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The Arctic and Subarctic seas are predicted to become hotspots for marine
heatwaves (MHWs). High-latitude marine ecosystems face unique
consequences from accelerated warming and sea ice loss, challenging
species adapted to cold conditions. We review the literature on MHW
characteristics and ecological impacts in the Arctic and Subarctic seas, and
contrast MHW characteristics between the Bering Sea and Barents Sea. We
uncover the pervasive impacts of MHWs across widely different organism
groups, including benthic foundation species, phytoplankton, zooplankton,
fish, seabirds, and marine mammals. MHWs in the Arctic marginal seas are
especially prevalent in areas experiencing sea ice retreat, such as seasonal sea
ice zones, highlighting the complex interplay between MHWs and sea ice
dynamics. Overall, few studies have documented the ecological impacts of
MHWs on high-latitude ecosystems, with the notable exception of the impacts
from the Bering Sea and Chukchi Sea MHWs in 2017–2019. Many Arctic
species, with their cold and narrow thermal preferences, appear vulnerable
to MHWs, as they might not have access to cold climate refugia, while boreal
species appear to benefit from Arctic and Subarctic MHWs. Sessile foundation
species, such as kelp and seagrasses, are especially at risk during MHWs,
although in the Arctic evidence of MHWs impacts remains limited.
Reproductive failure and mass mortality events have been documented for
several species in the Pacific Arctic (e.g., seabirds, fish, crabs). MHWs have been
observed to have ecosystem-wide repercussions in the northern Bering Sea
and Chukchi Sea with shifts in plankton communities affecting the entire food
web. The ecological responses to MHWs in the Arctic and Subarctic
ecosystems are still not fully understood, highlighting a need for further
research to assess the direct and indirect impacts on various taxa and to
improve predictive models for better management and conservation
strategies. MHWs can also have large consequences for ecosystem services
and socio-ecological systems, for example, closures of economically valuable
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and culturally important fisheries, as seen in Alaska, degradation of traditional
ice-hunting practices, and compromised wellbeing of coastal communities.
Large and abrupt ecosystem changes following MHWs underscore the urgent
need for adaptive management strategies in the face of ongoing climate change.
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marine heatwave, sea ice, Arctic, Subarctic, marine ecosystem, climate change, extreme
events, ecological change

1 Introduction

The Arctic marine ecosystem is characterised by extremely cold
temperatures, extreme seasonality, and the presence of permanent
and seasonal sea ice. Consequently, the Arctic supports specialised
species adapted to these extreme conditions (Gradinger, 2001; Blix,
2005; Castellani et al., 2022). Arctic marine life has evolved to thrive
in environments with uniquely prolonged periods of darkness (and
light), cold temperatures, salinity variation, and seasonal sea ice
cover. However, the Arctic marine ecosystem is changing fast due to
anthropogenic climate change. Arctic sea ice is currently at the
lowest level since at least 1850, and late summer sea ice loss is
unprecedented for at least 1,000 years (IPCC, 2023). Since the late
1970s, Arctic sea ice has decreased in both area and thickness, with a
larger area of first-year ice (Stroeve et al., 2012). The Arctic Ocean is
expected to become sea ice free in late summer by the end of the 21st
century regardless of CO2 emissions scenarios (Notz and

Community, 2020; Jahn et al., 2024). Sea ice is a critical habitat
for many Arctic species and its disappearance will transform the
Arctic ecosystem. Sea surface temperatures have increased in almost
all regions of the Arctic and Subarctic (Figure 1A). Gradual warming
of the Arctic Ocean has significantly transformed Arctic marine
ecosystems (Mueter and Litzow, 2008; Huntington et al., 2020;
Mueter et al., 2021; Husson et al., 2024).

Climate-driven changes are observed throughout the entire food
web, from lower trophic levels to top predators. For example, sea ice
loss causes an extension of the phytoplankton growing season and
alters the timing of the blooms (Kahru et al., 2011; Ardyna et al.,
2014; Oziel et al., 2017), while zooplankton populations shift from
high to low-lipid content species (Møller and Nielsen, 2020; Kimmel
et al., 2023), which can have ramifications for the entire marine food
web. Upper trophic levels are also shifting their migration and
distribution patterns (Kuletz et al., 2024a), as boreal species
become increasingly dominant and compete with Arctic species,

FIGURE 1
(A) Decadal trends in sea surface temperature (SST) calculated using Sen’s slope (Sen, 1968) for the Optimally Interpolated SST (OISST) dataset
between 1st September 1981 to 31st December 2023. The blue and red line represent the minimum (September) and maximum (March) sea ice extent,
respectively, using the climatological mean of the period 1981–2023 and a 15% sea ice concentration cut-off. Multiyear ice, is the area between the North
Pole (90°N) and the red line; first-year ice, the area between the blue and red lines; and openwater, the area below the blue line. (B)Circumpolarmap
depicting current knowledge on ecosystem responses to MHWs in the Arctic and Subarctic large marine ecosystems. Symbols represent different
taxonomic groups and illustrate where their response to MHWs have been studied in peer-reviewed scientific literature (see references in Supplementary
Table S1). The underlying Arctic large marine ecosystem (LME) map was obtained from PAME at https://pame.is/projects/ecosystem-approach/arctic-
large-marine-ecosystems-lme-s.
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a process known as borealisation (Fossheim et al., 2015; Mueter
et al., 2021; Stafford et al., 2022; von Biela et al., 2023; Husson
et al., 2024).

In addition to being a hotspot of decadal warming, the Arctic
Ocean is also predicted to be a future marine heatwave (MHW)
hotspot (IPCC, 2023). MHWs are periods where ocean temperatures
substantially exceed historical norms in a given region, with
durations ranging from several days to in some cases, years
(Hobday et al., 2016). These events have varying spatial scales,
spanning from just a few to many thousands of km (Sen Gupta et al.,
2020; Oliver et al., 2021). Whilst some studies define MHWs by
biological impacts, such as the threshold for coral bleaching (Pearce
and Feng, 2013), they are most commonly defined when anomalies
in sea surface temperature (SST) surpass their local 90th percentile
threshold for at least five consecutive days or longer (Hobday et al.,
2016). The category of a MHW is then assigned based on how much
temperatures exceed the local climatology, ranging from moderate
to extreme in intensity (Hobday et al., 2018).

MHWs are complex and highly multifaceted events, making it
challenging to identify the underlying drivers of their onset,
duration, and dissipation (Frölicher and Laufkötter, 2018;
Holbrook et al., 2020). Localised factors such as temperature
fluxes between the atmosphere and the ocean, or horizontal heat
transport such as from Ekman advection, contribute to the onset and
duration of MHWs (Holbrook et al., 2020). Over larger scales,
MHWs are attributed to a combination of hydrodynamic and
atmospheric forcings, as well as global-scale teleconnections
(Holbrook et al., 2020). El Niño Southern Oscillation (ENSO),
and the Atlantic Multidecadal Oscillation (AMO), have been
shown to contribute towards some of the largest MHWs (Pearce
and Feng, 2013; Holbrook et al., 2020; Ren and Liu, 2021). Some of
the most notable MHWs, such as the northeastern Pacific “Blob”
(the 2014–2016 MHW) have been linked to ENSO (Bond et al.,
2015; Di Lorenzo and Mantua, 2016), while shifts in atmospheric jet
streams contributed to MHWs in the Atlantic (Chen et al., 2014;
Gawarkiewicz et al., 2019). ENSO has been one of the most
prominent causes of MHWs globally, associated with warming
events in the Pacific, the Atlantic, and the Southern Ocean. In
addition to these physical drivers, human-induced global warming
has contributed directly to many of the most intense MHWs
(Laufkötter et al., 2020).

On a global scale, the frequency and duration of MHWs has
increased, with their occurrence nearly doubling over the last
century (Frölicher and Laufkötter, 2018; Oliver et al., 2018).
Earth system model simulations have indicated that nearly 90%
of MHWs have been attributed to anthropogenic warming, which is
likely to increase with greater greenhouse gas emissions (Frölicher
et al., 2018; Laufkötter et al., 2020). By the end of the century MHWs
are expected to become more severe in their frequency, length, and
intensity (Frölicher et al., 2018; Plecha and Soares, 2020). The
number of MHWs are projected to increase significantly, with a
global rise at the end of the century of 2–9 times under the low CO2

emissions scenarios, up to 3–15 times under the very high CO2

emissions scenario, with the largest changes projected for the Arctic
and tropical oceans (IPCC, 2023). These prolonged periods of
anomalously high SST will likely have large and lasting
consequences for marine ecosystems (Arimitsu et al., 2021;
Suryan et al., 2021).

While long-term ocean warming gradually reshapes the
distribution of marine life and ecosystem structures, functions,
and associated services (Vergés et al., 2014; Pecl et al., 2017), a
single MHW can have large and long-lasting consequences on the
whole ecosystem (Smale et al., 2019; Wernberg, 2021; Smith K. E.
et al., 2023). MHWs can lead to the displacement of marine life at a
much larger geographic scale compared with gradual, long-term,
warming (Jacox et al., 2020). MHWs in tropical and temperate
regions have been linked with depletion of kelp forests (Wernberg
et al., 2019; Smith K. E. et al., 2023), extensive loss of seagrass
(Strydom et al., 2020), bleaching of coral reefs (Hughes et al., 2017),
harmful algal blooms, and mass mortality of fish, seabirds, and
marine mammals (Roberts et al., 2019; Gabriele et al., 2022; Jones
et al., 2023).

The ecological impacts of MHWs on high-latitude ecosystems
are just beginning to emerge. Here, we review the current knowledge
of MHW characteristics in the Arctic and Subarctic seas, by
discussing the unique features of MHWs in these regions,
notably their interactions with sea ice. We then calculate and
compare the temporal trends of MHWs metrics in the Bering Sea
and Barents Sea, two major Arctic gateways and transition regions
between Subarctic and Arctic conditions. Next, we reviewed
documented impacts of MHWs on Arctic and Subarctic marine
ecosystems across trophic levels and functional groups (Figure 1B, a
summary table of which and how taxonomic groups have been
documented to respond to MHWs can be found in Supplementary
Table S1). The ecological impacts of MHWs in Arctic and Subarctic
marine ecosystems are being increasingly documented. Throughout
the review, we especially draw on studies linked to the Bering Sea
and Chukchi SeaMHWs in 2017–2019 (Box 1), and to a lesser extent
to the 2014–2016 MHW event (the “Blob”) in the northeast Pacific
as well as some global model studies. We also discuss the social and
economic implications of MHWs, notably their impacts on
commercial and subsistence harvest opportunities and disruption
of traditional livelihoods in the Arctic. Finally, we discuss how more
adaptive management options could help the social-ecological
system become more resilient to MHWs, as well as highlights
current knowledge gaps and research needs.

