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ABSTRACT. Studies of the impacts of climate change on Arctic marine ecosystems have
largely centered on endemic species and ecosystems, and the people who rely on them. Fewer
studies have focused on the northward expansion of upper trophic level (UTL) subarctic spe-
cies. We provide an overview of changes in the temporal and spatial distributions of subarctic
fish, birds, and cetaceans, with a focus on the Pacific Arctic Region. Increasing water tempera-
tures throughout the Arctic have increased “thermal habitat” for subarctic fish species, resulting
in northward shifts of species including walleye pollock and pink salmon. Ecosystem changes
are altering the community composition and species richness of seabirds in the Arctic, as water
temperatures change the available prey field, which dictates the presence of planktivorous versus
piscivorous seabird species. Finally, subarctic whales, among them killer and humpback whales,
are arriving earlier, staying later, and moving consistently farther north, as evidenced by aerial
survey and acoustic detections. Increasing ice-free habitat and changes in water mass distribu-
tions in the Arctic are altering the underlying prey structure, drawing UTL species northward
by increasing their spatial and temporal habitat. A large-scale shuftling of subarctic and Arctic
communities is reorganizing high-latitude marine ecosystems.

Two transient killer whales in the Chukchi Sea
in September 2017. Image credit: K.M. Stafford
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INTRODUCTION

Poleward range expansion of plant and
animal species is one clear indication of
climate change. Such distribution shifts
in the ocean may be driven by changes in
temperature, nutrients or, as in the Arctic
and Antarctic, sea ice extent. These atmo-
spherically driven alterations are inextri-
cably linked to changes in wind-driven
mixing or circulation, which affects nutri-
ent supply; greenhouse gases, which trap
heat; and subsurface and deep ocean heat,
which drives sea ice declines (Tamarin-
Brodsky and Kaspi, 2017; Woodgate and
Peralta-Ferriz, 2021). Under new cli-
mate regimes, species whose life his-
tory strategies allow them to rapidly
adapt or expand into novel habitat, such
as large, migratory generalist feeders,
can become climate change “winners”
(Kortsch et al., 2015; Moore and Reeves,
2018). Subsequent impacts on endemic
ecosystems will depend on resource avail-
ability and competition among species. As
the climate continues to warm, temperate
regions are becoming “tropicalized” and
Arctic regions are becoming “borealized,”
with subarctic species increasing in abun-
dance and expanding their ranges north-
ward (Fossheim et al., 2015; Alabia et al.,
2018; Polyakov et al., 2020).

While climate change is altering the
entire Arctic, not every region in the
highly heterogeneous Arctic is equally
affected (e.g., Moore et al., 2019; Polyakov
et al., 2020; Mueter et al., 2021a). In
the Atlantic, there are two wide, deep,
high-latitude gateways to the Arctic:
Davis Strait (300-900 km wide) and
Fram Strait/Barents Sea (~450 km wide).
The sole gateway to the Pacific Arctic is
through the narrow Bering Strait (80 km),
south of the broad, shallow Chukchi Sea
shelf (Figure 1). Observed differences
between the Atlantic and Pacific Arctic
regions include a much greater increase
in the open water season in the Barents
Sea than in the Chukchi Sea, and differ-
ences in water mass composition and
advection of heat and nutrients, all of
which shape ecosystem structure (Hunt
etal., 2013; Oziel et al., 2017).

Numerous recent studies illustrate how
changes in sea ice are potentially alter-
ing biological components of subarctic
and Arctic marine ecosystems. Many of
these studies focus on the impacts of cli-
mate change on Arctic endemic species
(Laidre et al., 2008; Divoky et al., 2021),
ecosystems (Post et al., 2013; Grebmeier
and Maslowski, 2014; Pecuchet et al,
2020), and the people who rely on them
(Huntington et al., 2016, 2020, 2021). In
particular, the inclusion of upper trophic
level (UTL) taxa in the suite of mea-
surements collected by the Distributed
Biological Observatory provides novel
information on ecosystem dynamics at
key locations across decadal time scales
(Moore and Kuletz, 2019; Stafford et al,,
2021). Several recent studies also high-
light the role that UTL consumers such
as marine fish, birds, and mammals can
play as bellwethers of climate change, and
how understanding their abundances,
distributions, and diets can aid in track-
ing ecosystem-level biological responses
to rapid change (e.g., Moore et al.,, 2014,
2019; Sydeman et al., 2021).

