and streams of the 

McMurdo Sound region of Antarctica, and are also 

common in the larger lakes (Wharton et al. 1983; 

Vincent et al. 1993; Hawes and Howard-Williams 

1998; Hawes and Schwarz 2000) and in many Arctic 

and Sub-Arctic streams, lakes, and ponds (Hecky 

and Hesslein 1995; Hansson and Tranvik 2003; 

Vadeboncoeur et al. 2003; Wrona et al. 2006; Rautio 

and Vincent 2007). In these systems with low nutri-

ent concentrations in the water, primary produc-

tion is highly skewed towards the benthic habitat, 

where nutrients are largely taken up and retained 

(Vadeboncoeur et al. 2003). Accordingly, Bonilla 

et al. (2005) showed that Arctic lake  phytoplankton 

Arctic lakes and in Sub-Arctic lakes, smaller-sized 

Daphnia species like Daphnia longiremis in Canada 

and Daphnia longispina in Iceland and northern 

Norway may co-exist with fi sh if fi sh density 

remains low (Dahl-Hansen 1995).

When fi sh are present the zooplankton com-

munity is typically dominated by small-bodied 

zooplankton, with potentially smaller cas cading 

effects on phytoplankton and bacterioplankton. 

Greenland lakes are excellent for studying the cas-

cading effects of fi sh as a large proportion of the 

lakes are naturally without fi sh. Lakes that have 

not been in contact with the sea since the last 

 glaciation are nearly all without fi sh, but many 

lakes that were connected to the sea before the 

land-lift now host isolated landlocked popula-

tions of Arctic char (Salvelinus arcticus, one–three 

morphs; see also Chapter 13) and/or threespined 

sticklebacks (Gasterestus aculeatus). A set of 82 lakes 

in the High Arctic northeast Greenland and near 

the Arctic circle in west Greenland recently have 

been subjected to intensive studies (Christoffersen 

2001; Jeppesen et al. 2001, 2003a, 2003b; Lauridsen 

et al. 2001) In northeast Greenland, Arctic char is the 

only fi sh present, in west Greenland  sticklebacks 

are present in some of the lakes. Neo- and pale-

olimnological analyses show clear differences 

in the cladoceran community structure among 

lakes with and without fi sh, with large pelagic 

and benthic forms dominating lakes without fi sh 

(Lauridsen et al. 2001; Jeppesen et al. 2003a, 2003b). 

Body size varies largely among the lakes (Figure 

15.3), and the ratio of zooplankton biomass to phy-

toplankton biomass (expressed as chlorophyll a) is 

much higher in the fi shless lakes. Nevertheless, no 

differences are seen in chlorophyll or the chloro-

phyll a/total phosphorus ratio between lakes with 

and without fi sh in northeast Greenland and west 

Greenland, although canonical correspondence 

analyses indicate changes in community structure 

of phytoplankton (K.S. Christoffersen et al. unpub-

lished results) along the gradient in fi sh density. 

These results suggest a strong cascading effect of 

fi sh on zooplankton abundance and that body size 

is not related to phytoplankton biomass, which is 

likely determined mainly by nutrient availability. 

Likewise, no difference was found in the biomass 

of fl agellates, picoplankton, and bacterioplankton. 
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optical properties of the overlying ice and water 

column (Howard-Williams et al. 1998) were used 

to drive photosynthesis and respiration for mats 

at various depths (Hawes and Schwarz 2000). The 

predicted maximum daily rates of carbon fi xation 

of 15–20 µg C cm−2 at approximately 10 m depth 

yielded a net annual rate of about 1.2 mg C cm−2. 

When extrapolated across the entire surface area 

(1.94 × 106 m2) and depth (34 m) of Lake Hoare, rates 

were strongly nutrient limited, whereas the benthos 

grew in a nutrient-rich environment, so that light 

availability may be a limiting factor within the 

mats but not for overlaying phytoplankton.

A recent modeling analysis compared primary 

production of pelagic phytoplankton and benthic 

microbial mats in Lake Hoare, in the McMurdo 

Dry Valleys, Antarctica (Moorhead et al. 2005). In 

brief, fi eld measurements of incident radiation and 
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Figure 15.3 Zooplankton, phytoplankton, and 
phosphorus in Greenland lakes. The boxplots (10, 
25, 75, and 90th percentiles) are for zooplankton 
and cladoceran biomass, the ratio of zooplankton 
to phytoplankton biomass (Zoophyt), chlorophyll 
a, zooplankton and cladoceran body mass, and 
total phosphorus. The study was in northeast 
Greenland (EG) and West Greenland (WEG) in 
lakes with (+F) and without (−F) fi sh. The data 
are from Jeppesen et al. (2001, 2003a, 2003b), 
Lauridsen et al. (2001), Jones and Jeppesen 
(2007), and E. Jeppesen et al. (unpublished 
results).
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to  reconstruct food webs from analyses of the 

nitrogen and carbon  isotopes (Van der Zanden 

and Rasmussen 2001). This it is a power ful tool 

for polar lakes as shown by Kling and Fry (1992), 

Jeppesen et al. (2002a, 2002b), Sierszen et al. (2003), 

and Rautio and Vincent (2006).

Two lakes from the Toolik Lake region studied 

by Sierszen et al. (2003) illustrate the use of  stable 

isotopes for elucidating food-web structure and 

the role of the benthic and pelagic systems (Figure 

15.4). Trout are top predators in both lakes (highest 

�15N), while many organisms that are one trophic 

level lower have very different �13C. To help resolve 

which food the trout depend on, a band encom-

passing the mean ± 1 SD of lake trout �13C val-

ues, and with a slope of 3.4:1, is shown on each 

dual isotope plot. Lower trophic levels that make 

major contributions to assimilated carbon in lake 

trout would be expected to have carbon isotope 

ratios lying within or along this band. As might 

be expected, the bands encompass slimy sculpin 

and, in the other lake, grayling. Carbon isotope 

ratios indicate that, for the species and life stages 

 analyzed, assimilated carbon in higher consumers 

of both lakes passes through benthic invertebrates. 

Zooplankton appears not to make substantial direct 

contributions to the carbon in adult fi sh muscle 

 tissue. Nevertheless, the  carbon present in benthos 

and fi sh may originally have been fi xed by a vari-

ety of primary producers. Epiphytic algae, which 

are directly upon the pathway leading to lake trout 

and other fi sh, are apparently an important carbon 

of production for phytoplankton communities 

 averaged only 15% of calculated rates for mats, fur-

ther supporting the importance of benthic primary 

production in high-latitude oligotrophic systems. 

The role of benthic production typically decreases 

toward the temperate zone due to higher nutri-

ent input, and, accordingly, it also decreases with 

eutrophication (Liboriussen and Jeppesen 2003; 

Vadeboncoeur et al. 2003, 2006).

Food-web studies have traditionally been focus-

ing on the pelagic webs, and it has been shown 

recently that lakes in general exhibit a large share 

of metabolism in the benthos, as well as strong 

benthic–pelagic coupling (Vadeboncoeur et al. 2002, 

2003). This is the case particularly in cold, nutrient-

poor environments (Wrona et al. 2006; Rautio and 

Vincent 2006, 2007).

The role of benthos in the food webs is often 

examined using stomach contents or by under-

taking laboratory or fi eld enclosure experiments. 

Another method is stable isotope analysis, which 

is particularly useful when food webs are  simple. 

�15N can provide information about where a 

given organism is placed in the food web as the 

proportion increases roughly 3.4‰ per trophic 

level, and �13C indicates the food sources, as 

�13C typically is more negative organic carbon 

originating from pelagic primary production, as 

compared with littoral  primary production, and 

only changes slightly with transfer through the 

food web (Van der Zanden and Rasmussen 1999). 

Simple  end-member mixing models may be used 

Table 15.1 Invertebrate communities are determined by the presence of fi sh and by the distribution of fi sh species. Exemplifi ed by data from 
the Toolik Lake Long-Term Ecological Research site (Hersey et al. 1999).

Fish community Invertebrate communities Ecological implications

Ponds (no fish) Multiple invertebrate predators No snails; benthic and pelagic invertebrate predators; large 
zooplankton; moderate chironomid biomass

High-gradient lakes (no fish) Multiple invertebrate predators Planktonic community resembles that of ponds; benthic and pelagic 
invertebrate predators; large zooplankton; large Lymnaea

Grayling-only lakes Intermediate pelagic predators Benthic invertebrate predators common; high chironomid biomass; 
small zooplankton; high grayling recruitment

Grayling and sculpin lakes Intermediate pelagic and benthic 
predators

Small-bodied zooplankton; low chironomid biomass; moderate grayling 
recruitment; large snails; sculpin abundant on sediments

Lakes with lake trout Top pelagic and benthic predators Mixed zooplankton; small snails; high chironomid biomass; low 
grayling recruitment; sculpin distribution restricted shoreward
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15.3 Climate as a stressor

Climate change can result in major changes in the 

physical, chemical, and biological characteristics of 

polar lakes (Doran et al. 2002). More maritime con-

ditions and increased precipitation are expected 

for both the coastal Arctic and the Antarctic 

regions, which also will infl uence lakes and ponds. 

However, interactions among temperature, precipi-

tation, cloudiness, and radiant energy regime are 

complex when ambient temperatures hover near 

freezing at higher latitudes and in more  continental 

locations. Clearly a larger amount of snow and the 

subsequent later ice melt may lead to prolonged 

ice cover and lower water temperature, which in 

turn could result in a shorter growing season and 

lower nutrient input. The lower water temperature 

itself is hardly a limiting factor as most animals 

and plants in these ecosystems are adapted to a life 

at very low temperatures, but a shorter growing 

season means that less time is available to plants 

and poikilothermic plants and animals to complete 

their life cycles. Moreover, zooplankton growth 

will likely be lower due to the reduced abundance 

of food, even when the length of the growing sea-

son suffi ces for reproduction.

An increase in precipitation and melting of 

greater snow accumulations during summer will 

also result in higher runoff and thus higher nutri-

ent loading of organic and inorganic matter, and 

source. However, macrophyte beds in these lakes 

are not extensive and the productivity of epiphy-

ton may not be suffi cient to fuel the entire food 

web. Epilithic algae and phytoplankton, which lie 

on either side of the pathway, may also make sub-

stantial contributions to the food web.

Fish may not only affect the pelagic and benthic 

communities but also interactions within each of 

these communities, as demonstrated by a paleoeco-

logical study (Jeppesen et al. 2001) of surface sedi-

ment of lakes and ponds in northeast Greenland, 

some with and some without fi sh. In lakes with 

fi sh present the tadpole shrimp, Lepidurus arcticus, 
is absent and the sediment hosts many remains of 

the dominating microcrustaceans Chydorus sphaeri-
cus and Alona sp., which take advantage of the 

lack of competition for food and predation from 

the omnivorous Lepidurus. However, when fi sh 

are lacking Lepidurus is abundant and there are 

only few remains of the microcrustaceans. Hence, 

changes in the abundance of fi sh will not only 

directly but also indirectly affect trophic dynamics 

in the pelagic and the sediment and the interactions 

among the two environments. Moreover, Rautio 

and Vincent (2006, 2007) demonstrated by studies 

of fi shless ponds in the Arctic and Sub-Arctic that 

not only fi sh and Lepidurus but also zooplankton 

may depend on the benthic production either after 

resuspension into the water, or for some species by 

foraging at the sediment surface.
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stabilization during the summer. Also, many bio-

geochemical and biological processes change with 

changes in the overall thermal regime. The spe-

cies composition as well as their interactions may 

changes as restrictions in tolerance to temperature 

are undergoing changes.

Large regions of the Arctic tundra are covered 

by organic soils and peat. With increasing tem-

peratures and permafrost thawing, the previously 

freeze-preserved organic matter is mobilized 

(Michaelson et al. 1998; Kawahigashi et al. 2004) and 

oxidized by microorganisms, partly under anoxic 

conditions into methane, or completely  oxidized 

to carbon dioxide. Siberian thaw lakes have been 

shown to export large amounts of methane to the 

atmosphere via the degradation of organic carbon 

that has been stored in the permafrost since the 

Pleistocene (Walter et al. 2006). Warming of the 

Arctic is expected to enhance these fl uxes, which 

may be a major positive feedback mechanism of 

global warming. The oxidation of organic matter 

takes place partly in lakes and ponds, and repre-

sents an increasing subsidy to the lake food web via 

bacterial utilization of allochthonous organic mat-

ter. Moreover, the massive production of  methane 

in these lakes probably supports methanotrophic 

bacteria in the water, which can be prey for bac-

terivores. A similar food-web connection from 

methane to metazooplankton via methanotrophic 

bacteria has previously been described for lakes in 

the boreal region (Bastviken et al. 2003).

In Antarctic lakes, benthic microbial mats are 

a major source of primary production but are 

affected by any change in the many physical fac-

tors affecting incident radiation, such as snow 

cover, ice thickness, attenuation in water column, 

etc. Moorhead et al. (2005) evaluated the response 

of simulated mat production (see below) to changes 

in incident radiation by varying transmission 

through the overlying ice as a surrogate for cli-

mate change (Doran et al. 2002). Current transmis-

sion through the permanent ice on Lake Hoare, in 

the McMurdo Dry Valleys, is less than 5% of inci-

dent intensity, but increasing transmittance above 

5–7% had little impact because photosynthesis is 

saturated at this level. A sensitivity analysis of 

model behavior suggested that uncertainties in 

mat respiration rates were more important than 

possibly also of silt and clay in the lakes receiving 

glacial water. Higher nutrient loading may lead to 

increased phytoplankton production, and over a 

longer time period decomposition of accumulated 

organic material may lead to oxygen depletion 

under ice in winter and mortality of Arctic char, 

especially in shallow lakes where the water vol-

ume under ice is modest. However, input of silt in 

glacial lakes will result in lower light penetration 

and thus lower primary production. Changes in 

temperature and precipitation may also lead to the 

reduction or even loss of permanent ice covers on 

high-latitude lakes, with impacts that are diffi cult 

to extrapolate.

If precipitation also increases in summer, the 

associated runoff, and possible earlier ice melt, will 

lead to increased input of humic materials, stimu-

lating growth of bacteria and other microzooplank-

ton, which may support growth of higher trophic 

 levels (Jeppesen et al. 2003a). These contributions 

to organic matter could increase the risk of oxygen 

depletion in winter when the lakes are covered by 

ice. Higher humic content, however, will result in 

improved protection of fi sh and microzooplank-

ton against ultraviolet (UV) radiation because the 

attenuation of light in the water column, espe-

cially at short wavelengths, will increase due to 

increased concentrations of absorbing dissolved 

organic compounds. The result may be a decreased 

level of pigment production by crustaceans, which 

 perhaps would also reduce predation risk. A 

reduction of UV radiation in the water column will 

probably increase hatching success of fi sh eggs and 

more fi sh fry will survive. This would be particu-

larly important in shallow lakes, which because of 

their low depth are especially vulnerable to effects 

of UV radiation. If the ice-free season is shortened 

and there is increased cloudiness, there would be a 

corresponding reduction in the duration and mag-

nitude of UV radiation.

The overall increase in air temperatures in some 

polar regions implies that average water tempera-

tures are increasing (e.g. Quayle et al. 2002). The 

thermal conditions in both shallow and deeper 

lakes undergoing changes have far-reaching impli-

cations, such as development of thermal stratifi ca-

tion, increased heat capacity of the water mass, thus 

providing longer ice-free periods, and water- column 
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15.4 Case studies

15.4.1 Energy flow in Ace Lake and 
Lake Fryxell, Antarctica

A simple budget model (K.C. McKenna et al., 
unpublished results) was used to estimate carbon 

fl ow through the pelagic food webs of both Ace 

Lake and Lake Fryxell (Figure 15.5a) based on fi eld 

observations collected at several depths from both 

lakes at approximately 2-week intervals, including 

rates of  photosynthesis, implying more sensitiv-

ity to changing temperatures than light regimes. 

However, earlier analyses of Sombre Lake, on mari-

time Antarctic Signy Island, identifi ed the persist-

ence of ice and snow cover on seasonal ice cover as 

being the most important determinants of annual 

mat production, largely due to the high albedo of 

snow (Moorhead et al. 1997). For these reasons, 

predicting impacts of climate change on Antarctic 

lakes is very  uncertain.
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Figure 15.5 Diagrams of carbon fl ow among trophic groups in the pelagic food webs of (a) Lake Fryxell and (b) Ace Lake. Included are 
bacteria (BACT), photosynthetic nanoplankton (PNAN), larger-celled algae (Algae), Mesodinium rubrum (MESO), heterotrophic nanoplankton 
(HNAN), bacterial-feeding ciliates (BCIL), fl agellate-feeding ciliates (FCIL), rotifers (ROTI), juvenile copepods and dinofl agellates (J’n’D), and 
adult copepods (ADULT). NPP, net primary production.
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 nanofl agellates and bacteria, and productivity of 

M. rubrum, in Ace Lake. Although these results 

revealed few indications of top-down control by 

top predators, signifi cant relationships between 

the top predators and other measures of commu-

nity structure and function were more common 

and stronger in the more productive Ace Lake, 

which is located almost 10° south of Lake Fryxell. 

Perhaps this indicates a change in trophic relation-

ships accompanying a gradient in primary produc-

tion similar to those reported in Sub-Antarctic and 

Arctic lakes (see above).

15.4.2 Reverse spatial subsidies model 
for Antarctic landscapes

One of the peculiar characteristics of the Antarctic 

dry valleys is the balance in exchange of organic 

material between terrestrial and aquatic habitats. 

Although many freshwater communities receive 

relatively large subsidies of allochthonous organic 

matter from adjacent terrestrial ecosystems, this 

balance is reversed in the dry valleys. Hopkins 

et al. (2006) and Moorhead (2007) present similar, 

conceptual models describing organic-matter pro-

duction in these freshwater habitats, with subse-

quent dispersed to adjacent soils. These models 

are similar to one proposed by Polis et al. (1997) for 

the dispersal of marine-derived organic materials 

along desert coastlines, and may be a characteristic 

of deserts both hot and cold.

Elberling et al. (2006) found that the rate of 

organic-matter accumulation along the shores of 

Lake Garwood (latitude 78°01�S; Garwood Valley, 

McMurdo Dry Valleys) was 30 times greater than 

the rate of carbon dioxide effl ux from these mat-

erials, suggesting that turnover largely resulted 

from physical displacement rather than decay. 

Moreover, this displaced material could supply the 

entire pool of organic matter found in the surface 

1-cm soil layer of the valley within 1.4–14 years. In 

comparison, Moorhead et al. (2003) and Moorhead 

(2007) found organic-matter accumulations along 

the margins of several ponds and streams in the 

McMurdo Dry Valleys, partly resulting from wave 

action and partly exposed by declining water 

 levels. Indeed, soil organic-matter concentrations 

decline with distance from edges of lakes (Powers 

two summer seasons (Bell and Laybourn-Parry 

1999; Roberts and Laybourn-Parry 1999; Laybourn-

Parry et al. 2002, 2005; Madan et al. 2005). Details of 

the modeling approach are described in McKenna 

et al. (2006), but in brief, they used an hourly time 

step to compute daily fl ows of carbon between 

trophic groups (Figure 15.5b) assuming  steady-state 

conditions in which losses from compartments 

were met by inputs:

Ii = Pi + Ri + Ei (15.1)

where I is input (uptake), P is predatory loss, R is 

respiration, and E is egestion for each group. Results 

showed that relationships between the top preda-

tors and other measures of community structure 

and function differed between the two lakes. For 

example, the heterotrophic community accounted 

for only 6% of the total biomass in the food web of 

Lake Fryxell, with rotifers representing only 14% 

of this amount. No signifi cant relationship existed 

between rotifer biomass and any other group. In 

contrast, heterotrophs accounted for 56% of the 

total biomass in the pelagic food web in Ace Lake, 

with adult copepod biomass representing about 

20% of this amount and signifi cantly related to bio-

mass of photosynthetic nanofl agellates.

