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Climate Change Impacts on Arctic

Freshwater Ecosystems and Fisheries

Terry D. Prowse, Frederick J. Wrona, James D. Reist, John J. Gibson, John E. Hobbie, Lucie M.J. Lévesque

and Warwick F. Vincent

Climate Change Effects on Hydroecology of
Arctic Freshwater Ecosystems

In general, the arctic freshwater-terrestrial system will
warm more rapidly than the global average, particularly
during the autumn and winter season. The decline or loss
of many cryospheric components and a shift from a nival
to an increasingly pluvial system will produce numerous
physical effects on freshwater ecosystems. Of particular
note will be reductions in the dominance of the spring
freshet and changes in the intensity of river-ice breakup.
Increased evaporation/evapotranspiration due to longer
ice-free seasons, higher air/water temperatures and
greater transpiring vegetation along with increase infiltra-
tion because of permafrost thaw will decrease surface
water levels and coverage. Loss of ice and permafrost,
increased water temperatures and vegetation shifts will
alter water chemistry, the general result being an
increase in lotic and lentic productivity. Changes in ice
and water flow/levels will lead to regime-specific increas-
es and decreases in habitat availability/quality across the
circumpolar Arctic.

INTRODUCTION

Arctic freshwater systems are particularly sensitive to climate
change because numerous hydro-ecological processes respond
to even small changes in climate. These processes may adjust
gradually to changes in climate, or abruptly as environmental or
ecosystem thresholds are exceeded (Box 1). This is especially the
case for cryospheric components that significantly affect the
water cycle of lakes, rivers, and ponds; the habitat character-
istics of these freshwater systems; and the flora and fauna that
occupy them. In the case of large arctic rivers (e.g., the Lena,
Mackenzie, Ob, and Yenisey), the effects of climate change
must be evaluated for areas outside of as well as within the
Arctic. The dynamics of such large systems depend on
hydrologic processes prevailing within their water-rich headwa-
ters in more temperate southern latitudes. In addition, many of
these headwater areas are regulated in some way, a factor that
may interact in some way with downstream arctic climate
change impacts.

Prior to considering the specific effects of climate change on
arctic freshwater systems, it is useful to place the climate
projections generated by the five ACIA-designated atmosphere—
ocean general circulation models (AOGCMs) for the Arctic as a
whole into a more suitable freshwater context. For the most
part, this requires focusing on model projections for the major
arctic terrestrial landscapes, including some extra-arctic head-
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water areas, since these are the domains of freshwater systems.
The following paragraphs review the ACIA-designated model
projections (primarily for the final time slice, 2071-2090, to
illustrate the most pronounced changes) and, through addi-
tional processing of the model projections, provide a perspective
on how such changes may be important to broad-scale features
of arctic freshwater ecosystems, and a background template for
the subsequent discussions of specific effects.

For the area north of 60° N, the five ACIA-designated
models project that the mean annual temperature will increase
by 3.7 °C (five-model average) between the 1981-2000 baseline
and the 2071-2090 time slice, or approximately twice the
projected increase in global mean annual temperature (2). At a
global scale, AOGCMs used in the Third Assessment Report of
the Intergovernmental Panel on Climate Change (3) project that
it is very likely that nearly all land areas, which include
freshwater systems, will warm more rapidly than the global
average, particularly during the cold season at northern high
latitudes. Within the Arctic, the spatial distribution of the
projected temperature increases in terrestrial areas is associated
with even greater projected temperature increases over the
central Arctic Ocean. For example, the five-model average
projects that autumn (October—December) temperatures over
large areas of the Arctic Ocean will increase by up to 9 °C by
2071-2090 compared to the 1981-2000 baseline (2). Adjacent to
the Arctic Ocean, the models project substantial temperature
increases for extensive terrestrial areas, with the largest
projected temperature increases closest to the coastal margins
and decreasing to the south.

This pattern of temperature increases is likely to have serious
implications for high-latitude coastal areas such as the Russian
polar desert and northern tundra, where temperature and
associated species distribution gradients are steep (e.g., vascular
species abundance increases fivefold from north to south on the
Taymir Peninsula; see 4). Figure 1a shows the spatial pattern of
October warming projected for the 2071-2090 time slice. (Note
the spatial congruence of warming between the ocean and the
adjacent arctic coastal zone and the extension to more southerly
latitudes.) Areas where projected temperature increases are
particularly pronounced include northern Siberia and the
western portions of the Canadian Archipelago. Notably,
however, the maximum projected air temperature increases in
these areas are about 5 °C (greatest near the coasts), compared
to the almost two-fold greater projected increases in tempera-
ture over the Arctic Ocean. Such pronounced potential
temperature increases in freshwater systems in October are
particularly important because this is typically the time when
freshwater lake and river systems along the coastal margins
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Box 1
Thresholds of response: step changes in freshwater systems induced by
climate change.

Some climate change effects projected for arctic freshwaters are likely to result in small, slow responses in the environment; other changes are
likely to exceed environmental or ecosystem thresholds and cause a dramatic switch in organisms or a change of state of the system. Thresholds
may be physical (e.g., permafrost is likely to begin to slowly thaw when the mean annual air temperature approaches 0 °C); chemical (e.g., the
bottom waters of a lake are likely to lose all oxygen when lake productivity increases or allochthonous carbon increases); or biological (e.g., insect
larvae frozen in the bottom of tundra ponds will die when their temperature falls below —18 °C (1). While thresholds are only a part of the whole
picture of response, they are critical to the understanding and assessment of the full scope of climate change impacts.

One obvious physical threshold is the amount of heat necessary to melt the ice cover of a lake. At the northern limit of the terrestrial Arctic, such as
on Ellesmere Island, there are lakes that have only recently begun to have open water during the summer; other lakes now have open water for
more summers every decade than in the past. Sediment records of algae, in particular diatom species and chrysophyte abundance, show that in
Finland and northern Canada, lakes were ice-bound for thousands of years but conditions began to change about 150 years ago. With open water,
the algal community shifts from a predominance of benthic diatoms to planktonic forms, and chrysophytes begin to occur. This is the result of an
increase in summer air temperatures caused by climate change and the earlier onset of melt. Some scientists believe that the likely increase in
growing-season length may also be important in controlling algal species. Shifts in species composition at the level of primary producers are also
likely to have consequences for higher trophic levels through the alteration of food pathways. This could possibly lead to local extirpation of benthic
and planktonic animals, as well as overall shifts in productivity.

