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The Arctic is richer in wetlands than most other biomes on Earth.
Photo: Patrick J. Endres/AlaskaPhotoGraphics.com
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	There have been changes to the permafrost: In the past
ten years several lakes have disappeared both from
the taiga and tundra area where we have our reindeer
migration. Lakes have become rivers and drained out.
You can see this in the tundra, but even more in forested
areas. This impacts the fishing for sure. One of the lakes
drained, and the fish got stuck on the bottom and died
of course. Wetlands and marshes are deeper or are not
so solid. Close to the rivers like Chukatsha, there are
depression faults and holes in the ground. The marshlands cannot be used for reindeer travelling anymore.

	Dmitri Nikolayevich Begunov, a Chukchi reindeer herder from the
Cherski town in Lower Kolyma in northeastern Siberia
(Mustonen 2009).
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SUMMARY
The Arctic contains an abundant and wide range of
freshwater ecosystems, including lakes, ponds, rivers
and streams and a complex array of wetlands and deltas.
This broad range of freshwater ecosystem types contains
a multitude of habitats of varying ecological complexity
and supports a diversity of permanent and transitory organisms adapted to living in an often highly variable and
extreme environment. Moreover, these habitats and species provide important ecological and economic services
to northern peoples through the provision of subsistence
foods (fish, aquatic birds and mammals), serve as seasonally important transportation corridors (e.g. ice roads),
and are ecologically and culturally important habitat for
resident and migratory aquatic species.
The Arctic region is currently undergoing significant
and rapid environmental and socio-economic change,
which in turn will have profound effects on the distribution, abundance and quality of freshwater ecosystems,
their associated habitats and related biological and
functional diversity. Climate change has been identified
as the prominent environmental driver affecting Arctic
freshwater ecosystems and their related biological and
functional diversity, although other significant drivers
and environmental stressors are increasing in relevance
(e.g. point and non-point pollution, increased impoundment/diversion of freshwater, enhanced mining and
oil and gas activities and anthropogenic introduction of
invasive species).
As a result, biodiversity within Arctic freshwater ecosystems is being rapidly altered by natural and anthropogenic drivers. Hence, a parallel understanding of
functional diversity (food web structure and complexity,
productivity, carbon and nutrient dynamics) is required
to develop and implement appropriate conservation and
management measures to ensure healthy and functioning
ecosystems. Together these observations also contribute to understanding of the factors promoting services
provided by freshwater ecosystems.
Currently, knowledge of Arctic freshwater ecosystems
and related biodiversity is limited with large spatial gaps
particularly in remote areas. The development of appropriate knowledge of reference states is critical to assess
the variability and significance of change. Significant
knowledge gaps remain in our understanding of how biodiversity contributes to, and how changes affect, freshwater ecosystem function and services. More systematic
process-based studies are required to better understand
the abiotic and biotic controls on ecosystem properties
and to obtain a predictive understanding of how ecological communities are structured in response to changing
anthropogenic and environmental drivers.
Future conservation and protection of Arctic freshwater
ecosystems and their associated biodiversity requires appropriate long-term monitoring and associated processbased research across relevant spatial and temporal
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scales. Actions taken must be adaptive and responsive to
new information in a rapidly changing Arctic.

13.1. INTRODUCTION
Freshwater ecosystems are abundant and diverse
throughout the circumpolar region and include lakes,
ponds, rivers, streams and a wide range of wetland
complexes (Usher et al. 2005, Wrona et al. 2005, 2006a,
Vincent & Laybourn-Parry 2008). The Arctic contains
some of the world’s largest rivers and associated deltas
(e.g. the Lena, Ob, Yenisei, Mackenzie), largest and
deepest lakes (e.g. Great Bear Lake, Great Slave Lake,
Lake Inarijärvi and Lake Taymyr), numerous permanent
and intermittent streams and rivers draining mountains, highlands and glaciated areas, and a myriad of
smaller permanent and semi-permanent lakes, ponds
and wetlands. In some regions of the Arctic, lake, pond
and wetland complexes can cover > 80% of the total
land area (Wrona et al. 2005, 2006a, Pienitz et al. 2008,
Rautio et al. 2011).
This broad range of freshwater ecosystem types contains
a multitude of habitats of varying complexity, which in
turn support a diversity of permanent and transitory
organisms adapted to living in an often highly variable
and extreme environment (Rouse et al. 1997, Usher et
al. 2005, Wrona et al. 2005, Prowse et al. 2006b, Rautio
et al. 2008, Heino et al. 2009, Moss et al. 2009, Schindler & Lee 2010). In addition, high-latitude freshwater
systems are of regional and global significance by serving
as important tele-connections and providing feedbacks
with climate and ocean systems, being critical habitat
and/or refugia for unique species and communities, acting as significant sources and/or sinks of CO2 and methane, and serving as trans-ecosystem integrators and links
of nutrient, organic matter and freshwater transport and
flux between the terrestrial and marine systems (Wrona
et al. 2005, AMAP 2011b, Prowse et al. 2011c).
The Arctic region is currently in a period of major and
rapid environmental and socio-economic change, which
in turn will have profound effects on the distribution,
abundance and quality of freshwater ecosystems and
their associated habitats and biological and ecological diversity (Wrona et al. 2005, CAFF 2010, AMAP
2011b). While climate change is a key environmental
driver affecting freshwater ecosystems and associated
biota in the Arctic region and has received a significant
amount of attention (ACIA 2005a, 2005b, IPCC 2007,
Heino et al. 2009, AMAP 2011b, Rautio et al. 2011, Culp
et al. 2012), a number of other significant drivers and
environmental stressors are also increasing in relevance
in their potential for affecting freshwater ecosystems and
related biodiversity. These include, for example, point
and non-point pollution (e.g. long-range aerial transport of contaminants; AMAP 2003, 2011a, Macdonald
et al. 2005, Wrona et al. 2006b), altered hydrologic
regimes related to increased impoundment/diversion of freshwater (Prowse et al. 2006a), water quality
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changes from landscape alterations (e.g. mining, oil and
gas exploration) (AMAP 2008) and biological resource
exploitation (e.g. subsistence and commercial fisheries).
Furthermore, increased access to the north via land and
sea transport including for example, the proliferation
of roads in northern Canada and Russia, opens up efficient new dissemination pathways for invasive species
(AMAP 2011b; see also Lassuy & Lewis, Chapter 16).
Collectively, these drivers/stressors will often synergistically contribute to the alteration and/or degradation
of biological diversity at the species, genetic and habitatecosystem levels (Pimm et al. 1995, ACIA 2005, Wrona
et al. 2005, IPCC 2007, CAFF 2010).
In the following sections we summarize the current state
of knowledge on the relative importance of the past,
present and projected environmental and anthropogenic
drivers in affecting the status, patterns and trends in
ecosystem/habitat, structural and functional diversity
of Arctic freshwater systems. In some circumstances it
is difficult to fully adhere to the strict definition of the
Arctic used in this assessment (see Section 2 in Meltofte
et al., Introduction), as certain freshwater systems
(notably the large rivers that discharge to the Arctic
Ocean) cross several ecozones and related latitudinal and
temperature gradients given the scale of their contributing drainage area. Such systems are used as key examples
of how Arctic freshwater and habitat quality, quantity
and related biodiversity can also be significantly affected
through direct linkages to environmental and anthropogenic drivers and ecological processes that are extraneous to the Arctic per se.
Through the use of pertinent case studies and examples, we will provide an ecosystem-based, community
or food web perspective on how key environmental and
anthropogenic drivers in the Arctic, operating singly or
in combination, affect the distribution and abundance of
freshwater ecosystem types, their related habitats, and
structural and functional ecological properties.
In the final section of the chapter we provide perspectives
on current and proposed approaches for the conservation
and protection of Arctic freshwater biodiversity, identify
knowledge gaps and challenges, and forward recommendations on the future directions of monitoring and assessment of aquatic biodiversity in a rapidly changing Arctic.

13.2. NATURAL AND
ANTHROPOGENIC DRIVERS
13.2.1. Effects of latitude and climate
The terrestrial Arctic is largely an extension of the
continental land masses, and this has major implications
for climate, species colonization and biodiversity. It is
characterized by the absence of trees, strong seasonal
variations of extreme cold temperature, long durations
of ice-cover, continuous and discontinuous permafrost,
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lack of nutrients and low solar radiation input. In addition to these characteristics, the underlying geology,
landscape topography and vegetation as well as the size,
water volume and contributing catchment area, all play
important roles in shaping freshwater ecosystems and
affecting their habitat composition as well as limiting the
distribution and abundance patterns of freshwater biota
(Wrona et al. 2005, 2006a, Prowse et al. 2006a, 2006b,
Reist et al. 2006a, 2006b).
In general, effects of climate on freshwater ecosystems
can be assessed in terms of severity (i.e. persistent
conditions which are at physiological thresholds thus
limit biota), extreme seasonality and high variability
both within and among years (ACIA 2005, CAFF 2010,
AMAP 2011b). Factors such as ice-cover thickness,
duration and quality and precipitation and snow pack
conditions influence the hydro-ecology of freshwater
environments (Borgström 2001, Schindler & Smol 2006,
Christoffersen et al. 2008, AMAP 2011b, Prowse et al.
2011b). Extreme seasonality combined with low levels of
incident radiation also have profound effects for aquatic
ecosystems since much of this radiation may be reflected
due to high albedo of ice and snow, especially during the
critical early portions of the spring and summer. Furthermore, a substantial portion of the total thermal energy
input is used to melt ice, rendering it unavailable to biota.
The timing of radiation peaks is therefore important with
greater than 50% being received prior to the melting
of ice-covered aquatic systems. The Arctic also displays
generally low levels of precipitation, and most of this falls
as snow, resulting in limited and often episodic runoff.
Consequently, Arctic freshwater systems are generally
species-poor compared to temperate counterparts, and
the overall productivity tends to be low due to low levels
of nutrient inputs, low light levels, low temperatures,
ice presence and persistence, and short growing seasons
(Usher et al. 2005, Wrona et al. 2005). Lack of nutrients, rather than low temperature or incident radiation,
is likely a key factor restricting primary production in
freshwater systems in the Arctic. However, based on a
study of 12 lakes in sub-Arctic and alpine northern Sweden (64-68° N), Karlsson et al. (2009) have shown that
within natural variations of nutrient and organic carbon
input, unproductive lakes are primarily light limited
(through interactions with colored terrestrial organic
matter) and not nutrient limited. In general terms, lower
productivity of basal components of the food web results
in slower growth and longer-lived organisms such as fish
and invertebrates (Wrona et al. 2005, 2006a, Reist et al.
2006a, 2006b). In addition to nutrient/light limitations,
changes in freshwater ice cover (duration, thickness and
optical quality) has also been proposed by CAFF (2010)
as a key ecosystem indicator of climate-change-related
impacts on freshwater biodiversity (see Box 13.1).
The annual cyclicity of processes in Arctic aquatic ecosystems is also relatively high, which in turn has resulted
in various adaptations in the organisms that thrive there.
In animals, such adaptations include high rates of con-
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Box 13.1. Effects of decreased freshwater ice cover duration on biodiversity
Freshwater ice is an integral part of the cryosphere and
related hydrologic regimes of cold environments and exerts
an enormous influence over key physical and ecological processes in both lentic and lotic systems (CAFF 2010, Prowse
& Brown 2010b, 2010c, AMAP 2011b, Prowse et al. 2011c).
These processes include, for example, the inputs and spectral
signature of solar radiation important for photobiological
and photochemical processes, ultraviolet radiation, atmosphere-water body gas exchanges, heat budget, stratification
and mixing regime, bio-geochemical dynamics and the
entrainment of terrestrial inputs, including contaminants
(reviewed by Vincent et al. 2008). Specific to lotic systems,
river ice affects the productivity and diversity of instream
and riparian habitat, sediment transport and river morphology and hydrologic extremes such as low flows and floods
(Prowse 2001, Prowse & Culp 2003, Prowse et al. 2006a).
The duration of freshwater ice cover is strongly controlled
by climate (Walsh et al. 1998, Prowse et al. 2002, 2010a,
2010b, 2010c). In Arctic freshwater systems, the duration of
ice cover has decreased by an average of almost two weeks
over the last 150 years (Prowse & Brown 2010b, 2010c), with
earlier break-ups and later freeze-ups. As the climate warms,
longer open-water conditions will prevail. In lentic systems,
decreased ice cover is linked to increases in aquatic plant
and algae productivity and taxonomic shifts in both algae
and invertebrates (Smol et al. 2005). The changes in diatom
community and abundance resulting from changes in ice
cover are pronounced enough that they can be used to re-

sumption of food when it is available and rapid conversion of food to lipids for storage. Additionally, some
groups (e.g. fish, waterfowl) exhibit highly migratory
behavior to optimize life-history functions resulting in
movements between different habitats triggered by environmental and geophysical cues (e.g. temperature drop,
sun height), which usually coincide with transitions
between particular seasons (Wrona et al. 2005, Reist et
al. 2006a, 2006b, Power et al. 2008).
Although freshwater ecosystems are especially abundant
in the Arctic, they do not generally support the levels of
biodiversity found in more southerly regions (Wrona et
al. 2005, Wrona et al. 2006b). For example, fish species
diversity is low at both regional and local scales in high
latitudes (Matthews 1998, Reist et al. 2006a, 2006b);
however, considerable diversity of the fishes exists below
the species level and contributes significantly to the
functionality of the ecosystem (see Christiansen & Reist,
Chapter 6). Yet, high latitude freshwater ecosystems
support both taxonomically and functionally diverse
biota (Heino 2008, Erős et al. 2009), and differences
among northern regions may be considerable (Heino
2001, Heino & Toivonen 2008). In addition, the diversity of microbial communities in certain Arctic freshwater systems has been found to be equivalent to or greater

construct climate conditions millennia into the past (Smol &
Douglas 2007a, 2007b). Changes in productivity and species
composition resulting from changes in ice cover are likely
to have cascading effects on the entire aquatic ecosystem.
Ice cover and related temperature effects are also linked to
fish habitat either as preserving habitat for some cold-water
species or as a barrier preventing the colonization of cryospherically dominated systems by warm-water species. As
such, decreased ice cover will likely lead to reductions in the
range of cold-water species while increasing the likelihood of
species invasions into northern aquatic ecosystems from the
south. In lotic systems, reductions in ice cover will result in
fewer ice-dam flood events and reductions in the severity of
break-up ice scouring, which are processes that are critical in
nutrient and organic matter dynamics, spring water chemistry and the abundance and diversity of river biota (Prowse
et al. 2006b, 2011c). Lake and river ice are also critical for the
transportation routes of northern communities, either as
an economical means for the hauling of commercial goods
or for travel onto the land as part of traditional subsistence
lifestyles.
Given the strong influence of climate on the extent and duration of ice cover on freshwater systems, projected climate
warming has raised concern about related changes in freshwater ice. Further study including extensive monitoring of
freshwater ice regimes and their related ecosystems is critical
to increasing our capacity to understand and therefore predict the changes occurring in these vital systems.

than their counterpart environments in more southerly
latitudes (Comeau et al. 2012, Charvet et al. 2012).
The regional numbers of freshwater species typically
decrease sharply poleward even within the boreal-Arctic
region alone (Heino & Toivonen 2008, Heino 2009). Due
to such strong relationships of freshwater biodiversity to
latitude and co-varying climatic factors, the responses of
various organism groups to climate change by latitudinal range shifts are likely to be straightforward. This is
because the northern range margins of many freshwater
species are largely determined by temperature (Chu et al.
2005, Sharma et al. 2007). However, the rapidity of the
range shifts is likely to vary between different species, for
example, depending on (1) species’ dispersal capability,
(2) their ability to colonize local communities in the new
areas and produce viable populations there, and (3) their
ability to persist during the set-back years with less suitable weather that may occur embedded in the otherwise
long-term warming trend (Hellmann et al. 2008, Pöyry
et al. 2009). These responses are likely to be seen not
only in increased regional species numbers, but may also
have various effects on community structure, food web
dynamics and ecosystems characteristics at the local scale
(Schindler 1997, Poff et al. 2002, Quinlan et al. 2005,
Wrona et al. 2006a, Woodward et al. 2010).
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13.2.2. Environmental stressors
Freshwater systems are in constant transition and are
highly vulnerable to global change (Carpenter et al.
1992, Allan et al. 2005, Dudgeon et al. 2006, White et
al. 2007, Moss et al. 2009, Geist 2011). Consequently,
the observed patterns of freshwater biodiversity and
resulting stability and resilience of ecosystem structure
and function are influenced by the magnitudes, rates of
change and interactions among key environmental and
anthropogenic drivers that can affect physical, geochemical and ultimately biological and ecological properties,
processes and interactions. The Millennium Ecosystem
Assessment (MEA 2005) defined a ‘driver’ as any natural or human-induced factor that directly or indirectly
causes a change in an ecosystem. Environmental drivers
are related to physical, chemical and biological factors,
while anthropogenic drivers are associated with human
activities that can affect species, their distribution and
abundance, and ecological function (Hooper et al. 2005,
Carpenter et al. 2006, Nelson et al. 2006).
Fig. 13.1 illustrates the inter-relationships among dominant environmental and anthropogenic drivers and their
potential effects on freshwater ecosystems and related
ecological services. Freshwater ecosystems provide a variety of ecological goods and services of critical importance
to humans at local, regional and global scales, yet they are
globally among the most heavily altered ecosystems with
a disproportional loss of related biodiversity (Geist 2011).

Globally, land use change, invasive species and climate
change are considered to be the three main threat factors for these ecosystems (Sala et al. 2000). However,
the impacts of these drivers are likely to vary globally,
with freshwater ecosystems in the Arctic (high latitudes)
being more strongly threatened by climate variability
and change than other environmental and anthropogenic
drivers (ACIA 2005, IPCC 2007, Malmqvist et al. 2008,
Heino et al. 2009, Woodward et al. 2010, AMAP 2011b).
Understanding the complex interactions among drivers
and their combined, cumulative effects on structural and
functional biodiversity of freshwater systems remains a
key scientific and management challenge, as exemplified
by subsequent sections in this and other ABA chapters.