Relationships between carbon uptake rates by 

the top predator and other trophic groups also were 

stronger in Ace Lake perhaps because  estimates of 

carbon fl ux (eqn 15.1) were strongly related to bio-

mass, and the biomass of the top predator in Ace 

Lake represented a much larger fraction of the total 

community than in Lake Fryxell. Carbon uptake 

by rotifers in Lake Fryxell was signifi cantly related 

to uptake rates for only three other groups: fl ag-

ellate-feeding ciliates, other heterotrophic ciliates, 

and photosynthetic nanofl agellates (Figure 15.5a). 

In contrast, uptake rates for adult copepods in 

Ace Lake were related to uptake rates of all other 

groups except heterotrophic ciliates and photosyn-

thetic bacteria (Figure 15.5b). The relative carbon 

demand of the top predator accounted for less than 

2% of total community carbon fl ow in Lake Fryxell 

and less than 5% of total community carbon fl ow 

in Ace Lake. However, this demand was seldom 

related to the carbon fl ow or biomass of any other 

group in Lake Fryxell. In contrast, demand was sig-

nifi cantly related to biomass of both heterotrophic 
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et al. 2008). The lakes, Sommerfuglesø and 

Langemandssø, are shallow (maximum 6 m) 

and of similar size (≈0.01 km2). In both lakes, the 

 1–2-m-thick ice cover starts melting near-shore in 

mid-June, but they are usually only ice-free from 

mid- or late July until the second half of September. 

One lake (Langemandssø) houses a fi sh popula-

tion of dwarf Arctic char that matures sexually at 

a size of only 11–13 cm. Their density is very low 

(Jeppesen et al. 2001).

The phytoplankton biomass is dominated (often 

95% of total biomass in terms of biovolume) by 

chrysophytes in both lakes. The most import-

ant taxa in Sommerfuglesø are chrysophytes, 

Stichogloea spp., and Dinobryon bavaricum, while 

chrysophytes, Dinobryon bavaricum, Dinobryon bore-
ale, Kephyrion boreale, and Ochromonas spp. dominate 

in Langemandssø. In addition, several dinofl agel-

lates (Gymnodinium spp. and Peridinium umbonatum 

group) as well as nanofl agellates (Sommerfuglesø) 

and green algae (Langemandssø) occur. The zoo-

plankton community in Sommerfuglesø consists of 

the cladoceran Daphnia pulex, the copepod Cyclops 
abyssorum alpinus, and the rotifers Polyarthra dolicop-
thera and Keratella quadrata. The fact that D. pulex 

dominates the community probably explains the 

low abundances of copepods and rotifers. C. abysso-
rum alpinus and P. dolicopthera dominate the com-

munity in the fi sh-containing Langemandssø.

During the 9-year monitoring period, the 

date of 50% ice cover in Sommerfuglesø and 

Langemandssø has varied by almost a month. The 

earliest was mid-June (2005) and the latest was 

mid-July (1999). This timing clearly coincides with 

the average spring snow cover of the entire valley 

as a correlation exists between snow cover in early 

summer (as recorded by June 10) and the timing 

of the ice-melt and thus water temperatures (aver-

aged for the water column and for the summer) 

(Christoffersen et al. 2008). This relationship also 

applies to the other water bodies in the area. The 

tight coupling between snow cover, ice-melt, and 

water temperature also affects the appearance of 

the planktonic communities. Increased water tem-

peratures correspond to increased chlorophyll a 
and zooplankton abundance.

The concentration of phytoplankton (expressed as 

chlorophyll) varies from year to year and between 

et al. 1998; Fritsen et al. 2000; Elberling et al. 2006), 

ponds (Moorhead et al. 2003), and streams (Treonis 

et al. 1999) in the dry valleys.

Both Hopkins et al. (2006) and Moorhead et al. 
(2003) suggested that wind movements infl uenced 

distributions of organic matter in dry valley soils, 

and Moorhead (2007) captured more organic mat-

ter dispersing from a pond in pitfall traps located 

in the primary directions of wind movement. An 

average 0.34 gC m−2 day−1 of organic matter accu-

mulated in pitfall traps, which is about an order of 

magnitude larger than rates of primary production 

for benthic microbial mats (Moorhead et al. 1997, 

2005; Hawes et al. 2001). This difference between 

rates of production and dispersal suggests that pri-

mary production within littoral zones of lakes and 

ponds may concentrate across space and/or time 

along the margins of water bodies before disper-

sing to the surrounding landscape (Moorhead et al. 
2003; Elberling et al. 2006; Moorhead 2007).

These spatial subsidies have broad implica-

tions to patterns of biodiversity in the dry val-

leys because soil organic carbon is among the 

most important determinants of biodiversity 

in Antarctic soils (Powers et al. 1998; Wall and 

Virginia 1999; Moorhead et al. 2003). Anderson and 

Wait (2001) proposed a subsidized island biogeo-

graphy hypothesis, in which organic-matter inputs 

from the surrounding matrix supported a greater 

 diversity per unit productivity on islands than 

could be explained on the basis of in situ  primary 

production. The Antarctic dry valleys simply 

reverse the usual pattern of a large surrounding 

aquatic ecosystem subsidizing smaller terrestrial 

islands, by supplying the surrounding matrix 

of arid soils with organic subsidies provided by 

small ‘islands of water’. The aquatic subsidy to the 

terrestrial environment in these Antarctic water-

sheds is an interesting illustration of lakes being 

hot spots of carbon cycling in the landscape (Cole 

et al. 2007).

15.4.3 Nine years’ monitoring of two small 
lakes in northeast Greenland

The chemical and biological characteristics of two 

lakes in northeast Greenland (Zackenberg, 71°N) 

have been monitored since 1997 (Christoffersen 
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together contributed 93% of total phytoplankton 

abundance in Sommerfuglesø, while dinofl agel-

lates constituted 89% of the phytoplankton in the 

deeper and colder Langemandssø. The average 

phytoplankton biomass reached its highest level 

in 2003. From multivariate analyses it seemed that 

Nostocales (cyanobacteria) and diatoms decreased 

in importance while dinophytes and chrysophytes 

increased with rising levels of chlorophyll a, tem-

perature, and conductivity in the lakes.

the two lakes (Figure 15.6) in accordance with 

annual changes in the concentrations of nutrients 

(nitrogen) and water temperature. The low average 

water temperature and low nutrient concentrations 

recorded in 1999 led to lower phytoplankton abun-

dance and dominance of dinophytes compared to 

the warmer season of, for example, 2001 with chrys-

ophyte dominance. In 1999, ice-melt did not occur 

until late July, and the average water temperature 

was therefore low. Chrysophytes and dinophytes 
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Many of them are  subsidized from the surround-

ing catchment areas via downstream fl ow of 

organic matter that provides an additional energy 

source, in the same manner as lower latitude lakes. 

However, High Arctic lakes and Antarctic lakes 

include examples where barren watersheds pro-

vide insignifi cant amounts of organic matter, and 

in the Antarctic dry valleys there are even cases 

where lakes subsidize the surrounding terrestrial 

habitat with organic matter. The polar regions are 

expected to experience considerable warming in 

the near future, which will also affect the food 

webs of lakes. Among these effects we foresee 

increased allochthonous organic matter concen-

trations in the water, resulting in an increased 

terrestrial energy subsidy, but also enhanced risk 

of winter fi sh kills due to higher oxygen demand, 

and decreased penetration of UV in the water col-

umn, which decreases UV stress on zooplankton 

and other organisms.
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Svalbard and northern Scandinavia, and by the 

mid-twentieth century in North America. Military 

activity during World War II and the Cold War was 

another major factor, bringing airports and mili-

tary bases to locations that previously would have 

been technically impractical or uneconomic. Thus 

for different reasons human activity has increased 

quickly in both polar regions. Irrespective of the 

driver for growth, increased activity brings with 

it growing risks of environmental disturbance and 

impacts.

Just as distance has been no barrier to human 

activity at high latitudes, neither can it prevent the 

by-products of the modern world reaching these 

regions. Despite the great distances that separate 

the polar regions from the major population and 

industrial centres, global circulation processes 

link the Arctic and Antarctic with the rest of the 

world and deliver to them many of the atmospheric 

changes and pollutants that are the consequences 

of modern life.

16.1 Introduction

The polar regions are among the most remote and 

the least populated parts of the planet; however, 

they are not immune from the impacts of human 

activity occurring both within their own regions 

and elsewhere on the planet. Until relatively 

recently human activities in Antarctica have been 

limited to occasional visits; as a consequence, the 

potential for direct environmental impacts has also 

been limited. In the last few decades growing inter-

est in the Antarctic for both science and tourism 

has signifi cantly increased the numbers of visitors 

and the infrastructure required to support them.

Thousands of years of traditional activities of 

indigenous people in the Arctic have given way to 

increasing industrial and military activities over 

the past century. The abundant resources of the 

Arctic and their relative proximity to populated 

areas of Europe and North America have resulted 

in industrial activity such as mining in the Arctic, 

beginning in the 1920s in Russia, even earlier in 

CHAPTER 16

Direct human impacts on 
high-latitude lakes and rivers
Martin J. Riddle and Derek C.G. Muir

Outline

In this chapter we review and compare possible causes of environmental impacts to lake and river sys-

tems in the Arctic and Antarctica, with emphasis on the direct effects of local human activities. Potential 

impacts fall into three broad categories: physical processes; chemical contamination; and the introduction 

of exotic species, including microbial contaminants, and in this chapter we focus on physical and chemical 

impacts. By way of examples, we illustrate similarities and differences between the Arctic and Antarctic 

and identify characteristics of high-latitude lake and river systems that may infl uence their susceptibility 

to anthropogenic disturbance, including potential cumulative or synergistic effects of local disturbance 

during a time of rapid global change.
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Table 16.1 Processes that have contaminated or could contaminate high-latitude lake and river systems and their effects.

Impacting process Effect on water bodies

Local human activity
Physical processes Catchment disturbance leading to erosion and 

sedimentation
Increased turbidity and reduced light penetration

Turbulence and mixing created by divers or 
instrument deployment

Destruction of water-column stratification

Use for cooling waters Change in the thermal balance
Damming, diversion of rivers, and removal of lakes Change in hydrodynamics, loss of fish habitat

Chemical contamination Fuel spill Smothering (high concentrations)
Direct toxicity (moderate concentrations)
Provision of microbial substrate (low concentrations)

Industrial waste disposal sites, mining effluent, 
oil and gas drilling wastes, nuclear reprocessing 
effluent

Direct toxicity from range of metals and metalloids, 
radionuclides, pharmaceuticals and personal care 
products, and hydrocarbons

Municipal sewage effluent disposal C, N, P enrichment, eutrophication
High biological oxygen demand, shift towards anaerobic 

conditions
Airborne emissions from smelters, energy 

generation and other combustion sources
Acidification of regional lakes from SO2 and NOx 

deposition, contamination from metal deposition, e.g. 
mercury

Radiation releases from industry, nuclear weapons 
testing, from nuclear processing and storage 
sites, from underground non-military uses 
(mining, river-diversion projects)

Exposure of humans and wildlife in arctic and Sub-Arctic 
Russia; localized contamination of freshwaters near 
sources in Russia

Petroleum hydrocarbon discharges to land and 
fresh water from pipeline breaks and other 
accidents

Direct toxicity to algae, macrophytes, and wildlife, fouling 
of river habitat

Biological invasions Sewage effluent disposal Competition, predation, and grazing on native 
communities

Translocation on equipment Competition, predation, and grazing on native 
communities

Habitat modification and climate change Arrival of pathogens and competing species

Global processes
Physical processes Climate change (local warming or cooling) Changes to ice cover and subsequent changes to light 

penetration and wind-driven mixing
Changes to precipitation regimes and consequent 

changes to hydrodynamics
Changes to wind regimes and consequent changes to 

wind-driven mixing and aeolian sediment flux
Ozone depletion Increased exposure to ultraviolet radiation

Chemical contamination Global transport of volatile organic chemicals Main concern is exposure of wildlife and humans 
to persistent and bioaccumulative chemicals that 
biomagnify in the food chain; direct toxicity is generally 
not an issue 

Arctic haze and acid rain pH change
Atmospheric transport and deposition of 

radionuclides
Emissions from the Chernobyl nuclear accident; emissions 

deposited in Scandinavia and Russian surface waters
Biological introductions Climate warming and amelioration Competition, predation, and grazing on native 

communities
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of water in large quantities for operational reasons, 

or by rising bubbles generated by the use of open-

circuit breathing apparatus during diving oper-

ations. However, the one study to have examined 

the effects of diving in a closed-basin, ice-covered 

lake was unable to detect any changes in a range of 

physicochemical properties or in microbial distri-

butions attributable to diving (Kepner et al. 2000).

High-latitude soils are particularly prone to 

structural damage from even slight physical dis-

turbance because they are typically low in organic 

material, lack cohesion, and are either loose or 

only weakly consolidated (Campbell and Claridge 

2004). Natural deposits in the High Antarctic are 

predominantly coarse sand and gravel with little 

or no silt or clay (Burgess et al. 1992) and once dam-

aged the freeze–thaw process may take many years 

to recreate thermokarst soil structure. The presence 

of a permafrost layer below the surface provides 

some protection against erosion but also provides 

a surface on which free water can fl ow, leading 

to channelization (Burgess et al. 1992). If roads or 

tracks are created in steeply sloping catchments 

the lack of cohesion of surface material and the 

presence of permafrost prevents the construction 

of side cuts and encourages routes perpendicular 

to the contours, which further enhances erosion 

(Burgess et al. 1992).

In the Larsemann Hills (East Antarctica) 

increased turbidity of some lakes has been attrib-

uted to damage to soil structure caused by  vehicles, 

and even by foot traffi c, causing changing drainage 

patterns and increasing sediment runoff in catch-

ments (Ellis-Evans et al. 1997; Kaup and Burgess 

2003). Increased turbidity in a previously transpar-

ent oligotrophic lake (No Worries Lake) caused a 

reversal of the inverse temperature stratifi cation 

seen in the other natural lakes in the area into 

direct stratifi cation with higher water tempera-

tures in the upper layers (Kaup and Burgess 2003). 

Before the Zhongshan Station was established in 

its catchment in 1989, the No Worries Lake in the 

Larsemann Hills was a slightly brackish, clear, 

shallow lake very similar to others in the area 

(Ellis-Evans et al. 1997) with a gravel catchment and 

virtually no terrestrial vegetation. By 1993 the lake 

was surrounded by buildings and vehicles, and 

had planktonic microbial communities markedly 

Three broad categories of environmental impacts 

may be defi ned (Table 16.1):

physical perturbations, such as the addition of • 

inert sediment particles, turbulence or mixing, 

modifi cation of incident light, addition of heat;

chemical contamination caused by the intro-• 

duction of pollutants; for example, via oil spills or 

waste disposal, as well as by atmospheric deposi-

tion; for example, acidifying substances, radionu-

clides, industrial chemicals, and pesticides;

the addition of biological elements, such as the • 

invasion of non-native species or the introduction 

of genetic material.

Although these categories are convenient, we 

recognize that in many situations impacts are 

complex and may be caused by combinations of 

physical, chemical, and biological processes. For 

example, release of sewage into a lake may change 

thermal stratifi cation and reduce light penetration 

by increasing suspended sediment loads  (physical), 

while increasing naturally occurring nutrients to 

levels well above normal (chemical), and intro-

ducing non-native microorganisms (biological). 

Beyond documenting the temporal and spatial 

extent of contamination, the biological or ecologi-

cal impacts of most chemical and biological pol-

lutants have generally not been investigated in the 

polar freshwater environments.

16.2 Physical impacts

Lake and river systems can be affected by phys-

ical processes occurring both in their catchments 

and in the water bodies themselves. Catchment 

processes include ground disturbance leading to 

compaction, channeling, erosion and increased 

sedimentation, and changes to topography, per-

haps through the establishment of buildings or the 

creation of snow banks during road maintenance 

leading to downwind changes in snow accumu-

lation and subsequent changes to water budgets. 

Water-column stratifi cation is a common feature 

of many high-latitude lakes and, for those lakes in 

which it occurs, it is perhaps the defi ning feature 

controlling the characteristics of all other ecosys-

tem processes. Stratifi cation is vulnerable to phys-

ical disturbance, such as mixing caused by removal 
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depending on climatic conditions and perma frost 

stability (Robertson et al. 1998).

Most of the road building and physical disturb-

ances related to coal- and metal-mining activity, 

military activities, oil and gas exploration, and 

hydroelectric development have been in regions 

linked geographically to more southerly Sub-Arctic 

and temperate regions (e.g. Kola Peninsula, the 

Pechora River basin, and southern Taimyr regions 

in Russia, Mackenzie Delta (oil and gas) and Lac 

La Gras (diamonds) in Canada, and Prudhoe Bay 

(oil and gas) in Alaska). This kind of develop-

ment is more limited in the High Arctic islands. 

Nevertheless there has been mining activity (mainly 

for coal) in Svalbard since the early twentieth cen-

tury by Russian, North American, and Norwegian 

companies. Base-metal mines have also have oper-

ated or continue to operate in Canada (northern 

Baffi n Island, Little Cornwallis Island) and in west 

Greenland.

16.3 Chemical impacts

Chemical contamination of freshwater systems in 

Antarctica is limited to a few locations very close to 

station infrastructure (a few hundred meters). These 

water bodies are effectively part of station facilities, 

being used for water supply, cooling, or receipt of 

brine from desalination plants. In general, water 

bodies more than 1000 m from the station infra-

structure are at uncontaminated background  levels. 

Commonly, if pollution is present in Antarctica, 

several contaminants are involved; for this reason 

we discuss Antarctic  contamination principally 

by location rather than by type. The story of con-

tamination in Arctic lakes and  rivers is much more 

complex (more extensive and more severe) than in 

the Antarctic and to  simplify the Arctic story we 

discuss it by categories of  pollutants.

16.3.1 Chemical contamination in Antarctica

Studies of chemical pollution in Antarctic fresh-

water systems provide a mixed story of contamina-

tion. Some studies have indicated that trace metals 

in water bodies close to Antarctic stations are at 

naturally occurring levels and are not related to 

human activities, for example, Jubany Station, King 

different from other lakes in the Larsemann Hills. 

These changes were attributed to human activities 

in the catchment, altering meltwater and sediment-

input patterns and to recycling of lake water to 

facilitate cooling of the station generators resulting 

in bottom-water warming, which appeared to pro-

mote heterotrophic microbial activity even under 

winter ice cover (Ellis-Evans et al. 1997).

Most of the large Arctic rivers begin their fl ow 

south of the Arctic, including the major rivers of 

Siberia (Ob, Yenisey, and Lena) and the Mackenzie 

River in Canada while numerous smaller  rivers 

have headwaters within the Arctic. Flows are 

largely infl uenced by precipitation and spring 

time ice/snow melt because permafrost under-

lying most of Arctic river drainages limits water-

storage capacity (Woo et al. 1992). Although most 

north-fl owing rivers have not been dammed or 

modifi ed, major exceptions are the La Grande 

hydroelectric project on the eastern side of James 

Bay in Québec, the Churchill River diversion 

and hydroelectric plants on the Nelson River in 

Manitoba on the western side of Hudson Bay, and 

the Kransnoyarskoye Reservoir on the Yenisey 

River in Siberia. The Mackenzie River drainage in 

western Canada has seen extensive development 

in its southern reaches (which include northern 

Alberta and northeastern British Columbia due to 

the Athabasca River and Peace River drainages). 

