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Climate Change Effects on Aquatic Biota,
Ecosystem Structure and Function

Climate change is projected to cause significant alter-
ations to aquatic biogeochemical processes, (including
carbon dynamics), aquatic food web structure, dynamics
and biodiversity, primary and secondary production; and,
affect the range, distribution and habitat quality/quantity
of aquatic mammals and waterfowl. Projected enhanced
permafrost thawing is very likely to increase nutrient,
sediment, and carbon loadings to aquatic systems,
resulting in both positive and negative effects on fresh-
water chemistry. Nutrient and carbon enrichment will
enhance nutrient cycling and productivity, and alter the
generation and consumption of carbon-based trace
gases. Consequently, the status of aquatic ecosystems
as carbon sinks or sources is very likely to change.
Climate change will also very likely affect the biodiversity
of freshwater ecosystems across most of the Arctic. The
magnitude, extent, and duration of the impacts and
responses will be system- and location-dependent. Pro-
jected effects on aquatic mammals and waterfowl include
altered migration routes and timing; a possible increase in
the incidence of mortality and decreased growth and
productivity from disease and/or parasites; and, probable
changes in habitat suitability and timing of availability.

INTRODUCTION

Climate change is very likely to have both direct and indirect
consequences on the biota and the structure and function of
arctic freshwater ecosystems. Changes in key physical and
chemical parameters at the landscape scale as described by (1),
(2), and (3) are very likely to affect aquatic community and
ecosystem attributes such as species richness, biodiversity,
range, and distribution, and consequently alter corresponding
food web structures and primary and secondary production
levels. The magnitude and extent of the ecological conse-
quences of climate change in arctic freshwater ecosystems will
depend largely on the rate and magnitude of change in three
primary environmental drivers: the timing, magnitude, and
duration of the runoff regime; temperature; and alterations in
water chemistry such as nutrient levels, DOC, and particulate
organic matter loadings (4, 5, 6). Below we discuss the
projected effects climate change is expected to have on:
biological communities, biodiversity and adaptive responses;
aquatic food web structure and dynamics; primary and
secondary production; carbon dynamics; and, aquatic birds
and mammals.

Effects on Biological Communities, Biodiversity, and Adaptive

Responses

Climate change will probably produce significant effects on the
biodiversity of freshwater ecosystems throughout the Arctic and
possibly initiate varying adaptive responses. The magnitude,
extent, and duration of the impacts and responses will be
system- and location-dependent, and difficult to separate from
other environmental stressors. Biodiversity is related to, or
affected by, factors including: the variability of regional and
local climate; the availability of local resources (e.g., water,
nutrients, trace elements, energy, substrate) affecting the
productivity potential; the nature, timing, and duration of
disturbance regimes in the area (e.g., floods, catastrophic water
loss, fire); the original local and regional ‘‘stock’’ of species and
their dispersal opportunities or barriers; the physiological
capacity of individuals and populations to cope with new
environmental conditions (e.g., physiological thresholds and
tolerances); the levels of spatial heterogeneity (habitat fragmen-
tation) and connections among aquatic systems; the intensity of
biotic interactions such as competition, predation, disease, and
parasitism; phenotypic and genotypic flexibility in reproductive
and life-history strategies (e.g., facultative versus obligatory
anadromy for certain fish; plasticity in sexual versus asexual
reproductive strategies in aquatic invertebrate and plant
species); and the overall genetic variability and adaptive
capacity of the species (7, 8, 9).

Many arctic freshwater systems are exposed to multiple
environmental stressors or perturbations including point- and/
or non point-source pollution (e.g., long-range aerial transport
of contaminants; see 10); altered hydrologic regimes related to
impoundments and diversions; water quality changes from
landscape alterations (e.g., mining, oil and gas exploration); and
biological resource exploitation (e.g., subsistence and commer-
cial fisheries and harvesting of waterfowl and mammals; (see
11), to name a few. These stressors, along with climate
variability, can synergistically contribute to the degradation of
biological diversity at the species, genetic, and/or habitat–
ecosystem levels (7, 9, 12, 13).There is little evidence to suggest
that climate change will slow species loss. There is growing
evidence, however, that climate change will contribute to
accelerated species losses at regional and global levels (9) and
that the effects of alterations in the biodiversity of ecosystem
structure and function are likely to be more dependent on given
levels of functional diversity than on the total number of species
(14). Moreover, both the number and type of functional units
present in a community largely affect ecosystem resilience and
vulnerability to change (9).
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For these reasons, large uncertainties remain in projecting
species- and system-specific responses and the impacts of
changes in climate and UV radiation levels on biodiversity at
local and regional spatial scales. However, several broad
projections can be made.

First, locally adapted arctic species are likely to be extirpated
from certain areas as environmental conditions begin to exceed
their physiological tolerances and/or ecological optima. Hence,
species with limited climatic ranges and/or restricted habitat
requirements

(related to particular physiological or phonological traits)
are very likely to be vulnerable to climate change effects. Species
with low population numbers and/or that reside in restricted,
patchy, and highly specialized environments will be particularly
at risk (9).

While wholesale extinctions of entire arctic species are
unlikely, some highly valued species (e.g., certain fish species)
may possibly become geographically or ecologically marginal-
ized. For example, there are pronounced north–south gradients
in the taxonomic composition of stream macroinvertebrate
communities in the Arctic, with decreasing species diversity and
an increasing importance of taxa such as dipterans with distance
northward (15). Moreover, many of the high-latitude filamen-
tous algal species have temperature optima well above the low
ambient water temperatures at which they reside, and are
therefore likely to respond positively to moderate increases in
temperature (16, 17). Hence, many high-latitude species are
currently at their physiological limits and are likely to be very
sensitive to future shifts in climate (18). Projected changes in
regional runoff patterns and temperature regimes are very likely
to affect river and stream environments, possibly reducing the
severity of disturbance events that are an integral component of
their current hydro-ecology (19). Specifically, (20) suggested
that if these disturbances play a role in maintaining habitat
complexity and associated species richness and diversity, then
climate-related changes in the severity of these events will affect
macroinvertebrate and aquatic algal species distribution and
associated biodiversity patterns (see also 21).

