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Current and projected patterns of global climate change are a major concern to freshwater fisheries in Canada. The mag-
nitude of the impacts of climate change vary among species and ecoregions. The latest climate change scenario projec-
tions for Canada suggest that by 2050 temperatures will increase between about 4.9°C = 1.7°C (average mean * standard
deviation) and 6.6°C * 2.3°C under the Representative Concentration Pathways (RCPs) 2.6 and 8.5 emission scenarios,
respectively. These changes will have an important influence on the physiology, distribution, and survival of freshwater
fishes, as well as other ecological processes in direct, indirect, and complex ways. Here we provide a perspective from the
Canadian Aqguatic Resources Section on the impacts of climate change to freshwater fishes. Given the geographic size and
diversity of landscapes within Canada, we have divided our perspective into three regions: eastern, western, and northern
Canada. We outline the impacts of climate change to these regions and outline challenges for fisheries managers. Because
climate change does not operate in isolation of other environmental threats, nor does it impact species in isolation, we
suggest improved interjurisdictional integration and the use of an adaptive and ecosystem-based approach to manage-

ment of these threats.

INTRODUCTION

The Canadian Aquatic Resources Section (CARS) has
a mandate to promote the conservation, development, and
wise management of aquatic resources in Canada, within the
context of sound ecological principles and sustainability. Inland
recreational fisheries in Canada encompasses over 3.6 million
anglers and represents CDN$2.5 billion in direct expenditures
and $8.7 billion in other purchases annually (DFO 2013).
Current and projected patterns of global climate change are a
major concern to freshwater fisheries in Canada. The magnitude
of the impacts of climate change vary among species and
ecoregions, but it has been predicted to be higher particularly
in northern freshwater ecosystems as water temperature is
predicted to rise faster in northern regions due to reduced ice
cover and decreased albedo effects (Hansen et al. 2006; Karl et
al. 2009). A study has already shown that in the experiment lake
areas (Ontario), mean annual air temperatures have risen by 2°C
and evaporation rates have increased by 30% within a 20-year
period (1960s to mid-1980s; Schindler et al. 1990), and the
latest climate change scenario projections for Canada suggest
that by 2050 temperatures will increase between about 4.9°C +
1.7°C (average mean + standard deviation) and 6.6°C + 2.3°C
under the Intergovernmental Panel on Climate Change (IPCC)
Representative Concentration Pathways (RCPs) 2.6 and 8.5

emission scenarios, respectively (Figure 1). Because temperature
affects ectothermic species such as freshwater fishes (Whitney
et al., this issue), changes in water temperature, snowpack, and
permafrost will have an important influence on the physiology,
distribution, and survival of freshwater fishes, as well as other
ecological processes in direct, indirect, and complex ways
(Table 1).

EASTERN CANADA

Eastern Canada, defined here as the region spanning the
provinces of Ontario, Quebec, New Brunswick, Nova Scotia,
Prince Edward Island, and Newfoundland and Labrador,
encompasses an area of 2.7 million km2. The region includes
hundreds of thousands of freshwater lakes, thousands of
kilometers of natural and regulated rivers, and some of the
largest tracks of pristine wetlands and boreal forests in the
world (NRCan 2010). These aquatic ecosystems drain into the
St. Lawrence River, Hudson Bay, and Atlantic Ocean (NRCan
2010) and include eight freshwater ecoregions of the world
(Abell et al. 2008). The latest IPCC RCP projections indicate
that by the 2070s, air temperatures will increase throughout
eastern Canada by 2°C-11°C, with greater warming in the north
(Figure 1). Precipitation will generally increase throughout the
region, but northern Quebec and Labrador will have the greatest
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Figure 1. Projected (A)-(D) temperature (°C) and (E)-(H) precipitation (mm) in Canada for 2050s and 2070s under two Representative Con-
centrate Pathways (RCP 2.6 and RCP 8.5 of Geophysical Fluid Dynamics Laboratory’s [GFDL] CM3). A1 and B1 are the difference in annual mean
air temperature of 2050s from the current air temperature under RCP 2.6 and 8.5, respectively, whereas C1 and C2 are the difference in air
temperature between 2070s and current under RCP 2.6 and 8.5, respectively. E1, F1, G1, and H1 are the difference in annual total precipitation
between 2050s and current and 2070s and current under scenarios RCP 2.6 and 8.5, respectively. Note: This figure was generated using the
data of 2013 generation General Circulation Model (GFDL CM3 at five-minute spatial resolution) projections with two greenhouse gas emission
concentration scenarios (RCP 2.6 and 8.5) from the 5th Assessment Report of the IPCC. The data were accessed from Worldclim.org on Febru-

ary 20, 2016.