The Athabasca River fl ows through the Athabasca 

oil sands, large deposits of oil-rich bitumen located 

in northeastern Alberta, which are the subject of 

massive surface mining and in situ steam injection 

of deeper bitumen deposits. However, waste water 

emissions to the river from bitumen upgrader facil-

ities is minimized by large reservoirs and there is 

little evidence yet of downstream contamination 

(Evans et al. 2003).

Physical disturbances to lakes and smaller rivers 

in the Arctic are too numerous to list all locations 

where they occur. Causes include road building, 

oil and natural gas pipeline construction, and sur-

face and subsurface mining, oil and gas drilling. 

Associated with these activities have occasionally 

been drainage of small lakes and construction of 

bridges, small dams, and weirs. Oil-exploration 

wastes are usually discharged to small reservoirs 

(sumps). The effi ciency of these sumps  varies widely 
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Lake Vanda station was removed in 1994, leaving 

residual chemical contamination including dis-

crete fuel spills, locally elevated heavy metals in 

soils, and elevated phosphate concentrations in 

supra-permafrost fl uids in a gully formerly used 

for domestic washing water disposal (Webster et al. 
2003). Overall, it was concluded that although some 

contaminants, particularly zinc, could be select-

ively leached from fl ooded soil during rising lake 

levels, the small area of contaminated soils exposed 

and low level of contamination was not likely to 

adversely affect shallow-lake water quality.

16.3.2 Acidifying substances and nutrients

Arctic haze (Kerr 1979) and acid rain (Koerner and 

Fisher 1982) are both caused primarily by indus-

trial and urban emissions of sulphur dioxide and 

the nitrogen oxides (NOx) forming sulphuric acid 

and nitric acid in the atmosphere which reach the 

ground as precipitation (Iversen and Joranger 1985). 

Acid rain is a major environmental concern in the 

European Arctic but as yet has not been recorded in 

Antarctica (Legrand and Mayewski 1997). The dif-

ference between the two polar regions is explained 

by the concentration of industry in the north and 

Antarctica’s physical separation from the industrial 

world by the Southern Ocean.

Skjelkvåle et al. (2006) and Kämäri et al. (1998) 

have reviewed the spatial extent, concentrations and 

sensitivity of Arctic lakes to acidifying pollu tants 

(mainly sulphate and nitrate). In the  1960–1970s 

direct damage to forests and fi sh was reported 

in the industrial areas of Nikel, Zapolyarnyy, 

and Monchegorsk in the Kola Penninsula and 

lake acidifi cation related to acid deposition from 

mid- latitude European sources (e.g. the UK and 

Germany) became evident throughout Scandinavia 

at about the same time. Long-term monitoring indi-

cates that lakes in the Kola Peninsula region are 

recovering from acidifi cation and that this is due 

to reduced sulphur deposition originating both 

from central Europe and from smelters in the Kola 

region. Fortunately, much of the Arctic—for exam-

ple Canadian and Alaska tundra, the Pechora basin 

and the Ob River basin in Siberia—has relatively 

high buffering capacity due to high base saturation 

in soils. As a consequence there have been fewer 

George Island (Vodopivez et al. 2001). Other studies 

indicate some contamination of water bodies from 

human activities, for example, in the Larsemann 

Hills polyaromatic hydrocarbons (PAHs) were ele-

vated in some water samples from tarns with sta-

tion facil ities in their catchments (Goldsworthy et al. 
2003) and trace metal concentrations were slightly 

higher in lakes close to station facilities (Gasparon 

and Burgess 2000). Biological activity and freeze–

thaw cycles were found to be important for regula-

tion of trace metal concentrations in the Larsemann 

Hills, rather than the amount and supply of clastic 

sediment (Gasparon and Matschullat 2006).

Oil-derived hydrocarbons are the most common 

fuel in most remote areas and there is a risk of oil 

spill wherever they are used. At Australia’s Casey 

Station a visible sheen appears each summer on 

the surface of a shallow tarn (area ≈1000 m2) down 

slope from a storage facility that leaked about 

5000 L of Special Antarctic Blend diesel fuel in 

1999. In the mid-1990s at Davis Station, also oper-

ated by Australia, oil leaked from fuel drums into 

the tarn used for station water supply in concentra-

tions high enough to damage fi lters in the reverse-

osmosis water-treatment plant. The same tarn has 

been subject to gradually rising salinity because 

of returned saline waste water from the reverse 

osmosis plant. On the Fildes Peninsula, King 

George Island,  concentrations of heavy  metals 

and organic matter in water close to stations were 

reported to be higher than in reference locations 

(Zhao et al. 1998).

Early recognition of a potential problem and 

intervention (Hayward et al. 1994) appears to have 

averted signifi cant contamination of Lake Bonney 

(Parker et al. 1978) and Lake Vanda (Webster et al. 
2003), both in the McMurdo Dry Valleys, where ris-

ing lake levels threatened to engulf sites previously 

occupied by fi eld stations. The accommodation hut 

at Lake Bonney was removed and the chemistry 

laboratory relocated to higher ground in October 

1977 after 15 years of occupation. A subsequent 

assessment of the environmental impacts at the 

Lake Bonney site indicated that there had been both 

accidental spills and leaks, and wilful violations 

of environmental constraints, such as disposal of 

spent lubricants, human waste, and kitchen wastes 

to soils and streams (Parker 1978). New Zealand’s 
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resulted in marked shifts in diatom species assem-

blages coincident with sewage inputs beginning in 

the late 1940s (Michelutti et al. 2002c).

Some high-latitude lakes and ponds are nat-

urally eutrophic as a result of marine animals; for 

example, lakes and ponds in penguin rookeries in 

Antarctica (Vincent and Vincent 1982) and near 

seabird colonies in the Arctic (Evenset et al. 2004; 

Blais et al. 2005). In the latter studies, the extent 

of seabird infl uence, using stable nitrogen isotope 

ratios (�15N) as a proxy, was strongly correlated 

with polychlorinated biphenyl (PCB) concentra-

tions in sediments.

16.3.3 Heavy metals

Ford et al. (2005) and Dietz et al. (1998) have summa-

rized the information available on heavy metals in 

Arctic lake and river sediments with an emphasis 

on the toxic metals mercury, cadmium, and lead. 

As with lake waters, the most detailed surveys of 

Arctic lake sediment enrichment factors (the ratio 

of concentrations or fl uxes in recent sediment hori-

zons compared to pre-industrial horizons) for heavy 

metals are from Scandinavia; however, a circumpo-

lar picture can be developed due to relatively good 

coverage throughout the Arctic. Contamination of 

Arctic lakes by heavy metals is closely associated 

with deposition of sulphate and nitrogen oxides. 

Very elevated concentrations of copper and nickel 

were reported in lakes and rivers in the Murmansk 

region of the Kola Peninsula with values of both 

metals generally exceeding 10 µg L−1 within a 30-km 

radius of the mining and smelting complexes in 

the region (Dietz et al. 1998; Skjelkvåle et al. 2001). 

The contamination of two large lakes in the region, 

Lake Kuetsjärvi in the Pasvik river near the border 

with Norway, and Lake Imandra in the Niva river 

basin has been well documented (Lukin et al. 2003; 

Moiseenko et al. 2006). In Lake Imandra, nickel and 

copper concentrations in water have declined dur-

ing the 1990s due to reduced emissions but remain 

elevated and as of 2003 still exceeded background 

concentrations in other Kola and Scandinavian 

lakes by fi ve to 10 times (Moiseenko et al. 2006). 

The most recent Scandinavian survey of metals 

in surface waters (1995) concluded that bedrock 

and surfi cial  geology were important factors for 

impacts on lakes near Norilsk in the southern 

Taimyr peninsula region, site of the largest base 

metal smelter, and the largest source of sulphur 

dioxide in the Arctic (Blais et al. 1999).

The water chemistry of Arctic lakes is not well 

documented except in Finland, Norway, and 

Sweden where national lake surveys have been 

conducted since 1986, with historical data going 

back to the mid-1960s. A signifi cant proportion of 

the lakes in the Kola Pennisula in Russia, as well as 

in Iceland and Svalbard, have also been surveyed. 

There are relatively few published data on water 

chemistry of lakes in Siberia. Duff et al. (1999) sur-

veyed 81 Arctic lakes from the Taymyr Peninsula, 

the Lena River, and the Pechora River basin. Lake 

pH values were neutral to slightly alkaline in the 

Taymyr Peninsula and the Lena River areas (pH 

6.9–9.2) but some lakes in the Pechora basin were 

acidifi ed (lowest pH = 4.2).

In North America, a large number of lakes and 

ponds have been surveyed (Skjelkvåle et al. 2006) 

but the ability to make regional generalizations 

from available data is much more limited due to 

the vast area and hundreds of thousands of lakes 

and ponds. For example, in Canada’s Northwest 

Territories 70 lakes spanning the treeline were 

categorized as slightly acidic to slightly alkaline 

(pH range = 5.5–8.6) and nutrient-poor (total phos-

phorus ranged from <0.002 to 0.022 mg L−1), and 

a strong trend toward high ion concentrations in 

densely forested areas was observed relative to 

tundra regions (Rühland and Smol 1998) More 

recently the same research group has published 

studies for small lakes on Bathurst Island (Lim 

et al. 2001), Victoria Island and Alex Heiberg Island 

(Michelutti et al. 2002a, 2002b), and Ellef Ringnes 

Island (Antoniades et al. 2003).

There are only a few reports of high nutrient 

loading to lakes in the North American Arctic. A 

well-documented example is the eutrophication of 

Meretta Lake, a small (30-ha) lake at Resolute Bay 

(Nunavut), which received runoff from sewage-

treatment ponds from a nearby airport facility for 

nearly 50 years. Total phosphorus concentrations 

in the lake exceeded 70 µg L−1 in the early 1970s 

(Schindler et al. 1974) but by the 1990s had dropped 

to 5–15 µg L−1, refl ecting reduced inputs (Douglas 

and Smol 2000). The eutrophication of the lake 
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anthropogenic lead in High Arctic sediments. In 

southwestern Greenland, lead concentrations in 

recent sediments were about 2.5-fold higher than 

background and, based on lead isotope ratios 

 indicated the source of lead was mainly from west-

ern Europe (Bindler et al. 2001a). In contrast, a lake 

sediment core from the eastern Taymir Peninsula 

in central Siberia showed no recent lead enrich-

ment (Allen-Gil et al. 2003), suggesting that emis-

sions from the Norilsk smelting complex 300 km to 

the southwest was not a signifi cant regional source 

of lead.

Mercury is the most studied heavy metal in 

Arctic lake sediments. Indigenous peoples in the 

Arctic have elevated blood and hair mercury par-

ticularly in Greenland and Nunavut. Although the 

source for humans is thought to be mainly due to a 

marine diet, freshwater fi sh could be a contributor 

in some regions (Hansen et al. 2003). Results from 

dated sediment cores are useful for examining cur-

rent and historical inputs to freshwater environ-

ments because they permit the history of deposition 

to be inferred and fl uxes to be estimated (Muir and 

Rose 2004). In general the enrichment factors for 

mercury in dated sediment cores from the North 

American Arctic are lower than those of southwest 

Greenland and in the European Arctic (Landers 

et al. 1998). Within Canada, mercury enrichment 

factors are weakly negatively correlated with lati-

tude; that is, they are higher in Sub-Arctic Québec 

than in lakes in the Arctic archipelago or Alaska 

(Muir et al. 2007). There is a lot of variation between 

lakes which may be due to differences in catchment 

to lake area ratios, sedimentation rates, and extent 

of erosional inputs from the watershed (Fitzgerald 

et al. 2005). Mercury deposition has not declined 

in the 1990s in the Canadian Arctic, Alaska, or 

Greenland, unlike what has been observed in 

Sweden (Bindler et al. 2001b) and in some lakes near 

sources in mid-latitude North America (Lockhart 

et al. 1998; Engstrom and Swain 1997) as well as in 

mid-latitude glaciers (Schuster et al. 2002).

There has been speculation that annual mer cury-

depletion events (MDEs) may enhance inputs of 

Hg2+ to lake surfaces and catchments. MDEs occur 

both in the Arctic and Antarctic at polar sunrise 

as a result of interaction of sunlight and bromine 

oxide (Schroeder et al. 1998). However, St. Louis 

 controlling the concentrations of nickel and cop-

per while long-range transported air pollution 

was the major important factor for distribution of 

lead, cadmium, zinc, and cobalt (Skjelkvåle et al. 
2001). It also found that heavy metal pollution in 

Scandinavian Arctic lakes was a minor eco logical 

problem on a regional scale except for the Kola 

region lakes (Skjelkvåle et al. 2001). By comparison 

to Scandinavia/Kola, where about 3000 lakes were 

included in the 1995 survey (Skjelkvåle et al. 2001), 

relatively little information is available on metals in 

lakes in North America, Greenland, and the central 

and eastern Russian Arctic (Skjelkvåle et al. 2006).

Concentrations of heavy metals in major Arctic 

rivers tend to be high by comparison with lake 

waters. Concentrations of copper in the Ob, 

Yenisey, and Lena rivers, the major Russian rivers 

draining into the Arctic Ocean, averaged 4–8 µg L−1, 

slightly higher than in the Mackenzie River and 

other smaller rivers in Canada (3.1 and 1 µg L−1, 

respectively), and much higher than smaller  rivers 

in northern Norway (0.6 µg L−1) (Alexeeva et al. 
2001). Dissolved and suspended concentrations 

of metals vary seasonally and are highest in the 

spring freshet (Hölemann et al. 2005). Kimstach 

and Dutchak (2004) found that mercury, lead, and 

cadmium fl uxes near the outfl ows of the Yenisey 

and Pechora rivers were greatly infl uenced by the 

high fl ows in the spring fl ood period. They con-

cluded that local contamination originating from 

the Norilsk industrial area explained most of the 

observed fl uxes in the Yenisey.

Nickel, copper, and mercury concentrations in 

lake sediments in the Kola Peninsula area of north-

western Russia exceed background concentrations 

by 10–380 times (Lukin et al. 2003). However, metal 

deposition in lake sediments declines rapidly 

with distance from these sources, refl ecting the 

asso ciation of the metals with the coarse aerosol 

fraction which declines exponentially from the 

smelters (Shevchenko et al. 2003).

The extent of deposition of anthropogenic lead 

(i.e. from smelting and use as a gasoline additive) 

has been studied in remote lake sediments from 

Greenland and Canada using the isotope ratio 
206Pb:207Pb. Outridge et al. (2002) found major lati-

tudinal differences in inputs of recent anthropo-

genic and natural lead in Canada with only  limited 
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Industrial Complex near Zheleznogorsk on Yenisey 

River and the Siberian Chemical Combine (SCC) 

on the Romashka River near Tomsk in Siberia are 

sources of radionuclides to the Yenisey and Ob 

 rivers, respectively (Kryshev and Riazantsev 2000). 

Although most of the waste is injected into deep 

wells or buried on site, historically there have been 

substantial discharges of contaminated water from 

both complexes which has led to signifi cant accu-

mulation of radionuclides in bottom sediments and 

biota. In the case of SCC, most of the radionuclides 

discharged are removed from the water as it travels 

fi rst to the Romashka River and Tom Rivers and 

fi nally along the Ob River system, and they are not 

detectable in the lower reaches of the Ob or in the 

Ob estuary (Strand et al. 2004). Global atmospheric 

fallout is the predominant source of the long-lived 

radionuclides 137Cs and 239,240Pu in bottom sedi-

ments of the Ob delta and estuary (Panteleyev et al. 
1995).

Soils in the Russian Arctic have also been con-

taminated by above-ground nuclear explosions 

carried out at Novaya Zemlya test site and also by 

underground nuclear explosions for non-military 

purposes carried out by the former Soviet Union. 

A total of 130 tests were conducted on Novaya 

Zemlya, 88 in the atmosphere, three underwater, 

and 39 underground. Research has shown that 

these explosions led to considerable contamination 

of localized areas. The USA also conducted under-

ground nuclear explosions on Amchitka Island 

between 1965 and 1971. However, radionuclides 

in Amchitka freshwater and terrestrial envir-

onments are essentially of fallout origin (Dasher 

et al. 2002).

The Chernobyl nuclear reactor accident in the 

Ukraine in 1986 also increased 137Cs in soils and 

surface waters in Scandinavia immediately after 

the incident but this isotope and 90Sr (which had 

ten times lower releases at Chernobyl) are now 

both less than 5 Bq m−3 in two Finnish Arctic rivers 

(Saxen 2003). In the northern parts of Scandinavia 

and Finland and northwestern Russia ground dep-

osition after the Chernobyl accident was approxi-

mately 1–2 kBq m−2, which was similar to that due to 

global fallout from nuclear weapons. Lower radio-

nuclide deposition was recorded east of the White 

Sea and in North America (Strand et al. 1998).

et al. (2005) concluded that while MDEs temporar-

ily elevated concentrations of Hg(II) in the upper 

layers of snowpacks much of this deposited Hg(II) 

was rapidly photoreduced to Hg(0), which then dif-

fused back into the atmosphere. Thus the overall 

signifi cance of MDEs in terms of mercury trends in 

Arctic lakes is still a matter of scientifi c debate.

Another factor that might contribute to the 

observed lack of decline of mercury in Arctic sedi-

ments is the warming trend which has become 

apparent especially in the North American Arctic 

(Hassol 2004; Smol et al. 2005). Longer open-wa-

ter seasons and higher temperatures may lead to 

increased phytoplankton productivity thereby 

increasing the rate of mercury scavenging via 

sedimenting particles from the water column into 

sediments (as illustrated in Plate 13). Outridge et al. 
(2005, 2007) have proposed that a signifi cant frac-

tion of recent mercury deposition in High Arctic 

lakes can be attributed to this mechanism.

16.3.4 Radionuclides

The Antarctic Treaty (1959) prohibits military 

activities or the testing of nuclear weapons south 

of 60°S. Since then the use of radionuclides in the 

region have been limited to one nuclear power 

plant operated at McMurdo Station in the Ross Sea 

during 1962–1972 and conservative tracers used 

for research. The Antarctic is subject to fallout of 

radioactive substances liberated to the atmosphere 

from nuclear testing and accidents elsewhere in 

the world and as a consequence anthropogenic 

radionuclides such as 90Sr, 137Cs, 238Pu, and 239,240Pu 

are present in low but measurable quantities in 

Antarctic lake systems (Hedgpeth 1972; Triulzi 

et al. 2001).

Contamination by long-lived, bioaccumulative, 

gamma-ray-emitting radionuclides 137Cs and 90Sr 

has been a major concern throughout the Arctic 

since the 1960s when the fi rst measurements were 

made. Contamination by these and other fi ssion 

products as well as products from nuclear reactors 

is a particularly important issue in the Russian 

Arctic due to past nuclear weapons testing, non-

military nuclear explosions, and waste reprocess-

ing and storage. Two nuclear waste reprocessing 

plants at the Krasnoyarsk Mining and Chemical 
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combustion-related products such as PAHs and 

spherical carbonaceous particles (SCPs). Sediment 

cores from lakes in the Pechora Basin showed high 

SCPs (up to 5000 counts g−1 dry weight), indicative 

of industrial and power hydrocarbon combustion 

sources, but only near industrial centers (Solovieva 

et al. 2002). Rose (1995) produced a SCP profi le for 

a sediment core taken from Stepanovichjärvi, a 

lake within 20 km of Nikel on the Kola Peninsula. 

This core had a peak SCP concentration of 

12 000 counts g−1, much higher than cores from the 

Pechora Basin or from remote lakes in Scandinavia 

or Svalbard (Muir and Rose 2004).