13.3. ECOSYSTEM-SPECIFIC
PATTERNS IN BIODIVERSITY
A variety of freshwater ecosystem types occur in the
Arctic, and these in turn display a significant diversity in
associated habitat structure over a wide range of spatial and temporal scales (Huryn et al. 2005, Vincent &
Laybourne 2008, Moss et al. 2009). They often form a
continuum, ranging from ephemeral shallow ponds to
large lakes, small intermittent streams to permanently
flowing large rivers, as well as intricate wetland complexes comprised of fens, bogs and marshes. In northern
latitudes, hydrological processes and thus associated
freshwater systems are controlled by local and regional

Regional and global stressors
• Biogeochemical cycles (C, N, P, organics)
• Land use
• Climate variability and change
• Species invasions
• Contaminants

Human activities
Ecosystem goods and services
• Altered or diminished conservation value
• Altered availability and production of natural
resources (e.g. game, commercial fish, wildlife)

Biotic community (biodiversity)
• Composition
• Richness
• Evenness
• Species interactions:
(competition, predation, parasitism)

Species traits
• Range, proportion
• Function

Ecosystem properties
• Productivity
(biomass, O2, CO2 flux)
• Stability/resilience

Abiotic controls
• Resource availability
• Modulators:
(temp., cryosphere changes, pH, salinity)
• Disturbance (enhanced ice jams)
• Habitat alterations (shoreline thermokarst slump)
• Optical properties (transparency, transmittance)

Figure 13.1. The inter-relationships among dominant environmental and anthropogenic drivers and their potential effects on freshwater
ecosystems and related ecological services. Dashed lines represent the potential feedbacks to the biotic community (either directly or indirectly) via abiotic controls that occur when ecosystem properties are modified by various stressors. Further feedbacks occur as we modify our
activities in response to changes (impoverishment) in ecosystem goods and services. (Adapted from Hooper et al. 2005).
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geology, landscape geomorphology and catchment characteristics such as the associated terrestrial vegetative
cover and the presence or absence of permafrost (White
et al. 2007). Collectively, these attributes affect the
physical and geochemical properties of freshwater environments and their related habitat quality and quantity.
Since freshwater systems form an often highly interconnected network at the landscape scale, they serve as
important integrators of hydrological, atmospheric and
terrestrial processes (Williamson et al. 2009).
Below, we describe the distribution and key ecological properties of each freshwater ecosystem type and
provide an overview of the associated general patterns of
structural and functional biological diversity.

13.3.1. Lake/pond ecosystems
Many areas of Arctic North America and Eurasia are
lake-rich, and in some regions lake/pond complexes can
cover > 80% of the total land surface area (Mackay 1992,
Yoshikawa & Hinzman 2003, Pienitz et al. 2008, Kling
2009, Marsh et al. 2009, Rautio et al. 2011). The Arctic
also contains a multitude of lake types, the most common being post-glacial lakes remaining from the Pleistocene, those that evolved subsequently in the glaciated
environment, and thermokarst or ‘thaw’-lakes and ponds
(Prowse & Brown 2010a, 2010c). Rarer lake types include meteoritic impact crater lakes, stamukhi, epishelf,
karst, tectonic and volcanic lakes (McNight et al. 2008,
Pienitz et al. 2008). Lakes are generally more abundant in
glaciated, permafrost peatland areas (~ 14.4 lakes/1,000
km2) and least abundant in unglaciated, permafrost-free
regions (~ 1.2 lakes/1,000 km2) (Smith et al. 2007).
Deep lakes can be defined as those having a mean depth
of > 10m. In the high Arctic, they only weakly stratify
if at all, whereas deep lakes in the low Arctic usually
display seasonal thermal stratification. Shallow lakes
with maximum depths of < 10 m typically show no or
periodic thermal stratification. There are notable exceptions, however. For example, 2-4 m deep thermokarst
ponds in Nunavik, Canada, have been found to stratify
through most of the year, resulting in anoxic bottom
waters and high rates of methane generation (Laurion
et al. 2010). Similar to lower latitude lakes, Arctic lakes
vary in size and type across the Arctic landscape. Many
are sustained by water sources primarily from the local
catchments, such as spring melt from snow accumulation and runoff (Wrona et al. 2005). The physical and
chemical characteristics of lakes vary by location with
the associated catchment geomorphology and underlying geology playing important roles in affecting lake
morphometry and water quality. Local catchments vary
significantly across the Arctic region. For example,
catchments with lush vegetation in the forest-tundra
zone immediately south of the Arctic are different than
those in the sparsely vegetated polar desert zone in the
extreme northern part of the Arctic (Vincent & Hobbie
2000, Vincent & Laybourn-Parry 2008).
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Arctic lakes are generally low in nutrients and can be
broadly classified as ultraoligotrophic to oligotrophic,
with smaller shallower lakes typically more oligotrophic
than large lakes (Vincent & Hobbie 2000, Vincent &
Laybourn-Parry 2008). Depending on latitude and
altitude, the abundance (or lack) of vegetation in the
surrounding catchment determines the allochthonous
inputs to the lakes during spring snowmelt. Autochthonous production is considered low and limited to the
ice-free season, although increasing evidence suggests
that the extent of winter productivity is underestimated
(Vincent & Laybourn-Parry 2008). In large deep lakes,
the shallower littoral zones are often the only areas of
high primary productivity in the summer months owing
to warming water and more light penetration.
Thermokarst lakes and ponds are generally the most
abundant and productive lentic ecosystems in the lowland regions of northern Siberia (Hinzman et al. 2005),
western and northern Alaska (Hinkel et al. 2005) and
northern Canada (Kokelj et al. 2005, Lantz & Kokelj
2008, Marsh et al. 2009). They are generally relatively
productive and contain abundant and diverse communities of aquatic biota including bacterioplankton, phytoplankton, zooplankton, benthic invertebrates, submerged aquatic plants and associated birds (Vincent et al.
2008). Thermokarst lakes often have significant seasonal
terrigenous inputs (predominantly during spring melt
and with associated overland runoff), often resulting in
elevated concentrations of anions/cations, nutrients, dissolved organic carbon and associated high turbitity (Rautio et al. 2011). Retrogressive shoreline thaw slumping in
these lakes has been shown to produce significant shifts
in lake geochemistry and phytoplankton relationships
(Thompson et al. 2012). Slump-affected thermokarst
lakes were found to have elevated levels of major ions
but had clearer water than unaffected systems (Kokelj
et al. 2009). Correspondingly, Mesquita et al. (2010)
found higher macrophyte species richness and biomass in
slump-affected compared with unaffected lakes. Because
of their wide Arctic distribution and their apparent
sensitivity in geochemical and biological responses to
climatic and cryospheric changes, the appearance and
disappearance of thermokarst lakes has been identified
as a key indicator of ecosystem and related freshwater
biodiversity change by CAFF (2010) (see Box 13.1).
Shallow Arctic ponds have maximum depths of < 2 m,
contain low water volumes and have higher surface area
compared with depth (i.e. a typical tundra pond in the
high Arctic is less than 1 ha in area and up to 0.5 m
deep; AMAP 1998) and typically freeze to the bottom
for up to 10 months out of the year (Wrona et al. 2005,
Smol & Douglas 2007b). They are subject to high seasonal variation and fluctuations in light, temperature and
allochthonous inputs of nutrients and major ions from
snow/permafrost melt and atmospheric inputs (Rautio et
al. 2011). Most shallow ponds are oligotrophic in terms
of nutrient concentrations in the water column, although
nutrient concentrations within the benthic microbial
mats they often contain can be several orders of mag-
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nitude higher (Villeneuve et al. 2001, Rautio & Vincent
2006). In the many tundra ponds that freeze to the bottom in winter, nutrient limitation results in the detrital
food web being an important energy transfer pathway
in these systems (Wrona et al. 2005). Shallow lakes and
ponds are often dominated by macrophytes and benthic
bacteria, algae and zooplankton (Hobbie 1980, Wrona
et al. 2005). Fish are generally absent, often resulting in
high zooplankton abundance.
13.3.1.1. Changes in pond/lake distribution and
abundance

In permafrost regions of the Arctic, the sequence of
pond and lake initiation, development and disappearance
are natural landscape processes (Sellmann et al. 1975,
White et al. 2007). More recently, in many regions
throughout the Arctic and sub-Arctic alterations in the
magnitudes and rates of lake appearance and disappearance have been increasingly linked to a more variable
and changing Arctic (Hinzman et al. 2005, Prowse &
Brown 2010a, 2010c, AMAP 2011b, Smith et al. 2005,
2007, Smol & Douglas 2007a, 2007b). Consequently,
CAFF (2010) proposed that a key indicator of ecosystem
change that has significant regional and circumpolar
implications on the status and trends of biodiversity in
Arctic lake and pond ecosystems is an alteration in their
distribution and associated appearance and disappearance on the landscape (Prowse & Brown 2010a, 2010c;
Box 13.2). Both increases and decreases in pond and lake
area have been related to climatic processes and related
interactions with thawing permafrost and alterations in
local and regional precipitation or evaporation regimes
(White et al. 2007).
Smith et al. (2007) conducted a comprehensive geographical analysis of approximately 200,000 lakes to
identify possible first-order controls on lake abundance
and land-area fraction at the circumpolar scale. Glaciation history and the presence of some form of permafrost were found to be the most important geophysical
determinants to the existence of lakes, with lake densities and area fractions averaging ~ 300-350% greater in
glaciated (versus unglaciated) terrain, and ~ 100-170%
greater in permafrost-influenced (versus permafrostfree) terrain. The presence of peatlands was found to be
associated with an additional ~ 40-80% increase in lake
density and ~ 10-50% increases in area fraction. Therefore, on average, lakes were found to be most abundant
in glaciated, permafrost peatlands and least abundant in
unglaciated, permafrost-free terrain.
Spatial distribution, level of persistence and physical
connectivity, and regional abundance collectively contribute to the patterns of freshwater biodiversity observed in Arctic lake/pond systems. Smith et al. (2007)
estimated that for all glaciated/lowland Arctic and subArctic terrain (~ 27 million km2), ~ 48% was in some
state of permafrost. They projected that in a possible
future ‘permafrost-free’ Arctic, the number of lakes
could be reduced by ~ 46% and their total inundation

area reduced by ~ 42%. In a related analysis, Smith et
al. (2005) found a widespread decline in lake abundance
and area in Siberia between 1973 (~ 10,882 lakes > 40
ha) and 1997-98 (9,712 lakes), a loss of ~ 11%. Similarly,
Marsh et al. (2009), examining the rate of thaw lake
drainage in the western Canadian Arctic from 1950 to
2000, found that 41 lakes drained at a rate of slightly
less than one lake per year; however, the rate of decadal
decline was not constant over the period.
Understanding the complex interactions between climate,
landscape geomorphology and the hydrology responsible
for this change will be critical to fully understanding and
predicting causal mechanisms of changes in corresponding
regional and circumpolar aquatic biodiversity patterns.
13.3.1.2. Fish community diversity patterns

Less than 1% of all anadromous and freshwater fish
species occur in Arctic freshwater systems, and detailed
long-term data on fish community structure for many
Arctic and sub-Arctic lakes is lacking (Power 1997,
Power et al. 2008; see also Christiansen & Reist, Chapter 6). Only a few year-round investigations have ever
been conducted on fish communities in high Arctic lakes
(Svenning et al. 2007, Amundsen & Knudsen 2009). In
general, high-latitude lakes display low fish abundance
and diversity, with Arctic char Salvelinus alpinus often being the most numerically dominant (Power et al. 2008).
Arctic lakes typically have low productivity, support
small fish populations with slow growth rates although
biomass may be high (Sierszen et al. 2003), and display
short, simple food webs dominated by a few species (e.g.
Arctic char, lake trout Salvelinus namaycush, lake whitefish Coregonus clupeaformis; Power et al. 2008).
Hershey et al. (2006) show that the distribution and
related biodiversity of fish species in Arctic lakes is
dynamic and influenced primarily by landscape-related
features that control species colonization and extinction probabilities. Examining 168 Arctic Alaska lakes,
they accurately predicted the presence of fish species in
approximately 78% of cases and absence in 75% using
physical features such as lake size, depth, outflow gradient, distance to other lakes, lake order, altitude, river
connectivity and drainage and age of the glacial surface.
Collectively, these factors either affect access of fish to
a lake (i.e. colonization potential) or survival in a lake
once colonized (i.e. extinction potential).
Ecosystem productivity, food availability and resource
partitioning are additional key ecological factors affecting the dietary habits and related structure and
biodiversity of fish communities in Arctic lakes (Reist
et al. 2006a, 2006b, Power et al. 2008). For example,
Langeland et al. (1991) found adult Arctic char and
brown trout Salmo trutta in sub-Arctic lakes to display
similar dietary preferences in allopatry, however when
sympatric, brown trout tended to dominate littoral
areas and Arctic char were displaced to forage in more
open, offshore environments. Svenning et al. (2007)
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Box 13.2. Appearing and disappearing lakes and their impacts on biodiversity
The majority of Arctic lakes are thermokarst lakes, formed
within depressions left by thawed permafrost (Mackay 1992,
CAFF 2010, Prowse & Brown 2010a). These lakes and ponds
are the most abundant and productive aquatic ecosystems
in the Arctic. The extent of northern latitude lakes is such
that they represent a significant portion of global greenhouse gas/carbon budgets (Cole et al. 2007). Thermokarst
lakes are biological ‘hotspots’ and critical habitat for abundant microbes, benthic communities, aquatic plants, plankton, fish and birds (Vincent et al. 2008). These systems are
also vital for Arctic peoples and play a central role in traditional subsistence lifestyles as well as a source of freshwater
for communities, especially where groundwater is unavailable (White et al. 2007).
a)

Lake drainage and formation events are a significant process
in landscape formation in continuous permafrost regions
(Frohn et al. 2005). For example, it is estimated that thousands of thermokarst lakes have been lost in the western
Canadian Arctic through this process since their formation
during a post-glacial warm period between 13,000 BP and
8,000 BP (Mackay 1992). With current and projected increases in temperature and climate variability (ACIA 2005, IPCC
2007), there is concern that patterns of lake disappearance
and appearance, changes in lake area and the role of lakes
in the global climatic system may change. For example, it
was recently discovered that some lakes in the high Arctic,
which paleolimnological data indicate have been permanent
water bodies for millennia, are drying out completely (Smol
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Box 13.2 Figure 1. (a) Satellite images depicting the decline of total lake abundance in areas of discontinuous permafrost (circled) while
lake abundance and surface area increased in areas of continuous permafrost between 1973 and 1997-98, (b) Percent change in lake count
and area by permafrost class (from Smith et al. 2005) and (c) Change in total lake surface area by lake size in the Old Crow Basin, northern
Canada (from Labrecque et al. 2009).
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& Douglas 2007b). While most studies have found that
there is a net decrease in the number of thermokarst
lakes over the past fifty years (Frohn et al. 2005, Hinkel et
al. 2005, 2007, Marsh et al. 2009), it seems to depend on
the extent of the permafrost in the region in question.
Smith et al. (2005) reported increases in lake surface area
and number within regions of Siberia with continuous
permafrost, while decreases were observed in areas of
discontinuous permafrost (Box 13.2 Fig. 1a, b). Increases
are believed to be related to the effects of surface permafrost thawing, while the decreases are linked to taliks
completely penetrating the permafrost to the underlying groundwater system causing drainage or, are the result of drying (Smith et al. 2005, Smol & Douglas 2007b).
Furthermore, patterns of lake abundance and surface
area may vary over time and depend on lake size as observed in a study of lakes in the western Canadian Arctic
(Box 13.2 Fig. 1c). While most lakes in the early time
period (1951 to 1972) gained surface area, the more
recent trend (1972-2001) has shown decreasing surface
area particularly in ponds and large lakes (Labrecque
et al. 2009). In a recent study, Vincent et al. (2011) also
found surface area increases in thermokarst lakes in the
eastern Arctic. Often, however, the precise mechanisms,
particularly of lake disappearance, are unknown (Hinkel
et al. 2005, 2007, Marsh et al. 2009).
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found Arctic char in a high Arctic lake in Svalbard to
feed at all times of the year, with the diet of smaller size
classes (< 15 cm) varying strongly with season, while
larger fish (> 15 cm) were mostly cannibalistic over the
entire year. L’Abee-Lund et al. (1993), studying Arctic
char in five boreal Norwegian lakes, found that juveniles
foraged mainly in epibenthic habitats but displayed both
an ontogenetic and phenological habitat shift by foraging primarily in the pelagic zone in the summer when
they reached a body size of > 13 cm. Sierszen et al.
(2003) highlight the importance of zoobenthic production and consumption, especially in oligotrophic Arctic
lakes where nutrient limitation constrains plankton
production thus affecting the structure and food energy
utilization pathways of resident fish communities. Stable
isotope analyses of the fish food web structure in the
oligotrophic lake Pulmankijärvi, sub-Arctic Finland,
revealed that littoral production dominates the energy
flow to most of the resident fish populations. While Arctic char in northern Fennoscandian lakes have also been
shown to rely on littoral energy sources in small lakes,
there is evidence of them shifting to pelagic energy
sources with increasing lake size (Eloranta 2013).

The appearance and disappearance of lakes in the Arctic
is likely to be a multi-faceted issue as the effects of
climate change intensify, as exemplified by the longest
systematic limnological and paleolimnological monitoring records from the Cape Herschel (Ellesmere Island,
Nunavut) region in the Canadian high Arctic (e.g. Smol
& Douglas 2007b). Given their central role as ecological focal points, both aquatic and terrestrial/transient
species including waterfowl are likely to be affected. The
traditional practices of indigenous peoples, particularly
those involving subsistence fisheries or small mammal
harvesting, are also likely to be impacted (Reist et al.
2006a, 2006b). Access to water for municipal or industrial use may also become a challenge with further climate
change.

A comprehensive study and census of fish populations in
3,821 boreal Nordic lakes by Tammi et al. (2003) further
illustrates how anthropogenic drivers such as lake acidification, eutrophication and stocking additionally affect
fish community structure and biodiversity (see also Section 13.4). In total, 51 fish species were reported, with
the most frequent being perch Perca fluviatilis, pike Esox
lucius, brown trout, roach Rutilus rutilus and burbot Lota
lota. Perch were the most common species in Finland
and Sweden, while brown trout occur in ca 50% of lakes
in the western part of north Norway arising from stocking over the last 50-70 years. Human-induced acidification was determined to be the most important cause of
the observed decline of fish communities in Sweden and
southern Norway. In contrast, no general patterns of fish
species extinction were found to be directly associated
with eutrophication, although cyprinid stocks increased
in eutrophic lakes. Interestingly, fish stocking was
found to be the primary casual factor affecting observed
patterns of fish biodiversity in lakes, although habitat
alterations related to climate change were identified as a
growing concern.

However, more research about the processes controlling
lake formation and loss in different permafrost regimes
is still required to be able to make robust links to changes in climate, especially where the effects of simple air
temperature warming can be confounded by other
changes, such as in precipitation and the related hydrologic system in which such lakes exist (AMAP 2011b).

