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1 | INTRODUCTION
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Abstract

Downscaling physical forcing from global climate models is both time consuming and
labor demanding and can delay or limit the physical forcing available for regional
marine ecosystem modelers. Earlier studies have shown that downscaled physics is
necessary for capturing the dynamics of primary production and lower trophic levels;
however, it is not clear how higher trophic levels respond to the coarse resolution
physics of global models. Here, we apply the Nordic and Barents Seas Atlantis
ecosystem model (NoBa) to study the consequences of using physical forcing from
global climate models versus using that from regional models. The study is therefore
(i) a comparison between a regional model and its driving global model to investigate
the extent to which a global climate model can be used for regional ecosystem
predictions and (i) a study of the impact of future climate change in the Nordic and
Barents Seas. We found that few higher trophic level species were affected by using
forcing from a global versus a regional model, and there was a general agreement in
future biomass trends and distribution patterns. However, the slight difference in
temperature between the models dramatically impacted Northeast Arctic cod (Gadus
morhua), which highlights how species projection uncertainty could arise from poor
physical representation of the physical forcing, in addition to uncertainty in the

ecosystem model parameterization.
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increasing number of marine environmental stressors (Henson

et al., 2017), there is an urgent need to understand how marine eco-

Global warming is already causing large-scale impacts in sub-Arctic
and Arctic Ocean regions, with temperatures quickly rising and sea ice
receding (Comiso, 2012; Smedsrud et al., 2013). These changes are
altering the ecosystem by displacing southern, boreal species further
north, while arctic species are retreating and declining (Fossheim
et al., 2015; Frainer et al., 2017; Kjesbu et al., 2022, 2014). With the

systems will respond to these changes (Fagundes et al., 2020).

The only process-based tools available to study the implications
of future climate change are models. To study potential responses in
ecosystem function and structure to climate change, output from cli-
mate models is often used as forcing for ecosystem models (Lotze
et al., 2019; Tittensor et al., 2021). Over the past few years, the
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Intergovernmental Panel on Climate Change (IPCC) has developed
five SSP narratives to describe alternative pathways for future society
(IPCC, 2022). The SSPs contain a range of baseline scenarios spanning
between 1.9 and 8.5 W/m? of radiative forcing by 2100 and play an
important role in facilitating integrated research across multiple cli-
mate modeling communities (O'Neill et al., 2016).

Global climate models, such as those used in the IPCC reports
(IPCC, 2022), are generally capable of reproducing the observed long-
term trends at a global scale. However, due to their global coverage,
even with increasing computational power, their spatial resolution and
parameterizations remain insufficient at regional scales that are rele-
vant for marine ecosystems (Melsom et al, 2009; Tjiputra
et al., 2007). This can lead to biases relative to observational data and
inaccuracies in regional details (Skogen et al., 2018).

A way to improve such biases is through downscaling, where a
high-resolution regional ocean circulation model is initiated from,
and/or nested into, a global climate model (Skogen et al., 2018). This is
done to translate coarse global information into finer scale resolution in
order to simulate more accurate regional processes and obtain climate
information on scales that are relevant to society (Ekstrom et al., 2015).
Regional models also have the advantage of better-calibrated parame-
terizations targeted for the study regions (Hordoir et al., 2022).

Previous studies have explored the impact of increased model
resolution and found that higher resolution physical forcing produces
results closer to observations and provides a better representation of
ocean dynamics and variability. Increased resolution has been found
to improve the representation of physical processes such as the
northward transport of heat and salt (Langehaug et al., 2019), frontal
regions (Kirtman et al, 2012), and deep convection (Busecke
et al,, 2019). Improving these processes results in temperatures and
salinity closer to observations (Melsom et al., 2009; Sandg
et al., 2014; Skogen et al., 2018) and improves the timing of spring
bloom and estimates of net primary production (Hansen &
Samuelsen, 2009; Skogen et al., 2018).

However, the process of downscaling physical forcing from global
models is both time consuming and labor demanding, which can delay
or limit the physical forcing available for ecosystem modelers. Some
ecosystem models have coarse resolution grids with few or only one
grid cell. Examples for the Nordic and Barents Seas include Ecopath
with Ecosim (Pedersen et al., 2021), Gompertz (Nilsen et al., 2022;
Stige et al., 2019), NDND (Planque et al, 2014), RCaN (Planque
et al, 2022), Gadget (Lindstrgm et al, 2009), and NoBa Atlantis
(Hansen et al., 2016), where only the last one has more than two grid
cells. The coarse resolution will cause these models to lose the details
provided by the high-resolution models. However, differences in
physics might still be reflected in the mean values used as forcing. If
this is the case, how large are these differences, and would they
impact not only the lower trophic levels but also higher?

Several studies have used ecosystem models to study how species
in the Nordic and Barents Seas might respond to future climate
changes, from lower trophic levels to complex systems including sev-
eral trophic levels. Skogen et al. (2018) used physical forcing from cli-
mate models of various resolution and found no trends in future
nutrient levels or primary production. Hansen, Nash, et al. (2019)

studied the effect of changes in management strategies in combination
with climate changes and found an increased vulnerability in pelagic
and demersal functional groups when harvesting a higher number of
species. Cheung et al. (2010) showed that high-latitude areas such as
the Norwegian and Barents Seas are likely to experience an increase in
total catch potential in the future, based on calculations of future pri-
mary production, trophic level, and geographic range. This is supported
by observations from the Barents Sea over the last decades, where
increasing temperatures have been beneficial for, for example,
Northeast Arctic cod (Gadus morhua) (Kjesbu et al., 2022, 2014).