Fernández et al. (1999, 2000) found that PAHs 

in cores from Lake Arresjøen on northwestern 

Svalbard (79°40�N) were primarily pyrolytic in 

origin (i.e. resulting from combustion of coal and 

hydrocarbon fuel). Rose et al. (2004) found highest 

fl uxes of PAHs on Svalbard in Lake Tenndammen, 

a lake within 20 km of the coal-mining towns of 

Barentsburg and Longyearbyen on Svalbard. Total 

PAH fl uxes in southern Yukon lakes ranged from 9.1 

to 174 μg m−2 year−1 whereas two remote lakes in the 

Mackenzie River basin had much higher PAH fl uxes 

(68 and 140 μg m−2 year−1) (Lockhart 1997; Lockhart 

et al. 1997). In general, higher fl uxes of substituted 

PAHs have been found in the Mackenzie River val-

ley and Yukon lakes in Canada compared with the 

European Arctic lakes (Muir and Rose 2004). This 

may be related to natural sources of PAHs rather 

than to combustion sources.

16.3.7 Persistent organic pollutants

Elevated concentrations of PCBs and hexachlo-

robenzene, as well as chlorinated pesticides such 

as DDT and chlordane, in indigenous peoples and 

in top predators in the Arctic were fi rst recog-

nized in the late 1980s and were the stimulus for 

the Stockholm Convention on Persistent Organic 

Pollutants (POPs) (UNEP 2001). The main concern 

with POPs is that they can undergo long-range 

atmospheric transport from urban and agricul-

tural areas in the mid-latitudes and, following 

deposition, can enter aquatic and terrestrial food 

webs where they biomagnify (de Wit et al. 2004). 

POPs undergo global distillation and cold conden-

sation, which are processes whereby volatile and 

16.3.5 Petroleum hydrocarbons

Signifi cant hydrocarbon exploration and develop-

ment, to date mostly land-based, has taken place 

in the Arctic particularly in Alaska, Canada, and 

Russia. The main aquatic environmental issues are 

physical disturbances associated with the explor-

ation and drilling. However, pipeline ruptures are 

also a concern. The largest Arctic crude oil spill 

on land, and one of the world’s largest oil spills, 

occurred due to the leakage of a pipeline in the 

Usinsk region of the Komi Republic in Russia. 

Released oil fl owed into the Kolva and Usa rivers 

in the Pechora River basin. West Siberia is the most 

highly developed and oldest oil and gas region, 

producing about 78% of all Russian oil. In general, 

all Russian Arctic rivers in western Siberia (lower 

Ob River and Pechora River basins) are impacted 

by petroleum hydrocarbon pollution due to oil 

and gas exploration and production (Robertson 

et al. 1998; Iwaco Consultants 2001). Kimstach and 

Dutchak (2004) also found four-ring PAHs (fl uoran-

thene and pyrene) in the lower reaches of the 

Pechora River and concluded that it was affected 

by local sources of PAHs.

Oil spills have also occurred at Prudhoe Bay, 

Alaska, and in the Mackenzie River basin in Canada 

but on a much smaller scale and with limited 

envir onmental impact. There are anecdotal reports 

of contamination of the Mackenzie River from oil 

production at Norman Wells, an oil fi eld develop-

ment on an island in the river, with evidence from 

fi sh tainting (Lockhart and Danell 1992). Dissolved 

alkanes and PAHs in the Mackenzie River occur at 

sub-nanogram- to low nanogram-per-liter concen-

trations and are considered to be mainly of natural 

origin (Nagy et al. 1987; Yunker et al. 1994). High 

PAH values have also been found in suspended 

particulates from the Mackenzie River and are 

thought to be mainly of petrogenic origin (Yunker 

and Macdonald 1995).

16.3.6 Combustion-related hydrocarbons 
and particles

While contamination by petroleum hydrocarbons 

has been relatively well documented, particularly 

in northern Russia, there is far less information on 
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(HCHs) remain the predominant organochlorine 

contaminants in Arctic lake waters (de Wit et al. 
2004). Law et al. (2001) surveyed 13 small temper-

ate and nine Sub-Arctic and Arctic lakes in Canada 

and found that �-HCH concentrations in the Arctic 

and Sub-Arctic lakes were signifi cantly greater 

(0.6–1.7 ng L−1) than those of the small temperate 

lakes (0.09–0.43 ng L−1). The ubiquitous presence of 

�-HCH, which is also the major organochlorine 

pesticide in Arctic sea water, probably refl ects a glo-

bal distillation effect; that is, colder water and air 

temperatures combined with greater degradation 

rates in temperate lakes (Law et al. 2001).

Although lake sediments are the environmen-

tal compartment of choice for examining spatial 

and temporal trends of POPs in Arctic fresh water 

environments, there are relatively few studies com-

pared with heavy metals (Muir and Rose 2004). 

Circumpolar geographic coverage is very incom-

plete, with almost no results from Scandinavia, 

Russia, or Greenland. In the European and Russian 

Arctic the emphasis has been on analysis of surface 

sediments while in the North American Arctic, 

Alaska, and western Greenland full core profi les 

have been analysed to assess fl uxes and temporal 

trends (de March et al. 1998; Muir and Rose 2004; 

de Wit et al. 2004).

Concentrations of POPs such as PCBs and DDT 

are typically very low (low nanogram per gram 

of dry weight) in most Arctic lake sediments and 

large samples and ‘clean’ techniques are needed for 

reliable results. In terms of geographical breadth, 

the largest survey was conducted in the mid-1990s 

by Skotvold and Savinov (2003) who determined 

total PCBs in surface sediments (0–2 cm depth) col-

lected from remote lakes in northern Norway, the 

Svalbard Archipelago, Bjørnøya (Bear Island), and 

tundra lakes along the southeastern Barents Sea 

and the east Siberian coast of Russia. PCB concen-

trations were generally very low, 0.2–1.4 ng g dry 

weight−1, except for Lake Ellasjøen on Bjørnøya 

which had much higher concentrations (35 ng g dry 

weight−1). Subsequent studies showed that this lake 

was impacted by guano from seabirds using the 

lake as a resting area, creating an additional source 

of POPs (Evenset et al. 2004).

Other studies have used north–south transects 

of isolated lakes to infer latitudinal gradients for 

persistent chemicals, such as POPs, evaporate in 

the warmer latitudes and condense out in cooler 

places including at high altitude and high latitudes 

(Goldberg 1975; Wania and Mackay 1993). Traces of 

these wholly anthropogenic chemicals have been 

found, however, in the environment and biota of 

both polar regions (Martin 2002; Priddle 2002). 

However, with a few exceptions, concentrations of 

POPs are very low in Arctic and Antarctic fresh-

water environments (sub-nanogram per liter in 

water, low nanogram per gram in fi sh), because of 

low water solubility, and most exposure of humans 

comes from consumption of marine mammals 

(Hansen et al. 2003). POPs such as PCBs, DDT, and 

chlorinated dioxin/furans are adsorbed onto par-

ticulate organic carbon and tend to settle in pro-

fundal sediments.

There are relatively few studies of POPs in 

Arctic river water. There are major challenges of 

measuring very low concentrations of hydropho-

bic contaminants in these large river systems and 

recent measurements have yielded far lower con-

centrations than previously reported (Carroll et al. 
2008). Kimstach and Dutchak (2004) determined 

total DDT as well as other organochlorine pesti-

cides and PCBs in pooled samples representative 

of cross-sectional sampling of the northern reaches 

of the Yenisey and Pechora rivers in 2001–2002. 

They estimated annual fl uxes of 3760 kg year−1 for 

PCBs and 1200 kg year−1 for total DDT using long-

term average fl ows for the Yenisey. However, 

more recent measurements near the mouth of the 

Yenisey (Carroll et al. 2008) estimated an annual 

fl ux of only 37 kg year−1 of PCBs and 8 kg year−1 for 

total DDT, refl ecting much lower concentrations 

in water. These differences may be due to particle 

settling, which is an important removal process 

occurring near river mouths as the rivers meet the 

Arctic Ocean. Consistent with this is the observa-

tion by Sericano et al. (2001) of PCBs and DDT in 

surfi cial bottom sediments near the mouths of the 

Ob and Yenisey at low nanogram-per-gram-of-dry-

weight concentrations.

Much less information is available on concentra-

tions of POPs in Scandinavian and North American 

Arctic rivers. Measurements in the early 1990s sug-

gested very low (sub-nanogram per liter) concentra-

tions (de March et al. 1998). Hexachlorocyclohexanes 
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productivity (Smol et al. 2005; Antoniades et al. 
2007), long-range atmospheric transport of pollut-

ants by global distillation and on particles, deposi-

tion of acidifying substances, and contamination 

by radionuclides.

The potential for global processes, such as cli-

mate change and increased ultraviolet radiation, 

to exacerbate the environmental impacts of local 

human activity in the Arctic is now well recog-

nized and has been the subject of several extensive 

reviews (Macdonald et al. 2003; Schindler and Smol 

2006; Wrona et al. 2006). However, there is still con-

siderable uncertainty around any predictions of 

the consequences of these interactions at the eco-

system level and it is likely that some outcomes 

will be counter-intuitive (Schindler 1997).

Contaminant pathways, both to and within 

high-latitude regions, can be infl uenced by phys-

ical and biological processes that are sensitive to 

climate and also by climate-driven changes in 

human activity (see Plate 13 and Macdonald et al. 
2003). Physical processes such as changes to winds, 

surface air temperature, precipitation rates or tim-

ing, evaporation, runoff, and ice cover all have the 

potential to infl uence uptake, transport, and depo-

sition of contaminants. Similarly, climate-sensitive 

bio logical processes such as shifts in the relative 

importance of different sources of primary produc-

tivity, change in food-web structure affecting the 

degree of biomagnifi cation, changes in the feeding 

ecology of top-level consumers, and changes to 

migration ranges all have the potential to infl uence 

biologically mediated transport, biomagnifi cation, 

and biodegradation of chemical contaminants (Blais 

et al. 2007). Climate change may extend the spatial 

extent of some activities, both within the region or 

elsewhere, with implications for transport or use of 

persistent chemicals used in manufacturing, agri-

culture and silviculture as well as for greater oil/

gas and mining development.
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PCBs, DDT, and brominated diphenyl ethers. 

Breivik et al. (2006) analyzed decabromodiphenyl 

ether (BDE-209) along an eastern North American 

transect and found sedimentation fl uxes declined 

exponentially with latitude. The empirical half-

distance for BDE-209 derived from surface fl ux 

data were approximately half that of the PCBs 

which was consistent with the transport of BDE-

209 mainly on particles in the atmosphere.

Whereas most Arctic lake sediment studies 

have focused on long-range atmospheric trans-

port and deposition, a small number have inves-

tigated local/regional transport as a source. Rose 

et al. (2004) examined surface and pre-industrial 

concentrations of PCBs in fi ve cores from Svalbard 

and concluded that there were higher concentra-

tions near Longyearbyen and Barentsburg, which 

are major coal-mining towns and the site of power-

generation facilities. PCB use at military sites has 

been shown to have contaminated lakes and ter-

restrial environments in the vicinity (de Wit et al. 
2004). Total PCB concentrations in sediment cores 

from lakes near a former radar facility at Saglek 

Bay on the northern Labrador coast in Canada 

were found to decline with increasing distance 

from the site (Betts-Piper 2001; Paterson et al. 2003). 

The PCB congener profi le in both the near-site and 

remote lakes had a clear Aroclor 1260 profi le simi-

lar to the product used at the radar facility. Similar 

contamination problems have been identifi ed in 

Alaska (Hurwich and Chary 2000; United States 

Environmental Protection Agency 2002).

16.4 Conclusions

As this chapter demonstrates, polar regions and 

their freshwater systems are impacted by locally, 

regionally, and hemisphere-specifi c global-scale 

activities despite their separation from the world’s 

population centers, with the extent of impacts 

broadly refl ecting the different levels of human 

activity in the Arctic and Antarctic. High-latitude 

regions have the potential to be disproportionately 

affected by many of the global changes brought by 

the industrial world. Indeed, several large-scale 

impacts in fresh waters and terrestrial environ-

ments were fi rst observed, or are most evident, in 

polar regions, such as changes in lake and pond 



302   P O L A R  L A K E S  A N D  R I V E R S

Carroll, J.L. et al. (2008). PCBs, PBDEs and pesticides 

released to the Arctic Ocean by the Russian Rivers 

Ob and Yenisei. Environmental Science & Technology 42, 
69–74.

Dasher, D. et al. (2002). An assessment of the reported 

leakage of anthropogenic radionuclides from the 

underground nuclear test sites at Amchitka Island, 

Alaska, USA to the surface environment. Journal of 
Environmental Radioactivity 60, 165–187.

de March, B.G.E. et al. (1998). Persistent organic pollu-

tants. In Kämäri, J. and Joki-Heiskala, P. (eds), AMAP 
Assessment Report, Arctic Pollution Issues, pp. 183–372. 

Arctic Monitoring and Assessment Programme, Oslo.

de Wit, C.A. et al. (2004). AMAP Assessment 2002, Persistent 
Organic Pollutants in the Arctic. Arctic Monitoring and 

Assessment Programme, Oslo.

Dietz, R., Pacyna, J., and Thomas, D.J. (1998). Heavy 

 metals. In Kämäri, J. and Joki-Heiskala, P. (eds), 

AMAP Assessment Report, Arctic Pollution Issues, 
pp. 373–524. Arctic Monitoring and Assessment 

Programme. Oslo.

Douglas, M.S.V. and Smol, J.P. (2000). Eutrophication and 

recovery in the High Arctic: Meretta lake (Cornwallis 

Island, Nunavut, Canada) revisited. Hydrobiologia 431, 

193–204.

Duff, K.E., Laing, T.E., Smol, J.P., and Lean, D.R.S. (1998). 

Limnological characteristics of lakes located across 

arctic treeline in northern Russia. Hydrobiologia 391, 

205–222.

Ellis-Evans, J.C., Laybourn-Parry, J., Bayliss, P.R., and 

Perriss, S.T. (1997). Human impact on an oligotrophic 

lake in the Larsemann Hills. In Battaglia, B., Valencia, J., 

and Walton, D.W.H. (eds), Antarctic Communities, 
Species, Structure and Survival, pp. 396–404. Cambridge 

University Press, Cambridge.

Engstrom, D.R. and Swain, E.B. (1997). Recent declines in 

atmospheric mercury deposition in the upper Midwest. 

Environmental Science and Technology 31, 960–967.

Evans, M.S. et al. (2003). PAH sediment studies in Lake 

Athabasca and the Athabasca River ecosystem related 

to the Fort McMurray oil sands operations, sources and 

trends. In Brebbia, C.A. (ed.), Oil and Hydrocarbon Spills, 
I.I.I., Modelling, Analysis and Control, pp. 365–374. WIT 

Press, Southampton.

Evenset, A. et al. (2004). A comparison of organic contam-

inants in two high Arctic lake ecosystems, Bjørnøya 

(Bear Island), Norway. Science of the Total Environment 
318, 125–141.

Fernández, P., Vilanova, R.M., and Grimalt, J.O. (1999). 

Sediment fl uxes of polycyclic aromatic hydrocarbons in 

European high altitude mountain lakes. Environmental 
Science & Technology 33, 3716–3722.

References

Alexeeva, L.B. et al. (2001). Organochlorine pesticides and 

trace metal monitoring of Russian rivers fl owing to the 

Arctic Ocean, 1990–1996. Marine Pollution Bulletin 43, 

71–85.

Allen-Gil, S.M. et al. (2003). Heavy metal contamination 

in the Taimyr Peninsula, Siberian Arctic. Science of the 
Total Environment 301, 119–138.

Antoniades, D., Douglas, M.S.V., and Smol, J.P. (2003). The 

physical and chemical limnology of 24 ponds and one 

lake from Isachsen, Ellef Ringnes Island, Canadian 

High Arctic. International Review of Hydrobiology 88, 

519–538.

Antoniades, D. et al. (2007). Abrupt environmental change 

in Canada’s northernmost lake inferred from diatom 

and fossil pigment stratigraphy. Geophysical Research 
Letters 34, L18708, doi:10.1029/2007GL030947.

Betts-Piper, A.A. (2001). Chrysophyte Stomatosyst-
based Paleolimnological Investigations of Environmental 
Changes in Arctic and Alpine Environments. MSc 

Thesis, Department of Biology, Queen’s University, 

Kingston, ON.

Bindler, R., Olofsson, C., Renberg, I., and Frech, W. 

(2001a). Temporal trends in mercury accumulation in 

lake sediments in Sweden. Water, Air, and Soil Pollution 
Focus 1, 343–355.

Bindler, R. et al. (2001b). Pb isotope ratios of lake sediment 

in West Greenland: inferences on pollution sources. 

Atmospheric Environment 35, 4675–4685.

Blais, J.M., Duff, K., Laing, T.E., and Smol, J.P. (1999). 

Regional contamination in lakes from the Noril’sk 

region in Siberia, Russia. Water, Air and Soil Pollution 

110, 389–405.

Blais, J.M. et al. (2005). Arctic seabirds transport marine-

derived contaminants. Science 309, 445.

Blais, J.M. et al. (2007). Biologically mediated transport of 

contaminants to aquatic systems. Environmental Science 
& Technology 41, 1075–1084

Breivik, K. et al. (2006). Empirical and modeling evidence 

of the long-range atmospheric transport of decabro-

modiphenyl ether. Environmental Science & Technology 
40, 4612–4618.

Burgess, J.S., Spate, A.P., and Norman, F.I. (1992). 

Environmental impacts of station development in the 

Larsemann Hills, Princess Elizabeth Land, Antarctica. 

Journal of Environmental Management 26, 287–299.

Campbell, I.B. and Claridge, G.G.C. (2004). Soil proper-

ties and relationships in Cryosols of the region of the 

Transantarctic Mountains in Antarctica. In Kimble, 

J.M. (ed.), Cryosols; Permafrost-affected Soils, pp. 713–726, 

Springer-Verlag, Berlin.



D I R E C T  H U M A N  I M PA C T S    303

Iwaco Consultants (2001). West Siberia Oil Industry 
Environmental and Social Profi le. Final report. Iwaco 

Consultants, Rotterdam.

Kämäri, J. et al. (1998). Acidifying pollutants, Arctic haze, 

and acidifi cation in the Arctic. In Kämäri, J. and Joki-

Heiskala, P. (eds), AMAP Assessment Report, Arctic 
Pollution Issues, pp. 621–659. Arctic Monitoring and 

Assessment Programme, Oslo.

Kaup, E. and Burgess, J.S. (2003). Natural and human 

impacted stratifi cation in the lakes of the Larsemann 

Hills, Antarctica. In Huiskes, A.H.L. et al. (eds), Antarctic 
Biology in a Global Context, pp. 313–318. Backhuys 

Publishers, Leiden.

Kepner, Jr, R. et al. (2000). Effects of research diving on a 

stratifi ed Antarctic lake. Water Research 34, 71–84.

Kerr, R.A. (1979). Global pollution: is the Arctic haze actu-

ally industrial smog? Science 205, 290–293.

Kimstach, V. and Dutchak, S. (2004). Persistant Toxic 
Substances (PTS) Sources and Pathways. Persistent 
Toxic Substances, Food Security and Indigenous Peoples 
of the Russian North. Final report, pp. 33–80. Arctic 

Monitoring and Assessment Programme, Oslo.

Koerner, R.M. and Fisher, D. (1982). Acid snow in the 

Canadian high Arctic. Nature 295, 137–140.

Kryshev, I.I. and Riazantsev, E.P. (2000). Ecological Safety 
of Nuclear-Energy Complex in Russia. IzdAT, Moscow.

Landers, D.H. et al. (1998). Using lake sediment mercury 

fl ux ratios to evaluate the regional and continental 

dimensions of mercury deposition in arctic and boreal 

ecosystems. Atmospheric Environment 32, 919–928.

