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ABSTRACT

Region 2 comprises arctic and subarctic North America and is underlain by continuous or discontinuous permafrost. Its
freshwater systems are dominated by a low energy environment and cold region processes. Central northern areas are
almost totally in¯uenced by arctic air masses while Paci®c air becomes more prominent in the west, Atlantic air in the
east and southern air masses at the lower latitudes. Air mass changes will play an important role in precipitation changes
associated with climate warming. The snow season in the region is prolonged resulting in long-term storage of water so
that the spring ¯ood is often the major hydrological event of the year, even though, annual rainfall usually exceeds
annual snowfall. The unique character of ponds and lakes is a result of the long frozen period, which a�ects nutrient
status and gas exchange during the cold season and during thaw. GCM models are in close agreement for this region
and predict temperature increases as large as 48C in summer and 98C in winter for a 2� CO2 scenario. Palaeoclimate
indicators support the probability that substantial temperature increases have occurred previously during the Holocene.
The historical record indicates a temperature increase of 418C in parts of the region during the last century. GCM
predictions of precipitation change indicate an increase, but there is little agreement amongst the various models on
regional disposition or magnitude. Precipitation change is as important as temperature change in determining the water
balance. The water balance is critical to every aspect of hydrology and limnology in the far north. Permafrost close to
the surface plays a major role in freshwater systems because it often maintains lakes and wetlands above an impermeable
frost table, which limits the water storage capabilities of the subsurface. Thawing associated with climate change would,
particularly in areas of massive ice, stimulate landscape changes, which can a�ect every aspect of the environment. The
normal spring ¯ooding of ice-jammed north-¯owing rivers, such as the Mackenzie, is a major event, which renews the
water supply of lakes in delta regions and which determines the availability of habitat for aquatic organisms. Climate
warming or river damming and diversion would probably lead to the complete drying of many delta lakes. Climate
warming would also change the characteristics of ponds that presently freeze to the bottom and result in fundamental
changes in their limnological characteristics. At present, the food chain is rather simple usually culminating in lake trout
or arctic char. A lengthening of the growing season and warmer water temperature would a�ect the chemical, mineral
and nutrient status of lakes and most likely have deleterious e�ects on the food chain. Peatlands are extensive in region 2.
They would move northwards at their southern boundaries, and, with sustained drying, many would change form or
become inactive. Extensive wetlands and peatlands are an important component of the global carbon budget, and
warmer and drier conditions would most likely change them from a sink to a source for atmospheric carbon. There is
some evidence that this may be occurring already. Region 2 is very vulnerable to global warming. Its freshwater systems
are probably the least studied and most poorly understood in North America. There are clear needs to improve our
current knowledge of temperature and precipitation patterns; to model the thermal behaviour of wetlands, lakes and
rivers; to understand better the interrelationships of cold region rivers with their basins; to begin studies on the very
large lakes in the region; to obtain a ®rm grasp of the role of northern peatlands in the global carbon cycle; and to link
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the terrestrial water balance to the thermal and hydrological regime of the polar sea. Overall, there is a strong need
for basic research and long-term monitoring. # 1997 by John Wiley & Sons, Ltd.
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INTRODUCTION

Region 2 (Figure 1; Figure 1 in Leavesley et al., 1997) extends across 308 of latitude (528N to 828N) and
approximately 808 of longitude (628W to 1428W). This large area, of approximately six million km2, includes
the Mackenzie River Basin, the Yukon River Basin and north slope of Alaska, Keewatin, the Hudson Bay
Lowland, northern Quebec and Labrador and the Canadian Arctic Islands. Lakes and deltas are abundant
and are an important resource for indigenous people. The surface area of freshwater is about 350 000 km2.
Some of the largest freshwater lakes on the earth lie within the Mackenzie Basin. These are Great Bear and
Great Slave Lakes and Lake Athabasca. There are innumerable smaller lakes and ponds. Major river deltas
include the Mackenzie Delta (25 000 lakes within its approximately 12 000 km2 area alone), Peace±
Athabasca Delta and the Yukon Delta. Other smaller deltas are formed by most north-¯owing rivers.
The freshwater ecosystems include approximately 450 000 km2 of peatlands. Of these, 280 000 km2 are in the
Hudson Bay Lowland, which is the second largest peatland in the world. The entire region is underlain by
continuous or discontinuous permafrost (Figure 1a). The covering vegetation is boreal forest, subarctic open
forest (taiga) and tundra.

This paper outlines the general climatic and hydrological characteristics of region 2. It then examines
model predictions of the magnitude of climate warming and precipitation change for the region and places
this in context using historical and palaeoclimatic evidence. Following a discussion of the likely broad-scale
e�ects of climate change on freshwaters, the paper focuses in more detail, on potential e�ects on small ponds
and lakes, rivers and northern peatlands.

CLIMATIC CHARACTERISTICS

As would be expected in a region with such geographic diversity, climate is highly variable. There are very
few meteorological stations in region 2 so the generalizations stated below should be accepted with
reservations. Exclusive of the ice cap areas in the eastern Queen Elizabeth Islands, annual mean temperature
spans 218C (ÿ18 to �38C), annual precipitation ranges from 60 to 460 mm, the frost-free period from 10 to
5125 days, the median snow-free period from 80 to 245 days and the average global solar radiation from
90 to 160 W/m2 (Hare and Thomas, 1979). Average net radiation at the surface varies from 3 to 53 W/m2

(Rouse, 1993). In the most southerly parts about 33% of solar radiation is realized as e�ective surface net
radiant energy. This decreases to about 3% in the most northerly parts. There is a marked seasonality in the
climate. Typically, air temperature in the summer months (JJA) is between 34 and 418C warmer than in the
winter months (DJF).

Circulation Patterns, Air Masses and Winds

In both summer and winter, the regional winds are westerly in the southern portions of region 2, but in the
north, the ¯ow is north-westerly. In the Arctic Islands the ¯ow is part of a circumpolar vortex that is
particularly well developed in winter and centred over northern Ba�n and Cornwallis Islands (Hare and
Thomas, 1979; Maxwell, 1980). Surface winds are heavily in¯uenced by local and regional factors. For
example, in the Arctic Islands at Resolute (latitude 748 40') the measured annual mean wind speed is 6.3 m/s,
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Figure 1. Map of region 2 showing (a) the location of continuous and discontinuous permafrost, Arctic tree-line and speci®c study
areas, and (b) place names referred to in this paper
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whereas at Alert (latitude 828 30') it is 3.0 m/s (Maxwell, 1980). These di�erences are the result of local
topographical and instrument-siting factors. In general terms, wind speeds increase from south to north and
are about 50% higher in winter than in summer (Rouse, 1993). The biggest increase in surface wind
accompanies emergence from the boreal forest into open tundra and is a result of the reduced surface drag.

Annual air mass dominance varies widely within the region (Table I). For the high Arctic Islands, arctic
air masses dominate for most of the year. As one moves south-eastwards, Atlantic air achieves more
importance, whereas south-westwards, Paci®c air becomes increasingly common. In south-central parts of
region 2, such as the Hudson Bay Lowland, while arctic air is dominant annually, southern air and air from
Hudson Bay achieve some importance in summer and autumn. Since arctic air is much drier than Atlantic,
Paci®c and especially southerly air masses, in scenarios of climate warming, the changing air mass
dominance patterns become important, particularly to precipitation. Substantial changes to less domination
by arctic air masses can be anticipated for northern Alaska and Yukon, the Mackenzie Basin, Keewatin, the
Hudson Bay Lowland, northern Quebec and Labrador and the more southern islands of the Arctic
Archipelago.

HYDROLOGICAL CHARACTERISTICS

Extent of Snow, Ice and Permafrost

For most of region 2, snow accounts for 40±80% of the annual precipitation, the majority of which is
stored on the ground for 6±9 months of the year. Actual snowfall can be up to two to three times greater
than that measured by standard snow collectors at weather stations. This is because of under catch and large
numbers of trace precipitation events in the wind-swept tundra (Goodison, 1981; Woo et al., 1983). The
hydraulic conductivity of permafrost soils is signi®cantly lower than for unfrozen soils, thus limiting
groundwater ¯ows. Consequently, the occurrence of permafrost is important in controlling the areal and
spatial distribution of wetlands in many areas of the region.

Snow Redistribution Processes

Intercepted snow in forest canopies and blowing snow on tundra enhance sublimation of the snow and
reduce the total snow on the ground at spring melt. In regions of low precipitation, such as most of the
tundra and the drier northern regions of the boreal forest, sublimation limits the water available for runo�.
In dense coniferous canopies, interception can result in up to 40% of the snow sublimating, while in open or

Table I. Air mass frequency (%) by season. W Ð winter (DJF); SP Ð spring (MAM); S Ð summer (JJA);
F Ð autumn (SON). Estimates are derived from Bryson (1966) and Maxwell (1980)

Air mass source�

Arctic Paci®c Atlantic Southern Hudson Bay

Station W SP S F W SP S F W SP S F W SP S F W SP S F

Alert 100 100 100 100
Resolution 100 100 100 100
Aqaluit 100 100 66 100 34
Baker Lake 100 100 70 100 30
Fairbanks{ 100 66 30 45 34 70 55
Whitehorse 100 65 25 45 35 75 55
Inuvik 100 85 55 88 15 45 12
Churchill 100 90 48 85 10 30 3 22 12
Sche�erville 100 85 45 88 15 30 10 20 5 2

�All frequencies 530% are in bold.
{Fairbanks data are estimated by extrapolation.
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deciduous forests it may be less than 10% (Pomeroy and Gray, 1994). Snow becomes entrained into the
atmosphere during high wind events, which both redistribute snow on the ground and result in considerable
sublimation. At the northern edge of the prairies, sublimation can comprise up to 40% of the snowfall
(Pomeroy and Gray, 1994) and in tundra, over 10% (Marsh et al., 1996).

