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Abstract As the Arctic rapidly warms, sub-Arctic
species such as the Atlantic salmon (Salmo salar) are
expected to shift their distributions into the Arctic,
potentially facilitating interaction with native Arctic
species. Here, the possible dispersal and establishment
of Atlantic salmon are considered in Canadian Arctic
fresh waters containing Arctic char (Salvelinus alpi-
nus), an important subsistence fish species. Available
information about Atlantic salmon harvests in the
Canadian Arctic was summarized to assess dispersal
potential. Review and synthesis of published data were
used to assess the suitability of the Canadian Arctic for
Atlantic salmon colonization and the interaction
potential of Atlantic salmon and Arctic char in
Canadian Arctic fresh waters. Establishment of
Atlantic salmon in Canadian Arctic thermal habitat
was deemed possible, especially with rising freshwa-
ter temperatures. Overlap in habitat preferences and
life cycles of Atlantic salmon and Arctic char, along
with data on resource partitioning in sympatry,
implied a possibility for interaction at multiple
freshwater life stages. However, many data gaps were
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identified that inhibit further discussion and analysis.
These considerations highlight the need for further
study of these two culturally, ecologically, and
economically important fish species, to address grow-
ing concerns and inform future management efforts.
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Introduction

Anthropogenic climate warming has brought about
distributional shifts and changes in abundance for a
wide variety of terrestrial and aquatic species (IPCC
2014; Sunday et al. 2015). This warming is projected
to continue increasing beyond 2100 for all but the most
severe mitigation scenarios (IPCC 2014). As such, the
global effects of climate change on species are
expected to intensify, especially in the Arctic, which
is warming more rapidly than the global average
(IPCC 2014). The upper 75 meters of the global ocean
have already warmed by 0.11 °C per decade from
1971 to 2010, and ocean temperatures are projected to
increase throughout the 21st century (IPCC 2014).
Substantial changes in fresh water attributable to
increasing air temperatures have also been docu-
mented (Chu et al. 2005; IPCC 2014). Ectotherms,
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such as fish, may be particularly vulnerable to these
changes in climate, as they rely on ambient temper-
atures to regulate internal body temperature and
maintain physical and chemical functions (Jeppesen
et al. 2012). Though fish exist over a wide range of
temperatures (from — 2.5 °C to 44 °C), no one
species can tolerate this entire range (Somero and
DeVries 1967; Heath et al. 1993; Elliott and Elliott
2010). Instead, different upper and lower thermal
limits exist within and among species, populations,
and life stages (Elliott and Elliott 2010). As global
temperatures increase, however, these preferred ther-
mal habitats are moving upward in elevation and to
higher latitudes (Parmesan 2006; Sunday et al. 2012).
Species inhabiting these rapidly changing environ-
ments must adapt, shift into more suitable habitat, or
risk extirpation (Hein et al. 2012).

Many aquatic species are already experiencing
changes in distribution, and multiple models have
predicted range shifts in response to climate warming
(Hein et al. 2012; Sunday et al. 2015; Poloczanska
et al. 2016). Climate-related southward range exten-
sions have occurred for many temperate marine fish
species from southeast Australia (Last et al. 2011;
Sunday et al. 2015), and multiple North Sea fish
species have shifted their distributions northward with
warming (Perry et al. 2005). In fresh water, fifteen
British fish species have shown a mean distributional
shift northward and upward in altitude over approx-
imately 25 years (Hickling et al. 2006). These obser-
vations support the concept of niche-tracking (Tingley
et al. 2009) through alterations of geographic ranges.
Habitat modelling of many marine and freshwater fish
species has similarly predicted poleward expansions
and range shifts based on the changing climate (Chu
et al. 2005; Fernandes et al. 2013; Hattab et al. 2014).
These models and predictions of distributional shifts
and their subsequent effects on ecosystems are
important to biologists, local communities, and
broader-scale economic activities (Sunday et al.
2015).

Anadromous species such as Pacific (On-
corhynchus spp.) and Atlantic salmon (Salmo salar)
are experiencing both freshwater and marine habitat
changes (Friedland et al. 2003; Chittenden et al. 2013;
Dunmall et al. 2013). Pacific salmon species are
expanding their range into the North American Arctic
and are increasingly being harvested in subsistence
fisheries in the western Canadian Arctic (Dunmall
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et al. 2013, 2018). Recent evidence suggests Atlantic
salmon may also be shifting their marine distribution
northward with warming temperatures (reviewed in
Todd et al. 2011; Chittenden et al. 2013). The North
American Atlantic salmon stock complex has seen an
unprecedented decline over the past two decades that
may be related to climate change (Friedland et al.
2003), and southern stocks on both sides of the
Atlantic Ocean are experiencing reduced abundances
and many are at risk of extirpation (COSEWIC 2010;
ICES 2019). Atlantic salmon and other temperate fish
species are expected to respond to changing thermal
habitat with establishment of new spawning areas
north of the current range limits, coincident with
extirpation of southern populations (Reist et al. 2006a;
Jonsson and Jonsson 2009).

Though poleward range shifts correlated with
climate change have been recorded and predicted for
many aquatic species, altered thermal regimes do not
necessarily indicate the likelihood of colonization of
these habitats. Climate-only models are known to
overestimate future species distributions compared to
models incorporating multiple habitat parameters, as
successful dispersal and colonization depend on
numerous characteristics of the novel habitat being
well-matched with biological attributes of the estab-
lishing species (Fernandes et al. 2013; Hattab et al.
2014; Pess et al. 2014; Yoon et al. 2015). Indeed,
multiple species-specific factors contribute to habitat
suitability, including temperature, spawning site char-
acteristics, and community interactions within the new
habitat (Milner et al. 2008; Fernandes et al. 2013; Pess
et al. 2014; Dunmall et al. 2016). In fish, habitat
suitability is generally related to both trophic interac-
tions and temperature (Portner and Farrell 2008), and
establishment often depends on the narrow thermal
limits of the highly vulnerable spawning and egg
stages (Adams and Maitland 2001; Dunmall et al.
2016). While temperature-only models of colonization
are less accurate, the importance of temperature in fish
growth and metabolism (Portner and Farrell 2008)
makes it a useful predictor for potential establishment
that can inform future, more robust models (Dunmall
et al. 2016).

Temperature and climate have long been recog-
nized as drivers of speciation and colonization in
freshwater and anadromous fish species (Milner and
Bailey 1989; Makhrov et al. 2005; Waples et al. 2008;
April et al. 2013). Cooling Arctic waters are thought to
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have contributed to the early Miocene divergence
between the genera Salmo and Oncorhynchus (re-
viewed in Waples et al. 2008). The current distribution
and genetic diversity of Atlantic salmon is related to
its use of southern refugia during glaciation events and
subsequent colonization of northern habitats as
glaciers retreated (King et al. 2001; Makhrov et al.
2005; Jonsson and Jonsson 2011). Indeed, temperature
is considered one of the biggest constraints on the
present distribution of Atlantic salmon (MacCrimmon
and Gots 1979) and will continue to affect Atlantic
salmon stocks as climate warming continues (Jonsson
and Jonsson 2009).