Law, S.A., Diamond, M.L., Helm, P.A., Jantunen, L.M., 

and Alaee M. (2001). Factors affecting the occur-

rence and enantiomeric degradation of hexachlorocy-

clohexane isomers in northern and temperate aquatic 

systems. Environmental Toxicology and Chemistry 20, 

2690–2698.

Legrand, M. and Mayewski (1997). Glaciochemistry 

of polar ice cores, a review. Reviews of Geophysics 35, 

219–244.

Lim, D.S.S., Douglas, M.S.V., Smol, J.P., and Lean, D.R.S. 

(2001). Physical and chemical limnological charac-

teristics of 38 lakes and ponds on Bathurst Island, 

Nunavut, Canadian High Arctic. International Review 
of Hydrobiology 86, 1–22.

Lockhart, W.L. (1997). Depositional trends - lake and 

marine sediments In Jensen, J. (ed.), Synopsis of Research 
Conducted Under the 1995/96 and 1996/97 Northern 
Contaminants Program, no. 74, pp. 71–87. Indian and 

Northern Affairs Canada, Ottawa.

Lockhart, W.L. and Danell, R.W. (1992). Field and experi-

mental tainting of arctic freshwater fi sh by crude and 

refi ned petroleum products. Proceedings of the 15th 

Fernández, P., Vilanova, R.M., Martinez, C., Appleby, P., 

and Grimalt, J.O. (2000). The historical record of 

 atmospheric pyrolytic pollution over Europe regis-

tered in the sedimentary PAH from remote moun-

tain lakes. Environmental Science & Technology 34, 

 1906–1913.

Fitzgerald, W.F. et al. (2005). Modern and historic atmos-

pheric mercury fl uxes in northern Alaska: global 

sources and Arctic depletion. Environmental Science & 
Technology 39, 557–568.

Ford, J., Borg, H., Dam, M., and Riget, F. (2005). Spatial 

patterns. In Marcy, S. and Ford, J. (eds), AMAP 
Assessment 2002, Heavy Metals in the Arctic, pp. 42–83. 

Arctic Monitoring and Assessment Programme, Oslo.

Gasparon, M. and Burgess, J.S. (2000). Human impacts 

in Antarctica, trace-element geochemistry of fresh-

water lakes in the Larsemann Hills, East Antarctica. 

Environmental Geology 39, 963–976.

Gasparon, M. and Matschullat, J. (2006). Geogenic sources 

and sinks of trace metals in the Larsemann Hills, East 

Antarctica, Natural processes and human impact. 

Applied Geochemistry 21, 318–334.

Goldberg, E.D. (1975). Synthetic organohalides in the sea. 

Proceedings of the Royal Society of London, Series, B., 189, 

277–289.

Goldsworthy, P.M., Canning, E.A., and Riddle, M.J. (2003). 

Soil and water contamination in the Larsemann Hills, 

East Antarctica. Polar Record 39, 319–337.

Hansen, J.C. et al. (2003) AMAP Assessment 2002, Human 
Health in the Arctic. Arctic Monitoring and Assessment 

Programme, Oslo.

Hassol, S.J. (ed.) (2004). Impacts of a Warming Arctic, Arctic 
Climate Impacts Assessment Secretariat. Cambridge 

University Press, Fairbanks, AK.

Hayward, J., Macfarlane, M.J., Keys, J.R., and Campbell, 

I.B. (1994). Decommissioning Vanda Station, Wright 
Valley, Antarctica. Initial Environment Evaluation, 

March 1994. New Zealand Antarctic Programme, 

Wellington.

Hedgpeth, J.W. (1972). Radioactive contamination in the 

Antarctic. In Parker, B.C. (ed.), Conservation Problems in 
Antarctica, pp. 97–109. Allen Press, Lawrence, NJ.

Hölemann, J.A., Schirmacher, M., and Prange, A. (2005). 

Seasonal variability of trace metals in the Lena River 

and the southeastern Laptev Sea, Impact of the spring 

freshet. Global and Planetary Change 48, 112–125.

Hurwich, E.M. and Chary, L.K. (2000). Persistent 
Organic Pollutants in Alaska, What Does Science Tell Us? 

Circumpolar Conservation Union, Washington DC.

Iversen, T. and Joranger, E. (1985) Arctic air pollution and 

large scale atmospheric fl ows. Atmospheric Environment 
19, 2099–2108.



304   P O L A R  L A K E S  A N D  R I V E R S

Canada Inferred from Lake Sediment Cores. International 

Congress of Theoretical and Applied Limnology. 

Montreal [abstract].

Nagy, E. Carey, J.H., Hart, J.H., and Angley, E.D. (1987). 

Hydrocarbons in the Mackenzie River. NWRI Report 

Series. National Water Research Institute, Burlington.

Outridge, P.M., Hermanson, M.H., and Lockhart, W.L. 

(2002). Regional variations in atmospheric deposition 

and sources of anthropogenic lead in lake sediments 

across the Canadian Arctic. Geochimica Cosmochimica 
Acta 66, 3521–3531.

Outridge, P.M. et al. (2005). Trace metal profi les in 

the varved sediment of an Arctic lake. Geochimica 
Cosmochimica Acta 69, 4881–4894.

Outridge, P.M., Sanei, H., Stern, G.A., Hamilton, P.B., and 

Goodarzi, F. (2007). Evidence for control of mercury 

accumulation rates in Canadian High Arctic lake sedi-

ments by variations of aquatic primary productivity. 

Environmental Science & Technology 41, 5259–5265.

Panteleyev, G.P., Livingston, H.D., Sayles, F.L., and 

Medkova, ON (1995). Deposition of plutonium iso-

topes and Cs-137 in sediments of the Ob delta from the 

beginning of the nuclear age. In Strand, P. and Cooke, 

A. (eds), Proceedings of the Second International Conference 
on Environmental Radioactivity in the Arctic, pp. 57–64. 

Norwegian Radiation Protection Authority, Østerås.

Parker, B.C. (1978) Potential impact on Lake Bonney 

of activities associated with modelling freshwater 

Antarctic ecosystems. In Parker, B.C. and Holliman, 

M.C. (eds), Environmental Impact in Antarctica, pp. 255–

278, Virginia Polytechnic Institute and State University, 

Blacksburg.

Parker, B.C., Howard, R.V., and Allnutt, F.C.T. (1978). 

Summary of environmental assessment and impact 

assessment of the DVDP. In Parker, B.C. and Holliman, 

M.C. (eds), Environmental Impact in Antarctica, pp. 

 211–251. Virginia Polytechnic Institute and State 

University, Blacksburg.

Paterson, A.M., Betts-Piper, A.A., Smol, J.P., and Zeeb, 

B.A. (2003). Diatom and chrysophyte algal response to 

long-term PCB contamination from a point-source in 

northern Labrador, Canada. Water Air and Soil Pollution 
145, 377–393.

Priddle, J. (2002). Regionally Based Assessment of Persistent 
Toxic Substances. Antarctica Regional Report. UNEP 

Chemicals, Geneva.

Robertson, A. et al. (1998). Petroleum hydrocarbons. 

In Kämäri, J. and Joki-Heiskala, P. (eds), AMAP 
Assessment Report, Arctic Pollution Issues, pp. 661–716. 

Arctic Monitoring and Assessment Programme, Oslo.

Rose, N.L., Harlock, S., Appleby, P.G., and Battarbee, R.W. 

(1995). Dating of recent lake sediments in the United 

Arctic and Marine Oil Spill Program Technical Seminar, 
pp.763–771. Environment Canada: Ottawa.

Lockhart, W.L., Stern, G., and Muir, D.C.G. (1997). Food 

chain accumulation, biochemical effects and sedi-

ment contamination in Lake Laberge and other Yukon 

Lakes. In Jensen, J. (ed.), Synopsis of Research Conducted 
Under the 1995–97 Northern Contaminants Program, 
Environmental Studies, no. 74, pp. 191–206. Indian and 

Northern Affairs Canada, Ottawa.

Lockhart, W.L. et al. (1998). Fluxes of mercury to lake 

 sediments in central and northern Canada inferred 

from dated sediment cores. Biogeochemistry 40, 

 163–173.

Lukin, A. et al. (2003). Assessment of copper-nickel 

 industry impact on a subarctic lake ecosystem. The 
Science of the Total Environment 306, 73–83.

Macdonald, R.W., Harner, T., Fyfe, J., Loeng, H., and 

Weingartner, T. (2003). AMAP Assessment 2002, The 
Infl uence of Global Change on Contaminant Pathways 
to, within, and from the Arctic. Arctic Monitoring and 

Assessment Programme, Oslo.

Martin, H. (2002). Regionally Based Assessment of Persistent 
Toxic Substances. Arctic Regional Report. UNEP 

Chemicals, Geneva.

Michelutti, N., Douglas, M.S.V., Lean, D.R.S., and Smol, 

J.P. (2002a). Physical and chemical limnology of 34 

ultra-oligotrophic lakes and ponds near Wynniatt Bay, 

Victoria Island, Arctic Canada. Hydrobiologia 482, 1–13.

Michelutti, N., Douglas, M.S.V., Muir, D.C.G., Wang, X.W., 

and Smol, J.P. (2002b). Limnological characteristics 

of 38 lakes and ponds on Axel Heiberg Island, High 

Arctic Canada. International Review of Hydrobiology 87, 

385–399.

Michelutti, N., Douglas, M.S.V., and Smol, J.P. (2002c). 

Tracking recent recovery from eutrophication in a high 

arctic lake (Meretta Lake, Cornwallis Island, Nunavut, 

Canada) using fossil diatom assemblages. Journal of 
Paleolimnology 28, 377–381.

Moiseenko, T.I. et al. (2006). Ecosystem and human health 

assessment to defi ne environmental management 

strategies, the case of long-term human impacts on an 

Arctic lake. Science of the Total Environment 369, 1–20.

Muir, D.C.G. and Rose, N.L. (2004). Lake sediments as 

records of Arctic and Antarctic pollution by heavy 

 metals, persistent organics, and anthropogenic par-

ticles. In Pienitz, R., Douglas, M.S.V., and Smol, 

J.P. (eds), Long-term Environmental Change in Arctic 
and Antarctic Lakes, pp. 209–239. Developments in 

Paleoenvironmental Research, vol. 8. Kluwer Academic 

Publishers, Dordrecht.

Muir, D.C.G. et al. (2007). Spatial Trends and Historical Inputs 
of Mercury, Lead and Arsenic in Eastern and Northern 



D I R E C T  H U M A N  I M PA C T S    305

sediments from Norwegian and Russian Arctic Lakes. 

The Science of the Total Environment 306, 85–97.

Smol, J.P. et al. (2005). Climate-driven regime shifts in the 

biological communities of arctic lakes. Proceedings of the 
National Academy of Sciences USA 102, 4397–4402.

Solovieva, N., Jones, V.J., Appleby, P.G., and Kondratenok, 

B.M. (2002). Extent, environmental impact and long-

term trends in atmospheric contamination in the Usa 

basin of East-European Russian Arctic. Water, Air, and 
Soil Pollution 139, 237–260.

St Louis, V.L. et al. (2005). Some sources and sinks of mon-

omethyl and inorganic mercury on Ellesmere island 

in the Canadian high arctic. Environmental Science & 
Technology 39, 2686–2701.

Strand, P. et al. (1998). Radioactivity. In Kämäri, J. and 

Joki-Heiskala, P. (eds), AMAP Assessment Report, Arctic 
Pollution Issues, pp. 525–620. Arctic Monitoring and 

Assessment Programme, Oslo.

Strand, P. et al. (2004). Radioactive Contamination and 

Vulnerability of Arctic Ecosystems. In Strand, P. and 

Tsaturov, Y. (eds), AMAP Assessment 2002, Radioactivity 
in the Arctic, pp. 19–39. Arctic Monitoring and 

Assessment Programme, Oslo.

Triulzi, C., Nonnis Marzano, F., Casoli, A., Mori, A., 

and Vaghi, M. (2001). Radioactive and stable isotopes 

in abiotic and biotic components of Antarctic eco-

systems surrounding the Italian base. In Cescon, P. 

(ed.), Environmental Chemistry in Antarctica, pp. 55–60. 

Gordon and Breach Science Publishers, Amsterdam.

UNEP (2001). Final Act of the Plenipotentiaries on the 
Stockholm Convention on Persistent Organic Pollutants. 
Chemicals 445. United Nations Environment Program, 

Geneva.

United States Environmental Protection Agency (2002). 

National Priorities List Sites in Alaska. www.epa.gov/

superfund/sites/npl/ak.htm

Vincent, W.F. and Vincent, C.L. (1982). Nutritional state of 

the plankton in Antarctic coastal lakes and the inshore 

Ross Sea. Polar Biology 1, 159–165.

Vodopivez, C., Smichowski, P., and Marcovecchio, J. 

(2001). Trace metals monitoring as a tool for charac-

terisation of Antarctic ecosystems and environmental 

management. The Argentine programme at Jubany 

Station. In Caroli, S., Cescon, P., and Walton, D.W.H. 

(eds), Environmental Contamination in Antarctica, A 
Challenge to Analytical Chemistry, pp. 155–180. Elsevier 

Science, Oxford.

Wania, F. and Mackay, D. (1993). Global fractionation and 

cold condensation of low volatility organochlorine 

compounds in polar regions. Ambio 22, 10–18.

Webster, J., Webster, K., Nelson, P., and Waterhouse, E. 

(2003). The behaviour of residual contaminants at a 

Kingdom and Ireland using spheroidal carbonaceous 

particles (SCP) concentration profi les. Holocene 5, 

 328–335.

Rose, N.L., Rose, C.L., Boyle, J.F., and Appleby, P.G. (2004). 

Lake-sediment evidence for local and remote sources 

of atmospherically deposited pollutants on Svalbard. 

Journal of Paleolimnology 31, 499–513.

Rühland, K. and Smol, J.P. (1998). Limnological character-

istics of 70 lakes spanning Arctic treeline from corona-

tion gulf to Great Slave Lake in the Central Northwest 

Territories, Canada. International Review of Hydrobiology 
83, 183–203.

Saxen R. (2003). Long-term behaviour of 90Sr and 137Cs in 

surface waters in Finland. In Paile, V. (ed.), Radiological 
Protection in the 2000s – Theory and Practice, pp. 479–

483. 25–29 August 2002. Nordic Society for Radiation 

Protection, Turku.

Schindler, D.W. (1997). Widespread effects of climatic 

warming on freshwater ecosystems in North America. 

Hydrological Processes 11, 1043–1067.

Schindler, D.W. and Smol, J.P. (2006). Cumulative effects 

of climate warming and other human activities on 

freshwaters of Arctic and subarctic North America. 
Ambio 35, 160–168.

Schindler, D.W. et al. (1974). Eutrophication in the high 

 arctic – Meretta Lake, Cornwallis Island (75°N lat.). 

Journal of the Fisheries Research Board of Canada 31, 

 647–662.

Schroeder, W.H. et al. (1998). Arctic springtime depletion 

of mercury. Nature 394, 331–332.

Schuster, P.F. et al. (2002). Atmospheric mercury depos-

ition during the last 270 years, a glacial ice core record 

of natural and anthropogenic sources. Environmental 
Science & Technology 36, 2303–2310.

Sericano, J.L., Brooks, J.M., Champ, M.A., Kennicutt, II, 

M.C., and Makeyev, V.V. (2001). Trace contaminant 

concentrations in the Kara Sea and its adjacent rivers, 

Russia. Marine Pollution Bulletin 42, 1017–1030.

Shevchenko, V., Lisitzin, A., Vinogradova, A., and Stein, R. 

(2003). Heavy metals in aerosols over the seas of the 

Russian Arctic. The Science of the Total Environment 
306, 11–25.

Skjelkvåle, B.L. et al. (2001). Heavy metal surveys in 

Nordic lakes, Concentrations, geographic patterns and 

relation to critical limits. Ambio 30, 2–10.

Skjelkvåle, B.L. et al. (2006). Effects on freshwater eco-

systems. In Forsius, M. (ed.), AMAP Assessment 2006, 
Acidifying Pollutants, Arctic Haze, and Acidifi cation in the 
Arctic, pp. 64–90. Arctic Monitoring and Assessment 

Programme, Oslo.

Skotvold, T. and Savinov, V. (2003). Regional distribution 

of PCBs and presence of technical PCB mixtures in 

www.epa.gov/superfund/sites/npl/ak.htm
www.epa.gov/superfund/sites/npl/ak.htm


F U T U R E  D I R E C T I O N S  I N  P O L A R  L I M N O L O G Y    315

eutrophic coastal ponds at Cape Royds and Cape Bird, 

Antarctica. Limnology and Oceanography 39, 1972–1979.

McKnight, D.M., Howes, B.L., Taylor, C.D., and 

Goehringer, D.D. (2000). Phytoplankton dynamics in a 

stably stratifi ed Antarctic lake. Journal of Phycology 36, 

852–861.

Meehl, G.A. et al. (2007). Global climate projections. In 

Solomon, S. et al. (eds.), Climate Change 2007: The Physical 
Science Basis. Contribution of Working Group I to the 
Fourth Assessment Report of the Intergovernmental Panel 
on Climate Change, pp. 747–846. Cambridge University 

Press, Cambridge.

Morgan-Kiss, R.M., Priscu, J.C., Pocock, T., Gudynaite-

Savitch, L., and Huner, N.P.A. (2006). Adaptation 

and acclimation of photosynthetic microorganisms 

to permanently cold environments. Microbiology and 
Molecular Biology Reviews 70, 222–252.

Mueller, D.R., Vincent, W.F., and Jeffries, M.O. (2003). 

Break-up of the largest Arctic ice shelf and associated 

loss of an epishelf lake. Geophysical Research Letters 30, 

2031, doi:10.1029/2003GL017931.

National Research Council (2003). Frontiers in Polar Biology 
in the Genomic Era. NRC Press, Washington DC.

National Research Council (2007). Exploration of Antarctic 
Subglacial Environments: Environmental and Scientifi c 
Stewardship. NRC Press, Washington DC.

Nolan, M. and Overduin, P. (2001). SARfari: a tool 

for analysing Arctic hydrology using space-borne 

SAR. Proceedings of the Geoscience and Remote Sensing 
Symposium 1, 184–186.

Nolan, M. and Brigham-Grette, J. (2007). Basic hydrol-

ogy, limnology and meteorology of modern Lake 

El’gygytgyn, Siberia. Journal of Paleolimnology 37, 

17–35.

Palethorpe, B. et al. (2004). Real-time physical data acqui-

sition through a remote sensing platform on a polar 

lake. Limnology and Oceanography Methods 2, 191–201.

Pedrós-Alió, C. (2007). Dipping into the rare biosphere. 

Science 315, 192–193.

Peterson, B.J. et al. (2006).Trajectory shifts in the arctic and 

subarctic freshwater cycle. Science 313, 1061–1066.

Porter, J. et al. (2005). Wireless sensor networks for ecol-

ogy. Bioscience 55, 561–572.

Quayle, W.C., Peck, L.S., Peat, H., Ellis-Evans, J.C., and 

Harrigan, P.R. (2002). Extreme responses to climate 

change in Antarctic lakes. Science 295, 645.

Raymond, J.A. and Fritsen, C.H. (2000). Ice-active sub-

stances associated with Antarctic freshwater and ter-

restrial photosynthetic organisms. Antarctic Science 12, 

418–424.

Saunders, N.F.W. et al. (2007). Mechanisms of thermal 

adaptation revealed from the genomes of the Antarctic 

Methanococcoides burtonii. Molecular Microbiology 53, 

309–321.

Handelsman, J. (2004). Metagenomics: application of 

genomics to uncultured microorganisms. Microbiology 
and Molecular Biology Reviews 68, 669–685.