Box 1 Case study: ecosystem-wide impacts of the 2017–2019 MHW
in the northern Bering and Chukchi seas

The northern Bering Sea and Chukchi Sea experienced a series of
MHWevents during 2017–2019 (Baker et al., 2020; Kuletz et al., 2024b
(Supplementary Appendix 1A) (Figure 3F). The winters of 2017/
2018 and 2018/2019 had extremely low sea ice extent, and the
Bering Sea cold pool, the area where near bottom water is less
than 2°C on the Bering Sea shelf, disappeared in the summers of
2018 and 2019. This extreme event triggered complex responses
throughout the marine food web in the northern Bering Sea and
Chukchi Sea, impacting the entire ecosystem from primary
production, zooplankton, fish populations, seabirds, and marine
mammals (Figure 4). Reduced ice cover and warmer seas altered
thermal, light, and stratification conditions, influencing the timing and
extent of phytoplankton blooms. In 2018, while the phytoplankton
bloom was delayed in the southern Bering Sea, and significantly lower
than usual in the northern Bering Sea, the ice-associated bloom
occurred early and was extensive (Duffy-Anderson et al., 2019).
Cases of harmful algal blooms arose which could impact UTLs
(Walsh et al., 2018), such as occurred in the northern Bering and

(Continued on following page)
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2 Specificity of marine heatwaves in the
Arctic and Subarctic

The intensity, duration, and frequency of MHWs have increased
in the Arctic Ocean and its marginal seas (Carvalho et al., 2021;
Golubeva et al., 2021; Huang et al., 2021). Between 2007 and 2021,
11 MHWs occurred with peak anomalies up to 4°C (Barkhordarian
et al., 2024). These MHWs coincide with significant declines in
Arctic sea ice (relative Arctic sea ice extent anomalies), notably in
2007, 2012, and 2020, with the 2020 event being the most severe in
terms of intensity and duration (Barkhordarian et al., 2024).
Between 1982 and 2020, the frequency and duration of MHWs
in the Barents Sea significantly increased, with more than half of the
MHW days having occurred between 2011 and 2020, and the most
intense event in 2016 (Mohamed et al., 2022b). Similarly, in the
Bering Sea, Carvalho et al. (2021) showed that in the period
1990–2019 the number of MHWs days increased, with the last

decade (2010–2019) having the largest number of MHWs and
MHW days. The increased trends of MHWs in the Arctic are
closely associated with the long-term decrease in sea ice
concentration and increase in surface air temperature (Huang
et al., 2021; Barkhordarian et al., 2024).

2.1 Drivers of MHWs in the Arctic

In the Arctic Ocean, MHW dynamics are unique due to the
complex links between the ocean, sea ice, and atmosphere (Hu et al.,
2020; Barkhordarian et al., 2024). To date, relatively few studies have
analysed the drivers of MHW onset and decay in the Arctic. The
Arctic Ocean is relatively isolated from the rest of the global ocean,
except for inflow shelfs such as the Barents and Bering Seas
(Carmack et al., 2015). Consequently, the primary driver of
MHWs in the Arctic is heat exchange between the atmosphere
and the ocean, mainly through radiative fluxes (Hu et al., 2020;
Richaud et al., 2024). The advection of oceanic heat plays a more
important role in the inflow regions (Richaud et al., 2024). In
general, Arctic MHWs dissipate through bottom heat fluxes, in
spring and summer, and through surface fluxes in autumn, but there
is spatial heterogeneity in the driving heat fluxes (Richaud et al.,
2024). As such, common drivers of Arctic MHWs are similar to
more temperate regions.

A unique feature of the Arctic is the presence of sea ice, which
influences the occurrence and intensity of surface MHWs in
complex ways. By reflecting large parts of incoming solar
radiation, and through heat uptake and release during melting
and freezing, the presence of sea ice keeps surface ocean
temperatures close to the freezing point and temperature
variability low (Carton et al., 2015). MHWs therefore mainly
occur in open water or partially ice-covered waters (Hu et al.,
2020; Huang et al., 2021), and the frequency and intensity of
MHWs are inversely correlated to the sea ice cover (Carvalho
et al., 2021; Golubeva et al., 2021; Mohamed et al., 2022b;
Barkhordarian et al., 2024). Sea ice is thought to influence
MHWs in two ways. First, sea ice melt in spring exposes the
surface ocean to more solar heating, which can create or enhance
MHWs (Barkhordarian et al., 2024; Richaud et al., 2024). Second,
released freshwater from sea ice melt shoals the surface mixed layer,
which can accelerate the heating by surface fluxes. Through this
process, the presence of sea ice in seasonally ice-covered waters can
potentially amplify the intensity and duration of MHWs (Hu et al.,
2020; Richaud et al., 2024).

Recently, Zhang et al. (2024) investigated the main factors
influencing Arctic MHWs from 1982 to 2020 in different ice
cover regions, including multiyear ice, seasonal or first-year ice,
and open water (Figure 1A). They found that the MHWs in the MYI
region are mainly influenced by freshwater dilution processes such
as sea ice concentration, precipitation and salinity of the mixed layer.
In the FYI region, MHWs were influenced by surface air
temperature and total heat flux mainly through thermodynamic
processes, and the 500-hPa geopotential height also influences
MHWs mainly through large-scale atmospheric circulation.
MHWs in the OPW region were associated with sea ice, 850-hPa
geopotential height, and meridional wind components, suggesting
that MHWs in this region are correlated with atmospheric processes

Box 1 (Continued) Case study: ecosystem-wide impacts of the
2017–2019 MHW in the northern Bering and Chukchi seas
Chukchi seas, where seabird die-offs were associated with toxic algae
blooms (Van Hemert et al., 2020). In the Chukchi Sea, changes in
zooplankton and benthic populations were observed, with copepods
(Calanus glacialis/marshallae) and epibenthos having much lower
abundance compared to previous years (Huntington et al., 2020).

In the Bering Sea, during the MHW a shift in the zooplankton
community was observed, with an increase in small, low-lipid
copepods and a decrease in large, high-lipid copepods (Duffy-
Anderson et al., 2019). Young fish also seem to have responded to
the MHW, with a large increase in the abundances in 2017 of juvenile
pink salmon, juvenile walleye pollock, and age-0 polar cod, although
with overall low energy content for the latter (Huntington et al., 2020;
Copeman et al., 2022; Levine et al., 2023). The effects of the warm
period extended to higher trophic levels. With the lack of the cold pool
in the Bering Sea in 2018, adult walleye pollock, Pacific cod, and
northern rock sole biomass increased in the northeastern Bering Sea,
likely due to northward expansion (Stevenson and Lauth, 2019),
whereas the snow crab population collapsed as a result of reduced
habitat and increased competition, which led to mass mortality
events, likely due to starvation (Szuwalski et al., 2023). Seabird
populations also experienced mass mortality events, such as puffins
in 2017 (Jones et al., 2019), and murres, fulmars (Fulmarus glacialis),
and shearwaters in the Bering Sea in 2018 (Duffy-Anderson et al.,
2019; Jones et al., 2023). Changes in seabird distribution were
observed with notably an increase in short-tailed shearwater
densities in the Chukchi Sea (Kuletz et al., 2024b), and breeding
success was low for seabirds in the Bering Sea (Romano et al.,
2020; Will et al., 2020a). The ecosystem changes also affected
marine mammals. Bowhead whales were sighted earlier than usual
in northern Alaska, and their wintering patterns shifted to the Chukchi
Sea (Huntington et al., 2020). Spotted seal pups were found in poorer
condition, and a significant increase in seal carcasses, particularly in
the northern Bering and southern Chukchi seas, was observed
(Huntington et al., 2020). The MHW in the northern Bering and
Chukchi seas has had consequences on all trophic levels, which
ultimately can impact ecosystem structure and functioning. The
MHWs can have direct and indirect effects on the populations, yet
which effect dominates remains unknown and will vary across trophic
levels, with food web mediated effects likely affecting UTLs.
Huntington et al. (2020) suggests that observed changes in the
composition and abundance of zooplankton towards lower-lipid
species, along with an increased competition due to a higher
biomass of predator fish, might have caused the observed mass
mortality of seabirds and seals. While the northern Bering and
Chukchi seas have shown signs of transition towards a Subarctic
ecosystem in response to ocean warming, the ecosystem response
to the 2017–2019 MHW events may be preludes to future changes.
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and wind fields. Generally, MHWs in shallow water regions (e.g.,
Barents Sea and North Sea) are coupled with the atmosphere
(Mohamed et al., 2023; 2022b). However, MHWs occurred more
frequently in the Barents Sea than in the North Sea. This could be
due to Arctic amplification (Screen and Simmonds, 2010).

Because of the strong control of sea ice on surface temperatures,
the recent decline in Arctic sea ice cover strongly contributed to the
increased occurrence and intensity of Arctic MHWs (Mohamed
et al., 2022b; Barkhordarian et al., 2024). First, sea ice loss plays a key
role in Arctic amplification (Screen and Simmonds, 2010), leading to
more extreme warming of the Arctic Ocean compared to the global
oceans (Shu et al., 2022). Second, sea ice loss exposes regions with a
low temperature variability to strong temperature increase, which
can facilitate the occurrence of MHWs (Frölicher et al., 2018; Huang
et al., 2021). Changes in the timing of Arctic MHWs are also
influenced by changes in sea ice phenology. Huang et al. (2021)
found a strong extension ofMHWconditions during autumn, which
is caused by the stronger trend in later sea ice advances compared to
the trend in earlier sea ice retreats. In addition, the more severe
Arctic MHWs occurr predominantly in regions with first-year ice,
driven by ocean stratification (Zhang et al., 2024). As the extent of
first-year ice increases in the Arctic, MHWs are expected to become
more frequent and intense (Hu et al., 2020).