While other species are expanding their ranges
northward, Arctic char (Salvelinus alpinus) are at risk
of being reduced or displaced at the southern edge of
their range as global temperatures increase and related
changes ensue (Reist et al. 2006a, b; Vincent et al.
2013). Chu et al. (2005) predict a range contraction to
the northeast Canadian Arctic, with 63% of the current
range lost by 2050. Arctic char are declining in many
European lakes (Jeppesen et al. 2012) and are
predicted to lose 73% of their current range in Sweden
by 2100 (Hein et al. 2012). Arctic fish species such as
the Arctic char will likely be negatively affected by
climate change through rising temperatures, habitat
changes, and increased interactions with southern
species expanding their ranges northward (Reist et al.
2006b). Specifically, Atlantic salmon are expected to
shift northward and reduce or replace southern pop-
ulations of Arctic char (Reist et al. 2006a; Jonsson and
Jonsson 2009). Nielsen et al. (2013) suggest that
Atlantic salmon will eventually move into and estab-
lish in the Arctic, but the complex interactions
between climate change parameters and fish ecology
complicate quantitative predictions, as detailed
knowledge of population-habitat linkages is currently
limited (Reist et al. 2006b).

With predictions of distributional shifts of sub-
Arctic species northward (Chu et al. 2005; IPCC
2014), it is necessary to identify the risks and
opportunities associated with an increasing occurrence
of Atlantic salmon in the Arctic. Arctic char popula-
tions are typically found in lakes with few or no other
fish species (Klemetsen et al. 2003a), so the introduc-
tion of Atlantic salmon could dramatically change
those ecosystems (Reist et al. 2006a, b). Indeed, fish
introductions have been identified as one of the most
widespread threats to Arctic char populations

worldwide (Maitland 1995). Considering the impor-
tance of Arctic char to commercial, recreational and
subsistence fisheries in the Canadian Arctic, the
possible interactions of Arctic char and Atlantic
salmon could have meaningful economic, ecological,
and cultural impacts (Kristofferson and Berkes 2005).
Atlantic salmon itself is greatly important to subsis-
tence, recreational, and commercial fisheries and is
considered a symbol of Canadian heritage and
ecological health (Scott and Crossman 1973;
COSEWIC 2010). Therefore, the first objective here
is to use known ecological information about Atlantic
salmon, along with observed and predicted responses
of this species to climate warming, to discuss its
potential for dispersal and establishment in the Cana-
dian Arctic. The second objective is to investigate the
possibility for interaction between anadromous Atlan-
tic salmon and Arctic char in Canadian Arctic fresh
waters, considering the ecology and current distribu-
tions of both species.

Methods

A comprehensive literature review was conducted to
find information on thermal tolerances of Atlantic
salmon and Arctic char across major stages of their life
histories, specifically in fresh water. Both incipient
lethal temperature (temperature that can be tolerated
for a long period but not indefinitely) and ultimate
lethal temperature (temperature that cannot be toler-
ated even for short periods) (Elliott and Elliott 2010)
were found for both Atlantic salmon and Arctic char
where possible. A further search was conducted for the
general freshwater habitat requirements of Atlantic
salmon and Arctic char across different life stages with
a focus on abiotic parameters. This habitat information
was summarized separately for European and North
American Atlantic salmon populations, as well as
for those that occur in “frontier” areas such as
Greenland, Ungava Bay, and northern Iceland, in
order to assess the colonization potential of Atlantic
salmon to the Canadian Arctic based on area of origin.
Habitat information for Arctic char was summarized
separately for European and North American popula-
tions to contextualize data from sympatric European
populations while highlighting differences between
American and European populations, ultimately pro-
viding a more complete review. The distribution of
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both species and data on existing sympatric popula-
tions where they overlap was also identified from
published records. The occurrence of vagrant Atlantic
salmon outside known distribution was identified from
Nunavut community harvest data (Government of
Nunavut 2009, 2010, 2012a, b, 2013, 2014, 2015a, b,
unpublished data) and a traditional ecological knowl-
edge (TEK) study of Qikiqtarjuaq fishing areas (Janjua
et al. 2016).

All literature review was conducted using the
University of Manitoba library database, Web of
Science, and Google Scholar. Articles were collected
through searching important keywords as well as
identifying relevant references from the articles
located in this search. Primary keywords were “At-
lantic salmon”, “Salmo salar”, “Arctic char”, and
“Salvelinus alpinus”, paired with one or several of the
following terms: “adult”, “juvenile”, “egg”, “spawn-
ing”, and other life stage terms; “temperature”,
“thermal tolerance”, “thermal limits”, and other
temperature-related derivatives; “lake habitat”, “river

habitat”, “freshwater habitat” as well as specific
habitat parameters including “depth” and “water
velocity”; “distribution” and “range”; “sympatry”

and “sympatric populations”; “Greenland”, “Kapisil-
lit”, “Iceland”, and “Ungava Bay”. Papers were first
screened for broad relevance using information pre-
sented in the abstract, then the contents of each paper
were closely assessed for relevance to the objectives of
this review.

Results

There is distributional overlap of Atlantic salmon and
Arctic char in both North America and in Europe, and
sympatric populations are known in Iceland, Norway,
Russia, and in Ungava Bay (Grgnvik and Klemetsen
1987; Salonius 1973). Atlantic salmon and Arctic char
are similar in several aspects of their ecology and
distribution, suggesting the potential for interaction
between these species if Atlantic salmon were to shift
northward into Arctic char habitats. Both species have
similarly low temperature tolerances at all life stages
(Table 1) and can survive and grow under ice cover
(Klemetsen et al. 2003b; Linnansaari and Cunjak
2010). Riverine and lacustrine habitats may be used by
both Atlantic salmon and Arctic char for spawning and
rearing, potentially facilitating interaction in both
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habitats at multiple life stages. Their freshwater diets
are also similar, as both species are considered
generalist carnivores that prey on invertebrates and
fish (Scott and Crossman 1973; Johnson 1980). The
above similarities are enhanced by the great overlap in
freshwater life cycles of Canadian Arctic char and
Atlantic salmon, as both species hatch in spring, rear in
fresh water for one or several years before migrating to
the ocean, and return to spawn in fresh water in
autumn (Scott and Crossman 1973; Johnson 1980).