increases of 150-350 mm by the 2070s. In addition to these
general regional patterns, the water budgets of the lakes, rivers,
and wetlands will be affected by variations in the seasonal
timing and magnitude of temperature and precipitation.

The highest biodiversity of freshwater fishes in Canada is
found in the Laurentian Great Lakes Ecoregion (approximately
120 species) and decreases with latitude (Abell et al. 2008).
Fish assemblages in southern watersheds are dominated by
warmwater and coolwater species, such as centrarchids and
percids, whereas more northern watersheds are dominated by
coldwater salmonids (Chu et al. 2014). Several studies have
projected the impacts of climate change on aquatic ecosystems
in different regions of eastern Canada. These include increases
in lake and stream temperatures in Ontario and New Brunswick
(Kurylyk et al. 2013; Chu 2015); increases in winter discharges,
earlier spring freshets, and decreases in spring discharges in
tributaries of the St. Lawrence River in Quebec (Boyer et al.
2010); decreases in winter stream surface temperatures due to
snow melt in east—central New Brunswick (Kurylyk et al. 2013);
and degradation of perennially frozen peatlands and severe
drying of peatlands in the northern region of eastern Canada
(Tarnocai 2009). Documented effects of climate change on
freshwater habitats in eastern Canada are rare, but a handful of
studies suggest that lake temperatures have increased (Dobiesz
and Lester 2009), and winter flows in some rivers have increased
due to snowmelt (Beauchamp et al. 2015). These changes will
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likely be amplified into the next century under the temperature
and precipitation changes. Evidence of the impacts of climate
change on freshwater fish species distributions, phenology, and
population and assemblage dynamics is mounting (Casselman
2002; Robillard and Fox 2006; Alofs et al. 2014; Lynch et

al., this issue). The northern range limits of centrarchids that
prefer warm waters are moving poleward at the rate of 13 km/
decade (Alofs et al. 2014); earlier spawning runs and smolt
outmigration in Atlantic Salmon Salmo salar (Russell et al.
2012); mismatch between the timing of smolting (Friedland et
al. 2003); biogeochemical conditions in the marine environment;
and the proportion of coolwater and warmwater species in

fish assemblages are shifting from coldwater and coolwater
assemblages to those dominated by coolwater and warmwater
species (Robillard and Fox 2006). These observations are
consistent with the forecasted changes in species distributions,
phenology, and assemblages in eastern Canada (Power 1990;
Chu et al. 2005; Jonsson and Jonsson 2009).

In eastern Canada, inland commercial fisheries support a
$37.5 million industry, whereas recreational fisheries support
a $3.39 billion industry (DFO 2013). The most harvested
commercial species are Yellow Perch Perca falvescencs and
Walleye Sander vitreus. Recreational harvest varies by region,
but the most sought after species are Brook Trout Salvelinus
fontinalis (Russell et al. 2012) and Walleye (DFO 2013).

The potential decline or increase in habitat availability and



Table 1. Summary of some key environmental changes (ongoing and anticipated) in Canadian freshwater ecosystems and potential consequences
to their fish communities resulting from climate change. The table is not meant to be read across; that is, changes and effects in the same “row” do
not imply direct links; rather, effects are likely the result of interactions among several environmental changes. Also listed are anticipated effects of
increased human population and development activities. This table is a synthesis of the following sources: Schindler et al. (1990); Minns and Moore
(1992, 1995); Prowse et al. (2011); Reist et al. (2006, 2013, 2015); Schindler and Donahue (2006); Ficke et al. (2007); Angers et al. (2010); Vincent
et al. (2011); Culp et al. (2012); Linnansaari et al. (2012); Shuter et al. (2012); CAFF (2013); Nielsen et al. (2013); Salinas et al. (2013). 1 = increase; A =
change.