It is evident that, from an ecosystem perspective, understanding the causal mechanisms producing the present
and projected patterns of fish community diversity in
Arctic lakes requires comprehensive, long-term fish
community information coupled with measurements of
pertinent environmental data at appropriate spatial and
temporal scales.
13.3.1.3. Diversity of planktonic and benthic organisms

Despite extreme climactic conditions including a winter season that can last up to nine months of the year,
planktonic and benthic communities in Arctic lakes can
be very productive and, in some Arctic lakes, may even
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equal the production in lakes at lower latitudes (Vincent
& Laybourn-Parry 2008). Reflecting the increasingly
harsh conditions, biodiversity decreases with increasing
latitude.
Species number of phytoplankton in Arctic lakes ranges
from 20 to 150 per lake and has been found to correlate
with latitude, altitude or water temperature, while species composition is mainly determined by water chemistry (Moore 1979, Forsström et al. 2009). Chrysophytes
are often the most dominant algal group (Moore 1979,
Forsström et al. 2009, Charvet et al. 2012), although the
most abundant photosynthetic cell type in these waters
may be picocyanobacteria (reviewed in Vincent & Quesada 2012). There is not enough uniformly collected and
analyzed data to make comparisons between various Arctic regions. At a global scale, phytoplankton species richness is highest in oligotrophic lakes (Dodson et al. 2000),
which means that Arctic lakes can be expected to have
relatively high numbers of species. This is often the case,
especially in shallow lakes that include many semi-planktonic species of desmidiales and bacillariales (Forsström
et al. 2009). However, some Arctic lakes seem to have, at
least seasonally, a pronounced dominance pattern where
the phytoplankton community is heavily dominated by
a few species only (Forsström et al. 2009). On the other
hand, mass developments such as blooms of harmful blue
green algae or nuisance-causing raphidophyte Gonyostomum semen do not usually occur in Arctic lakes.
The distribution of zooplankton species in Arctic lakes
depends largely on geographic location and in particular
correlates with the distance from locations that escaped
glaciation in the Pleistocene period (see also Hodkinson,
Charpter 7). These locations, roughly corresponding to
present-day Alaska and northernmost Greenland, subsequently served as origins of recolonization and hence species richness is greatest close to these areas (Samchyshyna
et al. 2008, Rautio et al. 2011) (Fig. 13.2). Furthermore,
species originating from marine populations are also

known to contribute to greater species richness in coastal
areas (Rautio et al. 2008).
Zooplankton density and biomass in shallow Arctic
lakes can be considerable despite the typically low
concentration of water column nutrients (O’Brien et
al. 2004, Rautio & Vincent 2006). This may be due to
the presence of periphytic microbial mats (discussed in
greater detail below) that are common in many Arctic
lakes (Rautio & Vincent 2006). In fishless lakes, the
abundance of zooplankton is predicated on food supply and the ability to survive cold conditions (Rautio et
al. 2008), while the zooplankton community in lakes
with fish is dependent on the assemblage of fish present
(O’Brien et al. 2004, Hershey et al. 2006). Lakes with
fish typically have lower macroinvertebrate species richness and small-sized individuals than fishless lakes (Tate
& Hershey 2003, O’Brien et al. 2004). Furthermore, in
a series of lakes dominated by whitefish Coregonus sp. differing in number of gill rakers, it was shown that lakes
dominated by species with a high number of gill rakers
had a smaller size distribution of zooplankton compared
to lakes where the dominant fish species had few gill
rakers (Kahilainen et al. 2010).
Most Arctic lakes being shallow and oligotrophic with
high transparency are favorable for well-developed benthic algal communities, often in the form of microbial
mats dominated by cyanobacteria (reviewed in Vincent
& Quesada 2012). Algae belonging to Bacillariophyceae,
Conjugatophyceae and Chlorophyceae are also common
in the mats (Maltais & Vincent 1997). Diversity of periphytic diatoms in the Canadian Arctic has been shown
to be inversely related to latitude and explained partly
by length of the growing season (Michelutti et al. 2003,
Douglas & Smol 2010). Diatom assemblages in northern
Fennoscandia, Canada and Siberia show high similarity
to each other when corresponding ecoregions (e.g. subArctic forest-tundra and Arctic tundra) are compared,
and are mainly driven by water chemistry and habitat
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Figure 13.2. Species number
of water fleas Cladocera and
copepods along a longitudinal
gradient 68-78° N in different
high latitude regions in North
America and northern Europe
(from Rautio et al. 2011).
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affinities rather than geographical positioning (Pienitz et
al. 1995). With the exception of diatoms, studies dealing
with benthic algal diversity are extremely rare at high
latitudes, and there is not enough information available
to make comparisons between various Arctic areas.
The benthic invertebrate community is well-developed
and abundant in Arctic lakes although species number
is lower than in temperate regions (see also Hodkinson, Charpter 7). The species present are mostly cold
stenotherms. The lake littoral areas in the Arctic provide
similar habitats for benthos to those of rivers. The oxygen supply is rich, and the detritus accumulation from
above is insignificant. Insect larvae, especially midges
Chironomidae constitute most of the macrobenthic
fauna. Central Canadian Arctic islands including Devon
and Cornwallis Islands have the most severe environment for aquatic insect survival and, as a consequence,
the lowest diversity. Abiotic conditions largely define the
species distribution (Nyman et al. 2005).
Climate-change-related permafrost thaw can have
significant effects on the geochemistry of Arctic lake
and stream systems, and can alter both light and nutrient availability for planktonic and benthic biota. In small
tundra lakes in the western Canadian Arctic, permafrost
degradation causing large amounts of sediments rich in
clays and ions to enter the lacustrine environment has
led to a counterintuitive clearing of the water column
(Mesquita et al. 2008, Thompson et al. 2008). The
clearing is likely caused by the adsorption and settling
of colored dissolved organic carbon to the charged clays
and ions entering the lake (Thompson et al. 2008, 2012).
This mechanism has been postulated to be responsible
for the observed significant shifts in light availability and
increases in macrophyte and macroinvertebrate biomass
in affected lakes (Mesquita et al. 2010). A paleolimnological investigation into some of these affected lakes
also found an increase in both abundance and diversity
of periphytic diatoms coinciding with the timing of
historical thaw-slump initiation (Thienpont et al. 2013).
Studies from NE Greenland have shown that warmer
seasons imply higher nutrient concentrations, caused
by increased loading of nutrients and humus from the
catchment when the active layer melts, and lead to a
higher abundance of phytoplankton and zooplankton
(crustaceans) and altered species composition (Christoffersen et al. 2008). Moreover, in small streams in Alaska
a similar type of permafrost degradation led to a detectable but spatially limited nitrate and phosphate enrichment (Bowden et al. 2008). Because of the differing
mineral content in permafrost vs. the overlying active
layer, geochemical stream water sampling has even been
used to monitor permafrost thaw depth increases over
time (Keller 2007). While these effects have implications for freshwater biota, the specific impacts of permafrost thaw depend on the presence or absence of ground
ice and water, the geomorphic characteristics of thaw
and the permafrost parent material. Ground ice content
of permafrost determines in large part the susceptibility
of a permafrost landscape to geomorphic change, such as

thermokarst development, with rising air temperatures.
Permafrost ground ice content varies longitudinally
in the circumpolar Arctic. Areas with high ground ice
content within thick layers of overburden are found in
the western Canadian Arctic, the North Slope of Alaska
and parts of northeastern Siberia (Zhang et al. 2008).
High-ice-content permafrost in thin overburden layers are located over much of the Northwest Territories
and Nunavut in Canada together with much of Siberia
(Zhang et al. 2008).
13.3.1.4. Diversity and productivity of aquatic
macrophytes

Shallow ponds (< 2 m maximum depth and frozen to the
bottom in winter) are often characterized by an encircling fringe of emergent macrophytes (e.g. sedges such as
water sedge Carex aquatilis but also pendantgrass Arctophila fulva and tall cottongrass Eriophorum angustifolium; e.g.
Hobbie 1984a, Henry 1998) and a central open-water
zone. Because of their shallow depth and small volume,
ponds thaw earlier than lakes and may achieve water
temperatures in excess of air temperature (Douglas et al.
1994). These factors contribute to shallow water bodies
such as wetlands and ponds being the most productive
freshwater habitats in the Arctic.
Arctic lakes (> 5 m maximum depth and a deep central
zone, with ice present year round in northerly locations)
exhibit a range of growing conditions, largely related
to latitude and nutrient supply. Tundra lakes (i.e. lakes
usually found on low-lying landscapes such as coastal and
interior plains) are typically low in nutrients due to inherently little organic matter in the watershed combined
with a low rate of decomposition. Sub-Arctic tundra
lakes are typically fringed by emergent macrophytes
such as sedges (e.g. water sedge and beaked sedge Carex
rostrata) and water horsetail Equisetum fluviatile. Shallow
waters are inhabited by species such as mare’s tail Hippuris vulgaris, northern bur-reed Sparganium hyperboreum,
thread-leaved water crowfoot Ranunculus trichophyllus and
autumn water-starwort Callitriche hermaphroditica, while
deeper waters are typically colonized by submersed forms
such as water milfoil Myriophyllum spp., various pondweed
species Potamogeton spp., quillworts Isoëtes spp., muskgrasses Chara spp. and mosses (e.g. Jensen & Christensen
2003, Mesquita et al. 2010). Lakes that are nutrient rich
(because they occur in a river floodplain or receive runoff
from enriched soils such as raised marine deposits) show
a more diverse macrophyte flora (e.g. lakes in the Mackenzie River Delta, Canada; Squires et al. 2002, 2009).
Arctic lakes are typically nutrient poor (oligotrophic)
and completely frozen over for nine months of the
year or longer, with water temperatures consistently
low (i.e. often < 5 °C; Schindler et al. 1974). Benthic
mosses are usually the only macrophytes present in such
lakes, often growing luxuriantly to considerable depths
(Bodin & Nauwerck 1968, Welch & Kalff 1974, Priddle
1980, Sand-Jensen et al. 1999, Hawes et al. 2002). The
predominance of mosses in many Arctic lakes may be
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due to adaption to low temperatures, low light and low
nutrients, combined with slow growth and decomposition rates (Bodin & Nauwerck 1968, Grahn et al. 1974,
Kallio & Kärenlampi 1980, Riis & Sand-Jensen 1997).
The composition of aquatic macrophyte communities in
Arctic pond/lake habitats depends largely on four environmental variables: (1) climate, which imposes a major
temperature-based zonation, (2) local climates or microclimates, which modify this overall pattern, (3) water
clarity, which is determined by proximity to erosional
activities (e.g. glaciers, slumps, land clearing activities,
etc.) and in-lake productivity (e.g. phytoplankton), and
(4) nutrients, which are inherently in limited supply in
most Arctic systems.
Aquatic vascular macrophytes show a decline in species richness with increasing latitude, particularly from
temperate to polar regions, similar to many other terrestrial and aquatic species. On a finer geographic scale,
species richness of vascular macrophytes (but not aquatic
mosses) was found to decrease with increasing latitude in
boreal Finland (Heino & Toivonen 2008). The result of
this decline in species richness of vascular macrophytes
with increasing latitude is predominance of bryophytes
or charophytes in Arctic lakes. Latitude may be a proxy
for climate (e.g. length of growing season, duration
of ice cover, summer temperature) or trophic status
(southern lakes may be more nutrient rich due to proximity to human activity or to ecozones with more fertile
soils), ultimately imposing physiological restraints on
the northward extent of many vascular macrophyte (and
terrestrial) plant species. The increasing dominance of
aquatic mosses at higher latitudes may be due to superior
competitive ability under low light and temperature conditions, combined with longevity and low decomposition
rates (e.g. Welch & Kalff 1974, Sand-Jensen et al. 1999).
Arctic waterscapes are typically viewed as low-nutrient
ecosystems where primary productivity is constrained
by lack of nutrients and extended ice cover (e.g. Schindler et al. 1974, Rigler 1978, Douglas et al. 1994, Vézina
& Vincent 1997, Douglas & Smol 2000, see Bonilla et al.
2005 and 2009 for other references). Although nutrient enrichment experiments on Arctic lakes have shown
strong phosphorus control of phytoplankton populations
(e.g. Schindler et al. 1974, Douglas & Smol 2000), studies on nutrient control of Arctic macrophytes are less
common. Controlled experiments on an aquatic moss,
floating hookmoss Warnstorfia fluitans, from a high Arctic
lake in Peary Land, N Greenland showed that growth
rate increased with increasing plant phosphorus content
(Riis et al. 2010). In contrast, bioassays involving nutrient (carbon, nitrogen, phosphorus) enrichment resulted
in no growth or photosynthetic response by benthic
cyanobacteria in Ward Hunt Lake (83.1° N, 74.1° W)
on Ellesmere Island (Bonilla et al. 2005, 2009). Few, if
any studies have examined nutrient limitation of vascular
macrophytes in Arctic freshwaters. However, paleoecological studies have indicated shifts in vascular macrophyte composition in response to oligotrophication

Arctic Biodiversity Assessment

(impoverishment in macronutrients and ions) (Fredskild
1992, Eisner et al. 1995, Bennike & Funder 1997).
13.3.1.5. Microbial communities

In the majority of shallow, seasonally ice-covered Arctic
lakes and ponds, benthic primary (autotrophic) production is the dominant form of biomass accumulation and
associated species diversity (Vezina & Vincent 1997,
Bonilla et al. 2005, Quesada et al. 2008). These communities consist primarily of microbial mats, where
cyanobacteria are the most abundant taxonomic complex
(Villeneuve et al. 2001, Quesada et al. 2008, Vincent et
al. 2008, 2009, Vincent 2010). In many shallow lake/
pond systems, extreme seasonal and inter-annual variability in temperature, water influx and levels, and light
conditions (e.g. in the summer high intensity of light
exposure, including UV) preclude the establishment of
higher trophic levels such as pelagic and benthic herbivorous and predatory invertebrates and top-down predators such as fish. Moreover, the benthic microbial mats
are comprised of complex, vertically-structured communities where the surface layers consist of cyanobacteria taxa adapted to deal with high light radiation regimes
(e.g. containing high concentrations of pigments such as
carotenoids), while other more photosynthetically active
taxa occur in deeper layers within the mat (Quesada
et al. 2008). Moreover, ice movement and scour during spring melt constrains the development of benthic
microbial communities in the littoral zone in some
lakes. By contrast, in perennially ice-covered lakes, key
limitations for benthic autotrophic production include
low light conditions coupled with low temperatures.
Highest benthic productivity occurs in the littoral zone,
with greatest biomass accumulating at depths where
disturbance from ice scour or wave action is minimal
(Quesada et al. 2008).
A significant research effort occurred as part of the
International Polar Year under the project MERGE (Microbiological and Ecological Responses to Global Environmental change in polar regions) in northern Canada,
which focused on describing the physical and chemical
characteristics of a diverse range of sub-Arctic and Arctic freshwater habitats, and their related microbial biodiversity (Vincent et al. 2009). The project has provided
new and important datasets (Polar Data Catalogue 2012)
and insights into the complexities of freshwater habitats
and their associated microbiological complexes.
Understanding the environmental factors affecting the
structural and functional diversity and related productivity of pelagic and benthic microbial communities is still a
major area of research in Arctic freshwater systems. This
rapidly advancing field is benefitting from the application of new molecular techniques such as high throughput DNA pyrosequencing (e.g. Comeau et al. 2012) and
metagenomic analysis (e.g. Varin et al. 2012; see also
Lovejoy, Chapter 11).
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13.3.2. Riverine ecosystems
River and stream ecosystems are common across the
Arctic, and include long river systems spanning a large
latitudinal range, particularly in the Canadian and
Russian Arctic and sub-Arctic regions. The magnitude
of seasonal variability in climatic drivers depends, in
part, on latitudinal position as climatological extremes
increase with increasing latitude. As a result, the period
of ice cover can be quite long, limiting light penetration
for a large part of the year and reducing the length of the
growing season relative to that in temperate systems.
Arctic lotic systems also have highly variable flow,
particularly during the spring as solar radiation levels
increase and melting of snow and ice begins. Melting of
the accumulated snowpack often occurs quickly, resulting in a large influx of water called the spring freshet that
may only last a period of days, but may account for the
majority of the annual flow in the system (Prowse 2001,
Milner et al. 2005, Prowse et al. 2006a, Prowse et al.
2011a). In addition, concurrent dynamic ice breakup in
the spring can lead to ice jams that flood the surrounding landscape (Prowse & Culp 2003). The changes in
flow that result from these melt events are made more
extreme by underlying permafrost that does not allow
infiltration (McKnight et al. 2008). In northern regions
of the Arctic, where precipitation predominantly occurs
as snow, stream and river flow may decline sharply during the summer months after surficial snow and ice have
melted (Prowse et al. 2006a, Prowse et al. 2011a). The
combined influence of these factors contributes to a harsh
physical environment characterized by high variability.
Aquatic biological community structure and function
is expected to vary across a gradient in response to
latitudinal changes in physical and chemical components
of the system (Prowse et al. 2006b). However, latitudinal variability in environmental conditions may not be
consistent across the full longitudinal range of Arctic
systems, as differences in geological composition and
geomorphological history may also influence lotic patterns and processes (Prowse et al. 2006a). As a result,
physical, chemical and biological conditions of lotic
systems may vary widely across the extent of the Arctic,
resulting in a corresponding complex pattern of related
structural and functional biodiversity.
In addition to geographic location, the size of a river or
stream and its water source play a large role in determining conditions in the water body. Across the Arctic,
lotic systems range in size from small headwater streams
to rivers that are among the largest in the world (Prowse
et al. 2006a, McKnight et al. 2008). Small headwater
systems in the Arctic experience high seasonal flow
variability and most often freeze completely during the
winter (McKnight et al. 2008). In contrast, the largest
Arctic rivers have their headwaters in temperate regions
and may experience less of a decline in annual flow
than smaller systems as a result of the influx of water
from temperate regions (Prowse et al. 2006a, 2011b,

McKnight et al. 2008). Moreover, other physical and
chemical aspects of large rivers may differ significantly
from smaller systems due to the northward flow of water from warmer regions and the accompanying transfer
of nutrients, sediments and contaminants from the headwater system (Prowse et al. 2006a, 2006b).
In running water systems that flow entirely within the
Arctic, flow variation and physical conditions depend in
part on the water source for the system. Arctic streams
and rivers are defined based on whether the water
source is primarily glacial melt (termed a kryal system),
snowmelt (rhithral system), a spring or groundwater
(krenal system) (Brittain et al. 2009). The coldest temperatures and harshest physical environment are found in
glacially fed systems, where conditions deteriorate with
increasing proximity to the glacier. Glacially fed systems are characterized by extremely low temperatures,
high bed instability and high sediment load close to the
water source, though these conditions are highly variable
seasonally and diurnally (Brittain & Milner 2001, Milner
et al. 2005). Lotic systems that are fed in part by glacial
melt may continue to have high discharge throughout the
summer months (Brittain et al. 2009). Annual flow in
systems that are primarily fed by snowmelt is much more
variable due to the peak in discharge that is driven by
the spring freshet. In contrast, springs and groundwater
provide a more continuous input of water to a system,
resulting in less variable flow and more stable physical
conditions (Milner et al. 2005). Inputs from springs and
groundwater may also be less extreme thermally than
glacial melt or snowmelt, resulting in less adverse conditions in the system (Brittain et al. 2009). Because of
these inherent differences among the water sources, the
relative proportion of glacial, snowmelt and spring or
groundwater inflows to a system will in part determine
the magnitude of seasonal variability within the stream
or river.
13.3.2.1. Impacts of a shrinking cryosphere

Prowse et al. (2006a, 2006b) and AMAP (2011b) provide extensive reviews of the potential interactions between a changing (shrinking) cryosphere (i.e. changes in
ice, snow and permafrost) and resulting impacts on riverine geomorphology and related aquatic habitat quantity
and quality. For example, changes in river-ice duration,
intensity and frequency of ice jams during spring melt,
and optical properties of river ice collectively affect riverine habitat persistence and suitability for colonization
and utilization by fish, invertebrates and lower trophic
levels. McNamara & Kane (2008) showed how changes
in permafrost and river-ice regimes can alter the driving
and resisting forces responsible for shaping stream and
river channel cross sections and magnitudes and duration
of sediment transport processes. Syvitski et al. (2000,
2002) showed that the magnitude of the sediment load
being transported by a river is positively correlated with
the temperature of the drainage basin, and estimated
that a 2 °C increase in mean annual temperature could
result in up to a 30% increase in the sediment load car-
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Box 13.3. The Mackenzie Delta and lakes

Aerial view in May of Mackenzie River and associated delta lakes in the sub-Arctic of Northwest Territories, Canada. Photo: Lance Lesack.