In this study, we aim to focus on the higher trophic level species,
and the goal is twofold: (1) to study how much we gain, if anything,
when applying downscaled forcing compared to forcing from a global
climate model in a coarse resolution end-to-end ecosystem model
simulation, and (2) to evaluate expected ecosystem changes in the
Nordic and Barents Seas under the future climate changes with the

two different types of forcing.

2 | MODELS AND SIMULATIONS

To investigate how much we gain from downscaling, we study ecosys-
tem responses to applying physical forcing from a global circulation
model and from a downscaled regional model in the Nordic and
Barents Seas Atlantis model. We will also investigate how sensitive
the projections of the Barents Sea ecosystem are to the underlying

physical forcing.

21 | Models

We use physical forcing taken directly from the ocean component of
a global climate model (NorESM2) and as downscaled with a regional
ocean circulation model (Nemo-NAA10km) and apply them to an eco-
system model (NoBa Atlantis). The concept is illustrated in Figure 1
and a short description of the two oceanographic models and the eco-
system model follows below. Figure 1 also shows a comparison of the
sea surface temperature as projected for the Nordic Seas and parts of
the Arctic Ocean by NorESM2 and Nemo-NAA10km. Clearly, the
RCM appears to capture spatial aspects in greater detail, including the

northward flowing Atlantic Water and circulation along the coasts.

211 | NorESM2

The Norwegian Earth System Model version 2 (NorESM2-MM; Seland
et al., 2020; Tjiputra et al., 2020) is a fully coupled Earth system Model
developed in Norway in collaboration with the National Center for
Atmospheric Research (NCAR) in the United States. The model is an
important tool for Norwegian climate researchers in the study of the
past, present and future climate and was recently updated from its
original version NorESM1 (Bentsen et al., 2013; Tjiputra et al., 2013).
The NorESM2-MM has contributed to the Coupled Model Intercom-
parison Project phase 6 (CMIP6) and to the latest assessment report
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FIGURE 1

An overview of the experiment configurations in the study where physical forcing from a global climate model and from a regional

ocean circulation model are applied to an ecosystem model. Note that the regional extent of Nemo does not correspond to the one in the figure.
The lower part of the figure illustrates the effects of downscaling, here visualized by showing projected mean sea surface temperatures (SSTs)
from January 2000 directly from NorESM2 and as downscaled by Nemo-NAA10km.

of IPCC-ARG&. It consists of the atmospheric model CAMé6-Nor, the
ocean physical model BLOM (Bentsen, 2021), the ocean biogeochem-
istry model iIHAMOCC (Tjiputra et al., 2020), the sea ice model
(CICE5.1.2), land model (CLM5), and river runoff model (MOSART).
BLOM has a horizontal resolution of ~1° and 53 vertical isopycnic
layers. CAM6-Nor has a horizontal resolution of ~1° on 32 vertical
layers. The NorESM2-MM will hereafter be referred to just as
“NorESM,” and a full description including an evaluation of its key cli-
matic and biogeochemical features is available in Seland et al. (2020)
and Tjiputra et al. (2020).

2.1.2 | Nemo-NAA10km downscaling

The Norwegian Institute of Marine Research's regional ocean model
Nemo-NAA10km (Hordoir et al, 2022) covers a major part of the
North Atlantic and of the Arctic Oceans. This model is used for

studying ocean processes in a changing climate; it is based on the
NEMO ocean engine for both representing ocean and sea ice dynam-
ics. The model works in forced mode at its surface and open boundary
conditions. The model can be forced either by an atmospheric/oceanic
reanalysis such as the ERA5 reanalysis (Hersbach et al., 2020) for the
atmosphere, or the GLORYS reanalysis (Egbert & Erofeeva, 2002) for
the ocean. The model can also be forced by a climate model both for
the atmosphere and the ocean (climate downscaling), which allows for
a better representation of ocean processes than that represented in
climate models due to the higher resolution available. Nemo-
NAA10km has been forced by the NorESM2 climate model for several
emission scenarios (including SSP5-8.5 which is applied here).

Nemo-NAA10km is a forced model but runs without any kind of
restoring in salinity nor in temperature. This enables a representation
of the inter-annual variability of the thermohaline structure of the
ocean. More information about this can be found in the Supporting
Information and in Hordoir et al. (2022).
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The Atlantis modeling framework (Audzijonyte et al., 2019; Fulton
et al., 2011) is one of the most complex marine end-to-end eco-
system models in the world (Plaganyi, 2007). In this study, the ver-
sion implemented in the Nordic and Barents Seas (hereafter NoBa)
(Hansen, Drinkwater, et al., 2019; Hansen et al., 2016) will
be used.

The NoBa model contains 53 key species and functional groups
(hereafter components) that are connected through a diet matrix.
Most vertebrate species are age-structured while invertebrates are
gathered into biomass pools. The model simulates spatial variation
and is divided into 60 polygons with up to seven depth layers depend-
ing on total water column depth (Hansen et al., 2016). The species
can move between polygons and layers either actively through swim-
ming or passively transported by currents (e.g., plankton, egg, larvae,
and nutrients). The majority of the vertebrate species have forced
migration to ensure seasonal movement patterns throughout the year.
The species are however free to distribute themselves (e.g., based on
food availability and temperature preference) within these given poly-
gons. A thorough description of the updates of this version of the
NoBa model following the Overview, Design concepts, Details (ODD)
protocol (Grimm et al., 2020, 2006) is included in the Supporting
Information.