Defining MHWs from satellite observations of SST poses
challenges in polar environments due to interannual variability in
sea ice cover, limiting the number of open-water days from year to
year. In a circumpolar study of MHWs in the Arctic, Huang et al.
(2021) used the under-ice SSTs in areas of seasonal ice cover,
allowing for long-term assessments of MHWs in historically ice-
covered regions. Sea ice acts as a physical barrier to the atmosphere,
thereby limiting atmospheric forcings on the ocean, and as such,
both statistical (Huang et al., 2021) and mechanistic (Banzon et al.,
2020) approaches can be used to estimate under-ice SST.
Furthermore, because of the low temperature variability, defining
MHWs in sea ice covered regions can be challenging, because the
MHW threshold is very close to the climatological average. For
example, regions permanently ice-covered in winter experience
MHW conditions due to long-term upper-ocean freshening,
which raises the freezing point of water (Richaud et al., 2024).

2.2 Characteristics of MHWs in the Subarctic
marginal seas: example of the Bering and
Barents seas

In this section, we compare the trends of SST anomalies (SSTA)
and MHW characteristics in the two main pathways to the Arctic
Ocean (i.e., the Barents Sea and the Bering Sea) by reviewing and
extending the results of Carvalho et al. (2021) and Mohamed et al.
(2022b). Following Hobday et al. (2016), daily SST data from the
NOAA Optimum Interpolation SST (OISST) V2.1 product
(Reynolds et al., 2007) were used to detect MHW events in these
two regions over the period 1982–2022 (41 years). MHWs are
“prolonged periods of anomalously warm water in which the SST
exceeds the 90th percentile of the 30-year local mean for five
consecutive days or longer” (Hobday et al., 2016). Here, we
consider all the criteria of Hobday et al. (2016), including the
SST baseline climatology, which should be based on at least

30 years, and if two consecutive MHW events occur with gaps of
2 days or less, they are considered as a single event. The
climatological mean and the 90th percentile threshold are thus
calculated based on the entire period (1982–2022). We compare
trends in SSTA and MHWs metrics frequency (MHW events/
decade) and total duration (number of days). The SSTA is
calculated by subtracting the corresponding monthly climatology
value from the observed SST value for each calendar month in
the dataset.

In the Barents Sea, there was high spatial variability in SSTA
with the highest SSTA trends in the regions affected by the
accumulation of warm Atlantic water (Skagseth et al., 2020).
Specifically, in the southeastern part of the Barents Sea and the
Storfjorden Trough, SSTA trends were greatest, while the lowest
SSTA trend was observed in the northern part of the Barents Sea and
the Storbanken region (Figure 2A). Non-significant SSTA trends
were found over the north and east of Svalbard, south of Franz
Joseph Land, and on Spitsbergen Bank (Figure 2A), which were
mainly influenced by the sea ice in these regions. For the Bering Sea,
significant (p < 0.05) SSTA trends were observed over the entire
region (Figure 2B), with a few exceptions that showed non-
significant trends.

The highest SSTA trend was observed in the western Bering Sea,
while the lowest trends were found in the eastern Bering Sea
(Figure 3B). The highest SSTA values in the Barents Sea were
observed in 2013 and 2016, which were associated with a strong
positive phase of the East Atlantic Pattern (EAP), while the lowest
values were recorded in 1982 and 1998 (Figure 3A). In the Bering
Sea, the highest SSTA values were observed in 2003 and between
2014 and 2020, while the lowest anomalies were recorded in
1999 and 2012 (Figure 3B). It is noteworthy that the SSTA in the
two basins showed opposing fluctuations (i.e., anti-correlated
positive and negative anomalies) in 1997, 2003, 2012, and 2019.
The overall temporal trends of SSTA were 0.31 ± 0.11 and 0.24°C ±
0.09°C/decade for the Barents Sea and Bering Sea, respectively
(Figures 3A, B; Table 1).

Statistically significant trends in MHW frequency and total
number of days were observed in most areas of the Barents and
Bering seas (Figures 2C–F). In the Barents Sea, the strongest trend in
bothMHW frequency and total number ofMHWdays was observed
in southwestern Svalbard and the southern part of the Barents Sea
(Figures 2C, E), i.e., in the regions affected by the inflow of warm
Atlantic water. These patterns were broadly consistent with SST
trends (Figures 1B, 2A), confirming the role of long-term warming
in the formation of MHWs. The lowest trends in MHW frequency
and total number of days are found in the south-western part and
northern part of the Barents Sea. The low trends in these regions
could be due to lower SST variability (Mohamed et al., 2022a), as the
southwestern region is influenced by warm Atlantic water, while the
northern regions are mainly influenced by cold Arctic water. An
increase in the trend of MHW frequency was observed for most of
the Bering Sea, excluding the Alaskan coast (Figure 2D). The largest
MHW frequency trends (up to 1.8 events/decade) were observed in
the western Bering Sea and along the Russian coasts, while the lowest
MHW frequency trends were observed in the eastern Bering Sea and
the Bering Strait (Figure 2D). The MHW days showed significant
trends over the Bering Sea (Figure 2F). The highest MHW days
trends (up to 28 days/decade) were observed in the central Bering
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Sea, while the lowest MHW days trends were found in the northern
Bering Sea and the Bering Strait (Figure 2D).

A temperature shift was observed in the Barents Sea after
2004, which was associated with an increase in MHW events

from 1 event per year to >3 events per year compared to the
period before 2004 (Mohamed et al., 2022a; 2022b). The highest
annual MHW frequency (>5 events/year) and total days
(>100 days/year) were observed in 2012, 2013, and 2016

FIGURE 2
Trend maps for (A, B) sea surface temperature anomalies (°C/decade), (C, D) MHW frequency (events/decade), (E, F) MHW days (days/decade)
between 1982 and 2022 for the two pathways to the Arctic Ocean - the Barents Sea (left column) and the Bering Sea (right column). The white regions
indicate that the trend is non-significant (p > 0.05) at a 95% confidence interval. The abbreviations in panel (A) refer to the Barents Sea Opening (BSO),
Hopen Trench (HT), Bear Island Trough (BIT), Bear Island (BI), Storfjorden Trough (SFT), Franz Joseph Land (FJL), Kong Karls Land (KKL), Olga Basin
(OB), and the St. Anna Trough (St.AT). The Kola Section (KS) is marked with a straight green line.
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(Figures 3C–E), which were also the warmest years in the
Barents Sea (Figure 3A). Sea ice duration in the Barents Sea
in these warm years was <80 days/year (Mohamed et al., 2022a),
which is considered a favourable condition for the MHWs and
increases the probability of their occurrence. In the Bering Sea,
the highest annual MHW frequency (>3 events/year) and total
days (>40 days/year) were observed in 2003, and between
2014 and 2020 (Figures 3D, F). The occurrence of a MHW in
the Bering Sea is highly correlated with the reduction of the sea
ice concentration in the Chukchi Sea and the increase in the
Alaskan air temperature (Carvalho et al., 2021). The average
trends of MHW frequency and total days in the Barents Sea
(Bering Sea) were 0.89 ± 0.34 (0.80 ± 0.32) events/decade and
17.32 ± 8.32 (16.18 ± 6.30) days/decade, respectively. The year
2016 stands alone with a record of 7 (5) events and 200 (110)
MHW days in the Barents Sea (Bering Sea) (Figures 3C–F). In
general, an increase in MHW frequency and total days were
observed in both the Barents and Bering seas during the study
period. The distribution of frequencies and total days followed
similar temporal distributions of SST, indicating the role of

Arctic amplification in the generation of MHWs. This suggests
that the MHWmetrics might be very different in these Subarctic
regions if the MHWs were detected by removing the SSTs trend
instead of using a fixed baseline.

One of the longest-lasting and most impactful MHW events
in the northeast Pacific is known as the warm “Blob” that
occurred in 2014–2016, while in the Bering Sea, multiple
MHWs occurred in 2017–2019, as shown by SSTA
(Figure 2B). The “Blob” was mainly caused by a persistent
high-pressure system that led to a reduction in winds and
heat exchange between the ocean and the atmosphere. This
led to an accumulation of warm water in this region, causing
ocean temperatures to reach record-breaking levels. The SST
associated with the “Blob” was exceptionally high; in some
regions, the SSTA was about 3°C–6°C above average
(Gentemann et al., 2017).

3 Ecological responses to MHWs

The impacts of MHWs are superimposed on substantial climate-
driven changes occurring across Arctic marine ecosystems. The
Arctic is warming at a rate that is four times faster than the global
average (Rantanen et al., 2022), which has significantly altered the
Arctic and Subarctic marine ecosystems through the reduction in sea
ice thickness and extent, warming sea temperatures, increased
freshening and stratification, and higher turbidity due to melting
land ice and run-off (Meredith et al., 2019). These climate-driven
changes impact the entire food web, from the lower trophic level to

FIGURE 3
Temporal annual variability and trends for (A, B) sea surface temperature anomalies (°C/decade), (C, D)MHW frequency (events/decade), (E, F)MHW
days (days/decade) between 1982 and 2022 for the two pathways to the Arctic Ocean: the Barents Sea (left column) and the Bering Sea (right column).
The red dashed lines represent the best-fit linear curves of the SST and MHW characteristics. Note that the trend values are also displayed at the top of
each subgraph.

TABLE 1 Summary of the long-term trend in SST (°C/decade), MHW
frequency (events/decade), and MHW days (days/decade) for the Barents
Sea and Bering Sea between 1982 and 2022.