Distribution

Arctic char have a circumpolar distribution and can be
found as both freshwater resident and anadromous
forms in northern hemispheric lakes and rivers, with
lake use prevailing in the Arctic (Power and Reist
2018). The Arctic char is the northernmost freshwater
fish (Klemetsen et al. 2003a) and occurs naturally in
16 countries (Fig. 1), with southern stocks confined to
fresh water (Maitland 1995). In Canadian fresh waters,
Arctic char populations occur from Newfoundland,
Labrador and eastern Quebec, north to Hudson Bay
and the Arctic Archipelago, and west to the Mackenzie
River estuary (Power and Reist 2018). Anadromy is
more prevalent in Greenland and Canadian Arctic
stocks than those in the European Arctic; Norway has
fewer anadromous stocks than Canada despite having
ten times as many total populations, and Sweden has
no migratory populations at all (Maitland 1995).
Atlantic salmon occur in rivers and lakes on both
the east and west coasts of the North Atlantic Ocean in
anadromous and freshwater resident populations,
including a single, disjunct population in Kapisillit
River, Greenland (Fig. 1) (MacCrimmon and Gots
1979; Thorstad et al. 2011). Spawning has sporadi-
cally been recorded in other Greenland rivers but the
resulting progeny likely do not survive, given that
these spawning fish are considered exceptional strays
(Nielsen 1961; Jensen 1990). Many populations exist
on the Arctic coasts of Norway and Russia, with the
northernmost spawning populations found at 70°N in
Finnmark County, Norway (MacCrimmon and Gots
1979; Kazakov and Veselov 1998; Nielsen et al.
2013). To date, however, no known Arctic populations
of Atlantic salmon occur in North America, with the
northernmost Canadian spawning populations occur-
ring in sub-Arctic rivers draining into Ungava Bay
(Lee and Power 1976). The Nastapoka River in the
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Table 1 Critical temperatures for survival at different life stages of Arctic char and Atlantic salmon
Life stage Arctic char (Salvelinus alpinus) Atlantic salmon (Salmo salar)
Lower References Upper References Lower  References Upper References
Eggs 0°C Elliott and 8 °C Elliott and 0.15 °C  Wallace and 16 °C Elliott and
Baroudy Baroudy Heggberget Baroudy
(1995)° (1995)° (1988)™4 (1995)°
Juveniles
Alevins
Incipient 0 °C Elliott and 19-21 °C  Elliott and 0°C Elliott and 23-24 °C Elliott and
Elliott (2010)° Klemetsen Elliott (2010)° Elliott
(2002)*4 (2010)°
Ultimate 0 °C Elliott and 23-26 °C  Elliott and 0°C Elliott and 24-25 °C Elliott and
Elliott (2010)° Klemetsen Elliott (2010)° Elliott
(2002)*¢ (2010)°
Parr
Incipient 0 °C Elliott and 21.6 °C  Baroudy and 0°C Elliott (1991)*¢ 27.8 °C Elliott
Baroudy Elliott (1991)*
(1995)° (1994)*¢
Ultimate — 1 °C Elliott and 26.6 °C Baroudy and <0°C Elliott (1991)*¢ 33 °C Elliott and
Elliott (2010)° Elliott Baroudy
(1994)*¢ (1995)°
Adults <1°C Amundsen and N/A N/A 29.5-30.5 °C  Huntsman
Knudsen (1942)>f
(2009)™¢

“Experimental study
Observational study
“Information synthesis
dNorway

‘UK

Nova Scotia

Hudson Bay hosts both a resident and an anadromous
population of Atlantic salmon, likely colonized
through headwater exchange with the Koksoak River
in Ungava Bay (Morin 1991). It is suggested that the
northern Newfoundland and Labrador coastline is a
barrier to northward range expansion of Atlantic
salmon in North America, due to a lack of suit-
able thermal habitat in fresh water for juvenile
development (Salonius 1973; Nielsen et al. 2013).
Sympatric populations of anadromous Atlantic
salmon and Arctic char exist in lakes and rivers in
Iceland, northern Norway, and the Kola Peninsula in
Russia (Grgnvik and Klemetsen 1987; Heggenes and
Saltveit 2007). Northern Canadian spawning popula-
tions of anadromous Arctic char and Atlantic salmon
are only known to exist in sympatry in rivers of
Ungava Bay and the Nastapoka River (Dunbar and

Hildebrand 1952; Salonius 1973; Coppinger and Ryan
1999). Dunbar and Hildebrand (1952) determined that
Arctic char populations occur in all suitable lakes and
rivers of Ungava Bay, whereas Atlantic salmon only
utilize the larger rivers between the George River and
the Koksoak River. Jessop et al. (1970) concluded that
the Leaf River is the only river in Ungava Bay
ascended by a substantial number of both Atlantic
salmon and Arctic char.

Nunavut harvest

A TEK survey conducted in 2014 in Qikiqtarjuaq
fishing areas revealed that more Atlantic salmon are
being seen in those areas as compared to the past,
particularly since the last TEK survey conducted in
1995/1997 (Read 2000; Janjua et al. 2016). Small
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Fig. 1 Distribution of anadromous Atlantic salmon and Arctic
char throughout the North Atlantic and Arctic Oceans,
highlighting the Kara River (northeastern spawning limit of
Atlantic salmon) and other locations mentioned in the text

numbers of unknown or unusual fish, identified by
harvesters as Atlantic salmon, have been reported in
Canadian Arctic waters (Government of Nunavut
2009, 2010, 2012a, b, 2013, 2014, 2015a, b, unpub-
lished data). Species identification of these unusual
fishes was performed using photos provided by
interviewers (Government of Nunavut 2012a), draw-
ing on the ability of experienced harvesters to identify
novel or uncommon fishes. The greatest number of
these sightings have been in rivers and coastal waters
near the Clyde River community (Fig. 2), primarily
from August through October, though there were at
least two recorded instances of Atlantic salmon in
fresh waters during winter (Government of Nunavut
2014). Sightings in several lakes near Coral Harbour
(Fig. 2) are apparently rare but have been reported by
at least four hunters (Government of Nunavut 2012a).
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(MacCrimmon and Gots 1979; Johnson 1980; Morin 1991;
Jgrgensen and Johnsen 2014; Power and Reist 2018). Countries
labelled with ISO 3166-1 alpha-2 codes

Atlantic salmon have been seen migrating up the
Kellett River near Kugaaruk in fall, where they are
described as difficult to catch due to the strength of the
running river (Government of Nunavut 2015b). Sight-
ings are not exclusive to recent years; fish identified as
Atlantic salmon have been seen in large numbers near
Pond Inlet since the 1950s (Government of Nunavut
unpublished data), one Atlantic salmon was caught in
a river near Pangnirtung in 1998 (Government of
Nunavut 2013), and one hunter caught an Atlantic
salmon in the coastal waters of Cambridge Bay in
1992 (Government of Nunavut 2015a). Other loca-
tions with reported sightings or harvests of Atlantic
salmon include coastal waters near Iqaluit, river nets
in Kimmirut, the mouth of a river near Kugluktuk,
coastal waters near Cape Dorset, and the coastal
waters near Resolute Bay (including one large,
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Fig. 2 Catch and sighting locations of fish identified as Atlantic salmon in Nunavut (data collected from: Government of Nunavut

2009, 2010, 2012a, b, 2013, 2014, 2015a, b, unpublished data)

unknown salmon) (Fig. 2) (Government of Nunavut
2009, 2010, 2012b, unpublished data). Communities
with no reported Atlantic salmon harvests or sightings
include Arctic Bay, Arviat, Baker Lake, Chesterfield
Inlet, Gjoa Haven, Grise Fiord, Hall Beach, Iglulik,
Naujaat, Rankin Inlet, Sanikiluaq, Taloyoak, and
Whale Cove.