Healy, F.G., Ray, R.M., Aldrich, H.C., Wilkie, A.C., and 

Shanmugam, K.T. (1995). Direct isolation of functional 

genes encoding cellulases from microbial consortia 

in a thermophilic, anaerobic digester maintained on 

lignocellulose. Applied Microbiology and Biotechnology 

43, 667–674.

Herber, B.P. (2006). Bioprospecting in Antarctica; the 

search for a policy regime. Polar Record 42, 139–146.

Hershey, A.E. et al. (2006). Effect of landscape factors on 

fi sh distribution in arctic Alaskan lakes. Freshwater 
Biology 51, 39–55.

Hodson, A.J. et al. (2007). A glacier respires: quantifying 

the distribution and respiration CO2 fl ux of cryoco-

nite across an entire Arctic glacial ecosystem. Journal 
of Geophysical Research – Biogeosciences 112, G04S36, 

doi:10.1029/2007JG000452.

Hodson, A.J. et al. (2008). Glacial ecosystems. Ecological 
Monographs 78, 41–67. 

Kumagai, M., Ura, T., Kuroda, Y., and Walker, R. (2002). A 

new autonomous under water vehicle designed for lake 

environment monitoring. Advanced Robotics 16, 17–26.

Lane, D.J. et al. (1985). Rapid determination of 16S ribo-

somal RNA sequences for phylogenetic analysis. 

Proceedings of the National Academy of Sciences USA 82, 

6955–6959.

Latifovie, R. and Pouliot, D. (2007). Analysis of climate 

change impacts on lake ice phenology in Canada using 

the historical satellite data record. Remote Sensing of the 
Environment 106, 492–507.

Laval, B., Bird, J.S., and Helland, P.D. (2000). An autono-

mous underwater vehicle for the study of small 

lakes. Journal of Atmospheric and Oceanic Technology 17, 

69–76.

Laybourn-Parry, J. and Pearce, D. (2007). The biodiversity 

and ecology of Antarctic lakes: models for evolution. 

Philosophical Transactions of the Royal Society of London 
Series B Biological Sciences 362, 2273–2289.

Lesack, L.F.W. and Marsh, P. (2007). Lengthening plus 

shortening of river-to-lake connection times in the 

Mackenzie River Delta respectively via two global 

change mechanisms along the arctic coast. Geophysical 
Research Letters 34, L23404, doi:10.1029/2007GL031656.

Markon, C.J. and Derksen, D.V. (1994). Identifi cation of 

tundra land cover near Teshekpuk Lake, Alaska using 

SPOT satellite data. Arctic 47, 222–231.

McKnight, D.M., Andrews, E.D., Aiken, G.R., and 

Spaulding, S.A. (1994). Dissolved humic substances in 



316   P O L A R  L A K E S  A N D  R I V E R S

Vincent, W.F. (2000). Evolutionary origins of Antarctic 

microbiota: invasion, selection and endemism. Antarctic 
Science 12, 374–385.

Vincent, W.F., Rae, R., Laurion, I., Howard-Williams, 

C., and Priscu, J.C. (1998). Transparency of Antarctic 

lakes to solar ultraviolet radiation. Limnology and 
Oceanography 43, 618–624.

Walter, K.M., Zimov, S.A., Chanton, J.P., Verbyla, D., and 

Chapin, F.S. (2006). Methane bubbling from Siberian 

thaw lakes as a positive feedback to climate warming. 

Nature 443, 71–75.

Vopel K. and Hawes, I. (2006). Photosynthetic 

 performance of benthic microbial mats in Lake Hoare, 

Antarctica, Limnology and Oceanography 51, 1801–1812.

Yang, X.X., Lin, X.Z., Bian, J., Sun, X.Q., and Hunag, X.H. 

(2004). Identifi cation of fi ve strains of Antarctic bacteria 

producing low-temperature lipase. Acta Oceanologica 
Sinica 23, 717–723.

Archaea Methanogenium frigidum and Meth anococcoides 
burtonii. Genome Research 13,  1580–1588.

Smol, J.P. et al. (2005). Climate-driven regime shifts in the 

biological communities of Arctic lakes. Proceedings of 
the National Academy of Sciences USA 102, 4397–4402.

Sogin, M.L. et al. (2006). Microbial diversity in the 

deep sea and the underexplored “rare biosphere”. 

Proceedings of the National Academy of Sciences USA 103, 

12115–12120.

Stahl, D.A., Lane, D.J., Olsen, G.J., and Pace, N.R. (1985). 

Characterization of a Yellowstone hot spring micro-

bial community by 5S rRNA sequences. Applied and 
Environmental Microbiology 49, 1379–1384.

Syed, T.H., Famiglietta, J.S., Zlotnicki, V., and Rodell, M. 

(2007). Contemporary estimates of Pan-Arctic 

fresh water discharge from GRACE and reanaly-

sis. Geophysical Research Letters 34, L19404, doi:1029/ 

2007GL031254.



306   P O L A R  L A K E S  A N D  R I V E R S

seasonally ice-covered Arctic estuary of the Mackenzie 

Shelf. Organic Geochemistry 22, 651–669.

Yunker, M.B. and Macdonald, R.W. (1995). Composition 

and origins of polycyclic aromatic hydrocarbons in the 

Mackenzie River and on the Beaufort Sea Shelf. Arctic 

48, 118–129.

Zhao, Y., Li, T.J., and Zhao, J.L. (1998). Human impacts on 

the environment of Fildes Peninsula of King George 

Island, Antarctica. Jidi Yanjiu 10, 262–271.

former station site, Antarctica. Environmental Pollution 

123, 163–179.

Woo, M.-K., Lewkowicz, A.G., and Rouse, W.R. (1992). 

Response of the Canadian permafrost environment to 

climatic change. Physical Geography 13, 287–317.

Wrona, F.J. et al. (2006). Effects of ultraviolet radiation 

and contaminant-related stressors on arctic freshwater 

 ecosystems. Ambio 35, 388–401.

Yunker, M.B., Macdonald, R.W., and Whitehouse, B.G. 

(1994). Phase associations and lipid distribution in the 



307

sea-level rise, which will result in hazardous events 

such as storm surges and fl ooding, are challen-

ging the way that the ordinary global citizen lives 

his or her life. Large areas in the polar regions are 

experiencing more rapid warming than elsewhere 

(see Chapter 1 and Plate 16) and given that vast 

quantities of water are locked up in the polar ice 

sheets, the melt of this ice into the oceans will have 

major consequences on the ocean current systems 

and climate. Arctic and Antarctic lakes are prov-

ing to be sensitive barometers of climate change 

(e.g. Quayle et al. 2002; Antoniades et al. 2007), and 

Arctic rivers are also showing the onset of climate 

impacts (e.g. Peterson et al. 2006; Lesack and Marsh 
2007). Some of these changes may have strong, 

positive feedback effects on the global climate, 

for  example the accelerated release of methane 

from arctic thermokarst lakes (Walter et al. 2006). 

Long-term databases now exist for several eco-

logical research sites, providing the  opportunity 

17.1 Introduction

The knowledge base for polar lakes and rivers has 

grown exponentially over the last two decades, 

and it continues to expand rapidly. In part this 

is because of the inherent attractiveness of high-

latitude aquatic environments and their biota for 

scientifi c inquiry, and the value of these extreme 

ecosystems as ecological models. It is also because 

of the increasing interest in the polar regions by 

governments, international bodies, and the public 

at large. After a long period of debate, there is now 

a broad consensus that climate change is occur-

ring and that it has begun to have severe impacts 

on the cryosphere, with likely feedback effects on 

the global environment (Meehl et al. 2007). Climate 

has changed substantially in the geological past, 

but human activities are now exacerbating a nat-

ural process. The consequences for freshwater 

supply, food production, disease propagation, and 

CHAPTER 17

Future directions in polar limnology
Johanna Laybourn-Parry and Warwick F. Vincent

Outline

Polar limnology is in a phase of rapid knowledge acquisition, and in this concluding chapter we  identify 

some of the emerging concepts and technologies that will drive future advances. These include the increased 

awareness of climate and related impacts in the polar regions, and the importance of high-latitude lakes 

and rivers as sentinels of global change; the increased availability of wireless network technology to obtain 

data-sets of high temporal resolution from these remote sites; the emergence of new sensor technologies 

and underwater platforms, including robotic systems that may be used in the future to explore subglacial 

lakes and other polar waters; and the development of surface imagery approaches ranging from local-scale 

observations by unmanned aerial vehicles to circumpolar-scale measurements by satellite, for example 

by synthetic aperture radar. We briefl y summarize some of the new opportunities provided by environ-

mental genomics, including application towards bioprospecting for novel extremophiles and biomolecules 

of pharmaceutical and industrial interest. Finally, we address the value of Arctic and Antarctic aquatic 

 ecosystems as sites for developing models of broad application.
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to  undertake detailed  analysis, modeling, and pre-

diction. This represents an example of the value 

of long-term monitoring programmes that at their 

inception were not intended to address the issue of 

climate change, but rather to understand physical 

processes, biogeochemistry, biodiversity, and eco-

system structure and function. Future research in 

the polar regions will have a strong emphasis on 

the impacts of climate warming, with applications 

to all latitudes.

Much of the polar latitudes are inaccessible 

and subject to weather conditions that are chal-

lenging to the acquisition of detailed time-series 

data. The problem of infrequent sampling renders 

interpretation diffi cult, analogous to trying to 

decipher a complex plot from reading a book in 

which only one page in every 10 or 20 is avail-

able. Inevitably there is a great deal of educated 

surmise. Remote sensing offers a solution to some 

of these problems. It can range from remote sam-

pling devices that take and preserve small sam-

ples over a winter, as was done in Lake Fryxell 

(McMurdo Dry Valleys, Antarctica) by McKnight 

et al. (2000),  enabling a picture of how patterns of 

phytoplankton abundance changed seasonally, to 

complex satellite imagery that provides large-scale 

information on phenomena such as the extent of 

lake ice cover across Arctic regions (e.g. Latifovic 

and Pouliot 2007). Remote sensing is being applied 

much more widely in polar science as the demand 

grows for more detailed data-sets that allow 

large-scale, accurate modeling. A variety of other 

emerging technologies such as robotic systems 

and genomic tools also offer enormous potential 

for rapid advances in polar limnology.

17.2 Wireless networks

Wireless networks is the term applied to systems 

that collect and transmit data from remote envir-

onments back to the laboratory (Porter et al. 2005). 

One example of this from Antarctica is a platform 

of instruments deployed on the frozen surface of 

Crooked Lake in the Vestfold Hills (Palethorpe et al. 
2004). Crooked Lake is a large freshwater body of 

water (9 km2, 160 m deep) in the Vestfold Hills that 

loses most or all of its ice cover for a few weeks 

each year. The platform (Figure 17.1)  contained 

a small meteorological station  measuring wind 

speed and air temperature, photosynthetically 

active radiation (PAR) sensors measuring surface 

PAR and levels in the water column from sensors 

suspended at 3, 5, 15, and 20 m,  UV-B radi ation 

sensors at the surface and at 3 m in the water col-

umn, water-column temperature at 3 and 5 m and 

ice thickness by means of an upward-directed 

SONAR. A small video camera allowed the nature 

of the under-ice surface to be assessed. The system 

was powered by a battery charged by solar  panels 

and a wind  generator. Data were logged every 

5 min and  periodically uploaded via Iridium satel-

lite phone to Davis Station. Figure 17.2 shows some 

typical daily data sets for PAR and Figure 17.3 ice 

thickness during the period up to ice breakout in 

late summer.

Not only does this type of remote sensing pro-

vide extensive data-sets that fi ll an otherwise 

temporal void, it also allows much more meaning-

ful data acquisition from in situ experiments. For 

example, when measuring photosynthesis at vari-

ous depths in the water column one can acquire 

real-time PAR data every minute for the course of 

the incubations, thereby facilitating much more 

accurate photosynthetic effi ciency calculations 

than is usually the case based on a few readings of 

ambient water-column PAR.

Figure 17.1 Wireless remote-sensing platform on Crooked Lake, 
Antarctica. Note the cables running out from the platform that 
support light and temperature sensors suspended in the water 
column (Palethorpe et al. 2004).
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Figure 17.2 (a) Total photosynthetically active radiation (PAR) over a 24-h period on a sunny day. Note the smoothness of the curve. 
(b) Total PAR over a 24-h period on a cloudy day. Note the irregularity of the curve resulting from clouds obscuring sunlight. From Palethorpe 
et al. (2004), by permission of the American Society of Limnology and Oceanography.

Figure 17.3 Decrease in ice thickness derived 
from SONAR measurements in Crooked Lake over 
an 8-day period in late summer as the ice was 
breaking out. From Palethorpe et al. (2004), by 
permission of the American Society of Limnology and 
Oceanography.
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17.3 Underwater sensors and 
imaging systems

Wireless networks, as well as other under water 

deployments, are only as good as the sensors and 

cameras making the in situ observations. This 

technology began with relatively  straightforward 

 measurements such as temperature and conduct-

ivity, which provide important insights into lake 

hydrodynamics and the physicochemical constraints 

on biota in high-latitude waters (see Chapter 4). 

Temperature microstructure (at millimeter inter-

vals) profi ling systems are increasingly used in 

lakes and oceans to capture short-term  mixing 
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on glaciers (Hodson et al. 2007). In this investiga-

tion, aimed at quantifying respiration carbon fl ux 

of cryoconites across the Midre Lovenbreen gla-

cier in Svalbard, a HighSpy helicopter UAV with 

a gyroscopically mounted camera was used to 

photograph the glacier surface. Repeated transects 

across the glacier between 150 and 375 m altitude 

allowed a detailed analysis of the number and 

aerial coverage of cryoconites. In conjunction with 

ground truthing, the contribution of cryoconite 

communities to carbon fl ux across the glacier could 

be accurately computed. UAVs offer a valuable 

opportunity to developing a much more detailed 

approach to quantifying the role of glaciers in bio-

geochemical cycling. The technology exists, using 

artifi cial intelligence, to enable a UAV to ‘talk’ to 

a remotely operated all-terrain vehicle that could 

be equipped with sampling devices. This would 

enable a greater degree of precision in sampling 

than could be achieved by a fi eld scientist. It is now 

widely accepted that glaciers represent another 

type of aquatic ecosystem in the cryosphere dur-

ing summer melt phases (Hodson et al. 2008). The 

application of remote sensing technology will 

prove invaluable in unravelling the contributions of 

these summer functioning ecosystems to fl uxes of 

carbon and nitrogen not only in the polar regions, 

but also at high altitudes at lower latitudes where 

glacial retreat is occurring in response to climate 

change.

On a wider scale satellite imagery is of great value 

as high-latitude lakes and rivers are distributed 

across vast remote regions. While ground truthing 

is still essential, remotely sensed imagery can help 

select the appropriate sites for fi eld measurements, 

as well as allow such measurements to be scaled up 

to regional or even circumpolar dimensions. There 

is an increasing realization in limnology that small-

sized lakes and ponds may play a signifi cant role 

in global biogeochemistry because of their intense 

microbial activities as well as numerical abundance 

(Downing et al. 2006). Landsat imagery applied to 

the Arctic tundra has begun to provide inventories 

for these abundant, active ecosystems, for example 

tundra thaw lakes (Frohn et al. 2005) and to check 

the stability of fl ood-plain lakes (Emmerton et al. 
2007). Similarly in Antarctica satellite imagery has 

allowed the detection and inventory of subglacial 

dynamics, and spatially detailed fi ne-structure 

profi ling (at centimeter intervals) will continue to 

yield new information about the phys ical structure 

and dynamics of high-latitude aquatic ecosystems. 

New optical sensors are allowing high-frequency 

measurements of nitrate, colored dissolved organic 

matter (CDOM), and other chemical constituents, as 

well as rapid synoptic sampling for these variables 

at many sites within a lake or river. Microelectrode 

techniques are providing ways to measure bio-

logical processes in situ; for example, measurement 

of microbial mat photosynthesis in an ice-covered 

lake by oxygen microelectrodes deployed by scien-

tifi c divers (Vopel and Hawes 2006). A variety fl uo-

rescence probes are becoming available to detect 

not only microbial biomass, but also composition 

and activity (e.g. Bay et al. 2005). Underwater dig-

ital imaging systems are also developing rapidly, 

for example for deployment on remotely operated 

vehicles (ROVs).

A driving force for advances in underwater sen-

sor and imaging technologies is the rapid devel-

opment and application of robotic systems in 

oceanography, especially autonomous underwater 

vehicles (AUVs). These include propeller-driven 

systems, as well as gliders that move via lifting sur-

faces (wings) and changes in buoyancy, with arti-

fi cial intelligence control systems. AUVs are now 

commercially available from an increasing number 

of companies, and are proving invaluable for meas-

urements of underwater weather and physical–bi-

otic interactions, for high-intensity measurements 

required for model applications, and for the explo-

ration of otherwise inaccessible sites (Bellingham 

and Rajan 2007). These robotic systems have been 

applied to studies of large (Kumagai et al. 2002) and 

small (Laval et al. 2000) lakes and are of interest 

for the exploration of Antarctic subglacial aquatic 

environments (National Research Council 2007).

17.4 Surface imagery

Unmanned aerial vehicles (UAVs) were developed 

during World War II for spying purposes but have 

subsequently been used in a range of civil applica-

tions. Low-fl ying UAVs have an application in sur-

veying agricultural facilities such as vineyards and 

have recently been used in surveying cryoconites 
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of special interest for high-latitude lake and river 

research. SAR imagery has begun to provide a 

wide suite of insights into high-latitude waters. 

For example, at crater Lake El’gygytgyn, Siberia, 

SAR has detected bubbled ice that implies spatial 

vari ations in biological activity and convective 

motions (Nolan and Brigham-Grette 2007). SAR 

is also being increasingly applied to hydrological 

questions in the Arctic (e.g. Nolan and Overduin 

2001; Syed et al. 2007).

17.5 Environmental genomics

One of the most exciting frontiers in high-latitude 

ecology is the application of DNA- and RNA-

based technologies to species, populations, and 

whole communities (National Research Council 

2003). Much effort has been devoted to describing 

the  phylogenetic diversity of polar environments 

and has revealed remarkable diversity of viruses, 

Bacteria, Archaea, and Eukarya. However, the next 

challenge is to elucidate what these organisms do in 

the natural environment, because microorganisms, 

which typically dominate polar aquatic systems, are 

crucially important in biogeochemical cycling. The 

lakes, and increased collection of such data has 

been identifi ed as a prerequisite for selecting the 

appropriate systems to drill down into and sample 

(National Research Council 2007).

There has already been considerable effort 

devoted towards defi ning catchment characteris-

tics via satellite imagery in the polar regions, for 

example vegetation abundance (e.g. Markon and 

Derksen 1994), which has a strong infl uence on 

the limnological properties of receiving waters 

such as their content of CDOM (see Chapter 6). At 

present, the spatial and spectral resolution of many 

space-borne sensors is too coarse to adequately 

characterize small lakes, in terms of their CDOM, 

suspended sediments and phytoplankton content, 

but this is changing rapidly, along with the avail-

ability of optical instruments and modeling tools 

for application to lakes such as submersible spec-

trophotometers and radiative transfer software 

(e.g. Belzile et al. 2005).

The detection and monitoring of lake and river 

ice is of special interest to high-latitude limnolo-

gists given the strong dependence of many aquatic 

ecosystem properties on the presence of ice and 

its duration. For example imagery from Advanced 

Very High Resolution Radiometer (AVHRR) sen-

sors on the National Oceanographic Atmosphere 

Administration (NOAA) satellites have been used 

to examine how Canadian lake ice has changed over 

recent decades. This analysis has shown that some 

of the largest changes have taken place in Lake 

Hazen in the High Arctic, with strong, signifi cant 

trends of earlier ice break-up and later freeze-up 

over the last 20 years (Latifovic and Pouliot 2007).