Region SST MHW frequency MHW days

Barents Sea 0.31 ± 0.11 0.89 ± 0.34 17.32 ± 8.32

Bering Sea 0.24 ± 0.09 0.80 ± 0.32 16.18 ± 6.30
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top predators (Wassmann et al., 2011; Husson et al., 2024). For
pelagic species in the western Arctic Ocean, increased stratification
reduces nutrient supply (Polyakov et al., 2020; Zhuang et al., 2021),
which appears to favour smaller phytoplankton types over larger
diatoms, such as in the Beaufort Sea (Li et al., 2009) and Chukchi Sea
(Neeley et al., 2018), and can cause harmful algal blooms (Anderson
et al., 2022). Modelling studies also indicate that future climate
change in the Arctic might favour phytoplankton species adapted to
mid-latitude environments, such as coccolithophores, leading to a
potential shift in planktonic ecosystems (Manizza et al., 2010;
Neukermans et al., 2018). Additionally, sea ice loss affects the
timing of phytoplankton blooms, extending the growing season
(Manizza et al., 2023), while the delayed freeze-up of Arctic sea ice
has also triggered a new and unprecedented novel fall bloom
(Ardyna et al., 2014). Changes in sea ice cover and ocean
warming also impact zooplankton populations, for example,
large, high-lipid copepods tend to decline while smaller copepods
with lower lipid content tend to increase in number and range, such
as occurred in the Bering Sea (Kimmel et al., 2023) and Western
Greenland (Møller and Nielsen, 2020). The population changes
from high to low-lipid content has large ramifications for the
marine food web. Reduced Arctic sea ice also increases the light
reaching the sea floor in some areas, which can increase benthic
primary production. This is driving increases in biomass and depth
extent of macroalgal forests, seagrass meadows, and microalgal mats
along some Arctic coastlines (Krause-Jensen et al., 2019; Attard
et al., 2024). Yet, long-term data on these changes remains rare, and
the impacts of sea ice loss are likely offset by increased turbidity from
melting ice in other areas (Bonsell and Dunton, 2018; Filbee-Dexter
et al., 2019). Upper trophic levels in the Arctic are also responding to
long-term warming and sea ice retreat by altering their distributions,
migration patterns, and phenology (Stafford et al., 2022; Husson
et al., 2024; Kuletz et al., 2024a), and there is evidence of changes in
their feeding, reproductive success, and survival (Mueter and
Litzow, 2008; Fossheim et al., 2015; Stevenson and Lauth, 2019;
Mueter et al., 2021; Renner et al., 2024).

The ecological response to MHWs can vary significantly based
on the duration and intensity of the event (Joyce et al., 2024). Short
and high-intensity MHWs are expected to cause acute stress,
potentially increasing mortality, especially for sessile species
(Smith K. E. et al., 2023; Garrabou et al., 2022). Longer, but not
especially more intense, MHWs might in contrast alter the fitness of
the organisms, such as altering their feeding, growth and
reproduction, and ultimately lead to changes in mortality rates
(Piatt et al., 2020). Long-lasting MHWs can also cause a
distributional shift of species, impacting ecological communities
and food webs. A global model study showed that while short
MHWs might result in moderate biomass reduction, especially in
the polar biomes, longer MHWs might cause larger ecosystem
impacts, which would take longer to recover in polar systems
than in temperate or tropical systems (Guibourd de Luzinais
et al., 2024). We review below observed and modelled MHW’

ecological impact studies. We acknowledge that MHWs can have
differentiated impacts on the ecosystems based on their
characteristics, such as their duration, but in this review, we do
not explicitly separate the ecological impacts based on the MHW
characteristics, nor disentangle the effects of a MHW event from
long-term warming.

3.1 Phytoplankton

Changes in upper-ocean stratification in the Arctic are directly
attributed toMHW events, through increased warming and buoyancy
to the top layers of the water column (Hu et al., 2020; Richaud et al.,
2024). This change in stratification may consequently impact the
availability of nutrients and light available to phytoplankton, thus
altering the species composition of the planktonic ecosystem. During
the recentMHWs in the subpolar North Pacific Ocean, several studies
have shown shifts in phytoplankton functional groups (Suryan et al.,
2021; Wyatt et al., 2022; Arteaga and Rousseaux, 2023; Strom, 2023).
The 2014–2016 MHWs in the Gulf of Alaska (GoA) caused a shift in
the phytoplankton communities through a reduction in surface
biomass and shift from large to smaller cells (Suryan et al., 2021;
Strom, 2023). Modelling studies in the GoA agree with observations
and showed that the warm “Blob” in 2014 caused the occurrence of a
phytoplankton shift, with dinoflagellates being favoured at the
expense of diatoms due to the reduction in silicate availability
caused by increased stratification (Wyatt et al., 2022; Arteaga and
Rousseaux, 2023). Similarly, MHWs in the polar waters of the
southern hemisphere caused a shift from cryptophyceae to nano-
phytoflagellates and other heterotrophic groups (Latorre et al., 2023).

Studies on both long-term effects and on MHW events are aligned
with previous literature on phytoplankton succession being driven by
nutrients and turbulence (Margalef, 1978). Anthropogenic climate
change in the Arctic and Subarctic regions has been transforming the
physical and chemical habitat of planktonic organisms and thus driving
ecological shifts. As these regions warm and become more stratified,
smaller phytoplankton tend to dominate in calm, low nutrient
environments, whereas larger phytoplankton succeed in areas of
higher turbulence and greater nutrient concentrations (Ardyna and
Arrigo, 2020). The modelling results focusing on MHW events, and
those with projections into a future warmer climate, tend to converge on
the response of the phytoplankton assemblages responding to large
thermal perturbations, from the lower atmosphere to the upper ocean
(Ardyna and Arrigo, 2020; Henson et al., 2021).

MHW events, and ocean warming more generally, can affect the
bloom phenology. For example, in the Bering Sea, during years of
intense warming (2017–2019) and low sea ice coverage, the
phytoplankton bloom phenology markedly changed, with an
increased importance of winds at controlling their seasonal
timing and onset (Nielsen et al., 2024). Furthermore, MHWs can
be associated with other extreme events such as acidification and de-
oxygenation throughout the water column, as modelled in the GoA
(Hauri et al., 2024). These compound extreme events could impact
planktonic organisms in multiple ways, such as shifting from
diatoms to nanophytoplankton (Hare et al., 2007), a decrease in
taxonomic diversity (Hoppe et al., 2018), and competition changes
within and between phytoplankton functional groups (Dutkiewicz
et al., 2015). Shifts in phytoplankton composition can be furthered
by consecutive MHW events. For example, coastal Arctic
phytoplankton exposed to repeated heatwave conditions in
incubation experiments revealed that both cool and warm phases
of consecutive MHWs can have long-term impacts on
phytoplankton physiology and composition (Wolf et al., 2024).
Ultimately, additional studies are needed to determine the
consequences of the co-occurrence of MHWs and ocean
acidification on phytoplankton community composition.
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The response of the phytoplankton to MHWs in the global
ocean varies with latitude (Noh et al., 2022). Chlorophyll responses
to MHW switch from negative to positive in both hemispheres
around the 40°–50° latitude bands (subpolar regions), the areas
where the strongest meridional gradient in nitrate concentration
exists (Noh et al., 2022). In these response-changing regions, the
latitudinal contrast of the chlorophyll response is starker in the
warm season rather than in the cold season due to the shallower
climatological mixed layer. The Noh et al. (2022) study highlights
that the phytoplankton responses to MHWs highly depend on the
upper-ocean interactions between phytoplankton and the mixed-
layer that ultimately impacts the light and nutrient availability.
Similarly, the magnitude of phytoplankton blooms during a
MHW occurrence depends on background nutrient concentration
(Hayashida et al., 2020). Considering that model projections suggest
a poleward expansion of the nutrient-poor waters in the future, we
would expect the development of weaker phytoplankton blooms
during MHWs in the coming decades. However, their future model
projections do not show a great impact on the Arctic and Subarctic
oceans, where phytoplankton blooms during MHWs are expected to
remain strong.

3.2 Zooplankton

Changes in the composition of phytoplankton could affect
zooplankton assemblages, both directly (impacting their

metabolism) and indirectly (changing their food source and
trophic interactions). The impact of MHWs on Arctic zooplankton
communities is still sparsely studied, but some observations from the
“Blob” allow us to draw some general understanding of zooplankton
response. In the northern California Current, there was an observed
increase in the species richness of copepods but an overall decrease in
the biomass of both copepods and euphausiids (krill) (Peterson et al.,
2017), while other studies observed a decrease in euphausiid biomass
concomitant with the “Blob” in the California Current (Cavole et al.,
2016; Lavaniegos et al., 2019). In the GoA, a decline of euphausiids in
the walleye pollock (Gadus chalcogrammus) diet during 2015 points to
a potential negative impact of the MHW on euphausiid populations
(Rogers et al., 2021), but contrasting observations reflect that the
euphausiid response was not clear (Batten et al., 2022). Generally,
warm-water associated zooplankton appeared to have increased
during the MHW event in the GoA (Suryan et al., 2021; Batten
et al., 2022), while the cool-water associated zooplankton community
did not show any evident response (Suryan et al., 2021). Consistent
with the observed impacts of long-term warming, MHWs are
expected to impact the zooplankton communities by switching the
dominance of high-lipid, cold-associated copepods towards low-lipid,
warm-associated copepods, as observed in the Bering Sea (Duffy-
Anderson et al., 2019). Being at the base of the food web, lower
zooplankton food quality (i.e., low-lipid organisms), can have
repercussions on the rest of the food web, such as resulting in a
decrease in fish larvae and juvenile survival, and ultimately increased
mortality of upper trophic levels (Figure 4, Box 1).

FIGURE 4
Schematic representation of ecological observations attributed to the 2017–2019 MHWs in the northern Bering Sea and the Chukchi Sea. The
question marks indicate that there remain large knowledge gaps on the ecological response to MHWs in this Arctic LME (e.g., the response of the pelagic
and benthic invertebrates and the indirect, food web mediated effects).
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Jellyfish distributional response to warming temperatures has
been examined in the Bering Sea (Brodeur et al., 2008; Decker et al.,
2023), but linkages to MHWs in the Arctic have not been studied.
Summer trawl surveys in the eastern Bering Sea of jellyfish biomass
from 1975 to 2005 showed an increase in jellyfish biomass
throughout the 1990s. Starting in the 2000s, warmer
temperatures co-occurred with a peak in jellyfish biomass, which
then stabilized throughout the rest of the study period. On the other
hand, a hindcast model for the Eastern Bering Sea from 1985 to
2017 observed no significant increases in jellyfish biomass in warmer
years, which may be evidence of jellyfish adaptation to ecosystem
shifts (Decker et al., 2023). These long-term observations and
models indicate the sensitivity of jellyfish biomass to thermal
regime changes, underscoring the need to understand MHWs
impacts on jellyfish populations, as changes in jellyfish biomass
can significantly impact the Subarctic ecosystems, particularly
affecting zooplankton and fish communities through direct
predation and competition (Brodeur et al., 2002).