In estuarine habitats, there are likely to be shifts in species
composition to more euryhaline and anadromous species (e.g.,
fourhorn sculpin – Myoxocephalus quadricornis, ninespine
stickleback – Pungitius pungitius, threespine stickleback –
Gasterosteus aculeatus, Arctic flounder – Pleuronectes glacialis,
salmonines, and coregonines). Such shifts in species composi-
tion will possibly have cascading effects resulting from
competition for food resources with marine species (e.g., Arctic
cod – Boreogadus saida) that currently inhabit many estuarine
zones. The subsequent effects on higher trophic levels (e.g., the
impact of potentially decreased Arctic cod abundance on
marine mammals and birds) remains unknown (see also 22)

For other fish species (e.g., Arctic char), alterations in
environmental conditions could possibly shift or reduce the
availability of preferred habitats of certain morphs, leading, in
the extreme case, to the extirpation of particular morphs from
certain locations. For example, pelagic forms of Arctic char in
Thingvallavatn, Iceland, occupy portions of the water column
that experience summer heating. Should such heating ultimately
exceed thermal preferences for this morph, its growth is likely to
decrease, with a concomitant reduction in reproduction and
productivity. Ultimately, exclusion from the habitat during
critical times could possibly occur, permanently extirpating that
morph from such areas.

Changes in habitat characteristics driven by climate change
are also likely to differentially affect specific populations of fish.
For example, some aspects of life-history variation in Dolly
Varden on the Yukon north slope appear to be particularly
associated with inter-river variation in groundwater thermal

properties (e.g., egg size is larger and development time is
shorter in rivers that have significant groundwater warming,
and reproduction occurs annually in these warmer rivers
because sea access allows for earlier feeding, compared to
reproduction every two years or less often in colder rivers; 23).
Thus, climate change effects that mimic this natural local inter-
population variability are likely to result in similar shifts in
populations presently occupying colder habitats.

A second major effect of climate change will probably be
alterations in the geographic range of species, thereby affecting
local and regional biodiversity. This is likely to occur through a
combination of compression or loss of optimal habitat for
‘‘native’’ arctic species, and the northward expansion of ‘‘non-
native’’ southern species. For instance, the large number of
northward-flowing arctic rivers provides pathways for coloni-
zation of the mainland by freshwater species that, due to
climatic limitations, are presently restricted to subarctic or
temperate portions of the drainage basins. As climate change
effects become more pronounced (e.g., degree-day boundaries
or mean temperature isotherms shift northward), the more
ecologically vagile species are likely to extend their geographic
ranges northward (24). In North America, for example, the
distribution of yellow perch (Perca flavescens) is projected to
expand northward beyond its current, primarily subarctic
distribution. Traditional ecological knowledge from the western
Canadian Arctic has identified new species of fish (Pacific
salmon – Oncorhynchus spp. and least cisco – Coregonus
sardinella) that were not previously present in some aquatic
systems of the area (25; see also 26). The complete consequences
of such new colonizations are unknown, but could include the
introduction of new diseases and/or parasites; population
reduction or extirpation through competition for critical
resources; increased predation; increased hybridization of
closely related taxa; and others (27) for detailed discussions of
climate-related range extensions in selected fish species and their
potential ecological consequences).

Emergent aquatic plants are also expected to expand their
distribution northward and thus alter the overall levels of
primary production in ponds and small lakes in the Arctic. (28)
reported total primary production of 300 to 400 g C/m2/yr in
ponds of emergent Carex (covering one-third of the pond) in
Barrow, Alaska, compared to total primary production of 1 g
C/m2/yr for phytoplankton and 10 g C/m2/yr for epilithic
algae.Traditional ecological observations by trappers on the
Peace-Athabasca Delta of the Mackenzie River system,
Canada, suggest that muskrat abundance is likely to increase
in high-latitude lakes, ponds, and wetlands as emergent aquatic
vegetation becomes more prominent (29).While the potential
northern limit for emergent aquatic macrophytes is not fully
known, their projected increased presence will clearly influence
the overall productivity and structural complexity of arctic
pond and lake habitats.

An overarching issue affecting the responses of arctic aquatic
biota and related biodiversity to rapid climate change is
‘‘adaptive capacity’’. The magnitude of change in arctic climate
projected for the next 100 years does not exceed that
experienced previously, at least at a geological timescale. The
future rate of change however, is very likely to be unprecedent-
ed. To survive such a challenge, arctic aquatic biota, especially
those that are truly arctic in nature, must have the inherent
capacity to adapt (i.e., have sufficient genetic capacity at the
population level to evolve at the required rate); acclimate (i.e.,
the phenotypic ability at the population and/or individual level
to survive in the new conditions); and/or move (i.e., emigrate to
more optimal situations). High levels of diversity that are
present below the species level in many arctic organisms imply
that some evolutionary compensation for rapid climate change
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is possible. Taxa with short generation times (e.g., zooplankton)
will be able to evolve more rapidly than those with longer
generation times (e.g., fish). Furthermore, assessment of genetic
variability for some taxa (e.g., mitochondrial DNA in Arctic
char; 30) suggests that previous events that reduced genetic
diversity may have limited their capacity for such rapid
evolution. This will probably further hamper responses by such
taxa and, with the projected rapid rate of climate change and
other factors (e.g., competition from new colonizers), is likely to
result in an increased risk of local extirpation and/or extinction.

Many arctic taxa may already be pre-adapted to acclimate
successfully to rapid change. For example, many organisms
already have enzymes with different thermal optima to allow
them to cope with changing environmental conditions. Such
capacity, which is presumed but not demonstrated to exist in
most arctic taxa, could possibly counterbalance the increased
risk of extinction noted above. Taxa that are capable of
emigrating to new areas have additional options to cope with
rapid climate change, although access issues are likely to
preclude such movements to suitable conditions.