Another physical threshold is the onset of stratification in lakes. Once lakes begin to have open water, wind-driven water circulation becomes one
of the controls of biological processes. Almost all lakes have a period of complete mixing of the water column immediately after the ice cover
disappears. Very cold waters may continue to circulate for the entire summer so that each day algae spend a significant amount of time in deep
waters where there is not enough light for growth. When a lake stratifies (i.e., when only the uppermost waters mix), algae have better light
conditions and primary production increases. The higher temperatures in the upper waters increase the rates of all biotic processes. There is a
threshold, probably tied to increased primary production, when entirely new trophic levels appear. For example, the sediment record from a lake in
Finland shows that Cladocera, a type of zooplankton, began to appear around 150 years ago. Most lakes in the Arctic already exhibit summer
stratification, so this threshold will apply mostly to lakes in the far north.

When air temperatures increase above a mean annual air temperature of —2 °C, permafrost begins to thaw. When the upper layers of ice-rich
permafrost thaw, the soil is disturbed; lakes may drain, and ponds form in depressions. In eastern Siberia, newly thawed soils that are rich in
organic matter slump into lakes. Microbial action depletes the oxygen in the lake allowing the bacteria to produce so much methane that the lakes
and ponds become a significant source of this greenhouse gas, and enhance an important feedback to the climate system. This threshold is likely
to affect lakes in the more southerly regions of the Arctic.

It is well known that lakes surrounded by shrubs and trees contain much more colored dissolved organic matter (CDOM) than lakes in the tundra
zone. The CDOM comes from the organic matter produced by plants and modified by soil microbes. It strongly absorbs light, such that the algae of
the upper waters become light limited and primary production is reduced. This may also be accompanied by a shift towards increasing primary
production by attached algae in the shallow inshore zone relative to offshore planktonic production. The threshold described here is related to the
treeline, often demarcated by patches rather than a continuous zone of vegetation. As air temperatures increase over the 21st century these
patches are likely to expand, fuse, and move further north, resulting in a slowly moving band of affected lakes. Extreme polar-desert catchments in
the high Arctic are very likely to experience their first arrival of higher plants, and a sudden increase in the transfer of organic materials from land to
water.

As lakes warm, some species or populations of species will probably reach a temperature threshold for survival. This threshold is linked to
increases in the rate of metabolism and growth. For example, a bioenergetic model based on laboratory studies projects that the young-of-the-
year lake trout in northern Alaska will not obtain enough food for growth if their metabolic rate rises in response to a temperature increase of a
degree or so. Evidence from field studies of a stream fish, the Arctic grayling (Thymallus arcticus), also suggests that a population at the northern
limit of its distribution is unlikely to survive an increase of only a few degrees in summer water temperatures. Both these examples are of fish
species at the northern limit of their distribution. Other types of widely distributed fish, such as whitefish (Coregonus spp.) and Arctic char
(Salvelinus alpinus), are less likely to be affected unless new competing species arrive from southerly regions.

A different type of threshold involves a shift in the ecological behavior of migratory fish such as the Arctic char. In many arctic rivers, char migrate
to the sea for some months every year; the productive marine food web allows them to grow to a large size. Local fishers harvest many of these
sea-run fish in the rivers each time the fish congregate and migrate. When freshwaters become more productive, migrations to the sea are
projected to decrease and may eventually cease, thus the char are likely to remain in freshwater rivers and lakes for the entire year. These
freshwaters are much less productive than the marine ecosystems; therefore, adult freshwater char are likely to be much smaller than are
migrating char. As a result of climate change, a valuable food resource for arctic peoples is likely to change with respect to sizes available, and
could possibly be lost.

currently experience freezeup. Employing a typical rate of
change for freeze-up of 1 day per 0.2 °C increase in temperature
(5), the projected temperature increases could cause delays of up
to 25 days in freeze-up by 2071- 2090. This is likely to have the
greatest effect on higher-latitude, near-coastal freshwater
systems (see section on general hydro-ecology and 6).

Even more dramatic temperature increases are projected for
coastal land areas in November (Fig. 1b). Significant temper-
ature increases are projected for most coastal areas in Region 3
and more southerly latitudes in Region 2, including the
headwater regions of the major Siberian Arctic rivers below
60°N (see 7 for Regions). Latitudinal gradients of temperature
increases are especially important for arctic freshwater systems
because of the influence of extra-arctic basins on the timing and
magnitude of flow in the major northward-flowing arctic rivers.
In the case of Region 2, projected temperature increases in
November south of 60° N are significant because this is typically
the month that marks the beginning of major snow accumula-
tion. Similar to the delay in freeze-up, such higher temperatures
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would effectively decrease the length of time available to
accumulate a winter snowpack. This would subsequently be
reflected in the magnitude of the spring snowmelt that forms the
major hydrologic event of the year at northern latitudes and is
known to significantly affect downstream arctic river and delta
systems. The effect of a reduced period of winter snow
accumulation on the freshet magnitude, however, is likely to
be offset by the projected increase in winter precipitation. The
terrestrial regions of North America and Eurasia are among the
areas with the greatest projected precipitation increases; similar
to temperature, the largest increases are projected for autumn
and winter (2). Although caution must be used in interpreting
regional trends from the simulated precipitation patterns
because of large variations in model projections, the average
of the five ACIA-designated model projections also shows
winter increases in precipitation for the extra-arctic headwater
regions of the large northern rivers (Fig. 2). The degree to which
this would compensate for the reduced duration of winter snow
accumulation, however, requires detailed regional analysis.
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Figure 1. Changes in mean monthly air temperature (°C) between
1981-2000 and 2071-2090 projected by the ACIA-designated models
(five-model average) for (a) October and (b) November.

Over the terrestrial regions of the northern latitudes, it is the
cold season (defined here as October to May, the current period
of dominant snow and ice cover for freshwater systems) that is
characterized by the steepest latitudinal gradients in projected
temperature increases. Figure 3 displays the projected changes
in average temperature (from the ACIA 1981-2000 baseline)
over terrestrial areas for the four ACIA regions broken into
three latitudinal bands of 70°-85°, 60°-70°, and 50°-60° N. The
latter represents the zones of higher precipitation that feed the
major arctic rivers in Region 2 (Lena, Ob, and Yenisey) and
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Figure 2. Percentage changes in November to April precipitation
between 1981-2000 and 2071-2090 projected by the ACIA-designat-
ed models (five-model average). The basins of four major arctic
rivers are also shown.