Expected changes Environmental effects Biotic effects
1 frequency of extreme climate events 1 permafrost degradation and A A quantity and access to critical habitat
thermokarst processes
A seasonal phenology A drainage patterns 1 mismatch of phenology and life history
1 air temperature (especially winter) A ice breakup processes and timing A contaminant bioaccumulation
1 water temperature A freshet timing, duration, and mag- A population structure (e.g., age and size
nitude classes)
A precipitation (amount and form) A groundwater levels A demographic parameters
A ice cover duration A evaporation, surface water levels, and | A phenotype and genotypes
habitat connectivity
A ice thickness A timing and magnitude of nutrient and | A ecosystem productivity and relative
dissolved organic carbon (DOC) contributions from terrestrial, pelagic and
benthic sources
A wind patterns A ecosystem productivity A geographical range limits of northern and
southern species
A atmospheric pressure A turbidity and light regime A community composition and relative
abundance (predators, prey, competitors,
parasites)
1 human population and activities A sedimentation
A drainage patterns A carbon source/sinks/availability
A ice breakup processes and timing A mixing/stratification patterns, oxy-
gen, and thermal profiles
A freshet timing, duration, and magnitude 1 mobilization and toxicity of contami-
nants
A groundwater levels A contaminant catchments (air and
water)

A evaporation, surface water levels, and habitat connectivity 1 industrial activities and infrastructure

A timing and magnitude of nutrient and DOC 1 resource exploitation (commercial,
recreational)

A ecosystem productivity 1 contaminant export from the south
via long-range atmospheric transport

A turbidity and light regime

A sedimentation

A carbon source/sinks/availability

A mixing/stratification patterns, oxygen, and thermal profiles

1 mobilization and toxicity of contaminants

A contaminant catchments (air and water)

1 industrial activities and infrastructure

1 resource exploitation (commercial, recreational)

1 contaminant export from the south via long-range
atmospheric transport

1 mismatch of phenology and life history

A contaminant bioaccumulation

A population structure (e.g., age and size classes)

A demographic parameters

A phenotype and genotypes

A ecosystem productivity and relative contributions from
terrestrial, pelagic and benthic sources

A geographical range limits of northern and southern species

A community composition and relative abundance (predators,
prey, competitors, parasites)
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productivity of coldwater versus warmwater species will bring
a variety of social and economic challenges as novel fishing
opportunities for warmwater species may not offset declines

in the coldwater or coolwater fisheries. Therefore, adaptive
management is required throughout eastern Canada with the
known and potential effects of climate change incorporated
into fisheries management plans (Dove-Thompson et al.

2011). Climate change adaptation plans have been developed
for several jurisdictions within eastern Canada (Gleeson et

al. 2011; Government of Quebec 2012). All outline policy,
potential adaptation options, research and monitoring needs, and
implementation plans to address climate change impacts. These
plans provide guidelines that, if realized, should assist in the
conservation and sustainability of fishes and fisheries in eastern
Canada in the future.

WESTERN CANADA

Western Canada defined here is the region spanning the
provinces of Manitoba, Saskatchewan, Alberta, and British
Columbia. This area includes a diversity of ecoregions: the
Pacific coastal range, Okanagan interior plateau, foothills, the
Rocky Mountains, open prairie, and northern boreal forest.
Freshwater systems and species composition are similarly
diverse and include the Pacific Coast, Glaciated Columbia,
Upper Missouri, Upper and Middle Sasketchewan, Winnipeg
Lakes, Southern Hudson Bay, and the Upper Mackenzie (Abell
et al. 2008). Impacts of climate change varies across western
Canada from drought in the prairies (Schindler and Donahue
2006), to reduced snow pack in the Rocky Mountains (Stewart
et al. 2004; Milner et al. 2009), to changes in precipitation and
fire in the boreal forest (Flannigan and Van Wagner 1991).
Because the freshwater systems in this region primarily drain
from the Rocky Mountains to outlets across the continent such
as the Pacific Ocean, Arctic Ocean, and Hudson Bay, issues
related to reductions in snowpack and drought remain of high
concern throughout the region (Hauer et al. 1997; Stewart et al.
2004; Schindler and Donahue 2006), although understanding the
interconnectedness between climatic, environmental, and biotic
interactions remains complex (Table 1).