2.2 | Forcing

NoBa is forced by daily inputs of temperature, salinity, sea ice in
each polygon, and also the net transport of water (m/s) between
the polygons. In this study, monthly output from NorESM2 or 5-day
mean forcing from Nemo-NAA1Okm was used to create the physical
forcing for NoBa. To create the forcing files, an average value
(of temperature, salinity, or sea ice concentration) was calculated
over all grid cells (either Nemo-NAA10km or NorESM2) included in
each of the 60 polygons of NoBa Atlantis. In the vertical, the aver-
age was calculated over the layers from the physical models which
were within the depth levels of NoBa. Net transport was calculated
across each face of the polygons (253 in total) for all depth levels.
Linear interpolation was used to create daily fields from the monthly
and 5-day means from NorESM2 and Nemo-NAA10km,
respectively.

NoBa explicitly simulates concentrations of nutrients through
nitrate which depends on primary production, remineralization
(Murray & Parslow, 1997), horizontal transport, and vertical exchange
between layers and sediments. Light is also calculated within the
model for each of the polygons. Primary production is determined by
a maximum growth rate and by limiting factors such as nutrients, light,
and an eddy scalar (to facilitate vertical mixing between the layers).

After the forcing from NorESM2 and Nemo-NAA10km was fitted
to the NoBa grid we refer to the simulations using the two various
sets of forcing as just “NorESM” and “Nemo” respectively to avoid

confusion.

2.3 | Simulations

Following the application of new forcing, the commercially exploited
species in NoBa had to be calibrated to fit better to observations. This
was done in order to ensure that the biomasses and the catches
would be at observed levels and thereby represent the current situa-
tion. The same tuning was applied for both simulations, that is, Nemo-
NAA10km and NorESM2 forced (Table S1), and the model was initi-
ated from year 1980 and included a 24-year spin-up period where the
same physical state of the year 1980 was repeated. The change in
forcing started after the spin-up. Historical fishing levels were applied
for the hindcast period (year 1980-2020) using assessment catches
and total stock biomass data (International Council for the Exploration
of the Sea [ICES], 2021, 2020). After this, the fishing mortality in the
last year (year 2020) was applied and maintained throughout the rest
of the simulation. More information about the parameters that were
tuned and the results of the tuning can be found in Table S1 and
Figure S1.

In this study, we use the SSP5-8.5 scenario, which represents the
highest emissions no-policy baseline scenario with fossil-fueled devel-
opment and a growing economy. Although the SSP5-8.5 is the
“worst-case scenario” and might not represent the most realistic
future (Mohr et al., 2015; Wang et al., 2017), we decided to use this
high-end baseline scenario to explore what “could” happen, as it
offers the largest signal-to-noise ratio, which was of interest in our
study.

To compare the impact of physical forcing from the two models,
eight simulations were set up (Table 1). In these simulations, we used
forcing from either Nemo-NAA10km or NorESM2 (Nemo_ref,
NorESM_ref) and then turned on the thermal niche of the species
(Nemo_temp, NorESM_temp), included ice as forcing (Nemo_ice, Nor-
ESM_ice), or included both ice as forcing and the thermal niche
(Nemo_ice_t, NorESM_ice_t). These scenarios were set up to study

how the distinct parameter settings affected the species.

TABLE 1 Overview of the NoBa simulations conducted in this
study.
No Name Description
1 Nemo_ref Forcing from Nemo-NAA10km
NorESM_ref Forcing from NorESM2
Nemo_temp Forcing from Nemo-NAA1Okm, thermal

niche turned on

4 NorESM_temp  Forcing from NorESM2, thermal niche

turned on
5 Nemo_ice Forcing from Nemo-NAA10km, including ice
forcing
NorESM _ice Forcing from NorESM2, including ice forcing
Nemo_ice_t Forcing from Nemo-NAA10km, including ice

forcing and thermal niche turned on

8 NorESM _ice_t Forcing from NorESM2, including ice forcing

and thermal niche turned on

85U801 SUOLIIOD BAIE8ID 3|geotjdde aup Aq peusenob afe sa[oiLe O ‘@SN Jo SNl 10} Areiqi8uljuO /8|1 UO (SUORIPUOD-pUB-SWB) W00 A8 | im Are1q Ul |uo//Sdny) SUORIPUOD pue swe 1 8y} 88S *[£202/S0/6T ] Uo ARidiauluo A8|IM ‘| BXRI10!(qIcsIeIS BAIUN Ad T¥9ZT B0/ TTTT 0T/I0p/L00 A3 (1M Afeaq 1 |puluoy//:Sdny WOy pepeojumod ‘0 ‘6TYZS9ET



NILSEN ET AL.

Turning on the thermal niche restricts the species to spawn or
reside in polygons within their tolerated temperature range. Hence, if
the temperature in the polygon is below or above the species' temper-
ature range, the species cannot inhabit or spawn in that polygon when
the thermal niche is turned on. However, the temperature still affects
the species when the thermal niche is turned off as it is included in
both growth and consumption equations (Audzijonyte et al., 2017).
The temperature ranges set in NoBa were based on literature (Hansen
et al., 2016).

Using ice as forcing was important since the Barents Sea is largely
covered by ice during winter and early spring. Including ice also
affects the distribution of the species, as some species don't tolerate
being under ice, while others thrive being on, in or under the ice. The
ice cover also affects the primary production by limiting the availabil-

ity of light in the water underneath it.