Temperature

Most thermal tolerance data for both Arctic char and
Atlantic salmon are from European populations, with
very few data from North American populations and
virtually none from the cold-adapted Atlantic salmon
populations. Atlantic salmon and Arctic char show

overlap in lower thermal tolerances but Atlantic
salmon appear to have a higher upper thermal limit
than Arctic char (Table 1). Atlantic salmon can
tolerate a greater range of temperatures across all life
stages, from 0 to 33 °C (Table 1). Eggs may experi-
ence incubation temperatures of 0.1 to 0.3 °C in
naturally occurring populations (Nielsen 1961; Wal-
lace and Heggberget 1988). Juveniles are known to
survive temperatures of 0 °C in the lab (Elliott 1991)
and appear capable of acclimatizing to ice cover and
winter temperatures near or below 0 °C while main-
taining survival and growth (Cunjak 1988; Bremset
2000; Finstad et al. 2004; Linnansaari and Cunjak
2010). There is no evidence of thermal adaptation for
eggs or juveniles, except possibly in very cold rivers
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(Wallace and Heggberget 1988; Elliott and Elliott
2010). However, there is a general lack of data
pertaining to incubation temperatures in spawning
habitats for Atlantic salmon and Arctic char. The
thermal tolerances of adult Atlantic salmon in fresh
water are less well understood than are those of the egg
and juvenile stages, particularly at the lower critical
temperature (Table 1) (DFO 2012). Seawater-accli-
mated adults can survive temperatures down to
— 0.75 °C in the presence of ice (Fletcher et al.
1988), however, and temperature tolerance is size-
specific, meaning that larger individuals have lower
thermal limits (DFO 2012). Adult Atlantic salmon
likely have lower values of both upper and lower
critical temperatures than do juvenile Atlantic salmon
(DFO 2012). Compared to Atlantic salmon, Arctic
char have a slightly narrower range of tolerated
temperatures across all life stages, from 0 up to
26 °C (Table 1). The upper thermal limit of adult
Arctic char is not well known (Table 1); however, like
Atlantic salmon, it is likely lower than that of juveniles
due to the relationship between size and thermal
tolerances (DFO 2012). Like the Atlantic salmon,
there is no evidence for geographic variation in
thermal adaptation in Arctic chars (Elliott and
Klemetsen 2002). For both species, the egg stage has
the most limited range of tolerated temperatures,
whereas the parr stage has the broadest range of
tolerated temperatures (Table 1).

Habitat

Arctic char and Atlantic salmon are capable of both
riverine and lacustrine spawning but show differences
in spawning site preference (Table 2, 3). Riverine
spawning sites of Arctic char have been documented
over a wide range of depths, from less than 1 m in
Russia, up to 11 m in northern Canada (Table 2). This
variability can occur even within the same watershed,
such as in the Cumberland Sound area of Baffin Island
(Moore 1975). Spawning occurs in flows of
20-80 cm s~ or in stillwater pools (Harwood and
Babaluk 2014) over a variety of spawning substrates
from coarse sand to boulders and gravel (Table 2).
Conversely, Atlantic salmon prefer to spawn in
shallow (mean =+ standard deviation (SD);
0.45 m £ 0.16 m) areas of the main river and larger
tributaries (Mills 1989; Louhi et al. 2008), in flows of
56cm s~ £22cm s and over gravel from I to
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11.5 cm in diameter (Table 3). In northern lakes,
Arctic char may spawn at depths from 0.5 m in Arctic
Canada (Richardson et al. 2001) up to 100 m in Lake
Blasjon, Sweden (Johnson 1980), over cobble and
gravel (Table 2). Little is known about Atlantic
salmon spawning in lakes (Einarsson et al. 1990),
but redds and eggs have been observed near outlet
areas at 1-1.5 m depth in varied water flows, between
crevices of rocks and boulders (Table 3). Spawning
may also occur in the upwelling areas close to shore,
such as in Lake Medalfellsvatn, Iceland (Einarsson
et al. 1990).

Freshwater rearing preferences are well-docu-
mented for both Arctic char and Atlantic salmon
juveniles (Table 2, 3). In rivers, Arctic char juveniles
utilize stillwater pools or lower velocity water
(0-15 cm s7' in Europe; 1-30 cm s~ in North
America) and show a preference for substrate com-
posed of gravel and varying sizes of stones (Johnson
1980) (Table 2). Arctic char juveniles have been
described as using shallow stream waters both in
allopatry (reviewed in Johnson 1980) and sympatry
with Atlantic salmon, where they have been found in
waters less than 10 cm deep (Heggberget 1984).
Utilization of deeper waters (60 cm) may also occur
(Table 2). Atlantic salmon juveniles prefer faster
water velocities (10-80 cm s_l), coarser substrate
such as boulders rather than gravel or sand (Holier-
hoek and Power 1995), and water depths up to 65 cm,
though juveniles in northern populations may be found
up to 88 cm deep (Table 3). In Arctic lakes, juvenile
Arctic char show a preference for the littoral zone,
whereas in temperate lakes they typically use deeper
water (Table 2). Juvenile lacustrine Arctic char are
typically found over and within rocky bottoms, though
exceptions do occur (Johnson 1980). Juvenile Atlantic
salmon are also known to use the littoral zone of lakes
(Table 3) and will use both macrophytic vegetation
and rocks for shelter (Halvorsen and Jgrgensen 1996).

Less information is available on the preferred
freshwater habitats of adults of both Arctic char and
Atlantic salmon. Riverine adult Arctic char tend to use
deeper water than do juvenile conspecifics (Table 2)
and are known to overwinter in deep pools of the main
river, but most Canadian stocks of Arctic char
overwinter in lakes (Harwood and Babaluk 2014).
Adult Atlantic salmon migrating upriver for spawning
occasionally rest in pools over 90 cm depth (Table 3)
and are more bottom-oriented during the day
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Table 2 Habitat requirements across life stages of Arctic char

Riverine spawning requirements

Lacustrine spawning requirements

Continent

Depth Water flow Substrate Reference Depth Water flow  Substrate Reference

. . Johnson
Europe and 0.2-1.0m 20-80 cmst  [neormedium ey 19732 1120 m N/A 1-5em 1980 b; Rubin
Russia pebbles gravel 2005 ¢
Coarse sand to Harwood and P
Jorth. <1-11m 20-70cms'  boulder strewn  Babaluk 2014%  0.5-6m N Copbleand - Richarson cf
merica gravel Moore 1975 ¢ grave .
Riverine rearing requirements Lacustrine rearing requirements
Depth Reference Water flow Reference Position Reference
Gunnarsson and Gunnarsson and p LN
Euro'?e and 18-60 cm Steingrimsson 0-15cm-s™! Steingrimsson Littoral (arctic); deep Johnson 1980 f
Russia b b water (temperate)
2011 2011
North ; ot Sinnatamby et al. Littoral (arctic); deep ;
America Shallow water Johnson 1980 1-30 cm-s 20120 water (temperate) Johnson 1980
Riverine adult requirements Lacustrine adult requirements

Depth Reference Water flow Reference Position Reference
Euror'Je and Deeper water Johnson 1980 * N/A Littoral, sonjehmes Langeland et al. 1991 °
Russia pelagic
North Deeper water Johnson 1980 " 50-100 cm-s*' Beddow et al. N/A
America 1998°¢

“Eastern Russia (Salvelinus sp., species unclear)
"Northern Europe

“Western Europe

dNorthern Canada

°Eastern Canada

"Information synthesis

(reviewed in Bardonnet and Bagliniére 2000). Spawn-
ing migrations of adult Atlantic salmon are generally
positively associated with increasing river flow, with
exceptions related to migration stage and river-speci-
fic hydrological characteristics (Milner et al. 2012).
Not much is known about the habitat use of the kelt
stage of Atlantic salmon but they are known to use
pools and backwaters in riverine environments (re-
viewed in Bardonnet and Bagliniere 2000). In lakes,
adult Arctic char primarily use the littoral zone in
allopatry, though use of pelagic areas also occurs
(Table 2). The habitat use of adult Atlantic salmon in
lacustrine environments is not well-documented,
though kelts may use lakes as habitat where available
(Bardonnet and Bagliniére 2000).