River deltas along the circumpolar Arctic coast are lake-rich
and poorly understood ecosystems, set in a region expected
to change rapidly. Of these circumpolar Arctic deltas, the
Mackenzie Delta is the second largest (after the Lena). The
delta forms the outlet of the Mackenzie River into the Beaufort Sea in the western Canadian Arctic and crosses the subto low Arctic ecotones. About 90% of the delta’s water supply
is contributed by the Mackenzie River at Point Separation
with minor contributions by the Peel River in the southwest
(8%) and others (Burn 1995). The delta is characterized by
numerous anastomosing channels, small thermokarst lakes
and wetlands that dominate the deltaic plain (Mackay 1963,
Marsh et al. 1999). The floodplain is composed of permafrostinfluenced silt and sand covered by species of spruce, alder,
willow, birch, poplar, horsetail Equisetum spp. and tundra
species north of the tree line (Mackay 1963). Most lakes are
shallow enough to support substantial macrophyte growth
(species of the common genera pondweed Potamogeton,
muskgrass Chara and hornwort Ceratophyllum; Squires et al.
2002, 2009).

The surface of the active Mackenzie River Delta (13,135 km2)
is comprised of discrete lakes (3,331 km2), channels (1,744
km2), wetlands (1,614 km2) and dry floodplain (6,446 km2)
(Emmerton et al. 2007). A simple floodplain storage model
showed that the total lake volume of this system during the
post river-flooding period is 5.4 km3 (Emmerton et al. 2007).
However, during spring peak flooding, the total floodwater
storage in the delta lakes and floodplain is approximately
25.8 km3, a volume equivalent to about 47% of Mackenzie
River flow (55.4 km3/yr) during the high-discharge period
of spring ice breakup. During this period, the stored river
water can be envisioned in the form of a thin layer of water
(2.3 m thick on average) spread out over 11,200 km2 of lakes
and flooded vegetation and exposed to day and night solar
irradiance.
The ~ 45,000 floodplain lakes (Emmerton et al. 2007) are
generally small and shallow and are mostly of thermokarst
origin where heat from standing floodwaters melted icerich permafrost and subsidence ensued (Hill et al. 2001).
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Mackay (1963) classified delta lakes into three basic groups,
and Marsh & Hey (1989) quantified the flood frequency of
these lakes: no closure lakes are continuously connected to
the river, low closure lakes are annually connected during
flooding before disconnection, and high closure lakes are
connected less than annually. Lake flooding is determined by
the sill elevation of the lake and water level of adjacent river
channels. These variations in sill elevation, flooding history
and distance to nearby main channels result in gradients of
turbidity, nutrients, dissolved organic matter, chromophoric
water-color, sediment composition and underwater ultraviolet irradiance (Box 13.3 Tab. 1).
Analysis of 40 years of water levels in East Channel of the
central delta permitted direct estimation of annual river-tolake connection times, lake water renewal and inter-annual
variability in a representative number of lakes spanning
the full range of sill elevations in the delta (Lesack & Marsh
2010). Average river-to-lake connection times varied from >
150 days per year in the lowest elevation lakes to < 4.5 days
per year in the highest elevation lakes. Lakes with short and
variable connection times plus low and variable river water
renewal yield groups of lakes with high degrees of individuality because they are strongly influenced by particular
sequences of antecedent years (legacy effects) that may result in lakes simultaneously containing residual waters from
multiple river inundation events separated by more than a
decade. Lakes with long and less varying connection times
plus high river-water renewal with multiple possible riverwater resets per year yield lakes with high degrees of similarity. This full combination of lakes arranged in an intermittently connected continuum may be an important mechanism
driving the collectively striking productivity, habitat diversity,
biodiversity and distinctiveness of aquatic communities in
this system and other river floodplains, relative to lakes on
the surrounding landscape (Lesack & Marsh 2007).
Following on this work, Lesack & Marsh (2010) postulated
that the Mackenzie Delta may generate enhanced biodiversity somewhat similarly to the rain forest refugia hypothesis proposed by Haffer (1969), but where water renewal
variability drives divergence of aquatic communities in
disconnected lakes located toward the elevational periphery of the system, and episodic interconnection of all lakes
during high-magnitude floods disperses and intermixes the
aquatic communities. Divergence of communities among
lakes may be enhanced by at least four mechanisms that are
a consequence of this complex lake connectivity gradient.
These include variable nutrients and light, intermittent fish
presence, variable predictability of aquatic food supply, and
variable UV risk.
Superimposed on this dynamic system is the impact of a
changing climate, with warming air temperature, changing
river flooding and rising sea level. For example, Lesack &
Marsh (2007) showed that over the past 30+ years, annual

river-to-lake connection times in the Mackenzie Delta have
lengthened (> 30 days) in the lowest elevation lakes and may
have shortened in the highest elevation lakes, respectively
via sea level rise and declining effects of river-ice breakup.
Lengthened connection times indicate that summer lowwater levels in the delta have increased by 0.3 m, an amount
equivalent to three times local sea level rise over the same
period. Such an amplification effect of recent sea level rise
has been completely unexpected and may be a result of
enhanced storm surges in response to receding Arctic sea
ice or coastal backwater effects on the river flow. Shortened
connection times are consistent with other work showing a
decline in river-ice breakup effects, an important control on
annual peak water levels.

Box 13.3 Table 1. Summary of gradients in the physical properties,
nutrient regimes, and biotic communities as a result of differing
river-to-lake connection times among lakes of the Mackenzie Delta
(from Lesack & Marsh 2010). TSS = total suspended solids, DOC =
dissolved organic carbon, HNAN = heterotrophic nanoflagellates.
Lake-channel connection time
>120 to >150
days/year

>17 to 120
days/year

<4.5 to 17
days/year

Physical and Chemical Gradients
TSS

High

Low

Transparency

Low-unstable

High-stable

Chromophoric
color

High

Low

Total DOC

Low

High

Peroxide

Low

Inorganic
nutrients

High

High

Low
Low

Lake
sediments

Inorganic

Organic

Underwater
UVR

Negligible

Low

High

River
connection

Long

Short

Discontinuous

Gradients in Biota
Bacteria

Low-high

Low-high

HNAN

High

Low

Macrophytes

Low

Phytoplankton

Moderate

High

High
Low

Epipelon

Low

High

Low

Epiphytes

Low

Zooplankton

Low,
small bodied

High,
small bodied

Low,
large bodied

Fish

High

Low

None

High
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ried by rivers in the Arctic. Frey & McClelland (2009)
further highlight that significant shifts are projected
to occur in Arctic river biogeochemistry as a result of
projected warming-induced changes to permafrost and
the delivery and transport of organic matter, inorganic
nutrients such as nitrogen and phosphorus, and major
ions. Box 13.3 is a case example based on extensive work
by Lesack & Marsh (2010) on the Mackenzie Delta in the
western Canadian Arctic that illustrates that the linkages
between changes in climatic, hydrological and related
water quality regimes have important implications for
the structure, function and ecological diversity of Arctic
deltaic systems.
It is apparent that such significant alterations in the cryosphere will have profound implications for the entrainment and transport of sediment through the watershed
and related consequences on instream physical, chemical
and biological processes, affecting bacterio-plankton,
primary and secondary production and carbon cycling
and associated structural and functional diversity of
aquatic biota (Wrona et al. 2005, Vincent 2010).
13.3.2.2. General patterns of fish community diversity

Within northern environments, fish diversity tends to
be greater in lakes than large rivers (Roy 1989). For
example, in Nunavut and the Northwest Territories of
Canada, a total of 45 established fish species have been
reported to occur, with 40, 34 and 13 species, respectively, classified as lacustrine, fluvial or anadromous
(Richardson et al. 2001). Similar trends are reported for
northern Quebec, where large rivers are generally poor
permanent fish habitat, and the numbers and diversity
of fish increases in adjacent lentic habitats (Roy 1989).
Lotic and lentic comparisons of fish abundance and bio-

mass favor production in lentic habitats, with both lotic
abundance and biomass being only 24-36% of that measured in lentic habitats (Roy 1989). The difference between habitat types owes much to the abiotic harshness,
seasonal variability in light and nutrient availability, and
low productivity of lotic habitats (Power & Power 1995).
Furthermore, glacial events have dominated throughout
much of the Arctic, and existing physical and biological
conditions are a direct consequence of Pleistocene glacial
events, with many systems having had less than 6,000
years to mature. As a consequence, resident organisms
are recent colonizers selected from a set whose dispersal
mechanisms and physiology have allowed arrival and
survival. Thus, latitudinal gradients in fish community
diversity are evident in larger, north-flowing rivers (e.g.
Fig. 13.3). In the high Arctic, seasonally harsh conditions
and accessibility limited to species capable of colonizing
via coastal routes (Power et al. 1973) have limited diversity within the rivers to Arctic char or no species at all.
Lotic environments are among the most difficult habitats
for Arctic fish to survive (Power 1997). Small streams
and rivers may freeze to the bottom. Groundwater-fed
streams and rivers provide only limited over-wintering
habitat in isolated pools. River hydrographs typically
include periods of run-off flows with discharges outside
the range of those that provide good habitat for fish because of the associated increases in velocity. In summer,
discharge can be unstable and dependent on limited
summer precipitation (Power 1997). In winter and
during spring break-up, ice dynamics can cause rapid
changes in discharge, periods of substrate scouring and
substrate ice formation that pose acute hazards to resident fish (Scrimgeour et al. 1994, Prowse & Culp 2003).
The accumulation of these physical stressors on lotic environments has exerted strong selective pressure on flu-
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Figure 13.3. Number of species reported for drainage basins in
western and eastern Canada arranged on a south to north gradient.
Along the western gradient, blue bars: MB = Mackenzie River basin,
GSL = Great Slave Lake and its tributaries, PRB = Peel River basin,
and AA = Arctic archipelago. Along the eastern gradient, yellow
bars: NRB is the Nottaway River basin, CRB is the Caniapiscau River
basin, NL is northern Labrador and PRB is the Payne River basin.
Data sources include: Lindsey & MacPhail (1986), Roy (1989), Power
(1997) and Power et al. (2008).
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Figure 13.4. Theoretical changes in species diversity along river
latitudinal gradients. Panel A depicts the current situation, as demonstrated in Figure 13.3. Panel B denotes the effect of physiological
release whereby warming climates permit an increasing number of
species to move north. Disproportionate impacts are expected in
the north because of existing low diversity. Panel C depicts the impact of anthropogenic-facilitated invasions resulting from species
transplants. Panel D depicts localized species extinctions caused
by increased competition along the latitudinal gradient, with the
largest impacts expected in the North.
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vial fish stocks, selecting for species that can endure long
periods of darkness, restricted space and low temperatures and have the ability to exist on accumulated energy
reserves because of long periods of time with restricted
feeding opportunities, and the ability to deal with sudden, often catastrophic, changes in their environment
(Power 1997). As a result, many of the stocks that exist
in Arctic rivers exist as small isolated units that favour
the development of within-species genetic diversity.
Many of the large mainland Arctic rivers contain headwaters in temperate or sub-Arctic regions and are not
strictly Arctic (Power & Power 1995). The connectivity
to Arctic aquatic environments provided by these rivers
will critically influence the evolution of fish diversity
within the Arctic portions of the river basin. As further
elaborated in Section 13.4 below, changes in climate
that alter river thermal regimes will facilitate northward
movement of eurythermal species currently confined
to headwater regions and compress the distribution of
resident stenothermic species to more northerly regions
(Fig. 13.4).
Within northern river systems, estuaries are particularly
notable for their fish diversity. The estuarine section can
be large. In low Arctic Ungava Bay in northern Labrador, where tides can reach 17 m (Arbic et al. 2007),
areas of marine influence can extend many kilometers
upriver (i.e. Koksoak 50 km, Payne 80 km) with the
result that both marine and freshwater species tolerant
of brackish water conditions will co-occur (Roy 1989).
Freshwater fish, however, will reside in brackish water
only for purposes of summer feeding, leaving the area
in late summer and early autumn as water temperatures
fall. The phenomenon of stressful environments having
low species richness yet high ß-diversity (turnover) has
similarly been remarked on elsewhere (e.g. Price 2002)
and provides another dimension to consideration of lotic
biodiversity in northern rivers.
Rivers in northern regions tend to have a complexity of
habitats adjacent to the main river, including side channels and side-sloughs, where turbidity and invertebrate
drift favour juvenile rearing and over-winter survival
(Milner et al. 2009). The complexity and availability
of different habitat types has meant that northern fish
often change habitat use with age. Variation in the ways
in which fish can utilize available habitat has given rise
to differences in life-history types within species, itself
a form of diversity. As a result, in rivers, it is important
to note differences in life-history types with the following being of prime importance for determining diversity
within rivers:
• Adfluvial: fish that rear and remain in lacustrine
environments for most of their life cycle, but spawn
in rivers or streams. Adfluvial fish will contribute to
significant site-specific seasonal variations in diversity
but do not alter basin-related diversity measurements.
• Fluvial: fish that spawn, rear and remain in river or
stream environments for most of their life cycle.
Fluvial fish will be the prime drivers of local diver-

sity within a river and may contribute to diversity
complexity as a result of the spatial structuring of
populations, especially in larger, north-flowing rivers.
Fluvial fish may also vary with respect to movement
tactics, with some remaining within the same reach
throughout the life-cycle and others venturing along
the course of the river as far as barriers to migration
will permit.
• Anadromous: fish that spawn in freshwater environments and migrate along rivers to marine environments for a portion of their life cycle. Anadromous
fish will contribute to significant site-specific seasonal
variation in diversity but do not alter basin-related
diversity measurements.
The need to adapt to varying adverse conditions in
northern rivers manifests itself in a diversity of lifehistory tactics within populations. As an example,
consider the Atlantic salmon Salmo spp. population of
the Koksoak River system that include variant forms of
landlocked, anadromous and estuarine life-history types
that may spawn yearly, delay spawning until the year after returning from sea or spawn twice before returning
to sea (Power 1969). Atlantic salmon are not unique, as
many species exist in two or more life-history types. For
example, Arctic lamprey Lethenteron camtschaticum and
rainbow smelt Osmerus mordax exhibit all three life-history types. In contrast, lake chub Couesius plumbeus and
Arctic grayling Thymallus arcticus exhibit adfluvial and
fluvial life-history types, and inconnu Stenodus leucichthys and round whitefish Prosopium cylindraceum exhibit
adfluvial and anadromous life-history types (Richardson
et al. 2001, Stewart et al. 2007). More recent work,
however, has demonstrated increasing complexity in lifehistory variation within species. For example, anadromy
has been demonstrated in populations of lake trout
from lakes in the west Kitikmeot region (~68° N and
107° W) of Nunavut, Canada (Swanson et al. 2010).
Differences in among-species abilities to exploit available
food resources and optimize energy acquisition through
adaptive behavior patterns (e.g. variations in life-history
tactics) appear to have enabled some species to survive
more easily than others in northern environments. For
example, along latitudinal gradients of fish assemblages
in northern Quebec rivers, perch and pike become
scarce first, followed subsequently by lake whitefish and
salmon Salmo salar (Roy 1989).
Changes in trends in fish biodiversity are already evident
in many northern river basins as a result of increasing
human activities (see further in Christiansen & Reist,
Chapter 6).
13.3.2.3. Biodiversity and productivity patterns of
primary producers and invertebrates

Biodiversity and productivity of primary producers and
consumers in Arctic rivers and streams vary with the
size and physical characteristics of the system, including
the primary water source (Prowse et al. 2006b, Culp et
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Box 13.4. Latitudinal changes in importance of carbon source on the structure of lotic
Arctic benthic food webs
Across the latitudinal gradient of the Arctic, there is a shift
in terrestrial vegetation from a bioclimate dominated by
vascular plants up to 80 cm tall in the low Arctic to a primarily barren bioclimate dominated by moss or lichens < 2 cm
tall in the high Arctic desert (Walker et al. 2005). The importance of allochthonous1 material in lotic food webs might be
expected to decrease with increasing latitude as a result of
this decline in terrestrial vegetation. However, because the
short growing season and low nutrient levels in high Arctic
streams and rivers may not be sufficient to support high
instream primary production (Prowse et al. 2006b, Wrona et
al. 2006a), allochthonous inputs may remain important at
any latitude.
In order to determine whether lotic food webs differ among
low and high Arctic systems, stable isotope analysis was used
to evaluate benthic food webs across a latitudinal gradient
in the eastern Canadian Arctic (Lento et al. 2012). Benthic
macroinvertebrates, periphyton, and terrestrial material were
collected from a series of streams and rivers in four regions in
northern Canada: the Koroc River basin and Torngat Mountains National Park in northern Labrador and Quebec (58° N),
Iqaluit on Baffin Island (63° N), Sirmilik National Park on Baffin
Island (72° N), and Quttinirpaaq National Park on Ellesmere
Island (81° N). Stable carbon and nitrogen isotope analyses indicated an apparent shift in macroinvertebrate food
source with an increase in latitude. However, rather than the
expected decrease in allochthonous influence, the carbon
signature of macroinvertebrates shifted to more closely
resemble that of terrestrial material. At the lowest latitude
(northern Labrador and Quebec), macroinvertebrate carbon
and nitrogen signatures indicated that both allochthonous
and autochthonous food sources were utilized. Isotopic signatures of mayflies Ephemeroptera generally indicated that
terrestrial material was the primary food source, whereas iso-

al. 2012). For example, glacially fed systems typically
have low biodiversity and productivity as a result of
harsh physical conditions and low nutrient input from
the source water, whereas large rivers with temperate
headwaters and smaller systems that drain lakes may
have higher biodiversity and productivity due to higher
nutrient inputs and a less variable physical environment
(Prowse et al. 2006b, Wrona et al. 2006a). There is also
a generally observed decline in richness and productivity with increasing latitude (Milner et al. 2005, Brittain et al. 2009) that reflects the latitudinal gradient in
climatological extremes. However, studies of stream
diatom species dispersed at a global scale suggest that
the species diversity of unicellular benthic algae might
be driven mainly by resources rather than climate or
their biogeography (Passy 2010). Benthic primary
production in Arctic lotic systems is limited due to
variable light and temperature conditions, low nutrient levels and periodic scouring by high flows (Prowse

topic signatures of dipteran flies suggested that periphyton
was the dominant food source. With an increase in latitude,
macroinvertebrate diversity declined until dipteran flies
were the dominant taxa. Concurrently, the carbon signatures
of the dominant dipteran families shifted to more closely
resemble that of terrestrial material. The average carbon
signature of craneflies Tipulidae displayed a clear declining
trend from 63° N to 81° N, with a significantly lower carbon
signature at 81° N, and the average carbon signature of
midges Chironomidae was also significantly decreased at 81°
N. Although periphyton carbon signatures were depleted in
some samples, the average carbon signature remained significantly higher than that of terrestrial material, indicating a
shift in dipteran diet from primarily autochthonous material
to primarily allochthonous material (Lento et al. 2012).
This illustrates the important role of terrestrially derived carbon in high Arctic lotic food webs despite the lack of riparian
vegetation. Moreover, periphyton biomass was found to be
extremely low at the high Arctic sites, with average chlorophyll a values < 0.01 µg per cm2. The low levels of periphyton
biomass and the shift in dipteran food source indicate that
periphyton may not be an important primary food source for
macroinvertebrates in high Arctic lotic systems (Lento et al.
2012).