Here, we review recent information
on northward range expansions of sub-
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arctic marine fish, seabirds, and mam-
mals whose life histories have in some
instances included limited seasonal occu-
pation of the Arctic, with a focus on exem-
plar case studies from the Pacific Arctic
Region. Our overarching goal here is to
provide an updated overview of observed
recent changes in the spatial and tem-
poral distributions of subarctic marine
fishes, seabirds, and marine mammals,
and to explain related linkages among
changes in biology, the atmosphere, the
ocean, and the cryosphere.

MARINE FISHES

Marine fish species can rapidly track
environmental change (Sorte et al., 2010;
Pinsky et al., 2013). This is evident in the
borealization of the Barents Sea in par-
ticular, where subarctic species including
mackerel and Atlantic cod are expand-
ing their ranges from the North Atlantic
(Johannesen et al., 2012) while the dis-
tribution of Arctic species is retract-
ing northward (Fossheim et al., 2015;
Frainer et al,, 2017). As the region con-
tinues to warm, the thermal habitat for
boreal species has shifted farther into
the Arctic (Eriksen et al., 2020), and
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FIGURE 1. Map of the Arctic showing major gateways and waterways. Map made with GeoMapApp

(http://www.geomapapp.org/; Ryan et al., 2009).
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generalist boreal fishes are likely to out-
compete the specialist diets of Arctic spe-
cies (Kortsch et al., 2015).

Sigler et al. (2011) examined fish dis-
tribution records for the Pacific Arctic
Region from the first decade of this cen-
tury and found clear divisions in the dis-
tributions of planktivorous versus pisciv-
orous species between the Bering Sea and
the Chukchi and Beaufort Seas, as well as
regional differences in taxa among bot-
tom and surface fishes. Despite some evi-
dence of northward migrations of sub-
arctic species from the Bering Sea, these
authors concluded that the persistence of
the Bering Sea cold pool (Stabeno et al.,
2001) would restrict range extensions of
bottom fish such as walleye pollock, while
pelagic species, such as pink salmon,
might not be restricted by this thermal
barrier (Sigler et al, 2011). However,
given the retraction and possible collapse
of the cold pool in recent years (Stabeno
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and Bell, 2019), more recent data suggest
that these range extensions are long term
(Griiss et al., 2021).

Walleye Pollock

Walleye pollock are widely distrib-
uted throughout the North Pacific, with
known spawning grounds across the con-
tinental shelves from Japan to western
Canada (Bailey et al., 1999). Cold bot-
tom water in winter typically restricts
the northward extent of the population.
Adult pollock seasonally migrate north-
ward and inshore in summer and then
return to the outer shelf to avoid the cold
pool (Kotwicki et al., 2005). A reduc-
tion in the size of the cold pool lessens
the barrier for adult pollock to remain
on the inner and northern shelf through-
out the year, resulting in a northward
shift during recent warm conditions
(Stevenson and Lauth, 2019; Eisner et al,,
2020; Griiss et al., 2021).

Beaufort
Sea

Point
Barrow

Alaska

Walleye Pollock
(Gadus chalcogrammus)

Historic Distribution

Recent Distribution

Norton * Adult
Sound
Yukon < Juvenile
River

FIGURE 2. Historic and recent observations of walleye pollock distributions
in the Bering and Chukchi Seas. Recent warming has led to a northward shift
of the population in the Bering Sea (approximate distributions from Eisner
etal., 2020), and surveys have reported large pollock populations in the east-
ern (juvenile only; recent work of author Levine) and western (adult and juve-

