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The Barents Sea is a hotspot for ongoing Arctic climate change, manifested in a rapid warming of the ocean
and the atmosphere and a strong decline of the winter sea-ice cover. These changes in the physical
environment have large consequences for marine ecosystems, including commercial fish populations. In
a warmer future climate, both physical and ecological changes are expected to intensify. Here, we provide
a first comprehensive overview of future climate change projections for the Barents Sea, and the associated
physical, biogeochemical, and ecological consequences based on climate models and end-to-end ecosystem
models. We also discuss potential future changes in human activities and their impacts, including changes in
shipping activity and contaminants. We analyze results for two time horizons—the near-future (2040-2050)
and the far-future (2090-2100)—and for two different emission scenarios: one with moderate future
greenhouse gas emissions (SSP2-4.5) and one high-emission scenario (SSP5-8.5). The projections show that
the future Barents Sea will be warmer, less ice-covered, more acidic, and more productive, with fish
populations and spawning sites moving northward. There are small differences in multi-model mean physical
and biogeochemical projections between the two emission scenarios by 2050, while large scenario differences
emerge toward the end of the century. The implications of these results are far-reaching, including
identifying the sensitivity of ecosystem change to future emissions, informing regional management
strategies, and potentially identifying needs for adaptation to changes already likely to occur.

Keywords: Barents Sea, Climate change, Physical environment, Biogeochemistry, Ecological changes, Human
impacts

1. Introduction experiencing the strongest decline in winter sea ice

Nowhere is climate change more evident than in the
Arctic with an unprecedented loss of sea ice (Landrum
and Holland, 2020) and a warming of nearly four times
the global rate (Rantanen et al., 2022), that is, an Arctic
amplification of climate change (Cohen et al., 2020).
Climate change in the Arctic Ocean is not uniform but
is more pronounced in the Barents Sea (Figure 1), a region
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(Onarheim et al., 2018), amplified acidification (Ericson
et al,, 2023), and the most rapid surface warming in the
entire Arctic Ocean (Isaksen et al., 2022; Shu et al., 2022;
Steiner and Reader, 2024). The transition of the cold (Arc-
tic) northern Barents Sea to a state more closely resem-
bling that of the warm (Atlantic) southern Barents
Sea, termed an “Atlantification” of the Barents Sea, has
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Figure 1. Schematic ocean circulation in the Barents Sea region. The circulation of warm Atlantic waters is
indicated by red arrows and cold Arctic waters are indicated by blue arrows. The boxes used to define the
southern and northern Barents Sea (see “Data and methods”) are also shown.

wide-ranging effects on marine ecosystems (Wassmann
et al., 2011; Fossheim et al., 2015; Ingvaldsen et al.,
2021; Gerland et al., 2023) and human activities (Smith
and Stephenson, 2013; Stocker et al., 2020). Warmer,
ice-free conditions lead to the northward expansion of
boreal species, a process referred to as “borealization”
(Fossheim et al., 2015; Polyakov et al., 2020). As a conse-
quence of borealization and a longer ice-free season, the
Barents Sea ecosystem is also under increasing anthropo-
genic impact from shipping, fishing, and oil exploration,
leading to more artificial light, noise, and pollutants
(Smith and Stephenson, 2013; Berge et al., 2020; Hansen
et al,, 2022).

Several comprehensive reviews have described recent
changes and the current status of the Barents Sea in terms
of physical, biological, and human/social parameters (e.g.,
Smedsrud et al., 2013; Ingvaldsen et al., 2021; Gerland et al.,
2023). A review of future ecosystem status, from physical
and chemical drivers to population changes and biological
processes, is, however, still lacking. As the Barents Sea is
currently the hotspot of Arctic warming and supports crit-
ical fisheries and other ecosystem services, a comprehensive
overview of future changes in the Barents Sea is important
to understand the future Arctic Ocean.

Here, we provide the first integrated assessment of the
future Barents Sea based on quantitative projections from
CMIP6 climate models, end-to-end ecosystem models, and
statistical models of ecological processes. We present these
projections for both 2050 and 2100, exploring the con-
sequences of different emissions scenarios. We combine
model results with large experimental and observational
data to produce the most comprehensive projections of
ecosystem changes within the context of developing
human activities. These results detailing the timing and
character of physical and biological changes in the Barents
Sea are important to guide both future research and mon-
itoring priorities and to enable strategic decision-making
for adapting to and mitigating change where possible.

2. Data and methods

2.1. CMIP6 models

To assess physical and biogeochemical changes in the
future Barents Sea, we turned to projections from the
Coupled Model Intercomparison Project, phase 6 (CMIP;
Eyring et al., 2016). For CMIP6, nine different Shared
Socioeconomic Pathway (SSP) scenarios were designed
(Gidden et al., 2019), spanning radiative forcings of
1.9 Wm 2 to 85 W m 2 in 2100. In climate change
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studies (e.g., Kwiatkowski et al., 2020; Khosravi et al.,
2022), using one high-emission scenario together with
one low- or medium-emission scenario is common to span
the scenario uncertainty. In this study, we considered both
a medium-emissions scenario, SSP2-4.5, where the global
temperature rises to approximately 2.7°C above pre-
industrial levels, and a high-emissions scenario, SSP5-8.5,
where the temperature rises to approximately 4.4°C above
pre-industrial levels (Masson-Delmotte et al., 2021). For
both the physical and the biogeochemical variables, we
selected models based on the availability of all required
variables for the historical and the two future scenarios.
The selection yielded a total of 25 models for the physical
variables and 10 models for the biogeochemical variables
(Table S1). For each model, we included only the first
ensemble member available, as to not give too much
weight to individual models. Some modeling centers,
however, are represented with more than one model
(e.g., low- and high-resolution model versions).

We analyzed changes in the annual mean sea-ice con-
centration (variable siconc/siconca), sea-surface tempera-
ture (tos), surface air temperature (tas), mixed-layer depth
(mlotst), downwelling shortwave radiation (rsntds), verti-
cally integrated primary production (intpp), nitrate (no3),
phosphate (po4), and CO, fluxes (fgco2). We additionally
calculated the changes in aragonite saturation and pH with
the CO, chemistry calculator CO2SYS (Lewis and Wallace,
1998) by using monthly output of dissolved inorganic
carbon (DIC; dissic), total alkalinity (talk), temperature
(thetao), and salinity (so). The direct effect of changes in
phosphate and silicate concentration on the carbonate sys-
tem is of minor importance and lower than the detection
limit for alkalinity and DIC (Chierici and Fransson, 2009),
and they are therefore assumed to be constant (5 umol [
and 1 umol I, respectively; Fransner et al., 2020). The pH
and aragonite saturation were calculated in each grid cell
before making area averages.

Because projected changes are different between the
ice-covered northern and the already ice-free southern
Barents Sea (Shu et al., 2021), we split the Barents Sea
into a northern (75-81°N, 30-60°E) and a southern
(70-74°N, 15-40°E) part (Figure 1). Water-column
averages are based on 0-500 m to exclude waters off the
continental shelf in the southwest (the average depth of
the Barents Sea is 230 m). To compute future changes by
2050, we first created multi-model averages for the two
sub-regions, and then calculated the difference between
the 2040s (2040-2049) and a 30-year reference period
(climatology; 1980-2009). Likewise, to compute changes
by 2100, we computed the difference between 2090s and
the reference period. The CMIP6 results presented in this
article are based on the multi-model averages. Time series
of individual models are shown in Figures S1-S3.

CMIP6 models have been extensively used and evalu-
ated for the Arctic Ocean and the Barents Sea (Khosravi
et al., 2022; Wang et al., 2022; Heuzé et al., 2023), and the
aim of this study is not to assess model skill. We do,
however, provide a comparison between the CMIP6 mod-
els and available observations and data from the ERA5
reanalysis in Figures S1, S2, and S5. As also pointed out
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by Shu et al. (2022), the CMIP6 multi-model mean
atmospheric and oceanic temperatures and sea-ice cover
are close to observations. Changes in ocean heat transport
into the Barents Sea from ocean reanalysis products are
also largely reproduced in the CMIP6 multi-model mean
(Shu et al., 2022). There is, however, a large spread
between the different models for both physical and bio-
geochemical variables (Figures S1 and S2). This intermodel
spread can be attributed to both different natural variabil-
ity and model uncertainties and biases (Vancoppenolle
et al,, 2013; Arthun et al., 2021; Bonan et al., 2021; Taglia-
bue et al., 2021). The projection uncertainty associated
with model biases can potentially be reduced by a subse-
lection or weighting of models based on their agreement
with observations (e.g., Knutti et al., 2017) or by an
emergent constraint approach that relates statistical
relationships in the present climate to future changes
(e.g., Boé et al., 2009). Such methods are beyond the scope
of this article.

2.2. Ecosystem models

Ecosystem projections presented in this article were made
based on the results of the following ecosystem models:
Norwegian Sea/Barents Sea Atlantis (NoBa Atlantis; Han-
sen et al., 2016; 2019) and the NORWegian ECOlogical
Model system—end-to-end (NORWECOM.E2E; Skogen
et al., 2018). Each ecosystem model provides projections
toward 2050 and 2100 of the state of different ecological
components under two different emission scenarios, SSP2-
4.5 and SSP5-8.5, using downscaled projections of ocean-
ographic conditions from the NEMO model. Each model
considers different species or assemblages of species
referred to as functional groups (based on species similar-
ities in ecological characteristics like diet composition) for
which they predict the development of biomass and abun-
dance as a result of future physical conditions, for exam-
ple, sea-ice cover and ocean temperature. NoBa Atlantis
represents 53 different species and functional groups
from lower trophic levels to marine mammals and also
accounts for the effects of different types of fisheries.
NORWECOM.E2E is more limited in its representation of
species, representing two groups of primary producers,
two groups of secondary producers, and individual-based
models for a few selected species.

The two models also have different spatial resolutions.
NORWECOM.E2E has relatively high resolution with a spa-
tial representation equivalent to the resolution of the
NEMO model (approximately 10 km), while NoBa has
relatively low horizontal resolution, dividing the Nordic
and Barents Seas into 60 different polygons. Further details
about the different ecosystem models and their projections
can be found in the respective papers listed above.

Our assessment of future ecological changes is largely
based on these two models, and the uncertainty regarding
the response of higher trophic level species to climate
changes is therefore high. Both ecosystem models also use
oceanographic input from the NEMO ocean model which
has been shown to simulate larger Arctic climate change,
including ocean heat transport and sea ice in the Barents
Sea, than other models (Pan et al.,, 2023). The present
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ecosystem of the southern Barents Sea is, however, well
sampled and understood (Eriksen et al., 2018). This under-
standing includes how the distribution and abundance of
fish stocks change between warm and cold periods
(Fossheim et al., 2015), which serves as a valuable bench-
mark for model projections.

3. The Barents Sea in 2050 —A decided future
3.1. Changes in the physical environment

In a future with moderate greenhouse gas emissions
(SSP2-4.5), ocean temperatures in the southern and north-
ern Barents Sea are, respectively, 2.1 + 1.2°C (1 standard
deviation, n = 20) and 2.8 + 1.7°C higher in 2050 than
during the recent decades (1980-2009), whereas the
atmosphere has warmed by 2.8 + 1.5°C and 6.2 +
3.0°C in the southern and northern parts, respectively
(Figure 2). The warming will result in generally year-
round ice-free conditions, although some ice remains in
the northern Barents Sea. A more extensive ice cover can
also return intermittently during years with lower tem-
peratures or more ice transport from the Arctic Ocean

Arthun et al: The future Barents Sea

(Rieke et al., 2023). Higher surface temperatures in the
southern Barents Sea lead to increased surface stratifica-
tion (decreased mixed-layer depths; —17 = 31 m). In
contrast, mixed-layer depths increase in the northern
Barents Sea (18 £ 22 m), consistent with enhanced surface
heat loss and associated convection as a response to the
retreating sea-ice cover (Skagseth et al., 2020; Shu et al.,
2021). There is very little difference between the medium-
and the high-emission scenarios in 2050 (Tables S2 and S3
and Figure S1). Scenario differences are also small if con-
sidering the low-emission scenario SSP1-2.6 (Davy and
Outten, 2020).