Clearly, significant changes in aquatic biodiversity are very
likely to result from climate change, and biota have varying
capacities to cope with the rate of this change. Ecologically
speaking, any change will have significant ramifications in that
adjustments in the ecosystem will follow. However, from the
human perspective, important questions surround the perceived
significance of such changes from economic, cultural, and value
perspectives (see 26, 31, 32 for discussions of possible
socioeconomic implications).

Effects on Food Web Structure and Dynamics

The impacts of climate change on the structure and dynamics of
aquatic food webs remain poorly understood. To date, many of
the insights as to how arctic food webs will respond (directly or
indirectly) to climate change effects have been obtained from
either descriptive studies or a select few manipulative/experi-
mental studies where ecosystem-level or food web manipula-
tions were conducted and response variables measured. Stream
processes and biotic populations of the Kuparuk River and
Oksrukuyik Creek, Alaska, have been shown to be controlled
by the geomorphology of the systems (i.e., input from nutrient-
rich springs; 33); climate (i.e., precipitation affects discharge,
which affects insect and fish production; 34, 35); resource fluxes
from the surrounding catchments (36); and corresponding biotic
interactions. For example, nutrient enrichment of the streams
resulted in greater primary and fish production, and a
corresponding increase in the abundance of benthic macroin-
vertebrates (36, 37). In addition, after seven years of artificial
enrichment of the Kuparuk River, the dominant primary
producers changed from diatoms to mosses (38), which
subsequently altered the abundance, distribution, and taxo-
nomic composition of the macroinvertebrate community (39).

Other recent studies of arctic systems have identified the
structural and functional importance of the microbial freshwa-
ter food web (Figure 1).Work in this area has shown that the
microbial food web can comprise a significant fraction of the
total community biomass in arctic rivers and lakes, and that
energy flow is routed through a diverse trophic network of
microbial species displaying a wide array of nutritional modes
(heterotrophic bacteria, phototrophic bacteria, phagotrophic
protozoa, and mixotrophic flagellates; 6). How climate change
will influence the response of the microbial food web is not
entirely certain, but studies of temperate systems might help
provide insight. Interestingly, research on microbial food webs
of more temperate aquatic systems shows that in the absence of
heavy grazing pressure on bacteria by macrozooplankton or

benthic macroinvertebrates, the principal role of the microbial
food web is the degradation (respiration) of organic matter (40).
Hence, the microbial food web is a significant source of energy
to plankton, being largely responsible for recycling nutrients in
the water column and thereby helping to sustain planktonic and
benthic primary production and ultimately higher secondary
and tertiary consumers in the food chain (40). Projected
increases in water temperature and inputs of DOC, particulate
organic carbon (POC), and DIC arising from climate change
are very likely to affect the structural and functional dynamics
of the microbial food web, and are likely to increase rates of
carbon processing. (41) showed that the same abiotic param-
eters, along with lake morphometry, explain the greatest
percentage of variance in diatom community composition in
northwestern Canada. Furthermore, diatom community struc-
ture was highly correlated with DOC gradients in Siberian and
subarctic Québec lakes (42, 43). Hence, concomitant changes in
the phytoplankton component of the food web probably will
also cascade through the ecosystem.

Increasing temperature has the potential to alter the
physiological rates (e.g., growth, respiration) of individuals,
and the vital rates and resulting dynamics of populations (45,
46). Mesocosm studies by Beisner et al. (45, 47), which
investigated the influence of increasing temperature and food
chain length on plankton predator–prey dynamics, showed that
the predator–prey system is destabilized at higher temperatures
(i.e., the macrozooplankton herbivore Daphnia pulex always
became extinct), irrespective of the complexity of the food web
(i.e., whether a two- or three-level food web was involved).
Long-term studies of Toolik Lake, Alaska, project that rising
temperatures are likely to eliminate lake trout (Salvelinus
namaycush) populations in this lake, with concomitant impacts
on the food web (see Box 2 in 19). The bioenergetics model used
by (48) projects that a 3 8C rise in July epilimnetic (surface
mixed-layer) temperatures could cause young of-the-year lake
trout to require eight times more food than at present just to
maintain adequate condition. This requirement greatly exceeds
the current food availability in the lake, although it is probable
that food availability will increase as temperatures rise.
Furthermore, the oxygen concentrations projected by the lake
model (49) show that a future combination of higher
temperatures and increased loading of total phosphorus would

Figure 1. Microbial freshwater food web in arctic lakes (44).
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greatly reduce the hypolimnetic (bottomwater) habitat available
for lake trout.

An example of top-down control through size-selective
predation was found in ponds and lakes in Barrow, Alaska:
lakes with fish had small and transparent Daphnia longiremis,
while lakes without fish and all ponds had large and pigmented
D. middendorffiana and D. pulex as well as fairy shrimp and the
copepod Heterocope spp. (5, 50) concluded that since top
predators (fish) in arctic systems tend to be long-lived,
population changes owing to recruitment failure may not be
reflected in the adult populations for many years. However, the
effects of the eventual loss of top predators from these systems
are likely to cascade through the food web, affecting the
structure and function of both benthic and planktonic
communities (51, 52, 53, 54, 55, 56).

Given the information presented, it is very probable that
climate change will substantially affect biological interactions,
including trophic structure and food chain composition. With
top-down and bottom-up processes operating simultaneously in
ecosystems (57, 58, 59; and references therein), the degree to
which each process influences producer biomass varies (59).
Consequently, the well established relationship between phos-
phorus and algal biomass may differ between systems with
different levels of productivity. For example, in a two-level
trophic system (relatively unproductive), grazing zooplankton
may control the algal biomass and the expected positive
relationship between chlorophyll-a (Chl-a) and total phospho-
rus (P) would not be observed. Therefore, differences in
productivity and trophic level interactions may explain the
discrepancy in the Chl-a–total P relationship between temperate
and arctic lakes (Figure 2). The low productivity that has been
observed in many arctic lakes may limit the presence of fish
predators (i.e., more closely represent a two-level trophic
system) and may result in systems where algal biomass is
controlled by extensive zooplankton grazing (60).