24 | Data analysis

To compare both the forcing from the models and the results from
the NoBa simulations, two different periods of 15 years, an early (year
2005-2020) and a late (year 2085-2100), were chosen. These periods
were used to examine the trends throughout the simulation and com-
pare potential future levels to the present.

The temperature, salinity, and ice of the entire model area were
estimated by accounting for the area and depth of the polygons and
layers. For temperature and salinity, the median values over all poly-
gons were used for comparison since the distribution of values was
somewhat skewed and had some clear outliers. Total ice cover was
estimated by summarizing the areas covered with ice concentration
>30%. Monthly and yearly means of the physical forcing were calcu-
lated based on snapshots taken every fifth day throughout the year.

To study the effects of the physical forcing on the ecosystem, the
difference in biomass (%) in NorESM simulations compared to Nemo
was used. We considered any difference exceeding 15% to be signifi-
cant based on uncertainty limits used in the ICES reports (ICES, 2021).
The biomass estimates were based on five snapshots throughout the
year to capture seasonal variation, and a yearly mean was calculated
based on this. It should be noted that haddock (Melanogrammus aegle-
finus), snow crab (Chionoecetes opilio), and king crab (Paralithodes
camtschaticus) were removed from the results, as these species are
either collapsing or increasing to unrealistically high levels. There is no
obvious reason to believe this would happen in the real world, such
that this behavior is in all likelihood a consequence of model artifacts.
The species were sorted by trophic levels (Fishbase, 2022) to investi-
gate the effect of the physical forcing on the different parts of the
food chain. Species with trophic levels >3 were considered high tro-
phic level species (Pauly & Watson, 2005).

When studying the sensitivity to future climate changes in NoBa,
all species and groups were gathered into 11 categories (Table S2).
The biomasses of the species within each category were summarized
to study how the total biomass varied compared to the mean biomass

in the early period (year 2005-2020) in the scenarios. The groups of

bacteria and benthos were not plotted for these future studies as
these contain large functional groups and the parameterization of
these is more uncertain.

The spatial distribution of the commercial species was also inves-
tigated to evaluate how it is affected by the difference in physical
forcing. This was calculated by estimating the center of gravity of the
distribution, based on the mean longitude and latitude coordinates
where the greatest portion of the stock resides throughout the sea-
sons. We then explored the change in this point, either between the
scenarios with different physical forcing or from early period to late
period. To evaluate the change, we decided that the change in distri-
bution point was considered significant when the distance was equal
to or more than 10 km, which is a relatively small distance compared
to observed changes in distribution, but due to the coarse resolution
of the model and the fact that it was based on mean changes over a
15-year period, it would still provide insight into projected movement.

All figures were created using “R studio” (RStudio Team, 2020),
version 4.1.2.

3 | RESULTS

The results are separated into three sections. The first summarizes
how the physics from the two oceanographic models differed after
being fitted to the NoBa polygons, the second evaluates the sensitiv-
ity of the NoBa Atlantis ecosystem simulations to the difference in
physics, and the third uses the different scenarios and forcings to
study impacts of future climate change on the Nordic and Barents Sea

ecosystem.

31 |
cover

Differences in temperature, salinity, and ice

The monthly climatology of temperature and salinity from Nemo and
NorESM above and below 150 m for the early (year 2005-2020) and
late (year 2085-2100) periods were compared after being fitted to the
NoBa grid (Figure 2). For temperature, the difference largely depended
on what part of the water column we compared. In the upper 150 m,
Nemo projected a higher overall median temperature throughout the
year, both for the early- (3.3°C compared to 3.0°C) and the late period
(5.0°C compared to 4.6°C; Figure 2a). Below 150 m, however, Nemo
projected lower temperatures, both for the early (1.9°C compared to
2.2°C) and the late period (2.9°C compared to 3.2°C; Figure 2a). While
Nemo projected warmer temperatures in the shallower parts of the
water column mainly around Svalbard and in the Barents Sea, NorESM
projected warmer temperatures in the deeper layers of the Norwegian
Sea (Figure S2). Accounting for the volume of the polygons, the overall
temperature was higher in NorESM, but the greatest differences
between the two models were observed in the sea surface layer where
Nemo was warmest (up to 6°C). The difference in the upper layers was
highest in September (>1°C) for both periods, while for the lower part
of the water column the difference was more or less the same
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FIGURE 2 Monthly climatology of temperature and salinity above and below 150 m of the water column throughout the entire model when
using Nemo (pink) or NorESM (purple) as forcing. The solid lines show the early period (2005-2020), while dotted lines show the late period

(2085-2100), and the shaded bands shows the 95% confidence interval.

throughout the year. Between 2005 and 2020 and 2085-2100, the
median temperatures throughout the entire water column increased
by 1.4°C and 1.2°C in NorESM and Nemo, respectively. The overall
difference between the two also increased as the median difference
went from 0.3°C to 0.5°C.

For salinity, the situation was somewhat different (Figure 2b). The
difference in salinity was uniformly distributed across all polygons and
layers (but with a slightly greater difference in the layers closest to
the surface for the early period) (Figure S3). The biggest difference
here was temporal rather than spatial as NorESM projected a clear
decline in the salinity throughout the simulation, while Nemo was
quite stable and slightly increasing. For the early period, NorESM pro-
jected marginally lower salinity than Nemo (median —0.1 compared to
Nemo), while towards the end of the simulation the salinity was sub-
stantially lower (median —0.93 compared to Nemo). From the early
period to the late, NorESM projected a decrease in median salinity
from 35.1 to 34.4, while Nemo had a slight increase from 35.2 to
35.4. The difference in salinity was largest in the upper 150 m of the
water column in both periods.