A warmer, less ice-covered future Barents Sea is consis-
tent with previous work based on various climate models
and scenarios (Onarheim and Arthun, 2017; Arthun et al,,
2021; Drinkwater et al., 2021; Shu et al., 2022; Steiner and
Reader, 2024). The increased ocean temperatures also
drive an enhanced ocean heat transport into the Barents
Sea (Arthun et al., 2019; Dorr et al., 2021). The warming of
the ocean extends to the bottom (approximately 2°C
warmer in 2050 than 1979-2008) which, together with

Temperature

I — z
Atmosphere  «+6.2 °C +28%

Spawning area
Northeast Atlantic cod

Atmosphere

XL
= 0y +2.8°C EE
2

O =N . [ B
wv

+2.1°C>M Seasurface

Temperature Mixed layer depth

Sea surface light
Mixed layer depth & primary production
0

Little to
no seaice Biomass

Sea surface light
& primary production

Seasonality Ocean acidification

100

earlier bloom

Fish population

polar cod

Predation
polar cod

Seasonality Ocean acidification

Figure 2.The Barents Sea in 2050. Future changes in the physical environment, ocean biogeochemistry, and ecology
for the southern and northern Barents Sea in 2050 under the medium-emission scenario (SSP2-4.5). Numbers indicate
changes relative to the period 1980-2009 based on multi-model averages. Changes are highly similar for the

high-emission scenario (SSP5-8.5; Tables S2 and S3).
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decreased salinities (—0.2), leads to lighter bottom waters
exiting the northeastern Barents Sea (Shu et al., 2021). The
dense bottom waters from the Barents Sea influence
intermediate water masses in the Arctic Ocean (Schauer
et al., 1997), and warmer, lighter bottom waters in the
future could therefore impact the thermohaline circula-
tion in the Arctic and North Atlantic Oceans.

3.2. Changes in ocean biogeochemistry

3.2.1. Primary production

By 2050, neither the SSP2-4.5 nor the SSP5-8.5 scenario
project any pronounced change (—4%) in total integrated
primary production in the southern Barents Sea (Figures 2
and S2 and Table S2), nor in its seasonality (Figure S3).
These results are in agreement with results from a regional
model run under the RCP4.5 scenario (Sando et al., 2022).
This minor change in total primary production in the
model ensemble suggests that the decreasing surface
nutrient concentrations (Table S2) have a limited effect
on the modeled phytoplankton dynamics. Reduced nutri-
ent concentrations occur over the full water column, sug-
gesting that there is a reduction in the horizontal supply
of nutrients (e.g., Vancoppenolle et al., 2013). Surface
nutrient concentrations can also decrease because of
reduced vertical exchange of nutrients following an
increased upper-ocean stratification (e.g., Vancoppenolle
et al., 2013; Mousing et al., 2023). The limited effect of
decreasing nutrients on primary productivity could be
a result of (1) the modeled phytoplankton not being
nutrient-limited in the region, or (2) changes in other
factors, such as zooplankton grazing or light availability,
that are opposing the effect of the decreasing nutrients.
Indeed, in contrast to observations (e.g., Dalpadado et al.,
2014), some models do not get nutrient-depleted in the
summer (Figure S4), suggesting that changes in the nutri-
ent concentrations could have a limited effect on the
primary productivity. However, without output of phyto-
plankton limitation terms and zooplankton grazing, asses-
sing the exact reasons behind the (small) future change in
primary productivity in the southern Barents Sea is
difficult.

In the northern Barents Sea, there is a 33% and 37%
increase (Figures 2 and S2 and Table S3) in primary pro-
duction in the SSP2-4.5 and SSP5-8.5 scenarios, respec-
tively, which is consistent with the sea-ice decline and
the resulting increase in downwelling solar radiation. Sim-
ilar effects of decreasing sea ice on primary production
have been observed in the same region between 2003 and
2020 (Siwertsson et al., 2023). A simultaneous decline in
surface nutrient concentrations is found in the CMIP6
ensemble. An increased primary production can result in
an increased export of nutrients in organic matter to the
deep water, which can lead to a decrease in the surface
nutrient concentrations. However, as for the southern
domain, the decline in nutrients occurs over the full water
column, suggesting that a reduced horizontal supply plays
a major role (Vancoppenolle et al., 2013). The earlier sea-
ice break-up also leads to an earlier spring phytoplankton
bloom (about a month; Figure S3), in agreement with
contemporary pan-Arctic observations (Ji et al., 2013;
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Siwertsson et al., 2023) and regional projections by Sande
et al. (2022). Future phytoplankton blooms in the north-
ern Barents Sea could thus become more similar in both
amplitude and timing to those observed in ice-free areas
of the southern Barents Sea (Ardyna et al., 2014; Dalpa-
dado et al., 2020).

The CMIP6 multi-model mean change in total primary
production in the northern Barents Sea is larger than that
projected by a downscaled NorESM simulation (Sande
et al., 2022), although the decrease in sea-ice concentra-
tion is similar. Intermodel differences in nutrient availabil-
ity have a large impact on the magnitude and sign of
future changes in primary production in the Arctic Ocean
and the Barents Sea (Mousing et al., 2023; Noh et al.,
2023). This impact could partly explain the differences
between the CMIP6 ensemble and the results of Sando
et al. (2022), as well as the intermodel spread.

3.2.2. Ocean acidification

A large part of the anthropogenic CO, emissions is taken
up by the oceans, leading to a reduction in pH and cal-
cium carbonate saturation toward 2050 (Figure S5). There
are two types of calcium carbonate, aragonite and calcite.
Here, we only analyze aragonite as it has a lower satura-
tion state and is the first one to reach undersaturation
(e.g., Fransner et al., 2022). In 2050, the pH in the south-
ern Barents Sea is projected to drop from 8.15 to 7.98 and
7.93 in the SSP2-4.5 and SSP5-8.5 scenarios, respectively
(Figures 2 and S5 and Table S2). These drops correspond
to a 47-66% increase in H* ion concentration. The whole
region is expected to stay oversaturated in aragonite
(mean aragonite saturation is estimated to decrease from
2.02 to 1.52 and 1.38, respectively). In the northern
Barents Sea, pH is projected to drop from 8.16 to 7.98 and
7.94 (51% and 66% increase in H* concentration), respec-
tively, and the aragonite saturation to drop from 1.74 to
1.27 and 1.14, respectively. Considering the volume of
water in the southern and northern Barents Sea, the frac-
tion of water undersaturated in aragonite is 1% and 13%,
respectively. More open ocean caused by sea-ice loss facil-
itates enhanced ocean CO, uptake (Figure S5 and Table
S3), which can speed the acidification (Qi et al., 2022;
Ericson et al., 2023).

3.3. Ecological changes

3.3.1. Spatial distribution

Increasing ocean temperatures and decreasing sea-ice
cover in the northern Barents Sea are associated with an
expansion of boreal demersal species such as the North-
east Arctic (NEA) stock of Atlantic cod (Gadus morhua)
(Figure 2). Arctic-boreal fish species, such as the pelagic
capelin (Mallotus villosus), have also been predicted to
follow the same northward expansion in response to
a warmer climate (Huse and Ellingsen, 2008; Roderfeld
et al., 2008; Fall et al., 2018). The projected changes in
both direction and distance are in agreement with previ-
ous observations of changes in the spatial distribution of
fish communities between cold and warm years in the
Barents Sea (Nascimento et al., 2023). The projected
changes in the distribution of boreal and Arctic-boreal

G20z Arenigad zz uo 3senb Aq 4pd'91000 4202 eIuLWS|d/L9.858/91000/L/E L APd-BloIHE/BUBWSIS/NPa"SsaIdoN"Bul|uO//:dRY WOl papeojumoq



Art. 13(1) page 6 of 17

species and the decreasing abundance of Arctic marine
species suggest potential changes in species interactions
(Pecuchet et al., 2020). For example, piscivorous predation
is predicted to increase, replacing the strong predation on
benthos, which is typical of an Arctic-species-dominated
food web (Frainer et al., 2017; Pecuchet et al., 2020). With
less sea ice and more light in the water column, increasing
prey-detection capacity of fish may contribute to the
northward shifts in sub-Arctic species (Varpe et al.,
2015). However, for the northern Barents Sea, the polar
night may limit the future northern extent of fish species
dependent on visual search for prey detection (Langbehn
and Varpe, 2017), despite an absence of sea ice.

3.3.2. Spawning areas

Climate change will also likely alter spawning-site selec-
tion and the performance of early life stages of fish. Based
on the downscaled RCP4.5 scenario, Sando et al. (2020)
predicted a broad shift in spawning sites for NEA cod to
the north and east, with localities near Murmansk along
the Russian coast shortly after 2050 (Figure 2). The pro-
jections by Sando et al. (2020) are based on ocean tem-
peratures exceeding a critical value, and while there is
good evidence that temperature is important in
spawning-site selection (Langangen et al., 2019), geo-
graphical patterns in fishing mortality may also play a role
(Opdal and Jergensen, 2015). Successful spawning in more
northern areas, however, may not assure equally success-
ful recruitment in 2050 as we see now. Lower growth
rates, exposing smaller larvae to higher predation for lon-
ger periods of time, and changes in prey supply may
reduce survival of more northerly spawned NEA cod and
induce higher interannual variability in early life stage
survival (Endo et al., 2023). Clearly, there are many (chang-
ing) factors that will determine the success of NEA cod in
new spawning areas. However, regardless of the success of
eggs spawned along the Barents Sea coast, a shift in
spawning area as substantial as that predicted will have
considerable impacts on management policies, both for
protection of spawning habitats and the likely conflicts
with other economic interests in coastal northern Norway.
Early studies on capelin suggested an eastward geograph-
ical shift of spawning areas and to utilize new spawning
areas along Novaya Zemlya as a result of increasing sea
temperature (Huse and Ellingsen, 2008). However, in
a more recent study, Alrabeei et al. (2021) show that ocean
temperature does not have a clear effect on the spatial
distribution of capelin spawning areas. Similarly, spawn-
ing areas of polar cod (Boreogadus saida) are predicted
to shift between years, where the importance of the
southeastern spawning areas appears to be related to
local sea-ice cover (Huserbraten et al.,, 2019). Although
spatial changes in the spawning areas of capelin and
polar cod may be expected as a result of foreseeable
changes in oceanographic conditions, the details about
the changes in their spatial distribution remain to be
assessed, as well as the consequences for the species popu-
lation dynamics (Huserbraten et al., 2019; Alrabeei et al.,
2021; Aune et al.,, 2021).