Top-down control of food web structure in arctic stream and
river ecosystems is also important. 57 found that young Arctic
grayling (Thymallus arcticus) have the potential to produce
topdown cascading trophic effects in arctic streams where
nutrients are not limited. The grayling were found to affect
trophic structure through consumption, nutrient excretion, and
the modification of prey behavior. Epilithic Chl-a increased
with increasing fish density in both reference P-limited) and
fertilized (P-enriched) zones of the Kuparuk River, Alaska,
while mayfly density decreased with increasing fish density in
the fertilized zone only. These results further illustrate that
projecting climate change impacts is not straightforward.

Effects on primary and secondary production. Primary and
secondary productivity relationships in arctic aquatic ecosys-
tems are highly susceptible to structural and functional
alterations resulting from changes in climate, although the
direction and absolute magnitude of the responses are likely to
be difficult to project (5, 6, 49, 61). For example, while
constituents of microbial food webs (e.g., the picocyanobac-
teria, heterotrophic bacteria, etc.; Fig. 3) are likely to respond
positively to temperature increases, the photosynthesis rate in
the picoplankton fraction (0.2–2 lm) is strongly stimulated by
increased temperature to a greater extent than nanoplankton
(2–20 lm) and microplankton (20–200 lm) fractions (62).

In general, lake primary productivity will probably increase
because higher temperatures correlate with higher primary
productivity (a longer ice-free season and more sunlight before
the summer solstice are very likely to result in greater primary
production by plankton; see Box 1. (63) analyzed lake
productivity in 55 lakes and reservoirs from the tropics to the
Arctic, and found the best abiotic variables for estimating
productivity to be latitude and air temperature. A closer

examination of the relationship between total P, total nitrogen,
latitude, and algal biomass (n ¼ 433 lake years) also revealed
that average algal biomass during the ice-free season is
significantly negatively related to the latitude of the system,
independent of the nutrient concentration (60).This strong
latitudinal effect on algal biomass yield suggests that arctic
lakes are likely to show a significant increase in productivity if
temperature and nutrient loadings in these systems increase as
scenarios of future climate change project. While (64) found
that arctic lakes have lower primary productivity than
temperate lakes, (60) showed that at a given level of
phosphorus, the productivity of arctic lakes is significantly less
than lakes in the temperate zone, with the biomass of lower
(trophic level) producers not accounted for simply by lower
nutrient concentrations in the Arctic. Further examination of
detailed observations of phytoplankton community structure
from arctic Long-Term Ecological Research sites indicates that
there is no fundamental shift in taxonomic group composition
between temperate and arctic phytoplankton communities. This
suggests that the difference in the Chl-a–total P relationship
between temperate (65) and arctic lakes is not an artifact of

Figure 2. (a) Comparison of the relationship between chlorophyll-a
(Chl-a) and total phosphorus (P) in temperate and arctic freshwater
systems.The difference between the slopes of the regression lines is
statistically significant (P,0.05). Solid circles represent temperate
lakes (r2 ¼ 0.28, n ¼ 316, P,0.05) and open circles represent arctic
lakes (r2 ¼ 0.07, n ¼ 113, P,0.05). (b) The observed non-linear
response of Chl-a to log total P concentration and latitude (from 60).
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changes in the Chl-a–biomass ratio resulting from a taxonomic
shift in algal communities (60). Hence, the observed difference
in the Chl-a–total P relationship for temperate and arctic lakes
may provide insight about the future effects of climate change.

Primary productivity is likely to increase if climate condi-
tions at high latitudes become more suitable for industrial
development, and if the associated pollution of currently
nutrient-poor aquatic systems increases. For example, moun-
tain lakes in the Kola Peninsula (e.g., Imandra Lake) and lakes

and ponds in the Bolshezemelskaya tundra are currently
stressed by heavy loadings of anthropogenic organic matter,
heavy metals, and crude oil and drilling fluid, as well as thermal
pollution. Phytoplankton structure (e.g., species) in these
systems has changed, and primary as well as secondary
productivity and biomass have increased significantly.

Arctic lakes, although relatively unproductive at present, will
probably experience a significant increase in productivity as
climate changes. If temperature and nutrient loads increase as

Box 1
Productivity of northeastern Greenland lakes: species composition and
abundance with rising temperatures
The Danish BioBasis monitoring program (part of Zackenberg Ecological Research Operations), initiated in 1995, includes two lakes located in
the Zackenberg Valley, northeastern Greenland (748 N).The monitoring at Zackenberg is expected to continue for at least 50 years. The area is

situated in a high-arctic permafrost area in North-East Greenland
National Park. More information about the area and the monitoring
program can be found in (66) and (67), as well as at http://biobasis.
dmu.dk. The two lakes, Sommerfuglesø and Langemandssø, have
areas of 1.7 and 1.1 ha and maximum depths of 1.8 m and 6.1 m,
respectively. Lakes and ponds in the area are ice-covered for most
of the year, except from the end of July to the beginning of
September. Most water bodies probably freeze solid during the late
winter and spring. Primary producers in these nutrient-poor lakes
are dinophytes, chlorophytes, and diatoms. Zooplankton grazers
are sparse, consisting of Daphnia, copepods, and protozoans.
Benthic invertebrates include Lepidurus. There are no fish in
Sommerfuglesø. Dwarf Arctic char in Langemandssø prey on
Daphnia, therefore, copepods and rotifers dominate zooplankton
populations in this lake.

Plants and animals in Sommerfuglesø and Langemandssø are
active prior to ice melt, thus phytoplankton biomass becomes
substantial as incoming solar radiation increases (68). However,
primary productivity slows as nutrients are consumed, and
phytoplankton density varies annually with nutrient abundance.
For example, in warmer years, nutrient concentrations and thus
productivity are higher due to increased loading of nutrients and
humus from catchments as the active layer thaws.