One of the fastest-moving areas at present for 

remote sensing in the polar regions is the devel-

opment and use of synthetic aperture radar 

(SAR), and this is fi nding broad application to 

limnological questions. The Canadian Radarsat-1 

space-borne SAR system was one of the fi rst to 

be applied to the cryosphere, with imagery that 

is unaffected by cloud and optimized for snow, 

ice, and water. Within a maximum spatial resolu-

tion of about 3 × 3 m, this has been used to resolve 

small-scale features relevant to high-latitude lakes 

(Figure 17.4). The next generation of space-borne 

SAR systems has even greater resolution (e.g. 1 m 

for TerraSAR-X; 1.3 m for Radarsat-2), that will be 

Figure 17.4 Radarsat-1 image of Ward Hunt Ice Shelf at the 
northern coast of Ellesmere Island. The image shows the numerous, 
parallel supraglacial lakes over the ice shelf (see Plate 2), the 
crack in the ice shelf that led to the draining of the epishelf lake in 
Disraeli Fjord. Ward Hunt Lake (see Plate 4) on Ward Hunt Island, 
and a supraglacial, tidal lagoon (Quttinirpaaq Lagoon) are also 
identifi ed. Modifi ed from Mueller et al. (2003), ©Canadian Space 
Agency.



312   P O L A R  L A K E S  A N D  R I V E R S

has identifi ed novel biochemicals such as degrada-

tion enzymes (Healy et al. 1995) and cold- adaptation 

proteins (Saunders et al. 2007). Proteomics is 

another powerful tool in understanding adapta-

tion to life in extreme conditions. An example is 

the archaeal species Methanococcoides burtonii that 

was isolated from the monimolimnion of Ace Lake 

in the Vestfold Hills. Archaea are an important 

component of prokaryote biomass in cold environ-

ments. M. burtonii grows most rapidly at 23°C and 

will survive up to 29°C. The ability to grow faster 

at temperatures well outside the normal environ-

mental range is a common phenomenon among 

polar prokaryotes. However, at higher tempera-

tures the organisms are stressed. Goodchild et al. 
(2004) identifi ed the protein involved in cold adap-

tation in M. burtonii. They were able to identify 

proteins specifi c to growth at 4°C versus growth at 

the optimum growth temperature of 23°C. Crucial 

features of cold adaptation involved transcription, 

protein folding, and metabolism including the 

specifi c activity of RNA polymerase subunit E, a 

response regulator and peptidyl-prolyl cis/trans 

isomerase. A heat-shock protein was expressed 

during growth at 24°C, indicating stress. Genomic 

analyses are also yielding new perspectives on 

microbial phototrophs isolated from perennially 

cold polar habitats (e.g. Morgan-Kiss et al. 2006). As 

the technology is refi ned, these large-scale genomic 

approaches will give great insight into the evolu-

tion and functioning of life in the extreme, vulner-

able ecosystems of the polar regions.

17.6 Extremophiles and bioprospecting

Biochemical and molecular approaches are funda-

mental to bioprospecting for novel biochemicals 

such as low temperatures enzymes, ice-active sub-

stances, and pharmaceuticals. Extremophile organ-

isms are regarded as rich sites for bioprospecting. 

The Antarctic (and Arctic) is recognized as a 

potentially important site for this activity. Indeed 

there is a good deal of speculation suggesting 

that ‘biotechnology companies are scrambling’ to 

exploit this resource and ‘threatening to plunder 

the planet’s last wilderness’ (Conner 2004). The 

fact is that industry cannot access the potential of 

Antarctica legally unless they do so through one of 

unfolding of Antarctic biodiversity and insights 

into the evolution of endemic  species are reviewed 

in Laybourn-Parry and Pearce (2007).

The genomics revolution that has permitted the 

direct analysis of gene sequences from environmen-

tal samples, without the need to culture, represents 

a major breakthrough in biodiversity and func-

tional ecology. The early investigations were tech-

nically challenging relying on direct sequencing of 

RNA or reverse-transcription-generated DNA cop-

ies (Lane et al. 1985; Stahl et al. 1985). Modern phylo-

genetic surveys involve isolating DNA from fi eld 

samples, amplifying the target genes (e.g. small 

subunit rRNA genes), inserting the amplicons into 

a host bacterium and screening the transform-

ants that result. Polar examples of this approach 

include the analysis of water from melted accre-

tion ice from subglacial Lake Vostok, Antarctica, 

where the presence of 16 S rDNA from fi ve dif-

ferent bacterial groups were identifi ed (Christner 

et al. 2001), and the analysis of Archaea, Bacteria, 

and microbial Eukarya in an Arctic stamukhi 

lake (a coastal ice-dammed lagoon fed by Arctic 

river water) showing that this  ecosystem type had 

distinct microbio logical properties relative to its 

source waters (Galand et al. 2008). Metagenomics 

takes this approach a step further by attempting 

to sequence all of the community DNA rather than 

specifi c genes. The resultant large data-set of nucle-

otide sequences is then subject to complex bioin-

formatics analysis of the resultant sequence data to 

identify specifi c taxa, a range of taxa, or groups of 

functional genes in the fi eld sample (Handelsman 

2004). These technologies are developing rapidly, 

allowing much greater scope for analysing com-

munity structure, function, etc. This is of enormous 

value in microbiology where it is acknowledged 

that most bacterial and archaeal diversity is uncul-

turable. Such studies are  showing that the number 

of taxa in most environments is much larger than 

previously imagined, and that most species are 

represented in only small  concentrations for most 

of the time (Sogin et al. 2006; Pedrós-Alió 2007).

Functional genomics provides a means of deter-

mining the mechanisms that enable organisms 

to function in the natural environment. This is 

particu larly relevant to the study of extremophile 

organisms that inhabit polar waters. This approach 
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that can inhibit the growth of large ice crystals and 

prior to freezing they have thermal hysteresis activ-

ity which depresses the freezing point of a solu-

tion containing ice below its melting point. Many 

organisms contain AFPs including plants, some 

Antarctic fi sh, fungi, and bacteria. A hyperactive 

AFP isolated from Marinomonas primoryensis that is 

calcium dependent can depress the freezing point 

by over 2°C (Gilbert et al. 2005). This bacterium was 

isolated from Ace Lake in the Vestfold Hills and is 

the fi rst example of calcium-dependent AFP activ-

ity not found in fi sh.

To date we have only scratched the surface of the 

biotechnological potential that the polar regions, 

and in particular Antarctica, have to offer. The 

responsible exploitation of this wealth will have 

very little environmental impact, particularly 

when samples are collected as part of scientifi c 

programmes that are focused on understanding 

biochemical mechanisms of organisms that have 

evolved to survive in these extreme environments.

17.7 Model development

Arctic and Antarctic aquatic ecosystems will con-

tinue to be valuable sites for the development and 

application of ecological models. These include 

conceptual models to better understand the struc-

ture and functioning of biota, communities, food 

webs and ecosystems, statistical models to estab-

lish quantitative relationships between variables, 

and numerical simulation models to explore and 

predict the behaviour of high-latitude systems. The 

increased intensity of data acquisition via wire-

less networks, underwater observation  systems, 

and satellite remote sensing will help accelerate 

advances on these three fronts. Such data need 

to be accessible, and the rapid development of 

online data catalogues and databases will facili-

tate this information exchange (e.g. the Polar Data 

Catalogue, www.polardata.ca).

Polar ecosystems encompass an enormous 

diversity and gradient of limnological conditions 

and therefore lend themselves to research on fun-

damental questions such as the optical controls 

on under-ice irradiance (e.g. Vincent et al. 1998), 

the biogeochemistry of dissolved organic carbon 

(e.g. McKnight et al. 1994), the biogeography and 

the treaty nations conducting responsible research. 

As any Antarctic scientist knows, material cannot 

be removed from Antarctica without a permit. 

The European Commission-funded MICROMAT 

program that involved a partnership of European 

universities, two multinational companies, and a 

small Italian biotechnology company, and the col-

laboration of Laybourn-Parry and her coworkers 

with Unilever exemplify a responsible approach 

to bioprospecting. All of this work was conducted 

in collaboration with the Australian Antarctic 

Programme. Very little of the output has been 

commercialized because of concern about contra-

vening the Convention on Biological Diversity and 

the United Nations Convention on the Law of the 

Sea. No nation has sovereignty in Antarctica and 

the Antarctic Treaty has yet to develop a proto-

col on this issue (Herber 2006). Importantly, very 

small samples of water or soil are suffi cient to pro-

vide material for bioprospecting, so the impact on 

Antarctic ecosystems is minimal and within the 

normal levels that result from other ecological 

research. Moreover, there are now very substan-

tial culture collections of Antarctic bacteria, fungi, 

and cyanobacteria held at various universities 

worldwide that could be screened by industry for 

pharmaceuticals, low-temperature enzymes, or ice-

active substances. However, this is unlikely to occur 

on any commercial scale until the legal, policy, and 

benefi t-sharing issues can properly be resolved. 

These cultures were not isolated for industrial 

purposes, and research on these and other cultures 

will continue to yield new insights into the biodi-

versity and functioning of polar microbiota.

Low-temperature enzymes that can be isolated 

from microorganisms are of particular interest 

as they have a wide application in domestic and 

industrial processes. Examples are cold-active 

alkaline phosphatase (Dhaked et al. 2005), low-

temperature lipase (Yang et al. 2004), and a low-

temperature �-galactosidase (Coker et al. 2003). 

Ice-active substances have applications in both the 

food and medical industry and are apparently com-

mon in heterotrophic bacteria isolated from saline 

Antarctic lakes (Gilbert et al. 2004) and in photo-

synthetic freshwater and terrestrial phototrophs 

(Raymond and Fritsen 2000). Anti-freeze proteins 

(AFPs) are a diverse group of ice-binding proteins 
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ant Bacillus sp. P9. Enzyme Microbiological Technology 36, 

855–861.
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Emmerton, C.A., Lesack, L.F.W., and Marsh, P. (2007). 

Lake abundance, potential water storage and habi-

tat distribution in the Mackenzie River Delta, west-

ern Canadian Arctic. Water Research 43, W05419, 

doi:10.1029/2006WR005139.

Frohn, R.C., Hunkel, K.M., and Eisner, W.R. (2005). 

Satellite remote sensing classifi cation of thaw lakes 

and drained thaw lake basins on the North Slope of 

Alaska. Remote Sensing of the Environment 97, 116–126.

Galand, P.E., Lovejoy, C., Pouliot, J., Garneau, M.-E., and 

Vincent, W.F. (2008). Microbial community diver-

sity and heterotrophic production in a coastal arctic 

 ecosystem: A stamukhi lake and its source waters. 

Limnology and Oceanography 53, 813–823.

Gilbert, J.A., Hill, P.J., Dodd, C.E.R., and Laybourn-

Parry, J. (2004). Demonstration of antifreeze protein 

activity in Antarctic lake bacteria. Microbiology 150, 

171–180.

Gilbert, J.A., Davies, P., and Laybourn-Parry, J. (2005). 

A hyperactive calcium dependent antifreeze protein 

in an Antarctic bacterium. FEMS Microbiology Letters 
245, 67–72.

Goodchild, A. et al. (2004). A proteomic determin-

ation of cold adaptation in the Antarctic archaeon, 

evolution of aquatic microbes (e.g. Vincent 2000; 

Laybourn-Parry and Pearce 2007), the genetic 

adaptation to extreme cold (e.g. Morgan-Kiss et al. 
2006), the infl uence of climate on algal communi-

ties (e.g. Smol et al. 2005), nutrient and light con-

trol of biological production (see Chapters 1 and 9), 

landscape and climate effects on fi sh distribution 

(e.g. Hershey et al. 2006), and the roles of alloch-

thonous carbon and benthic–pelagic coupling in 

aquatic food webs (see Chapter 15). Improved mod-

eling of high-latitude lakes and rivers is critical not 

only for the understanding of aquatic ecosystems 

in general, but also to assess the global implica-

tions of changes in high-latitude processes such as 

increased freshwater discharge to the Arctic Ocean, 

increased greenhouse gas production by Arctic 

thermokarst lakes and wetlands, and changes in 

meltwater dynamics at the interface between the 

polar ice sheets and basement rock. 

17.8 Conclusions

Knowledge of the structure and functioning of 

high-latitude aquatic ecosystems is advancing rap-

idly, in part because of the importance of polar lakes 

and rivers as barometers of global climate change 

and their value as model systems for observation 

and analysis. The fourth International Polar Year 

(2007–2008) has heightened the intense interest in 

the polar regions, and ecological research is likely 

to continue to accelerate in both the Arctic and 

Antarctic. The emerging technologies described 

here, coupled with advances in modeling, data 

analysis, and concept development and synthesis, 

will continue to yield exciting new insights into 

polar lakes and rivers, of broad relevance to ecol-

ogy at all scales and latitudes.

References

Antoniades, D. et al. (2007). Abrupt environmental change 

in Canada’s northernmost lake inferred from diatom 

and fossil pigment stratigraphy. Geophysical Research 
Letters 34, L18708, doi:10.1029/2007GL030947.

Bay, R., Bramall, N., and Price, P.B. (2005). Search for 

microbes and biogenic compounds in polar ice using 

fl uorescence. In Castello, J.D. and Rogers, S.O. (eds), 

Life in Ancient Ice, Princeton, pp. 268–276. Princeton 

University Press, Princeton, NJ.

www.commondreams.org/headlines04/0202%E2%80%9303.htm
www.commondreams.org/headlines04/0202%E2%80%9303.htm


317

biomass The quantity of a species or community of 
organisms per unit volume of water or area of ground, 
usually expressed in units of carbon, nitrogen, dry 
weight, or energy.

bioturbation The mixing of sediments by the burrowing 
and movement of animals and protozoans.

bryophyte A group of lower plants, including mosses.
Cladocera A group of micro-crustaceans that are capa-

ble of parthenogenic reproduction (virgin birth), for 
example Daphnia. They are found in the plankton and 
in the benthos of water bodies.

conductivity The conductance of water per unit length, 
expressed as µS cm−1; used as a quantitative of measure 
of salinity.

Copepoda A group of micro-crustaceans found in the 
plankton and in the benthos of water bodies; the three 
subgroups (orders) are cyclopoids, calanoids, and har-
pacticoids.

chemocline The boundary between the upper waters 
(mixolimnion) and the lower waters (monimolimnion) 
in a meromictic lake where there are strong physical 
and chemical gradients.

chironomids Mosquito-like insects, commonly called 
midges, that have aquatic larvae.

chlorophyll a A plant pigment found in all plants. It 
is soluble, can be extracted and quantifi ed (µg L−1 or 
mg m-3), and can be used as a measure of phytoplank-
ton or benthic algal biomass.

chlorophytes green algae
choanofl agellates Filter-feeding heterotrophic ( colorless) 

fl agellated protozoans (protists) that have a collar of 
pseudopodia surrounding a fl agellum. The fl agellum 
draws food particles on to the collar where they are 
collected and then ingested at the collar’s base.

cryoconite A water-fi lled hole on a glacier surface that 
forms during the summer melt.

cryosphere Those parts of the globe covered by snow 
and ice.

Cyanobacteria Commonly known as blue-green algae, 
these are photosynthetic bacteria containing chloro-
phyll a. They include unicellular, colonial, and fi la-
mentous species.

denitrifi cation The microbial reduction of nitrate to 
nitrogen gas.

diatoms A group of unicellular algae (Bacillariophyceae) 
characterized by a siliceous cell wall. This group is 

ablation Loss of snow and ice from a glacier or ice shelf 
by melting, evaporation, and break away of ice as 
blocks or icebergs.

ablation zone The lower zone of a glacier where ablation 
exceeds accumulation. 

accretion ice Ice lying immediately above a subglacial 
lake and derived from its waters.

accumulation zone The upper zone of a glacier where 
accumulation of snow and ice exceeds ablation.

albedo The percentage of solar radiation refl ected from 
ice or snow. Clean snow and ice have high albedo, 
whereas dirty snow or ice has a reduced albedo.

algae The general name for eukaryotic photosynthetic 
organisms, excluding land plants. Planktonic algae 
are mostly unicellular, for example diatoms; in the 
benthos, algae are mostly unicellular or fi lamentous.

allochthonous Derived from outside the water body; 
that is, imported from the surrounding terrestrial 
environment.

anadromous Fish that spend part of their life history in 
the sea, migrating to fresh water to breed.

anaerobic Refers to the absence of oxygen.
Anostraca The fairy shrimps, an order within the class 

Branchiopoda of the subphylum Crustacea.
anoxic Completely lacking in oxygen.
Antarctic Convergence The junction of oceanic waters 

around Antarctica formed from the coincident loca-
tion of the subpolar low-pressure zone at 60°S and the 
circum-Antarctic ring of unconstrained waters.

Antarctic oasis Refers to an area of bare rock that con-
tains lakes in Antarctica. The term oasis refers to the 
life found in these zones in what is otherwise an ice 
desert.

Archaea One of the three domains of life; microscopic 
prokaryotes, that are widely distributed in all environ-
ments. They include extremophiles such as halophiles 
(salt-loving), psychrophiles (cold-loving), and ther-
mophiles (heat-loving). They are metabolically diverse 
and include methanogens (methane-producing) and 
nitrifi ers (ammonium-oxidizing).

autochthonous Organic carbon derived from photosyn-
thetic carbon fi xation within a water body.

benthic Living on the bottom of a lake or stream.
biogeochemical process The cycling of carbon, nitro-

gen, phosphorus, and other elements by biological 
processes.

Glossary
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hydrolysis Reaction between ions of a salt and ions of 
water forming a solution that is either acidic or alka-
line.

hypersaline lakes Lakes that exceed the salinity of sea 
water (35‰).

hypolimnion The lower waters of a thermally stratifi ed 
lake.

hyporheic zone Areas beneath a river bed and 
banks that contain channel water to the depth to 
which overlying river water actively infi ltrates by 
advection.

hypoxic Low in oxygen (sometimes defi ned as less than 
2 mg O2 L

−1).
ice shelf Wherever a glacier or ice sheet terminates in a 

deep water body it fl oats, creating an ice sheet or a gla-
cier tongue. Ice shelves are common around Antarctica; 
for example the Amery Ice Shelf. Arctic ice shelves are 
largely derived from thick sea ice.

isostatic rebound Land rising up as the weight of ice is 
removed by ice sheet or glacier retreat.

lake snow Aggregates of particulate organic matter 
often heavily colonized by microorganisms that fl oat 
in the water column of lakes.

limnology The study of inland waters. First defi ned by 
F.-A. Forel in 1892 as ‘the oceanography of lakes’ (Le 
Léman: Monographie Limnologique Tome 2, F. Rouge, 
Lausanne, p. VI) but later extended to include ponds, 
wetlands, streams, rivers, and their freshwater– 
saltwater transition zones (e.g. stamukhi lakes).

lithology The study and description of rocks and their 
formation; the gross physical character of a rock or a 
rock formation.

littoral zone The interface region between the land (or 
drainage basin) and the water of lakes and streams.

macrophytes Plants or large multicellular algae found 
in water bodies; can be attached to the bottom and 
completely submerged, or emergent or fl oating on the 
surface.

meromictic lake A salinity-stratifi ed lake that never 
fully mixes and shows strong physical and chemical 
gradients.

mesotrophic Lakes that are medium in productivity 
on a continuum from unproductive (oliogtrophic) to 
highly productive (eutrophic).

metalimnion The layer between the epilimnion and the 
hypolimnion that exhibits a marked thermal discon-
tinuity.

metazoan multicellular animal
methanogenesis The production of methane, usually in 

anaerobic habitats by bacteria.
microbial mats Assemblages of cyanobacteria, het-

erotrophic bacteria, algae, and other microbes, bound 
together in a mucilaginous matrix and often coating 
lake, pond, and stream sediments.