Arthun et al: The future Barents Sea

3.3.3. Biomass
Based on results from the ecosystem models assessed here
(NoBa Atlantis and NORWECOM.E2E), projected long-term
changes in biomass of several marine populations or sub-
populations in the Barents Sea are reported in Table 1
(results from SSP5-8.5 considering the whole Barents Sea).
In NORWECOM.E2E, mackerel (Scomber scombrus) and
herring (Clupea harengus) are projected to increase, while
NoBa Atlantis projects increased biomass of blue whiting
(Micromesistius poutassou) and haddock (Melanogrammus
aeglefinus). The latter is both a prey and potential com-
petitor of NEA cod, and a future increase could potentially
increase competition with NEA cod in the southern areas
of the Barents Sea. For other species, however, there is
disagreement in the direction of change. NEA cod and
capelin are the most striking, as climate warming is antic-
ipated to have both positive and negative impacts on
population sizes, depending on the model employed.
Both statistical models and expert opinions in combi-
nation with outputs from the NORWECOM.E2E model
project a decrease in polar cod populations in the Barents
Sea in scenarios with reduced winter sea-ice cover and
increased ocean temperature (Gjoseeter, 1998; Dupont
et al., 2021; Kjesbu et al., 2022; Geoffroy et al,, 2023;
Figure 2). The NoBa Atlantis ecosystem model projects
a small decrease (5% decrease in both biomass and abun-
dance) by 2050 based on both SSP2-4.5 and SSP5-8.5
emission scenarios (Nilsen, 2023). A strong component
of the decrease comes from reduced survival of early life
stages due to the detrimental effects of high temperatures
(Drost et al., 2016; Laurel et al., 2016; Huserbraten et al.,
2019; Dupont et al., 2021). In addition, decreasing sea-ice
cover may influence the availability of early sympagic food
sources as well as increasing exposure of young indivi-
duals to predators (Hop and Gjoseeter, 2013). Increased
predation related to borealization and extension of large
fish predators into the northern Barents Sea may also play
a role in the decrease of polar cod abundance by

Table 1. Projected changes for the whole Barents Sea
by 2050 in total biomass for major Barents Sea fish
stocks based on the high-emission scenario SSP5-8.5

Fish Stock NORWECOM.E2E*  NoBa Atlantis®
Blue whiting Not evaluated Increase

Haddock Not evaluated Increase
Northern shrimp  Not evaluated Increase

NEA cod Increase Decrease

Capelin Increase Decrease
Mackerel Increase No clear response
Herring Increase No clear response
Saithe Not evaluated No clear response
Polar cod Decrease No clear response

Results from Sando et al. (2022).
PResults from Nilsen (2023).
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increasing mortality on older age classes (Dupont et al.,
2021). Reduced polar cod abundance could result in lower
overall food availability for Arctic top predators, unless
replaced by other energy-rich prey items such as capelin.

4. The Barents Sea in 2100 —An emissions-
dependent future

Next, we will also present a short assessment of projected
changes toward 2100. These projections, although useful
to strategic decision-making, are outside the time horizon
relevant for the management of living marine resources
(Tommasi et al., 2017). However, whereas near-future
(toward 2050) climate change impacts in the Barents Sea
are more or less determined from the emissions we
already have committed (i.e., relatively invariant to the
climate scenario used), we show that the severity of
anthropogenically driven climate change in the longer
term is still not decided.

4.1. Changes in the physical environment

At the end of the century (2090-2099), the warming of
the Barents Sea and the associated changes in upper-
ocean stratification are more pronounced (Figures 1
and 3 and Tables S2 and S3). Unlike the 2050s, significant
differences between emission scenarios have now also
emerged. For example, a warming of 7.0 + 2.5°C
(n = 20) is projected for surface waters of the northern
Barents Sea in the high-emission scenario, while for
medium emissions the projected warming is 4.2 +
2.2°C compared to the reference period.

4.2. Changes in biogeochemistry

Primary production shows a slight decrease in the south-
ern Barents Sea toward the end of the century (Table S2).
This decrease, in accordance with the discussion in
Siwertsson et al. (2023), is partly related to the increased
vertical stratification that reduces the vertical nutrient
supply. However, the reduction in nutrients is taking place
over the whole water column, suggesting that there is also
a decrease in the horizontal supply of nutrients. A reduc-
tion in the nutrient supply from the Atlantic was also
suggested to be an important factor for a decline in Arctic
Ocean nitrate concentration in CMIP5 models (Vancoppe-
nolle et al., 2013). The timing of the spring bloom does
not change, indicating a negligible change in the timing
of the onset of stratification, although there is a slight
increase in integrated primary production at the begin-
ning of the productive season. In the northern Barents
Sea, primary production keeps increasing (Figure 3 and
Table S3), but the onset of the spring bloom does not
occur earlier compared to the shift that was already pro-
jected for the 2050s (Figure S3).

By the end of the century, scenario differences in pH
have emerged in both the southern and the northern
Barents Sea (Figures 3 and S5). The pH has reached values
as low as 7.65 (7.67) in the northern (southern) Barents
Sea in the SSP5-8.5 scenario. Aragonite reaches undersa-
turation in both regions (84% and 97% of the water vol-
ume in the south and north, respectively), meaning
corrosive water and higher energy demand for aragonite
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Figure 3. The northern Barents Sea in 2100. Future
changes in the physical environment, ocean bio-
geochemistry, and ecology for northern Barents Sea in
2100 under the medium- (SSP2-4.5) and high-emission
scenario (SSP5-8.5). Numbers indicate changes relative to
the period 1980-2009 based on multi-model averages.
See text and Tables S2 and S3 for corresponding
numbers for the southern Barents Sea.

shell- and skeleton-forming marine organisms. Decreasing
pH and aragonite saturation in a warmer future climate
and its sensitivity to emission scenarios are in line with
previous studies (Bellerby et al., 2005; Skogen et al., 2014;
Fransner et al., 2020; Steiner and Reader, 2024).
Interestingly, the continued decrease in pH and arago-
nite saturation between 2050 and 2100 is not reflected in
the CO, fluxes, which show reduced oceanic CO, uptake
after 2050 in both scenarios (Figure S5). This decrease in
ocean carbon uptake toward the end of the century is also
seen for the global ocean (Kessler and Tjiputra, 2016) and
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can be caused by a combination of reduced solubility of
CO, due to higher temperatures, lowered buffering capac-
ity, as well as a stabilization of the atmospheric CO, con-
centrations for the SSP2-4.5 scenario (Terhaar, 2024).
There is also a large advective supply of anthropogenic
CO, to the Barents Sea from the south that affects both
CO, fluxes and ocean acidification (Jeansson et al., 2011;
Terhaar et al., 2019). The relative roles of ocean advection
and air-sea CO, fluxes in future changes in pH and
calcium carbonate saturation remain to be investigated.

4.3. Ecological changes
Model projections show that some species benefit from
higher temperatures (Table 1). Species that increase in
biomass generally include mid-trophic level species, like
northern shrimp, mesopelagic fish, and small pelagic fish.
For NEA cod, the models show a different response in
biomass to the future warming, increasing in NORWECO-
M.E2E while decreasing in NoBA Atlantis. In NoBa Atlan-
tis, the reduction in NEA cod comes from the decrease in
capelin, which is caused by a decline of large zooplankton
in the summer feeding areas (Nilsen, 2023).

Some population and ecosystem models also predict
a severe decrease in the polar cod population in the
Barents Sea (reduced biomass and abundance) in the
high-emission scenario (SSP5-8.5; Table 1 and Figure 3).
In a moderate warming scenario (SSP2-4.5), ecosystem
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models predict a slightly better fate for the polar cod with
comparable levels of biomass to current levels.

5. Changes in human activities and impact

Levels of human activities, for example, future levels of
pollution and fishing, are more uncertain than the emis-
sion scenarios presented above. Future human activities
will be responsive to short-term changes in market forces,
societal demands, political and regulatory frameworks, as
well as regional and international conflicts. Thus, we rely
on forecasts of activities from various industry sectors and
couple these with empirical relationships between these
activities and ecosystem consequences. This approach,
however, precludes assigning a clear timeline in most
cases, so we chose not to include these changes under the
2050 or 2100 scenarios. Contaminant levels within the
ecosystem will depend on ecological responses to mod-
eled climatic changes in the region and projected human
activities. Major drivers of potential change in contami-
nant load and exposure are ship traffic (from fishing, tour-
ism, military, and cargo vessels), biogeographical range
extension and expanded migration of boreal species into
the Barents Sea region, release of legacy contaminants
from the melting cryosphere, and altered contaminant
cycles due to climate-driven changes in the marine food
web. Projected changes in human activities and their
impacts are summarized in Figure 4.
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Figure 4. Future changes in human activities in the Barents Sea and their potential impacts. The figure shows
how increased human activity in the future can impact the Barents Sea ecosystem. As the northern Barents Sea
becomes increasingly ice-free in the future (going from left to right in the figure), increased contaminant load and
exposure are expected from ship traffic, northward migration of boreal species into the Barents Sea region, and
altered contaminant cycles due to climate-driven changes in the marine food web (see main text for details).
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5.1. Human impacts from harvesting

Fisheries remove more than one million tons of fish
(primarily cod, haddock, Greenland halibut, capelin,
saithe, and redfish) and crustacean (primarily northern
shrimp and snow/king crab) biomass from the Barents Sea
annually (Skern-Mauritzen et al., 2022). Bilateral (Norway-
Russia) management of the Barents Sea fishery has gener-
ally been effective in maintaining harvestable stocks and
assisting stock recovery after population fluctuations (Eide
et al., 2013), and most major stocks are harvested at sus-
tainable levels (Howell et al., 2022). Future stock sizes, and
therefore fishing pressure and location of the fishery, are
uncertain. Model results are not in agreement on the
direction of change in the stock size of the largest fishery,
the NEA cod (Table 1). The impacts of increases in abun-
dances of other species (mackerel, blue whiting, haddock),
along with unknown fluctuations in prey for NEA cod (e.g.,
northern shrimp, capelin, herring) on future stock sizes,
are also difficult to predict.

As waters warm and ice withdraws, fish populations
currently centered in the southern area of the Barents Sea
are expected to move to the northeast (Figures 2 and 3).
Snow crab, a non-native species with a rapidly increasing
fishery, is also expanding to the west and northwest from
Russian waters near the mainland and Novaya Zemlya.
These distributional shifts may lead to increased fishing
pressure in the northern regions, currently considered
areas of special ecological value (Eriksen et al., 2021).

5.2. Shipping activities and contaminants

Between 2012 and 2019, fisheries and cruise traffic have
increased, along with a lengthening of the operational
season and expanded areas of navigation (Stocker et al.,
2020). Despite a prediction that the global maritime traf-
fic may increase substantially by 2050 (Sardain et al.,
2019), realized changes in the number of cargo ships in
the Barents Sea may be at the low end of this range, at
least until 2050, due to the lack of services and infrastruc-
ture, high insurance and escort fees, and other socio-
political and economic considerations (Smith and
Stephenson, 2013). The peak shipping season is predicted
to be in late summer, most likely in September (Smith and
Stephenson, 2013).

Ship traffic increases the risk of chronic and acute
pollution, particularly from scrubber water which contains
various metals (copper, mercury), petroleum products
such as polycyclic aromatic hydrocarbons (PAHs), sulfur
compounds (Stokstad, 2021), and persistent organic pol-
lutants (POPs; Miller and Ruiz, 2014), as well as being
vectors for species introductions. A warming climate can
volatilize POPs into the atmosphere (Ma et al., 2011),
which may increase the accumulation and magnification
in the Arctic food web. While the concentrations of indi-
vidual chemicals may be low, mixtures of contaminants
have shown detrimental effects on sub-Arctic species
(Thor et al., 2021).