Monitoring of plankton species in the two lakes during 1999 (a year
of late ice melt and low water temperatures) and 2001 (a year of
early ice melt and high water temperatures) has shown that not
only do biomass and abundance change with temperature, but
species composition changes as well. In 1999, when water
temperatures were lower, chrysophytes and dinophytes represent-
ed 93% of total phytoplankton abundance in Sommerfuglesø, while
dinophytes dominated phytoplankton (89% of total abundance) in
the deeper and colder Langemandssø. In 2001, when ice broke
early and water temperatures were higher, chrysophytes com-
pletely dominated phytoplankton in both lakes (94–95% of total
phytoplankton abundance). Compared to 1999, total phytoplankton
abundance was approximately twice as great in 2001, when
nutrient levels were higher as well. Zooplankton abundance, in
turn, was 2.5 times greater in 2001 than in 1999 in both lakes, likely
in response to greater phytoplankton abundance. Daphnia and
copepods were more abundant in 2001, while rotifers were less
abundant than in 1999, perhaps in response to competition for food
resources.

The climate of northeastern Greenland is projected to become
more maritime in the future. Based on the five years of monitoring
at Zackenberg thus far, increasing temperature and precipitation
are projected to have major impacts on physicochemical and
biological variables in the lakes. If snowfall increases, ice-cover
duration is likely to be prolonged, shortening the growing season
and reducing productivity, and possibly reducing food availability to
the top predator in arctic lakes, the Arctic char. Greater runoff will
probably increase nutrient loading and primary productivity, which
could possibly result in oxygen depletion and winter fish kill. Thus,
one probable outcome of climate change will be the extirpation of
local fish populations in shallow lakes in similar ecological
situations. Increased particulate loading is likely to limit light
penetration for photosynthesis. Increased humus input with
snowmelt is also likely to limit light penetration, reducing UV
radiation damage to biota.

Figure 3. (a) Phytoplankton composition (average of three samples
per year) in Langemandssø and Sommerfuglesø in 1999 and 2001. In
both years, total plankton abundance in Langemandssø was twice
that in Sommerfuglesø; (b) relative biomass (dry weight) of different
zooplankton groups in mid-August 1999 and 2001 in Langemandssø
and Sommerfuglesø. In both years, total zooplankton biomass in
Sommerfuglesø was approximately twice that in Langemandssø
(data provided by 69).
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projected, it is likely that phytoplankton will no longer
experience temperature-induced photosynthetic rate inhibition,
and growth rates will probably become more similar to those in
the temperate zone, thus allowing for a greater accumulation of
algae. If algae are heavily grazed by herbivores at present
because of a lack of predation, higher-level predators are likely
to invade as the productivity of the system increases.
Subsequent increased predation of the grazer community would
permit an increase in algal biomass. In addition, the projected
increase in nutrient concentration would augment these
changes, making the increase in productivity even more
dramatic.

Several empirical studies support this hypothesis. One study
compared Swedish lakes (three-level trophic system) to unpro-
ductive antarctic lakes (two-level trophic system). The slope of
the Chl-a–total P relationship for the antarctic lakes was
significantly less than the Swedish lakes. This was hypothesized
to be a consequence of the different trophic structures of the
lakes, since productive (three-level) Swedish lakes showed a
Chl-a–total P relationship similar to temperate lakes, suggesting
that climate-related abiotic factors were not causing the
differences between the Swedish and unproductive Antarctic
lakes (58). Other empirical evidence supporting this hypothesis
comes from subarctic lakes in the Yukon, which showed higher
levels of zooplankton biomass relative to P concentrations than
in temperate regions, suggesting a two-level trophic system. (64)
attributed the high abundance of zooplankton to the low
abundance of planktivorous fish, which led to an over-
consumption of algae.

However, a significant factor further complicating the
possible productivity response in arctic systems is the interac-
tion of productivity with DOC. High DOC levels can
differentially affect measured primary productivity by influenc-
ing light penetration (more DOC leads to darker water),
affecting turbidity, and adding carbon for processing. For
example, benthic diatoms and total diatom concentrations
increased significantly during conditions of high DOC concen-
trations and low water transparency, whereas planktonic forms
decreased (70). In Southern Indian Lake, northern Manitoba,
(71) found that high DOC concentrations decreased light
penetration sufficiently to cause a switch from nutrient to light
limitation of primary production. In shallow tundra ponds, over
90% of algal primary production was by benthic algae (72),
although this level of productivity is very likely to decline if
there is appreciable DOC-related light reduction. By contrast,
increased DOC is likely to reduce harmful UV-B radiation
levels, and thereby have a possible countervailing effect on
productivity (6).

Changes in primary productivity resulting from climate
change, whether attributed to increased water temperatures or
increased DOC loading, are likely to affect secondary produc-
tion in arctic freshwaters. Productivity of lake zooplankton is
very likely to rise in response to increases in primary
production. At Toolik Lake, a 12-fold increase in primary
production yielded a less than 2-fold increase in secondary
production (73). This enhanced production is very likely to
result in an increase in the abundance of secondary producers,
as observed in Alaska, where the abundance of microplankton
(rotifers, protozoans) rose with increased primary production
(74). Although larger zooplankton showed little species change
with increasing productivity, microzooplankton increased both
in number of species (i.e., biodiversity) and trophic levels (i.e.,
productivity). Observations by (75) indicated that zooplankton
abundance and diversity are more sensitive to changes in
primary productivity with latitude, with species number and
types declining to the north, than to changes in lake primary
productivity at any given latitude. Therefore, lake productivity

and species abundance and diversity will probably shift in favor
of zooplankton as primary production increases in a progres-
sively northward direction with climate change.