3.3 Benthic species

Sessile foundation species provide ecosystem structure and
function, through the establishment of a physical framework that
supports other species (Wernberg et al., 2024). For example, Arctic
kelp species, which are large brown seaweeds occurring throughout
Arctic coastal waters, provide habitat and food for many ecologically
and commercially important species, due to their high standing
biomass, productivity, and physical habitat structure (Filbee-Dexter
et al., 2019; Lavoie et al., 2024). Changes in the composition and
abundance of sessile foundation species may severely degrade the
health and resilience of marine systems to other stressors (Thomson
et al., 2015). These sessile species are particularly vulnerable to
MHWs due to their inability to escape, making them more sensitive
compared to mobile species such as fish (Smale et al., 2019).
Although sessile organisms can acclimate to tolerate slightly
warmer conditions (Staehr and Wernberg, 2009; Staehr and
Borum, 2011), temperatures above a certain optimum will affect
performance negatively, for example, through reduced growth and
reproduction, while exposure to temperatures near the upper level of
tolerance lead to enhanced mortality. Severe heat stress occurring
under a MHW may thus lead to reduced fitness, local extinctions,
and eventually, to large-scale changes in range distribution.

Only a few studies have documented the ecological effects of
MHWs on Arctic sessile foundation species, however studies from
other areas indicate negative effects at all levels (species,
communities, ecosystems) with some effects persisting long after
the MHW event. MHWs are most damaging at the warm range
edges of species, because they push the local temperatures across
thermal thresholds for mortality (Smale et al., 2019; Filbee-Dexter
et al., 2020). In the Arctic, most foundation species are at their cool
range edges and therefore may not yet be vulnerable to MHWs. This
is particularly true for Arctic macrophytes, which have only recently
recolonized the Arctic after it reopened following the last ice age.
These plants are therefore near their cool range edges and experience
water temperatures well below their thermal maxima (Bringloe et al.,
2022). Climate-driven increased water temperature and decreased
sea ice cover can therefore benefit foundation species in the Arctic.

For example, persistent losses in sea ice cover along Arctic coastlines
are expected to expand habitats for macroalgae and seagrass (Attard
et al., 2024), although there is yet little evidence of these impacts
(Krause-Jensen et al., 2020).

An analysis of the vulnerability of seagrass to MHWs across
their global distribution, using empirically- or experimentally
determined seagrass upper thermal limits, found that seagrass
growing in boreal and Subarctic regions will not cross their
thermal limits within the next 200 years, making direct mortality
from aMHW unlikely (Marbà et al., 2022). Similarly, kelps are often
living below their thermal optima in the Arctic. This lack of
vulnerability is supported by a laboratory study of MHW impacts
on two kelp species (Agarum clathratum and Saccharina latissima)
at their cold range limit in Greenland. The study found no impact of
higher temperature during a simulated MHW on the species, and
showed that warmer temperatures mitigated (to some extent) the
impact of low light stress (Niedzwiedz et al., 2024). Yet, in some
regions of the Subarctic, kelps are near their thermal maxima and
can be susceptible to summer MHW events. An example of a
dominance shift following a MHW is the observed decline in
macroalgal foundation species in the northern GoA following the
“Blob,” which caused a region-wide shift in rocky intertidal habitats
from a state dominated by autotroph-macroalgal (Fucus distichus) to
a heterotroph-filter-feeder dominated state (Weitzman et al., 2021).
Other examples of vulnerable kelps could include the Arctic
endemic kelp Laminaria solidungula, which is range restricted to
6°C summer temperatures, although it can tolerate up to 16°C for up
to 2 weeks (Roleda, 2016).

Seagrasses generally display a wide temperature tolerance range
with the ability to acclimate making them capable of dominating the
sublittoral soft bottom zone of climatic zones extending from
tropical to arctic conditions (Staehr and Borum, 2011 and
references therein). While seagrasses generally display a capacity
for range shifts, some slow growing species are less tolerant and
capable of acclimating to sudden temperature elevations, potentially
causing negative local impacts of MHWs for seagrasses living near
their upper temperature tolerance limits. Evidence of such negative
local impacts on seagrasses has so far not been found in Arctic
waters. Overall, the impact of MHWs on the sessile foundation
species adds to other important human related pressures, such as
overgrazing from sea-urchins (stimulated by overfishing of top-
predators), coastal eutrophication, and physical disturbance from
human activities like sediment extraction and bottom trawling.
Reducing these pressures is therefore crucial for enhancing
coastal ecosystem resilience to MHW impacts (Wernberg
et al., 2024).

High-latitude marine ecosystems are characterized by relatively
high benthic biomass, with the Bering Sea and the Chukchi Sea being
notable “hotspots” of benthic biomass (Wei et al., 2010; Grebmeier
et al., 2015). Despite this, the impact of MHWs on high-latitude
benthic invertebrates has generally been little studied. One
significant exception is the documented mass die-offs of snow
crab (Chionoecetes opilio) in the Bering Sea between 2018 and
2021 (Figure 4, Box 1), making it one of the largest observations
of the negative ecological effects of MHWs (Szuwalski et al., 2023). A
combination of increased crab densities due to reduced habitats,
through the disappearance of water masses lower than 2°C on the sea
floor (i.e., the “cold pool”), and increased caloric demands due to the
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heatwave, likely resulted in the starvation of up to 10 billion snow
crabs (Szuwalski et al., 2023). Prior to this MHW event, the snow
crab population was assessed to be at historically high abundance,
with a large recruitment of immature crabs. Other negative impacts
of MWHs on benthic invertebrate communities were observed in
the southeastern Chukchi Sea, where the epibenthic biomass
declined in 2017 following multiple warm years (Huntington
et al., 2020). In the GoA, contrasting trends in benthic
invertebrate populations were observed after the onset of the
“Blob,” with sea star abundance generally declining while
mussels, a prey of sea stars, generally increased (Suryan et al.,
2021). In the Barents Sea, benthic monitoring in a Svalbard fjord
showed that benthic invertebrate’s abundance and richness declined
sharply after a MHW event in 2006, but the benthic community
appeared to recover after several colder years, pointing towards
some potential resilience of benthic communities (Jordà-Molina
et al., 2023).

3.4 Fish

Fish responses to MHWs in the Arctic and Subarctic
ecosystems are also relatively unknown, whereas many
studies from non-Arctic regions have documented MHW
impacts on fish. Notable exceptions are the
2014–2016 northeastern Pacific “Blob” and the Bering Sea
and Chukchi Sea MHWs in 2017–2019, which had profound
and cascading impacts on fish populations in the North Pacific.
In the GoA, forage fish species such as Pacific capelin (Mallotus
catervarius), Pacific sand lance (Ammodytes personatus), and
Pacific herring (Clupea pallasii) experienced historically low
abundance and decreased body conditions due to the MHW
(i.e., lower quality prey for top predators) (Biela et al., 2019;
Arimitsu et al., 2021; Robinson et al., 2023). The polar cod
(Boreogadus saida), another crucial forage fish, also experienced
large declines in nutritional value due to the MHW in the
Chukchi Sea (Copeman et al., 2022). These changes in the
body conditions of fish can have ramifications for energy
transfer to top predators. Additionally, the “Blob” had large
impacts on fish early life stages, such as the walleye pollock in
the GoA. Record-low levels of pollock larvae were observed in
2015, and their summer survival rates were significantly
reduced, resulting in very low abundances of juvenile pollock
(Rogers et al., 2021). Not only the extreme temperature, but
multiple factors such as low-saline conditions, low zooplankton
density, and poor body condition of age-0 pollock, contributed
to the juvenile pollock declines (Rogers et al., 2021), illustrating
the complex direct and indirect interactions influencing fish
responses to climate warming. In the northern Bering and
Chukchi seas, a large influx of juvenile walleye pollock and
increase in the abundances of juvenile pink salmon
(Oncorhyncus gorbuscha) and age-0 polar cod were
concomitant to the 2017–2019 MHW (Huntington et al.,
2020; Levine et al., 2023) (Box 1).

MHWs can cause demographic responses in fish populations,
influencing recruitment success, growth patterns, and natural
mortality (Box 1). For example, in the GoA, MHWs induced changes
in the phenology and growth of Pacific cod (Gadus macrocephalus)

juveniles, causing earlier hatching and faster growth (Almeida
et al., 2024). The biomass of adult Pacific cod in the GoA, which
sustains an important commercial fishery, had severely declined in
2017 following the MHW (Barbeaux et al., 2020). The decline was
most likely due to increased metabolic demand combined with
lower prey availability, but also reduced survival of recruits and
loss of suitable spawning habitat (Barbeaux et al., 2020; Laurel and
Rogers, 2020). Fish thermal tolerance range is often the smallest
during early-life stages, e.g., eggs and larvae, which are highly
sensitive to temperature variations (Dahlke et al., 2020). If a MHW
coincides with the distribution of critical life stages (in space and
time), it can result in high mortality; for instance, walleye pollock
in the GoA experienced significant early-life stage mortality
(i.e., recruitment failure) during the “Blob” (Rogers et al., 2021).
Analyses of species’ thermal niches can inform on species
vulnerability to MHWs, for example, in the Pacific Arctic,
juvenile polar cod are more likely to suffer from increased
temperatures during MHWs compared to other gadids such as
saffron cod (Eleginus gracilis), walleye pollock, and Pacific cod, due
to negative impacts of warm temperature on their activity, growth,
and survival at a lower temperature threshold (16°C; Laurel
et al., 2016).