PAHs are common pollutants from shipping and oil
exploitation that are increasing concerns for the future
as the Arctic has the world's largest remaining prospective
reservoirs of oil and gas (Gautier et al., 2009). Studies on
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the effects of PAHs or crude oil on physiology, grazing,
reproduction, and survival of Arctic zooplankton have
indicated reduced survival, grazing, reproduction, and
hatching success of Calanus species (Dinh et al., 2019;
Toxveerd et al., 2019). Impacts of oil pollution may further
interact with additional stressors such as warming and
freshening (Rist et al., 2024). The potential outcome of
reduced survival and reproduction will affect the popula-
tion growth and dynamics directly and also lower the
copepod biomass available for higher trophic levels (e.g.,
polar cod). In fish, oil-exposed polar cod may induce early
spawning (Strople et al., 2023) with unknown conse-
quences for the offspring generation; early-life stages of
polar cod may also be particularly sensitive to PAH levels
(Nahrgang et al., 2016).

The ongoing warming of the Barents Sea, as well as
altered fishing pressure and the potential for species intro-
ductions (Cottier-Cook et al., 2024), can impact the food
web, leading to altered contaminant transfer (Borga et al.,
2022; De Wit et al., 2022). A poleward extension of boreal
species could, for example, present a threat as these spe-
cies act as vectors transporting contaminants (Pedro et al.,
2017) and disease (Varpe and Bauer, 2022) from more
industrialized southern areas of their range. Furthermore,
in a warmer Arctic, top predators may be approximately
one trophic level higher in the food chain than they have
been historically (Mueter et al., 2021). Increase in maxi-
mum trophic level of the Barents Sea food web may
change the bioaccumulation in highest trophic levels sub-
stantially. For example, concentrations of a wide variety of
POPs increased by 50-600% in predatory fish inhabiting
a system where they fed at 1-2 trophic levels above that of
a control area (Evenset et al., 2004).

The interaction between, for example, ocean warming
and acidification can have knock-on effects on the uptake,
fate, and effects of POPs and other contaminants in Arctic
marine organisms (Borga et al., 2022; Dinh et al., 2022).
This interaction can result in antagonistic, additive or syn-
ergistic effects depending on the species, life stage, and
the magnitude and duration of stressor exposure (Dinh
et al., 2022; Rist et al., 2024). Identifying possible ecolog-
ical tipping points of Arctic marine species and food webs
in complex interactions of climate change and other
anthropogenic stressors is crucial for more comprehensive
ecological risk assessments and management.

6. Projection uncertainty

Projections of the future are inherently uncertain. The
uncertainty comes from the choice of emission scenario,
internal variability, and from differences in model struc-
ture and biases (Vancoppenolle et al., 2013; Arthun et al.,
2021; Tagliabue et al., 2021; Khosravi et al., 2022; Nilsen
et al., 2022). Combined, these uncertainties lead to a large
intermodel spread in projections of the future Barents Sea
(Figures S1, S2, and S5). The relative importance of the
different sources of uncertainty depends on the projection
horizon of interest. In the Barents Sea, internal variability
dominates projection uncertainty in the next few decades
(Bonan et al., 2021). Predictions and advice for the next
decade thus need to be mindful of internal variability, for
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example, by taking advantage of the recent developments
in seasonal to decadal forecasts from dynamical prediction
models (Tommasi et al., 2017; Payne et al., 2022; Fransner
et al., 2023).

Beyond the next few decades, scenario and model
uncertainty dominate the total uncertainty (Bonan et al,,
2021). This uncertainty is manifested in the large inter-
model spread for both physical and biogeochemical vari-
ables (Figures S1, S2, and S5). Coupled climate models are
known to have mean-state biases in Arctic hydrography
(Khosravi et al., 2022; Heuzé et al., 2023) and, hence,
upper-ocean stratification and vertical mixing. Models also
differ in their ability to simulate correctly ocean heat
transport into the Barents Sea, which is reflected in the
present sea-ice cover and its future change (Li et al., 2017;
Dorr et al., 2024).

Biases in the simulated physical environment are in
turn translated to uncertainties in biogeochemical projec-
tions as, for example, upper-ocean stratification and sea-
ice cover exert a strong influence on primary production
(Vancoppenolle et al., 2013; Tagliabue et al., 2021;
Mousing et al., 2023; Figures 2 and 3). Uncertainties in
biogeochemical projections also come from inadequate
representation of biogeochemical processes in climate
models (Laufkotter et al., 2015; Séférian et al., 2020; Stei-
ner and Reader, 2024). For example, CMIP6 models do not
include modules for sea-ice biogeochemistry. Potential
changes in sea-ice primary production (Hegseth, 1998) are
thus not considered in the model projections presented
here. The absence of sea-ice biogeochemistry also implies
that the effect of sea-ice alkalinity and carbon storage on
seawater carbonate chemistry (Rysgaard et al., 2009;
Fransson et al., 2017) is not taken into account. This
lack of accounting can result in an underestimation of
the future ocean carbon uptake by 5-15% (Richaud
et al., 2023).

Uncertainties in ecological projections are related to
structural uncertainty of the ecosystem model, how spe-
cies respond to climate change (e.g., their thermal toler-
ance), and uncertainties regarding projections of the
physical environment (including scenario differences).
Ecological uncertainty can be addressed by using multiple
ecological models (Nilsen et al., 2022). Using different
models with different complexities (as in Table 1) can
reveal species showing consistent results across the
models, suggesting higher confidence in the projections.
In contrast, species responding differently to climate
change in different models would suggest that more
research is needed. Improved understanding of ecological
model uncertainty can also be achieved by targeted sen-
sitivity experiments where model parameters and parame-
terizations (e.g., recruitment and mortality) are perturbed
to see how different species respond (Hansen et al., 2019).

7. Conclusions and implications

The Barents Sea is currently undergoing a transition from
cold, Arctic climate conditions to a warmer, more Atlantic-
like climate (Gerland et al., 2023). This “Atlantification” of
the Barents Sea has already had a wide range of physical
and ecological impacts (Ingvaldsen et al., 2021). In this
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study, we have combined climate, biogeochemical, and
ecosystem model runs to provide a holistic view of the
Barents Sea in 2050 and 2100, and how this may vary
depending on emissions scenario. We find that:

e The future Barents Sea is characterized by warmer,
ice-free conditions. Upper-ocean stratification
increases in the southern Barents Sea, while it
decreases in the north.

e A warmer, less ice-covered northern Barents Sea
more exposed to solar radiation leads to increased
primary production and improved conditions for
visually searching predators. Primary production
increases in the northern parts but not in the south-
ern Barents Sea.

e More open areas in the north facilitate enhanced
uptake of atmospheric CO, which contributes to
decreased pH and aragonite saturation (ocean
acidification).

e A warmer, less ice-covered Barents Sea leads to
a northward expansion of sub-Arctic demersal spe-
cies such as NEA cod. Spatial changes in spawning
areas are also expected, although less certain. The
biomass of several marine populations or sub-
populations are projected to change, the direction
of change varying between species and models.

e There is large potential for increases in contaminant
load, introduction of alien species, and fisheries-
related impacts on biotic communities and the hab-
itat itself.

One key finding is the small scenario differences for
physical and biogeochemical projections by 2050. Impor-
tantly, the small scenario differences we identify in a wide
variety of physical, biogeochemical, and ecosystem models
suggest that most of the changes projected for 2050 are
already locked in due to the inertia of the earth-ocean
system. This implies that managing the Barents Sea toward
2050 must move from prevention and mitigation to
adaptation.

In contrast to 2050, the severity of climate change in
the Barents Sea toward the end of the century scales
directly with future emissions. The warming of the surface
ocean in the northern Barents Sea in 2100 is, for example,
approximately 3°C higher in the high-emission scenario
(SSP5-8.5) than in the medium-emission scenario (SSP2-
4.5). Higher emissions also lead to more severe changes in
fish populations and ocean acidification. To avoid these
consequences, lowering emissions to Paris Agreement
levels within the next couple of decades is vital in order
to stabilize changes around the 2050 levels, or possibly
reverse some of the changes we will experience by then.

The poleward displacement of boreal species, both for
commercial stocks (e.g., NEA cod, mackerel, blue whiting)
and other fish species with the potential for substantial
food-web changes, presents new challenges for monitor-
ing and management. Projected northward and then east-
ward shifts in the spawning grounds of capelin and NEA
cod introduce the potential for novel area-use conflicts as
the need for protection of spawning grounds can
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challenge expected growth of aquaculture and other
coastal industries in northern Norway. A northeastward
shift in spawning grounds and commercial stocks also
underscores the continued need for strong bilateral
fisheries management efforts between Norway and Russia.

Physical and ecological impacts of Arctic climate
change are not restricted to the Barents Sea and are
currently expanding along the eastern Eurasian Basin
(Polyakov et al., 2017; 2020). A sustained incursion of
Atlantic waters into the Eurasian Basin throughout the
century will result in the retreat of the sea-ice edge
beyond the Barents Sea (Arthun et al., 2019; Dorr et al.,
2021). Future changes in the Barents Sea, as detailed in
this article, may therefore serve as precursors for changes
in other Arctic seas.

Data accessibility statement

CMIP6 data analyzed here are available from the Earth
System Grid Federation (ESGF; Eyring et al., 2016), ERA5
from Hersbach et al. (2020), Global Ocean Colour primary
production data from CMS (2024); in-situ measurements
of nutrients from the Barents Sea Opening are available
from Gundersen et al. (2022) and observation-based CO,
fluxes from Jersild et al. (2024). Observed pH and arago-
nite saturation were calculated from in-situ measurements
of total alkalinity, dissolved inorganic carbon, tempera-
ture, and salinity extracted from the GLODAPv2 database
(Lauvset et al., 2023). Data from NORWECOM.E2E (Hor-
doir and Skogen, 2024) and NoBA Atlantis (Nilsen et al.,
2024) are available through the Norwegian Marine Data
Centre.

Supplemental files
The supplemental files for this article can be found as
follows:

Barents_Sea_2050_Supp_Mat_Elementa (PDF)

Acknowledgments

The authors thank two anonymous reviewers and the edi-
tor Jody Deming for valuable feedback that improved the
manuscript.

Funding
This study is funded by the Research Council of Norway
project Nansen Legacy (grant no. 276730).

Competing interest
All authors declare that they have no competing interests.

Author contributions

Contributed to conception and design: MA, KVD, JD, ND,
FF, IN, PER, MDS.

Contributed to analysis and interpretation of data: All
authors.

Drafted and/or revised the article: All authors.
Approved the submitted version for publication: All
authors.

Art. 13(1) page 11 of 17

References

Alrabeei, S, Subbey, S, Gundersen, S, Gjogsater, H.
2021. Spatial and temporal patterns of capelin
(Mallotus villosus) spawning sites in the Barents Sea.
Fisheries Research 244: 106117.

Ardyna, M, Babin, M, Gosselin, M, Devred, E, Rainville,
L, Tremblay, J-E. 2014. Recent Arctic Ocean sea ice
loss triggers novel fall phytoplankton blooms. Geo-
physical Research Letters 41(17): 6207-6212.

Arthun, M, Eldevik, T, Smedsrud, LH. 2019. The role of
Atlantic heat transport in future Arctic winter sea ice
loss. Journal of Climate 32(11): 3327-3341.

Arthun, M, Onarheim, IH, Dérr, J, Eldevik, T. 2021. The
seasonal and regional transition to an ice-free Arctic.
Geophysical Research Letters 48(1): €2020GL090825.

Aune, M, Raskhozheva, E, Andrade, H, Augustine, S,
Bambulyak, A, Camus, L, Carroll, J, Dolgov, AV,
Hop, H, Moiseev, D, Renaud, PE, Varpe, @. 2021.
Distribution and ecology of polar cod (Boreogadus
saida) in the eastern Barents Sea: A review of histor-
ical literature. Marine Environmental Research 166:
105262.