Each ecoregion in western Canada supports important
recreational fisheries, representing approximately CDNS$1
billion in direct expenditures and $2.5 billion in additional
purchases (DFO 2013). The Pacific coast and interior plateau are
composed of 46 species, most as postglacial migrants, with large
runs of anadromous salmon. The Rocky Mountains and foothill
natural regions support numerous trout species, including
pure Westslope Cutthroat Trout Oncorhyunchus clarkia lewisi
and Bull Trout Salvelinus confluentus populations, as well as
Lake Whitefish Coregonus clupeaformis and Arctic Grayling
Thymallus arcticus. The prairies have popular game species such
as Yellow Perch, Northern Pike Esox lucius, and Lake Whitefish.
The boreal forest ecoregion supports common game fish
species including Arctic Grayling, Mooneye Hiodon tergisus,
Goldeye Hiodon alosoides, Lake Trout S. namaycush, Mountain
Whitefish Prosopium williamsoni, Lake Whitefish, Northern
Pike, Walleye, and Yellow Perch. Many of the freshwater species
found throughout western Canada are already undergoing
dramatic declines that are predicted to be amplified with climate
change. For example, Arctic Grayling have declined by over
40% from their historical range in Alberta (AESRD 2005),
and 78% of Bull Trout core areas are considered to be at high
risk (AESRD 2012). Athabasca Rainbow Trout O. mykiss are
a subform in the Rainbow Trout complex that remain east of
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the Continental Divide (Carl et al. 1994) that are susceptible
to impacts from climate change through shifting distributions
and competition with nonnative species (AESRD 2009). Coho
Salmon O. kisutch spawning has declined substantially in the
Pacific region (Bradford and Irvine 2011).

Mitigation of climate change impacts to fisheries in western
Canada will require concerted effort from management agencies
and is complicated by other large drivers such overfishing,
invasive species, land-use change, resource development, and
habitat alteration (Bradford and Irvine 2011; Maitland et al.
2016). Knowledge gaps include understanding changing ocean
conditions on returning anadromous salmon (Bradford and
Irvine 2011), the influence of snowpack on water availability
(Stewart et al. 2004; Milner et al. 2009), and how water quantity
will influence fisheries productivity (Schindler and Donahue
2006). Given the diversity of landscapes in western Canada, the
challenges faced by climate change will vary across the region
and will require adaptive management approaches. Management
plans for many declining species have been developed across
jurisdictions in western Canada (AESRD 2005, 2009, 2012)
and include mitigating impacts of climate change. However,
these plans are often species specific and are therefore not
ecosystem based. Future management will require integrated
interjurisdiction coordination and ecosystem-based approaches
to help mitigate the impacts of climate change.

NORTHERN CANADA

Northern Canada defined here includes all Canada territories:
Nunavut, Northwest Territories, and the Yukon. Freshwater
ecoregions found in northern Canada are the Upper MacKenzie
basin, central Arctic coasts, western Hudson Bay, the Upper
Yukon, and the Canadian Arctic archipelago (Abell et al. 2008).
Climate change represents the most serious anthropogenic
challenge to northern, and especially arctic, ecosystems, not only
threatening biodiversity directly but also by contributing to other
significant threats; for example, increases in industrial activity,
pollution, and overharvest, and the spread of nonnative species
(CAFF 2013). The Arctic is warming at a rate twice the rest of
the planet (Solomon 2007); a trend that is expected to continue
throughout the 21st century. Arctic lake and river ecosystems
in Canada will be affected by climate change through changes
in the annual thermal and hydrological regimes (Figure 1),
changes that will significantly impact the systems’ hydrological
and limnological properties and contaminant burdens.

These environmental changes will, in turn, affect freshwater
biodiversity, including potential new species moving northward
(Table 2). To develop management plans for the fisheries

(and other biotic resources) of these ecosystems, we need to
understand and anticipate how northern Canada’s freshwater
fauna will respond to such dramatic and rapid changes.