Cold, high latitude snow covers behave di�erently to their temperate counterparts (Marsh, 1991a).
Beneath temperate snow covers the ground heat ¯ux is seldom important and a small ¯ux into the basal snow
helps to increase melt. In northern permafrost soils, heat ¯ows from the snow to the ground. This increases
the energy required to melt the snowpack, and delays melt runo�. Signi®cant amounts of meltwater refreeze
within the snow, soil and as basal ice. This also delays the start of melt runo� and extends the snowmelt
period. Snowmelt in®ltration into frozen soils plays an important part in controlling runo�. Depending on
the magnitude of autumn rains and soil moisture content at freeze-up, snowmelt in®ltration varies from zero
to greater than the entire snowpack water equivalent. In addition, soil temperature controls the portion of
the frozen soil in®ltration that refreezes and will not be available for immediate runo�.

E�ects of River and Lake Ice

Seasonal ice cover a�ects the characteristics of aquatic ecosystems. It controls the amount of light reaching
the unfrozen water beneath the ice cover (Prowse and Stephenson, 1986). The high surface albedo of snow
atop the ice means that any signi®cant accumulation of snow re¯ects most of the incident radiation. Beneath
the snowpack, black ice transmits most of the solar radiation through to the unfrozen waters, whereas white
ice is strongly re¯ective. The duration of lake ice varies considerably over the study area. For example, Lake
Athabasca (588N) has a mean duration of ice cover from early November to mid-May, and an average
maximum thickness of about 1 m. In contrast, lake ice cover near Alert, at 828N, extends on average from
late August to mid-July, with an average maximum thickness of about 2 m. Meanwhile, some high arctic
lakes maintain their ice cover throughout the summer (Smol, 1988).
Ice prevents gas exchange between underlying waters and the atmosphere and may commonly lead to

depletion of dissolved O2 and the build up of reduced gases such as CO2 , CH4 and H2S. In shallow lakes, a
substantial portion of the water column and total lake volume is incorporated into the ice cover, while a
smaller portion remains unfrozen. Because solutes are excluded from the ice during freezing, the chemistry of
the underlying water changes dramatically over the winter (Schindler et al., 1974; Hobbie, 1980; Welch and
Bergmann, 1985; Welch and Legault, 1986; Lesack et al., 1991). Finally, the processes accompanying ice
formation during freeze-up and break-up have a wide range of e�ects on the bed and banks of lakes and
rivers. These include frazil ice impact on ®sh, anchor ice growth, elevated water levels, channel blockage and
increased scouring of river banks and beds (Prowse, 1994). These processes have a large e�ect on the riparian
geomorphology and vegetation (Scrimgeour et al., 1994).

River Hydrology

The complexity of runo� magnitude can be illustrated for the Mackenzie Basin (Figure 2). Runo� varies
from 100 mm/yr in the northern portions of the basin, to over 1000 mm/yr in the southern, mountainous
parts. Mean annual discharge of 173 mm/yr averaged over the whole basin is approximately 42% of total
precipitation input to the basin, with the remaining 58% being evapotranspired (Marsh and Prowse, 1993).
On an annual basis, it is often assumed that changes in storage are zero. However, that is not always the

case and long-term ¯uctuations in groundwater, lake and glacial storage can occur. The hydrological e�ect
of glaciers in a watershed is to store water during cold or wet periods, and to release water during warm
periods. Lakes and wetlands also store water, although on shorter time scales.
Seasonal variations in ¯ow are important to the freshwater ecosystems in river basins. Four regimes

common to northern regions can be identi®ed (Church, 1974; Woo, 1986). Arctic nival regimes occur in areas
of continuous permafrost. Spring snowmelt dominates the hydrograph, and runo� from summer rain is
generally small since precipitation is low. Winter stream ¯ow is usually very low owing to limited
groundwater contribution. Subarctic nival regimes are dominated by spring snowmelt, but summer rain
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storms may produce peak ¯ow of similar size to the spring snowmelt (Watt, 1989). Discontinuous permafrost
increases groundwater contributions and winter ¯ow may be signi®cant. Wetland regimes occur where
drainage is poor owing to low relief or an impermeable substrate. Wetland basins, with low energy gradients,
have signi®cant temporary storage capacity, and therefore they tend to attenuate peak ¯ows but still retain
high yields. Finally, in proglacial streams, snowmelt runo� is important, but instead of a brief spring peak,
¯ow increases throughout the spring snowmelt period and then continues to increase as meltwater is
contributed from higher regions of the glaciated basin.

The Mackenzie River integrates the runo� from major sub-basins that display the characteristics of all
four regimes. The main stream ¯ow can be described as subarctic nival, with a dominant spring ¯ood,
signi®cant summer peaks owing to rainfall runo� and discharge that continues throughout the winter
(Figure 2).

The dramatic e�ects of ice on river ¯ows are evident in the Mackenzie Basin. In northern portions,
channels begin to freeze over in October, with a complete ice cover forming by January. Freeze-up is an
important event because the ¯ow conveyance of the channel is reduced as downstream ice cover is formed
(Gray and Prowse, 1992). This is mainly a response to the higher roughness of ice-covered channels. As a
result, upstream water levels rise as water is placed into storage behind the accumulating ice cover and a
period of low discharge prevails downstream. The lowest discharge of the year may occur during freeze-up,
not later in the winter when water delivery to the channel is at a minimum. In some cases, river icings can
lead to a complete blockage of the channel system (Van Everdingen, 1974).
The Mackenzie, like most rivers in region 2, ¯ows northwards from areas that are warmer to those that are

colder. Thus, melt progresses from upstream to downstream. The resulting ¯ood wave often progresses
downstream more rapidly than the melt proceeds, and the ¯ood wave encounters thick, resistant ice covers,
resulting in very large ice jams (e.g. Andres and Doyle, 1984; Gray and Prowse, 1992). Ice jams make it
impossible to measure discharge during what is often the major ¯ood event of the year.

Lake Hydrology

In cold regions, lake ice plays an important hydrological role during the spring break-up. If a signi®cant
portion of the snowmelt runo� occurs before the lake ice has melted, ¯oating ice may prevent wind-induced

Figure 2. The average monthly discharge for the Mackenzie River at Arctic Red River. The basin at this point is 1�66� 106 km2
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intermixing of the runo� and lake water. As previously mentioned, solute exclusion during the growth of the
lake ice can increase solute concentrations substantially in the unfrozen water beneath the ice. The resulting
di�erences in salinity between the unfrozen lake water and in¯owing runo� can prevent intermixing while the
lake remains frozen (Lesack et al., 1991). In other small lakes with large catchments, a substantial portion of
snowmelt can pass through the lake without mixing and this can reduce the utilization of the snowmelt
nutrient load by the lake ecosystem (Welch and Bergman, 1985).

CLIMATE CHANGE

GCM Scenarios

A general idea of the potential magnitude of climate change in region 2 can be obtained from GCM
(general circulation model) scenarios for 2� CO2 warming (Table II). In both summer and winter, compo-
site GCM results indicate that Alaska, Yukon and the Mackenzie Basin could undergo increases of about
48C; in central parts of region 2, this changes to 4 and 78C for summer and winter, respectively, and, in the
east and the Canadian Arctic Archipelago, increases of the order of 4 and 98C are suggested. Models
generally concur that precipitation will increase in summer and winter, but little agreement exists on the
magnitude and regionality (Mitchell et al., 1990). Given that present day precipitation in region 2 is poorly
known, there can be little con®dence in 2� CO2 projections for this variable. Cohen (1993) reports on a
composite scenario for the Mackenzie Basin that is derived from a GCM model, contemporary station data
and historical and palaeoclimatic information to predict an increase of 38C in annual temperature and a 10%
increase in precipitation. From a selected suite of di�erent GCMs, Maxwell (1992) also provides averages for
the lower Mackenzie that indicate substantial temperature and precipitation increases. Models, thus,
generally agree in indicating moderately large temperature increases throughout region 2 in summer, and, in
winter, large to very large temperature increases in the central and northern portions of the region.

Historical Variability and Palaeoclimatic Reconstructions

The instrumental record indicates a temperature increase of 1.78C in the forested Mackenzie Basin
between 1895 and 1991, and about 0.68C in areas of tundra region between 1922 and 1991 (Skinner and
Gullet, 1993). No cause or e�ect can be ascribed to these short-term changes and patterns since they are well
within the natural variability of the temperature record. Also, regional consistency in temperature change in
region 2 has not been demonstrated.
For a 30-year period, Isaac and Stuart (1992) demonstrated a close correspondence between higher than

normal precipitation and above-average daily temperatures. This suggests that the amelioration of very cold
temperatures in these regions has the potential to increase precipitation, particularly in winter, and especially

Table II. Scenarios of temperature change (8C) for a 2� CO2 scenario. GCM models: A, Atmospheric Environment
Service, Canada; B, Geo¯uids Dynamics Laboratory, USA; C, United Kingdom Meteorological Service, UK (adapted

from Mitchell et al., 1990)

Alaska±Yukon Mackenzie Keewatin, N. Quebec High Arctic
N. Manitoba, Labrador
N. Ontario

Winter
A 2±8 4±8 4±12 8±12 8±12
B 2±8 0±4 2±8 6±12 8±12
C 2±8 2±6 4±8 6±8 4±8

Summer
A 2±6 2±4 4±6 4±6 4±6
B 2±6 2±6 2±6 2±6 0±4
C 2±6 2±6 2±4 2±6 2±4

# 1997 by John Wiley & Sons, Ltd. HYDROLOGICAL PROCESSES, VOL. 11, 873±902 (1997)

3: ARCTIC AND SUBARCTIC 879



in the central, eastern and northern areas. This is encouraging because without increased precipitation many
systems would dry up under warmer temperatures.