Miocene A geological epoch that extended between 
23.03 and 5.33 million years before the present.

mixolimnion The upper oxygenated waters of a mero-
mictic lake.

common in both the plankton and benthos, and is well 
preserved in lake sediments, providing valuable indi-
cators of environmental change for paleolimnological 
studies.

dimictic A lake that shows stratifi cation and mixing 
twice during the annual cycle.

dinofl agellates A group of fl agellated, eukaryotic 
microbes that are common in saline lakes, the sea, and 
freshwater lakes. Nutritionally diverse, including het-
erotrophs, mixotrophs, and autotrophs, but nonethe-
less often classifi ed as phytofl agellates.

DOC dissolved organic carbon
DON dissolved organic nitrogen
endosymbiont Symbiotic organisms that live inside 

another organism, for example Chlorella (zoochlorellae) 
that live inside ciliated protozoans.

epifl ora Microscopic photosynthetic organisms that live 
on the surface of macrophytes, sediment surfaces, or 
rocks and stones.

epiglacial lake A lake abutting a glacier or an ice shelf.
epilimnion The mixed upper water layer in a thermally 

stratifi ed lake.
epilithic Living attached to a stone or rock surface.
epishelf lake  A lake that forms between an ice shelf and 

the land, usually from glacial melt or infl ow from a 
neighboring lake. Fresh water overlies colder, denser 
sea water without signifi cant mixing. These are tidal 
freshwater lakes (e.g. Beaver Lake Antarctica; Milne 
Fjord, Arctic Canada).

Eubacteria Also called Bacteria. One of the three 
domains of life. Prokaryotic cells, with diverse modes 
of energy acquisition and enormous biodiversity.

eukaryote An organism that possesses a nucleus or 
nuclei; includes all animals, protists, fungi, and plants. 
The smallest microbial Eukarya are called picoeukary-
otes, with cells less than 2–3 µm in diameter.

eutrophic Describes a productive water body.
eutrophication The enrichment of a water body, for 

example by inputs of nutrients from a penguin rook-
ery, or from sewage inputs.

fl agellates A group of protists (the Mastigophora) that 
possess one or more fl agella. Nutritionally diverse 
including heterotrophic, photosynthetic, and mix-
otrophic forms.

folliculinid tests The horny or chitinous test or lorica of 
folliculinid Spirotrich ciliates.

Foraminifera A marine group of colorless protists 
belonging to the amoebae (Sarcodina) that possess 
multi-chambered calcium carbonate shells.

Heliozoa A group of sarcodine protists that look like 
stylized suns (hence the name). The cytoplasm is sup-
ported by radiating arms made up of microtubules.

heterotrophic bacteria Prokaryotes that require an 
organic substrate to support growth.

Holocene The current geological epoch, which began 
about 11 500 years ago.

hydrology The study of processes involved in the hydro-
logical or water cycle.
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water column of seas and lakes. It includes algae, 
 phytofl agellates, and photosynthetic bacteria; for 
example, Cyanobacteria.

picocyanobacteria Minute Cyanobacteria less than 
2–3 µm in diameter.

picoeukaryotes Minute nucleus-containing cells less 
than 2–3 µm in diameter.

piscivore A predator that feeds on fi sh.
Pleistocene A geological time period extending from 

1 808 000 to 11 550 years ago, covering the period of 
repeated and most recent glaciations. The Pleistocene 
was followed by the Holocene.

Polar Frontal Zone Cold dense air sinks over the polar 
regions and fl ows towards the equator as the polar 
easterlies meet the westerlies, at the polar front at  
around 60°S or 60°N.

polymictic Polymictic lakes can be continuous or dis-
continuous. Continuous cold polymictic lakes are 
ice-covered for part of the year and lack ice when the 
temperature rises above 4°C. At this time they are 
mixed but this may be interrupted by brief diurnal 
stratifi cation. Discontinuous polymixis is similar but 
here the lake may be stratifi ed for several days during 
summer between periods of mixing.

polymorphism Changes in form or morphology within 
a species either in one habitat or in different habitats; 
(e.g. Plate 13).

primary production The growth of autotrophs (includ-
ing algal mats and phytoplankton) by the photosyn-
thetic fi xation of inorganic carbon.

proglacial lakes Lakes that are ponded between frontal 
glacial margins and topographical high points.

prokaryote A broad terms that encompasses all cellular 
micro-organisms that lack a nucleus. Two domains 
of life are recognized in this group: Archaea and 
Bacteria.

protists Microbial eukaryotes, including protozoa and 
single-celled algae; see Adl et al. (2005) for a recent clas-
sifi cation of all eukaryotes, including traditional algal 
and protozoan groups (see Chapter 9).

protozoa Diverse, single-celled organisms that may be 
heterotrophic, autotrophic, or mixotrophic; classifi ed 
as a sub-kingdom in the kingdom Protista. Free-living 
forms include the ciliates, fl agellates, and amoebae.

psychrophile An organism that has its optimum growth 
below 15°C.

psychrotolerant Capable of growing and reproducing at 
low temperatures.

psychrotroph An organism with its optimum growth 
temperature above 15°C, but that can grow at lower 
temperatures (e.g. polar Cyanobacteria).

pycnocline A density gradient in a lake caused by 
changes in temperature or salt content.

riffl e habitat Shallow sections of stream channels, with 
turbulent, well-mixed waters.

rotifer Microscopic multicellular organisms common in 
the plankton and benthos of lakes.

mixotrophic Organisms that combine autotrophy with 
heterotrophy to varying degrees; for example, ciliates 
containing symbiotic zoochlorellae or autotrophic fl ag-
ellates that feed on bacteria.

monimolimnion Lower anoxic waters of a meromictic 
lake.

monomictic A lake that thermally stratifi es only once in 
a annual cycle.

moraines Depositional features of rock material associ-
ated with glaciers; for example, terminal moraines and 
lateral moraines.

nanofl agellates Flagellated protists (both photosyn-
thetic and heterotrophic) that range in size from 2 to 
20 µm.

nematodes The round worms, a group of usually micro-
scopic worms common in the soil and benthos of water 
bodies.

nitrifi cation The microbial oxidation of ammonia to 
nitrite and then nitrate.

nutrients In a limnological context this usually refers to 
essential elements (nitrogen, phosphorus, and, in the 
case of diatoms, silica) needed to support the growth of 
bacterial, phytoplanktonic, and benthic photosynthetic 
communities.

ocean thermohaline circulation Salinity and tempera-
ture differences of water masses among the oceans are 
responsible for creating a large-scale, worldwide fl ow 
pattern called thermohaline circulation, also known as 
the global ocean conveyer.

oligotrophic lake An unproductive lake; ultra-
 oligotrophic means extremely unproductive.

ontogeny The origin and development of a lake or 
organism.

ostracods A group of microcrustaceans usually found in 
the benthos.

paleolimnology The study of lake sediments to recon-
struct past environments.

PAR Photosynthetically active radiation within the 
 electromagnetic wavelengths of 400–700 nm (visible 
light).

pCO2 partial pressure of carbon dioxide.
perennial ice cover or ice cap Permanent ice cover on 

a lake.
periphyton The assemblages of algae, bacteria, and 

other microbes within a polysaccharide matrix that 
live on submerged surfaces; for example, stream beds 
and the littoral zone of lakes.

permafrost Soil layers that remain below 0°C.
phototrophs Photosynthetic organisms including algae, 

fl agellated protists, and some bacteria.
phycobilisomes Photosynthetic pigment complexes 

found in Cyanobacteria.
phytobenthos Photosynthetic organisms (plants, algae, 

photosynthetic bacteria, and protozoa) that live on the 
bottom of a water body.

phytoplankton A generic term for the assemblage 
of microscopic photosynthetic cells that live in the 
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thermokarst lakes Lakes or ponds created by the thaw-
ing of permafrost (also called thaw lakes).

tintinnid loricae Tintinnids (ciliated protozoa) live 
inside a tube or lorica that can be formed of protein or 
an agglomerate of particles.

TOC total organic carbon
Trans-Antarctic Mountains The chain of mountains 

that divides Antarctica into west and east.
UV-B radiation Part of the electromagnetic spectrum 

between 280–320 nm that causes signifi cant biological 
damage.

virus burst size The number of viruses released from 
an infected bacterial cell when the cell lyses or bursts 
open.

virus-like particles Term applied to very small parti-
cles that stain with fl uorochromes like SYBR gold and 
SYBR green and are enumerated by epifl uorescent 
microscopy. They are assumed to be viruses, but this 
can only be confi rmed with electron microscopy.

Simuliidae Insects with aquatic larvae, commonly 
called black fl ies.

stamukhi lakes Coastal lagoons formed by the trapping 
of river water behind thick sea ice.

subglacial lakes Lakes lying below the polar ice caps; 
for example, Lake Vostok.

sublimation Transition from a solid to a gas phase with 
no intermediate liquid stage. In the case of ice this 
occurs at below freezing temperatures.

supraglacial ponds Ponds that develop on the surface of 
ice shelves and glaciers during summer.

supraglacial processes Processes (physical,  chemical, and 
biological) occurring on a glacier or ice-shelf  surface.

tardigrades Commonly called water bears, these small 
creatures (up to 500 µm) resemble arthropods but are 
in their own phylum.

thermocline The marked temperature gradient between 
the epilimnion and hypolimnion in a thermally strati-
fi ed water body; see also pycnocline.
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Numbers in italics refer to plates in the middle of the text. The letter f indicates a figure and t a table.
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high-latitude lakes 274
Kuparuk River (Alaska) 91

chlorophyll 14, 69, 162, 163t, 164t,
165f, 174, 236, 284f

chlorophytes 160, 172
choanoflagellates 206
Christie Bay (Great Slave Lake) 56
chrysophytes 161, 220
Cierva Point (Antarctic) 9, 20
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cyanobacteria 11–12, 55, 159, 218, 225
cyanobacterial mats 9, 10, 20, 88, 109, 
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DDT 300
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Daphnia 12, 275–6, 244f
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deep chlorophyll maxima 14, 173–4
Deep Lake (Antarctic) 6f, 20, 66
deserts 4, 5, 20
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habitats 236–8
heterotrophic microbial 

processes 192–210
high-altitude 70–2, 75, 77–9
high-latitude 4, 65–80, 269–85
hypersaline 21–2
hypertrophic 165
ice-dammed 27
ice-dependent 27–8
inorganic carbon dynamics 139–40
lagoon 35
maar 32–4
meromictic 4, 8, 19, 20, 21–2, 29, 

31–2, 71f, 72, 74, 77
mesotrophic 163
monomictic 4, 20, 31, 70, 71f, 75
oligotrophic 19, 163–4
ontogeny 47–8
oxbow 35
perennially ice-covered 137–8, 

180–1
permafrost thaw 6f, 18
polymictic 74–5
and ponds 35
postglacial 28–30
primary production 166–72
proglacial 45, 233, 252–3
rift 122
saline 20, 36, 59, 66, 141, 201–2, 

204, 222
salinity 50, 79
shallow thaw 8
solar-heated 6, 66
stamukhi 93
subglacial 1, 36–7, 56, 74, 120–4, 

217–18
supraglacial 2, 3, 106–111
tectonic 34
thermokarst (thaw) 8, 8, 9, 29–30, 

37, 70, 95–6
volcanic 32–4

Lapland, Finnish 13, 49
Larsemann Hills (Antarctic) 21, 36, 

46, 58, 293–4, 295
Larsen B Ice Shelf (Canada) 108
larvae 188
Laurentide Ice Sheet 45
lead 297
Lepidurus arcticus 12, 237

Leptobryum 185–6
light see solar radiation
Limnocalanus macrurus 233–235
limnology, polar 4–5, 307–14
Livingston Island (Antarctic) 5,

36, 148
Lord Lindsay River (Canada) 225

Mackenzie River (Canada) 8
Archaea 218, 224
delta 6, 7, 7, 35, 70
climate change 22
drainage 93, 94, 294
fish 95
floodplain 13, 22, 270f
oil spills 299
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dry-valley streams 85–6, 88
enriched 188
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(a) (b)

Plate 1 Subglacial lakes and rivers. Top: an artist’s depiction of the lakes, rivers, and watersheds that lie beneath the thick Antarctic ice 
sheet. Credit: National Science Foundation (USA). Bottom: distribution of Antarctic subglacial lakes in relation to the ice divides (light lines in 
both panels), subglacial elevation (a) and hydraulic fl uid potential (b). The base map is a MODIS image mosaic. The water should fl ow from 
lakes with high fl uid potential to lakes with lower potential, assuming that there is a connection. The white circles indicate the locations of 
major fi eld stations. Credit: J.C. Priscu.



Plate 2 Supraglacial lakes in the Canadian High Arctic. Top: elongate meltwater lakes on the Ward Hunt Ice Shelf. Bottom: microbial mats 
on the Markham Ice Shelf. Photographs: D. Sarrazin and W.F. Vincent.



Plate 3 Supraglacial lakes and biota on the McMurdo Ice Shelf, Antarctica. Top: surface of the ice. Middle: ponds on the undulating ice, with 
a surface layer of moraine, salt, and microbial mats. Bottom: epifl uorescence micrograph of mat cyanobacteria (left) and the bdelloid rotifer 
Philodina gregaria that feeds on and accumulates carotenoid pigments from the mats (right; drawing from Murray 1910). Photographs: 
W.F. Vincent.



Plate 4 Perennially ice-covered lakes in polar desert catchments. Top: Ward Hunt Lake in the Canadian High Arctic. Photograph: D. 
Antoniades. Bottom: the west lobe of Lake Bonney in the McMurdo Dry Valleys, Antarctica. Photograph: H. Basagic.



Plate 5 Polar desert lakes. Top: Lake Hazen, a large deep lake in the Canadian High Arctic. Bottom: Ace Lake, a meromictic lake in the 
Vestfold Hills, Antarctica. Photographs: W.F. Vincent and I. Bayly.



Plate 6 Flowing-water ecosystems. Top: the glacier-fed Adams Stream in the McMurdo Dry Valleys, Antarctica. Bottom: the Kuparuk River, 
Alaska. Photographs: W.F. Vincent.



Plate 6 Flowing-water ecosystems. Top: the glacier-fed Adams Stream in the McMurdo Dry Valleys, Antarctica. Bottom: the Kuparuk River, 
Alaska. Photographs: W.F. Vincent.



Plate 7 Flowing-water ecosystems. Top: stimulation of aquatic mosses (bryophytes) by long-term nutrient enrichment in the Kuparuk River. 
Bottom: one of the main channels of the Mackenzie River, Canada. Photographs: B.J. Peterson and W.F. Vincent; see Chapter 5.



Plate 8 Arctic lakes and ponds. Top: satellite image of the Mackenzie River and its fl oodplain lakes. Photograph: NASA GSFC/METI/ERSDAC/
JAROS and the U.S./Japan ASTER Science Team. Bottom: multicolored, permafrost thaw lakes in northern Québec. Photograph: I. Laurion.



Plate 9 Lakes in the low Arctic, forest-tundra zone, Québec. Top: permafrost thaw lakes at the edge of the treeline. Photograph: I. Laurion. 
Bottom: the eastern basin of Lac à l’Eau Claire (Clearwater Lake), still ice-covered in mid-summer. Photograph: W.F. Vincent.



(a)

(d)

(b)

(e)

(f)

(c)

(g)

Plate 10 Benthic cyanobacterial communities. (a) Oscillatorian mat in a meltwater pond on the Koettlitz Glacier, Antarctica. (b) Nostoc 
commune, from a High Arctic pond, Bylot Island. (c) Cyanobacterial mat in Lake Vanda, Antarctica. (d) Benthic mat from a pond on the 
McMurdo Ice Shelf, Antarctica. (e) Ultrastructure of a cyanobacterial mat. (f) Migration of oscillatorian cyanobacteria to the surface of a pond 
mat in an ultraviolet-screening experiment. (g) Cyanobacterium-coated moss pillar in Syowa Lake, East Antarctica. Photographs: C. Howard-
Williams (a); I. Laurion (b); I. Hawes (c); A. Quesada (d, f); A. De los Ríos and C. Ascaso (e); S. Imura (g).



(a) (b) (c)

(d) (e) (f)

(g) (h)

Plate 11 Protists in Arctic and Antarctic lakes. (a) Mesodinum rubrum from Ace Lake, stained with Lugol’s iodine. (b) Diaphanoeca grandis, a 
choanofl agellate from Highway Lake, Vestfold Hills. (c) Pyramimonas gelidicola, a common phytofl agellate in the Vestfold Hills saline lakes. (d) An 
oligotrich ciliate containing sequestered plastids. (e) Katablepharis, a heterotrophic fl agellate from Char Lake. (f) Dinobryon, a colonial mixotrophic 
phytofl agellate from Char Lake. (g) A cryptophyte, a common group of phytofl agellates. (h) Tetrahymena (hymenostome ciliates) inside the 
exoskeleton of a dead copepod. Photographs: J. Laybourn-Parry, G. Nash, P. Patterson, and W.F. Vincent.



(d)

(a) (b)

(c)

(e)

Plate 12 Pigmented zooplankton. (a) Daphniopsis studeri, a cladoceran from East Antarctica. (b) Melanized Daphnia middendorfi ana 
carrying ephippium, from a lake at Resolute, Canadian High Arctic. (c) Daphnia umbra from a pond in Kilpisjärvi, Finnish Lapland. (d) 
Artemiopsis stefanssoni fairy shrimps from a pond in Resolute. (e) Tadpole shrimp Lepidurus arcticus from a pond near Lake Hazen, Ellesmere 
Island. Photographs: J. Laybourn-Parry (a); P. Van Hove (b, d, e); P. Junttila (c).



Plate 13 Arctic fi sh and contaminant pathways. Top: large and small forms of Arctic char (Salvelinus alpinus) from Lake Hazen, Canadian 
High Arctic. Photograph: M. Power. Bottom: transport processes and reactions controlling mercury, which bioaccumulates through the food 
web to fi sh (from Wrona et al. 2006). Meth., methylation; Demeth., demethylation.



Plate 14 Top: Chemical and biological stratifi cation in Ace Lake, a meromictic (permanently stratifi ed) lake in the the Vestfold Hills, 
Antarctica. Bottom left: sediment sampling for paleolimnological studies of the lakes and fjords of Ellesmere Island, using a percussion 
sediment corer. Bottom right: a 1600-year-old lake sediment core from the Larsemann Hills, East Antarctica. Photographs: J. Laybourn-Parry, 
W.F. Vincent, and D. Hodgson.



Plate 15 Paleolimnological profi les of recent (approximately the last 200 years) changes in the relative abundances of diatom assemblages 
from various regions of the circumpolar Arctic. The amount of assemblage change is further quantifi ed by � diversity measurements (SD, 
standard deviation units). Many sites from the High Arctic (shown in red) recorded the greatest changes in assemblages, which were 
consistent with interpretation of recent warming. In regions with less warming, profi les are shown in orange and green. Meanwhile, areas 
such as Northern Québec and Labrador recorded little change (shown in blue). From Smol et al. (2005); see Chapter 3.
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Plate 16 Predictions of major climate change ahead. Multimodel mean changes in surface air temperature (°C, left), precipitation (mm day–1, middle) and sea-level pressure (hPa, right) for 
boreal winter (DJF, top) and summer (JJA, bottom). Changes are given for the period 2080–2099 relative to 1980–1999. Stippling denotes areas where the magnitude of the multimodel 
ensemble mean exceeds the intermodel standard deviation. Reproduced by permission of the Intergovernmental Panel on Climate Change. Meehl et al. (2007).