Canadian Arctic and Subarctic freshwaters support 13
families of fishes, with Salmonidae being the most diverse,
many of which are important in various fisheries. Many
fishes of northern Canada, including many of the important
salmonids, are winter specialists, exhibiting adaptations for
extended periods of low temperature, light, and food levels
(Shuter and Meisner 1992; Minns and Moore 1995). These
cold-climate adaptations, however, will likely leave many
Arctic fishes vulnerable to climate change, because they bring
decreasing winter duration and increasing summer surface-
water temperatures, as well as other cumulative, cascading, and
synergetic effects (Table 1). Given the extent of their adaptations
to the harsh Arctic environment and the speed of the predicted



Table 2. List of species that have potential to extend their range and/or abundance northward into the Arctic, with some biological characteris-
tics related to expansion of their existing ranges. Temperatures are for adult individuals; values in parentheses capture spatial variation across
populations found in the literature.

into Subarctic (Great
Slave Lake)

Lowetr/
Optimum upper Salinity
temperature | range for | toler- Colonization
Species | (growth; °C) | survival ance potential Current/projected status References
Atlantic 16-19 0-(23.3- Euryhaline | Populations in Ungava Large range of temperature tolerance Scott and Crossman (1973); ACIA
Salmon 26.7) Bay (QC) but never colo- but least tolerant to low temperatures (2010); Elliott and Elliott (2010); Has-
nized habitat outside of of Salmo species, northern tip of Qué- nain et al. (2010); Nielsen et al. (2013)
their native range to date | bec may be a migration barrier
Chinook 14.8-20 0.8-(24.7- Euryhaline | Pacific salmon have been Since 2003, only seven observations Brett (1952); Scott and Crossman
Salmon 26.2) documented in the Arctic | reported (1973); Jobling (1981); Raleigh et al.
for over 100 years (1986); Wismer and Christie (1987);
McCullough (1999); Sullivan et al.
(2000); ACIA (2010); Hasnain et al.
(2010); Dunmall et al. (2013); Nielsen
et al. (2013)
Coho 15-17 1.7-(25.8- Euryhaline | Pacific salmon have been Since 2003, only one observation Brett (1952); Scott and Crossman
Salmon 28) documented in the Arctic reported (1973); Jobling (1981); Wismer and
for over 100 years Christie (1987); Sullivan et al. (2000);
ACIA (2010); Hasnain et al. (2010);
Dunmall et al. (2013); Nielsen et al.
(2013)
Chum 12-14 -0.5 to Euryhaline | Chum Salmon juveniles Chum Salmon have been harvested Brett (1952); Scott and Crossman
Salmon (23.2-25.8) are presumed relatively annually since 1997 and abundant (1973); Jobling (1981); ACIA (2010);
tolerant of low freshwater | harvests are becoming more frequent. Hasnain et al. (2010); Sullivan et al.
temperatures, spend less Spawning populations are reported in (2000); Dunmall et al. (2013); Nielsen
time postemergence in the Upper Mackenzie et al. (2013)
freshwater, and grow rap-
idly in marine habitats
Pink 15.5 0-23.9 Euryhaline | Pink Salmon juveniles Pink Salmon has the broadest dis- Brett (1952); Scott and Crossman
Salmon are presumed tolerant of tribution of all Pacific salmon in the (1973); Wismer and Christie (1987);
the low freshwater tem- Arctic, and harvests have increased, Jobling (1981); Sullivan et al. (2000);
peratures, spend less time | but spawning populations in Canadian ACIA (2010); Hasnain et al. (2010);
postemergence in fresh- Arctic remain elusive Dunmall et al. (2013); Nielsen et al.
water, and grow rapidly in (2013)
marine habitats
Sockeye 15 3.1-(23.5- Euryhaline | Pacific salmon have been Since 2003, only 10 observations Brett (1952); Scott and Crossman
Salmon 25.8) documented in the Arctic reported (1973); Jobling (1981); Wismer and
for over 100 years Christie (1987); Sullivan et al. (2000);
ACIA (2010); Hasnain et al. (2010);
Dunmall et al. (2013); Nielsen et al.
(2013)
Lake 12-16.8 0.1-26.6 Stenoha- Whitefish have expanded | Whitefish yields are projected to in- Scott and Crossman (1973); Jobling
White— line northward into to the low | crease threefold (1981); Christie and Regier (1988);
fish Arctic, up to Cambridge Wismer and Christie (1987); Minns
Bay (NU) and Moore (1992); Reist et al. (2006);
ACIA (2010); Hasnain et al. (2010)
Small- 25-29 (1.6-10.1)- Stenoha- Not present currently in Lakes in the Arctic are predicted to be Horning and Pearson (1973); Scott
mouth 35 line Arctic thermally suitable by 2100 and Crossman (1973); Jobling (1981);
Bass Wismer and Christie (1987); Jack-
son and Mandrak (2002); Chu et al.
(2005); Reist et al. (2006); Sharma et
al. (2007, 2009); Hasnain et al. (2010)
Northern | 23 0.1-(28.4- Stenoha- Temperate center of Northern Pike yields in Arctic/Subarctic | Scott and Crossman (1973); Jobling
Pike 34) line distribution but ranges are projected to increase threefold (1981); Wismer and Christie (1987);
widely into the Arctic, up Christie and Regier (1988); Minns and
to coastal area of Arctic Moore (1992); Casselman (1996); Hill-
Ocean man et al. (1999); Reist et al. (2006);
ACIA (2010); Hasnain et al. (2010)
Walleye 18-22 <4-(29- Stenoha- Temperate center of Walleye yields in Subarctic are pro- Scott and Crossman (1973); Kitchell et
35) line distribution but ranges jected to increase tenfold al. (1977); Jobling (1981); Wismer and
into southern Arctic, ex- Christie (1987); Christie and Regier
tending to the Mackenzie (1988); Minns and Moore (1992); Ar-
River delta mour (1993); Hillman et al. (1999); Chu
et al. (2005); Reist et al. (2006); Zhao
et al. (2008); ACIA (2010); Hasnain et
al. (2010)
Yellow 21-24 11-(29.2- Stenoha- Temperate center of Northward range extensions of 2° to 8° | Scott and Crossman (1973); Kitchell et
Perch 32.3) line distribution but ranges latitude are projected al. (1977); Jobling (1981); Wismer and