nile; Orlov et al., 2020) Chukchi Sea.
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North of the Bering Strait, the sum-
mer forage fish community is dom-
inated by small juvenile Arctic cod
(De Robertis et al., 2017). Other common
forage fishes in the region include cape-
lin and Pacific herring, both of which
are observed nearshore and largely in
the southern Chukchi Sea. Juvenile pol-
lock had previously been found in very
low densities with few adults present
(Wyllie-Echeverria, 1995; Mecklenburg
et al,, 2007; Rand and Logerwell, 2011;
Goddard et al., 2014). Surveys during
the recent period of extreme warm-
ing (2017-2020) indicate that while the
distributions of the other pelagic for-
age fishes have not significantly changed,
pollock abundance in the Pacific Arctic
has substantially increased (Figure 2). In
the eastern Chukchi Sea, juvenile pollock
were widespread and highly abundant in
2017 and 2019 and found in comparable
densities to Arctic species (Levine et al.,
2021; recent work of author Levine). In
the Russian sector, surveys in 2018 and
2019 found a significant increase in
both juvenile and adult pollock north
of the Chukotka Peninsula (Orlov et al.,
2020). It is hypothesized that the recent
increase in adult pollock in the northern
Bering Sea serves as a source population
for the larval and juvenile population
observed in the Chukchi and Beaufort
Seas (Levine et al., 2021) due to increased
transport of Pacific water (Woodgate and
Peralta-Ferriz, 2021) that advects juve-
nile fish northward.

Juvenile pollock growth rates exceed
those of other gadid species under the
warm conditions of the Arctic summer
(Laurel et al., 2016), potentially allowing
them to outcompete Arctic species; how-
ever, their hatch and survival rates are
reduced under the seasonal freezing con-
ditions (Laurel et al., 2018).

Thus, while the substantial increase in
juvenile pollock in the Pacific Arctic sug-
gests that environmental conditions now
allow pollock to extend into the Chukchi
Sea on a seasonal basis, their ability to
establish permanent populations in the
Arctic remains unknown.



Pink Salmon

Among salmonids, pink salmon are the
most abundant species in the North
Pacific Ocean (Ruggerone and Irvine,
2018) and have the broadest distribution
in the Pacific Arctic Region. They occur
from the large Yukon River to smaller
coastal streams as far north as Point
Barrow (Craig and Haldorson, 1986).
Vagrants have also been found upstream
in the Mackenzie River, extending east-
ward across the Beaufort Sea toward
Amundsen Gulf, and along the east
coast of Greenland (Dunmall et al.,
2013, 2018). Spawning pink salmon
have also been documented along the
Chukotka Peninsula coastline from the
northern Bering Sea into the Chukchi
Sea and as far west as the Kolyma River
(Radchenko et al, 2018). While pink
salmon abundance in northern regions
of their range is still quite low in rela-
tion to stocks farther south, there is evi-
dence that the abundance of some north-
ern stocks is increasing. For example,
adult pink salmon have become more
prevalent in subsistence catches in the
high Arctic, particularly during even-
numbered years (Dumnall et al., 2013,
2018). Furthermore, a survey during
late summer 2007 found large numbers
of juvenile pink salmon in the southern
Chukchi Sea; these juveniles were larger
and had higher energy content than juve-
nile pink salmon captured farther south
(Moss et al., 2009). Consequently, adult
pink salmon returns to the Beaufort Sea
coast during 2008 were higher than in
2007 (Dunmall et al., 2013, 2018). It is
still not clear whether the large catch of
juvenile pink salmon in the Chukchi Sea
in 2007 contributed to the higher returns
in 2008. Conditions in both freshwater
and marine environments are import-
ant to the survival of pink salmon (Farley
et al., 2020). In the northern extent of
pink salmon distribution, cold river
and stream temperatures in the fresh-
water environment are believed to limit
salmon production (Dunmall et al,
2016); however, continued warming of
air and stream temperatures, and longer

periods of ice-free conditions, may ben-
efit salmon survival in this environment
(Nielsen et al., 2013).