1 Allochthonous,

from the Greek ‘allos’ (other) and ‘khthōn’ (ground),
refers to something originating from somewhere other than where
it is found while autochthonous, from the Greek ‘autochthon’ (native
to the soil), refers to something originating from where it is found
(Merriam-Webster Dictionary). In limnology, an allochthonous carbon
source would be dissolved carbon originating from vegetation on the
surrounding landscape while an autochthonous carbon source would
be from plant matter grown within the water body.

et al. 2006b, Brittain et al. 2009). The short growing
season that results from the long period of ice cover
and cold temperatures at high latitudes also contributes
to limiting algal production. Taxonomic richness of
consumers is affected in part by the low temperatures at
high latitudes, as temperature extremes may exceed the
thermal tolerance levels of many taxa, reducing richness
relative to more temperate areas (Milner et al. 2005).
Those organisms that can tolerate the thermal extremes
of high latitude systems display adaptations such as
reduced growth rates in order to survive through the
winter. Overwintering offers additional challenges
where streams freeze to the substrate, and extreme ice
breakup events can increase mortalities of invertebrates
and fish, reducing biomass of consumers (Milner et al.
2005). Other constraints of the environment, including
low food availability, habitat instability and high variation in flow, may exceed the tolerance level of many
macroinvertebrate and fish species, contributing to the
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low richness in consumers (Brittain et al. 2009). As a
result, riverine benthic macroinvertebrate species richness declines with latitude, such that assemblages at the
highest latitudes are generally dominated by dipteran
flies (Milner et al. 2005). Moreover, with increasing
proximity to glaciers and associated adverse physical
conditions, benthic macroinvertebrate assemblages are
primarily composed of highly tolerant genera of midges
(Brittain & Milner 2001). Studies of stream diatom
species dispersed at a global scale suggest that unicellular benthic algae might be driven mainly by resources
rather than climate or biogeography (Passy 2010).
Recent studies by Lento et al. (2012) in the eastern
Canadian Arctic illustrate how levels of allochthonous
terrestrial carbon change with increasing latitude and the
resulting implications for lotic benthic invertebrate biodiversity, food web structure and productivity (Box 13.4).
Although difficult to generalize, large north-flowing rivers are generally devoid of aquatic macrophytes (except
in backwaters, lagoons or deltas) at high latitudes due to
higher current velocities, unsuitable substrata (e.g. shifting sand or gravel) and turbid water that limits light penetration. In contrast, smaller rivers and streams may be
dominated by mosses and benthic algae (Hobbie 1984b,
Milner & Petts 1994); higher aquatic plants are usually
absent because they cannot stay attached in the strong
current and coarse substrate (Fredskild 1981).

13.3.3. Wetland ecosystems
Wetlands, i.e. vegetated regions that are inundated with
water on a permanent, seasonal or intermittent basis,
are prominent freshwater ecosystems in the Arctic
(Avis et al. 2011, Wheeler et al. 1999). They constitute
a wide range of biophysical, geochemical and ecological
conditions and can be broadly classified as, for example,
peatlands, mires, fens or simply areas in the landscape
saturated with water (Tarnocai & Zoltai 1988, Charman
2002, Woo & Young 2006). Mires are also known as
bogs, fens, muskeg, moors and swamps. Fens are mires
that are influenced by water outside of its own catchment limits, bogs are mires that receive their water
solely from rain and/or snow falling on its surface, while
marshes are fens containing large herbaceous vegetation,
often with mineral substrate (Tarnocai & Zoltai 1988,
Charman 2002).
More than 50% of global wetlands occur in the Arctic
and sub-Arctic regions, and their occurrence is largely
related to the presence of continuous and discontinuous
permafrost (Tarnocai & Zoltai 1988, Smith et al. 2005).
For example in Canada, peatlands (i.e. bogs, fens and
marshes) are estimated to cover about 13% of the land
surface, estimated to be 1.136 million km2 (Tarnocai
et al. 2005). They are defined as those areas with more
than 40 cm of peat and include both peatlands and mires
(sensu usage in some parts of Europe and Russia), and
about 37% by surface area of the peatlands are perennially frozen (Warner & Rubec 1997). The Hudson Bay

Lowlands, the northernmost ecozone in the province
of Ontario, is an expansive peatland complex covering
about 3.5% of the Canadian land surface and is among
the largest peatland complexes in the world (Riley 2003,
Abraham & Keddy 2005).
A wide range of wetlands/mires occur in northern areas
of North America and Eurasia, many being characterized
by the complex patterning of their surfaces formed by
the arrangement of hollows, pools and hummocks and
associated vegetation (Charman 2002). Wetlands in most
of boreal Scandinavia are dominated by bogs of various
types, while in sub-Arctic northern regions ‘aapa’ fen/
mire complexes are predominant, characteristically typified by very low gradients and elongated, narrow ridges
with hollows and pools running parallel with each other
(Charman 2002). Similar ‘ribbed’ fens are found in the
boreal region of Canada (Zoltai 1988). Palsa mires,
which have permafrost mounds within the peat, are
common throughout sub-Arctic northern Finland and
Canada (Zoltai 1988). In the Arctic, extensive networks
of polygon mires, which are typified by their characteristic polygonal patterning on the surface indicative of deep
ice wedges and near-surface freeze-thaw processes, can
occur (Tarnocai & Zoltai 1988, Vardy et al. 2005, Woo
& Young 2006).
In general, the Arctic and, in particular, wetlands play
an important role in the global carbon cycle by sequestering and storing carbon, and releasing carbon dioxide
(CO2) and methane (CH4) through the decomposition of
organic matter and related respiration pathways (ACIA
2005, IPCC 2007). Current studies estimate that the
northern boreal forests and Arctic regions have been a
sink for atmospheric CO2 of between 0 and 0.8 Pg C per
year in recent decades, which is up to 25% of the global
net landscape/oceanic flux since the 1990s (McGuire et
al. 2009). Moreover, wetlands in these regions are a significant source of CH4 to the atmosphere, estimated to
be between 32 and 112 Tg CH4 per year (McGuire et al.
2009). CAFF (2010) has identified the distribution and
abundance of Arctic peatlands as an important indicator
of high latitude freshwater biodiversity.
13.3.3.1. Status and trends in biodiversity

Arctic wetlands provide unique and critical habitats to
many aquatic and semi-aquatic plant and animal species.
For many migratory species such as waterbirds and mammals, Arctic wetlands provide important breeding and
feeding habitats. Waterbird species such as geese, ducks
and shorebirds that breed in the Arctic are found on all the
major international flyways, linking the Arctic to countries throughout both the Northern and Southern Hemispheres (see Fig. 4.2 in Ganter & Gaston, Chapter 4).
Arctic wetlands also provide a wide range of key ecological services such as the maintenance of permafrost,
water regulation and filtration, store enormous amounts
of greenhouse gasses, and are critical for global biodiversity and are also a source of livelihoods for local indig-
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enous peoples. Ecological services provided by wetlands
include subsistence hunting of waterfowl such as geese
and ducks, trapping and/or hunting of aquatic and semiaquatic mammals such as muskrat Ondatra zibethicus,
American beaver Castor canadensis, moose Alces americanus
and Eurasian elk Alces alces, as well as the harvesting of
plants for food and traditional medicinal use (see Huntington, Chapter 18). In the high Arctic desert, although
limited in occurrence, wetlands are an important but
often limited productive aquatic habitat in an otherwise
arid environment (Woo & Young 2006).
As already highlighted, the Arctic region is under
increasing environmental and anthropogenic threats
related to increasing temperatures and altered precipitation regimes arising from climate change, increasing
melting of permafrost, and increasing land disturbance
related to resource development such as mining and oil
and gas exploration. Arctic wetlands are highly vulnerable to these disturbances given their complex character.
As human-induced climate change has been shown to
cause severe warming at high latitudes (ACIA 2005,
IPCC 2007, AMAP 2011b), there is increasing concern
that the role of Arctic ecosystems might consequently
shift from a store (or sink) to a source of greenhouse
gases (CO2 and CH4). Smol & Douglas (2007b) have
shown that some wetland complexes have dried up to the
point where they could become carbon sources.
Although Arctic wetland complexes are extremely
abundant, very limited regional and long-term monitoring data exists on the biodiversity of Arctic wetland
flora and fauna. In general, the species diversity of
Arctic wetlands is low, often containing very specialized
species (Wrona et al. 2005). An exception occurs with
charismatic species such as migratory waterfowl, which
are tracked and whose distribution and abundance status
is regularly assessed in response to legislated or regulatory requirements specified in national and international
agreements. The significant gap in systematic monitoring and assessment of freshwater biodiversity in Arctic
wetland complexes highlights an ongoing impediment
and challenge in the development of a suitable scientific
base to adequately inform conservation and protection
strategies and actions for these globally important freshwater ecosystems.
Trends in wetland persistence and extent at a global scale
are difficult to predict and depend on local hydrologic
regimes, climate, geologic setting and land use. The
hydrology of wetlands and thermokarst lakes is closely
linked to increases in wetland extent linked to permafrost thawing, whereas decreases are likely due to drainage (Smith et al. 2005, Marsh et al. 2009) (see Box 13.2).
Unsurprisingly, many of the trends in wetland extent
have been linked to climate change, but no apparent
consensus emerges from the literature. While some have
found increased wet conditions as a result of permafrost
thaw (Vitt et al. 1994, 2000), others have found that
increased evapotranspiration has led to the complete
desiccation of ponds/wetlands (Smol & Douglas 2007b).
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13.4. IMPACTS OF CLIMATE CHANGE
AND INTERACTIONS WITH
OTHER ENVIRONMENTAL
STRESSORS
As discussed earlier, climate variability and change is
the most prominent environmental and anthropogenic
driver affecting Arctic freshwater ecosystems (Heino et
al. 2009, AMAP 2011b). However, geographical patterns and future trends of freshwater biodiversity in high
latitudes are less well understood than ecosystem- and
population-level changes in relation to climate change
(Rouse et al. 1997, Reist et al. 2006a, 2006b, Wrona
et al. 2006a). Climate variability and change represents
a complex interplay of related stressors, which include
alterations in temperature regimes, increased frequency,
intensity and/or duration of droughts, floods and extreme flow events, and altered responses of cryospheric
components such as snow, ice and permafrost (Hodkinson et al. 1999, ACIA 2005, IPCC 2007, AMAP 2011b,
Prowse et al. 2012a, 2012b). In turn, several 1st and 2nd
order impacts on the physical, chemical and biological characteristics of aquatic ecosystems are projected,
including for example:
• disruption or alteration of life-history phenology (timing of reproduction),
• shifts in the onset and duration of the growing season
• species invasions,
• species range extensions or contractions and changes
in regional distribution and abundance patterns,
• shifts in relative abundances of co-occurring lifehistory types (e.g. migratory versus resident char) and
ecological types (e.g. limnetic forms of fish versus
benthic forms), likely to be a direct consequence of
climate changes affecting aquatic ecosystems,
• distances between refugia (e.g. water oases),
• changes in ecosystem primary, secondary and bacterioplankton production,
• changes in the occurrence and/or shifts in the intensity and frequency of structuring/geomorphological
processes (e.g. extreme flow events, floods, fires),
• changes in biogeochemical cycles related to fluctuations in catchment hydrology (alterations in precipitation/evaporation patterns, permafrost thaw and
deepening of the active layer), and
• changes or declines in water availability and/or hydrological connectivity that can lead to loss of critical
habitat (Hodkinson et al. 1999, Hellmuth & Kabat
2003, Prowse et al. 2006, Reist et al. 2006a, 2006b,
Wrona et al. 2006a, Heino et al. 2009, Woodward et
al. 2010, Prowse et al. 2012c).

13.4.1. Biogeographic shifts in the
distributions of organisms
There has been increasing interest in understanding how
historical and present-day changes in climatic regimes
have and are affecting the structure, function and
biodiversity of Arctic freshwater systems. The Arctic
cryospheric and freshwater environments are complex
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and interactive, making the effects of climate variability
and change and associated alteration of water and habitat
availability on ecosystem structure and function difficult
to predict (Hodkinson & Wookey 1998, Hodkinson et
al. 1999, Wrona et al. 2006a, Prowse et al. 2011c). Lake
and pond sediments that contain important archives of
past changes in the fossil remains and associated geochemical constituents that are deposited chronologically can be used to reconstruct environmental change
(Smol & Douglas 2007a, 2007b). Using these biological
and geochemical indicators, it is possible to infer how
communities and ecosystems have changed in structure
and function (i.e. productivity), and to identify plausible causal mechanisms for the observed magnitudes and
rates of change (e.g. climate change, landscape disturbance such as fire, etc.). A meta-analysis by Smol et al.
(2005) of sediment cores from 45 circumpolar lakes provided evidence of significant shifts in diatom and invertebrate community structure starting from the mid- to
late 19th century. They concluded that climate warming
appeared to be the only likely explanation for the apparent dramatic changes, with regions that warmed the
most in the Arctic showing the greatest magnitudes in
responses, some being as high as almost 100% in assemblage shifts (Fig. 13.5). Interestingly, Smol et al. (2005)
also concluded that compositional shifts within the lakes
were not related to new colonizations, but rather the
observed increases in community diversity, productivity and food web complexity were more likely related to
enhanced numerical expansions of species populations
that were already present (but in low abundance) in
response to a warming climate. Other circumpolar studies by Michelutti et al. (2003, 2005, 2006), Perren et al.
(2003), Birks et al. (2004), Solovieva et al. (2005), Antoniades et al. (2007, 2009) and Smol & Douglas (2007b)
provide further evidence of unprecedented algal species
assembly changes and associated production increases
in high-latitude lakes and ponds since ~1850, indicating
that important ecological thresholds have been crossed
in response to marked changes in climate-related variables. These variables include, for example, decreased
ice cover, increased thermal stratification and changes in
water chemistry (Smol & Douglas 2007a, 2007b).
Among freshwater organisms, fish have received most
attention in the context of climate change (cf. Rahel &
Olden 2008). Chu et al. (2005) modeled the distributions across Canada of various fish species in relation to
climatic conditions and found that the ranges of most
species were largely determined by present-day regional
climatic conditions. Thus, they predicted that there will
be considerable range shifts by fish in response to changing climatic conditions, although the nature of these
responses is likely to differ between species. In general,
cold-water species were predicted to be extirpated
from the southern parts of their present-day ranges,
while cool- and warm-water species were assumed to
be able to expand northwards (Chu et al. 2005; see also
Mohseni et al. 2003 and Christiansen & Reist, Chapter
6). Expanding ranges of cool- and warm-water fish species have also been suggested in Finland, while cold-
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water species may show range restrictions along with
shifts northwards (Lehtonen 1996, Hayden et al. 2013).
Indeed, the distributions of warm-water fish species
have been predicted to shift 500 km northwards with
the climate warming trend expected in the near future
(Eaton & Scheller 1996). These predictions also suggest
that freshwater ecosystems in northern regions will gain
additional fish species, which may profoundly change the
structure and functioning of these systems. For example,
smallmouth bass Micropterus dolomieu has been predicted
to expand its northern distribution across Canada in the
face of climate change (Sharma et al. 2007). Being an efficient predator, smallmouth bass may have serious consequences for northern fish communities and freshwater
ecosystems in the future (Jackson & Mandrak 2002).
Although species diversity in Arctic freshwater ecosystems is low compared with more temperate ecozones,
this appears to be offset to some degree within certain
taxonomic groups such as the Arctic char and whitefish.
These taxa exhibit extreme phenotypic and genotypic
variability both within and between freshwater systems,
which is manifested as a variety of life-history types,
ecological types and morphological variants (Reist et
al. 2006a, 2006b, Bernatchez et al. 2010, Siwertsson et
al. 2010). Similar levels of diversity exist within other
key components of Arctic freshwater systems such as
invertebrates. The role of such intra-specific biodiversity
is unclear, however. It appears to function in a manner
similar to that typically assigned to species-level diversity elsewhere. That is, intra-specific diversity in Arctic
ecosystems provides complexity and hence both stability
(i.e. resilience to change) and adaptability to such ecosystems. Such biodiversity is generally poorly known and
understood, but will greatly influence how the effects of
a changing and more variable climate and alterations in
ultraviolet radiation regimes are manifested at biotic levels in Arctic aquatic ecosystems, and how highly diverse
Arctic ecosystem components are likely to respond.
Studies of the present-day distribution patterns of other
freshwater taxa in northern regions have assumed a
strong role for climate in shaping broad-scale species
distributions. For example, in boreal northern Europe,
the composition of regional freshwater biota is rather
closely related to climatic variables, although there are
some notable exceptions in the responses of taxonomic
groups to climatic conditions (Heino 2001). While
macrophytes, beetles and fish show clearer responses
to regional climatic conditions with decreasing species
richness towards Arctic regions and higher altitudes,
stoneflies Plecoptera show an opposite pattern of species
richness. Being mainly inhabitants of cold- and coolwater stream environments, these deviating responses of
stoneflies are not completely unexpected (Heino 2009).
Although taxonomic groups other than stoneflies include
some cold-water species with ranges inclined towards
high latitudes, they do not change the general pattern for
the taxonomic groups as a whole. For example, although
there are some species with northern distributions, most
macrophyte species generally have ranges concentrated
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Figure 13.5. Representative diatom profiles from the circumpolar
Arctic showing the character and timing of recent assemblage
shifts. Site locations (A-H) are shown on the map. Chronologies are
based primarily on constant rate of supply modeling of excess sediment 210Pb activities. Beta-diversity values (in SD units) are shown
in bold next to each site’s name. Colored intervals demarcate major
assemblage changes and are coded: blue = 0-1.0 SD, green = 1.01.24 SD, orange = 1.24-1.5 SD, red = > 1.5 SD. All data are expressed
as relative frequency percentages of individual or collated diatom
taxa based on counts of > 400 valves per sample. Siliceous algal
remains, specifically the valves of diatoms (Bacillariophyceae) and
the stomatocysts and scales of chrysophytes (golden brown algae
Chrysophyceae and Synurophyceae), as well as chitinous invertebrate remains (Chironomidae, Diptera and Cladocera, Crustacea),
are the primary paleoindicators in lake sediments that provide
reliable records of changes in water quality, habitat and catchment
processes. From Smol et al. (2005).