Diet
Both Atlantic salmon and Arctic char are opportunis-

tic, generalist carnivores (Scott and Crossman 1973;
Johnson 1980; Jgrgensen et al. 2000). Arctic char eat a

wide variety of vertebrates and invertebrates, with
amphipods, insect larvae and fish being common prey
items (reviewed in Scott and Crossman 1973). Where
available, Arctic char selectively feed on larger
organisms (Johnson 1980). Cannibalism on smaller
conspecifics is common and occurs in many sympatric
populations of resident and anadromous Arctic char
(Klemetsen et al. 2003a; Svenning et al. 2007). Adult
char have also been documented consuming Pacific
salmon eggs (Volobuev 1973). Juvenile Atlantic
salmon commonly feed on invertebrates, including
insect larvae and adult insects, as well as small fish
(Scott and Crossman 1973; Johansen et al. 2011).
Piscivory by Atlantic salmon parr is thought to only
occur in lacustrine rearing areas (Erkinaro et al. 1998).
Anadromous adult Atlantic salmon typically do not
feed during their freshwater migration, but occasional
cannibalism by mature Atlantic salmon on parr and
smolts has been recorded (Mills 1989). Landlocked
adult Atlantic salmon are generally piscivorous if size
allows, but dwarf adults are known to consume
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Table 3 Habitat requirements across life stages of Atlantic salmon

Riverine spawning requirements

Lacustrine spawning requirements

Continent

Depth Water flow Substrate Reference Depth Water flow  Substrate Reference

0.45m; SD = 56cm-s’;SD=11.5cm;SD=  Heggberget et Upwelling Einarsson et
Europe 0.16 m 22 cm-s! 5.5 cm gravel al. 1988 N/A springs NA al. 1990 ¢
) 1-30 cm .
North 4 Couturier et al. ’ Couturier et al.
America 0.3-04 m 55 cm-s <3 cm gravel 1986 b 1-1.5m Variable rocks and 1986 b
boulders
Cold- Arnekleiv et al.
adapted N/A N/A Gravel beds 2019 ¢ N/A N/A N/A
Riverine rearing requirements Lacustrine rearing requirements
Depth Reference Water flow Reference Position Reference
Méki-Petéys et o Méki-Petéys et . Halvorsen and Jorgensen
Europe 15-65 cm al. 20022 20-80 cm-s al. 20022 Littoral 1996 @
North Rimmer et al. A Rimmer et al.
America 6-54 cm 1984 ° <10-50 cm's 1984 N/A
_ Tunney and Tunney and .
Cold 10-88 cm Steingrimsson 2.3-65.7 cm-s™! Steingrimsson Littoral (qther areas not Arnekleiv et al. 2019 ©
adapted 20129 20124 fished)
Riverine adult requirements Lacustrine adult requirements
Depth Reference Water flow Reference Position Reference
>90 cm (holding Bardonnet and

Europe pools) Bagliniére 2000 © N/A N/A
North >90 cm (holding Bardonnet and
America pools) Bagliniére 2000 * N/A N/A
Cold-
adapted N/A N/A N/A

“Northern Europe
Eastern Canada
“Greenland
9Northern Iceland

“Information synthesis

primarily zooplankton (reviewed in Johansen et al.
2011).

Interaction

Competition between Atlantic salmon and Arctic char
is sometimes inferred (e.g. Halvorsen et al. 1997;
Heggenes and Saltveit 2007) but literature review
revealed no studies looking directly at competitive
interactions or interspecies aggression at an individual
level in the wild. Indeed, previous studies investigat-
ing interaction between Atlantic salmon and Arctic
char often cannot fully separate the roles of selective
segregation and interactive segregation in determining
resource use (Heggenes and Saltveit 2007). Habitat
and resource partitioning occurs between Atlantic
salmon and Arctic char in both riverine and lacustrine
habitats (Halvorsen et al. 1997; Jgrgensen et al. 2000;
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Heggenes and Saltveit 2007), though the presence of
aggressive brown trout (Salmo trutta) in many of these
study systems complicates definitive conclusions
(Langeland et al. 1991). Habitat segregation observed
in a sympatric Norwegian population of Atlantic
salmon and Arctic char likely results from both
species-specific and interactive selective forces, as
well as rising freshwater temperatures (Svenning et al.
2016). Atlantic salmon are considered a more aggres-
sive species than Arctic char, with a competitive
advantage in faster-flowing waters, whereas Arctic
char may be a better competitor in lakes (Halvorsen
and Jgrgensen 1996). Interestingly, Atlantic salmon
and Arctic char in duoculture both show higher growth
rates and lower intraspecific aggression than in
monoculture (Holm 1989). Fish in aquaculture are
held in much higher densities than typically found in
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the wild, however, so application of these results to
wild populations is tenuous at best (Holm 1989).

Life cycle

The life cycles of Arctic char and Atlantic salmon
share many similarities, particularly in fresh water
(Fig. 3). In Canada, the anadromous forms of both
species spawn in autumn, with eggs hatching in spring
and alevins emerging in summer (Fig. 3) (Scott and
Crossman 1973; Johnson 1980; Thorstad et al. 2011).
Arctic char in more southern habitats tend to spawn in
later months (Scott and Crossman 1973). Given that
incubation duration for both species depends on
temperature, with warmer temperatures leading to
shorter incubation times (Scott and Crossman 1973;
Jeuthe et al. 2016), southern Arctic char populations
that spawn in later months could hatch at similar times
to more northern Arctic char. Both species are capable
of spawning in rivers and lakes, though sympatric
populations of Atlantic salmon and Arctic char show a

Juveniles rear in
rivers and lakes

tendency for Atlantic salmon to spawn in rivers and
stream beds, while Arctic char generally spawn in
lakes (Jgrgensen et al. 2000; Jensen et al. 2012).
Juveniles of both Arctic char and Atlantic salmon
spend several years rearing in fresh water, feeding and
growing until they are large enough to smoltify and
make their seaward migration (Fig. 3) (Scott and
Crossman 1973). Once in the ocean, Atlantic salmon
typically make long-distance migrations lasting from
one to several years, though estuarine forms of
Atlantic salmon are known in Ungava Bay and the
Nastapoka River (Robitaille et al. 1986; Morin 1991).
Arctic char remain coastal during ocean migration and
typically return to fresh water to overwinter (Fig. 3),
though some Arctic char remain in fresh water the year
before spawning rather than returning to the ocean
(Harwood and Babaluk 2014). At maturity, individu-
als of both species return to their natal streams for
spawning; as both species are iteroparous (Johnson
1980; Thorstad et al. 2011), surviving postspawners
will eventually return to the ocean (Fig. 3).