Palaeoclimatic reconstructions during the Holocene cast some light on the magnitude of climate change or
variability. From dendroclimatology analysis, Szeicz and MacDonald (1995) reconstructed June±July
temperatures for the central Yukon and northern and middle Mackenzie Basin for the period 1638 to 1988.
Szeicz's record generally agrees with that of Bradley and Jones (1993), which uses composite tree ring and
Greenland ice core proxy data. Both records show a fairly steady increase in temperatures in the last 150
years, of the magnitude of 28C, and also indicate that late 20th century summer temperatures are as warm or
warmer than any in the period 1638±1980. There is also general agreement with the dendroclimatic
reconstruction of Jacoby et al. (1985) for Alaska and the central Yukon, except that this latter study indicates
a post-1950 temperature decrease. All summertime dendroclimatic records indicate that medium-term
temperature variations of a similar but lesser magnitude to those suggested by GCM results have been
experienced in the recent Holocene. Evidence from eastern parts of region 2 is less easily interpreted because
of the dominance of ®re in the northern forest dynamics during the last 3000 years (Payette and Morneau,
1993). Palynological evidence suggests that on the Tuktoyaktuk Peninsula near the Mackenzie River Delta,
forest limits were at least 70 km polewards of the current tree-line between 9500 and 5000 BP (Ritchie, 1984;
Spear, 1993). This evidence is important because it illustrates that the boreal forest has migrated to the Arctic
coast during the Holocene (Roots, 1989) and that high latitudes respond strongly to global climate warming
of the magnitude indicated by GCM scenarios.

Based on stratigraphic evidence in the central and southern Yukon, Burn (1993) argues that the Holocene
has been the only non-glacial period with widespread permafrost. The temperature of the permafrost in these
regions is close to 08C and with small warming could undergo substantial thaw. Burn (1993) notes
particularly that cold surface temperatures and thin snow cover caused by the blocking e�ect of the St Elias
Mountains may be responsible for maintaining the permafrost, and that these blocking e�ects are not
simulated by output of GCMs for 1� CO2. The implication is that 2� CO2 scenarios probably do not
model that in¯uence either.

Koerner's (1991) analysis of stable isotope ratios in glacier ice cores features the following variability.
Whereas at higher elevations in Antarctica and Greenland no melting occurs at all, in the Canadian Arctic,
melting over the entire ice cap surface occurs nine years out of ten. From 1200 AD to the 1970s there have
been several periods in which strong melting persisted over ®ve or more decades, but the period with the
strongest magnitudes of melt has occurred during the last 100 years. Koerner cautions, however, that this
warming is not unusual in the longer record, and much larger changes are apparent in the last one hundred
thousand years. He also notes that the occurrence of the coldest period of the Holocene just 200 years ago
(Little Ice Age) tends to highlight the present warm period.

Douglas et al. (1994), using diatom indicators and palaeolimnological techniques in the High Arctic,
found relatively stable diatom populations over the last 8000 years, but then noted striking successional
changes over the last 200 years. They attribute climate warming as the most likely cause of these successional
changes.

Overall, there appears to be a congruence in the various indicators that suggests a substantial 20th century
warming trend in much of region 2. There is convincing evidence that high latitudes do give a unique high
magnitude response to global climate change.

BROAD-SCALE EFFECTS OF CLIMATE WARMING

The permafrost that underlies region 2 varies in thickness along an air temperature and general latitudinal
gradient (Table III). It is in those regions where the annual mean temperature is higher than ÿ68C, or the
annual mean ground temperature is hovering around 08C, that permafrost could disappear completely.
By analogy, with current climate±permafrost distribution, the long-term e�ects of warming scenarios
produced by GCM scenarios would be to move the permafrost boundaries polewards by about 500 km or so
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(Woo et al., 1992). This would reduce the area of permafrost to less than 80% of its present coverage.
Probably the most profound e�ect from warming would be the melting of widespread massive ground ice
(Figure 3a) which is concentrated in the top few metres of permafrost terrain, and which is particularly
susceptible to climate warming. This would induce massive terrain slumping (thermokarst) with e�ects on all
surface features, including drainage patterns and sediment loads in rivers and lakes, thus a�ecting aquatic
ecosystems.

Groundwater in permafrost areas may be found above (suprapermafrost), within (intrapermafrost) or
below (subpermafrost) the frozen layer (Woo et al., 1992). The suprapermafrost zone provides little water
storage in winter and in early spring when the active layer is frozen. In summer its storage capacity changes
with thawing and refreezing. Occurrence of intrapermafrost groundwater is governed by the vertical
distribution of permafrost. The subpermafrost groundwater often has higher chemical concentrations
because it has a longer residence time to be in contact with earth materials. Warming of the permafrost will
extend the thaw season, allowing a longer period of water in®ltration and deeper active layer development
(Hinzman and Kane, 1992; Kane et al., 1992), and a concomitant increase in hydrological activities in the
suprapermafrost zone (Woo et al., 1992).

A deeper active layer and a longer unfrozen period will reduce overland ¯ow as both in®ltration and active
layer water storage capacity increase. Patchy arctic wetlands, currently supported by surface ¯ow from late
lying snowbanks, would disappear. Increasing the depth of the active layer will threaten the survival of many
arctic wetlands which exist because impermeable permafrost prohibits deep percolation and impedes
drainage of the active layer. Similarly, some small lakes exist because the permafrost isolates them from the
regional groundwater system or from surface ¯ow. Permafrost degradation will open subsurface ¯ow
connections, thereby draining these lakes (Mackay, 1992; Woo et al., 1992).

The spring melt period should be earlier and possibly stretch over a longer time period because of lower
radiation receipts occurring earlier in the year (Kane et al., 1992; Figure 3b). Because of increased active
layer storage capacity, peak ¯ows associated with both snowmelt and rainfall events would be similar or
lower than at present. These expectations are consistent with the analogue of northern basins. Those with

Table III. Permafrost thicknesses (m), sample ground temperatures (8C) and mean air temperatures (8C) for select
Canadian stations (after Brown, 1970). Stations are ordered according to decreasing daily mean air temperatures

Location Latitude Thickness Ground temp (8C), Air temp.
Longitude (m) Depth (m) (8C)

Thompson, Manitoba 55845' N 15 0, 8 ÿ4�0
97854' W

Uranium City, Saskatchewan 59832' N 9 0, 9 ÿ4�0
108843' W

Sche�erville, Quebec 54850' N 475 ÿ0�2, 60 ÿ4�5
67800' W

Yellowknife, NWT 62828' N 60±90 0, 12 ÿ5�5
114827' W

Normal Wells, NWT 65819' N 45±60 ÿ2�8; 50 ÿ6�2
126846' W

Churchill, Manitoba 58845' N 30±60 ÿ2�2; 10 ÿ7�2
94804' W

Inuvik, NWT 68818' N 490 ÿ3�9; 30 ÿ9�1
133829' W

Rankin Inlet, NWT 62845' N 300 ÿ9�0; 30 ÿ11�6
92805' W

Winter Harbour, NWT 74850' N 460 ND ÿ16�0
110846' W

Resolute, NWT 74843' N 400 ÿ13�0; 30 ÿ1�6
54859' W
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less permafrost, but receiving comparable amounts of precipitation, produce lesser amounts of runo� and
smaller ranges in ¯ow volumes.

Lake ice covers will be thinner, will break up earlier and freeze up later. Thus, there will be a longer ice-free
season. For large north-¯owing rivers, thinner ice covers, smaller temperature gradients between southern
and northern portions of the basins and reduced spring ¯ood peaks could lead to less frequent and less severe
ice-jamming during the spring break-up.

In the snow-free season, evapotranspiration often exceeds precipitation giving a negative water balance
(Woo et al., 1992). An increase in the length of the snow-free period and in summer temperature will increase
evaporation and transpiration. If precipitation does not change, or decreases, water balances will become
more strongly negative. If there is an increase in precipitation that matches that of evaporation the water
balance will not change. Only an increase in rainfall, which exceeds that of evaporation, will give a positive
summer water balance to increase lake levels, recharge ground moisture and increase runo� and river ¯ow.
The critical equation with respect to the e�ect of greenhouse warming on the water balance thus involves
both the magnitude of the warming e�ect and the responses of the precipitation regime. Changes in the water
balance are particularly important to the surface moisture regime of the Arctic Islands, where, at present, in
unglaciated basins, surface runo� and stream ¯ow occur only during spring snowmelt. After melt the terrain
becomes hydrologically inactive until the following early summer period. Wildlife is sustained through stored

Figure 3. (a) A conceptual summary of the potential response of the permafrost system to climate change. Major primary and
secondary e�ects are listed and potential higher order e�ects are indicated with arrows. (b) A conceptual summary of the potential
response of the hydrological system to climate change. Major primary and secondary e�ects are listed and potential higher order e�ects

are indicated with arrows
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water in localized ecological niches such as Truelove Lowland on Devon Island (Bliss, 1977) and Hot
Weather Creek on Ellesmere Island (Figure 1b). Such niches will be strongly in¯uenced by changes in the
water balance.