Christie (1987); Hillman et al. (1999);
Reist et al. (2006); ACIA (2010);
Hasnain et al. (2010)
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changes in their environment, coldwater specialists may be
unable to respond sufficiently (Reist et al. 2006, 2013, 2015;
Shuter et al. 2012). Impacts from climate change, therefore, may
directly and indirectly affect abundances of local populations
and cause range reductions along southern distributional
boundaries, just as more eurythermal species become
increasingly better suited and extend their ranges northward
(CAFF 2013). First-order responses of fish populations—for
example, changes in growth and survival—are expected to be
followed by mostly negative second-order effects, including
loss of coldwater refugia, mismatches between environmental
phenology and life history, and increased competition from
eurythermal species (Table 1; Reist et al. 2006; Prowse et al.
2011). These effects would alter community composition and
diversity, likely to the detriment of northern specialists.

In face of climate change, fisheries management will need
to mitigate effects on fish populations at different timescales,
because increases in extreme climatic events can induce short-
term variability (i.e., 1-5 years), whereas longer timescales
should bring about more consistent climatic change impacts
(Brander 2010). However, our limited knowledge about the
biology of Arctic fishes and their ecosystems, combined with
uncertainty regarding the specifics of climate projections, limits
our ability to prepare for the predicted changes. Nevertheless,

a number of general response recommendations have been put
forward by Heller and Zavaleta (2009). Because climate change
does not operate in isolation of other environmental threats,

nor does it impact species in isolation, we need to (a) develop
and implement integrated techniques for monitoring (early
detection), reporting, and management of these anthropogenic
biodiversity threats (climate change, invasive species, pollution,
overharvesting) across large spatial scales; and (b) take an
ecosystem-based approach to management of these threats at
local scales; (c) establish a connected network of protected
areas to safeguard Arctic ecosystem resilience and better enable
species to adapt to climate change; (d) identify and protect
refugial areas for Arctic specialists; and (e) increase research
efforts aimed at addressing knowledge gaps for Arctic taxa;

for example, advance our understanding of physiological,
behavioral, and demographic responses to drivers of climate
change and the responses of the freshwater ecosystems that
support Arctic specialists.
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