A behavioural response of fish to abnormal sea temperatures is
to move to more suitable areas, for example, by moving to climatic
refugia and/or following their thermal niche (Jacox et al., 2020;
Alabia et al., 2021). These displacements can cause large changes in
the composition of the fish assemblages (abundance, biomass, and
diversity), but in many instances these changes appear to be short-
term. For example, the “Blob” in the northern California Current led
to large but short-term changes in fish species abundances in
eelgrass meadows, with the fish assemblage quickly returning to
baseline levels (Robinson et al., 2022). In the northern Bering Sea,
spatial distributions of several commercially important fish species
shifted during the warm summer of 2017, with increased biomass of
walleye pollock, Pacific cod, and northern rock sole (Lepidopsetta
polyxystra) in the northeastern Bering Sea (Stevenson and Lauth,
2019). In the Barents Sea, community-level redistributions were
apparent during MHWs, but they appeared to affect different fish
species and groups, and long-term effects were not evident (Husson
et al., 2022). In accordance, a large-scale analysis of demersal fish
communities across Europe and North America, including the
Subarctic Barents Sea and Bering Sea did not find significant
impacts of MHWs on the fish biomass, abundance, and
biodiversity (Fredston et al., 2023). Still, MHWs could facilitate
the northward range expansion of Subarctic fish species into the
Arctic. This is exemplified by walleye pollock, which extended its
northern range into the southern and central parts of the Chukchi
Sea during the 2017–2019 MHW events (Levine et al., 2023).

Global simulation models indicate that MHWs in exclusive
economic zones could lead to a 6% drop in maximum
commercial fish catch potential, affecting 77% of exploited fishes
and invertebrates (Cheung et al., 2021). However, negative impacts
from MHWs in Subarctic regions are expected to be on average
smaller than for the temperate and tropical regions (Cheung et al.,
2021). These global models also highlight that MHWs can cause a
substantial and rapid biomass decrease and shifts in fish
distribution, with a projected doubling of MHW-related effects on
major commercial fish species by 2050 (Cheung and Frölicher, 2020).

Frontiers in Environmental Science frontiersin.org11

Pecuchet et al. 10.3389/fenvs.2025.1473890

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1473890


3.5 Upper trophic levels: seabirds and
marine mammals

Upper trophic level (UTL), homeothermic vertebrates like
seabirds (here, defined as all birds that use the marine
environment), and marine mammals generally show a delayed
response to MHW events, due to their trophic distance from
primary productivity and lower trophic levels, longer life spans,
and high mobility (Burger and Piatt, 1990; Johns et al., 2022; Orgeret
et al., 2022). In addition, at least for marine mammals, their large
bodies and capacity for energy storage via fat reserves buffer
interruptions to the food web. However, the thick blubber of
some Arctic cetaceans, like narwhals (Monodon monoceros) and
bowhead whales (Balaena mysticetus), may reduce their ability to
dissipate heat. Narwhals, in particular, have limited
physiological flexibility to adjust their swimming or diving
behaviour to thermoregulate if water temperatures become
extreme (Chambault et al., 2020). Given evidence that the
distributional range of Arctic marine mammals is
temperature driven, MHW events could have potentially
direct negative impacts on these species. There have been
multiple examples of the delayed response of seabirds and
marine mammals to MHWs, ranging from weeks to years
(Gulland et al., 2022; Jones et al., 2023; Welch et al., 2023;
Renner et al., 2024). Most of these examples are from non-
Arctic regions, but have included Subarctic marine species that
use the Arctic for some portions of their life cycles.

Although UTL animals may show longer-term impacts or delayed
responses to MHWs, there are more immediate direct and indirect
effects. Physiological responses to intense heat, i.e., heat stress, can occur
in the water and on land. For instance, the high atmospheric
temperatures that typically accompany MHWs can cause heat stress
for seabirds incubating eggs or attending chicks on open cliff nests (Cook
et al., 2020). MHWs can result in toxic algae blooms and diseases that
directly affect UTLs. In the northern Bering and Chukchi seas, seabird
die-offs were associated with toxic algae blooms (Van Hemert et al.,
2020), and in the northern Bering Sea, avian influenza was detected in
murres (Uria spp) during the 2018 heatwave (Will et al., 2020b). In the
Canadian Arctic, avian cholera outbreaks increased with climate change,
threatening populations of northern common eiders (Somateria
mollissima borealis) (Iverson, 2015). The first recorded mortality of a
polar bear (Ursus maritimus) from avian influenza occurred in the
winter of 2024; the bear was likely infected by scavenging on infected
marine birds, which has broad conservation and health issues for
mammalian species, including humans (Ward, 2024).

High marine mammal mortality has been documented during
extended warm periods, including humpback whales (Megaptera
novaeangliae) and fin whales (Balaenoptera physalus) following the
2014–2016 GoA MHW (Gabriele et al., 2022). However, the spatio-
temporal dispersal of observations makes it difficult to link their
deaths to specific MHWs (Albouy et al., 2020; Gabriele et al., 2022).
For marine mammals, reduced survival can be a long-term impact
fromMHWs, including reduced abundance and low calf production
(Suryan et al., 2021; Gabriele et al., 2022).

Variation in impacts can vary even within a broad ecological
region, such as documented for endangered Steller’s sea lions
(Eumetopias jubatus) during and after the GoA MHW (Hastings
et al., 2023). Indirect impacts of MHWs on UTLs include changes in

the prey field and/or foraging habitat. Following the GoA MHW,
changes in distribution by humpback whales and their prey resulted
in higher entanglement of whales in fishing gear farther south, due to
greater temporal and spatial overlap of whales and fisheries (Santora
et al., 2020). A specifically Arctic example is that, as sea ice retreats
during exceptionally warm years, forage fish like polar cod move
farther offshore or into waters too deep for diving seabirds [e.g.,
black guillemots (Cepphus grylle); Divoky et al., 2021].

In the northern GoA, the 2014–2016 MHW reduced the
abundance of three important forage fish species, which
impacted UTL consumers during the MHW (Arimitsu et al.,
2021), and for years afterward (Suryan et al., 2021), with long-
term demographic consequences (Schoen et al., 2022).
Demographic impacts were also documented for common
murres (Uria aalge) in the North Atlantic, with evidence that
the behavioural flexibility of murres in response to higher SSTs was
not sufficient to ameliorate immediate and long-term negative
impacts on reproductive success (Wanless et al., 2023). Some
seabirds, such as black-legged kittiwakes (Rissa tridactyla) in
the GoA, altered foraging behaviour and searched a wider area
for prey to feed chicks. However, this species experienced
widespread breeding failure in the GoA, which continued for
5 years after the MHW (Osborne et al., 2020). In contrast,
benthic-feeding sea ducks did not show evidence of negative
impacts from MHW conditions in the northern GoA,
illustrating the importance of considering trophic interactions
when predicting resilience to anomalous conditions (Robinson
et al., 2023).

MHW effects on prey species, such as reduced size and nutrient
content of zooplankton (Kimmel et al., 2023), were detrimental for
planktivorous seabirds nesting in the northern Bering Sea (Will
et al., 2020a). Indeed, an ecosystem model suggested that loss of
high-lipid Arctic copepod species may have the greatest impact on
UTLs, including forage fish, planktivorous seabirds and a variety of
marine mammals (Gillie et al., 2024). Forage fish also had reduced
size-at-age and lower fat content following the extremely warm
period (with multiple MHW events) in the Bering Sea during
2017–2019 (Copeman et al., 2022). These changes in prey were
associated with unusual seabird die-offs and breeding failures
(Romano et al., 2020; Will et al., 2020a; Kaler and Kuletz, 2022;
Jones et al., 2023). The 2017–2019 MHW events in the northern
Bering and Chukchi seas also facilitated a massive influx of juvenile
walleye pollock into the Chukchi Sea (Levine et al., 2023), which,
along with changes in other prey species and foraging conditions,
influenced the distribution of planktivorous and piscivorous
seabirds there (Kuletz et al., 2020; 2024b) (Box 1).

The timing of prey availability in the Arctic is critical to UTLs,
particularly those that attempt to raise young (i.e., many seabirds,
walrus, and seals) or must obtain adequate food for long migrations,
e.g., shearwaters Ardenna sp., and large cetaceans (Kuletz et al.,
2024a). In one cross-taxa modelling exercise focused on the eastern
North Pacific, Welch et al. (2023) found that top predators could
vary widely in their response to MHWs, with some species
benefiting from newly available suitable habitat, while others
faced reduced habitat, and in some cases, species-specific
responses varied between MHW events. Coastal UTL species,
and more southerly species, showed the greatest spatial
displacement during MHW events (Welch et al., 2023).
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Most UTLs can “buffer” against short-term ecosystem
perturbations via moving from impacted areas, behavioural
flexibility, or switching to alternative prey (Sinclair et al., 2008;
Jones et al., 2023 and references therein; Woehler and Hobday,
2023). However, mass mortality events of seabirds and marine
mammals are often associated with MHWs (or a series of brief
MHW events) in Arctic and Subarctic regions, indicating significant
and long-term impacts to the ecosystem that overrode the
behavioural flexibility of UTLs (Jones et al., 2023). Examples
include tufted puffins (Fratercula cirrhata) and crested auklets
(Aethia cristatella) in the Bering Sea in 2017 (Jones et al., 2019),
and murres and shearwaters in the same region in 2018 (Duffy-
Anderson et al., 2019; Romano et al., 2020). In the North Atlantic,
northern gannets (Morus bassanus) starved during the 2012 MHW
off Newfoundland (Montevecchi et al., 2021). Seabird mortality
during the GoA MHW, originally estimated at 3 million seabirds,
primarily common murres (Piatt et al., 2020; Jones et al., 2023) is
now estimated to have claimed 4 million common murres, half of
the Alaskan population, and the largest seabird mortality event on
record (Renner et al., 2024). Notably, 5 of the 13 colonies monitored
for this study are located in the southeastern Bering Sea, reflecting
impacts to populations that overwinter in the GoA but
breed elsewhere.

Animals often redistribute in response to MHWs, e.g., chick-
rearing kittiwakes foraged over a wider area in the northern GoA
(Osborne et al., 2020), and short-tailed shearwaters (Ardenna
tenuirostris) spread across the Chukchi Shelf in 2017 and 2019;
the latter was concurrent with the invection of warm Bering Sea
water there, and the lack of concentrations of euphausiids (Kuletz
et al., 2024b). For long-distance migrants like the shearwaters,
MHW conditions may result in longer, more wide-spread
foraging trips (Yamamoto et al., 2015) and be reflected in later
arrival at southern hemisphere breeding areas and low breeding
success (Glencross et al., 2021). While some Subarctic breeding
animals may adjust to warm conditions by foraging farther north
(e.g., thick-billed murres Uria lomvia, and short-tailed
shearwaters (Kuletz et al., 2020), those that reside in the
Arctic year-round do not have that option. For example,
following the warm conditions in the northern Bering and
Chukchi seas, ice-seals like spotted seal (Phoca largha) had
high mortality and their pups were in poor condition
(Huntington et al., 2020).