Smolts migrate
. to the ocean
”~

AC: 2-9 yrs
AS: 1-8 yrs

Alevins emerge from |
spawning substrate 1

AC: mid Jul
AS: May-Jun %
: Parr may mature '
' precociously /

_______

Eggs hatch in
April

Adults
spawn in redds

AC: Sep-Oct
AS: Oct-Nov

Char overwinter in
natal or non-natal
rivers and lakes

spawners return to

spring and early
summer

Ocean feeding
migration

AC: 2-4 seasons, coastal
AS: 1-5 yrs, distant

Surviving post-

the ocean

ature individuals make
spawning migrations in natal
streams

AC: begins late Jul, early Aug
AS: begins May-Oct

Fig. 3 Simplified life cycle of Canadian anadromous Arctic char (AC) and Atlantic salmon (AS) with a focus on freshwater life stages
(Scott and Crossman 1973; Johnson 1980; Jonsson and Jonsson 2001; Thorstad et al. 2011)
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Discussion
Dispersal and establishment

Atlantic salmon are predicted to shift their distribution
northward with changing thermal habitats (Jonsson
and Jonsson 2009) and vagrant fish identified as
Atlantic salmon have been harvested outside their
known distribution in several lakes, rivers, and coastal
areas in Nunavut (Government of Nunavut
2009, 2010, 2012a, b, 2013, 2014, 2015a, b, unpub-
lished data). The overall lack of biological data in
these reports, such as population of origin and
maturation status, prevents understanding of the origin
of these fish and whether they can establish spawning
populations. Another potential issue with these reports
is the possibility of misidentification. For example, the
lone fish caught in Kugluktuk was identified as an
Atlantic salmon (Government of Nunavut 2010) but
could instead be a misidentified Pacific salmon, given
the presence of Pacific salmon in this location
(Dunmall et al. 2018) and the similarities between
Pacific and Atlantic salmon (Fisheries and Oceans
Canada 2018). Experienced harvesters know when
they have caught an unusual fish, however, so we can
be confident that the reported fish are not the typical
species or phenotypes caught in these locations. While
thought not yet to be established, the occurrence of fish
identified as Atlantic salmon in these novel locations
suggests that the species can access both marine and
freshwater habitats outside their typical range. Access
to new areas is likely a result of environmental change.
As these locations are within the known distribution of
Arctic char, and as there is also considerable overlap in
life cycle and habitat preferences between these
species, it is important to understand both the potential
for colonization by Atlantic salmon in the Canadian
Arctic, and the resulting interactions between native
Arctic char and Atlantic salmon in these northern
watersheds.

Dispersal of Atlantic salmon into the Canadian
Arctic may be facilitated by the oceanography of
Davis Strait and Baffin Bay, particularly the patterns
of circulation. The West Greenland Current (WGC)
transports water northward along the western coast of
Greenland, while the Baffin Island Current (BIC)
flows southward along the eastern coast of Baffin
Island (Hamilton and Wu 2013). Atlantic salmon from
both North American and European populations have
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used the waters off west Greenland as feeding grounds
since at least as early as the 1930s (Jensen 1990) and
could disperse into the Canadian Arctic following the
WGC northward, including the cross currents to Baffin
Island, and then the BIC southward. The higher
abundance of Atlantic salmon catches in and around
the Clyde River community (Government of Nunavut
2014) could be evidence of this conduit for Atlantic
salmon to the Canadian Arctic, as Clyde River is
directly along the path of the BIC (Hamilton and Wu
2013) and Atlantic salmon following this current
could potentially reach Clyde River more easily than
the other Nunavut communities.

Historical colonizations by Atlantic salmon fol-
lowed retreating glaciers (King et al. 2001). North
American populations were restricted to more south-
ern habitats during the Pleistocene glaciations, thus
could only recolonize northern watersheds as the
Laurentide ice sheet retreated and those rivers and
lakes returned to habitable temperatures (Power
1958). The current European and Russian distributions
were likely colonized from multiple different post-
glacial routes (Nilsson et al. 2001; Makhrov et al.
2005). Atlantic salmon colonizing new habitats
following glacial retreat would have faced fluctuating
climatic conditions (Power 1958), but the adaptations
of Ungava Bay Atlantic salmon to cold temperatures
and a short growing season (Lee and Power 1976)
demonstrate an ability to colonize rivers with harsh
conditions. These postglacial colonizations likely
occurred over hundreds or thousands of years (King
et al. 2001), whereas contemporary colonizations by
other salmonids occur over tens of years (Milner et al.
2007).

The importance of temperature in constraining the
current range of Atlantic salmon (MacCrimmon and
Gots 1979) will be a defining factor in potential
colonizations. Narrow thermal tolerances at the egg
stage appear to be a colonization bottleneck for Pacific
salmon shifting northward (Dunmall et al. 2016);
alternatively, the apparent tolerance by Atlantic
salmon for cold temperatures even during egg devel-
opment may be a key characteristic that could
facilitate Atlantic salmon colonizing novel locations
in the Canadian Arctic. Considering the overlap in
thermal tolerances between Atlantic salmon and
Arctic char, and the presence of suitable habitat for
Arctic char in Canadian fresh waters, it is possible that
suitable thermal habitat for Atlantic salmon at all
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Table 4 Summary of expected and possible changes and their implications for Arctic char and Atlantic salmon in the Canadian

Arctic

Changes

Potential implications

References

Warming freshwater
temperatures

Vagrant Atlantic salmon
dispersing into the
Canadian Arctic

Atlantic salmon and Arctic
char living in sympatry in
the Canadian Arctic

Suitability of Arctic fresh waters for Atlantic
salmon expected to increase

Atlantic salmon may be more suited to warmer
fresh waters than Arctic char

Increase in productivity could lead to decrease in
Arctic char anadromy

Atlantic salmon could outcompete Arctic char in
certain rivers; could lead to a reduction or
exclusion of Arctic char from more southerly
habitat

Atlantic salmon may establish in watersheds
occupied by Arctic char

Atlantic salmon and Arctic char could live in
sympatry, with potential competition for
resources and habitat

Could present an opportunity for an Atlantic
salmon fishery

Potential competition for riverine and lacustrine
spawning habitat due to freezing of rivers

Habitat segregation in rivers: Arctic char in slow-
flowing water near riverbanks, Atlantic salmon
in fast-flowing waters near midstream

Habitat segregation in lakes: Arctic char juveniles
restricted to pelagic until temperatures cool

Diet overlap and consumption of eggs/smaller
fishes by larger fish implies possible trophic

Reist et al. (2006a)
Gilbert and Tierney (2018)
Finstad and Hein (2012)

Jonsson et al. (2001), Larsson et al. (2005),
Reist et al. (2006a), Gilbert and Tierney
(2018)

Government of Nunavut
(2009, 2010, 2012a, b, 2013, 2014, 2015a, b)

Grgnvik and Klemetsen (1987), Heggenes and
Saltveit (2007)

Dunbar (1970), Kazakov and Veselov (1998)
Power et al. (1999)

Heggberget (1984), Heggenes and Saltveit
(2007)

Halvorsen and Jgrgensen (1996), O’Connell and
Dempson (1996), Jgrgensen et al. (2000)

