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ABSTRACT

Climate change is causing sea-ice to retreat from Arctic ecosystems. Loss of ice impacts the ecosystem in many ways, reducing
habitat area for specialist species like polar bears, releasing freshwater and nutrients, and increasing light penetration into the
water column. To explore the interaction of these effects, we implemented a Northeast Greenland continental shelf parameteri-
sation of the end-to-end ecosystem model StrathE2E. We used model output from the NEMO-MEDUSA ocean-biogeochemistry
model under Representative Concentration Pathway 8.5 as driving data, which suggests the northeast Greenland continental
shelf will become seasonally ice-free by 2050. We simulated half a century of climate change by running the model system to a set
of steady states for each decade from the 2010s to the 2050s. Our simulations show sea-ice retreat from the northeast Greenland
continental shelf boosts the productivity of the marine food web. Total living mass increases by over 25%, with proportionally
larger increases for higher trophic levels. The exception to this is a 66% reduction in maritime mammal mass. Additional network
indices reveal that the ecosystem becomes more mature, with future diets more specialized and a lengthening of the food web.
Our model provides long-term strategic insight for the management of the northeast Greenland continental shelf, allowing for
the quantitative evaluation of conservation goals and the scale of prospective fisheries. Our results present a mixed picture for
the future of the Arctic, with growing populations for fish and charismatic megafauna like cetaceans accompanied by the loss of
endemic biodiversity such as polar bears.

1 | Introduction marine environment in the future, freshening the ocean (Shu

et al. 2018) as sea surface temperatures rise (Carvalho and

Climate change is progressing more rapidly at the poles
than anywhere else on Earth (Clem et al. 2020; Holland and
Bitz 2003; Koenigk et al. 2020). As well as the planetary-scale
consequences, such as rising sea levels (Hofer et al. 2020) and
the potential disruption to the Atlantic meridional overturning
current (Sévellec et al. 2017), there will be localized changes
worthy of consideration. The proportion of thick, multi-year
sea ice has more than halved since 2002 (Kwok 2018), with
the Arctic potentially experiencing ice-free conditions by 2050
(Thackeray and Hall 2019). This points to a radically different

Wang 2020; Yang et al. 2023).

The loss of sea ice will be disruptive, affecting important pro-
cesses relevant to ecology such as the subsurface penetration of
sunlight (Castellani et al. 2022) and delivery of nutrients (Tovar-
Sanchez et al. 2010). These environmental changes will likely have
knock-on consequences for the marine ecosystem. We may expect
retreating sea ice to increase the productivity of the system (Arrigo
and van Dijken 2015; Brandt et al. 2023; Castagno et al. 2023;
Hansen et al. 2003), as sunlight and nutrients are both required
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for primary production. Classical food web theory would suggest
this could drive a bottom-up trophic cascade, supporting greater
biomass at higher trophic levels (Heath et al. 2014).

Due to the complexities of Arctic food webs, with migration and
hibernation being key strategies to survive the polar night, it is
unclear how newly mobilised biomass will be distributed within
the Arctic or to what scales. Some taxa are dependent on sea-
ice for their survival (Johnson et al. 2020), and indirect effects
within the food web, such as competition, can create winners
and losers under different environmental conditions (Kortsch
et al. 2019; McMeans et al. 2013; Miller et al. 2015).

The northeast Greenland continental shelf is a particular case
in point. The East Greenland Coastal Current is a major export
route for sea ice from the Arctic (Bacon et al. 2014) maintain-
ing almost permanent ice cover over the northeast Greenland
continental shelf. However, climate models indicate that this is
set to change and that the continental shelf is likely to become
seasonally ice-free by the 2050s, regardless of the trajectory of
future CO, emissions (Yool et al. 2015). As sea ice retreats in
the region, a novel ecosystem will emerge, one which will be-
come accessible to exploitation comparable to adjacent areas of
the northeast Atlantic (Eguiluz et al. 2016; Ng et al. 2018; Troell
et al. 2017). It would be prudent to understand how the system
may evolve to allow for the effective management of the region
(Perissi et al. 2017; Troell et al. 2017), given it is in one of the least
studied ICES (International Council for the Exploration of the
Sea) eco-regions (ICES 2020).