in the southern parts of boreal regions, reflecting an indirect response to climate conditions (Heino & Toivonen
2008). While maximum summer temperature itself may
not necessarily determine the success of macrophyte
species, the increase in the length of the growing season
and ice-free period may have more profound effects on
the geographic distributions of macrophytes in boreal
regions (Alahuhta et al. 2011; cf. Hellmann et al. 2008).
An important suggestion from these large-scale analyses
is that different taxonomic groups may not show similar
responses to climate change, which is again likely related
to the proportions of cold-, cool- and warm-water species in a given taxonomic group.
Moreover, similarly as in stoneflies, species richness
increases northwards in certain bird groups that are
dependent on freshwater shorelines and wetlands. This
pattern is caused mainly by the amount and heterogeneity of wetlands which increase northwards (Järvinen &
Väisänen 1978). Due to climate warming, shallow ponds
of northern wetlands are predicted to dry out considerably (Wrona et al. 2006a), and in fact this was documented in a long-term study on a series of ponds and wetlands
on Ellesmere Island (Smol & Douglas 2007b). Also,
ponds located on palsa mires in the sub-Arctic sporadic
permafrost zone are predicted to dry out as permanently
frozen peat hummocks melt, causing ultimately habitat
homogenization. These processes are likely to cause
habitat degradation for shorebirds and waterfowl breeding on these heterogeneous habitats (Luoto et al. 2004).
This progress is of conservation concern, because northern regions are globally highly significant for shorebirds
and waterfowl, especially so for populations of geese and
sandpipers (Zöckler & Lysenko 2000; see also Ganter
& Gaston, Chapter 4). However, in the wetlands and
wet peatlands located in the extensive permafrost areas,
permafrost degradation may have other types of significant, but largely unknown, ecological consequences.
For example, in certain regions of the Canadian Arctic, extensive permafrost thaw is considered to lead to
wetter, not drier, conditions (Luoto et al. 2004 and the
references therein).
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There is also additional information on the distributions
of freshwater organisms based on surveys of streams and
lakes across extensive geographical gradients. Surveys of
streams in northern regions have suggested that biotic
assemblages show at least some variability associated
with latitude and co-varying temperature conditions.
Support for this reasoning comes primarily from studies
of macroinvertebrates in northernmost North America
(Vinson & Hawkins 2003, ACIA 2005) and northernmost Europe (Sandin & Johnson 2000, Heino et al.
2002). Indeed, in addition to a suite of environmental
factors at various other scales, regional climatic factors
are also often important in determining the structure
of stream assemblages (Sandin & Johnson 2004, Heino
2009, Heino et al. 2010).
There is also evidence that climate change may modify
geographical patterns of lake communities, and its associated temperature increase is expected to have strong
direct effects on both planktonic and benthic biomass in
Arctic lakes and will probably change species composition (Jansson et al. 2010). Patalas (1990) observed that
in the temperate zone, the maximum species richness
of zooplankton peaked in regions where mean ice-free
temperatures were approximately 15 °C, while species
richness declined with both increases and decreases in
temperature across a geographical gradient between 45°
N and 55° N. This observation was explained by the
overlap in the distributions of southern warm-water and
northern cold-water species that were able to occupy the
same regions and lakes. It is thus possible that regions
with the highest regional and local diversity of zooplankton will move poleward in association with climateinduced shifts in the distributions of species (Schindler
1997). If these predictions are more generally applicable
to northern regions, then at least the southern parts of
Arctic regions may receive several new cool- and warmwater species, while cold-water species may or may not
be negatively affected by changes in temperature. As
water temperature isotherms shift northwards, zooplankton species are likely to extend their geographical
ranges northwards, but their southern boundaries may
also move northwards because of the expansion of other,
warm-adapted zooplankton that will have a competitive
advantage. As a consequence of new dispersals, the total
number of zooplankton species is expected to change
(Patalas 1990).
Direct and indirect effects of climate through increase in
the length of the growing season may also be responsible
for the present-day relationships between temperature
and diatom distributions across lakes in northern regions
(Weckström & Korhola 2001). It is not surprising,
therefore, that diatoms are also predicted to respond
strongly to projected climate change (Sorvari et al.
2002). Similarly to diatoms, surveys of lakes along large
geographical gradients have shown that temperature
is one of the most important factors accounting for variability in the assemblage structure of macroinvertebrates,
both in Eurasia and North America (Walker et al. 1991,
Nyman et al. 2005, Smol et al. 2005, Barley et al. 2006;
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see also Hodkinson, Chapter 7). Hence, factors affecting
aquatic insect diversity in the Arctic are those that with
great probability will also change as climate changes;
for example, temperature and accumulation of organic
matter. It has been projected that climate warming could
alter aquatic insect composition by shifting the locations
of thermal optima northward by about 160 km per 1 °C
increase in surface temperature (ACIA 2005).
Recent studies have also indicated that climate change
along with various other anthropogenic drivers/stressors
often pose multiplicative and interactive impacts on freshwater ecosystems (Schindler 1997, Wrona et al. 2006a,
2006b, Prowse et al. 2011c, see also Riddle & Muir 2008
and Ormerod et al. 2010). The following Sections 13.4.2
to 13.4.7 examine the potential effects of such interactions on freshwater biodiversity. The main focus here is
on anthropogenic effects, such as acidification, eutrophication, land-use change, ozone depletion and UV effects, invasions of alien species and contaminants, but we
acknowledge that many other anthropogenic and natural
changes in ecosystem conditions may affect biodiversity
(see Heino et al. 2009 for a wider discussion).

13.4.2. Climate change and acidification
Climate change will probably have complex interactions
with acidification. Climate warming may accelerate the
acidification of streams and negatively affect the recovery process of acidified lakes (Schindler 1997), although
divergent observations of increasing alkalinity of lakes
have also been made (Schindler et al. 1996). It is, therefore, difficult to predict the consequences of climate
warming for the acidity of freshwater ecosystems, given
that regional differences in atmospheric deposition of
acidifying substances and acid runoff from the catchments may affect the degree of acidification or increased
alkalinity of fresh waters (Schindler 1997). Increasing
acidity generally leads to an impoverishment of freshwater biodiversity (Giller & Malmqvist 1998), whereas
decreasing acidity typically has the opposite effect.
Due to these opposing effects, the influences of climate
change through acidity on biodiversity are similarly difficult to predict. One likely scenario is that freshwater
ecosystems in a region liable to acidification are likely to
show additional negative effects on biodiversity, whereas
in regions that are naturally under no threat of acidification, biodiversity may show the reverse (Heino et al.
2009). However, even within a region, climate warming
may have different effects on temporal changes in the
biodiversity of streams with different levels of acidity
(Durance & Ormerod 2007).
13.4.3. Climate change and eutrophication
Climate change may lead to either decreased or increased
levels of nutrients entering freshwater ecosystems.
Climate warming may lead to a decline in the phosphorus concentration of lake water arising from enhanced
primary pelagic productivity (Schindler et al. 1990,
Schindler 1997, 2009), which is likely to result in changes
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in biodiversity. Opposite effects of increased nutrient
levels, for example through increased biomineralization
due to warmer conditions as well as greater runoff from
increased precipitation, may also be expected, and if increases are sufficient enough, they might result in changes
in biodiversity as well. However, it is important to keep in
mind that the effects of the increased levels of nutrients on
biodiversity depend on the natural state of an ecosystem
(Heino 2009, Heino et al. 2009). Because most Arctic
freshwater ecosystems are naturally oligotrophic, even
small increases in nutrient levels may result in increased
species richness through cascading trophic effects which
may subsequently impact native species and assemblages.
Climate warming may melt upper layers of permafrost,
resulting in increased levels of phosphorus entering
freshwater ecosystems in Arctic regions (Hobbie et al.
1999). Such nutrient increases are often seen in a higher
production of diatoms. Increases in productivity and
biomass at lower trophic levels are likely to have substantial effects throughout the food web. For example,
fish predators are generally limited by very low levels
of productivity typical of Arctic freshwater ecosystems,
and increased algal productivity might allow these systems to support top trophic levels (Flanagan et al. 2003).
If fish are absent, then the lake ecosystem may remain in
a state where increased algal production is controlled by
grazing zooplankton (Wrona et al. 2006a).
If nutrients are available abundantly, mosses may become
dominant primary producers in streams and use most of
the available nutrients (Hobbie et al. 1999). Changes in
the abundances of such key organisms that provide structural habitat for other organisms may also have various
effects (Stream Bryophyte Group 1999). Increased moss
cover could result in increased abundance and diversity
of benthic macroinvertebrates as well as algal taxa such
as diatoms (Douglas & Smol 2010). Thus, changes in
the community structure of Arctic streams may result
from either direct effects of warming and eutrophication or indirect pathways (Heino et al. 2009). Either
way, warmer and more nutrient-rich waters are likely
to support novel communities in Arctic streams. These
changes may however, displace or disrupt native species
and assemblages through increased competition or range
shifts in response to altered environmental conditions.
The degree to which bottom-up and top-down forces
control biodiversity, such as species richness and assemblage composition, awaits further studies in Arctic
freshwater ecosystems.
Factors other than nutrients such as light and temperature are also known to affect productivity in high
latitude lakes (Flanagan et al. 2003). For example bluegreen cyanobacteria commonly associated with blooms
in temperate lakes were not found to increase proportionally with nutrient additions in Arctic systems as they
would in temperate systems (Vincent & Quesada 2012).
This is likely because bloom-forming cyanobacteria tend
to have high temperature optima for maximum growth.
Consequently, as temperatures increase, high latitude
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lakes may become susceptible to nuisance blooms like
their temperate counterparts (Vincent & Quesada 2012).

13.4.4. Climate change and land cover
alterations
Climate change may affect freshwater ecosystems via alterations in the land cover of catchments and characteristics of riparian zones (Schlinder 2009, Schlinder & Lee
2010). These changes may be both natural consequences
of shifts in terrestrial vegetation and anthropogenic alterations of land cover (Allan 2004). Climate change has
been suggested to strongly modify terrestrial vegetation.
Shifts in vegetation zones have been predicted following climate change in the future (Burns et al. 2003). At
high-latitude treelines, the intrusion of forest vegetation to sparse sub-Arctic mountain birch woodlands
and Arctic tundra (Krankina et al. 1997, Chapin et al.
2005) is expected to take place in due course, and where
this happens, it can also alter community structure and
ecosystem functioning in headwater streams and lake
littoral zones. It may well be that headwater streams and
lake littoral zones previously driven by autochthonous algal productivity may be changed to largely allochthonous
systems fuelled by coarse detritus from newly-developed
riparian trees and shrubs. These changes should, in turn,
affect biodiversity, e.g. as changes in the taxonomic composition and functional structure of macroinvertebrate
communities. Interactions between climate change and
changes in land use may also affect ecosystems indirectly
and unpredictably by altering ecosystem linkages. For
example, dramatic increases in geese populations attributed to climate change and changes in land use were
found to have a significant fertilizing (eutrophication) effect through increased droppings entering the lakes and
ponds in Svalbard (Van Geest et al. 2007).
13.4.5. Climate change and species invasions
Climate change is projected to be an important driver
affecting invasions of human induced alien species by
(1) increasing the invasibility of ecosystems, (2) altering
environmental conditions (i.e. increasing physiological
stress) on native species and (3) enhancing the ability
of alien species to invade new habitats/ecosystems (e.g.
increased interconnectivity of Arctic lakes and ponds via
permafrost thaw, increased span of road and shipping
networks into remote areas) (Thuiller et al. 2007, Heino
et al. 2009, AMAP 2011b; see also Lassuy & Lewis,
Chapter 16). Climate warming is likely to be especially
pertinent in northern regions by increasing the probability of the introduction of human-introduced species
and through the expansion of species ranges from south
to north. The northern range limits of such species are
typically determined by minimum winter temperatures
or growing degree days. Many northern freshwater
ecosystems may, therefore, become suitable for the
establishment of viable populations of various alien species, often with dramatic influences on native species,
biotic communities and ecosystem processes (Wrona et
al. 2006a, Rahel & Olden 2008). The negative impacts

467
of alien species are undesirable especially if they (1) lead
to general reductions in biodiversity, (2) are directed at
keystone species, or (3) change trophic relationships in
a recipient ecosystem (Heino et al. 2009). The invasion
process and impacts of aquatic alien species have already
been considered extensively in other contexts (Rahel
2002, Korsu et al. 2008), as well as in association with
anticipated climate change (Lodge 1993, Hellmann et al.
2008, Rahel & Olden 2008).
While the number of alien species is likely to increase
in northern freshwater ecosystems following climate
change through increased spreading and establishment
success of alien species, it may be difficult to predict
with high certainty which particular alien species will
ultimately spread into the high-latitude freshwater ecosystems. Most proactive attention should be targeted at
alien species which (1) have strong dispersal capability
or (2) may effectively pass geographical barriers through
many dispersal vectors, (3) have a wide environmental
tolerance (i.e. indicated by a wide ecological niche in
the native range), (4) are able to compete successfully
with native species and become dominant, and (5) can
effectively spread to new localities from their steppingstone sites (Hellmann et al. 2008). In general, freshwater
species are less capable of tracking the spatial shifts in
their climatic optima than terrestrial species (Rahel &
Olden 2008), but there are exceptions to this pattern
(Heikkinen et al. 2009). For example, species such as the
highly invasive warm-water Canadian waterweed Elodea
canadensis, ruffe Gymnocephalus cernuus and the common
carp Cyprinus carpio may show an enhanced northern
range expansion as a consequence of climate warming,
thereby potentially becoming problematic invasives in
Arctic freshwater ecosystems (Madsen & Brix 1997,
Baidou & Goldsborough 2006, Heikkinen et al. 2009).
Section 13.5.1 below further discusses the potential for
enhanced invasion of freshwater parasite species in relation to Arctic climate warming.

13.4.6. Climate change and alterations in
ultraviolet radiation regimes
Concurrent changes in the climate and ultraviolet
radiation regimes in the Arctic are projected to have
far-reaching impacts on the structure and function of
terrestrial and freshwater ecosystems (Weatherhead et
al. 2005, Wrona et al. 2005, 2006b). While Arctic stratospheric ozone levels display high natural seasonal and
interannual variability arising from complex atmospheric
dynamics, over the past several decades levels have been
observed to be substantially lower in late winter and
early spring (Weatherhead et al. 2005). At the species
level, most studies on the effects of ultraviolet radiation
(UVR) on Arctic and high mountain freshwater organisms show negative responses in survival and productivity, including bacteria and phytoplankton (Carrillo et al.
2002), zooplankton (reviewed by Rautio & Tartarotti
2010) and fish (Battini et al. 2000). Some studies further
suggest that UVR is one of the major determinants of
phytoplankton and zooplankton communities in oligo-
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Figure 13.6. Occurrence and pigmentation of waterfleas Daphnia
sp. in ponds with different dissolved organic carbon (DOC) concentrations. Yellow bars indicate the number of ponds where waterfleas are absent and the black bar the number of ponds with waterfleas. DOC of 5 mg per liter defines the transition from oligohumic
to mesohumic waters. The blue box plot shows the concentration
of melanin pigment (related to carbon biomass) in waterfleas. Data
from Rautio & Korhola (2002).

trophic Arctic and alpine lakes (Cabrera et al. 1997, Williamson et al. 2001, Rautio & Korhola 2002) with, for
example, UV-sensitive species such as waterfleas Daphnia
sp. lacking from lakes where underwater UV-irradiance
is high (Fig. 13.6) and cyanobacteria-dominated benthic communities packed with UV-screening pigments
being most successful in UVR-exposed sites (Wrona et
al. 2006b, Bonilla et al. 2009). At the community level
however, there are contrasting reports about the vulnerability of aquatic systems to UVR. While some studies
have shown strong negative community effects (Rautio &
Korhola 2002, Marinone et al. 2006), many other studies have shown few or no UVR effects on the plankton
community, i.e. on biomass, growth or species composition (Laurion et al. 1998, Hylander & Hansson 2010).
Such variability in results arises from seasonally and ontogenetically changing plasticity of many species to UVR
(Stutzman 1999) and from various biotic interactions
that may be more important in shaping communities
than UVR (Vinebrooke & Leavitt 1999). Consequently,
it is a challenge to assess UVR impacts to aquatic communities accurately; however, UVR-tolerance ranking
seems to apply to all pelagic communities.
Among phytoplankton, small phytoplankton cells are
especially sensitive to UVR because they have a high
illuminated surface to volume ratio, little self-shading
and limited UV-screening pigmentation (Karentz et al.
1991), although picocyanobacteria may be an exception
to this size-dependent sensitivity (Laurion & Vincent
1998). In many oligotrophic lakes, including many
Arctic lakes, small phytoplankton are responsible for
most of the pelagic primary productivity. In zooplankton
and fish, the most UV-sensitive are the eggs and young.
For example, Leech & Williamson (2000) showed that
adults had up to 34% higher ability to tolerate exposure in relation to lethal dose to UVR than did nauplii.
Because the eggs and young are most abundant early
in the growing season, they are exposed to high and
sudden changes in UVR exposure, resulting from the
ice-out in June and from ozone destruction linked to

higher UVR intensities in late spring. Scenarios of earlier
ice-out, already occurring in many parts of the Arctic
(Magnuson et al. 2000), predict that in the future, the
first developmental stages will be exposed to even higher
doses of UVR and its associated risks. Modeling analyses
indicate that ice loss can result in much greater increases
in underwater biological UVR exposure than moderate stratospheric ozone depletion (Vincent et al. 2007).
Amongst the most UVR sensitive organisms are also
those that are already influenced by one or several other
stressors, such as acidification, eutrophication or low
oxygen concentration. Low temperature in Arctic lakes
is also often considered as a stressor that influences species UVR-tolerance. It has been suggested that UVR is a
more important stressor at colder temperatures because
enzymatic processes like UVR repair mechanisms and
detoxification of reactive oxygen species is slower (Hessen 1996). Experimental evidence, however, is contradictory (Borgeraas & Hessen 2000), and it could be
that acclimation of organisms to a certain temperature
range is a key factor that determines how organisms will
react to the combination of different UVR-temperature
interactions.
Much of the variability in plankton responses to UVR is
also related to the extent the species is able to use protection strategies against UVR (see Perin & Lean 2004
and Hansson & Hylander 2009 for reviews). The suite
of protective mechanisms available for an aquatic community depends on the environmental characteristics
of the lake and the species-specific affinities. Physically,
moving away from damaging fluxes of UVR by undergoing vertical migration is a very efficient way to minimize
UVR exposure, but the shallow ponds that are the most
abundant type of water body in the Arctic are not often
deep enough to provide such depth refugia. One important UVR defense strategy in zooplankton is the synthesis or accumulation of photo-protective compounds
acting as sunscreens or as antioxidants. The known photoprotective compounds include dark melanin pigment,
transparent mycosporine-like amino acids, and colorful
carotenoids and scytonemin. Most species are not able to
synthesize or accumulate all these photo-protectants but
rather are specialized in using one of them as a protector against UVR. Pelagic cladocerans such as water fleas
(e.g. Daphnia such as Scapholeberis spp.) often synthesize
melanin in high-latitude clear lakes while copepods use
carotenoids and mycosporin-like amino acids as shields
against UVR. Pigments, however, make zooplankton
more visible to fish and increase the risk of being eaten;
in high UVR sites zooplankton need to adjust the level
of pigmentation to best minimize these two threats
(Wrona et al. 2006b, Vincent et al. 2007).
Previous exposure to UVR also determines the sensitivity of an organism to UVR. Species that routinely
experience high levels of UVR in their natural environment are more tolerant to UVR than those that routinely
experience low levels of UVR (Stutzman 1999, Zellmer
et al. 2004). Whether organisms activate their shields
with repeated exposure to UVR or whether differ-
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There are a growing number of studies and assessments
examining the possible linkages between climate variability and change on the fate of mercury (Hg). Specific
topics include thawing permafrost and related enhanced
microbial mobilization (Grigal 2002, Klaminder et al.
2008, Xu et al. 2009), the effects of a changing cryosphere and hydrology on its transport and distribution
in Arctic freshwater catchments (AMAP 2003, 2011a,
Prowse et al. 2006b, Leitch et al. 2007), as well as the
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13.4.7. Climate change and contaminants
Climate change has been identified as a potentially important co-driver of altering contaminant distribution,
fate and bioavailability and ultimately the chronic and
acute effects on the biodiversity and function of Arctic freshwater ecosystems (AMAP 1997, 2003, 2011a,
Macdonald et al. 2005, Wrona et al. 2006b, Carrie et al.
2010, Veillette et al. 2012). Although there is limited direct evidence of the interactions between climate warming and increased contaminant bioaccumulation in Arctic
freshwater food webs (e.g. mercury; Stern et al. 2009),
climate-induced changes in temperature regimes, related
changes in water geochemistry from permafrost thaw,
and changes in the hydrological cycle are all projected to
collectively affect aquatic food webs by altering the fate,
distribution and uptake of contaminants (AMAP 2003,
2011a). Veillette et al. (2012) postulated that climate
change may result in increased retention of contaminants in the food web as a result of changes in ice cover
and the hydrodynamic regime. Correspondingly, key
ecological factors that will affect contaminant bioaccumulation in freshwater food webs include food availability, individual growth rates, changes in the distribution of species, productivity relationships and/or the
complexity and lengths of the food webs (AMAP 2003,
2011a, Macdonald et al. 2005, Wrona et al. 2006b). In
turn, the lethal and sub-lethal effects of contaminants on
freshwater biota will influence patterns of biological and
ecological structural and functional diversity.