Bellerby, RG, Olsen, A, Furevik, T, Anderson, LG. 2005.
Response of the surface ocean CO, system in the
Nordic Seas and Northern North Atlantic to climate
change. Geophysical Monograph Series 158:
189-197.

Berge, ], Geoffroy, M, Daase, M, Cottier, FR, Priou, P,
Cohen, JH, Johnsen, G, McKee, D, Kostakis, I,
Renaud, PE, Vogedes, D, Anderson, P, Last, KS,
Gauthier, S. 2020. Artificial light during the polar
night disrupts Arctic fish and zooplankton behav-
iour down to 200 m depth. Communications Biology
3(1): 102.

Boé, J, Hall, A, Qu, X. 2009. September sea-ice cover in
the Arctic Ocean projected to vanish by 2100.
Nature Geoscience 2(5): 341-343.

Bonan, DB, Lehner, FE Holland, MM. 2021. Partitioning
uncertainty in projections of Arctic sea ice. Environ-
mental Research Letters 16(4): 044002.

Borga, K, McKinney, MA, Routti, H, Fernie, KJ, Giebi-
chenstein, J, Hallanger, I, Muir, DCG. 2022. The
influence of global climate change on accumulation
and toxicity of persistent organic pollutants and
chemicals of emerging concern in Arctic food webs.
Environmental Science: Processes & Impacts 24(10):
1544-1576.

Chierici, M, Fransson, A. 2009. Calcium carbonate satu-
ration in the surface water of the Arctic Ocean:
Undersaturation in freshwater influenced shelves.
Biogeosciences 6(11): 2421-2431.

CMS 2024. Global Ocean Colour (Copernicus-GlobColour),
Bio-Geo-Chemical, L4 (monthly and interpolated)
from Satellite Observations (1997-ongoing) [data-
set]. Copernicus Marine Service. DOI: https://doi.
org/10.48670/moi-00281.

Cohen, J, Zhang, X, Francis, J, Jung, T, Kwok, R, Over-
land, J, Ballinger, T, Bhatt, U, Chen, H, Coumou,
D, Feldstein, S, Gu, H, Handorf, D, Henderson, G,
Ionita, M, Kretschmer, M, Laliberte, F Lee, S,

G20z Arenigad zz uo 3senb Aq 4pd'91000 4202 eIuLWS|d/L9.858/91000/L/E L APd-BloIHE/BUBWSIS/NPa"SsaIdoN"Bul|uO//:dRY WOl papeojumoq


https://doi.org/10.48670/moi-00281
https://doi.org/10.48670/moi-00281

Art. 13(1) page 12 of 17

Linderholm, HW, Maslowski, W. 2020. Divergent
consensuses on Arctic amplification influence on
midlatitude severe winter weather. Nature Climate
Change 10(1): 20-29.

Cottier-Cook, EJ, Bentley-Abbot, J, Cottier, FR,
Minchin, D, Olenin, S, Renaud, PE. 2024. Horizon
scanning of potential threats to high-Arctic biodiver-
sity, human health and the economy from marine
invasive alien species: A Svalbard case study. Global
Change Biology 30(1): e17009.

Dalpadado, P, Arrigo, KR, Hjello, SS, Rey, F, Ingvaldsen,
RB, Sperfeld, E, Van Dijken, GL, Stige, LC, Olsen,
A, Ottersen, G. 2014. Productivity in the Barents
Sea—Response to recent climate variability. PloS One
9(5): €95273.

Dalpadado, P, Arrigo, KR, van Dijken, GL, Skjoldal, HR,
Bagoien, E, Dolgov, AV, Prokopchuk, IP, Sperfeld, E.
2020. Climate effects on temporal and spatial dynam-
ics of phytoplankton and zooplankton in the Barents
Sea. Progress in Oceanography 185: 102320.

Davy, R, Outten, S. 2020. The Arctic surface climate in
CMIP6: Status and developments since CMIP5.
Journal of Climate 33(18): 8047—-8068.

De Wit, CA, Vorkamp, K, Muir, D. 2022. Influence of
climate change on persistent organic pollutants and
chemicals of emerging concern in the Arctic: State
of knowledge and recommendations for future
research. Environmental Science: Processes & Impacts
24(10): 1530-1543.

Dinh, KV, Konestabo, HS, Borga, K, Hylland, K, Macau-
lay, SJ, Jackson, MC, Verheyen, J, Stoks, R. 2022.
Interactive effects of warming and pollutants on
marine and freshwater invertebrates. Current Pollu-
tion Reports 8(4): 341-359.

Dinh, KV, Olsen, MW, Altin, D, Vismann, B, Nielsen, TG.
2019. Impact of temperature and pyrene exposure
on the functional response of males and females of
the copepod Calanus finmarchicus. Environmental
Science and Pollution Research 26: 29327-29333.

Dérr, J, Arthun, M, Eldevik, T, Madonna, E. 2021.
Mechanisms of regional winter sea-ice variability
in a warming Arctic. Journal of Climate 34(21):
8635-8653.

Dorr, J, Arthun, M, Eldevik, T, Sande, AB. 2024. Expand-
ing influence of Atlantic and Pacific Ocean heat
transport on winter sea-ice variability in a warming
Arctic. Journal of Geophysical Research: Oceans
129(2): €2023JC019900.

Drinkwater, KF, Harada, N, Nishino, S, Chierici, M,
Danielson, SL, Ingvaldsen, RB, Kristiansen, T,
Hunt, GL Jr, Mueter, F Stiansen, JE. 2021. Possible
future scenarios for two major Arctic gateways
connecting subarctic and Arctic marine systems: L.
Climate and physical-chemical oceanography. ICES
Journal of Marine Science 78(9): 3046—3065.

Drost, H, Lo, M, Carmack, E, Farrell, A. 2016. Acclima-
tion potential of Arctic cod (Boreogadus saida) from
the rapidly warming Arctic Ocean. Journal of Exper-
imental Biology 219(19): 3114-3125.

Arthun et al: The future Barents Sea

Dupont, N, Durant, JM, Gjeszter, H, Langangen, @,
Stige, LC. 2021. Effects of sea ice cover, temperature
and predation on the stock dynamics of the key
Arctic fish species polar cod Boreogadus saida.
Marine Ecology Progress Series 677: 141-159.

Eide, A, Heen, K, Armstrong, C, Flaaten, O, Vasiliev, A.
2013. Challenges and successes in the management
of a shared fish stock—The case of the Russian—Nor-
wegian Barents Sea cod fishery. Acta Borealia 30(1):
1-20.

Endo, CAK, Skogen, MD, Stige, LC, Hjollo, SS, Vikebg,
FB. 2023. The effects of spatial and temporal varia-
tions in spawning on offspring survival in Northeast
Arctic cod. ICES Journal of Marine Science 81(3):
616-626.

Ericson, Y, Fransson, A, Chierici, M, Jones, EM, Skjel-
van, I, Omar, A, Olsen, A, Becker, M. 2023. Rapid
fCO, rise in the northern Barents Sea and Nansen
Basin. Progress in Oceanography 217: 103079.

Eriksen, E, Gjesaeter, H, Prozorkevich, D, Shamray, E,
Dolgov, A, Skern-Mauritzen, M, Stiansen, JE,
Kovalev, Y, Sunnana, K. 2018. From single species
surveys towards monitoring of the Barents Sea eco-
system. Progress in Oceanography 166: 4—14.

Eriksen, E, van der Meeren, G, Nilsen, B, von
Quillfeldt, C, Johnsen, H. 2021. Particularly valu-
able and vulnerable areas (SVO) in Norwegian seas—
Environmental values: Assessment of environmental
values and borders of present SCOs and proposals of
new areas. Rapport fra havforskningen. Bergen, Nor-
way: Havforskningsinstituttet.

Evenset, A, Christensen, GN, Skotvold, T, Fjeld, E,
Schlabach, M, Wartena, E, Gregor, D. 2004. A
comparison of organic contaminants in two high
Arctic lake ecosystems, Bjornoya (Bear Island), Nor-
way. Science of the Total Environment 318(1-3):
125-141.

Eyring, V, Bony, S, Meehl, GA, Senior, CA, Stevens, B,
Stouffer, RJ, Taylor, KE. 2016. Overview of the
Coupled Model Intercomparison Project Phase 6
(CMIP6) experimental design and organization
[dataset]. Geoscientific Model Development 9(5):
1937-1958. DOI: https://doi.org/10.5194/gmd-9-
1937-2016.

Fall, J, Ciannelli, L, Skaret, G, Johannesen, E. 2018.
Seasonal dynamics of spatial distributions and over-
lap between Northeast Arctic cod (Gadus morhua)
and capelin (Mallotus villosus) in the Barents Sea.
PLoS One 13(10): e0205921.

Fossheim, M, Primicerio, R, Johannesen, E, Ingvald-
sen, RB, Aschan, MM, Dolgov, AV. 2015. Recent
warming leads to a rapid borealization of fish com-
munities in the Arctic. Nature Climate Change 5(7):
673-677.

Frainer, A, Primicerio, R, Kortsch, S, Aune, M, Dolgov,
AV, Fossheim, M, Aschan, MM. 2017. Climate-driven
changes in functional biogeography of Arctic marine
fish communities. Proceedings of the National Acad-
emy of Sciences 114(46): 12202—-12207.

G20z Arenigad zz uo 3senb Aq 4pd'91000 4202 eIuLWS|d/L9.858/91000/L/E L APd-BloIHE/BUBWSIS/NPa"SsaIdoN"Bul|uO//:dRY WOl papeojumoq


https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.5194/gmd-9-1937-2016

Arthun et al: The future Barents Sea

Fransner, F Counillon, F Bethke, I, Tjiputra, J,
Samuelsen, A, Nummelin, A, Olsen, A. 2020.
Ocean biogeochemical predictions—Initialization
and limits of predictability. Frontiers in Marine Sci-
ence 7: 386.

Fransner, F Frob, F Tjiputra, J, Goris, N, Lauvset, SK,
Skjelvan, I, Jeansson, E, Omar, A, Chierici, M,
Jones, E, Fransson, A, Olafsdéttir, SR, Johannes-
sen, T, Olsen, A. 2022. Acidification of the Nordic
seas. Biogeosciences 19(3): 979-1012.

Fransner, E Olsen, A, Arthun, M, Counillon, F Tjiputra,
J, Samuelsen, A, Keenlyside, N. 2023. Phytoplank-
ton abundance in the Barents Sea is predictable up
to five years in advance. Communications Earth &
Environment 4(1): 141.

Fransson, A, Chierici, M, Skjelvan, I, Olsen, A, Assmy,
P, Peterson, AK, Spreen, G, Ward, B. 2017. Effects
of sea-ice and biogeochemical processes and storms
on under-ice water fCO, during the winter-spring
transition in the high Arctic Ocean: Implications for
sea-air CO, fluxes. Journal of Geophysical Research:
Oceans 122(7): 5566-5587.

Gautier, DL, Bird, KJ, Charpentier, RR, Grantz, A,
Houseknecht, DW, Klett, TR, Moore, TE, Pitman,
JK, Schenk, CJ, Schuenemeyer, JH, Serensen, K,
Tennyson, ME, Valin, ZC, Wandrey, CJ. 2009.
Assessment of undiscovered oil and gas in the Arc-
tic. Science 324(5931): 1175-1179.