In this paper we describe an implementation of the end-to-end
ecosystem model StrathE2EPolar (Heath et al. 2022) for the
Northeast Greenland continental shelf. The new implementa-
tion is primarily driven by output from the NEMO-MEDUSA
ocean-biogeochemistry model (Yool et al. 2013, 2015) which
provides climate projections for the region. We use this model
setup to investigate the possible impacts of half a century of cli-
mate change on the marine environment and to characterise the
future state of the food web.

2 | Materials and Methods
2.1 | Model Background

StrathE2EPolar (v2.1.0) is an extension of the temperate end-to-
end ecosystem model StrathE2E2 (Heath et al. 2021). Both models
are available as R packages (https://www.marineresourcemodell
ing.maths.strath.ac.uk/strathe2e/index.html; https://www.marin
eresourcemodelling.maths.strath.ac.uk/strathe2epolar/index.
html). The model tracks the flows and stocks of nitrogen through
physical, chemical, and biological processes in marine continen-
tal shelf ecosystems. In contrast to other typical existing models,
such as Ecopath with Ecosim (Heymans et al. 2016; Keramidas
et al. 2023; Plaganyi and Butterworth 2004), StrathE2EPolar
outputs data at daily intervals, which is necessary to represent
seasonal changes in sea ice and primary production. StrathE2E
models also allow for feedback effects from the broader ecosystem
onto rates of primary production; primary production is an emer-
gent property rather than a boundary condition.

Full details of the spatial arrangement, biological and chemical
components of the network, and underlying equations can be
accessed in previous publications (Heath et al. 2021, 2022) and
the R package documentation. StrathE2E models are box mod-
els comprised of a set of coupled ordinary differential equations
which track the exchange of nitrogen mass through a network
of food web guilds spanning dissolved material, detritus, and
microbes, through to top predators such as birds and mammals
(Figure S1). Space is represented by a coarse box structure of
three ocean volumes (inshore, offshore shallow, offshore deep)
with associated seabed habitats (Figure 1).

StrathE2EPolar adds guilds to the temperate StrathE2E2 model.
These include nitrate and ammonia in snow and ice, ice-bound
detritus, ice algae, and maritime mammals (polar bears and arc-
tic foxes). Other arctic species such as Narwhals and Walruses
are represented in existing cetacean and pinniped guilds.
Additional environmental drivers including sea ice concentra-
tion and thickness limit the habitat area accessible to maritime
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FIGURE1 |

Summary of the Northeast Greenland Continental Shelf implementation of StrathE2EPolar. The model represents eight seabed hab-

itat classes (left panel) as the cross between two depth layers (shallow and deep) and four seabed sediment classes (0=Rock, 1=Mud, 2=Sand,
3=Gravel). This map was used to parameterise the physical parameters of the seabed habitats in our box model, as well as various driving data.
Right panels show time series of NEMO-MEDUSA model output from 1980 to 2099 under climate scenario RCP8.5. The first and last decades used
for StrathE2EPolar driving data are marked by grey rectangles. The first decade is characterised by sub-zero temperatures and persistent sea-ice. By

the 2050s, temperatures are reliably seasonally above 0, with the area seasonally ice-free in summer.
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TABLE1 | Sources of environmental driving data for the Northeast Greenland continental shelf implementation.

Source Variables Projections
0.25° NEMO-MEDUSA (Yool et al. 2013, 2015) under « Water temperature Yes
RCP8.5 « Vertical diffusivity at the interface between
vertical layers in the offshore zone
« Ice (and snow) extent, cover, and thickness
+ Daily integrated incident irradiance
« Daily integrated ocean and river water inflow
volumes across the external boundaries
« Boundary concentrations of dissolved inorganic

nitrogen (DIN), detritus and phytoplankton
CERA-20C ‘Ocean Wave Synoptic Monthly Means’ product « Significant wave height in the inshore zone No
accessed through ECMWF
EMEP data centre (https://www.emep.int/mscw/mscw_ » Monthly averaged annual cycles of wet and dry No
moddata.html) atmospheric nutrient deposition rates
Extracted from Figure 2 and Figure S5 of Wadham « Meltwater nutrient concentrations No
et al. (2016) using webplot digitizer
Remote sensing data (Globcolour L3b; ftp://ftp.hermes.acri. » Suspended particulate matter (SPM) in the No

fr/GLOB/merged/month/)

inshore zone and upper layer of the offshore zone

mammals, cetaceans, and pinnipeds, while also attenuating the
light reaching the water column.