SEABIRDS

Seabirds link Arctic and subarctic marine
and terrestrial ecosystems because they
require land to nest and raise young, but
forage in the ocean. Globally, pelagic sea-
bird occurrences and distributions reflect
the presence of the surface and subsurface
zooplankton and forage fish upon which
they feed (e.g., Sydeman et al., 2010). In
the Pacific Arctic region, seabirds have
been associated with underwater fea-
tures and water mass characteristics that
aggregate their prey (Gall et al., 2013;
Kuletz et al., 2015). During chick rear-
ing, seabirds must find sufficient high-
quality prey within foraging distance of
their nests, a distance that can vary from a
dozen to hundreds of kilometers, depend-
ing on species and reproductive phase.
When not breeding, many species are
capable of long-distance migrations cov-
ering thousands of kilometers.

Sea ice cover in the Arctic affects sea-
bird foraging, and extensive ice can
restrict their access to prey. However, the
marginal ice zone can provide a rich for-
aging opportunity (Hunt et al., 1996),
as zooplankton and fish species often
aggregate at ice edge habitats (Daase
et al., 2021). Changes in sea ice extent
and water temperature have resulted in
changes in the available prey field for
seabirds throughout the Arctic (Mallory
et al., 2010; Frederiksen et al., 2013; Gall
et al., 2017; Mueter et al., 2021a). For
instance, in the North Atlantic, little auk
wintering distribution expands and con-
tracts with the distribution of their sub-
arctic copepod prey, which is shifting
northward (Amélineau et al., 2018). In
the Pacific Arctic, low amounts of sea ice
and warmer sea temperatures have been
associated with low reproductive suc-
cess and seabird die-offs, apparently due
to low prey availability (Duffy-Anderson
et al., 2019; Romano et al., 2020).

The timing of spring ice retreat in the
Pacific Arctic has been shown to affect

seabird distribution on the Bering Sea
shelf, with contrasting patterns between
birds that forage at the water’s surface and
species that are subsurface foragers (Hunt
et al., 2018). Early spring sea ice retreat
thus affects the spatial distributions of
seabird species evident in summer and
alters seabird communities. Ecosystem
changes are clearly altering the commu-
nity composition and species richness
of seabirds in the Arctic (Descamps and
Strem, 2021; Mueter et al., 2021b).

Four decades of at-sea surveys (avail-
able in the North Pacific Pelagic Seabird
Database; Drew and Piatt, 2015) gen-
erally show that decreased sea ice cover
and higher ocean temperatures during
the first decade of this century favored
planktivorous seabirds over piscivorous
seabirds in the Chukchi Sea (Gall et al,,
2017). With further warming, some spe-
cies have shifted their overall distribu-
tions northward, likely in search of food
(Kuletz et al., 2020).Will et al. (2020) con-
cluded that conditions during the rela-
tively warm years of 2016-2019 were det-
rimental to planktivorous auklets nesting
in the northern Bering Sea. Because
warmer ocean temperatures have been
linked to the replacement of larger, lipid-
rich zooplankton species with smaller,
lipid-poor species (Eisner et al., 2013),
ongoing changes in the Pacific Arctic may
no longer favor planktivorous seabirds.

In the Bering Sea, subarctic sea-
birds that appear to be expanding their
post-breeding dispersal ranges north-
ward include three species of Pacific
albatrosses (Kuletz et al., 2014), north-
ern fulmars (Renner et al., 2013), and
ancient murrelets (Day et al., 2013). For
all seabirds combined, there was a shift
in distribution farther into the Pacific
Arctic during the warm years of 2017-
2019 compared to the previous decade
(Figure 3). This northward shift included
birds that breed in the Bering and
Chukchi Seas (e.g., thick-billed murre),
migrants that breed in the Southern
Hemisphere but move to Alaska during
their non-breeding season (e.g., short-
tailed shearwater; Kuletz et al., 2020),
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and Atlantic species that might have
crossed the Canadian Arctic Archipelago
(e.g., northern gannet; Day et al., 2013).
Based on data from the eastern Chukchi
Sea, seabirds that had been spatially cor-
related with prey communities during a
relatively cool year (2015) were decou-
pled from the same communities in a
warm year (2017), suggesting that these
seabird communities did not adapt, at
least in the short term, to a rapid change
in conditions (Mueter et al., 2021b).