Volobuev (1973), Mills (1989), Klemetsen et al.
(2003a)

interactions

freshwater life stages is currently available in the
Canadian Arctic. For example, temperatures associ-
ated with anadromous Arctic char in two South Baffin
Island lakes ranged from 0.3 to 10.9 °C in fall and
winter (Young 2019), similar to temperatures experi-
enced by the Kapisillit Atlantic salmon in Greenland
(Nielsen 1961; Hedeholm et al. 2018). As climate
warming continues and freshwater temperatures rise,
the suitability of northern habitats for Atlantic salmon
is expected to increase (Table 4) (Schindler 2001;
Reist et al. 2006a; IPCC 2014). Worth mentioning is
that pure temperature tolerance data cannot necessar-
ily be used to assess individual success, as water
temperature within a species’ thermal limits still
influences energy budget and body condition in
salmonids (Jonsson and Jonsson 2011; Gilbert and
Tierney 2018). For example, water temperature
impacts migratory ability and aerobic recovery in

both Arctic char and Atlantic salmon (Moore et al.
2012; Gilbert and Tierney 2018), as well as habitat
choice and interspecies interactions among salmonid
juveniles (Mills 1989; Svenning et al. 2016). How-
ever, temperature tolerance at the thermally-vulnera-
ble egg stage, a life stage critical for establishment,
may be used as a proxy to broadly assess colonization
potential (Adams and Maitland 2001; Dunmall et al.
2016). Thermal limits of juvenile and adult Atlantic
salmon and Arctic char were summarized here for
completeness but are less ecologically applicable
when assessing colonization potential, though they
indicate similarities between the two species that may
allow them to exist in sympatry. Evidence suggests
temperate salmonids may even be more physiologi-
cally suited to some Arctic rivers than native Arctic
char as temperatures increase (Gilbert and Tierney
2018). The behavioural flexibility of Atlantic salmon
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in response to environmental conditions, as evidenced
by the estuarine salmon in Ungava Bay and Nastapoka
River (Robitaille et al. 1986; Morin 1991), could be
especially important for success in cold Arctic
environments.

Interaction between salmon and char

If Atlantic salmon colonize Canadian Arctic fresh
waters, information about the extent of interaction
among Atlantic salmon and Arctic char in areas where
they already occur in sympatry may be used to predict
potential competition (Table 4). Atlantic salmon and
Arctic char overlap in spawning season (Scott and
Crossman 1973) which could facilitate interaction at
this life stage. Sympatric populations tend to show
segregation in spawning habitat; Atlantic salmon
preferentially spawn in rivers, whereas Arctic char
spawn in lakes (Jgrgensen et al. 2000; Jensen et al.
2012). The shallow spawning sites typically chosen by
Atlantic salmon in rivers may freeze in the Canadian
Arctic, however, and rivers in the Canadian Arctic
often freeze completely in winter (Johnson 1980),
limiting river-spawning to unfrozen sites of warm
groundwater influx (Power et al. 1999). In these
watersheds, spawning habitats for Atlantic salmon
would be associated with these groundwater springs,
and may be limiting (Power et al. 1999). Atlantic
salmon may also adopt lake-spawning behaviour. This
could facilitate interaction with anadromous lake-
spawning Arctic char and lake-resident Arctic char in
ocean-accessible habitat (Table 4) (Salisbury et al.
2018), both of which may be used in subsistence
fishing. The limited data on lake-spawning Atlantic
salmon (Einarsson et al. 1990), as well as the lack of
data on the spawning preferences of cold-adapted
Atlantic salmon populations in Greenland, northern
Iceland and Ungava Bay (Table 3), preclude conclu-
sive predictions of the potential interactions between
spawning Arctic char and Atlantic salmon in the
Canadian Arctic.

Atlantic salmon and Arctic char also overlap in life
cycle and broad-scale habitat use during the freshwa-
ter juvenile life stage and show resource partitioning in
sympatry (Table 4). In rivers with sympatric popula-
tions, Arctic char juveniles are typically found in
slow-flowing water near the riverbanks or in stillwater
pools, whereas Atlantic salmon juveniles favour fast-
flowing areas closer to midstream (Table 4)
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(Heggberget 1984; Heggenes and Saltveit 2007). This
habitat partitioning likely arises from a combination of
selective segregation and interspecific competition
(Heggenes and Saltveit 2007; Svenning et al. 2016).
These are data from European populations; however,
the same patterns could occur in Canadian Arctic
rivers containing Arctic char (e.g. the Cumberland
Sound area; Moore 1975) if Atlantic salmon juveniles
were to share these riverine rearing habitats. Few
conclusions can be drawn about potential trophic
competition in rivers as the diet overlap of juvenile
Atlantic salmon and Arctic char occurring sympatri-
cally in rivers is unknown. In sympatric lake popula-
tions, Atlantic salmon juveniles use the littoral zone,
whereas Arctic char juveniles are primarily restricted
to the pelagic and profundal zones during summer but
use the littoral zone alongside Atlantic salmon as
temperatures decrease in late autumn (Table 4)
(Halvorsen and Jgrgensen 1996; O’Connell and
Dempson 1996; Jgrgensen et al. 2000). This restriction
of Arctic char from the littoral zone is speculated as
the cause of diet partitioning between these two
species documented in a northern Norwegian lake
(Jgrgensen et al. 2000). If anadromous Atlantic salmon
do ultimately use lakes in the Canadian Arctic as
rearing habitat, a strategy documented in both Euro-
pean (Halvorsen and Jgrgensen 1996) and North
American (O’Connell and Dempson 1996) popula-
tions, evidence suggests they could displace Arctic
char juveniles to deeper waters in the warmer summer
months (Halvorsen et al. 1997). This restriction would
likely intensify as surface temperatures increase with
climate change (Vincent et al. 2013).

A key data gap in understanding the potential
interaction between Atlantic salmon and Arctic char is
the lack of available data on the sympatric habitat
selection of Arctic char and Atlantic salmon juveniles
in the winter months. Winter is often considered a
critical period for fish survival (Hurst 2007) and
winters in the Canadian Arctic are extreme and last
several months (Coates and Morrison 2001). Similar
to Arctic char juveniles, riverine Atlantic salmon
juveniles show a preference for deeper, slow-moving
water and pools during winter (Mills 1989), but the
effects of this potential overlap in habitat preference
are unknown. Similarly, the winter habitat of Atlantic
salmon juveniles in Arctic lakes is not well docu-
mented, therefore the potential for interaction among
Atlantic salmon and Arctic char juveniles
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overwintering in lakes is also unknown. This is a key
data gap given the length of winters and the potentially
limited habitat availability for overwintering fishes in
the Canadian Arctic.

Potential interactions between adult Atlantic sal-
mon and Arctic char are much more difficult to
estimate, owing to a lack of information on their
freshwater habitat preferences. Atlantic salmon kelts
may use freshwater habitat during winter for up to
several months after spawning and seem to show a
preference for pools and lakes, but little is known
about this period (Bardonnet and Bagliniere 2000), so
potential interaction with overwintering Arctic char
adults is unknown. There appears to be temporal
overlap in spawning migrations of Canadian Atlantic
salmon and Arctic char, but the consequences of
potential interaction are difficult to estimate as no data
are available on the dynamics of migrating Atlantic
salmon and Arctic char in sympatric populations and
the upstream migrations of many Arctic char popula-
tions are complex (Johnson 1980). Trophic competi-
tion between adult Atlantic salmon and Arctic char
may be minimal, as anadromous adults of both species
rarely feed during freshwater spawning migrations
(Mills 1989). Facultative piscivory and cannibaliza-
tion of juvenile conspecifics by both species (Mills
1989; Klemetsen et al. 2003a) could potentially extend
to predation on juveniles of the other species, and the
consumption of Pacific salmon eggs by adult char
(Volobuev 1973) implies the possibility of adult
Arctic char feeding on Atlantic salmon eggs (Table 4).
Limited data on the kelt stage of Atlantic salmon
(Bardonnet and Bagliniere 2000) further precludes
understanding of potential adult interaction in fresh
water.