Climate change is unlikely to affect bacterial species
assemblages. (76) found that the species of plankton in Toolik
Lake, Alaska, were identical to species found in other lakes in
temperate regions. The overall productivity of the lake did not
appear to be related to the species of bacteria involved, instead,
the total bacterial biomass in the plankton was affected by
overall primary production and by the amount of allochtho-
nous organic matter entering the lake from the drainage basin.
(77 and 78) reported that over half of the bacterial productivity
in Toolik Lake was based on terrestrial DOC. As a result, the
bacterial numbers, biomass, and productivity in this lake are
many times higher than they would be if it contained a
plankton-based microbial food web. In contrast, protozoa and
rotifer communities are likely to change with the increasing
primary productivity that will probably result from climate
change. For example, major changes occurred in protozoan,
algal, and rotifer assemblages and production owing to
significant artificial nutrient additions (four times ambient
loading rates; 79).

Effects on carbon dynamics. The ACIA-designated models
project that by 2080, the majority of the Arctic will experience
increases in air temperature (80), precipitation (80), evaporation
(1), available degree-days for biological growth, and major
changes in the extent and nature of permafrost (1). Although
there are variations between model projections, permafrost
degradation is projected to occur most extensively at more
southerly latitudes of the circumpolar Arctic, with regional
west-to-east gradients across North America and Eurasia (for
distribution among ACIA regions see (1) and (3). Overall (based
on a ‘‘median’’ model projection; 1), total permafrost area is
projected to decrease by 11, 18, and 23% by 2030, 2050, and
2080, respectively. The loss of permafrost and deepening of the
active layer is projected to be greatest in the western and
southern areas of arctic and subarctic North America and
Eurasia because initial permafrost temperatures are closer to 0
8C than in more easterly and northern areas, and these areas are
more likely to become snow-free earlier in the spring, permitting
enhanced soil warming (e.g., 1, 81). Growing degree-days are
projected to increase across the Arctic (Figure 4), with the
greatest increase in Regions 1 and 4, with the exception of
Greenland where growing degree-days are projected to remain
the same or decrease. On average, a 20- to 30-day increase in
growing-season length is projected for areas north of 608 N by
the end of the 21st century. As the number of degree-days
increases in the Arctic, carbon cycling in arctic wetlands is very
likely to not only be affected by changes in the rates and
magnitudes of primary and microbial productivity, but also in
the quantity and quality of organic material that accumulates in
these systems. This in turn will affect carbon loading to, and
processing within, arctic lakes and rivers.

Wetlands are a very prominent feature of the Arctic, and are
particularly sensitive to climate change. The structure of these
systems, and their function as net sources or sinks of carbon, is
likely to respond dramatically to changes in permafrost
thawing, peatland distribution, and air temperatures and water
budgets.

Thawing of perennially frozen wetland soil and ice is likely to
result initially in a substantial efflux of carbon, as perennial
stores of CO2 and CH4 are released to the atmosphere. Such an
effect accounted for an estimated 1.6- to 3-fold increase in
carbon emissions from degrading permafrost along the 0 8C
isotherm in Canada (82). Permafrost thaw and warming has
also accounted for a 100-fold increase in the rate of CO2 and
CH4 formation in the Ob River basin (83), and is responsible for
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drastically increased effluxes of these two gases from a high-
latitude mire in Sweden (84, 85).This initial increase in CO2 and
CH4 emissions with permafrost thaw has potential positive
climate feedbacks. The effect is likely to decline over time as gas
stores are depleted, and as wetland vegetation, hydrology, and
carbon sink/source function progressively change with climate.

Permafrost thaw and a greater number of growing degree-
days are very likely to result in increased distribution and
biomass of wetland vegetation at more northerly latitudes,
increasing carbon storage in arctic and subarctic landscapes.
Projections based on doubled atmospheric CO2 concentrations
(86, 87) indicate a probable 200 to 300 km northward migration
of the southern boundary of peatlands in western Canada, and
a significant change in their structure and vegetation all the way
to the coast of the Arctic Ocean. Increases in carbon
accumulation have been associated with peatland expansion,
along with northward movement of the treeline, during
Holocene warming, a process that slowed and eventually
reversed with the onset of the Little Ice Age (88, 89, 90).
Similar expansion of peatlands and enhanced biomass accumu-
lation have been recorded in North America in more recent
times 89, 91, 92). Hence, as temperatures rise, wetland/peatland
distribution is likely to increase at high latitudes, and arctic
landscapes are likely to become greater carbon sinks. Carbon
accumulation at high latitudes is likely to be limited by loss due
to disturbance (e.g., increased occurrence of fire as temperatures
and evapotranspiration increase in some areas; 82, 91), which
will possibly result in greater carbon loading to lakes and rivers
(93).

Changes in available growing degree-days, along with
changes in the energy and water balances of high-latitude
wetlands, will have varying effects on the rates and magnitudes
of photosynthetic assimilation of CO2, and anaerobic and
aerobic production of CO2 and CH4 in existing arctic and
subarctic wetlands. Rates and magnitudes of primary produc-
tivity, and hence carbon sequestration, are very likely to
increase in arctic wetlands as air and soil temperatures rise,
growing season lengthens (e.g., Greenland: 94; Finland: 95 ),
and as vegetation changes (as discussed above in the context of
permafrost degradation). Carbon fixation in arctic and subarc-
tic wetlands will, however, possibly be limited by UV radiation
effects on vegetation (96; see also 2, 10, 97). Carbon dioxide
accumulation in high-latitude wetlands is likely to be limited by
warming and drying of wetland soils, and the associated
production and loss of CO2 through decomposition (e.g.,
Alaska: three-fold increase, 98; Finland, 95). This effect is
likely to lead to substantial losses of CO2 and potential climate
feedbacks. Methane production and emissions are likely to
decline as high-latitude wetland soils dry with rising tempera-
tures and increased evapotranspiration, and with regional
declines in precipitation (e.g., Finland: 99; Greenland: 100).
(101) have suggested that only a 10 cm deepening of the water
table in northern forested peatlands results in their conversion
from a source to a sink of atmospheric CH4. Methanotrophy is
likely to be most pronounced in drier wetlands that tend toward
aerobic conditions. The projected shift in vegetation toward
woody species will possibly also limit CH4 release to the
atmosphere (102, 103). Methane production in some wetlands is
likely to increase as temperatures and rates of methanogenesis