Contemporary evidence suggests that hot and dry summer conditions will increase overall evapotran-
spiration from wetlands even when they develop a substantial moisture de®ciency. This arises because of the
large stomatal conductance of transpiring plants, and from the ability of porous peat soils to supply water
from wet subsurface layers when atmospheric demand is large (Rouse et al., 1992). Thus, where vascular
plants are dominant, they will continue to transpire until the water table drops well below the surface. Where
non-transpiring vegetation, such as Sphagnummoss or lichen, is dominant, however, evaporation is inhibited
after surface drying. A hot, dry year promotes deeper thaw of the active layer than does a comparable wet
year (Rouse et al., 1992). At tree-line, with the same ambient conditions, wet tundra is more sensitive to
changes in climate than is forest at tree-line and the di�erences in sensitivities are a function of both physical
and physiological responses within the ecosystems (La¯eur and Rouse, 1995). Individual ecosystems in
continuous permafrost near tree-line all have di�ering sensitivities to seasonal changes in temperature and
precipitation. For example, the response in evaporative water loss to increases or decreases in air temperature
is greatest for dwarf willow±birch forest, and decreases through sedge fens, open forest, upland lichen heath
and shallow tundra lakes (W. R. Rouse, unpublished data).

Flora are more or less in equilibrium with the climate, including soil climate. Summer temperature, the
length of the summer growing season and intensity of summer warmth show the greatest correlation with
vegetation distribution and species diversity (Edlund and Alt, 1989). Seasonal snow cover and soil moisture
availability also in¯uence the distribution of species and communities. Permafrost can present a barrier to
the downward development of roots. It also ties up water in the frozen state that is unavailable for
transpiration. In addition, frost heaving dislocates and damages plant roots, and the maintenance of cold
rooting zones and cold soil water add stress factors for all vascular plants. By maintaining a high water table,
permafrost can promote anaerobic conditions within rooting zones. Such conditions favour the development
of non-vascular plants and contribute to the poor growth of vascular plants, especially boreal forest species
near tree-line (Woo et al., 1992). Under a warmer and wetter climate change scenario, there is some
consensus that contemporary vegetation belts would move polewards, although there would be a lag between
temperature increase and migration. The palaeobotanical record supports this response. Under a warmer
and drier scenario, there would also be a northwards migration, but this would favour xerophytic vegetation
with less biomass.

GENERAL RESPONSES OF AQUATIC ECOSYSTEMS TO CLIMATE CHANGE

Aquatic Habitat and Primary Production

The general potential responses of aquatic ecosystems to increased temperature and decreased runo� are
summarized in Figure 4. The response to increased temperature will be a longer ice-free season for lakes,
which will increase the length of the strati®ed season and could increase the depth of mixing. The longer
strati®ed season should lead to lower oxygen concentrations in the hypolimnion of lakes and an increased
stress on cold water organisms.
A longer ice-free season should also enhance the underwater light climate for primary producers and

increase the length of the growing season. However, this may be o�set, potentially, by a deterioration in light
availability because of two di�erent mechanisms. First, in regions where extensive melting of permafrost may
occur, land subsidence and formation of new drainage systems could lead to extensive erosion and increased
turbidity in streams and lakes. In Southern Indian Lake (northern Manitoba), analogous factors decreased
light penetration su�ciently to cause a switch from nutrient limitation to light limitation of primary
production, which more commonly controls the primary production of northern lakes (Hecky and
Guildford, 1984). Secondly, increases in average DOC concentrations and associated water darkening may
also occur among lakes and streams.
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In northern aquatic ecosystems, both in situ primary production and imported organic matter from
terrestrial ecosystems can be important sources of energy to fuel aquatic food chains. A general warming
through the region should increase terrestrial primary production. It is expected that primary production
would also increase because aquatic autotrophs tend to be limited by nutrients. The microbial degradation of
organic matter is strongly temperature dependent. Consequently, both the amount of organic matter

Figure 4. Potential response of aquatic ecosystems to a temperature increase and a runo� decrease
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imported from terrestrial ecosystems and the rate at which the matter is processed should increase. Increased
rates of nutrient remineralization derived frommicrobial decomposition should lead to an enhanced nutrient
supply in northern aquatic ecosystems. A general decrease in the amount of runo� would lead to lower
¯ushing rates and the decreased dilution of nutrients and longer contact times with rock minerals within their
catchments. In addition, increased temperatures would, at least modestly, increase rates of rock weathering.
The net e�ect of increased weathering plus decreased dilution would be to further enhance the nutrient
supply. If an enhanced nutrient supply stimulates the growth rates of aquatic autotrophs, and this is coupled
with a longer growing season, there should be an overall increase in annual primary production.

Secondary Production

Secondary production represents a combination of complex microbial and animal communities that
process autotrophic production and imported organic matter for their own growth, maintenance and
reproduction. Food supply and temperature represent primary regulators on the growth of consumer
populations (Benke, 1984; Sweeney, 1984). While the e�ect of warmer temperatures should generally be
favourable throughout the region, the food supply available for consumers would be ecosystem speci®c, thus
giving a variable response of secondary production to climate warming.

The dispersal ability of the organisms may control overall changes in secondary production. Most of the
fauna contributing to secondary production, except ®shes, have high dispersal ability and should quickly
take advantage of warmer temperature regimes. However, there are the glacial relict fauna, which represent
animals distributed by and surviving in large proglacial lakes during the last deglaciation. Some of these,
such as Pontoporeia a�nis and Mysis relicta, are important ®sh food in many northern lakes. The potential
loss of this fauna under warmer, less oxic conditions, could cause short-term (years to decades) disruptions
in the food chain until a warmer water fauna became established.

Climate warming would probably initiate a complex series of immigrations and extinctions of ®sh species
over broad areas. The present distribution originated from a few major refugia that existed during the
Pleistocene. As the glaciers waned, the proglacial lakes at the southern boundary of the ice receded
northwards and provided ready access for ®shes into what became modern lakes. These ®shes acclimatized
(Legendre and Legendre, 1984) and many species have never before been exposed to temperatures as high as
those forecast by GCM models. If these lakes become warmer and less oxygen rich, at least some of these
species could be extirpated in southern lakes and in shallower northern lakes in the region. Warmer water
species could invade and the short-term e�ects of the potential invasion of numerous species is largely
unknown. However, the destabilizing e�ects of past introductions of species into a variety of aquatic
ecosystems is well documented.

There is some evidence that the total biomass of ®sh communities may not change signi®cantly in response
to climate warming. For example, there is no relation between temperature and yield in Canadian lakes
(Schlesinger and Regier, 1982). Schlesinger and Regier (1983) suggest that this is a result of lakes having ®sh
species with di�erent thermal optima. Hence, although the yield of individual species does vary with
temperature, there are trade-o�s so that the aggregate is independent of temperature. This inference is based
on stable ®sh communities under present temperature conditions, and it is unknown whether this will be
maintained after climate warming occurs and the ®sh communities become destabilized.

Stream Communities

The break-up of river ice represents a major annual disturbance even in high latitude rivers. It is
characterized by large increases in current velocity, stage, water temperature, concentrations of suspended
materials and substrate scouring (Prowse, 1994). Scrimgeour et al. (1994) have argued that if the intermediate
disturbance hypothesis (Connell, 1978) is applicable to streams, a shift from intense, dynamic break-ups to
less severe, thermal events could potentially alter community richness. Such a shift could well occur in north-
¯owing rivers as a consequence of climatic warming. Moreover, alteration to ¯ow regimes as a result of
climate warming could also alter the structure of aquatic and riparian communities in rivers by a�ecting ice
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break-up intensity. Despite the potential importance of river ice break-up, there are few empirical
investigations thus far that have addressed the e�ects on river communities.

Small streams represent shallow-water habitat that has close linkages to riparian vegetation. Because
stream communities can be highly dependent on organic matter derived from riparian vegetation,
temperature e�ects can be important. Microbial processing of organic matter and organismal growth and
survival may be strongly linked to temperature. Oswood et al. (1992) have argued that a 48C increase in
water temperature over a four-month ice-free season can represent an increase of about 500 degree days, or
roughly a 50±100% increase in yearly cumulative warmth among Alaskan rivers and streams. An increase in
the length of the ice-free season and decreased freezing to the substrate in shallow areas would, potentially,
be bene®cial to invertebrates and ®sh (Oswood et al., 1992). However, the potential e�ect of increased
temperature on net processing of organic matter by invertebrate shredders and microbes in concert is less
clear. Irons et al. (1994) examined litter processing rates along a latitudinal gradient involving streams in
Costa Rica, Michigan and Alaska. Surprisingly, the processing rates were similar at the Michigan
and Alaskan sites, which should not be the case if temperature were the principal factor controlling the
breakdown rate. The authors suggest that the relative importance of invertebrate versus microbial
processing may change on a latitudinal gradient, with invertebrates being more important in high latitude
systems. A potential consequence is that processing rates may not increase in association with climate
warming.