Geoffroy, M, Bouchard, C, Flores, H, Robert, D, Gjosa-
ter, H, Hoover, C, Hop, H, Hussey, NE, Nahrgang,
J, Steiner, N, Bender, M, Berge, ], Castellani, G,
Chernova, N, Copeman, L, David, CL, Deary, A,
Divoky, G, Dolgov, AV, Duffy-Anderson, ],
Dupont, N, Durant, JM, Elliott, K, Gauthier, S,
Goldstein, ED, Gradinger, R, Hedges, K, Herbig,
J, Laurel, B, Loseto, L, Maes, S, Mark, FC, Mos-
bech, A, Pedro, S, Pettitt-Wade, H, Prokopchulk; I,
Renaud, PE, Schembri, S, Vestfals, C, Walkusz, W.
2023. The circumpolar impacts of climate change
and anthropogenic stressors on Arctic cod (Boreoga-
dus saida) and its ecosystem. Elementa: Science of the
Anthropocene 11(1): 00097.

Gerland, S, Ingvaldsen, RB, Reigstad, M, Sundfjord, A,
Bogstad, B, Chierici, M, Hop, H, Renaud, PE,
Smedsrud, LH, Stige, LC, Arthun, M, Berge, J,
Bluhm, BA, Borga, K, Bratbak, G, Divine, DV,
Eldevik, T, Eriksen, E, Fer, I, Fransson, A, Gradin-
ger, R, Granskog, MA, Haug, T, Husum, K, John-
sen, G, Jonassen, MO, Jergensen, LL, Kristiansen,
S, Larsen, A, Lien, VS, Lind, S, Lindstrem, U,
Mauritzen, C, Melsom, A, Mernild, SH, Miiller,
M, Nilsen, F Primicerio, R, Sereide, JE, van der
Meeren, GI, Wassmann, P. 2023. Still Arctic?—The
changing Barents Sea. Elementa: Science of the
Anthropocene 11(1): 00088.

Gidden, MJ, Riahi, K, Smith, SJ, Fujimori, S, Luderer, G,
Kriegler, E, Van Vuuren, DP, Van Den Berg, M,
Feng, L, Klein, D, Calvin, K, Doelman, JC, Frank,
S, Fricko, O, Harmsen, M, Hasegawa, T, Havlik, P,
Hilaire, J, Hoesly, R, Horing, J, Popp, A, Stehfest,

Art. 13(1) page 13 of 17

E, Takahashi, K. 2019. Global emissions pathways
under different socioeconomic scenarios for use in
CMIP6: A dataset of harmonized emissions trajecto-
ries through the end of the century. Geoscientific
Model Development 12(4): 1443-1475.

Gjesaeter, H. 1998. The population biology and exploita-
tion of capelin (Mallotus villosus) in the Barents Sea.
Sarsia 83(6): 453-496.

Gundersen, K, Magster, JS, Lien, V, Lunde, LF, Arnesen,
H, Olsen, AK, Morvik, A, Yamakawa, A, Jakobs-
son, @, Bageien, E. 2022. Nutrient biogeochemistry
in the Barents Sea and the adjoining Arctic Ocean
[dataset]. Norwegian Marine Datacenter. DOI:
https://doi.org/10.21335/NMDC-350483615.

Hansen, C, Aarflot, JM, Eriksen, E, Husson, B, Fau-
chald, P, Johansen, GO, Jorgensen, LL, van der
Meeren, G, Mikkelsen, N, Ottersen, G, von Quill-
feldt, CH, Skern-Mauritzen, M. 2022. Samlet
pavirkning i foreslatte seerlig verdifulle og sarbare
omrader i norske havomrader. Rapport fra havfors-
kningen. Bergen, Norway: Havforskningsinstituttet.

Hansen, C, Drinkwater, KE, Jihkel, A, Fulton, EA, Gor-
ton, R, Skern-Mauritzen, M. 2019. Sensitivity of
the Norwegian and Barents Sea Atlantis end-to-
end ecosystem model to parameter perturbations
of key species. PLoS One 14(2): e0210419.

Hansen, C, Skern-Mauritzen, M, van der Meeren, G,
Jahkel, A, Drinkwater, K. 2016. Set-up of the Nor-
dic and Barents Seas (NoBA) Atlantis model. Bergen,
Norway: Havforskningsinstituttet.

Hegseth, EN. 1998. Primary production of the northern
Barents Sea. Polar Research 17(2): 113—-123.

Hersbach, H, Bell, B, Berrisford, P, Hirahara, S, Hora-
nyi, A, Muioz-Sabater, ], Nicolas, J, Peubey, C,
Radu, R, Schepers, D, Simmons, A, Soci, C,
Abdalla, S, Abellan, X, Balsamo, G, Bechtold, P,
Biavati, G, Bidlot, J, Bonavita, M, De Chiara, G,
Dahlgren, P, Dee, D, Diamantakis, M, Dragani, R,
Flemming, J, Forbes, R, Fuentes, M, Geer, A,
Haimberger, L, Healy, S, Hogan, RJ, Holm, E,
Janiskova, M, Keeley, S, Laloyaux, P, Lopez, P,
Lupu, C, Radnoti, G, de Rosnay, P, Rozum, I, Vam-
borg, E Villaume, S, Thépaut, J-N. 2020. The ERA5
global reanalysis [dataset]. Quarterly Journal of the
Royal Meteorological Society 146(730): 1999-2049.
DOI: https://doi.org/10.1002/qj.3803.

Heuzé, C, Zanowski, H, Karam, S, Muilwijk, M. 2023.
The deep Arctic Ocean and Fram Strait in CMIP6
models. Journal of Climate 36(8): 2551-2584.

Hop, H, Gjesater, H. 2013. Polar cod (Boreogadus saida)
and capelin (Mallotus villosus) as key species in
marine food webs of the Arctic and the Barents Sea.
Marine Biology Research 9(9): 878-894.

Hordoir, R, Skogen, MD. 2024. Model output from the
hindcast simulation and downscaled climate projec-
tions of regional ocean model (NEMO-NAA10km)
and ecosystem model (NORWECOM.E2E) [dataset].
Norwegian Marine Data Centre. DOI: https://doi.
org/10.21335/NMDC-1859287013.

G20z Arenigad zz uo 3senb Aq 4pd'91000 4202 eIuLWS|d/L9.858/91000/L/E L APd-BloIHE/BUBWSIS/NPa"SsaIdoN"Bul|uO//:dRY WOl papeojumoq


https://doi.org/10.21335/NMDC-350483615
https://doi.org/10.1002/qj.3803
https://doi.org/10.21335/NMDC-1859287013
https://doi.org/10.21335/NMDC-1859287013

Art. 13(1) page 14 of 17

Howell, D, Bogstad, B, Chetyrkin, A, Fall, JJE, Filin, A,
Godiksen, JA, Hoffle, H, Johannesen, E, Kovalev,
Y, Russkikh, A, Vasilyev, D, Yaragina, N. 2022.
Report of the Joint Russian-Norwegian Working
Group on Arctic Fisheries (JRN-AFWG) 2022. IMR/
PINRO Joint Report Series. Bergen, Norway:
Havforskningsinstituttet.

Huse, G, Ellingsen, 1. 2008. Capelin migrations and cli-
mate change—A modelling analysis. Climatic Change
87(1): 177-197.

Huserbraten, MBO, Eriksen, E, Gjgseter, H, Vikebg, F.
2019. Polar cod in jeopardy under the retreating
Arctic sea ice. Communications Biology 2(1): 407.

Ingvaldsen, RB, Assmann, KM, Primicerio, R, Fos-
sheim, M, Polyakov, IV, Dolgov, AV. 2021. Physical
manifestations and ecological implications of Arctic
Atlantification. Nature Reviews Earth & Environment
2(12): 874-889.

Isaksen, K, Nordli, @, Ivanov, B, Kaltzow, MA, Aaboe, S,
Gjelten, HM, Mezghani, A, Eastwood, S, Ferland,
E, Benestad, RE, Hanssen-Bauer, I, Brakkan, R,
Sviashchennikov, P, Demin, V, Revina, A, Karan-
dasheva, A. 2022. Exceptional warming over the
Barents area. Scientific Reports 12(1): 9371.

Jeansson, E, Olsen, A, Eldevik, T, Skjelvan, I, Omar, AM,
Lauvset, SK, Nilsen, JE@, Bellerby, RGJ, Johannes-
sen, T, Falck, E. 2011. The Nordic Seas carbon bud-
get: Sources, sinks, and uncertainties. Global
Biogeochemical Cycles 25(4). DOL: https://doi.org/
10.1029/2010GB003961.

Jersild, A, Landschiitzer, P, Gruber, N, Bakker, D. 2024.
An observation-based global monthly gridded sea
surface pCO, and air-sea CO, flux product from
1982 onward and its monthly climatology (NCEI
Accession 0160558). NOAA National Centers for
Environmental Information Dataset (Version 8.8).
Available at https://www.ncei.noaa.gov/access/
ocean-carbon-acidification-data-system/oceans/
SPC0O2_1982_present_ETH_SOM_FFN.html.
Accessed November 11, 2024.

Ji, R, Jin, M, Varpe, @. 2013. Sea ice phenology and tim-
ing of primary production pulses in the Arctic
Ocean. Global Change Biology 19(3): 734-741.

Kessler, A, Tjiputra, J. 2016.The Southern Ocean as a con-
straint to reduce uncertainty in future ocean carbon
sinks. Earth System Dynamics 7(2): 295-312.

Khosravi, N, Wang, Q, Koldunov, N, Hinrichs, C,
Semmler, T, Danilov, S, Jung, T. 2022. The Arctic
Ocean in CMIP6 models: Biases and projected
changes in temperature and salinity. Earth’s Future
10(2): e2021EF002282.

Kjesbu, OS, Sundby, S, Sande, AB, Alix, M, Hjello, SS,
Tiedemann, M, Skern-Mauritzen, M, Junge, C,
Fossheim, M, Thorsen Broms, C, Savik, G, Zim-
mermann, F Nedreaas, K, Eriksen, E, Hoffle, H,
Hjelset, AM, Kvamme, C, Reecht, Y, Knutsen, H,
Aglen, A, Albert, OT, Berg, E, Bogstad, B, Durif, C,
Halvorsen, KT, Hgines, A, Hvingel, C, Johanne-
sen, E, Johnsen, E, Moland, E, Myksvoll, MS, Not-
testad, L, Olsen, E, Skaret, G, Skjaeraasen, JE,

Arthun et al: The future Barents Sea

Slotte, A, Staby, A, Stenevik, EK, Stiansen, JE,
Stiasny, M, Sundet, JH, Vikebg, F Huse, G.
2022. Highly mixed impacts of near-future climate
change on stock productivity proxies in the north
East Atlantic. Fish and Fisheries 23(3): 601-615.

Knutti, R, Sedlacek, J, Sanderson, BM, Lorenz, R,
Fischer, EM, Eyring, V. 2017. A climate model
projection weighting scheme accounting for perfor-
mance and interdependence. Geophysical Research
Letters 44(4): 1909-1918.

Kwiatkowski, L, Torres, O, Bopp, L, Aumont, O, Cham-
berlain, M, Christian, JR, Dunne, JP, Gehlen, M,
Ilyina, T, John, JG, Lenton, A, Li, H, Lovenduski,
NS, Orr, JC, Palmieri, J, Santana-Falcon, Y,
Schwinger, J, Séférian, R, Stock, CA, Tagliabue,
A, Takano, Y, Tjiputra, J, Toyama, K, Tsujino, H,
Watanabe, M, Yamamoto, A, Yool, A, Ziehn, T.
2020. Twenty-first century ocean warming, acidifica-
tion, deoxygenation, and upper-ocean nutrient and
primary production decline from CMIP6 model pro-
jections. Biogeosciences 17(13): 3439-3470.