The NoBa-fitted sea ice cover from Nemo and NorESM was com-
pared, focusing on the area with sea ice concentration >30%. The sea-
sonal ice cover was calculated as a mean and compared for the early
and late periods. The results showed a consistent decrease in ice con-
centration from the early to the late period in both models. In Nemo,
the ice cover extended further southward along eastern Greenland,
compared to NorESM where the ice cover was mostly confined to the
northeastern Barents Sea (Figure 3). The total area covered with ice
throughout the entire year was approximately the same for Nemo and
NorESM in the early period, while in the late period the area was
slightly greater (20%) in NorESM compared to Nemo. When compar-
ing the monthly sea ice cover (Figure S4) for the early period, Nemo

projected more ice in the spring (February-May), while NorESM pro-
jected more during the rest of the year, especially in the late summer
(July-September). In the late period, NorESM projected more ice than

Nemo in all months except April and December.

3.2 |
NorESM

Species responses to forcing from Nemo or

The biomasses of all components in NoBa were compared to explore
how they responded to the two sets of physical forcing (Figure 4).
This was done for the two 15-year periods defined as early and late,
which allowed for comparison between the two physical forcings and
how this difference varied through time. The components were sorted
by trophic levels to investigate the effect of the physical forcing on
the different parts of the food chain.

The majority of the species in the model were not notably
impacted by using NorESM as physical forcing instead of Nemo. The
species and groups that were most impacted were lower trophic levels
species such as the phytoplankton and zooplankton groups, prawns,
and mesopelagic fish.

However, some higher trophic level species were also impacted in
the simulations, in particular long rough dab (Hippoglossoides plates-
soides) and Greenland halibut (Reinhardtius hippoglossoides). Both spe-
cies responded when turning on the thermal niche, and the difference
was the same whether ice was included as forcing or not, indicating that
the thermal niche was the main driver for this response. The biomass of
long rough dab was reduced in NorESM compared to Nemo both in the
early (—18%) and late (—20%) periods. The reduction in biomass was
caused by a reduction in numbers rather than weight and occurred first

in Age Class 1 at the start of the simulation indicating a reduction in
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FIGURE 3 Mean seasonal sea ice (a)
cover (%) from Nemo and NorESM and
how they varied throughout the year,
when interpolated into NoBa grids
(polygon outlines). The sea ice cover was
given as concentration averaged over the
(a) early (year 2005-2020) and (b) late
(year 2085-2100) periods.
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Difference in biomass for the components in NoBa when using physics from NorESM compared to Nemo. The difference in mean

biomass for two 15-year periods was compared: an early (year 2005-2020) and a late period (year 2085-2100). Green cells indicate a higher
biomass in NorESM compared to Nemo, while red cells indicate a lower biomass in NorESM, and differences >15% are given as values.

recruitment. Greenland halibut, on the other hand, increased in biomass
(by 22%) in NorESM compared to Nemo in the late period when the
thermal niche was turned on. The increase in biomass was also here
caused by a higher abundance and occurred in the first age class.

When comparing the early period to the late, it was evident that
the difference in biomass between the NorESM and Nemo simula-

tions was apparent for more species in the late period compared to

the early. Another tendency was that higher trophic level species also
responded more strongly to the difference in physical forcing when
the thermal niche was turned on.

We also investigated which traits might the influence stability of
biomass to environmental change (Figure S5). The changes in biomass
in NorESM compared to Nemo from Figure 4 were converted to abso-

lute values as a measure of variability. This variability was plotted for all
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species and separately only for vertebrates, against trophic level, life-
span (a proxy for population growth rate or population productivity),
temperature sensitivity (the width of the thermal niche), and core area
(size of occupied habitat at model initialization for vertebrates). Results
showed a negative correlation between variability and trophic level and
lifespan. When focusing only on vertebrates, there was also a signifi-
cant negative correlation between variability and thermal niche, as well
as the area occupied area at model initialization.

How the different sets of physical forcing affected the distribution
of the commercial species was also studied. The distributions were not
notably altered when using different physical forcing (i.e., Nemo
vs. NorESM). The only changes were observed when the thermal niche
was turned on, and occurred in herring, which was displaced between
24 and 11 km (depending on the seasons) to the East in NorESM com-
pared to Nemo in the late period, and Northeast Arctic cod (G. morhua),
hereafter cod, which was relocated 18 km southwest in NorESM in the
spring. However, these displacements were relatively small compared
to the size of the polygons and were considered negligible.

3.3 | Species responses to future climate changes

Using two sets of physical forcing and various temperature and ice
sensitivity settings offered the opportunity to include uncertainty in
the projections when studying the ecosystem responses to climate

Shark Bird
40 40

20 20

changes. The species in NoBa were grouped into categories, and the
change in total biomass within each category throughout the simula-
tion was plotted (Figure 5).