RESPONSES TO CLIMATE WARMING IN SELECTED ARCTIC ECOSYSTEMS

High Arctic Ponds

Arctic ponds are standing water bodies less than 2 m deep that freeze to the bottom, whereas lakes are
su�ciently deep that water remains unfrozen under the ice cover (Sheath, 1986). As an example of high arctic
ponds, this paper focuses on a suite of 36 ponds from Cape Herschel, Ellesmere Island (Figure 1b), which
have been studied extensively over a number of years. Cape Herschel (78837' N, 74842' W) is a rugged
peninsula (2� 5 km2) of high relief (0±285 m asl) which lies close to the northern extent of the North Water,
a polynya that remains ice free most of the year.

The physical and chemical characteristics of the study ponds have been summarized in Douglas and Smol
(1994). The ponds are small (the largest being about 1 km long) and shallow (typically 51 m deep, and
usually 50�5 m deep). These clear, oligotrophic ponds are completely frozen for at least 10 months of the
year. During the short summers, water temperature warms substantially to a recorded maximum of 178C.
Temperatures, however, are typically less than 108C. The majority of ponds are alkaline, re¯ecting the
presence of calcareous tills overlying the granitic bedrock. Major ion concentrations are similar at most sites,
and change over the summer owing to the combined e�ects of cryoconcentration, snowmelt dilution,
evaporation and other factors (Douglas and Smol, 1994). Because the ponds are frozen most of the year,
vertebrate predators are generally absent, with the possible exception of some migratory birds. As a result,
the ponds are teeming with Daphnia, copepods, chironomids, rotifers and other invertebrates (Nogrady and
Smol, 1989).

Small, shallow water bodies, such as the Cape Herschel ponds, may be especially sensitive to climate
warming (Smol et al., 1991; Douglas et al., 1994), but will be dependent on the amount and timing of
precipitation that the area might receive. However, assuming air temperature will increase, the following
scenarios are proposed.

With increased temperatures and a longer growing season, many limnological changes would be expected.
Presently, the ponds are only free of ice from late June or early July, and may refreeze by August (Douglas
and Smol, 1994). The length of the ice-free period, and hence growing season, would signi®cantly increase
with small warming (Figure 3b). Total annual primary production may increase in the ponds, and more
complex periphytic communities could also develop (Douglas and Smol, 1993). Decomposition processes
would accelerate, with concomitant increases in nutrient cycling. Assuming that precipitation does not
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also increase, evaporation and concentration in the ponds would be enhanced, resulting in elevated
conductivities. Since many of the ponds are presently very shallow, some could desiccate completely.

Tree-line Lakes

Strong climatic and limnological gradients exist across north±south transects through the Yukon and
North-west Territories (Pienitz, 1993; Pienitz and Smol, 1993; Pienitz et al., 1995). For example, a typical
transect that included 59 lakes from Whitehorse to north of Tuktoyaktuk showed most lakes to be dilute
(mean conductivity � 160 mS/cm) and slightly acidic to alkaline (pH � 5�9±9�3). Although several
limnological variables could change polewards, dissolved organic carbon (DOC) and dissolved inorganic
carbon (DIC) concentrations clearly change. DOC and DIC also appear to be important chemical variables
in¯uencing diatom species assemblages in lakes and some streams (Miller et al., 1992; Pienitz and Smol,
1993). Water depth, surface water temperatures, ice and snow cover are also variables that in¯uence the
diatom assemblages (Pienitz et al., 1995). For lakes located near the arctic tree-line, changes in DOC may be
especially important. Of particular signi®cance to northern lakes, DOC is closely related to the composition
and density of terrestrial vegetation (e.g. spruce trees) in the catchment. Consequently, any climate-induced
changes in the position of tree-line will a�ect the limnology of lakes at this ecotonal boundary. Forsberg
(1992) estimates that, in Fennoscandinavia, increased warming would promote higher DOC levels in lakes.
In areas north of tree-line, DOC concentrations in groundwater vary with overlying vegetation type (Kling,
1995), and DOC concentrations may change if climate alters the vegetation composition.

DOC has an important in¯uence on, for example, arctic diatom species assemblages (Pienitz and Smol,
1993), although the speci®c causative factors are not yet determined. In addition, DOC concentrations
control the activity of decomposition by bacteria in some lakes on the Alaskan North Slope (Kling, 1995).
Lakes with the smallest lake volume:catchment area ratios are likely to be most a�ected. As with all these
regions, however, lake water DOC is only one of several variables that will be changing with a warming
climate.

Changes in DOC and related chemical changes would be only one limnological e�ect of trees migrating to
a lake's catchment. For example, evapotranspiration rates will change, with resulting hydrological e�ects.
The amount of wind mixing that a lake would be subjected to would decrease, thus a�ecting the physical
limnology of the system. Many related limnological variables would also be a�ected.
A few saline lakes are found in the central Yukon (Pienitz et al., 1992). Preliminary data indicate that

changes in these high latitude saline lakes are similar to those recorded in more southern regions (Pienitz
et al., 1992; Veres et al., 1995). If, with greenhouse warming, evaporation rates are higher, and precipitation
does not increase concurrently, these athalassic lakes would increase in salinity, with accompanying dramatic
e�ects on the aquatic biota. Moreover, because these lakes are situated in low precipitation areas, possible
further decreases in snow and rainfall, as well as increased evaporation rates, may greatly decrease their size
or they may disappear completely.

Shallow Tundra Lakes and the Food-web

Shallow arctic tundra lakes can be surprisingly productive. Some in the western Arctic have annual
productivities higher than temperate lakes much further south (Ramlal et al., 1994). Myriad such lakes on
the Tuktoyaktuk Peninsula support the feeding activities of abundant migratory and non-migratory
populations of broad white®sh and northern pike (Hesslein et al., 1991). A detailed lake carbon budget
demonstrated that benthic photosynthesis provided 50% of the organic carbon available to the food-web of
the lake, while phytoplankton (20%) and allochthonous carbon (30%) provided lesser amounts (Ramlal
et al., 1994). Benthic photosynthetics were most likely carbon limited as in many lakes (Hecky and Hesslein,
1995). Carbon dioxide limitation of benthic photosynthesis occurs within a di�usion-limited boundary layer
overlying benthic algae. A 2� CO2 atmosphere would retard lake degassing and raise PCO2 in bulk
solution. Consequently, benthic photosynthesis could be enhanced if the lakes maintain a positive
hydrological balance, and benthic carbon production would provide an even larger share of total organic
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carbon ¯ow in these shallow lakes. Warmer atmospheric temperatures and longer open water periods would
also contribute to higher productivity.

Mackenzie Delta Lakes: an Example of River±Lake Synergism

Lakes in the Mackenzie River Delta may be particularly sensitive to climate change. Water levels are
controlled primarily by Mackenzie and Peel River discharge to the delta, growth of river ice, ice break-up
and jamming, and changes in sea level (Marsh and Schmidt, 1993). The resulting variations in channel water
levels control the ¯ooding of approximately 25 000 delta lakes (Marsh and Hey, 1989). Since these delta lakes
tend to have a negative water balance between ¯ooding events (Marsh, 1991b), and changes in the
hydrological regime of the Mackenzie Basin could have signi®cant environmental e�ects (Marsh and
Ommanney, 1991).

Figure 5 shows a model that simulates the water balance and lake water levels for Mackenzie Delta lakes
that are infrequently ¯ooded (Marsh and Lesack, 1996). A 12-year record of daily air temperature, solar

Figure 5. A conceptual summary of the results of a simulation model (Marsh and Lesack, 1996) to evaluate the potential e�ects of
climate change on lakes in the Mackenzie River, Delta. The study focused on lakes that are not necessarily ¯ooded by the river each
year (i.e. infrequently ¯ooded lakes) and utilized climate change scenarios forecast by the GCM of the Atmospheric Environment

Service, Environment Canada
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radiation, rain and snowfall, and river levels is used as model input to simulate ice growth rate, maximum ice
thickness, melting of the ice cover, duration of the ice-free period and evaporation and lake water levels
during the ice-free period (Figure 5). It successfully predicts the major hydrological dynamics of a
representative lake over the period of record.

Under present climatic conditions, the `model lake' consistently shows a slight negative water balance if
not ¯ooded by the river. For the Mackenzie Delta region, the GCM of the Canadian Climate Centre (Boer
et al., 1990) indicates an increase in air temperature of 38C for JJA, and 58C for DJF, and precipitation
increases of 15 and 10%, respectively, are forecast. Under this 2� CO2 scenario, water levels in the `model
lake' decline more rapidly between ¯ooding events than under the present climate. Since it is generally
recognized that forecasts of precipitation by GCMs are not as reliable as temperature, the e�ect of a 10%
precipitation decrease was also modelled. Under this scenario, water levels in the `model lake' decline much
faster between ¯ooding events than at present and many lakes within the delta would disappear within
10 years. In both climate warming scenarios the lake ice cover is generally thinner and the ice-covered period
is consistently shorter.

The above evidence indicates that, despite potential increases in precipitation, evapotranspiration may
increase su�ciently so that less water will be available to lakes than under the present climate. Also, the
model demonstrates the potential importance of ice-jam ¯ooding in maintaining the water balance of delta
lakes in north-¯owing river systems. Signi®cant changes in the frequency or severity of ice-jam ¯ooding by
itself would have a major e�ect on these lakes.