The simplicity in taxonomic and spatial structure of StrathE2E
models allows for extensive experimentation and for the system
to be run to steady states. This process removes the influence
of initial conditions when comparing model results. To support
this, we drive StathE2E models using datasets averaged across
multiple years, typically for different decades. In these cases, the
steady state of the modelled system represents the attractor for
each future decade.

2.2 | The Northeast Greenland Continental Shelf
Implementation

All data processing to create the Northeast Greenland con-
tinental shelf implementation, and all subsequent analyses,
were performed in the R programming environment (R-Core-
Team 2019). An existing, calibrated Barents Sea implemen-
tation of StrathE2EPolar for the period 2011-2019 (Heath
et al. 2022) provided the basis for the Greenland implemen-
tation (Laverick et al. 2025a). The two model domains are
geographically close but contain differing fishing and sea ice
regimes. We therefore updated the environmental driving
data, physical parameters, and set the activity rates for all
fishing gears to zero since fisheries monitoring data showed
negligible catches and effort during the 2010s. In the absence
of fishing activity, this implementation for the Northeast
Greenland continental shelf allows for investigation of the
“natural” ecosystem state.

A detailed explanation of the data processing to build the
Greenland implementation is available in the Data S1. These
implementation documents are also available through the
StrathE2E2 and StrathE2EPolar websites, where other im-
plementation files can be downloaded. The code for the data

processing is available through PURE (Laverick 2025) and
Github  (https://github.com/Jack-H-Laverick/MiMeMo.EastG
reenlandShelf).

In brief, driving data were extracted from the sources in Table 1
and averaged across a baseline time period of 2011 to 2019 (the
2010s) into monthly climatological cycles for each variable.
Model variants representing future time periods were created by
extracting data from sources providing future projections under
Representative Concentration Pathway (RCP) 8.5. RCP8.5 rep-
resents an extreme emissions scenario, suggesting a global tem-
perature increase of about 4.3°C by 2100 (Portner et al. 2019).
Consequently, RCP8.5 predicts seasonally ice-free conditions
earlier this century than other emissions scenarios. Driving
data from sources without projections were held constant across
all time variants. We created four decadal future time variants
from 2020-2029 up to 2050-2059. All time variants were run
to a steady state, verified by visual inspection of an ensemble of
outputted time series. The physical set up of the model domain
was parametrised according to synthetic sediment maps of the
region (Laverick et al. 2023).

2.3 | Model Metrics

As a high-level summary of the changing ecosystem, we ex-
plored the shifting influence of modes of nutrition within the
marine food web. We used the flow matrix, which excludes
demographic processes (fish spawning and larval stages)
from StrathE2EPolar. Primary production was calculated as
the sum of flows into the macrophyte, phytoplankton, and
ice algae guilds. Recycling, regarded here as detritivory, was
calculated as the sum of flows from detrital compartments
into living model compartments, excluding primary produc-
tion. Consumption was calculated as the sum of flows from
living compartments into other living compartments. These
three processes account for all live activity in the model, and
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so values were scaled as percentages to aid assessment of the
relative shares of live activity. We also calculated the standing
nitrogen mass of guilds responsible for primary production,
recycling, and consumption. When a guild engaged in both
recycling and consumption (scavengers/omnivores) the mass
was shared according to the ratio of the two types of flow
through the guild.

To capture half a century of change on the northeast
Greenland continental shelf, we compared the average annual
mass of consumer guilds in the 2010s and 2050s. The 2010s
model provides the baseline for change. To account for the
uneven distribution of mass through the food web, we report
both the proportional change on a log,, scale and the percent-
age change by the 2050s.

StrathE2EPolar uses the R package NetIndices (Kones
et al. 2009) to output a collection of food web indices. We only
report on a subset in this manuscript relevant to assessing food
web maturity (Margalef 1968; Odum 1969; Pérez-Espaa and
Arreguin-Sanchez 2001; Ulanowicz 2000): trophic level, om-
nivory index, internal capacity, internal ascendancy capacity
ratio, dominance of indirect effects. The equations for these in-
dices can be found in the NetIndices vignette, and further de-
tails are provided in it. We calculated the mass-weighted mean
trophic level of top predators (maritime mammals, pinnipeds,
cetaceans, seabirds) and the mass-weighted mean omnivory
index across all consumer guilds. These metrics allow us to as-
sess the distribution of mass and biological activity across the
food web Table 2.

2.4 | Causal Inference

The climate projections for each decade derived from NEMO-
MEDUSA model output contain multiple co-varying drivers

TABLE 2 | Description of presented network indices.