For most of the categories the overall trend was the same for all
simulations, while the biomass levels varied slightly. The groups of
whales and mesopelagic species had positive biomass trends and
increased by 30% to 40% towards year 2100, while other mammals and
seabirds decreased by 10% to 20%. The pelagic species first decreased
and then increased before stabilizing. The zooplankton and phytoplank-
ton groups were highly variable, but the overall level was stable through-
out the run. The sharks and the demersal species had a stable mean, but
the various simulations projected different trends. For sharks, the simu-
lations with the thermal niche turned on projected a slight positive
increase of 5% to 10% towards the end of the simulation, while the runs
without the thermal niche projected a slight decrease of ~5%.

The most striking effect of climate change was in the demersal
group where projections displayed two big drops in biomass depend-
ing on the different scenarios. Investigating the species within this
group revealed that cod was causing most of this variation (Figure 6).
The cod stock experienced two severe declines in biomass in year
2032 and 2060, happening only in the scenarios where NorESM was
used as forcing and the thermal niche was turned on (NorESM_temp
and NorESM_ice_t). The biomass in these years was reduced by
~60% with catches reduced to ~50% compared to current levels
(year 2005-2020).
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Northeast Arctic cod
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FIGURE 6 Projected changes in Northeast Arctic cod biomass and annual catches in scenarios with various physical forcing and parameter
settings showed several drops in biomass. Grey lines represent the projected biomass from the different scenarios with the two projections
resulting in collapse marked as red. The black solid line shows median biomass, and shaded area shows the 95% confidence interval. Lines

indicating changes greater than 15% was marked as horizontal dotted lines.

Investigating the collapses further revealed that the temperatures
in the spawning areas of cod were lower in NorESM compared to
Nemo. The minimum spawning temperature of cod was set to 4°C
based on literature (Bergstad et al., 1987; Hoffle et al., 2014;
Langangen et al., 2019; Righton et al., 2010; Sandg et al., 2020), and
temperature in NorESM was thereby below the tolerated temperature
for cod to spawn, resulting in recruitment failure. This could clearly be
observed as intermittent declines in temperature in the spawning area
were followed by stock collapses and occurred when NorESM had
particularly low temperatures. Although the temperatures from Nemo
also occasionally dropped below 4°C, the durations of these events
were generally much shorter. The individual species within each cate-
gory were investigated separately to reveal if this was happening in
any of the other species as well (Figure S6), but this mainly occurred
with cod.

Comparing the early period to the late period showed that both
models projected notable changes in distribution for the different
commercial species, especially for herring (Clupea harengus), saithe
(Pollachius virens), cod, golden redfish (Sebastes norvegicus), and Green-
land halibut. All these species moved in a northeastern direction, with
the exception of saithe, which moved northwest. Turning on the ther-
mal niche slightly increased the change in distribution, but the overall
results were more or less the same for all the scenarios. The change in
distribution also appeared gradually for these species, as opposed to a
sudden shift in distribution. A summary of the distance between the
early and the late period can be found in Table S3.

4 | DISCUSSION

In this study, we had two objectives. First, to study how much we gain

when applying downscaled forcing compared to forcing from a global

climate model in a coarse resolution end-to-end ecosystem model
simulation. And second, to evaluate expected ecosystem changes in
the Nordic and Barents Seas under future climate changes with the
two different types of forcing.

What we gain from downscaled physics was interpreted at the
resolution of our ecosystem model, NoBa, and therefore, the transla-
tion from Nemo-NAA1Okm and NorESM2 onto NoBa was critical.
Comparing the physical forcing in Nemo and NorESM revealed that
the temperature and ice cover varied between the two models even
after being converted to the coarse NoBa grid. Nemo projected higher
temperatures in the upper water column around Svalbard, while Nor-
ESM projected higher temperatures below 150 m in the Norwegian
Sea (Figure 2a). The temperature difference slightly increased
throughout the simulation. The sea ice cover in terms of area with ice
concentration >30% was similar in the two models for the early
period, while in the late period Nemo projected less ice than NorESM.
The distributions of the sea ice cover also differed between the
models with Nemo projecting more ice east of Greenland compared
to NorESM (Figure 3).

A large part of the differences between NorESM and Nemo was
most likely a result of the different horizontal resolutions of NorESM2
and Nemo-NAA10km. It is well known that the representation of cur-
rents, fronts, and sites of deep convection are improved with an
increased horizontal resolution of ocean models (Busecke et al., 2019;
Kirtman et al., 2012; Langehaug et al., 2019). In the Nordic and
Barents Seas, increased resolution typically leads to an increased
northward transport of heat and salt (Langehaug et al., 2019), which
brings the simulated temperature and salinity closer to the observed.
NorESM2 and Nemo-NAA10km further have different vertical coordi-
nate systems, vertical resolution, and physical parameterizations,
which all have an impact on the representation of vertical mixing and

the bottom boundary currents. Also, the river forcing and the sea ice

==+ NorESM_temp

— - NorESM_ice_t
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modules differ between the models, which can give rise to differences
in the freshwater budget. To get around problems with biases in the
physical forcing, adopting an anomaly approach could be a possible
solution, that is, where the ecosystem model is forced with modeled
changes from present climatology, instead of the modeled full field
hydrography. Similar approaches are used for example in data assimi-
lation (Bethke et al., 2021), and in acidification studies (Fransner
et al., 2022), and could be applied to future ecosystem studies. A
detailed investigation of the inter-model differences would require an
extensive analysis of the simulated ocean dynamics and additional
sensitivity runs and is beyond the scope of this paper.

The lower trophic levels in NoBa responded quickly to changes in
physics and were generally more variable than the higher trophic
levels.