Indirect evidence of the e�ects of ¯ooding is provided by the hydrological regime of the Peace±Athabasca
Delta, which has been changed signi®cantly by the Bennet Dam on the Peace River. Simulations of natural
and regulated water levels in the delta (Farley and Cheng, 1986) demonstrated that peak water levels in the
delta have been signi®cantly lower than under natural conditions. Less frequent ¯ooding of perched lake
basins within the delta has been evident with signi®cant e�ects on the delta ecosystem (Peace±Athabasca
Delta Implementation Committee, 1987). A number of perched lakes last received water in 1974, and even
during 1990, when the highest ¯ows on record occurred, the perched lakes did not receive any ¯oodwater.
Ice-jams represent a critical process that, historically, had raised ¯oodwaters su�ciently to ¯ood these lakes
(Prowse and Lalonde, 1996).

Alaska Lakes and Rivers, Nutrient Cycling and the Food-web

Global climate change may a�ect arctic aquatic ecosystems directly through increased temperatures or
through increases or decreases in nutrients to these systems. Nutrient input to Toolik Lake is primarily
through the inlet streams and occurs during spring snowmelt, with up to 30% occurring in the ®rst 10 days of
stream ¯ow (Whalen and Cornwell, 1985). The primary productivity in lakes and ponds (Miller et al., 1986;
Kling et al., 1992) and rivers (Petersen et al., 1985) on the North Slope of Alaska is very low owing to low
levels of phosphorus or colimitation of phosphorus and nitrogen. The range of chlorophyll in lakes and
ponds is 0.3 to 148 mg/l, and in rivers it is 0.1±9.4 mg/cm2 (Kling et al., 1992).
Understanding of these e�ects is often complicated by complex food-web interactions. Arctic lake

ecosystems near Toolik Lake, Alaska, are trophically simple (Kling et al., 1992; McDonald et al., 1996;
Figure 6). Lakes may have some or all of the trophic linkages shown; food-web complexity is determined by
the ®sh species present, landscape position, geological history and lake depth. Typically, ponds in the area
have no ®sh. Rivers in the area have grayling in them, and in some cases anadromous arctic char.

In a survey of lakes in the Alaskan arctic coastal plain, no signi®cant correlations of zooplankton species
and chlorophyll a concentration were found (Kling et al., 1992). O'Brien et al. (1992) found that with a
12-fold experimental increase in primary production, grazing zooplankton increased less than twofold.
Although microplankton densities appear to be correlated with increased primary production (Rublee,
1992), ®sh predation plays an important role in structuring the macrozooplankton community.

Previous work has shown that arctic lakes and rivers near Toolik have strong benthic±pelagic coupling
through the food-web. In lakes, the distribution of the large snail Lymnea elodes is controlled by lake trout
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(Salvelinus namaycush) (Merrick et al., 1992). In the absence of lake trout, algal biomass limits snail growth
and abundance (Hershey, 1992a). Chironomids dominate the benthic insect fauna found in lakes; their
abundance, biomass and community structure are controlled by slimy sculpin (Cottus cognatus), invertebrate
predation and habitat complexity (Goyke and Hershey, 1992). In rivers, macroinvertebrate consumers are
food limited (Hiltner and Hershey 1992; Peterson et al., 1993).

Lake trout are the dominant ®sh in most large lakes in the Toolik Lake area (Figure 6), but arctic char
(Salvelinus alpinus) hold a similar position in the food chain in some lakes. Lake trout control the
distribution and abundance of large snails (Hershey, 1992b; Merrick et al., 1991), slimy sculpin (McDonald
and Hershey, 1992; Hanson et al., 1992), and most likely limit recruitment and in-lake distribution of all
salmonines (McDonald et al., 1992). Arctic grayling (Thymallus arcticus), present in lakes, feed primarily on
zooplankton when small (O'Brien et al., 1979), and switch to emerging and ovipositing insects as they get
larger (Merrick et al., 1992). Grayling also occur in rivers, and feed primarily on drifting insects (Hobbie
et al.,1995). Round white®sh (Prosoprium cylinbdraceum) feed on small-bodied snails (Merrick et al., 1992).
Burbot (Lota lota) feed primarily on sculpin.
Lake trout act as a keystone predator in these systems. However, because of the low food supply and low

temperatures, lake trout are near their physiological limits for survival, and may be particularly sensitive to
changes in temperature and food supply (McDonald et al., 1996). When the temperature rises, the ®sh's
metabolic rate increases, and if food availability decreases, stays the same or increases only slightly, then the
growth rate of the ®shes will decline (Brett and Groves, 1979). Because the ®shes in the Toolik Lake area are
already food limited, subsequent increases in temperature or decreases in food could have deleterious e�ects
on the populations. Modelling of young lake trout in the epilimnion of Toolik Lake has suggested that
these small ®sh will not survive with the current availability of food and a 38C increase in water temperature
(McDonald et al., 1996). Other ®shes, such as arctic char, sculpin and grayling, that use the epilimnetic
areas extensively, may be similarly a�ected. However, sculpin and grayling, in the absence of large lake
trout predators, may change their use of habitats and resources (McDonald and Hershey, 1992; McDonald
et al., 1992). Changes in the growth rates of ®shes, especially predators, can greatly a�ect the survival of
the population, and may result in cascading e�ects through the entire trophic structure (Carpenter et al.,
1985).

Figure 6. Lake trout are the dominant predator in the Toolik Lake food-web in arctic Alaska because of their numeric superiority
and large adult size (based on McDonald et al., 1996)
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In addition to changing temperature, changing precipitation will a�ect these aquatic ecosystems. Current
precipitation levels in the Toolik area are very low, and if precipitation decreases, nutrient inputs into the
Toolik region could be further reduced. Resulting decreases in primary production could cause cascading
e�ects and reduce biomass at higher trophic levels (Sommer, 1979). Alteratively, precipitation could increase,
or melting permafrost could increase the nutrient loading to the lakes. Primary productivity will respond to
an increase in nutrients (Hobbie et al., 1995), but under the extremely oligotrophic conditions found in arctic
Alaskan lakes, primary consumers appear only weakly coupled to planktonic primary productivity. Even
after three years of a 10-fold experimental nutrient addition to limnocorrals in Toolik Lake, increases in
zooplankton abundance and biomass of only two- to three-fold occurred (O'Brien et al., 1992). It is unlikely
that a 10-fold increase in nutrients to Toolik Lake from rainfall or melting of permafrost in the watershed,
needed to produce a doubling of the available zooplankton, will occur. In the Kuparuk River near Toolik
Lake, primary productivity and algal biomass increased with experimental nutrient addition (Peterson et al.,
1993). The invertebrates response also showed them to be food limited (Hershey et al., 1988). Growth of
adult grayling has typically increased with fertilization (Deegan and Peterson, 1992), but growth is also
highly correlated with stream ¯ow (Hobbie et al., 1995). At low ¯ows, low growth of adult ®sh occurs in the
Kuparuk River (Hobbie et al., 1995), but young-of-year grayling grow better with lower ¯ow (L. Deegan and
B. Peterson, unpublished data). Temperature increases in the rivers naturally coincide with low ¯ow
conditions, but with the increased temperatures associated with climate change the adult grayling metabolic
demands may further reduce their growth at low ¯ows. As grayling in these systems are food limited, the
increased metabolic costs may result in decreased survival of riverine populations. Temperature increases
may also alter the biogeography of stream insects and ®sh through an increase in degree±days and the
amelioration of colder thermal regimes, allowing organisms to migrate northwards (Oswood et al., 1992).

It appears that global warming may have the most signi®cant e�ect on the predators of these, arctic
Alaskan aquatic ecosystems. The predators in these systems are long lived, and population changes owing to
recruitment failure may not be re¯ected in the adult populations for many years. However, the eventual loss
of top predators from these systems will most likely cascade through the food-web, a�ecting the structure
and function of both the benthic and planktonic communities (Hershey, 1990; Goyke and Hershey, 1992;
Hanson et al., 1992; O'Brien et al., 1992).

Northern Peatlands

Most of the wetlands of discontinuous and continuous permafrost regions are peatlands (National
Wetlands Working Group, 1988). The location of a peatland is related to regional climate controls on
precipitation and evapotranspiration and is thus controlled by the water balance. The most important
variable is the position of the water table because it controls the size of the aerobic and anaerobic layers in a
peatland, and thus biomass productivity and decomposition, and ultimately peat accumulation. The degree
of anaerobicity also determines, in part, the distribution of plants, and the magnitude of the exchange of
carbon gas with the atmosphere and the export of dissolved organic carbon. The water table is also a key
variable in determining the rate and magnitude of runo�. A secondary climate variable that is critical to
peatland function is temperature. Productivity and decomposition rates are related to temperature once the
general level of saturation of the peatland has been accounted for.