eastern Region 3 plus western Region 4 (Mackenzie River).The
steepest latitudinal gradients in projected cold-season temper-
ature increases are evident in Regions 1 and 3, becoming
particularly magnified in the latter by 2071-2090, whereas
Region 4 shows a slight decrease in the level of warming with
latitude. Hence, except for Region 4, it appears that with
continued temperature increases the higher-latitude zones will
continue to experience the relatively highest degree of warming.
This would lead to a reduction in the thermal gradient along the
course of some of the major arctic rivers. If such reductions
prevail during particular parts of the cold season, they are likely
to have major implications for the dynamics of particular
hydrologic events such as the spring freshet and ice breakup.
In general, the most severe spring floods on cold-regions
rivers are associated with a strong climatic gradient between the
headwaters and the downstream reaches — typically from south
to north on most large arctic rivers (e.g., 8). In such cases, the
spring flood wave produced by snowmelt must “push”
downstream into colder conditions, and hence towards a
relatively competent ice cover that has experienced little thermal
decay. Changes in the strength of this climatic gradient would
alter the severity of breakup and the associated flooding. Figure
4a illustrates the change in average air temperature projected
for April 2071-2090. This is currently the month of freshet
initiation, with May the primary month of freshet advance, in
the southern headwaters of the major arctic rivers. With
projected advances in the timing of ice and flow conditions
(see also 6), April should become the primary month of freshet
advance by 2071-2090. Of particular note in Figure 4a are the
substantial projected temperature increases in the downstream
areas of the major Russian rivers. Such high-latitude temper-
ature increases are likely to lead to less severe ice breakups and
flooding as the spring flood wave pushes northward. A
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Figure 3. Changes in mean air temperature projected by the ACIA-
designated models (five-model average) for the land areas of the
four ACIA regions at three time slices in three latitudinal bands.
Error bars represent standard deviation from the mean. The (a) cold
season (October—May) and (b) warm season (June-September) were
divided based on approximate ice-covered and open-water condi-
tions prevailing in the current climate for major freshwater systems
located in the 60°-70° N band. Longer (shorter) duration ice-covered
periods prevail in the more northerly (southerly) latitudinal band.

comparable degree of high-latitude temperature increase is
absent for the Mackenzie River. Of additional note in Figure 4
is the degree of warming projected to occur in the headwater
regions of the three large Russian rivers during April and
March. This is very likely to result in an early onset of snowmelt
along these rivers. Again, however, a comparable degree of
headwater warming and hence snowmelt runoff is not projected
for the Mackenzie Basin. This regional dichotomy is likely to
produce future differences in the spring timing of lake and river-
ice breakup and associated freshet, including the ultimate
export of freshwater to the Arctic Ocean.
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Figure 4. Changes in mean air temperature (°C) between 1981-2000
and 2071-2090 in (a) April and (b) March projected by the ACIA-
designated models (five-model average).

Although the smallest temperature increases are projected
for the open-water warm season in all regions and at all
latitudes (Fig. 3b), even the projected ~1 to 3 °C temperature
increase is likely to significantly increase evaporative losses
from freshwater systems, especially with a shortened ice season,
and via evapotranspiration from the terrestrial landscape that
feeds them. Similar to changes in winter snowpack, increases in
precipitation could offset such temperature-induced evaporative
losses, but the five-model average projects that precipitation
increases will be smallest during the summer. More detailed
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consideration of the changes and effects on cold-regions
hydrology that could result from the changes in climate
projected by the ACIA-designated models are provided below
and in (6).

EFFECTS ON HYDRO-ECOLOGY OF CONTRIBUTING
BASINS

The regional patterns of projected changes in temperature and
precipitation reviewed in the previous section are useful to
understand some of the broad-scale effects that may occur.
Specific effects, however, will be much more diverse and
complex, even within regions of similar temperature and
precipitation changes, because of intra-regional heterogeneity
in freshwater systems and the surrounding landscapes that
affect them. For example, elevational difference is one physical
factor that will produce a complex altered pattern of snow
storage and runoff. Although warmer conditions are very likely
to reduce the length of winter, snow accumulation could either
decrease or increase, with the latter most likely to occur in
higher-elevation zones where enhanced storm activity combined
with orographic effects will probably increase winter snowfall.
Increased accumulation is likely to be most pronounced at very
high elevations above the elevated freezing level, where the
summer season is likely to remain devoid of major melt events,
thereby creating the conditions for the preservation of more
semi-permanent snowpacks at high altitudes (9). In contrast,
temperature increases at lower elevations, especially in the more
temperate maritime zones, are likely to increase rainfall and
rain-on-snow runoff events. Snow patterns will be affected by a
number of other factors, including vegetation, which is also
projected to be altered by climate change (10). For example,
shifts from tundra vegetation to trees have led to greater snow
interception and subsequent losses through sublimation (e.g.,
11), whereas shifts from tundra to shrubs have been shown to
reduce snow losses (12), thereby affecting the magnitude of the
snowpack available for spring melt.

An advance of the spring warming period means that
snowmelt will occur during a period of lower insolation, which,
other things being equal, will lead to a more protracted melt and
less intense runoff. Traditional ecological knowledge indicates
that through much of northern Canada, including the western
Canadian Arctic and Nunavut, spring melt is already occurring
earlier than in the past, and spring air temperatures are higher
(13), although observations near eastern Hudson Bay indicate a
delay in the initiation of spring melt (14). See Huntington et al.
(15) for local accounts of such changes in the Arctic. The effects
of early and less intense spring melt will be most dramatic for
catchments wholly contained within the northern Iatitudes,
where snowmelt forms the major and sometimes only flow event
of the year. Reductions in the spring peak will be accentuated
where the loss of permafrost through associated warming
increases the capacity to store runoff, although there will also be
a compensating increase in summer base flow. Overall, the
magnitude and frequency of high flows will decline while low
flows will increase, thereby flattening the annual hydrograph.
This impact is similar to that observed as a result of river
regulation, and hence will tend to compound such effects.

Loss of permafrost or deepening of the active layer (seasonal
melt depth; see Walsh et al. (6) for changes in permafrost) will
also reduce the peak response to rainfall events in summer,
increase infiltration, and promote groundwater flow. This is
consistent with the analogue of northern basins where those
with less permafrost but receiving comparable amounts of
precipitation have a lowered and smaller range of discharge
(16). Changes in the rate of evapotranspiration and its seasonal
duration will also directly affect stream runoff from permafrost
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basins. As suggested by the modeling results of Hinzman and
Kane (17) for areas of Alaska, the greatest reduction in summer
runoff is likely to occur in years experiencing light, uniformly
spaced rainfall events whereas in years characterized by major
rainfalls comprising most of the summer precipitation, total
runoff volume is likely to be affected least.

Changes in the water balance will vary by regional climate
and surface conditions, but particular areas and features are
believed to be especially sensitive to such alterations. Such is the
case for the unglaciated lowlands of many arctic islands where
special ecological niches, such as found at Polar Bear Pass on
Bathurst Island or Truelove Lowland on Devon Island, are
produced by unique hydro-climatic regimes and are largely
dependent on ponded water produced by spring snowmelt. On a
broad scale, arctic islands and coastal areas are likely to
experience significant changes in local microclimates that will
probably affect water balance components, especially evapora-
tion rates. Here, longer open-water seasons in the adjacent
marine environments are likely to enhance the formation of fog
and low clouds and reduce associated solar radiation. Increased
water vapor and lower energy flux would thereby offset any
potential increase in evaporation resulting from higher air
temperatures (16).