a)

Mercury (ng/L)

ent species and populations are genetically different in
their protection strategies is not known. Nevertheless,
because of the different lines of defense and the resultant and changing variability in the sensitivity to UVR,
only results from one lake and from one time can be
compared when accurately ranking species-specific UVtolerances. More studies are needed at the community
level to better understand the drivers that determine the
multiple interactions in community responses to UVR,
and to better predict how aquatic ecosystems respond
to increases in UVR from climate change (Wrona et al.
2006b). Given the presence of UVR on the Earth since
the beginning of life and often in greater intensities than
during the anthropogenic stratospheric ozone depletion
(Leavitt et al. 1997), it is evident that organisms have
ways of coping with UVR. However, changes in species
composition, abundance and food web structure are
likely to occur with changing UVR, especially in oligotrophic high-latitude freshwater systems that are under
strong abiotic regulation.

Particulate mercury (ng/l)
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Figure 13.7. Relationship between (a) particulate mercury concentration and water discharge for the Mackenzie River at Arctic
Red River, and (b) changes in particulate and dissolved mercury
concentrations and water discharge for the Mackenzie River during
the spring freshet 2004. (Source: Leitch et al. 2007 from Stern et al.
2012).

implications on aquatic ecosystems in relation to current
and historic patterns of bioaccumulation in planktonic
and fish communities (Muir et al. 2005, 2009, Outridge
et al. 2007, Stern et al. 2009, 2012, Gantner et al. 2010a,
2010b). Leitch et al. (2007) have demonstrated linkages
between particulate mercury concentrations and water
discharge regimes in the Mackenzie River, Canada,
with water discharge having an amplifying and disproportionate effect on Hg flux (Fig. 13.7). This illustrates
the importance of understanding the interrelationships
between atmospheric, climatological and hydrological
processes in predicting potential availability and exposure of contaminants to aquatic biota in a rapidly changing climate.
Another example of the inter-relationships between climate, nutrient (productivity) and contaminant fluxes and
their effects on freshwater ecosystem structure and function is provided by Arctic anadromous fish (Box 13.5).
There is a clear need for further research to elucidate the
effects of anadromous fishes on nutrient and contami-
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Box 13.5. Arctic anadromous fishes as vectors of nutrients and contaminants
Extensive research conducted on the west coast of North
America has revealed that semelparous2 anadromous fishes,
such as Pacific salmon Oncorhynchus spp., deliver significant
amounts of marine-derived nutrients (MDN) and organic
matter to freshwater ecosystems (e.g. Naiman et al. 2002).
After hatching and rearing to species-specific smolt sizes in
freshwater, semelparous anadromous fishes migrate to sea.
They gain most of their mass at sea before returning to freshwater to spawn. Death occurs immediately after spawning,
and marine-derived nutrients are transferred to freshwater
spawning habitats via eggs and carcasses of post-spawning
adults (e.g. Naiman et al. 2002, Stockner 2003). This has a profound effect on freshwater ecosystems including increased
primary productivity (e.g. Naiman et al. 2002) and increased
growth and biomass of stream invertebrates (e.g. Minakawa
et al. 2002). The production and diversity of riparian plant
communities (e.g. Helfield & Naiman 2001) are significantly
affected by the deposition of MDN. Effects have been noted
in salmon-bearing systems ranging from northern Alaska to
southern British Columbia.
In addition to nutrients, semelparous anadromous fishes
transport contaminants from marine to freshwater ecosystems. In Alaska, anadromous sockeye salmon Oncorhynchus
nerka can be a more important source of organochlorine
contaminants to lakes than atmospheric deposition, and it
has been shown that freshwater fishes such as Arctic grayling
Thymallus arcticus can have higher concentrations of PCBs
and DDT in salmon nursery lakes than in non-nursery lakes
(Ewald et al. 1998). It has also been shown that PCB concentrations in sediments of salmon nursery lakes can be predicted by the density of returning fish (Krümmel et al. 2003).
Contaminant transport via anadromous fishes (i.e. biotransport) is of particular concern, because these contaminants
are often readily bioavailable for accumulation and magnification through aquatic food chains (Ewald et al. 1998).
Many anadromous fishes in the Arctic are iteroparous (see
footnote) rather than semelparous. Effects of iteroparous
anadromous fishes on freshwater nutrient and contaminant
concentrations have not been well-studied. Iteroparous
anadromous fishes, such as Arctic char Salvelinus alpinus,
Dolly Varden char Salvelinus malma and broad whitefish

nant concentrations in Arctic freshwater ecosystems.
This is particularly true for iteroparous (see footnote in
Box 13.5) anadromous fishes. Iteroparous anadromous
fishes have complex and variable life histories, low fidelity to their natal systems (e.g. Gyselman 1994), and large
interannual variations in population numbers (e.g. Johnson 1989). All of these factors complicate mass-balance
calculations. Furthermore, we have yet to consider the
effects of multiple sympatric anadromous species (e.g.
sympatric anadromous Arctic char and lake trout) on the
ecology of freshwater lakes.

Coregonus nasus, can spawn multiple times during their lifetime; thus, MDN are not delivered to freshwater ecosystems
via post-spawning en masse carcass deposition. Marine-derived nutrients may still be released into freshwater, however,
through egg deposition, excretion of metabolic products
and limited post-spawning or winter mortality. Effects of this
nutrient deposition may be most ecologically relevant in
oligotrophic Arctic systems, where it is more likely that MDN
represent a significant portion of overall nutrient budgets
(Nislow 2004).
Recently, Swanson & Kidd (2009) conducted a semi-quantitative assessment of nutrient transport achieved by anadromous Arctic char in a coastal lake situated in the Arctic territory of Nunavut, Canada. These authors found that masses
of nutrients (nitrogen, phosphorus, carbon) transported by
char likely had a negligible effect on lake water chemistry.
In follow-up studies, food webs and mercury concentrations
were compared between a series of lakes that did and did
not contain anadromous Arctic char. There was no stable
isotope evidence for char-mediated transport of MDN or
organic matter (Swanson et al. 2010). Other ecological effects
were noted, however. Freshwater lake trout were in better
condition, had higher lipid content, and had lower mercury
concentrations in lakes where anadromous Arctic char were
present (Swanson & Kidd 2010, Swanson et al. 2010). The
reasons for this were not entirely clear, but it is possible that
through functioning as a high-quality alternate prey source,
Arctic char increase the growth efficiency of sympatric lake
trout. Interestingly, Arctic char and lake trout only exist in
sympatry when the Arctic char population is anadromous.
With very rare exceptions, landlocked Arctic char and lake
trout cannot coexist (Johnson 1980). This is likely due to the
relatively low carrying capacity of Arctic freshwater systems,
and it suggests that even if anadromous Arctic char do not
have a direct effect on water chemistry or primary productivity, they may impart an indirect marine subsidy to lakes that
leads to increased fish biomass.
2 Semelparity is a reproductive strategy involving a single (usually
large) reproductive event in the lifetime of the organism. In contrast,
iteroparity occurs in organisms that possess the potential of multiple
reproductive events in their lifetime.

13.5. ALTERATIONS IN ECOLOGICAL
INTERACTIONS AND IMPLICATIONS FOR BIODIVERSITY
In addition to the effects arising from large-scale physical
and chemical environmental and anthropogenic drivers
such as climate change, landscape disturbance and enhanced pollution, the outcomes from ecological interactions such as competition, predation and parasitism can
also have significant implications for the structural and
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functional diversity of freshwater systems. The relative
associations of existing interactions may be further modified in response to anthropogenic stressors, thus altering
ecosystem biodiversity. This will be in addition to the
alterations resulting from colonization of invasive species,
which were dealt with above. Below we provide examples
of functional interactions that are being modified by environmental and/or anthropogenic drivers, highlighting the
complexities associated with understanding causal mechanisms and predicting changes in structural and functional
biodiversity in Arctic freshwater systems.

13.5.1. The importance of host-parasite
relationships
Studies of biodiversity typically do not consider parasites, in part because they may be cryptically hidden
within their hosts, and in part because many do not
consider them important components of biodiversity
(Marcogliese 2004, 2005). In addition to information
herein, the ecological importance and biogeographic
significance of parasites are further reviewed in Hoberg
& Kutz (Chapter 15).
Most of the literature describing the parasite fauna of
freshwater fishes in Arctic and sub-Arctic waters pertains to salmonids and coregonids, but also sticklebacks
Gasterosteus spp. Approximately 300 parasite species have
been found in these waters in northern Europe and Siberia (Rumyantsev 1984). They include protozoans, myxozoans, monogeneans, trematodes, cestodes, nematodes,
acanthocephalans, leeches, crustaceans and molluscs.
Monogeneans, myxozoans, trematodes and protozoans
are the most diverse taxa in these waters. Using Arctic
char as an example, 107 parasite species have been found
world-wide, with 66 being found in North America, 69
in the former USSR and 18 in Norway (Dick 1984). In
the Palearctic, Arctic freshwater parasites number about
half those of the boreal plains, and in northern Europe
they comprise approximately 24% of parasite species
(Rumyantsev 1984). Parasites that use copepods or
amphipods as intermediate hosts are most common from
these three areas (Dick 1984), while the acanthocephalans and protozoans are under-represented in Norway and North America (Kennedy 1977, Dick 1984).
Twenty-three species are considered circumpolar (Curtis
1995). The most widespread parasites are generalists
that infect a wide variety of fish species (Carney & Dick
2000), and Arctic and sub-Arctic parasites occur in high
abundance (Rumyantsev 1984). They tend to be associated with the distribution of relict crustaceans, which
often function as intermediate hosts. Most parasites
in northern lakes have complex life cycles and rely on
trophic interactions for transmission (Curtis 1995,
Amundsen et al. 2009). In lakes on high Arctic islands,
the most important intermediate hosts are copepods,
and thus cestodes are common, as are parasites with
direct life cycles, such as monogeneans (Curtis 1995).
Despite the isolation of these high-latitude islands, parasite diversity on Svalbard and Jan Mayen is equal to that
on the sub-Arctic mainland of Norway (Kennedy 1977).

471
Parasites of Arctic fishes comprise a distinct fauna, with
some variation in the distribution of certain species
among regions (Kennedy 1977, Dick 1984, Rumyantsev
1984, Curtis 1995). Indeed, for certain fishes such as
the whitefishes, their parasite fauna is more diverse in
the North than in southern waters (Rumyantsev 1973).
Species richness in salmonid and coregonid hosts ranges
from four to 18 parasite species in sub-Arctic and Arctic
ecosystems (Miller & Kennedy 1948, Pennell et al. 1973,
Kennedy 1977, Dick 1984, Bouillon & Dempson 1989,
Albert & Curtis 1991, Hartvigsen & Kennedy 1993,
Curtis 1995, Due & Curtis 1995, Knudsen et al. 2003,
Kristmundsson & Richter 2009). In addition, there is
a great deal of sharing of parasites among fish species
within subfamilies, particularly the chars and coregonids (Curtis 1988, 1995). Some parasites, but not all,
are shared between the salmonids (Knudsen et al. 2008,
Kristmundsson & Richter 2009).
The most diverse parasite communities also include
marine parasites, which are obtained during the seawater phase in anadromous populations. Indeed, parasites
may be used effectively to discriminate anadromous
fishes from non-migrants (Kennedy 1977, Dick 1984,
Bouillon & Dempson 1989). Species richness in other
hosts such as trout-perch Percopsis omiscomaycus tends to
be lower than in salmonids and coregonids (Nelson et al.
2010). However, there are comparatively few studies on
this fish, which is smaller than and not as long-lived as
salmonids and coregonids. Similarly, parasite richness in
threespine stickleback Gasterosteus aculeatus ranges from
one to 11 in Arctic and sub-Arctic waters, but is usually
under seven (Poulin et al. 2011).
To date, most changes in the parasitofauna of Arctic and
sub-Arctic fishes have been linked to fishing practices
and eutrophication. Managed reductions in densities of
top predators such as Arctic char to improve fisheries
results in increased fish growth and improved condition, but also leads to higher abundances of parasites,
some of which are pathogenic (Albert & Curtis 1991,
Curtis 1995, Knudsen et al. 2002). The opossum shrimp
Mysis relicta has been introduced in sub-Arctic lakes of
sub-Arctic northern Sweden to improve coregonid and
salmonid fisheries (Curtis 1988). Their introduction has
promoted the transmission of certain larval cestodes to
planktivorous whitefish, while at the same time reducing transmission to benthivorous whitefish as a result
of shifts in the corresponding pelagic and benthic food
web structure (Curtis 1988). Eutrophication of northern
waters in Russia has led to the reduction or disappearance of parasite species in the Arctic freshwater complex
(Rumyantsev 1997). During initial stages of eutrophication, some of these parasites may increase in abundance
(e.g. parasites transmitted to fishes by relict crustaceans
and zooplankton, and trematodes of fish that mature in
birds). However, further eutrophication generally results
in a reduction in diversity of parasites of the Arctic freshwater complex, associated with an overall reduction in
faunal diversity (Rumyantsev 1997).
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The Arctic and sub-Arctic regions are among the most
vulnerable to climate warming (ACIA 2005a, Fischlin
et al. 2007, Parry et al. 2007, AMAP 2011a). Reduction
in ice cover will affect lakes and rivers by increasing
productivity (Prowse et al. 2006b, Prowse et al. 2011c,
AMAP 2011a). Host species distributions will be altered,
with many warm-water fishes expanding their current
range into northern habitats (Reist et al. 2006a, 2006b,
Wrona et al. 2006a, Parry et al. 2007), bringing with
them their parasites (Marcogliese 2001, 2008). Fish
introductions will also cause niche shifts and changes in
the parasite fauna of the chars away from benthicallytransmitted parasites towards those transmitted by
zooplankton (Dubois et al. 1996, Bergeron et al. 1997,
Knudsen et al. 2010). Climate change not only will affect
water temperatures, but will also impact water levels
and flow rates, eutrophication, stratification, ice cover,
acidification, ultraviolet light penetration and weather
extremes, all of which can affect parasite transmission and disease (Marcogliese 2001). More specifically,
reduced ice cover and longer growing seasons will lead
to faster growth rates, earlier maturation, more parasite
generations per year and a prolonged transmission window, possibly resulting in increased pathology, virulence
and outbreaks of disease (Marcogliese 2001, 2008).
Since contaminant levels are also expected to increase
in the Arctic and sub-Arctic (Macdonald et al. 2005,
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Wrona et al. 2006b, Parry et al. 2007), the cumulative
effects of pollution and parasitism may lead to enhanced
pathogenicity and disease in animals (Marcogliese 2008,
Marcogliese & Pietrock 2011).
The ecological and environmental changes associated
with climate change will cause reductions in the populations of cold-water fishes, especially the salmonids (Reist
et al. 2006a, 2006b, Wrona et al. 2006a, Parry et al.
2007). As salmonid habitat is lost and populations become reduced or extirpated (Wrona et al. 2006a), their
host-specific parasites will also be at risk (Marcogliese
2001). This may be more problematic than it first appears, because parasites have been shown to be important components of food webs in terms of linkages and
structure, including in northern ecosystems (Lafferty
et al. 2006, Kuris et al. 2008, Amundsen et al. 2009),
and may contribute to food web stability and resilience
(Lafferty et al. 2008, Poulin 2010). Indeed, healthy
ecosystems should have rich and diverse parasite communities (Marcogliese 2005, Hudson et al. 2006). Better
and more comprehensive baseline parasite biodiversity
data are required to enable more accurate predictions
and fully comprehend changes as they occur in the Arctic
and sub-Arctic (Hoberg et al. 2003; see also Hoberg &
Kutz, Chapter 15). Box 13.6 provides a case study of
the potential combined effects of two anthropogenic

Box 13.6. Gyrodactylus salaris – a disastrous pathogen in northern Europe
Gyrodactylus salaris is a small (0.5-1 mm) viviparous monogenean freshwater parasite that lives mainly in Atlantic sal
mon Salmo salar parr in rivers in Fennoscandia. Noteworthy
is that Baltic salmon are resistant to this parasite but Atlantic
salmon have no similar resistance (Bakke et al. 2002).
The parasite thus causes damage only to Atlantic salmon, in
spite of the fact it can also be found on some other salmonid
fishes, e.g. Arctic char Salvelinus alpinus and rainbow trout
Oncorhynchus mykiss (Bakke et al. 2002, Olstad et al. 2007,
Robertsen et al. 2007, 2008). G. salaris has had a detrimental
influence to Atlantic salmon parr mainly in Norwegian rivers
(Heggberget & Johnsen 1982, Johnsen & Jensen 1991, 1992).
This parasite has also been discovered in the river Keret on
the sub-Arctic White Sea coast where the density of salmon
was reduced dramatically after the appearance of G. salaris,
and the parr density was very low during the period 19921998 compared with the years 1990 and 1991 (Johnsen et al.
1999).
The native distribution area of G. salaris includes the Karelian
part of Russia, the Baltic coast and waterbodies of Finland
and Sweden (Meinilä et al. 2004). Dispersion to northern
coastal waters and rivers took place when infected salmon
parr were transferred from fish farms from the Baltic Sea
basin to Norway. Migrations of infected fish have also spread

the parasite to new rivers and brackish water fjords (Johnsen
2006).
The parasite was spread from the Baltic basin during the
1970s when salmon farming grew rapidly in Norway and
Norwegian parr production was not able to satisfy the demand. G. salaris was discovered for the first time in Norway
in the river Lakselva in 1975 (Heggberget & Johnsen 1982).
Since then, the parasite has been found in a number of rivers.
The colonization of rivers after parasite introduction has taken place in 1-3 years. For example, in the large river Vefsna,
the parasite was found in the lower parts in 1978 but by 1980
had spread throughout the entire watercourse (Johnsen &
Jensen 1988). Today G. salaris has been found in 45 Norwegian rivers.
G. salaris usually occurs on the fins of infected Atlantic salmon but also in other parts of the body (Mo 1992). Parasites
are found less commonly on the gills. In Norway, the salmon
harvest from infected rivers is on average 87% less than in
non-infected rivers. The total yearly loss to the river fishery
caused by G. salaris is estimated to about 45 tonnes. The enhanced geographic distribution and observed infection rates
of this fish parasite since the 1970s illustrates the potential
implications of accelerated species invasions under a rapidly
changing Arctic.
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stressors (aquaculture first, with parasite transfer to local
native fish populations, followed by projected climatechange-induced range expansion of the parasite) affecting
ecosystem services and associated economic loss of fisheries harvesting. While the example is based primarily
on boreal fish studies, it provides important insights into
potential future effects of climate warming on Arctic fish
populations and the corresponding negative ecological
and economic effects of their associated parasites.