CETACEANS

Marine mammals have exhibited phe-
nological and distributional changes
throughout the Arctic. Endemic Arctic
marine mammals spend their lives in the
Arctic, often closely associated with sea
ice. A number of subarctic species, par-
ticularly cetaceans, have become regu-
lar summer and autumn visitors to the

Arctic, migrating into the region as sea
ice melts in the spring or early summer
and out of the region as the sea surface
freezes in late autumn or early winter
(Hamilton et al., 2021). As sea ice has
declined in age, thickness, and extent
throughout the Arctic, prey distributions
have shifted and new migratory corri-
dors have opened for subarctic marine
mammal species (Buchholz et al., 2012;
Berge et al., 2015; Storrie et al., 2018).
These changes have expanded the tempo-
ral and spatial boundaries of habitat for
cetaceans: they are now arriving in the
Arctic earlier, staying later, and migrat-
ing farther north (Nieukirk et al., 2020;
Ahonen et al.,, 2021).

Killer Whales

Killer whales are a globally distributed
top predator with ecotypes that are dis-
tinguished by their phenotypes and
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FIGURE 3. Distribution changes in the Pacific Arctic region for total seabird
densities (birds km=2) during 2017—2019 compared to the previous decade.
Cells with increasing (orange) and decreasing (blue) densities during 2017—
2019 were based on mean densities of all observations within each 50 km
grid cell. Adapted from Kuletz et al. (2020)
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preferred prey (de Bruyn et al., 2013).
Killer whales are not a new species in the
Arctic, as they have been documented
there sporadically in summer months,
feeding on a variety of marine mam-
mal species (Stafford, 2019; LeFort et al.,
2020). In the Arctic, killer whales avoid
dense ice, and heavy multi-year sea ice
once excluded them from most high
Arctic regions during many months of
the year. Though these whales still avoid
heavy sea ice (Matthews etal., 2011), their
increasing occurrence in the Arctic as sea
ice declines in thickness and extent rep-
resents seasonal and geographic expan-
sion. Recent (2010 to present) sighting
and passive acoustic monitoring data
provide evidence that this species is arriv-
ing in the Arctic earlier, departing later,
and moving farther north in the eastern
Canadian Arctic, and north and east in
the Pacific Arctic (Higdon and Ferguson,
2009; S.H. Ferguson et al., 2010; Stafford,
2019; Figure 4). In the Pacific Arctic, pas-
sive acoustic monitoring has recently
documented killer whales throughout the
Chukchi Sea as far north as 75°N (recent
work of author Stafford). This species has
been heard in the Pacific Arctic as early
as May and as late as October (Stafford,
2019). In both the Canadian and Pacific
Arctic, the number of bowhead whales
with killer whale scars has increased
over time (Reinhart et al., 2013; George
et al, 2017) as has evidence of dep-
redation in bowhead whale carcasses
(Willoughby et al., 2020). Matthews et al.
(2019) posit that periodic ice entrap-
ments of killer whales, which are usually
fatal (Westdal et al., 2016), may slow their
expansion into the Arctic, particularly as
naive whales explore regions that can be
ice choke points.

The northward range expansion, lon-
ger seasonal presence, and higher num-
bers of a top predator in the Arctic has
the potential for top-down ecosystem
reorganization and may represent the
most immediate threat to Arctic endemic
species (S.H. Ferguson et al., 2010). In
the eastern Canadian Arctic, endemic
narwhals, belugas, and bowhead whales



change their behavior in the presence
of killer whales (reviewed in Matthews
et al., 2020). Lefort et al. (2020) suggest
that this species could have a significant
negative impact on narwhal populations
in the Canadian Arctic Archipelago.

Subarctic Baleen Whales

The historical occurrence of humpback,
fin, and minke whales north of Bering
Strait was documented by Soviet sci-
entists, particularly near the Chukotka
Peninsula, from June to October (sum-
marized in Clarke et al., 2013). These
species are regularly found in the Bering
Sea during summer (M.C. Ferguson
et al.,, 2015), and fin whales are present
there year-round (Stafford et al., 2010).
Evidence from visual (shipboard and
aerial) and acoustic monitoring suggest
that their use of the Pacific Arctic may
be increasing (Clarke et al., 2013, 2020;
Brower et al., 2018).