Large regional differences in water balance will also occur
because of differences in plant communities (see also 18). For
example, surface drying of open tundra is restricted when non-
transpiring mosses and lichens overlie the tundra. Over the
longer term, a longer growing season combined with a
northward expansion of more shrubs and trees will very
probably increase evapotranspiration. Quite a different situa-
tion is very likely to exist over the multitude of wetlands that
occupy so much of the northern terrain. Although evaporation
is inhibited after initial surface drying on those wetlands
covered by sphagnum moss or lichen, evapotranspiration
continues throughout the summer in wetlands occupied by
vascular plants over porous peat soils, and only slows as the
water table declines. Higher summer temperatures have the
ability to dry such wetlands to greater depths, but their overall
storage conditions will depend on changes in other water
balance components, particularly snowmelt and rainfall inputs.

As the active layer deepens and more unfrozen flow
pathways develop in the permafrost, an enhancement of
geochemical weathering and nutrient release is very likely
(e.g., phosphorus; 19 see also 6). Ultimately, this is very likely to
affect productivity in arctic freshwater systems such as Toolik
Lake, Alaska (Box 2). In the short term, the chemical
composition of surface runoff and groundwater flows is very
likely to change. In addition, suspended sediment loads will very
probably increase as a result of thermokarst erosion, particu-
larly in ice-rich locations. Suspended sediment and nutrient
loading of northern freshwater systems will probably also
increase as land subsidence, slumping, and landslides increase
with permafrost degradation, as traditional ecological knowl-
edge has documented in the western Canadian Arctic where the
depth of the active layer has increased (13). Thermokarst
erosion is very likely to continue until at least the large near-
surface ice deposits are depleted and new surface flow patterns
stabilize. Such fluvial-morphological adjustment is likely to be
very lengthy, of the order of hundreds of years, considering the
time that has been estimated for some northern rivers to reach a
new equilibrium after experiencing a major shift in their
suspended-sediment regimes (e.g., 20). A major reason for such
a protracted period is the time it takes for new vegetation to
colonize and stabilize the channel landforms. The stabilization
that will occur in the Arctic under climate change is further
complicated by the projected change in vegetation regimes,
particularly the northward advance of shrubs and trees (see 10).
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Box 2
Ecological transitions in Toolik Lake, Alaska, in the face of changing climate
and catchment characteristics.

Toolik Lake (maximum depth 25 m, area 1.5 km?) lies in the foothills north of the Brooks Range, Alaska, at 68° N, 149° W. The river study site is
the headwaters of the Kuparuk River. Details of the research project and related publications are available on the Arctic Long-Term Ecological
Research site (http://ecosystems.mbl.edu/ARC/).The mean annual temperature of the area is —9 °C, and annual precipitation is approximately 300
to 400 mm. Permafrost is 200 m thick with an active layer up to 46 cm deep. Acidic tussock tundra covers the hillslopes. Sedges dominate a small
area of wetlands in the study site, while the dry uplands have a cover of lichens and heaths. Lakes and streams are ultra-oligotrophic, and are ice-
free from July to September with strong summer stratification and oxygen saturation. Stream flow is nival, and carries DOC-enriched spring runoff
from peaty catchments to Toolik Lake. Primary producers in Toolik Lake consist of 136 species of phytoplankton, dominated by chrysophytes with
dinoflagellates and cryptophytes, as well as diatoms. Annual primary productivity averages 12 g C/m? and is co-limited by nitrogen and
phosphorus. Zooplankton are sparse. Fish species are lake trout (Salvelinus namaycush), Arctic grayling (Thymallus arcticus), round whitefish
(Prosopium cylindraceum), burbot (Lota lota), and slimy sculpin (Cottus cognatus), which feed on benthic chironomid larvae and snails, the latter
controlling epilithic algae in the lake. Dissolved organic carbon drives microbial productivity (5-8 g C/m?/yr).
The average air temperature of northern Alaska has increased by nearly 2 °C over the past 30 years. Warming of Alaskan waters will possibly have
a detrimental effect on adult grayling, which grow best during cool and wet summers and which may actually lose weight during warm and dry
summers (31). Approximately 20 km from Toolik (32), permafrost temperatures at 20 m depth increased from —5.5 to —4.5 °C between 1991 and
2000. This warming of frozen soils probably accounts for recent increases in stream- and lake-water alkalinity.
Climate has been shown to have a significant control on the vegetation of the site, which in turn has affected aquatic resources for productivity.
Runoff from thawing soils within the catchment of Toolik Lake has affected lake productivity in a number of ways. Dissolved organic carbon from
excretion, leaching, and decomposition of plants in the catchment, along with associated humic materials, has been found to reduce photosynthesis
in the lake and absorb 99% of the UV-B radiation in the upper 20 cm (33). In spring, meltwater carries terrestrially derived DOC and abundant
nutrients. Upon reaching the lake, meltwater flows cause a two-week high in bacterial productivity (~50% of the annual total) beneath the lake-ice
cover (see Figure 5).This peak in production, which takes place at 2 °C, illustrates that bacteria are carbon- and energy-limited, not temperature-
limited, and as such will be indirectly affected by climate change. Phytoplankton biomass and primary production peak soon after the ice leaves the
lake, and as solar radiation peaks. The lake stratifies so rapidly that no spring turnover occurs, causing oxygen-depleted bottom waters to persist
over the summer. This effect is very likely to be amplified with higher temperatures, and will probably reduce the habitat available to fish species
such as lake trout.
Future increases in average air temperature and precipitation are very likely to further affect freshwater systems at Toolik. Lakes will very probably
300 4 experience early breakup and higher water temperatures. Stream
waters are very likely to warm as well, and runoff is very likely to
increase, although evapotranspiration could possibly offset increased
precipitation. As waters warm, primary production in lakes and rivers
at the site is very likely to increase, although most species of aquatic
plants and animals are unlikely to change over the 21st century. Lake
and river productivity are also very likely to increase in response to
changes in the catchment, in particular, temperature increases in
permafrost soils and increased weathering and release of nutrients.
Increased precipitation will also affect nutrient supply to freshwater
systems, and is likely to result in increased decomposition of organic
matter in soils (35), formation of inorganic nitrogen compounds, and
increased loss of nitrogen from land to water. The shift in terrestrial
vegetation to predominantly shrubs is very likely to cause greater
loading of DOC and humic materials in streams and lakes, and a
reduction in UV-B radiation penetration. However, increases in
organic matter are likely to have detrimental effects on the stream
population of Arctic grayling at this site, resulting in their disappear-
ance in response to high oxygen depletion. Lake trout, on the other
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Figure 5. Bacterial productivity and chlorophyll over the spring
and summer of 2002 in Toolik Lake (averaged over depths of 3 to

12 m; adapted from 34).

hand, are likely to survive but their habitat will probably be slightly
reduced by the combination of reduced deep-water oxygen and
warmer surface waters.