4 Discussion

4.1 Social, economic, and cultural impacts
on Arctic and Subarctic communities

The multifaceted MHW impacts outlined above have had
substantial social and economic impacts across fishing and coastal
communities, subsistence-based communities, and diverse marine
users. MHWs reverberate across the spectrum of human wellbeing,
which is defined as the state when basic needs are met and individuals
and communities can pursue their goals and enjoy a satisfactory
quality of life (Breslow et al., 2016). Social scientists have identified the
numerous dimensions of human wellbeing tied to marine ecosystems,
including mental and physical health, social connections to place and

people, intergenerational knowledge transfer, cultural and spiritual
practices (Breslow et al., 2016). The following two paragraphs describe
overarching effects of MHWs on human dimensions, while the final
three paragraphs detail the impacts specifically on the social,
economic, and cultural systems of Arctic and Subarctic communities.

MHW impacts on commercial and subsistence fisheries such as
fish stock downturns, harvest restrictions, closures, and shifts in
fishery timing have been particularly detrimental for communities.
Direct economic impacts of these changes have been estimated at
hundreds of millions of US dollars for a single fishery (Smith et al.,
2021; Szuwalski et al., 2023). Not all impacts have been adverse, with
some species responding positively with range extensions and
increasing abundance from favorable conditions (Smith et al.,
2021; Free et al., 2023). Yet, even these seemingly positive
impacts have been associated with intensified conflicts across
multiple political boundaries (Pershing et al., 2018; Szymkowiak
and Steinkruger, 2023).

MHWs have also disrupted traditional ways of life and
subsistence lifestyles across the world as ecological changes have
altered the marine food web upon which indigenous coastal
communities rely. Fisheries downturns associated with MHWs
have included critical subsistence and cultural keystone species,
undermining multi-generational connections to these resources and
food security (Falardeau et al., 2022; Free et al., 2023). Mass
mortality events of seabirds and marine mammals associated
with MHWs have also undermined subsistence harvests with
profound food security implications for indigenous communities
(Young et al., 2014; Naves, 2018; Siddon et al., 2020). Large-scale
harmful algal bloom events associated with MHWs have increased
safety hazards associated with paralytic shellfish poisoning in
shellfish, hindering traditional shellfish gathering practices and
eliminating this critical food source for indigenous peoples
(Kourantidou et al., 2022). Kelp mortality from MHWs has
undermined traditional knowledge and spiritual values for
indigenous communities that have utilised kelp for thousands of
years in numerous cultural practices (Smith K. E. et al., 2023).
Subsistence harvest practices have also been affected by altered
migratory patterns and timing of seabirds and marine mammals,
and their accessibility to hunters due to sea ice loss (Kuletz et al.,
2024a and references therein).

In the Arctic and Subarctic, MHWs have been increasing in
frequency and extent, disrupting coastal socio-ecological systems
grounded in marine resource access and use. The “Blob” drove
unprecedented fisheries downturns in the GoA across both
groundfish and salmon fisheries, which were exacerbated by the
return of MHW conditions in 2019 (Barbeaux et al., 2020; Free et al.,
2023). From 2015 to 2017, the Pacific cod fishery in the region
experienced a 70% decline, and after multiple years of increases in
harvest restrictions, the fishery closed in 2020 due to concerns over
the sustainability of the resource (Barbeaux et al., 2020; Laurel and
Rogers, 2020; Peterson Williams et al., 2022). Starting in 2016, the
region also experienced disasters across several different salmon
species and runs, attributed to poor oceanographic conditions
(Bellquist et al., 2021). Rapid and repeated declines in multiple
fisheries over a 5-year timespan precipitated an exodus of
participants from these fisheries and created uncertainty and
stress in fishing communities (Suryan et al., 2021; Abelman et al.,
2023). Although sablefish had an unprecedented recruitment class
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following the heatwave, the tremendous influx of small fish into the
commercial fishery disrupted the market and led to substantial
declines in prices (Szymkowiak and Rhodes-Reese, 2020). At the
same time, fishermen’s attempts at exploiting the increased
abundance of warm water species in the region to buffer
declining revenues were largely unsuccessful due to conservation
concerns over traditional target species (Szymkowiak et al., 2024).
The MHW also precipitated increased polarization of viewpoints
about fisheries allocations and enhancements amongst fisheries
stakeholders in the face of declining abundance, signifying the
impact of these abrupt changes on social conflict in the region
(Szymkowiak and Steinkruger, 2023).

In addition to disruptions in fisheries, the “Blob” created
tremendous upheaval across diverse marine user groups. Large-
scale die offs of seabirds in the GoA disrupted traditional seabird
harvest (Piatt et al., 2020). The warm waters precipitated the largest
harmful algal bloom on record, with paralytic shellfish poisoning
events and oyster farm closures in Kachemak Bay near Homer, Alaska
(Walsh et al., 2018). Increased harmful algal blooms and paralytic
shellfish poisoning generated food safety concerns throughout Alaska,
disrupting shellfish gathering for commercial and subsistence
harvesters (Walsh et al., 2018). The MHW also resulted in declines
in cetaceans (see Section 3.5), which had adverse impacts on the
marine tourism industry in the region (Suryan et al., 2021).

The socio-ecological systems that depend on the Bering and
Chukchi seas have also experienced unprecedented disruptions in
the years following the 2017–2019 MHWs in the region. Warm
water temperature and declines in the extent and duration of sea
ice cover prevented traditional ice-based harvesting of marine
resources, i.e., fish, crabs, seals, and whales (Walsh et al., 2018).
Access issues were compounded by seabird and marine mammal
die offs in the region and downturns in availability of these
resources due to breeding failures and changes in migratory
patterns (Walsh et al., 2018; Siddon et al., 2020; Kuletz et al.,
2024a). HAB events and associated food safety concerns also
extended to the Bering Strait region at this time (Walsh et al.,
2018; Siddon et al., 2020).

Reductions in lipid-rich prey, due to warmer waters in the
region, also precipitated steep declines in chum salmon
(Oncorhynchus keta) run sizes, leading to closures of the
commercial and subsistence fisheries in western Alaska (Farley
et al., 2024). This exacerbated ongoing Chinook salmon
(Oncorhynchus tshawytscha) run failures in the region, which
are critical for the cultural fabric and spirituality of the indigenous
people in the region (Carothers et al., 2021), and food security
issues (Farley et al., 2024). In addition to impacts on salmon, the
MHWs in the Bering and Chukchi seas led to large scale shifts in
fisheries resources in the region. There were substantial
northward migrations of highly valuable commercial fish
populations – Pacific cod and walleye pollock – associated with
the MHW (Duffy-Anderson et al., 2019; Siddon et al., 2020;
Levine et al., 2023). In response, fishing fleets experienced
longer travel times between fishing grounds and ports and the
shift triggered long-term considerations about the potential need
to shift stock assessment survey grounds, fisheries management
boundaries, and processing capacity to meet the shifting spatial
distribution of the resources (Siddon et al., 2020). The mass
mortality of the Bering Sea snow crab led to the closure of the

fishery for the first time in history for the 2022–2023 season,
causing the largely indigenous, island community of St. Paul,
which relies heavily on revenue from processing crab and
servicing the crab fishing fleet, to declare a cultural, economic,
and social emergency (Szuwalski et al., 2023).

4.2 Adaptive management and mitigation of
impacts from MHWs

Arctic and Subarctic fisheries are feeling the impact of MHWs
due to the ecological disturbances affecting harvested marine
populations (Barbeaux et al., 2020; Szuwalski et al., 2023; Farley
et al., 2024). Considering the expected increase in the frequency of
MHWs, there is a need to transition towards adaptive management
of marine resources (Free et al., 2023). Adaptive resource
management, a more flexible decision-making process, involves
managing natural resources while simultaneously learning from
outcomes and adapting strategies based on new information and
changing conditions (Allen et al., 2011; Williams and Brown, 2014).
By enhancing flexible harvest strategies and quick responses it can
better mitigate and adapt to the impact of MHWs on socio-
ecological systems (Caputi et al., 2016; 2019). The socio-
economic consequences and management decisions following the
two extreme MHWs in Australia in 2010–2011 and the northeast
Pacific in 2014–2016, provided useful lessons about themanagement
of fisheries following MHWs (Caputi et al., 2019; Free et al., 2023).
Caputi et al. (2019) highlighted the importance of adaptive fisheries
management to protect ecological populations that suffered
recruitment failures due to MHWs, suggesting that early
identification of temperature hot spots and abundance changes as
well as flexible harvest strategies, can allow for a quick response, to
minimize the effect of fishing on reduced commercial populations.
Fisheries catch data from Alaskan fishing communities revealed that
diversifying resource portfolios and adapting to changing fishing
opportunities can help mitigate economic instability during major
ecological and/or economic disruption (Cline et al., 2017). This
emphasizes the importance of maintaining diverse economic
options to strengthen the resilience of the socio-ecological
systems to extreme events (Cline et al., 2017).

As species’ distributions shift with warming or in temporary
response to MHWs (Kuletz et al., 2024a), changes in monitoring
design and fisheries management boundaries might be needed
(Siddon et al., 2020; Free et al., 2023). Early detection of
ecological impacts through monitoring of fish and invertebrates’
early-life stages and abundance would require increasing
monitoring efforts, which although desirable might not be
possible due to the economic costs of scientific surveys. Yet,
monitoring programs could be modified to increase knowledge of
the system response and identify early-warning signals by increasing
the use of alternative monitoring sources, such as eDNA and fishery-
dependent data (Borgman et al., 2022; Free et al., 2023). For
example, eDNA sampling could be sampled by ships-of-
opportunity and thereby help expand spatial and temporal
coverage and reduce costs (Valsecchi et al., 2021). This approach
could be especially useful in the Arctic, due to its remoteness and
limited seasonal accessibility. In addition, early identification of SST
anomalies through satellite monitoring can provide an early warning
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of MHWs occurrence (Hobday et al., 2016). This can inform of
potential socio-ecological disturbances and thus trigger adaptive
management strategies. Improved SST forecasts can also be used for
short-term predictive models to inform dynamic management
measures, such as adjusting harvest guidelines and reducing
fisheries bycatch (Holsman et al., 2019). In Arctic coastal regions,
which harbor critical habitats like kelp forests, monitoring of sea
temperatures should be supplemented with continuous in situ
observations (Borgman et al., 2022). There is thus a need for
increased funding and support for the development and
implementation of advanced detection and monitoring
technologies, such as satellite monitoring for early detection of
SST anomalies, eDNA sampling for ecological monitoring and
in-situ observations.