Landrum, L, Holland, MM. 2020. Extremes become
routine in an emerging new Arctic. Nature Climate
Change 10(12): 1108-1115.

Langangen, @, Farber, L, Stige, LC, Diekert, FK, Barth,
JM, Matschiner, M, Berg, PR, Star, B, Stenseth,
NC, Jentoft, S, Durant, JM. 2019. Ticket to spawn:
Combining economic and genetic data to evaluate
the effect of climate and demographic structure on
spawning distribution in Atlantic cod. Global
Change Biology 25(1): 134—143.

Langbehn, TJ, Varpe, @. 2017. Sea-ice loss boosts visual
search: Fish foraging and changing pelagic interac-
tions in polar oceans. Global Change Biology 23(12):
5318-5330.

Laufkétter, C, Vogt, M, Gruber, N, Aita-Noguchi, M,
Aumont, O, Bopp, L, Buitenhuis, E, Doney, SC,
Dunne, J, Hashioka, T, Hauck, J, Hirata, T, John,
J, Le Quéré, C, Lima, ID, Nakano, H, Seferian, R,
Totterdell, I, Vichi, M, Volker, C. 2015. Drivers and
uncertainties of future global marine primary pro-
duction in marine ecosystem models. Biogeosciences
12(23): 6955-6984.

Laurel, BJ, Spencer, M, Iseri, P, Copeman, LA. 2016.
Temperature-dependent growth and behavior of
juvenile Arctic cod (Boreogadus saida) and co-
occurring North Pacific gadids. Polar Biology 39:
1127-1135.

Lauvset, SK, Key, RM, Olsen, A, van Heuven, SMAC,
Velo, A, Lin, X, Schirnick, C, Kozyr, A, Tanhua,
T, Hoppema, M, Jutterstrom, S, Steinfeldt, R,
Jeansson, E, Ishii, M, Pérez, FF, Suzuki, T, Watelet,
S. 2023. A new global interior ocean mapped clima-
tology: The 1° x 1° GLODAP version 2 from 1972-
01-01 to 2013-12-31 (NCEI Accession 0286118)
[dataset]. NOAA National Centers for Environmental
Information. DOI: https://doi.org/10.3334/cdiac/
otg.ndp093_glodapv2.

Lewis, ER, Wallace, DWR. 1998. Program developed for
CO, system calculations. Oak Ridge, TN: Carbon

G20z Arenigad zz uo 3senb Aq 4pd'91000 4202 eIuLWS|d/L9.858/91000/L/E L APd-BloIHE/BUBWSIS/NPa"SsaIdoN"Bul|uO//:dRY WOl papeojumoq


https://doi.org/10.1029/2010GB003961
https://doi.org/10.1029/2010GB003961
https://www.ncei.noaa.gov/access/ocean-carbon-acidification-data-system/oceans/SPCO2_1982_present_ETH_SOM_FFN.html
https://www.ncei.noaa.gov/access/ocean-carbon-acidification-data-system/oceans/SPCO2_1982_present_ETH_SOM_FFN.html
https://www.ncei.noaa.gov/access/ocean-carbon-acidification-data-system/oceans/SPCO2_1982_present_ETH_SOM_FFN.html
https://doi.org/10.3334/cdiac/otg.ndp093_glodapv2
https://doi.org/10.3334/cdiac/otg.ndp093_glodapv2

Arthun et al: The future Barents Sea

Dioxide Information Analysis Center, Oak Ridge
National Laboratory, U.S. Department of Energy.
DOI: http://dx.doi.org/10.2172/639712.

Li, D, Zhang, R, Knutson, TR. 2017. On the discrepancy
between observed and CMIP5 multi-model
simulated Barents Sea winter sea ice decline. Nature
Communications 8(1): 14991.

Ma, J, Hung, H, Tian, C, Kallenborn, R. 2011. Revolatili-
zation of persistent organic pollutants in the Arctic
induced by climate change. Nature Climate Change
1(5): 255-260.

Masson-Delmotte, V, Zhai, P, Pirani, S, Connors, C,
Péan, S, Berger, N, Caud, Y, Chen, L, Goldfarb,
M, Monteiro, SPM. 2021. IPCC, 2021: Summary for
policymakers, in Climate change 2021: The physical
science basis. Contribution of Working Group I to the
Sixth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge, UK; New York,
NY: Cambridge University Press.

Miller, AW, Ruiz, GM. 2014. Arctic shipping and marine
invaders. Nature Climate Change 4(6): 413—416.

Mousing, EA, Ellingen, I, Hjello, SS, Husson, B, Skogen,
MD, Wallhead, P. 2023. Why do regional biogeo-
chemical models produce contrasting future
projections of primary production in the Barents
Sea? Journal of Sea Research 192: 102366.

Mueter, FJ, Planque, B, Hunt, GL Jr, Alabia, ID, Hirawake,
T, Eisner, L, Dalpadado, P, Chierici, M, Drinkwater,
KF Harada, N, Arneberg, P, Saitoh, S-1. 2021. Possi-
ble future scenarios in the gateways to the Arctic for
Subarctic and Arctic marine systems: I1. Prey resources,
food webs, fish, and fisheries. ICES Journal of Marine
Science 78(9): 3017-3045.

Nahrgang, J, Dubourg, P, Frantzen, M, Storch, D,
Dahlke, F Meador, JP. 2016. Early life stages of
an arctic keystone species (Boreogadus saida) show
high sensitivity to a water-soluble fraction of crude
oil. Environmental Pollution 218: 605-614.

Nascimento, MC, Husson, B, Guillet, L, Pedersen,T. 2023.
Modelling the spatial shifts of functional groups in the
Barents Sea using a climate-driven spatial food web
model. Ecological Modelling 481: 110358.

Nilsen, I. 2023. Dealing with uncertainty in ecosystem
models along three axes; resolution, forcing and
projections [PhD thesis]. Bergen, Norway: University
of Bergen.

Nilsen, I, Hansen, C, Kaplan, I, Holmes, E, Langangen, @.
2022. Exploring the role of Northeast Atlantic cod in
the Barents Sea food web using a multi-model
approach. Fish and Fisheries 23(5): 1083—1098.

Nilsen, I, Hansen, C, Kaplan, IC. 2024. NoBa—A shifting
chessboard—Climate projections [Dataset]. Norwe-
gian Marine Data Centre. DOI: https://doi.org/10.
21335/NMDC-1094330803.

Noh, K-M, Lim, H-G, Yang, E-J, Kug, J-S. 2023. Emergent
constraint for future decline in Arctic phytoplankton
concentration. Earth’s Future 11(4): e2022EF003427.

Onarheim, IH, Arthun, M. 2017. Toward an ice-free
Barents Sea. Geophysical Research Letters 44(16):
8387-8395.

Art. 13(1) page 15 of 17

Onarheim, IH, Eldevik, T, Smedsrud, LH, Stroeve, JC.
2018. Seasonal and regional manifestation of Arctic
sea ice loss. Journal of Climate 31(12): 4917—-4932.

Opdal, AF, Jorgensen, C. 2015. Long-term change in
a behavioural trait: Truncated spawning distribution
and demography in Northeast Arctic cod. Global
Change Biology 21(4): 1521-1530.

Pan, R, Shu, Q Wang, Q, Wang, S, Song, Z, He, Y, Qiao, FE
2023. Future Arctic climate change in CMIP6 strikingly
intensified by NEMO-family climate models. Geophys-
ical Research Letters 50(4): €2022GL102077.

Payne, MR, Danabasoglu, G, Keenlyside, N, Matei, D,
Miesner, AK, Yang, S, Yeager, SG. 2022. Skilful
decadal-scale prediction of fish habitat and distribu-
tion shifts. Nature Communications 13(1): 2660.

Pecuchet, L, Blanchet, MA, Frainer, A, Husson, B,
Jorgensen, LL, Kortsch, S, Primicerio, R. 2020.
Novel feeding interactions amplify the impact of
species redistribution on an Arctic food web. Global
Change Biology 26(9): 4894—4906.

Pedro, S, Fisk, AT, Tomy, GT, Ferguson, SH, Hussey, NE,
Kessel, ST, McKinney, MA. 2017. Mercury and per-
sistent organic pollutants in native and invading
forage species of the Canadian Arctic: Consequences
for food web dynamics. Environmental Pollution
229: 229-240.

Polyakov, 1V, Alkire, MB, Bluhm, BA, Brown, KA,
Carmack, EC, Chierici, M, Danielson, SL, Elling-
sen, I, Ershova, EA, Gardfeldt, K, Ingvaldsen, RB,
Pnyushkov, AV, Slagstad, D, Wassmann, P. 2020.
Borealization of the Arctic Ocean in response to
anomalous advection from sub-Arctic seas. Frontiers
in Marine Science 7: 491.

Polyakov, 1V, Pnyushkov, AV, Alkire, MB, Ashik, IM,
Baumann, TM, Carmack, EC, Goszczko, I,
Guthrie, J, Ivanov, VV, Kanzow, T, Krishfield, R,
Kwok, R, Sundfjord, A, Morison, J, Rember, R,
Yulin, A. 2017. Greater role for Atlantic inflows on
sea-ice loss in the Eurasian Basin of the Arctic Ocean.
Science 356(6335): 285-291.

Qi, D, Wu, Y, Chen, L, Cai, WJ, Ouyang, Z, Zhang, Y,
Anderson, LG, Feely, RA, Zhuang, Y, Lin, H, Lei,
R, Bi, H. 2022. Rapid acidification of the Arctic
Chukchi Sea waters driven by anthropogenic forcing
and biological carbon recycling. Geophysical
Research Letters 49(4): e2021GL097246.

Rantanen, M, Karpechko, AY, Lipponen, A, Nordling,
K, Hyvirinen, O, Ruosteenoja, K, Vihma, T,
Laaksonen, A. 2022. The Arctic has warmed nearly
four times faster than the globe since 1979. Com-
munications Earth & Environment 3(1): 168.

Richaud, B, Fennel, K, Oliver, ECJ, DeGrandpre, MD,
Bourgeois, T, Hu, X, Lu, Y. 2023. Underestimation
of oceanic carbon uptake in the Arctic Ocean: Ice
melt as predictor of the sea ice carbon pump. The
Cryosphere 17(7): 2665—2680.

Rieke, O, Arthun, M, Dérr, JS. 2023. Rapid sea ice
changes in the future Barents Sea. The Cryosphere
17(4): 1445-1456.

G20z Arenigad zz uo 3senb Aq 4pd'91000 4202 eIuLWS|d/L9.858/91000/L/E L APd-BloIHE/BUBWSIS/NPa"SsaIdoN"Bul|uO//:dRY WOl papeojumoq


http://dx.doi.org/10.2172/639712
https://doi.org/10.21335/NMDC-1094330803
https://doi.org/10.21335/NMDC-1094330803

Art. 13(1) page 16 of 17

Rist, S, Rask, S, Ntinou, IV, Varpe, @, Lindegren, M,
Ugwu, K, Larsson, M, Sjoberg, V, Nielsen, TG.
2024. Cumulative impacts of oil pollution, ocean
warming, and coastal freshening on the feeding of
Arctic copepods. Environmental Science & Technology
58(7): 3163-3172.

Roderfeld, H, Blyth, E, Dankers, R, Huse, G, Slagstad,
D, Ellingsen, I, Wolf, A, Lange, MA. 2008. Potential
impact of climate change on ecosystems of the
Barents Sea region. Climatic Change 87: 283-303.

Rysgaard, S, Bendtsen, ], Pedersen, LT, Ramlov, H,
Glud, RN. 2009. Increased CO, uptake due to sea
ice growth and decay in the Nordic Seas. Journal of
Geophysical Research: Oceans 114(C9). DOL: https://
doi.org/10.1029/2008]C005088.