Such vegetation shifts will cause further changes in stream water
chemistry by altering DOC concentrations. Current data
indicate that DOC is negatively correlated with latitude (21,
22) and decreases with distance from treeline (23, 24) and along
gradients from boreal forest to tundra (25). Hence, as
vegetation shifts from mosses and lichens to grasses and woody
species, runoff is very likely to contain increasing concentra-
tions of DOC and particulate detrital material. Verification of
enhanced DOC supply associated with northward treeline
advance is provided by various paleolimnological and paleo-
climatic studies (e.g., 26-28). Although such increases will be
long-term, given the slow rates of major vegetation shifts (see 9),
earlier increases in DOC and DIC are very likely to result from
the earlier thermal and mechanical erosion of the permafrost
landscape (see 6). Zepp et al. (29) and Hader et al. (30) provided
comprehensive reviews of the projected interactive effects of
changes in UV radiation levels and climate on DOC and DIC
and related aquatic biogeochemical cycles.

Changes in freshwater catchments with climate change will
affect not only loadings of nutrients, sediments, DOC, and DIC
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to freshwater systems but also the transport and transformation
of contaminants. Contaminant transport from surrounding
catchments to freshwaters is likely to increase as permafrost
degrades and perennial snow melts (36, 37, 38). The contam-
inants released from these frozen stores, and those originating
from long-range transport and deposition in contributing
basins, can then be stored in sediments or metabolized and
biomagnified through the food web. Wrona et al. (39) discusses
this topic in more detail.

EFFECTS ON GENERAL HYDRO-ECOLOGY

Streams and Rivers, Deltas, and Estuaries

A number of hydrologic shifts related to climate change will
affect lakes and rivers, including seasonal flow patterns, ice-
cover thickness and duration, and the frequency and severity of
extreme flood events. In the present climate, most streams and
rivers originating within the Arctic have a nival regime in which
snowmelt produces high flows and negligible flow occurs in
winter. In areas of significant glaciers, such as on some
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Canadian and Russian islands, Greenland, and Svalbard, ice
melt from glaciers can sustain flow during the summer, whereas
many other streams produce summer flow only from periodic
rainstorm events unless they are fed by upstream storage in
lakes and ponds.

The subarctic contains a much broader range of hydrologic
regimes, which vary from cold interior continental (comparable
to those of the Arctic) to maritime regimes fed moisture directly
from open seas even during winter. Overall, a warmer climate is
very likely to lead to a shift toward a more pluvial runoff regime
as a greater proportion of the annual precipitation falls as rain
rather than snow; the magnitude of the peak of spring snowmelt
declines; thawing permafrost increases near-surface storage and
reduces runoff peaks; and a more active groundwater system
augments base flows.

Enhancement of winter flow will very probably lead to the
development of a floating ice cover in some streams that
currently freeze to the bed. This is very likely to be beneficial to
the biological productivity of arctic streams and fish survival
where winter freshwater habitat is limited to unfrozen pools
(40-42). For other arctic streams and rivers, warming is very
likely to result in a shortened ice season and thinner ice cover
(6). Since river ice is such a major controller of the ecology of
northern streams and rivers, there are likely to be numerous
significant impacts. Under conditions of overall annual
temperature increases, a delay in the timing of freeze-up and
an earlier breakup will very probably reduce the duration of
river-ice cover. Data compiled over the last century or more
indicate that changes in timing of these events are likely to be at
a rate of approximately one day per 0.2 °C increase in air
temperature (5, 6). For freeze-up, higher water and air
temperatures in the autumn combine to delay the time of first
ice formation and eventual freezeup. If there was also a
reduction in the rate of autumn cooling, the interval between
these two events would increase. Although all major ice types
would continue to form, unless there were also significant
changes in the flow regime, the frequency and magnitude of, for
example, periods of major frazil ice growth will probably be
reduced. This has implications for the types of ice that
constitute the freeze-up cover and for the creation of unique
under-ice habitats such as air cavities and those influenced by
frazil concentrations (42—44).

Changes in the timing and duration of river ice formation
will also alter the dissolved oxygen (DO) regimes of arctic lotic
ecosystems. Following freeze-up and the elimination of direct
water—atmosphere exchanges, DO concentrations steadily
decline, sometimes to near-critical levels for river biota (e.g.,
41, 42, 43, 44). Reductions in ice-cover duration and a related
increase in the number of open-water re-aeration zones are very
likely to reduce the potential for this biologically damaging
oxygen depletion. Such benefits will possibly be offset by the
projected enhanced input of DOC and its subsequent oxidation
(e.g., 47, 48), the rate and magnitude of which would also be
increased as a result of the above-noted higher nutrient loading.
Worst-case scenarios would develop on rivers where the flow is
already comprised of poorly oxygenated groundwater, such as
that supplied from extensive bogs and peatlands. Some rivers in
the West Siberian Plain offer the best examples of this situation.
Here, the River Irtysh drains large quantities of de-oxygenated
water from vast peatlands into the River Ob, resulting in DO
levels of only about 5% of saturation (49, 50).

The greatest ice-related ecological impacts of climate change
on arctic lotic systems are likely to result from changes in
breakup timing and intensity. As well as favoring earlier
breakup, higher spring air temperatures can affect breakup
severity (51). While thinner ice produced during a warmer
winter would tend to promote a less severe breakup, earlier
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timing of the event could counteract this to some degree.
Breakup severity also depends on the size of the spring flood
wave. While greater and more rapid snowmelt runoff would
favor an increase in breakup severity, the reverse is true for
smaller snowpacks and more protracted melt. Hence, changes in
breakup severity will vary regionally according to the variations
in winter precipitation and spring melt patterns.

For regions that experience a more “thermal” or less
dynamic ice breakup (8), the magnitude of the annual spring
flood will very probably be reduced. For the many northern
communities that historically located near river floodplains for
ease of transportation access, reductions in spring ice-jam
flooding would be a benefit. In contrast, however, reductions in
the frequency and severity of ice-jam flooding would have a
serious impact on river ecology since the physical disturbances
associated with breakup scouring and flooding are very
important to nutrient and organic matter dynamics, spring
water chemistry, and the abundance and diversity of river biota
(44, 52, 53). Specifically, ice-induced flooding supplies the flux
of sediment, nutrients, and water that is essential to the health
of the riparian system; river deltas being particularly dependent
on this process (e.g., 54-56). More generally, given that the
magnitude and recurrence interval of water levels produced by
ice jams often exceed those of open-water conditions, breakup is
probably the main supplier of allochthonous organic material in
cold-regions rivers (52, 53). In the same manner, breakup serves
as an indirect driver of primary and secondary productivity
through the supply of nutrients — a common limiting factor for
productivity in cold-regions rivers. Even the mesoscale climate
of delta ecosystems and spring plant growth depends on the
timing and severity of breakup flooding (41, 57, 58).