 
Figure 4. Projected changes in the length of the growing season
defined as the number of days where the minimum temperature is
greater than 0 8C, derived from the ACIA-designated models: (a)
CSM_1.4 projected change between 1980–1999 and 2080–2099; (b)
CGCM2 projected change between 1976–1994 and 2071–2090; and
(c) HadCM3 projected change between 1971–1990 and 2071–2090
(see 80 for model descriptions).
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increase, and as water tables rise in response to regional
increases in water availability (e.g., Finland – projected 84%
increase in CH4 release from wet fen with 4.4 8C temperature
increase, 104; Alaska – 8 to 33-fold increase in CH4 emissions
with high water table, 98). Methane production will probably
increase in those wetlands that have highly saturated soils and
standing water, and those that may become wetter with future
climate change, with potential climate feedbacks.

Overall, arctic and subarctic wetlands are likely to become
greater sources of CO2 (and in some instances CH4) initially, as
permafrost melts, and over the long term, as wetland soils dry
(105, 106). Although many high-latitude wetlands are likely to
experience a net loss of carbon to the atmosphere under future
climate change, the expansion of wetland (e.g., peatland)
distribution in the Arctic, and the increase in carbon
accumulation with permafrost degradation, is likely to offset
this loss (see 102 for further treatment of this topic).

In addition to wetlands, wholly aquatic systems (rivers, lakes,
and ponds) are also important to carbon cycling in the Arctic.
(107) showed that high-latitude lakes in Alaska were net
producers of DOC, whereas streams were typically net consum-
ers. Many arctic lakes and rivers are supersaturated with CO2

and CH4, often emitting these gases to the atmosphere via
diffusion; increases in productivity (e.g., primary and secondary)
deplete carbon in surface waters, resulting in diffusion of CO2

into the water (see 3, 108, 109). 108) found that coastal freshwater
systems release carbon in amounts equivalent to between 20 and
50% of the net rates of carbon accumulation in tundra
environments. Enhanced loadings of carbon to arctic lakes and
rivers as permafrost degrades (surface and groundwater flows
contribute dissolved CO2 and CH4, as well as POC) will affect
carbon cycling in these systems in a number of ways.

Dissolved organic carbon loading of lakes and rivers is likely
to result in increased primary productivity and associated
carbon fixation. This increase in photosynthetic CO2 consump-
tion by aquatic vegetation (e.g., algae, macrophytes) will
possibly reduce emissions of this gas from lake waters to the
atmosphere. This effect has been noted in experimental
fertilization of both temperate and arctic lakes (108, 109).
Nutrient loading of high-latitude rivers, however, is unlikely to
have a similar effect, as these waters have a rapid rate of renewal.

Although DOC loading of surface waters will possibly cause
a decline in CO2 emissions from some lakes, increased inputs of
DOC and POC will possibly offset this effect and, in some cases,
increase CO2 production. Enhanced DOC and POC loads
increase turbidity in some lakes, reducing photosynthesis. This
rise in the availability of organic matter will probably result in a
concomitant increase in benthic microbial respiration, which
produces CO2 (110). These effects are likely to be less
pronounced or absent in flowing-water systems.

Increased nutrient loading and water temperature in high-
latitude freshwater bodies are also likely to enhance methano-
genesis in sediments. Slumping of ice-rich Pleistocene soils has
been identified as a major source of CH4 release from
thermokarst lakes, such as in extensive areas of north Siberian
lakes (e.g., 111), and may explain high winter concentrations of
atmospheric CH4 between 658 and 708 N (112, 113). Methane
produced in such systems is often released to the atmosphere via
ebullition, a process that will probably increase as the open-
water season lengthens. Emission of CH4 to the atmosphere is
also likely to be enhanced in lakes, ponds, and streams that
experience an increase in macrophytic growth, and an
associated increase in vascular CH4 transport.

Effects on Aquatic Birds and Mammals

Given the increasing understanding of the critical role of climate
in driving the population dynamics of waterfowl and aquatic

wildlife, it is very likely that progressive, rapid change in climate
will trigger substantial fluctuations in endemic fauna and flora.
Population- and community-level responses of aquatic birds
and mammals will probably result from combinations of direct
and indirect impacts. These include changes in winter severity;
seasonal snow and ice distribution and depths; timing and peaks
of lake, pond, and wetland productivity; predator–prey
dynamics; parasite–host interactions; habitat quality and
distribution; and fire frequency, intensity, and distribution.

As discussed in (3), projections from the five ACIA-
designated models suggest that coastal land areas (and
associated estuarine and freshwater habitats) are likely to
experience dramatic temperature increases and changes in their
hydrologic regimes. Such changes are likely to produce
significant alterations in the quantity and quality of existing
coastal estuarine and delta habitats, thereby affecting associated
communities of birds and aquatic mammals.

It is therefore probable that changes in freshwater and
estuarine habitat will result in altered routes and timing of
migration. Emigration of aquatic mammals and waterfowl is
likely to extend northward as more temperate ecosystems and
habitats develop at higher latitudes (also see 114). Migration
will possibly occur earlier in the spring with the onset of high
temperatures, and later in the autumn if high temperatures
persist. Breeding ground suitability and access to food resources
are likely to be the primary driving forces in changes in
migration patterns. However, many species living in these areas
are adapted to, even dependent on, extreme natural fluctuations
in climate and associated impacts on water resources. Hence,
their responses to such changes are likely to be species-specific
and quite varied.

A number of direct and indirect effects are likely to occur in
shallow arctic lakes and ponds that lack a thermocline. Summer
maximum temperatures are likely to climb above physiological
preferences or thresholds of algae, plankton, and benthic
invertebrates, which would produce substantial shifts through
time in diversity and/or abundance at these lower trophic levels.
Such shifts will probably result in earlier or reduced seasonal
peaks in abundance of key foods, thereby creating mismatches
between resource availability and timing of breeding. This will
possibly lead to a lowering of reproductive success in higher-
level consumers such as waterfowl.