Sandg, AB, Hjello, SS, Hansen, C, Skogen, MD, Hor-
doir, R, Sundby, S. 2022. Risikoanalyse for de
norske havomraddene om direkte og indirekte vir-
kninger av klimaendringer p& marine okosystemer
under ulike utslippsscenarier-Risikorapport om hav
og klima. Rapport fra havforskningen. Bergen, Nor-
way: Havforskningsinstituttet.

Sandg, AB, Johansen, GO, Aglen, A, Stiansen, JE,
Renner, AH. 2020. Climate change and new poten-
tial spawning sites for Northeast Arctic cod. Frontiers
in Marine Science 7: 28.

Sardain, A, Sardain, E, Leung, B. 2019. Global forecasts
of shipping traffic and biological invasions to 2050.
Nature Sustainability 2(4): 274-282.

Schauer, U, Muench, RD, Rudels, B, Timokhov, L. 1997.
Impact of eastern Arctic shelf waters on the Nansen
Basin intermediate layers. Journal of Geophysical
Research: Oceans 102(C2): 3371-3382.

Séférian, R, Berthet, S, Yool, A, Palmiéri, J, Bopp, L,
Tagliabue, A, Kwiatkowski, L, Aumont, O, Chris-
tian, J, Dunne, J, Gehlen, M, llyina, T, John, JG, Li,
H, Long, MC, Luo, JY, Nakano, H, Romanou, A,
Schwinger, J, Stock, C, Santana-Falcon, Y,
Takano, Y, Tjiputra, J, Tsujino, H, Watanabe, M,
Wu, T, Wu, F Yamamoto, A. 2020. Tracking
improvement in simulated marine biogeochemistry
between CMIP5 and CMIP6. Current Climate Change
Reports 6(3): 95-119. DOI: https://doi.org/10.
1007/s40641-020-00160-0.

Shu, Q, Wang, Q, Arthun, M, Wang, S, Song, Z, Zhang,
M, Qiao, E 2022. Arctic Ocean amplification in
a warming climate in CMIP6 models. Science
Advances 8(30): eabn9755.

Shu, Q, Wang, Q, Song, Z, Qiao, F. 2021. The poleward
enhanced Arctic Ocean cooling machine in a warm-
ing climate. Nature Communications 12(1): 2966.

Siwertsson, A, Husson, B, Arneberg, P, Assmann, K,
Assmy, P, Aune, M, Bogstad, B, Bersheim, KY,
Cochrane, SK, Daase, M, Fauchald, P, Frainer,
A, Fransson, A, Hop, H, Hoffle, H, Gerland, S,
Ingvaldsen, R, Jentoft, S, Kovacs, KM, Leonard,
DM, Lind, S, Lydersen, C, Pavlova, O, Peuchet, L,
Primicerio, R, Renaud, PE, Solvang, HK, Skaret,
G, van der Meeren, G, Wassmann, P, @ien, N.
2023. Panel-based assessment of ecosystem

Arthun et al: The future Barents Sea

condition of Norwegian Barents Sea shelf
ecosystems. Rapport fra havforskningen. Bergen,
Norway: Havforskningsinstituttet.

Skagseth, @, Eldevik, T, Arthun, M, Asbjornsen, H,
Lien, VS, Smedsrud, LH. 2020. Reduced efficiency
of the Barents Sea cooling machine. Nature Climate
Change 10(7): 661-666.

Skern-Mauritzen, M, Lindstrem, U, Biuw, M, Elvarsson,
B, Gunnlaugsson, T, Haug, T, Kovacs, KM, Lydersen,
C, McBride, MM, Mikkelsen, B, @ien, N, Vikingsson,
G. 2022. Marine mammal consumption and fisheries
removals in the Nordic and Barents Seas. ICES Journal
of Marine Science 79(5): 1583-1603.

Skogen, MD, Hjello, SS, Sande, AB, Tjiputra, J. 2018.
Future ecosystem changes in the Northeast Atlantic:
A comparison between a global and a regional
model system. ICES Journal of Marine Science
75(7): 2355-2369.

Skogen, MD, Olsen, A, Borsheim, KY, Sande, AB,
Skjelvan, I. 2014. Modelling ocean acidification in
the Nordic and Barents Seas in present and future
climate. Journal of Marine Systems 131: 10-20.

Smedsrud, LH, Esau, I, Ingvaldsen, RB, Eldevik, T,
Haugan, PM, Li, C, Lien, VS, Olsen, A, Omar,
AM, Ottera, OH, Risebrobakken, B, Sande, AB,
Semenov, VA, Sorokina, SA. 2013. The role of the
Barents Sea in the Arctic climate system. Reviews of
Geophysics 51(3): 415-449.

Smith, LC, Stephenson, SR. 2013. New Trans-Arctic ship-
ping routes navigable by midcentury. Proceedings of
the National Academy of Sciences 110(13):
E1191-E1195.

Steiner, NS, Reader, CM. 2024. Trends and projections in
climate-related stressors impacting Arctic marine eco-
systems—A CMIP6 model analysis. Journal of Geophys-
ical Research: Oceans 129(11): e2024JC020970.

Stocker, AN, Renner, AH, Knol-Kauffman, M. 2020. Sea
ice variability and maritime activity around Svalbard
in the period 2012-2019. Scientific Reports 10(1):
17043.

Stokstad, E. 2021. Shipping rule cleans the air but dirties
the water. Science 372: 672—673. DOLI: https://doi.
org/10.1126/science.372.6543.672.

Strople, LC, Vieweg, |, Yadetie, F Odei, DK, Thorsen, A,
Karlsen, OA, Gokseyr, A, Serensen, L, Sarno, A,
Hansen, BH, Frantzen, M, Hansen, @), Puvanen-
dran, V, Nahrgang, J. 2023. Spawning time in adult
polar cod (Boreogadus saida) altered by crude oil
exposure, independent of food availability. Journal
of Toxicology and Environmental Health, Part A
88(2): 43-66.

Tagliabue, A, Kwiatkowski, L, Bopp, L, Butenschdn, M,
Cheung, W, Lengaigne, M, Vialard, J. 2021. Persis-
tent uncertainties in ocean net primary production
climate change projections at regional scales raise
challenges for assessing impacts on ecosystem
services. Frontiers in Climate 3: 738224.

Terhaar, J. 2024. Drivers of decadal trends in the ocean
carbon sink in the past, present, and future in Earth
system models. Biogeosciences 21(17): 3903-3926.

G20z Arenigad zz uo 3senb Aq 4pd'91000 4202 eIuLWS|d/L9.858/91000/L/E L APd-BloIHE/BUBWSIS/NPa"SsaIdoN"Bul|uO//:dRY WOl papeojumoq


https://doi.org/10.1029/2008JC005088
https://doi.org/10.1029/2008JC005088
https://doi.org/10.1007/s40641-020-00160-0
https://doi.org/10.1007/s40641-020-00160-0
https://doi.org/10.1126/science.372.6543.672
https://doi.org/10.1126/science.372.6543.672

Arthun et al: The future Barents Sea

Terhaar, J, Orr, JC, Gehlen, M, Ethé, C, Bopp, L. 2019.
Model constraints on the anthropogenic carbon
budget of the Arctic Ocean. Biogeosciences 16(11):
2343-2367.

Thor, P, Granberg, ME, Winnes, H, Magnusson, K. 2021.
Severe toxic effects on pelagic copepods from mar-
itime exhaust gas scrubber effluents. Environmental
Science & Technology 55(9): 5826—5835.

Tommasi, D, Stock, CA, Hobday, AJ, Methot, R, Kaplan,
IC, Eveson, JP, Holsman, K, Miller, TJ, Gaichas, S,
Gehlen, M, Pershing, A, Vecchi, GA, Msadek, R,
Delworth, T, Eakin, CM, Haltuch, MA, Séférian, R,
Spillman, CM, Hartog, JR, Siedlecki, S, Samhouri,
JE Muhling, B, Asch, RG, Pinsky, ML, Saba, VS,
Kapnick, SB, Gaitan, CE Rykaczewski, RR, Alex-
ander, MA, Xue, Y, Pegion, KV, Lynch, P, Payne,
MR, Kristiansen, T, Lehodey, P, Werner, FE. 2017.
Managing living marine resources in a dynamic envi-
ronment: The role of seasonal to decadal climate
forecasts. Progress in Oceanography 152: 15—49.

Toxvaerd, K, Dinh, KV, Henriksen, O, Hjorth, M,
Nielsen, TG. 2019. Delayed effects of pyrene expo-
sure during overwintering on the Arctic copepod

Art. 13(1) page 17 of 17

Calanus hyperboreus. Aquatic Toxicology 217:
105332.

Vancoppenolle, M, Bopp, L, Madec, G, Dunne, ], llyina,
T, Halloran, PR, Steiner, N. 2013. Future Arctic
Ocean primary productivity from CMIP5 simula-
tions: Uncertain outcome, but consistent mechan-
isms. Global Biogeochemical Cycles 27(3): 605—619.

Varpe, @, Bauer, S. 2022. Seasonal animal migrations and
the Arctic: Ecology, diversity, and spread of infectious
agents, in Tryland, M ed., Arctic One Health: Chal-
lenges for Northern Animals and People. Cham,
Switzerland: Springer: 47-76. DOI: https://doi.org/
10.1007/978-3-030-87853-5_3.

Varpe, @, Daase, M, Kristiansen, T. 2015. A fish-eye view
on the new Arctic lightscape. ICES Journal of Marine
Science 72(9): 2532-2538.

Wang, S, Wang, Q, Wang, M, Lohmann, G, Qiao, F
2022. Arctic Ocean freshwater in CMIP6 coupled
models. Earth’s Future 10(9): e2022EF002878.

Wassmann, P, Duarte, CM, Agusti, S, Sejr, MK. 2011.
Footprints of climate change in the Arctic marine
ecosystem. Global Change Biology 17(2):
1235-1249.

How to cite this article: Arthun, M, Dinh, KV, Dérr, J, Dupont, N, Fransner, F, Nilsen, |, Renaud, PE, Skogen, MD, Assmy, P,
Chierici, M, Duarte, P, Fransson, A, Hansen, C, Nascimento, MC, Pedersen, T, Smedsrud, LH, Varpe, @, Cnossen, F. 2025. The future
Barents Sea—A synthesis of physical, biogeochemical, and ecological changes toward 2050 and 2100. E/lementa: Science of the
Anthropocene 13(1). DOI: https://doi.org/10.1525/elementa.2024.00046

Domain Editor-in-Chief: Jody W. Deming, University of Washington, Seattle, WA, USA

Associate Editor: Jean-Eric Tremblay, Department of Biology, Université Laval, Québec, Canada

Knowledge Domain: Ocean Science

Published: February 21, 2025

Accepted: January 11, 2025

Submitted: July 12, 2024

Copyright: © 2025 The Author(s). This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International License (CC-BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original author and source are credited. See http://creativecommons.org/licenses/by/4.0/.

N7 ELEMENTA
, \ S¢ throy

Science of the Anthropocene

Elem Sci Anth is a peer-reviewed open access
journal published by University of California Press.

OPEN ACCESS @

G20z Arenigad zz uo 3senb Aq 4pd'91000 4202 eIuLWS|d/L9.858/91000/L/E L APd-BloIHE/BUBWSIS/NPa"SsaIdoN"Bul|uO//:dRY WOl papeojumoq


https://doi.org/10.1007/978-3-030-87853-5_3
https://doi.org/10.1007/978-3-030-87853-5_3