Four decades of aerial surveys (Clarke
et al, 2020) provide the most exten-
sive information on subarctic whales in
the US Pacific Arctic. Fin whales first
appear north of Bering Strait in the
aerial survey database in 2008, hump-
back whales in 2009, and minke whales
in 2011. All three subarctic baleen whales
were sighted in every month from July
through October, although most of the
sightings through 2019 occurred from
July through September (Clarke et al.,
2020). Furthermore, fin and humpback
whale calves have been observed in the
region (Clarke et al.,, 2020). Aerial sur-
vey observers have commonly recorded
all three species in close proximity to
one another and to gray whales, partic-
ularly in Hope Basin, a benthic hotspot
in the south central Chukchi Sea (Clarke
et al., 2020). In 2019, the number of sub-
arctic baleen whales detected per kilo-
meter surveyed over Herald Shoal, which
is ~145 km northwest of Point Lay, was
12.5 times greater than in any previous
survey year. All three species have been
documented feeding in the Pacific Arctic
Region, and it is likely that the northward
expansion of prey (krill and forage fish/

or small schooling fish) distributions pro-
vided the whales’ motivation to migrate
to the Pacific Arctic (Clarke et al., 2020).

CONCLUDING THOUGHTS

What does the future hold for upper tro-
phic level species and communities in
the Arctic? It is clear across taxa that
the effects of climate change are variable
and dependent on the different ecologi-
cal requirements of communities, feed-
ing guilds, species, and age classes. There
is no indication that climate change in
the Arctic is going to decelerate any time
soon. The habitat changes that have been
seen in the past two decades will become
the “new normal” (Thoman et al., 2020).
There is clear evidence of temporal-
spatial range expansion for many sub-
arctic UTL species. Increasing ice-free
habitat and changes in water mass distri-
butions are altering the underlying prey
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structure and therefore attracting new
UTL species, increasing habitat extent,
and/or increasing the duration of resi-
dency in Arctic habitats. But for many
subarctic species, annual sea ice cover,
freezing temperatures, and months of
darkness may still prevent them from
becoming true Arctic residents. Pollock
eggs and larvae are highly sensitive to
cold temperatures, central place forag-
ing seabirds need adequate nesting hab-
itat within foraging distance of high
prey abundance, and subarctic ceta-
ceans can still be excluded from heavy
ice as they risk injury to their dorsal fins
and ice entrapment. To permanently
expand northward, UTL species require
the flexibility in physiology and behav-
ior to adapt to ongoing habitat pertur-
bations. If new species can adapt to year-
round life in the Arctic, understanding
the risks to Arctic endemic species from

170°W 165°W 160°W 155°W 150°W
[l [l [l 1 [l

70°N

™

Russian
Federation

65°N

Bering Sea

60°N

Beaufort Sea

Yok

*
.OPt Lay i
Alaska

K

O O
Wainwright

Utqiagvik

1950-2000

() Summer
@ UEp

O June

@ July

© August

2008-2015
Y July

jf{ August
Y September

Y% October
— Sea ice extent October 2019
— Sea ice extent October 2001

Esri, Garmin, GEBCO, NOAA NGDC, and other contributors;

FIGURE 4. Killer whale sightings in the Pacific Arctic by month from 1950 to 2000 (circles) and 2008
to 2019 (stars). Sea ice extent is shown for October 2001 (blue line) and 2020 (red line). Adapted

from Stafford (2019)

(Jcmnaﬂmpﬁ/ | https://doi.org/10.5670/oceanog.2022.101



https://doi.org/10.5670/oceanog.2022.101

competition for prey, novel predators,
and exposure to novel pathogens will be
critical (e.g., Post et al., 2013; Kortsch
et al,, 2015; VanWormer et al., 2019). The
evidence we summarize here indicates
large-scale shuffling of subarctic and
Arctic marine animal communities as
high-latitude marine ecosystems undergo
rapid reorganization.
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