River ice is also a key agent of geomorphological change and
is responsible for the creation of numerous erosional and
depositional features within river channels and on channel
floodplains (e.g., 41, 59). Since most geomorphological activity
occurs during freeze-up and breakup, changes in the timing of
these events are very unlikely to have any significant effect. If,
however, climatic conditions alter the severity of such events,
this is likely to affect particular geomorphological processes.
Furthermore, breakup events affect the general processes of
channel enlargement, scour of substrate habitat, and the
removal and/or succession of riparian vegetation. All such
major river-modifying processes would be altered by any
climate-induced shift in breakup intensity.

In summary, if climate change alters the long-term nature of
breakup dynamics, the structure and function of rivers and
related delta ecosystems are very likely to be significantly
altered with direct effects on in-channel and riparian biological
productivity. If, for example, significant reductions in dynamic
breakups and the related level of disturbance occur, this will
reduce overall biological diversity and productivity, with the
most pronounced effects on floodplain and delta aquatic
systems.

Owing to the reduced ice-cover season and increased air
temperatures during the open-water period, summer water
temperatures will very probably rise. Combined with greater
DOC and nutrient loadings, higher water temperatures are
likely to lead to a general increase in total stream productivity,
although it is unclear whether temperature will have a
significant direct effect on the processing rate of additional
particulate detrital material. Irons et al. (60), for example, found
a comparable rate of litter processing by invertebrates in
Michigan and Alaska and concluded that temperature was not a
main factor. The effect of increased temperature on processing
efficiency by “cold-climate” species of invertebrates, however,
has not been evaluated. The effect of enhanced nutrient loading
to arctic streams is more predictable. The current nutrient
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perspectives (63).

Bottom-up: nutrients/production/biota etc.

Table 1. A synthesis of the potential effects of climate change on arctic estuarine systems from both the bottom-up and top-down ecological

Top-down: humans/predators/biota etc.

* More open water, more wind mixing, upwelling and greater nutrient
availability for primary producers (+)

* More open water, more light penetration especially seasonally
hence more primary production (+); potential for increased UV
radiation levels (—/?)

* Decreased ice cover, decreased ice-associated algal production,
and subsequent impacts on pelagic and benthic food webs (—)

* Increased basin rainfall, increased export of carbon to nearshore
()

* Increased storms and open water, increased coastal erosion (—),
increased sediment loads, nutrients and mixing (+), possibly
increased productivity especially in late season (?) but offset by
decreased light penetration (—)

* Potential positive feedback to climate change processes (e.g.,
permafrost thawing, release of methane, and increased radiative
forcing) (—)

e Contaminant inputs, mobilization, or increased fluxes driven by
temperature changes will increase availability and biomagnification of
contaminants in food chains (—)

Cascading consequences from a human perspective as generally: positive (+); negative (—); neutral (0); or unknown (?).

¢ Shifting water masses and currents will affect biotic cues for habitat
use and migrations of biota such as fish and marine mammals (?)

* Redistribution of grazers will affect underlying trophic structure (—/?)
¢ Climate-induced changes in freshwater, estuarine, and marine
habitats seasonally used by anadromous fishes will affect distribution
and suitability for use, with consequences for the prey communities
and possibly fish availability for humans (—/?)

¢ Physical absence or alteration of seasonality or characteristics of
ice platforms will affect ice-associated biota (e.g., polar bears, seals,
algae) (—), with cascading consequences for fish (+/—)

* Increased open water will facilitate whale migrations (+) but
increase predator risk to calves (—); shifts in whale populations may
cascade through the trophic structure (e.g., shifted predation on fish
by belugas; increased predation on plankton by bowhead whales)
with unknown trophic consequences for anadromous and marine fish

®

limitation of many arctic streams is such that even slight
increases in available phosphorus, for example, will produce a
significant increase in primary productivity (61). Where
productivity responses of stream biota are co-limited by
phosphorus and nitrogen (e.g., as suggested by the experimental
results of Peterson et al. [62]), increased loadings of both
nutrients would be required to sustain high levels of enhanced
productivity.

Table 1 summarizes the potential impacts of climate change
on the dynamics of arctic estuaries (63). The major factor
affecting arctic estuarine systems given the degree of climate
change projected by the ACIA-designated models will be the
increase in freshwater discharge (6). In some arctic basins, such
as the Chukchi Sea, there is presently very little freshwater
runoff and consequently no estuarine zones. Increased river
discharge could possibly create estuarine areas, providing new
habitat opportunities for euryhaline species. In established
estuarine systems, such as the Mackenzie River system and the
Ob and Yenisey Rivers, increased freshwater input in summer
(e.g., 64) is likely to increase stratification, making these
habitats more suitable for freshwater species and less suitable
for marine species. There are likely to be shifts in species
composition to more euryhaline and anadromous species. In
addition, increased freshwater input is likely to deposit more
organic material, changing estuarine biogeochemistry and
perhaps increasing primary productivity, the positive effects of
which will possibly be offset in part by increased resuspension of
contaminated sediments in these systems.

A secondary impact of increased freshwater discharge that is
of serious concern, particularly for Siberian rivers that traverse
large industrialized watersheds, is the potential for increased
contaminant input. The Ob and Yenisey Rivers, for example,
have high levels of organochlorine contamination compared to
the Lena River (65), which is considered relatively pristine (66).
Larsson et al. (67) noted that arctic fishes have a life strategy
that involves intensive feeding in spring and summer, allowing
for the buildup of lipid stores and coping with food shortages in
winter. The high body-lipid content of arctic fishes may make
them more vulnerable to lipid-soluble pollutants such as
polycyclic aromatic hydrocarbons (PAHs) or polychlorinated
biphenyls (PCBs). In addition, reduced sea-ice coverage that
leads to increased marine traffic is likely to have cascading
negative consequences (e.g., pollution, risk of oil spills) for
estuarine systems.
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Arctic deltas provide overwintering habitat for many species
that tolerate brackish waters. These areas are maintained as
suitable habitat by a combination of continuous under-ice
freshwater flow and the formation of the nearshore ice barrier
in the stamukhi zone (area of grounded, nearshore ice pressure
ridges). As temperatures rise, the seasonal ice zone of estuaries
is likely to expand and the ice-free season lengthen (63).
Disruption of either the flow regime or the ice barrier could
possibly have profound effects on the availability of suitable
overwintering habitat for desired fish species. Given that such
habitat is probably limited and hence limits population
abundance, the consequences for local fisheries will probably
be significant. In addition, in early winter, subsistence and
commercial fisheries target fish that overwinter in deltas.
Thinning ice is likely to limit access to these fisheries.