Additionally, expanding Marine Protected Areas (MPAs) and
effectively enforcing them, particularly by covering climate refugia,
could significantly enhance the resilience of Arctic marine
ecosystems to climate-induced stressors (Ainsworth et al., 2020;
Queirós et al., 2021). MPAs, restricting some to all human activities
within a defined area, are often seen as a key tool to protect marine
biodiversity and build ecosystem resilience. While MPAs have had
successes in terms of restoring biodiversity due to the relaxation of
human pressures (e.g., of no-take MPAs; Sala and Giakoumi, 2018),
the performance of MPAs to limit the ecosystem effects of
uncontrollable external stressors and extreme events (e.g., storms
or temperature rise) is less obvious. In the Arctic, the multi-level
impacts of sea ice loss could prove particularly challenging in terms
of applying MPAs to mitigate detrimental effects. Evidence
suggests that MPAs, compared to unprotected sites, may
provide refuge and contribute to the resilience of fish
communities during MHWs by, e.g., dampening the loss of
trophic diversity and accelerating the recovery of taxonomic
diversity (Ziegler et al., 2023; Benedetti-Cecchi et al., 2024). Yet,
the potential of MPAs as a tool to mitigate the impacts of MHWs
on ecological communities is still unclear (Freedman et al., 2020;
Smith J. G. et al., 2023), indicating the need for further research to
better understand the role of area-based protection in mitigating
climate impacts. In addition, the efficacy of MPAs can be
compromised by inadequate enforcement or design, for
example, by not spatially covering climate refugia. Climate
refugia are areas that remain relatively detached from climate
change impacts, which could provide important sanctuaries for
vulnerable Arctic species during extreme events like MHWs. The
Arctic currently has several MPAs; as of 2020, over 5% of the
Arctic’s marine areas had some level of protection (CAFF/PAME,
2022). This coverage fell short of the 2020 Aichi Biodiversity
Target 11 of 10% marine protection and is far from the
2030 target 3 of the Kunming-Montreal Global Biodiversity
Framework of 30% of ecologically representative and effective
protection and management of global marine areas. In addition
to MPAs, other regulations and spatial restrictions can play
important roles in protecting marine biodiversity, such as the
Central Arctic Ocean (CAO) fisheries agreement, which is a 16-
year ban of commercial fishing in the CAO. Finally, international
collaborations should be strengthened to designate Other Effective
Conservation Measures (OECMs) and identify vulnerable marine
ecosystems, supporting global efforts towards achieving the
biodiversity targets set for 2030 (CAFF/PAME, 2022).

4.3 Conclusion and future research needs

The intensity, duration, and frequency of MHWs have increased
in the Arctic Ocean and its marginal seas. Significant progress has
been made in understanding the onset and dynamics of MHWs, as
well as in improving the forecasting of MHW events globally. In the
Arctic and Subarctic marine ecosystems, MHW dynamics are unique
due to the interplay between sea ice, ocean, and atmospheric
dynamics, where declining sea ice amplifies MHW occurrence,
duration, and intensity by exposing open water to solar heating
and reducing temperature variability. Subarctic marginal seas like
the Barents and Bering seas experience high spatial variability in
MHW frequency and duration due to regional influences such as
warm Atlantic water inflow, Arctic amplification, and sea ice retreat.

While Arctic MHWs appear to be primarily driven by
atmospheric heat fluxes and oceanic heat advection in inflow
regions, there remain substantial knowledge gaps regarding the
subsurface mechanism of MHWs, compound events, the
potential impacts on marine ecosystems and fisheries, and the
predictability and forecasting of MHWs in the Arctic regions. Also,
identifying MHWs in the Arctic based on satellite observations of
SST include challenges due to the sea ice cover limiting the number
of open-water days, and, definning relevant. Defining relevant
MHW threshold is difficult in the Arctic regions due to the low sea
temperature variability which causes the MHW threshold to be
very close to the climatology. This highlights the need for further
research to understand better the detection and mechanisms of
MHWs in the polar regions, such as increased knowledge about
subsurface mechanisms, the effect on the MHW identifications of
removing the SSTs trend instead of using a fixed baseline, and
more generally the limitations of applying MHWs detection
methods developed in non-polar regions to the Arctic.

Many Arctic species have narrow thermal preferences, making
them especially vulnerable toMHWs, as many are already at, or near
their upper thermal limits. The limited behavioural flexibility caused
by extreme photoperiods further exacerbates the risks for these
species. MHWs can thus be disastrous for Arctic species that are
losing large parts of their suitable habitats and might not be able to
find and move to suitable colder areas to avoid extreme heat. Sessile
species, such as benthic foundation species like kelp and seagrass, are
likely more vulnerable to MHWs in contrast to mobile species
(Smale et al., 2019), but in the Arctic, many of these sessile
species are distributed at the cold end of their thermal range and
evidence of MHWs impacts there remains limited. In addition, by
affecting the stratification of the upper ocean, MHWs can influence
nutrient and light availability for phytoplankton, thereby altering
their community composition and size. MHWs can also cause shifts
in the lipid content of zooplankton communities (from high- to low-
lipid species). Changes in the planktonic system can have
repercussions throughout Arctic and Subarctic food webs, and
ultimately impact UTLs (Gillie et al., 2024). Fish, seabirds, and
marine mammals in the Arctic and Subarctic regions exhibit varied
responses to MHWs. Demographic responses through decline in
body condition, increased mortality rates and recruitment failures
were documented. Distributional shifts of UTL animals during and
after MHWs were also observed. UTL animals may exhibit longer-
term impacts (Renner et al., 2024) or delayed responses to MHWs
(e.g., black-legged kittiwakes following the GoA MHW; Schoen
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et al., 2022), but current assessments focus mainly on short-term
impacts, leaving a knowledge gap regarding the long-term or
population-level effects of MHW events on UTL species.

Future research is needed to assess the comprehensive ecological
impacts of MHWs, particularly how variations in their duration and
frequency affect Arctic ecosystems. In addition, current
observational studies often focus on short-term impacts.
However, there is a critical need for long-term or population-
level studies to understand the enduring effects of MHWs on the
resilience of Arctic species. To investigate how MHWs duration
influence the ecological responses of Arctic species, both field-based
observations and laboratory-controlled experiments are needed
(Joyce et al., 2024). Experimental studies are valuable for
isolating the impacts of specific MHW characteristics (e.g.,
intensity, duration, frequency), and their combined effects, on
marine species adaptation and resilience. Experimental settings
could also be useful in distinguishing the ecological effects of
MHWs from the impacts of long-term warming. Additionally,
shifts in the planktonic Arctic ecosystem due to climate change
are expected to significantly impact the functioning of both the
carbon export and the biological carbon pump, affecting CO2 uptake
in these waters (Manizza et al., 2010). Predictive models
incorporating all these processes are needed to correctly
represent the response of the ocean carbon cycle of Arctic
regions in relationship with the potential carbon-climate
feedback. More generally, as anthropogenic activities and their
associated pressures continue to rise in the Arctic, it is essential
to evaluate how MHWs interact with other climatic variables and
human-induced stressors, and to understand their cumulative
impact on marine biodiversity.

Currently, 15% of the world’s marine fish are caught in the
Arctic and Subarctic, mostly in the southern Arctic inflow shelves,
while the interior shelves and Central Arctic Ocean mainly
support subsistence catches (Zeller et al., 2011; 2016; Mueter,
2022). Arctic fisheries, both commercial and subsistence, are
undergoing significant changes in response to a northward
shift in the distribution of commercial fish and shellfish
species such as mackerel, cod, haddock, and capelin (Haug
et al., 2017). Diminishing sea ice and warmer conditions gave
opportunities for increasing fishing activities, especially trawling,
in previously ice-covered Arctic shelf areas (Fauchald et al., 2021).
The northward expansion of trawling is posing environmental
concerns for these relatively commercially unexploited marine
ecosystems. Arctic coastal states need to take stronger measures to
regulate and manage the growing fishing pressure, to protect
vulnerable Arctic shelf ecosystems from potential negative
impacts (Christiansen et al., 2014; Fauchald et al., 2021;
Mueter, 2022). In addition to fishing, other extractive human
activities such as oil and gas exploration and extraction, and deep-
sea mining, as well as shipping activities, might take advantage of
the retreating sea ice to expand poleward in the future, increasing
the risk of the vulnerable Arctic marine ecosystems to these
cumulative pressures.

The summary for policymakers of the IPCC sixth report
concludes “human activities, principally through emissions of
greenhouse gases, have unequivocally caused global warming,
with global surface temperature reaching 1.1°C above
1850–1900 in 2011–2020. Global greenhouse gas emissions have

continued to increase, with unequal historical and ongoing
contributions arising from unsustainable energy use, land use
and land-use change, lifestyles and patterns of consumption
and production across regions, between and within countries,
and among individuals (high confidence)” (IPCC, 2023). As
long as the greenhouse-gas emissions (GHG) from human
industrial activities continue to rise, the ocean will keep
getting warmer by absorbing the excess heat, and thus extreme
heat events such as MHWs will occur. Attribution analysis
indicates that GHG forcing is a necessary condition for the
observed extreme MHWs in the Arctic, and there is a high
probability that such intense MHWs would not have occurred
if it were not for the GHG forcing (Barkhordarian et al., 2024).
IPPC sixth report also states that “adaptation options that are
feasible and effective today will become constrained and less
effective with increasing global warming” (IPCC, 2023). While
adapting and transforming our societies, governance and
management systems are necessary to face the already
existential threat of MHWs to Arctic ecosystems and
livelihood, reducing global GHG emissions remains our best
chance to safeguard a liveable planet for all and reduce human
suffering and ecological collapse.
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