The wetlands in the interior of region 2 are largely bryophyte-dominated peatlands. These are a result of
cool temperatures and an excess of precipitation over evapotranspiration (Gignac and Vitt, 1994). Along the
southern boundary of region 2, in the grassland and low boreal forest, seasonal drought limits wetlands to
Typha marshes and Salix swamps. Progressing northwards, a cooler, moister climate limits the frequency
and severity of seasonal droughts and the wetlands become sedge- and bryophyte-dominated fens and bogs.
Climate produces variations in the peatland form (Belland and Vitt, 1995). In the southern areas of

region 2, peatlands are spatially restricted and the predominant peatland form is the basin bog, basin fen or
channel fen. Extensively developed peatlands are a northern feature (Nicholson, 1994). In Canada and
Finland, peatland forms have been demonstrated to occur in distinct geographical bands related to climate
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(RuuhijaÈ rvi, 1983; Wells and Hirvonen, 1988). Permafrost supports the development of peat plateaux,
thermokarst pools, ice wedge polygons, palsas and peat mounds.

Past climate has had a signi®cant e�ect on the development of northern peatlands. Basal dates of
peatlands in continental western Canada demonstrate that peatland formation was prevented during the
early Holocene, south of latitude 54830' until after 6000 years BP (Zoltai and Vitt, 1990). North of latitude
54830' and in the mountains where it was cooler and moister, peatlands began to form as early as 8000 BP.
On the North Slope of Alaska, organic soil accumulation began around 6000±8000 BP (Schell and Zieman,
1983; Eisner, 1991). In general, peatlands in North America have been expanding at a constant rate (Gorham
and Janssens, 1992). A few peatlands are older than 10 000 years BP, but most range between 10 000 and
4000 years old.

Figure 7 shows a classi®cation scheme relating peatland type, peatland form and climate. Seven peatland
types are identi®ed and it is apparent that there is a large range in ¯oral, pedological, chemical, mineral and
environmental characteristics, all of which will be a�ected by changes in temperature and the water balance.

From a climatological perspective the seven peatland types referred to above can be treated as only two
distinct peatland types, based on the physical characteristics of the peat and on the dominant vegetation.
The surface of ombrogenic peatlands receives water from precipitation only. In contrast, rheogenic peat-
lands, such as fens and swamps, may receive additional inputs from surface and subsurface ¯ow systems. The
sources of water to a peatland's surface determines how responsive the peatland water storage is to

Figure 7. TWINSPAN dendrogram outlining the division of 82 peatlands in the Mackenzie River basin into seven TWINSPAN
bryophyte stand groups and seven peatland types. Values are the means and standard deviations of climatic and environmental

gradients signi®cant on the ®rst DCCA axis for each TWINSPAN stand group
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atmospheric forcings. The ombrogenic systems are very responsive and storage changes are large and
variable, while rheogenic systems are less responsive and change less. Ombrogenic peatlands are more
susceptible to drought than peatlands that receive some groundwater (Siegel et al., 1995). However, since the
rheogenic system is dependent on external sources of water, any climate forcings that in¯uence the basin in
which the rheogenic peatland is located will result in a change in storage in the peatland.

It is commonly believed that peatlands evapotranspire at rates similar to those of open water surfaces
(e.g. Verry, 1988), but recent studies have found peatlands usually evaporate less than lakes (Roulet et al.,
1997). If evaporative demand increases, the mechanisms that supply moisture to the surface will ultimately
control the rate and magnitude of water loss. Bogs are dominated by mosses that have no active internal
system that conducts water. Fens, dominated by vascular plants, are more e�ectively coupled to the
atmosphere. This coupling is physiologically controlled by stomatal and root conductance (La¯eur, 1988).
Desjardins et al. (1994) measured the regional sensible and latent heat ¯uxes from the continuous peatland of
the Hudson Bay Lowland and observed that the latent heat ¯ux dominated in the fens, but the latent and
sensible heat ¯ux were of equal magnitude in areas where bogs were more frequent.
The thermal regime is closely related to water storage. The drier surface layer of the peatland is an e�cient

insulator since air has a much lower thermal conductivity than water, while the saturated zone has a greater
heat capacity (Roulet et al., 1997). This results in a heat storage component similar to that of lakes, wherein
substantial energy exchange is required to heat or cool a peatland. However, unlike a lake, the subsurface
thermal exchange process is limited by a much smaller thermal conductivity and lack of convection.
When peatlands are frozen, they have a very limited storage capacity and many act as ¯ow-through

systems (Roulet and Woo, 1988), but when the frost table is at its lowest during the summer, the hydraulic
properties of the peat itself control the storage and ¯ow dynamics of the peatland (Roulet and Woo, 1986).
Permafrost con®nes the water ¯ow in peatlands to a thin `active' layer, thus restricting the interaction
of surface and groundwater in peatlands. As a result, northern peatlands will be more a�ected by climate
change than their southern counterparts. An equally critical issue is the stability of permafrost in, and
adjacent to, peatlands. Because of the unique thermal properties of peat, peatlands can contain permafrost in
areas that are, in general, free of permafrost. However, permafrost degradation adjacent to peatlands could
have a catastrophic e�ect on the exchange of water, and lead to large-scale mass wasting such as is observed
in the collapse scars in peat plateaux and palsas.
The results from two simple, physically based hydrology and climate models to assess changes in water

storage in northern fens owing to changes in precipitation and temperature for 2� CO2 climate scenarios are
presented in Figure 8. Roulet et al. (1992) assumed a 3.58C increase in temperature and 1 mm dÿ1 increase in
precipitation, while La¯eur (1993) did several model runs for temperature increases of 2, 4 and 88C for June,
July and August. The results from both studies indicate a substantial negative change in water storage in
fens. Based on these results, it is reasonable to assume that an increase in temperature could reduce water
storage in northern peatlands, even with a persistent, but small, increase in precipitation. Depending on the
soil moisture characteristics and the physical properties of the peat, the estimated changes in storage could be
an increase in depth to the water table of 10±20 cm during the summer months. Few studies have examined
the change in thermal regime in northern peatlands, but Roulet et al. (1992) modelled a 0.88C increase in the
near-surface summer temperatures in peat for a 3.58C increase in air temperature.

Table IV outlines the anticipated major e�ects of climate warming on the distribution, water relations and
carbon cycle in peatlands. As permafrost melts, new drainage channels could form, rapidly removing the
excess water, resulting in improved drainage and a drawdown in local water tables. Alternatively, local
topography and ®ne-textured soils could result in the ponding and retention of much of the water currently
frozen, creating many new ponds and lakes. Integrated drainage patterns appear on air photographs in
permafrost-dominated peat plateaux, soon after forest ®res. Forest ®res have the e�ect of removing tree and
lichen cover. This increases the amount of snow cover sitting on the peatland surface, slightly insulating the
peat over the winter months. During the following summer, more heat is absorbed by the dark-hued ash and
dead, standing trees. A greater amount of heat is transmitted into the peat, resulting in large-scale melting of
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the permafrost, collapse of the plateau surface and development of integrated drainage patterns. Under
present climatic conditions, a forest ®re in a permafrost peatland results in a temporarily wetter landscape.
Over time the melting ceases, drainage subsides and the peat plateau is regenerated with the re-establishment
of Sphagnum hummocks (Zoltai, 1993). This cycle has been documented to take anywhere from 600 to 2000
years to complete. Because of the uncertainties associated with precipitation predictions and the net e�ect

Figure 8. Change in the daily summer (JJA) moisture storage in northern peatlands based on two di�erent climate change modelling
scenarios. Cases L1, L2 and L3 (La¯eur, 1993) assume reference climate temperature, wind speed, net radiation and precipitation, and
then perturbate the reference temperature by �28C (L1), �48C (L2) and �88C (L3). Cases R1 and R2 (Roulet et al., 1992) assume
reference climate temperature, wind speed, net radiation and precipitation, and then perturbate temperature by �0�88C at ÿ10 cm
depth of peat and increase precipitation �1 mm/d. R1 is the loss of water from a non-¯oating surface peatland and R2 is the loss

from a ¯oating surface peatland

Table IV. Potential e�ects of a warmer climate on northern peatlands. : and
; indicate an increase or a decrease in the various categories/e�ect

Regional e�ects
Area of peatlands ; ;
Change in peatland form : :
Change in plant communities : :
Fire frequency : :

Site-speci®c e�ects
Water relations in peatlands
Evaporation : ;
Runo� to streams : ;

Growth of vegetation
Trees ; :
Mosses : ;
Primary production : :
Decomposition ; :

Carbon cycling
Peat accumulation : ;
Nutrients available for growth ; :
CO2 ®xation : :
CO2 release ; :
CH4 release : ;
DOC release : :
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that permafrost melting will have on local peatland water tables, we will discuss the e�ects of climate change
on peatlands under two scenarios; a net rise versus a net fall in the water table.

An increase in mean annual temperature will shift the zone where peatlands commonly occur. Peatland
losses are anticipated to occur along the southern boundary, where a drop in the water table will increase
decomposition of the accumulated peat, and may convert marginal peatlands into Salix- or Picea mariana-
dominated swamps. In some cases, wetlands will cease to exist because of drought, and an increase in forest
®res will serve to enhance the rate of peatland loss by removal caused by burning (Wein, 1983). Predictions
from a climate change model (28C increase) put forth by Gignac and Vitt (1994) indicate that the southern
boundary of peatlands in northern Alberta will migrate to approximately 200±300 km north of its present
position, and that only bryophytes normally found in upland boreal forest communities will exist.
Predictions on the impact of a 2� CO2 climate change on peatland communities in the Mackenzie River
Basin indicate that peatlands are likely to disappear from all of Alberta, and the southern limit will lie just
beyond the border between Alberta and the North-west Territories (Nicholson and Gignac, 1996).
Widespread poor fens, bogs with peat plateaux, moderate-rich fens and extreme-rich fens (Figure 6) will
stretch north of the border to Inuvik. Peat plateaux with thermokarst pools will be pushed northwards to
Inuvik, while low boreal bogs, the most southern group, will lie at the southern end of Great Slave Lake.