Similar to freshwater systems, ecological control of marine
systems can be viewed from bottom-up (i.e., nutrients—
production—biota linkages) and/or top-down (i.e., human
activities—predators—keystone biota) perspectives (68).The spe-
cial role of ice as both a habitat and a major physical force
shaping the estuarine and nearshore arctic environment suggests
that climate change will work in both modes to affect these
systems (63). One example is the loss of the largest epishelf lake
(fresh and brackish water body contained behind the ice shelf)
in the Northern Hemisphere with the deterioration and break
up of the Ward Hunt ice shelf (69).The loss of this nearshore
water body has affected a unique community of marine and
freshwater planktonic species, as well as communities of cold-
tolerant microscopic algae and animals that inhabited the upper
ice shelf.

Lakes, Ponds, and Wetlands

Lentic systems north of the Arctic Circle contain numerous
small to medium lakes and a multitude of small ponds and
wetland systems. Relatively deep lakes are primarily contained
within alpine or foothill regions such as those of the Putorana
Plateau in the lower basin of the Yenisey River. One very large
and deep lake, Great Bear Lake (Northwest Territories,
Canada), is found partly within the Arctic Circle. Variations
in its water budget primarily depend on flows from its
contributing catchment, comprised largely of interior plains
lowlands and exposed bedrock north of 60° N. Its southern
counterpart, Great Slave Lake, provides a strong hydrologic
contrast to this system. Although also part of the main stem
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Box 3
Lake-ice duration and water column stratification: Lake Saanajarvi, Finnish
Lapland.

Lake Saanajérvi (maximum depth 24 m, area 0.7 km?; 69° N, 20° E) is the key Finnish site in the European research projects Mountain Lake
Research and European Mountain Lake Ecosystems: Regionalisation, Diagnostics and Socio-economic Evaluation. Lake Saanajarvi has been
intensively monitored since 1996.The data presented here have been published in several papers, including those by (79, 80, 81, 82, 83). The
mean annual temperature of the area is —2.6 °C, and annual precipitation is approximately 400 mm. The catchment area is mostly covered by bare
rocks and alpine vegetation. Lake Saanajarvi is a dimictic, ultra-oligotrophic, clear-water lake. The lake is ice-free for nearly four months of the
year, with highly oxygenated waters, and is strongly stratified for two months after spring overturn. Phytoplankton biomass and densities are low
(80, 84, 85), consisting predominantly of chrysophytes and diatoms. Bacterial biomass is low as well, and zooplankton are not very abundant.
Freshwater shrimp (Gammarus lacustris) are common and form an important food source for fish, which include Arctic char and brown trout
(Salmo trutta lacustris).

Changes in water temperature and stratification of Lake Saanajarvi have been associated with climate changes in Finnish Lapland over the past
200 years (83, 86, 87). Mean annual air temperatures in Finnish Lapland, as in much of the Arctic, rose 1 to 2 °C following the Little Ice Age. During
this period of warming, diatom communities changed from benthic—periphytic to pelagic, Cladocera increased in abundance, and chrysophytes
became less numerous. These changes have been shown to be associated with increased rates of organic matter accumulation and increased
concentrations of algal pigments during the climatic warming (79, 81 83, see Figure 6). After a period of cooling from the 1950s to the 1970s, air
temperatures in the Arctic continued to rise. More recently, interannual variability in temperatures has been shown to account for changes in the
thermal gradient and mixing of Lake Saanajarvi surface waters. For example, Lake Saanajarvi normally stratifies in early July, two weeks after ice
breakup, and retains a distinct, steep thermocline at a depth of 10 to 12 m throughout the summer. In 2001, this summer stratification was broken
after a period of slight cooling in early August, after which the lake was only weakly stratified. In 2002, on the other hand, spring and summer
temperatures were extremely warm. Spring ice breakup was early and waters warmed quickly, resulting in a very sharp thermocline that was
stable during the entire summer stratification period.

Future temperature increases are therefore very likely to affect the thermal structure of lakes in Finnish Lapland and throughout the Arctic, which is
likely to have dramatic consequences for lake biota. Rising mean annual temperatures are very likely to influence the duration of summer
stratification and the stability and depth of the thermocline in Finnish lakes. As such, many of the presently isothermal lakes are likely to become
dimictic as temperatures increase. In addition, the prolonged thermal stratification that is likely to accompany rising temperatures could possibly
lead to lower oxygen concentrations and increased phosphorus concentrations in the hypolimnion, benefiting nutrient-limited primary production.
As spring temperatures rise and the ice-free period extends, not only is thermal stratification likely to stabilize, but production in many high latitude
lakes could possibly peak twice rather than once during the open-water season (e.g., 80, 89, 90, 91, 92, 93). On a broader scale, changes in lake
stratification and water mixing will probably affect species composition (e.g., diatoms; 94).
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Figure 6. Comparison of diatom assemblage changes with regional and arctic-wide temperature anomalies, showing (a) principal
components analysis (PCA) primary axis scores derived from the correlation matrices of the diatom percentage counts from the five
study sites; (b) spring (March—May) temperature anomalies for northwestern Finnish Lapland, smoothed using a 10-year low-pass
filter; (c) trend in mean annual air temperature in northwestern Finnish Lapland, smoothed using a 10-year low-pass filter; and (d)
standardized proxy arctic-wide summer-weighted annual temperature, plotted as departure from the mean (panels a—c from 82, panel d
from 88).
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Mackenzie River basin and wholly located north of 60° N, its
water budget is primarily determined by inflow that originates
from Mackenzie River headwater rivers located much further to
the south. Moreover, its seasonality in water levels reflects the
effects of flow regulation and climatic variability in one of its
major tributaries, the Peace River, located about 2000 km
upstream in the Rocky Mountain headwaters of western
Canada (70, 71). As such, the Mackenzie River system offers
the best example of a northern lentic system that is unlikely to
be significantly affected by changes in hydrologic processes
operating within the north (e.g., direct lake evaporation and
precipitation) but will be dependent principally on changes in
water-balance processes operating well outside the Arctic.

The other major arctic landscape type that contains large,
although primarily shallower, lakes is the coastal plains region
found around the circumpolar north. As mentioned previously,
these shallow systems depend on snowmelt as their primary
source of water, with rainfall gains often negated by evapo-
transpiration during the summer. Evaporation from these
shallow water bodies is very likely to increase as the ice-free
season lengthens. Hence, the water budget of most lake, pond,
and wetland systems is likely to depend more heavily on the
supply of spring meltwater to produce a positive annual water
balance, and these systems are more likely to dry out during the
summer. Another possible outcome of climate change is a shift
in vegetation from non-transpiring lichens and mosses to
vascular plants as temperatures rise and the growing season
extends (16), potentially exacerbating water losses. However,
factors such as increasing cloud cover and summer precipitation
will possibly mitigate these effects.