(Table 1). To identify the causative agents of ecosystem-level
changes, we conducted a series of five knock-out experiments
(Table 3). For these experiments, the set of model drivers in
Table 3 were held at the values forcing the 2010s period; other
drivers were allowed to change according to climate projections.
The resulting sets of environmental driving data are themselves
improbable, that is, unchanged sea ice as the ocean and air warms;
however, they allow us to identify specific aspects of environmen-
tal change which are causative of different ecosystem states.

Each experimental condition was set to run for 200years to
achieve a steady state. The whole domain annualized masses
were extracted from each model run, including those subject to
full climate forcing. The masses were then scaled and passed to
principal component analysis using the vegan package (Oksanen
et al. 2022).

2.5 | Sensitivity Analyses

We conducted full sensitivity analyses to all model parameters
(Morris et al. 2014; Morris 1991; Wu et al. 2013) on the phy-
toplankton F-ratio (the proportion of total DIN uptake in the
form of nitrate, a measure of non-recycled production, Eppley
and Peterson 1979) and phytoplankton net primary produc-
tion in the 2010s Greenland model. This is to illustrate the
robustness of the model's findings in the face of borrowed pa-
rameter values from the Barents Sea implementation (Heath
et al. 2022). We selected these two metrics as preceding anal-
yses indicate a bottom-up trophic cascade, so parameters that
primary production is sensitive to will affect the whole eco-
system. The sensitivity analyses were performed on the 2010s
model variant only, as all parameters were shared across mod-
els. The environmental forcings do change between decades
under climate projections; their influence is further investi-
gated using knock-out experiments.

Metric Units

Description

Trophic level Trophic level

Omnivory index Trophic level

Internal capacity mmolN-bits/m?/d

Internal ascendancy
capacity ratio

Ratio (dimensionless)

Dominance of indirect
effects

Ratio (dimensionless)

The weighted average of food source trophic levels, where weights are
the proportion of a consumer's diet satisfied by a particular food source

Sum of the squared differences in trophic level between consumer and
food sources, scaled by the proportion of the consumer diet satisfied
by a food source. Smaller numbers indicate more specialised diets

The diversity of connections in the food web scaled by the total
system throughput. Internal as flows outside of the food web
are ignored. The most rigidly organised food web possible.
Larger numbers indicate a more organised system

The food web's realised size and organisation expressed as a proportion
of the theoretical maximum (capacity) achievable for the food
web. Internal as flows outside of the food web are ignored. Larger
numbers indicate a system approaching the limits of development

The total of indirect mass contributions to food web components
(through pathways of length greater than one) divided by
the total food web direct flow intensity (paths of length
1). Larger numbers indicate a more complex system

Note: These indices are described in the NetIndices vignette on CRAN, complete with equations and supporting references.
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TABLE 3 | Definitions of experimental conditions for climate-
related causal inference.

Experiment Drivers held constant

Boundary Concentrations of nitrogen mass
sources at the model boundary
¢ SO_nitrate
« SO_ammonia
« SO_phyt
« SO_detritus
« D_nitrate
« D_ammonia
« D_phyt
« D_detritus
o SI_nitrate
« SI_ammonia
« SI_phyt
o SI_detritus

Water volume exchanges for
all model compartments
» SO_OceanIN
« D_OceanIN
o SI_OceanIN
e SI_OceanOUT
e SO_SI_flow

Flows

Ice Variables related to the
StrathE2EPolar cryosphere module
e SO_IceFree
o SI_IceFree
« SO_IceCover
o SI_IceCover
o SO_IceThickness
o SI_IceThickness
* SO_SnowThickness
o SI_SnowThickness

Light Surface irradiance
« Slight

Temperature Air and ocean temperatures
for all compartments
« SO_temp
« D_temp
« SI_temp
« SO_AirTemp
« SI_AirTemp

Note: SO, SI, and D indicate the surface offshore, surface inshore, and deep
model compartments respectively. For each listed experiment in the table, the
drivers mentioned were held at the values for the 2010 decadal period; all other
drivers were updated to the relevant time period extracted from the sources in
Table 1.

3 | Results

According to the NEMO-MEDUSA model output, the northeast
Greenland continental shelf is projected to be seasonally ice free
by the 2050s (Figure 1). Melting sea ice caused the mass of nu-
trients locked in snow and ice to decrease by 68.25% from the
2010s to the 2050s. Melting snow and ice also caused the pro-
portion of light reaching the ocean surface over the course of
a year to change from 16.7% in the 2010s to 53.7% in the 2050s.