13.5.2. Modifications of ecological
interactions through anthropogenic
and/or ecological drivers
As discussed previously, significant challenges exist in
determining causal environmental factors, their magnitudes and range of effects in influencing the observed
geographic patterns of community structure and related
diversity of Arctic freshwater species. No single environmental and/or anthropogenic driver operates in isolation
(Fig. 13.1), hence understanding their cumulative effects
on biological and functional diversity requires a systematic approach of synoptic, regional monitoring coupled
with focused process-based, hypothesis-driven supportive research. To date, such efforts have been limited in
scope in Arctic freshwater systems.
A taxonomic complex that has been extensively studied
in the Arctic is pelagic zooplankton communities, where
numerous work has focused on assessing the relative
importance of physical, chemical, biological and ecological factors involved in influencing the distribution and
abundance of zooplankton communities (e.g. Hamilton
1958, Hutchinson 1967, Kettle & O’Brian 1978, O’Brien
et al. 1979, 1990, 1997, 2004, Hobbie 1980, Stross et al.
1980, Dillon et al. 1984, Pienitz et al. 1995, Jansson et al.
2000, Rautio et al. 2008, 2011).
A comprehensive study by O’Brien et al. (2004) on
104 Arctic lakes in the Toolik Lake region of Alaska
highlights the complexities and challenges involved in
defining the causal relationships related to describing
zooplankton community distribution and diversity in
relation to changes in physical, chemical and biological
drivers. In their study, they assessed the relationship
between the presence and diversity of zooplankton and
lake morphometry (i.e. lake size, lake depth), water
chemistry and the presence of fish and the structure of
the associated fish communities. They found a significant
relationship between lake depth and zooplankton species richness, with higher richness in larger and deeper
lakes. In addition, smaller body-sized species were more
numerically dominant in deep lakes, while larger species
were more prevalent in shallow lakes. Species richness
was found to be unaffected by chlorophyll a concentration (a measure of algal biomass) or lake water chemistry
(ionic strength). As expected, when fish were present,
few large zooplankton species co-occurred. In contrast,
however, the relationship between the presence and
density of smaller-sized zooplankton species and the
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presence of fish species was complex. Two zooplankton
species (the waterflea Daphnia pribilofensis and the copepod Cyclops scutifer) were present and abundant in almost
all of the 104 lakes, whereas very large body-sized
species (Daphnia middendorfiana) were much less dense
and occurred only in lakes without fish. The presence/
absence of remaining zooplankton species that were of
intermediate body-size had a complex distribution across
the landscape. The effect of fish communities on the
presence/absence of zooplankton was less than expected, since no particular fish community type was found
to have a significant effect on any particular zooplankton
species, with the exception of the unexpected result of
the copepod Heterocope septentrionalis being less likely to
occur in the presence of an Arctic char and sculpin community, though neither fish is very planktivorous.
In addition, while fish presence in Arctic lakes can
exert a top-down control on zooplankton communities resulting in dominance of smaller and transparent
taxa, food availability is also a factor (Christoffersen et
al. 2008, Rautio et al. 2008). Some species (e.g. large
species such as fairy shrimps Artemiopsis spp.) are absent
in fish-bearing waters. Standing crop abundances and
diversity appear to be stable in the presence of ‘typical’
fish diversity in unexploited Arctic lakes. Most Arctic
lakes have short, simple food webs dominated typically
by Arctic char, lake trout, lake whitefish or ciscoes Coregonus spp. (Power et al. 2008). Frequency distributions
of fish size and age in unexploited populations tend to
be wide overall (i.e. larger, older individuals are present
in reasonable abundances) albeit with grouping around
length modes limited by resources (i.e. prey) (Power et
al. 2008). Adults within these fish populations tend to
control juvenile survival and recruitment (Johnson 1976)
imposing top-down stability. This in turn maintains the
fish population in a ‘climax’ condition (Johnson 2002).
Presumably, this stability is transferred to prey populations (i.e. other fish species, zooplankton). Exploitation
re-equilibrates these climax fish populations by truncating the upper tail of age and size distributions thus reducing mean age and size within the species. Altered size
selection of prey may ensue, potentially releasing sizecontrolled predation on smaller fishes and subsequently
affecting the zooplankton upon which they rely (i.e. relative abundance of juveniles of that species increases thus
exerting greater predation upon their food resources).
This scenario is not well researched, however. It is
likely self-correcting in that as food becomes limiting,
the growth, survival and abundance of juvenile fish is
reduced, which relaxes predation upon zooplankton. In
situations of relatively stable harvest of the fish population, it is likely that a similar stability is established in
target populations albeit at a different level from that of
an unexploited climax system. Due to the complex life
histories of Arctic fishes (Power et al. 2008), it should be
noted that the scenarios explored above apply primarily
to lakes where non-migratory fish populations reside.
Marine migrations by sea-run fishes are the focus of
most human harvesting; moreover, significant alterations
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of predator-prey relationships result from anadromy (see
also Christiansen & Reist, Chapter 6). Implications of
top-down shifts triggered by the exploitation of fisheries
may alter fish biodiversity as well as the underlying biodiversity among lower trophic levels. Assuming human
exploitation of top predatory fishes increases under a
climate-warming scenario, a projected consequence may
also be a destabilization of the entire system as described
above. Appropriate in-depth analyses and testing are required to verify these scenarios and projected outcomes.
These examples highlight the need for integrated monitoring and research studies that focus on elucidating the
complex relationships between environmental drivers
and observed patterns of structural and functional diversity, particularly in the context of cumulative effects. It
also further emphasizes the need to ensure that this gap
is addressed across relevant and often large spatial scales.

13.6. C
 ONSERVATION AND PRO
TECTION OF FRESHWATER
BIODIVERSITY IN A RAPIDLY
CHANGING ARCTIC
Rivers, streams, lakes, ponds and wetlands are prominent and integral features of the Arctic landscape. They
display a complex range of physical and geochemical
features and provide a diverse range of habitats for the
biological communities they contain. Substantial changes
have been observed over the past century in the hydrology and physical and chemical properties of Arctic
freshwater systems in response to climate variability and
change and other environmental and anthropogenic drivers (Wrona et al. 2006a, White et al. 2007, Heino et al.
2009, Moss et al. 2009), and there is increasing evidence
that over the last several decades the rates of change are
increasing (White et al. 2007, AMAP 2011b, Callaghan
et al. 2011). As illustrated in this chapter, understanding
and predicting the ultimate effects of a rapidly changing
Arctic on freshwater ecosystems and their related biodiversity (structural and functional) is complex and will be
region and system dependent. With warming temperatures and permafrost thaw, the active layer will thicken
and thermokarst formation will be enhanced, resulting
in hydrological and geochemical alterations. In regions of
continuous permafrost, lakes, ponds and wetland complexes may be expected to increase, while in other areas
of the Arctic they may shrink and disappear (Prowse et
al. 2006a, White et al. 2007, Smol & Douglas 2007b,
AMAP 2011b). Stream and river discharge patterns will
change, as will the connectivity of drainage networks,
but not in ways predictable from simply knowing alterations in evapotranspiration or precipitation regimes
because of potential changes in landscape storage (White
et al. 2007).
Climate change and other environmental and anthropogenic drivers (i.e. eutrophication, acidification,
overexploitation of fish stocks, invasions of parasites or
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non-native species) are likely to have profound effects
on the structure, function and resulting biodiversity of
freshwater ecosystems. Consequently, a major scientific and ecosystem management challenge will be to
understand and predict how biological communities
within freshwater ecosystems will adapt to such changes.
Biological/ecological adaptations can take several forms
ranging from short-term responses (i.e. phenotypic
and/or behavioral changes) to longer-term evolutionary
changes (i.e. selection of new genotypes that are better
suited to new environmental conditions). Because of the
rapidity of environmental change being observed in the
Arctic (AMAP 2011b), it is more likely that the dominant observed adaptation response by organisms will be
phenotypic adaptation rather than genotypic adaptation
(Callaghan et al. 2005, Usher et al. 2005). Various species will respond differently to changing environmental conditions according to their genetic make-up and
related phenotypic plasticity, with populations at their
most environmentally extreme physiological and/or ecological boundaries being the first to be affected in terms
of being either ameliorated or expanding their distributions (Callaghan et al. 2005).
In addition to natural ecological adaptation responses by
freshwater biota, planned ecosystem management approaches through human intervention could also be used
to conserve and protect freshwater biodiversity. Planned
adaptation will likely play an increasing role in biodiversity conservation and protection in a rapidly changing
Arctic (see Hannah et al. 2002, Pöyry & Toivonen 2005,
Heino et al. 2009, Schindler & Lee 2010, and references
therein). Possible actions could include, for example:
• generation of protected-areas networks that account
for known and projected changes in environmental
and anthropogenic drivers,
• protection of large and heterogeneous areas, including
whole catchments (e.g. Schindler & Lee 2010),
• identification and maintenance of dispersal corridors
for freshwater taxa,
• restoration and management of close-to-natural ecosystems and viable populations,
• management of the matrix of aquatic ecosystems and
their associated habitats among different protected
areas in an integrated and holistic manner, and,
• where appropriate, re-introduction of key species to
areas from which they have disappeared.
Another important consideration is that the conservation and protection actions taken must be adaptive and
responsive, particularly in a rapidly changing Arctic.
For example, additive and non-additive responses to
multiple drivers and stressors could amplify or mitigate
the effects of a key driver such as climate variability and
change, making interactions between them difficult to
tease apart. Enhanced efforts are needed to develop a
better mechanistic understanding of how freshwater ecosystem structure and function and resulting biodiversity
are linked and affected by changes in environmental and
anthropogenic drivers. Such an understanding will only
be achieved through the development and application of
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appropriate integrated models, process-based studies,
experiments and coordinated local, regional and circumpolar monitoring across ecosystem types, multiple
spatial and temporal scales and levels of biological/ecological organization (individual, population, community
and ecosystem). Other promising approaches involve
using linking traits to species diversity and community
structure as a possible approach to explain and predict
current and future species distributions along environmental gradients (e.g. Litchman et al. 2010).

13.7. CONCLUSIONS AND
RECOMMENDATIONS
Arctic freshwater ecosystems are undergoing rapid environmental change in response to the influence of both environmental and anthropogenic drivers. Primary drivers
affecting the distribution, abundance, quality and hence
diversity of freshwater lentic and lotic ecosystems and
associated habitats include climate variability and change,
landscape-level changes to the cryospheric components
(i.e. permafrost degradation, alterations in snow and ice
regimes), and changes to ultraviolet radiation (UVR).
Key secondary environmental and anthropogenic drivers that are gaining circumpolar importance in affecting
Arctic freshwater ecosystem quantity and quality include
increasing acidification and pollution from deposition
of industrial and other human activities (wastewater,
release of stored contaminants, long-range transport and
biomagnification of pollutants), landscape disturbance
from human development (dams, diversions, mining, oil
and gas activity, population increase) and exploitation of
freshwater systems (fisheries, water withdrawals).
Changes in the magnitudes, duration and interactions
among environmental and anthropogenic drivers will
have profound effects on the distribution and abundance
of Arctic freshwater ecosystem types, the quantity and
quality of their habitats, and associated structural and
functional biodiversity. In response to the observed and
projected types and magnitudes of changes in environmental and anthropogenic drivers affecting the Arctic
ecozone, freshwater ecosystem diversity (i.e. the range
and types of freshwater systems), related changes to associated freshwater habitats, and corresponding faunal
biodiversity will be affected at local, regional and circumpolar scales. Given the levels of ecological complexity and associated uncertainty with linking changes
in physico-chemical factors to biological interactions,
quantifying and monitoring changes in beta and gamma
diversity in relation to changes in key drivers will be fundamental to the conservation and management of Arctic
freshwater ecosystems and their biota.
Similarly, the biodiversity within freshwater ecosystems
is being rapidly altered by natural and anthropogenic
drivers, thus a parallel understanding of functional
diversity (food web structure and complexity, productivity, carbon and nutrient dynamics) is required to develop
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and implement appropriate conservation and management measures to ensure continued ecosystem services.
Together, these observations also contribute understanding of factors promoting services provided by freshwater
ecosystems.
Currently, knowledge of Arctic freshwater ecosystems
and related biodiversity and stability is very limited due
to a paucity of long-term monitoring sites resulting in
large spatial and temporal time-series gaps particularly
in remote areas. In the face of a rapidly changing Arctic,
developing appropriate knowledge of reference states
will be critical to assessing the variability and significance of change.
Significant gaps also remain in our understanding of
how biodiversity contributes to, and how changes affect,
freshwater ecosystem functions. The future conservation
and protection of Arctic freshwater ecosystems and their
associated biodiversity requires appropriate long-term
monitoring across relevant spatial and temporal scales.
An important step to improving efforts in this area has
been the approval for implementation of the circumpolar freshwater biodiversity monitoring plan developed
by the Arctic Council Conservation of Flora and Fauna
(CAFF) working group and its Circumpolar Biodiversity
Monitoring Program (CBMP). The Arctic Freshwater
Biodiversity Monitoring Plan (Culp et al. 2012) details
the rationale and framework for improvements related to
the monitoring of freshwaters of the circumpolar Arctic,
including ponds, lakes, their tributaries and associated
wetlands, as well as rivers, their tributaries and associated wetlands. The plan also provides Arctic countries
with a structure and a set of guidelines for initiating and
developing monitoring activities that employ common
approaches and indicators.
Process-based studies are required to better understand
the abiotic and biotic controls on ecosystem properties
and to obtain a predictive understanding of how ecological communities are structured in response to changing
anthropogenic and environmental drivers. Given the
complex interactions between the abiotic and biotic drivers affecting rapid change in the Arctic, trans-disciplinary approaches will be instrumental in identifying and
understanding key processes (Hodkinson et al. 1999).
Most analyses of status and trends of biodiversity and its
change have been linked to the monitoring and assessment of species richness. Standard species-based approaches may misrepresent true structural and functional diversity and thus ecosystem stability and resilience
in the face of change. Future assessments of biodiversity
and its changes must also include consideration of ecosystem and functional attributes using both empirical
and experimental approaches. There is also an identified
need to develop integrated biological/hydro-ecological
models (in particular regarding changes in cryospheric
components) to predict freshwater biodiversity responses
to a changing climate (Hodkinson et al. 1999, Prowse &
Brown 2010b, 2010c, AMAP 2011b).
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• The establishment of a long-term, circumpolar network of integrated freshwater research observatories
and monitoring sites is required to achieve the above
goals. The focus should be inclusive of biodiversity
in ecosystems, biota and key physical and chemical
drivers, as well as anthropogenic influences, across
appropriate spatial scales.
Rapid Arctic change is outpacing present capacity for
Arctic freshwater conservation and management. Moreover, spatial displacement of key habitats, rapid shifts
in the nature of processes and colonization by southern
biota all indicate that static approaches are insufficient to
understand and manage these complex systems.
Given the large spatial scale of potential changes in
Arctic freshwater ecosystems (e.g. losses, shifts amongst
types, productivity changes), systematic wide scale observations are required.
• Accordingly, management actions for conservation
and protection of Arctic freshwater ecosystems must
be adaptive in nature and the development of novel
approaches is required.
Development of appropriate wide-scale and focal-point
approaches to monitoring is required. These could
include, for example, genomics-based diversity assessment, space-based remote sensing, networks of automated sensors systems operating at varying spatial and
temporal scales, and inter-disciplinary transfer of key approaches. In addition, community-based monitoring can
be an effective method to provide continuous data from
remote inhabited areas. Such work could range from
simple observation and documentation to the collection
of samples including tissue samples taken from harvested
species by subsistence hunters and fishers.
Freshwater ecosystems serve as trans-ecosystem integrators (e.g. linking terrestrial, freshwater and oceanic
environments) of multiple environmental and anthropogenic drivers and stressors. In particular lakes act as
sentinels and integrators of biological, geochemical and
ecological events occurring in catchments and in lacustrine environments (Schlinder 2009). Ecological transition zones within and between ecosystems concentrate
key processes, drivers and diversity, thus are focal areas
of rapid ecosystem change and thus represent ‘hotspots’
ideal for early warning.
• Consideration should be made of using basin or
‘catchment-based’ integrative approaches (e.g. Schinder 2009, Schindler & Lee 2010) for the development
of appropriate monitoring and research programs that
could link individual, population, community and
ecosystem responses to changes in environmental and
anthropogenic drivers. In addition, such an integrated
approach will allow for the assessment of the current
state of ecosystem health and cumulative impacts associated with biodiversity change.
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There is a growing recognition and concern regarding
the lack of understanding of the potential loss or gain of
species and the consequent implications for associated
ecosystem function (e.g. Hooper et al. 2005, Vaughn
2010). Given the functional importance of biota living in
aquatic environments and the difficulties associated with
cataloging their diversity and distribution, innovative
approaches and studies must be taken along a range of
spatial, temporal and organizational (e.g. system-based
and species-based) scales to better understand the connections (e.g. the necessity of obtaining an improved
mechanistic understanding of the individual effects and
interactions among environmental stressors/drivers on
all trophic levels and related ecosystem structure and
function; see Bordersen et al. 2011). In addition, in a
rapidly changing Arctic, there is a need to be aware of
and to develop ways to detect and understand possible
ecological ‘surprises’, which are unexpected findings or
outcomes that are well outside what is expected to happen or not happen (Lindenmayer et al. 2010).
• Research involving a range of comparative short- and
long-term field-based empirical studies, field experiments (including experimental manipulations)
and laboratory experiments should be conducted to
investigate and better understand the linkages and
effects of biodiversity on ecosystem function and,
consequently, on the ecological goods and services
that Arctic freshwater ecosystems provide.
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