If and how these species will interact if Atlantic
salmon expand northwards is essential information for
both local subsistence fishers and small commercial
fisheries, as any changes in the ecosystem will be
relevant to inform the management of Arctic char
stocks (Kristofferson and Berkes 2005). There may be
a decrease in anadromy among Arctic char popula-
tions as freshwater temperatures and productivity
increase (Table 4) (Finstad and Hein 2012), facilitat-
ing further potential interaction in fresh water, as well
as potentially impacting subsistence fishing that
primarily targets upstream migration (Kristofferson
and Berkes 2005). This shift towards a lower propor-
tion of anadromy will likely occur at population-

specific rates, given that sympatric anadromous and
resident populations can be differentiated both genet-
ically (Salisbury et al. 2018) and as conditional
phenotypes (Moore et al. 2014). Warming fresh
waters could also lead to Atlantic salmon outcompet-
ing Arctic char (Table 4), as Atlantic salmon and other
temperate salmonids perform better and have higher
aerobic capacity than Arctic char in warmer waters
(Jonsson et al. 2001; Larsson et al. 2005; Gilbert and
Tierney 2018). In this case, reduction or exclusion of
Arctic char from more southerly habitats presently
occupied may be expected (Reist et al. 2006a). Though
some Arctic char populations can tolerate substantial
exploitation (e.g., north Labrador; Dempson et al.
2008), reduced Arctic char populations may be unable
to tolerate exploitation when coupled with expected
environmental changes, which could be problematic
for subsistence and commercial fisheries (Kristoffer-
son and Berkes 2005). As the northernmost freshwater
fish, Canadian Arctic char will be unable to expand
their range northward. On the other hand, Atlantic
salmon expanding north could present new opportu-
nities for fisheries in the Canadian Arctic. A small,
stable Atlantic salmon fishery exists on the Kola
Peninsula on the Arctic coast of Russia (Kazakov and
Veselov 1998), potentially implying the possibility of
small commercial Atlantic salmon fisheries in the
Canadian Arctic (Table 4). Conversely, the Ungava
Bay commercial Atlantic salmon fishery that began in
1881 led to declines and was ultimately abandoned in
the early 1930s due to disappointing output (Dunbar
1970). Considering the contrasting results of these two
northern Atlantic salmon fisheries, the possibility of an
Atlantic salmon fishery in the Canadian Arctic is
uncertain.

Next steps

Filling data gaps is necessary to better understand the
potential for Atlantic salmon to colonize Canadian
Arctic habitats, and to assess the resulting interactions
with native Arctic species. Temperature data for
spawning, rearing, and overwintering habitats of
Arctic char in northern Canada, and especially in
association with perennial groundwater springs (Dun-
mall et al. 2016), are necessary for further consider-
ation of possible Atlantic salmon establishment.
Future experiments should better define the thermal
limits of adult stages of Atlantic salmon and Arctic
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char, to better understand their thermal niches and
make more robust statistical models of thermally-
suitable freshwater habitats. The gaps identified in
Table 1 are particularly important, as are studies
investigating any differences between experimental
and observed temperature tolerances. The lack of
information about sympatric Atlantic salmon and
Arctic char populations during the winter months, a
critical period for fish survival (Hurst 2007), is
especially important in the Canadian Arctic. Data on
existing populations of Atlantic salmon and Arctic
char in sympatry are limited; a search of the English
literature found no studies on Icelandic or Russian
populations, and populations in Ungava Bay have only
been superficially assessed for competition (Salonius
1973). Further study on these Ungava Bay populations
may offer unique insight into sympatry of Atlantic
salmon and Arctic char in cold Canadian waters.
Experimental and observational studies of the exis-
tence and extent of aggression and competition in
sympatric populations is also needed for more thor-
ough analysis of potential interaction in the Canadian
Arctic.

The authors have identified a series of future
research questions and considerations that serve to fill
data gaps and improve understanding of Atlantic
salmon and Arctic char within the context of colo-
nization potential in the Canadian Arctic. These
questions highlight a range of physiological, ecolog-
ical, and sociological concerns, and are as follows:

1. What are the geographic origins of the vagrant
Atlantic salmon being seen and harvested in
Nunavut communities?

2. Are there northern Canadian watersheds with
the right temperature, flow, and substrate con-
ditions to support spawning populations of
Atlantic salmon?

3.  How prevalent are groundwater springs in the
eastern Canadian Arctic? Where are these
groundwater springs located?

4. Do temperature tolerances differ between Euro-
pean and North American stocks of Arctic char
and Atlantic salmon?

5. How do the temperature tolerances of cold-
adapted Atlantic salmon (such as those from
Greenland, northern Iceland, and Ungava Bay)
differ from the rest of the species?

@ Springer

6. Do cold-adapted Atlantic salmon have different
spawning preferences? Different freshwater
rearing preferences?

7.  What are the specific spawning preferences of
lacustrine Atlantic salmon? What environmen-
tal factors lead to lacustrine spawning?

8. What are the freshwater habitat requirements of
all adult stages of Atlantic salmon and Arctic
char? To what extent is fresh water used during
upstream and post-spawning migration?

9. How do the sympatric populations of Arctic
char and Atlantic salmon in the rivers of Ungava
Bay co-exist and interact? Do they experience
resource partitioning?

10. To what extent is resource partitioning between
these two species in sympatry due to compet-
itive interactions?

11.  What are Indigenous perspectives on a poten-
tially increasing incidence of Atlantic salmon in
the Arctic? What are the social and cultural
consequences and opportunities of such a
shift?

Further research using the above questions as a
guideline will be necessary to better assess the effects
of Atlantic salmon colonizing Canadian Arctic fresh
waters containing native Arctic char.

Conclusions

The possible dispersal and establishment of Atlantic
salmon in the Canadian Arctic is a matter of growing
importance, as global temperatures increase and some
northern rivers potentially become warm enough for
Atlantic salmon colonization (Reist et al. 2006a).
Arctic char are utilized in subsistence, recreational and
commercial fisheries across the Canadian Arctic and
are highly valued by the Inuit of Nunavut as a food
resource and cultural staple (Kristofferson and Berkes
2005). The reduction or exclusion of Arctic char at the
southern extent of their Canadian range would have
considerable social, cultural and economic impact
(Kristofferson and Berkes 2005; Reist et al. 2006a).
Atlantic salmon are of similar importance both in
ecological and economic terms (COSEWIC 2010) and
could have significant effects on northern ecosystems
(Reist et al. 2006a, b). While predicting northward
distributional shifts of aquatic species remains useful,
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a greater understanding of the ecological implications
of such biodiversity shifts is necessary in order to
adequately prepare for and manage a future Arctic.
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