The results of the study were therefore in line with the findings
that the lower trophic levels were more sensitive to the resolution of
the physical forcing (Hansen & Samuelsen, 2009; Lee et al., 2016;
Skogen et al., 2018), although a direct comparison is not easy as NoBa
has a coarse resolution and is better at capturing the dynamics of
higher trophic level species. While variable, the projected lower tro-
phic level biomass showed no clear trend with time in the various sim-
ulations. This could be due to the fact that the planktonic groups in
NoBa are divided based on size rather than species, where the size
classes have wide temperature ranges and will therefore not be con-
stricted by the thermal niche. Generally, high-latitude spring-bloom
ecosystems should benefit from higher temperatures giving increased
production, but other factors like changes in mixed-layer-depth may
alter this (Skogen et al., 2018). Other recent papers have also found
uncertainty in projections of future trends in plankton and net primary
production, but more agreement across models and stronger impacts
regarding the effects of climate change on higher trophic levels
(Heneghan et al., 2021; Lotze et al., 2019; Skogen et al., 2018;
Tittensor et al., 2021).

Generally, few species responded differently to using forcing from
NorESM2 compared to Nemo-NAA10km (Figure 4). The high trophic
level species that stood out in our results were cod, long rough dab,
and Greenland halibut, where all three had in common that they
responded in the simulations where the thermal niche was turned
on. Cod had the most dramatic response where events of massive
recruitment failure occurred in NorESM, leading to collapses in total
biomass and greatly reduced catches (Figure 6). This was due to the
temperature in NorESM occasionally falling below the tolerated
spawning temperature of cod. Investigating the temperature in the
polygons where the adult long rough dab spawned revealed that, simi-
lar to cod, the temperature in NorESM was occasionally below their
tolerated spawning temperature in several of the polygons, leading to a
reduced recruitment. Greenland halibut, on the other hand, responded
positively in the NorESM scenario as opposed to the other two. This
response was due to the reduction in long rough dab (and partly cod)
as these prey on the same species and overlap in distribution.

Investigating which traits might influence stability showed that
species with short lifespans were more variable in the model. Lower

trophic level species and species with narrower thermal niches

experienced higher variability, although the significance of this corre-
lation depended on whether all species were studied or just verte-
brates were included. Vertebrate species also experienced higher
variability when occupying a smaller habitat at model initialization.
Lower trophic levels, which consistently responded more strongly to
changes in physical forcing, include a temperature correction in the
growth rates. The correction is higher for phytoplankton than other
species (Hansen et al., 2016) and might lead to stronger responses in
phytoplankton-feeding organisms (like zooplankton) which in turn
could impact other zooplankton-feeding species (such as prawns). The
response to this variability is dampened through the system (Bracis
et al.,, 2020; Hansen, Drinkwater, et al., 2019; Pantus, 2007). In addi-
tion, plankton and other invertebrates use all their energy to grow
(in our model formulation), while vertebrates devote energy to repro-
duction. Furthermore, our results suggest that for vertebrates in par-
ticular, traits such as lifespan, thermal niche, and area occupied
influence stability.

Turning on the thermal niche had a larger effect on the species
when comparing the scenarios, both in terms of how the species
responded to the physical forcing from NorESM or Nemo, and their
projections in a future warmer climate. The temperature ranges that
were set in NoBa were based on literature, but species temperature
tolerance is uncertain, and in our model especially for the functional
groups and non-commercial species where information is scarce. Even
for cod, the tolerated temperature range for spawning grounds has
been discussed in several studies (Bergstad et al, 1987; Hoffle
et al, 2014; Langangen et al., 2019; Righton et al, 2010; Sandg
et al., 2020) with minimum temperature ranging from 2.0°C to 6.5°C.
The lowest tolerated temperature for cod spawning was set to 4°C in
NoBa, but this divergence reflects the uncertainty regarding the spe-
cies' tolerated temperature ranges. Another issue was that due to the
coarse spatial resolution of NoBa, the temperature range of several
species had to be adjusted to allow them to be in areas where they
had been observed historically (Table S1). The thermal niche also
affected the species in such a way that if the temperature was outside
the species range it could not spawn or inhabit that polygon. Given the
coarse resolution of NoBa, future studies might benefit from adjusting
this parameter to first reduce the spawning or habitat quality before
inhibiting it when the temperature is outside the tolerated range.

Adding ice as forcing had a weaker effect on the species com-
pared to the thermal niche, especially for the higher trophic level spe-
cies discussed above. However, many Arctic species are known to be
highly dependent on ice (Kearney et al., 2021). Polar cod (Boreogadus
saida) is an example of such a species, where the reduction in ice
cover projected by the SSP5-8.5 scenario is expected to severely
impair their recruitment and habitat conditions (Gjasazter et al., 2020;
Kjesbu et al., 2022). The fact that polar cod was not negatively
affected in our projections suggests that further development of the
ice parameters in the NoBa model is needed, as the link between the
species and their dependence on ice might be too weak. This was the
first attempt at applying ice in an Atlantis model, and for future stud-
ies, the link between the survival of a species and its dependency on

ice should be revised.
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There was a Northeastern shift in some species throughout the
simulations. The same trends were observed in Nemo and NorESM and
occurred independent of whether the various settings were turned
on. As most vertebrate species in NoBa are restricted to seasonal
migrations, the species cannot move into completely new areas, but
how the stock is distributed within the given polygons can change.
When the thermal niche is turned off, the distribution depends on
migration pattern and food availability. Since the trends were observed
in all scenarios, this indicates that the Northeastern shift was caused by
a change in food availability. The primary production in NoBa is affected
by light and nutrients, and the reduced ice coverage in NorESM and
Nemo would therefore lead to increased production further north
which can explain the shift in distribution. These results are consistent
with other studies indicating increased primary production in the Arctic
Ocean (Steinacher et al., 2010; Vancoppenolle et al., 2013) and species
moving further North (Fossheim et al., 2015; Frainer et al., 2017).