Loss of permafrost increases the potential for many northern
shallow lotic systems to dry out from a warmer temperature
regime. Ponds are likely to become coupled with the ground-
water system and drain if losses due to downward percolation
and evaporation are greater than resupply by spring snowmelt
and summer precipitation. Patchy arctic wetlands are particu-
larly sensitive to permafrost degradation that can link surficial
waters to the supra-permafrost groundwater system. Those
along the southern limit of permafrost, where increases in
temperature are most likely to eliminate the relatively warm
permafrost, are at the highest risk of drainage (72).Traditional
ecological knowledge from Nunavut and eastern arctic Canada
indicates that recently there has been enhanced drying of lakes
and rivers, as well as swamps and bogs, enough to impair access
to traditional hunting grounds and, in some instances, fish
migration (13, 15).

Warming of surface permafrost, however, will very probably
enhance the formation of thermokarst wetlands, ponds, and
drainage networks, particularly in areas characterized by
concentrations of massive ground ice. Thawing of such ice
concentrations, however, is very likely to lead to dramatic
increases in terrain slumping and subsequent sediment transport
and deposition in rivers, lakes, deltas, and nearshore marine
environments. This is likely to produce distinct changes in
channel geomorphology in systems where sediment transport
capacity is limited, and will probably have a significant impact
on the aquatic ecology of the receiving water bodies. Cata-
strophic drainage of permafrost-based lakes that are now in a
state of thermal instability, such as those found along the
western arctic coast of Canada, is also very likely (73—75). Losses
of thermokarst lakes within low-lying deltaic areas are also likely
to result from rising sea levels. Marine inundation resulting from
continually rising sea level commonly drains lakes in the outer
portion of the Mackenzie Delta, northern Richards Island (76).
Moreover, Mackay (73) estimated that one lake per year has
drained in the Tuktoyaktuk coastlands of northern Canada over
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the last few thousand years. Future, more pronounced rises in
sea level are likely to accelerate this process.

Changes in the water balance of northern wetlands are
especially important because most wetlands in permafrost
regions are peatlands, which can be sources or sinks of carbon
and CHy4 depending on the depth of the water table (see 77). An
analysis by Rouse et al. (16) of subarctic sedge fens in a
doubled-CO, climate suggested that increases in temperature (4
°C) would reduce water storage in northern peatlands even with
a small and persistent increase in precipitation. While acknowl-
edging that storage changes depend on variability in soil
moisture and peat properties, projected declines in the water
table were 10 to 20 cm over the summer.

As the ice cover of northern lakes and ponds becomes
thinner, forms later, and breaks up earlier (6), concomitant
limnological changes are very likely. Thinner ice covers with less
snow cover will increase the under-ice receipt of solar radiation,
thereby increasing under-ice algal production and oxygen (e.g.,
78) and reducing the potential for winter anoxia and fish kills.
Lower water levels, which reduce under-ice water volumes and
increase the likelihood of winterkill, could possibly counteract
this effect. Similarly, greater winter precipitation on a thinner
ice cover is very likely to promote the formation of more highly
reflective snow and white-ice layers. Such layers would reduce
radiation penetration well into the spring because they also tend
to delay breakup compared to covers comprised of only black
ice. Notably, the ACIA-designated models project that incident
radiation will decline. Reductions are likely to be relatively
small (i.e., 10-12 W/m? in May-June between 1981-2000 and
2071-2090; 2), however, compared to the major reductions that
are likely to result from greater reflective loss from enhanced
white-ice formation.

A longer ice-free season will also increase the length of the
stratified season and generally increase the depth of mixing
(Box 3), although the magnitude and duration of the effects will
depend on factors such as basin depth and area. This is likely to
lower oxygen concentrations in the hypolimnion and increase
stress on cold-water organisms (16). Furthermore, such an
enhancement of mixing processes and reduction in ice cover will
probably increase the potential for many northern lakes and
ponds to become contaminant sinks (39).

With a longer and warmer ice-free season, total primary
production is likely to increase in all arctic lakes and ponds, and
especially in the oligotrophic high-arctic ponds that are
currently frozen for a majority of the year (95). Similar to the
situation for arctic lotic systems, an enhanced supply of
nutrients and organic matter from the more biologically
productive contributing basins is likely to boost primary
productivity (19). Again, however, there are likely to be
offsetting effects because of reductions in light availability
resulting from enhanced turbidity due to higher inputs of DOC
and suspended sediment. Hecky and Guildford (96) noted that
analogous factors caused a switch from nutrient limitation,
which is a common control of primary production in northern
lakes, to light limitation.

CONCLUSIONS

Largely because many hydro-ecological processes in the Arctic
are strongly influenced by cryospheric components, even small
changes in climate can produce large effects in freshwater
ecosystems. Although some responses may be gradual, others
might be very abrupt including those associated with the loss of
some snow and ice components. In general, the arctic
freshwater-terrestrial system will warm more rapidly than the
global average, particularly during the winter season. More-
over, in some of the circumpolar arctic, the high latitudes will
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warm more than the south resulting in decreased latitudinal
thermal gradients. This, combined with a shift from nival to
more pluvial regimes, will affect major hydrologic processes,
such as the magnitude and severity of the spring freshet and
river-ice breakup that play a dominant role in controlling lotic
freshwater ecology.

Within the Arctic, projected temperature increases will delay
freeze-up and advance break-up of rivers and lakes thereby
increasing the open-water period, surface freshwater heating
and thereby evaporative losses. Related evapotranspiration
losses from vegetated surfaces are also likely to increase with
shifts in plant communities. Projected increases in precipitation
are unlikely to outweigh such losses and the net result will be a
decline in overall water levels. Declines in surface water will be
further enhanced by increased infiltration capacity resulting
from the loss of surface permafrost. The associated increase in
sub-surface storage and increased base flows from groundwater
supplies will reduce peak flows and result in a overall flattening
of the annual hydrograph compared to its spring-spiked shape
typical of current climatic conditions.

Enhanced geochemical weathering accompanied by in-
creased supplies of DIC, DOC, sediment and nutrients are very
likely to accompany permafrost degradation and related shifts
in vegetation. All of these combined with decreasing ice cover
and increasing water temperatures are likely to lead to a general
increase in freshwater productivity in both lotic and lentic
systems. Reduced ice cover will create new habitat, especially in
high-latitude zones that are currently frozen for most of the year
and/or to the bed during the main winter. In coastal delta,
however, losses of ice barriers and changes in seasonal flows
could have profound effects on the availability of winter and
summer habitat for freshwater and marine fish species.
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