Gorham (1995) estimates that peatlands are growing in height at a rate of 0.5 mm/yr. Peat accumulation is
dependant on the balance of primary production and decomposition. Primary productivity is controlled by
nutrients and temperature, whereas decomposition is dependent upon temperature, nutrient levels, depth to
the water table and nature of the material. Climate warming is expected to increase decomposition in
peatlands owing to increased fungal and bacterial metabolic rates, and an increase in the aerobic zone.
Recently, however, it has been demonstrated that in subsurface peats (30±40 cm), an increase in temperature
and aeration does not lead to an increase in decomposition (Hogg et al., 1992). Decay resistance of the
subsurface peat was attributed to the recalcitrant nature of the material. Furthermore, studies of peat
decomposition near Toolik Lake showed that increases in temperatures of less than 98C had no e�ect on
organic carbon respiration and nitrogen mineralization (Nadelho�er et al., 1991). Higher water tables have
the e�ect of increasing the rate of peat accumulation by reducing the depth of the aerobic zone, and reducing
the exposure of the surface material to aerobic decomposition by fungi and bacteria. Thus, temperature
increases on wet peatlands are anticipated to have a negligible e�ect on the decomposition of the peat, if the
water table stays constant or rises.

Exports of carbon from peatlands include particulate, dissolved inorganic and dissolved organic carbon
from stream ¯ow, carbon loss through deep seepage, methane e�ux and CO2 e�ux. The magnitude of the
¯uxes of carbon in and out of a peatland is very small and this makes it extremely di�cult to assess the
contemporary carbon dynamics of northern peatlands, and estimating the future changes in carbon
exchange is impossible at present.

A variety of di�erent studies provide estimates of the sensitivity of the carbon balance to climate
variability and change. Evidence suggests that the soil CO2 e�ux increases linearly with reduced water table,
while the ¯ux of CH4 decreases exponentially (Moore and Knowles, 1989). The drainage of peatlands can
convert them from a net CO2 sink to a source (Armentano andMenges, 1986). A peatland can be a large sink
for CO2 one year and a large source the next year (Shurapli et al., 1995). A change in water table position of
only ÿ10 cm is su�cient to convert a northern forested peatland from a source to a sink for atmospheric
CH4 (Moore and Roulet, 1993). In Finland, the annual soil e�ux of CO2 increased when bogs and fens were
drained by about 40 and 90% respectively (Martikainen et al., 1994). Laine et al. (1997) found that drained
peatlands underwent a net carbon loss. Model results indicate that increased temperature can stimulate plant
and soil respiration, but, providing conditions are moist, the losses of biomass are more than compensated
for by increased photosynthesis, which results from the redistribution of nitrogen from soil to plants.
However, when warming is accompanied by decreases in soil moisture, increased photosynthesis only
partially compensates for increased respiration. Under this latter condition there is substantial loss of
nitrogen from the ecosystem (McKane et al., in press). Such loss may a�ect the receiving water bodies
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(Kling, 1995). Con¯icting ®eld observations suggest that present day wet tundra ecosystems may be either a
source of CO2 (Oechel et al., 1993) or a sink of CO2 (Shaver et al., 1992).

The plant community structure would likely change with changes in groundwater storage (Bubier and
Moore, 1994). In addition, it is not clear how ecosystem productivity might change in a CO2-enhanced
environment. For example, Alaskan ecosystems respond little to CO2 enhancement without an addition of
nutrients or a lowering of the water table (Oechel and Vourlitis, 1994; McKane et al., in press). It is also
important to consider the role of changing plant and soil conditions and processes on surface waters. Some
northern peatland and wetland areas contain as much as 40±80% water surface (Kling et al., 1991; Roulet
et al., 1994), which yield very large ¯uxes of CO2 and CH4 (Kling et al., 1991; Hamilton et al., 1994).
Changes in moisture supply and thermal regime could lead to topographical and vegetation changes that
could alter the water surfaces of northern peatlands and thus alter the delivery of CO2 and CH4 from surface
waters to the atmosphere. Oswood et al. (1992) provide a thorough summary of how changes in thaw depth
could increase DOC loading from land to streams, and how changes in riparian vegetation may a�ect the
quality of water.

SUMMARY AND RECOMMENDATIONS

Region 2 is clearly rich in lakes, ponds, rivers and wetland habitats and represents a major water resource in
North America. It is also, arguably, the most susceptible to climate warming because of the high magnitude
temperature response to global warming and because of the prevalence of permafrost. This response will
have direct e�ects on habitat and equally important indirect e�ects through the water balance. Region 2 also
has the sparsest research base because of its size and small human population. Thus, many fundamental
processes are little understood. These involve both the need for basic research and for long-term monitoring.

Climate

The present day climate in much of region 2 is not well known. Temperatures are measured primarily at
settlements, most of which are on coasts, rivers or lakes. They are not representative of the hinterland of the
Arctic Islands or much of the terrestrial mainland. Because so much precipitation involves snow, which in
tundra areas is blowing snow, precipitation measurements and estimates are unreliable. Thus scenarios
involving 2� CO2±1� CO2 are more than normally speculative because 1� CO2 is, at present, unreliable,
although the accuracy of estimations is improving rapidly. At present, the error in water balance calculations
employing GCM scenarios could easily be 100% or more.

The solution to these problems of estimation is to increase the number of long-term monitoring stations in
unpopulated locations. This is contrary to the present trend, which is to reduce the number. Other needs are to
better understand snow depths, densities and sublimation rates, and general precipitation patterns from
storms. These can make use of contemporary technology employing remote sensing in the form of passive
microwave sensing and radarsat and weather radar. There are promising developments in this direction but
the need for standard long-term monitoring still remains. The overall goal should be to develop reliable
methods of extrapolation and interpolation from a spatially limited climate network. Palaeoclimatic material
should be exploited where possible to help generate some of the long-term data that do not exist for the region.

Hydrological

The need for accurate water balances for lakes, and particularly for wetland systems, has been reiterated
several times in this paper. This involves a number of required inputs. Simple, reliable models for
determining rates of evaporation from di�erent wetland systems need further development. Water-holding
capacities of reservoirs (soil, lake and river) under di�erent permafrost and pedological conditions need
documentation.

The thermal behaviour of wetland systems needs to be modelled. In lakes and rivers, this is especially
closely related to dates of freeze and thaw and depths of freezing. For example, in a given environment,

HYDROLOGICAL PROCESSES, VOL. 11, 873±902 (1997) # 1997 by John Wiley & Sons, Ltd.

896 W. R. ROUSE ET AL.



at what depth does a pond become a lake? How does this relate to the thermal regime and the water balance?
Basic information like this is essential for modelling the e�ect of a warmer world and it impinges on
all aspects of the limnology of ponds and lakes. In peatlands the thermal regime operates in in¯u-
encing permafrost active layer development, evapotranspiration and the water balance and the carbon
budget.

The interrelationships between rivers with their basins through cold region processes is little understood.
The example of the synergism of the Mackenzie Delta lakes with the river has been developed and this gives
an example of the complexities of cold region hydrological systems. It is especially important with reference
to the increasing demands to harness and divert north-¯owing rivers for hydroelectric and other purposes.
Even our limited contemporary knowledge indicates that the e�ects of diversions are major and mostly
negative. They can also be compounded by climate change.

Limnological

Given the very large range in freshwater systems in region 2, our knowledge of the full limnological
systems is very limited in spite of excellent local contemporary e�orts. Two of the largest freshwater lakes in
the world, Great Bear and Great Slave, are largely undocumented, in comparison to the Laurential Great
Lakes, for example, although palaeolimnological studies indicate some interesting trends (Stoermer et al.,
1990). They represent lakes dominated by cold region processes. Not only are they major ecosystems in their
own right, but they also play a major role in the entire lower Mackenzie Basin, including the delta. Smaller
lakes and ponds have been somewhat better documented in certain environments but freshwater systems in
most of the regions have not been studied.

The carbon budget of freshwater systems is important on a global basis but is largely unknown. The
obvious importance of peatlands is through the large carbon reservoir that they represent and the likelihood
that they can readily change from sinks to sources of CO2 and other forms of carbon, if this is not happening
already. In this fashion, region 2 and other circumpolar cold lands can interact with the global atmosphere
by enhancing the greenhouse e�ect in a positive feedback.

Multidisciplinary

Another way in which freshwater systems can in¯uence the global climate system is through their
freshwater input to the Arctic Ocean. The longevity of sea ice is intimately linked to the freshwater input
from north-¯owing rivers and responds to any changes in the volume of this input. The Arctic Ocean is, in
turn, strongly linked to temperate oceans through deep oceanic circulations. The polar sea is also closely
linked to the sun and the surface energy balance through its surface albedo. Thus, the water balance of
freshwater systems in region 2 has e�ects that extend well beyond the immediate environments. There are
basic research needs to measure, understand and model this much larger water and heat balance system. In
such avenues the needs of the limnological, hydrological, atmospheric and marine scienti®c communities to
understand more fully high latitude processes have become intertwined.

Basic long-term monitoring and interdisciplinary research is necessary in the little-studied environments
of region 2. Only then can reliable models be developed and their validity on the regional scale be tested.
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