Another trend in response to future climate changes was that
whales and mesopelagic species were increasing, while sea birds and
other marine mammals were declining. Sea birds are expected to
decline under future climate changes (Dias et al., 2019; Mitchell
et al., 2020) due to a higher frequency of extreme weather events and
lower food supply. Marine mammals that depend on ice (such as polar
bear and seals included in the “other mammals” group) are also
expected to decline due to habitat loss, while the effects on whales
are more uncertain (Kovacs & Lydersen, 2008). Mesopelagic species
are less studied but are expected to be positively impacted based on
assessment reports (Kraft et al, 2021). The projected trends are
therefore in line with what other studies have suggested.

Overall, most of the higher trophic level species did not respond
notably to using physics from the global model compared to the
regional. The NoBa simulations also mostly agreed on the sign of
future changes with both sets of forcing. Our results therefore indi-
cate that for modelers lacking available downscaled physical forcing,
using physics from a global model could be sufficient to study climate
effects on higher trophic level species. This is in line with Drenkard
et al. (2021) who have suggested a pragmatic approach when consid-
ering if downscaling is needed for ecosystem studies. They argue that
the primary objective of downscaling should be to resolve ocean fea-
tures (e.g., mesoscale activity and upwelling; Small et al., 2015) that
are important for the species that are being studied, which are not
captured by the global climate model.

The case of cod illustrates such an ocean feature, in this case the
temperature at spawning grounds, that must be downscaled properly
given what we know about that species and how it is represented in
the ecosystem model. The future state of the cod stock and potential
consequences for fisheries are uncertain. A warmer climate might
increase suitable feeding areas for cod (Kjesbu et al., 2022), while at
the same time cause potential negative effects on its prey species
(Gjgsater et al., 2020). However, the collapses of the cod stock in our
results were caused by cooler temperatures, not warmer. Although
the stock has been at low levels before (ICES, 2021), sudden collapses,
like the ones projected in the scenarios using NorESM and turning on

the thermal niche, have not been reported and seem rather unlikely.

To analyze the results and determine the effects of the different
physical forcing on the species we chose to set certain boundaries.
Whether the species were regarded as impacted, or if the change in
distribution point was significant depended on the boundaries set
prior to the study, as well as the periods that were chosen to study
changes throughout the simulation. All of these choices inevitably
affect the results and how we interpret them. A crucial uncertainty
regarding the results of this study is where we set these limits, as well
as the assumptions within the models. The temperature ranges set for
the thermal niche, as discussed above, are also uncertain and demon-
strate another boundary setting that should be treated with caution. It
should also be noted that the species were not parameterized to be
affected by the salinity (which differed greatly between Nemo and
NorESM) and were only marginally affected by ice. The results could
therefore have been entirely different if the dependency on salinity
and ice were strengthened. There were also species that were
excluded which could have impacted the results, including haddock,
snow crab, and king crab. The recruitment of haddock strongly
depends on variability in lower trophic levels, which results in high
variability in biomass and makes it unrealistically sensitive to any per-
turbations (Olsen et al., 2019). Snow crab larval dispersion was not
parameterized correctly in this study which caused it to collapse, while
king crab is currently represented as biomass pools instead of individ-
uals which leads to unrealistic behavior, and the group is therefore in
the process of being reparametrized as a vertebrate.

Using ensembles of ecosystem models (Heneghan et al., 2021;
Lotze et al., 2019; Tittensor et al., 2021) or multiple climate models
and projections (IPCC, 2022) to deal with uncertainty is commonly
applied, but this study also highlights the benefits of using multiple
sets of physical forcing to deal with uncertainty.

5 | CONCLUSIONS

This study focused on investigating ecosystem changes in the Nordic
and Barents Seas under the future climate, as well as how much we
gain from applying downscaled forcing compared to forcing from a
global model in a coarse resolution ecosystem model. Most commer-
cial species were projected to move further north as a response to
future temperature change, which is consistent with previous studies
suggesting a borealization of the Arctic Ocean/Barents Sea with cli-
mate change (Fossheim et al., 2015; Frainer et al., 2017). Whales and
mesopelagic species were increasing, while sea birds and other marine
mammals were declining, which is also in line with former studies
(Dias et al., 2019; Kovacs & Lydersen, 2008; Mitchell et al., 2020).
Higher trophic levels were generally not particularly impacted by
using downscaled physics compared to physics from a global model.
This suggests that physical forcing from global models in many cases
is sufficient to study higher trophic levels. However, cod illustrates an
exception to this, and we demonstrated how even minor differences
in temperature may impact the modeled species. The reason behind
cod being particularly sensitive was that the temperature in the

spawning areas was below the tolerated temperature range. This
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highlights the need for higher precision when dealing with species
with higher sensitivity to the physical environment, in which cases
downscaling can become of importance. Without access to the down-
scaled physical forcing the results would project collapses in the
future cod stock, which would be of huge importance as cod is the
most valuable stock in the Norwegian economy.
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