Changes in water regimes are very likely to dramatically alter
the quantity and quality of aquatic and riparian habitat, leading
to local changes in the distribution of birds and mammals, and
at larger scales, are likely to affect overall habitat availability,
carrying capacity, and reproductive success. Aquatic mammals
and waterfowl are highly dependent on the availability and
quality of aquatic habitats for successful breeding, and in the
case of waterfowl, nesting. Northern species will possibly have
diminished reproductive success as suitable habitat either shifts
northward or declines in availability and access. Northward
colonization of southern species will possibly result in
competitive exclusion of ‘‘northern’’ species for habitat and
resources. Many of the projected responses are likely to result
from changes in temperature and precipitation. For example,
(115) showed that water depths have a significant positive effect
on the annual production of juvenile whooping cranes (Grus
americana), and suggested that increased summer temperatures
are likely to create drier conditions in whooping crane nesting
marshes over the long term, decreasing production of young
and slowing the annual population growth rate.

Many shorebirds (e.g., sandpipers, plovers, snipe, godwits,
curlews) are also dependent on water levels and the persistence
of shallow wetlands. For instance, most North American
species of shorebirds breed in the Arctic, with ten species
common to the outer Mackenzie Delta (116, 117). These species
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are dependent on invertebrate prey during reproduction, and
hatchlings are highly dependent on mosquitoes and chirono-
mids, the preferred foods of developing young. Any changes in
timing and availability of food at staging sites in the Arctic, let
alone the availability of wetland habitat, are likely to have
detrimental effects on the success of hatchlings. Therefore, most
species are very likely to be adversely affected by loss of shallow
wetland habitat as ponded areas dry in response to rising
temperatures, a potential decline in precipitation, and perma-
frost degradation. Conversely, thawing permafrost and precip-
itation increases are very likely to increase the occurrence and
distribution of shallow wetlands, and probably the success of
shorebirds in the Arctic.

Long-term survey data are available for a limited number of
wetland-dependent migratory birds in Canada that demonstrate
some of the possible effects of climate related change. These
data clearly indicate dramatic declines in the abundance of
several waterfowl species (e.g., scoters – Melanitta spp., lesser
scaup – Aythya affinis) with core breeding areas located in the
northwestern boreal forest of Canada. Several hypotheses have
been proposed to explain these patterns, including changes in
wetland systems (e.g., food resources for breeding birds or their
offspring). It is difficult to identify causes of decline because
changes have also occurred simultaneously in the wintering,
migration, and breeding areas of each species; however,
breeding-ground changes are the probable cause because indices
of productivity have decreased during the past 20 years (118,
119).

The dynamics and stability of aquatic mammal populations
have also been linked to observed variability and extremes in
hydrologic conditions. (29) found that in the Peace-Athabasca
Delta, Canada, years with observed spring ice-jam flooding
(and associated reflooding of perched basins) had high success
in local trapping of muskrats. A decade with low water levels in
the delta resulted in dryer perched basins and fewer muskrats,
followed by a decade of higher water levels and high muskrat
harvesting. In this case, perched-basin water levels and the
extent of emergent vegetation development seemed to be the
controlling factors in muskrat occurrence and abundance.
Independent traditional ecological knowledge studies of the
area also provided corroborative evidence of this trend (120).
Hence, projected decreases in the frequency and intensity of ice-
jam flooding under future climate scenarios would probably
cause decreases in the re-flooding of perched basins, negatively
affecting muskrat populations in years with low water levels.

It is also possible that projected climate change in the Arctic
will produce an increased incidence of mortality from disease
and/or parasites in bird and aquatic mammal populations. As
temperatures rise, southern species of mammals and waterfowl
are likely to shift northward.

These species will probably carry with them new diseases
and/or parasites to which northern species are not adapted.

CONCLUSIONS

Climate change is projected to affect runoff, water levels, river-
and lake-ice, and thermal regimes, causing significant alter-
ations to: biogeochemical processes, including carbon dynam-
ics; aquatic biodiversity and adaptive capacities; aquatic food
web structure and dynamics and corresponding levels of
primary and secondary production; and, the range, distribution
and habitat quality/quantity of aquatic mammals and water-
fowl.

Enhanced permafrost thawing is very likely to increase
nutrient, sediment, and carbon loadings to aquatic systems,
resulting in both positive and negative effects on freshwater
chemistry. Enhanced and earlier supply of sediments is likely to

be detrimental to benthic fauna. Increases in DOC loading
resulting from thawing permafrost and increased vegetation are
very likely to have both positive and negative effects, the
balance being ecosystem- or site-specific. Nutrient and carbon
enrichment will enhance nutrient cycling and productivity, and
alter the generation and consumption of carbon-based trace
gases. Consequently, the status of ponds and wetlands as
carbon sinks or sources is very likely to change. Projected
reduced ice thickness and duration, and changes in timing and
composition, are very likely to alter thermal and radiative
regimes, resulting in an increase in the availability of under-ice
habitat and an increase in winter and open-water productivity.

Climate change is also very likely to affect the biodiversity of
freshwater ecosystems across most of the Arctic. The magni-
tude, extent, and duration of the impacts and responses will be
system- and location-dependent, and will produce varying
outcomes, including local and/or regional extinctions or species
loss; genetic adaptations to new environments; and alterations
in species ranges and distributions, including invasion by
southern species.

Climate change will also produce probable changes in quality
and quantity of aquatic habitat for aquatic mammals and
waterfowl. Some projected effects at the individual, population
and community levels include: altered migration routes and
timing; a possible increase in the incidence of mortality and
decreased growth and productivity from disease and/or
parasites; and, probable changes in habitat suitability and
timing of availability, very likely leading to altered reproductive
success.
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