The net export of nutrients across the model boundary increased
by 21.45%.

3.1 | Modes of Nutrition

Biological activity, the total living flows in the food web, in-
creased by 39.37%. Over time, the relative importance of recy-
cling processes decreased from 57.2% to 54.5% of all biological
activity (Figure 2), with increases in the importance of primary
production (despite a loss of ice algae) and consumption.

Increased biological activity was accompanied by increases
in total living mass of 25.58%. The relative importance of de-
tritivores, in terms of share of mass, exhibited little change.
Consumer mass increased from 39.7% to 44.4%, at the expense
of primary producers, as increases in primary production were
funneled up the food web.

3.2 | Consumer Mass

To investigate how increased primary production is trans-
ferred up the food web, we calculated the change in mass of
consumer guilds from the 2010s to the 2050s. Absolute annual
mean masses for guilds in the 2010s and 2050s are presented in
Table 4, including estimates from the Barents Sea in the 2010s
as a sense-check. Guilds at higher trophic levels, such as top
predators and fish, gained proportionally more mass than other
consumers (Figure 3).

The maritime mammal guild is exceptional as the only con-
sumer guild losing mass in the future. Maritime mammals de-
pend on sea-ice area for habitat in the model. Over our studied
time period, sea ice cover transitions from perennial to seasonal.
In the 2010s, the minimum ice affected area for the inshore and
offshore zones was 59% and 55%, respectively. By the 2050s,
these values fall to 0.002% and 0.006%.

Migratory fish mass is essentially unchanged into the future.
This is because the stock of migratory fish is a fixed boundary
condition for the model from which a proportion undertakes a
seasonal migration into the model domain. Hence, migratory
fish are only modelled for a portion of the year in the model do-
main and are included for their predatory and recycling effects
on other parts of the food web.

The final masses achieved in the northeast Greenland model
in the 2050s are comparable to the Barents Sea in the 2010s
(Table 4). This appears sensible, as the Greenland model is
transitioning into a seasonally ice-free state more akin to
the Barents Sea. One noticeable difference is a greater con-
centration of cetacean mass in the Barents Sea in the 2010s
than in Greenland in the 2050s (0.4532786 mmolN.y~'.m~2 cf.
0.3137842 mmolN.y~1.m~2) and a greater concentration of pin-
nipeds(7.754153e-2mmolN.y'.m~2cf.7.148973e-2mmolN.y 1. m2)
and maritime mammals (4.774963e-3mmolN.y"t.m~2 cf.
2.516999e-3 mmolN.y~1.m™2) in Greenland. This is likely due
to their still being more sea ice in the Greenlandic model,
which provides habitat to maritime mammals and pinnipeds,
at the expense of cetaceans.
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Decreases over time are shown in red, increases are in green.

3.3 | Food Web Maturity

As the productivity of the system increases, the network's struc-
ture becomes more mature, as evidenced by the lengthening of
the food web. The mean trophic level of top predators increases
from 3.9 to 4.05 (Figure S2). Consumer diets become more spe-
cialised, with the mean omnivory index decreasing from 0.14
to 0.13. For seabirds, the omnivory index drops from 0.89 to
0.5 (Figure S3). Changes in mean trophic level will arise from
changes in the balance of consumed guilds. For low trophic
guilds, there is little variation in the trophic level of target guilds.
Lower trophic guilds also have a lower number of prey guilds;
for example, the two benthos guilds have 3 and 4 prey guilds,
including dead matter, kelp, phytoplankton, and benthos. The
top predators (excluding maritime mammals) meanwhile have
between 8 and 10 prey guilds ranging from dead matter and
zooplankton to planktivorous fish and pinnipeds. Changes to
diet can therefore exert a larger effect on mean trophic level for
guilds higher in the food web. In particular, the 357% increase
in planktivorous fish mass satisfies a larger portion of the diet
of cetaceans, pinnipeds, and seabirds, as this is the preferred
food source for seals and birds, and a close second preference
for cetaceans.

Considering the whole system, the dominance of indirect effects
rises from 1.47 to 1.57, indicating a more connected food web.
Internal capacity increases by 128.1% in line with higher levels
of biological activity. However, the internal ascendancy to ca-
pacity ratio decreases slightly from 0.51 to 0.49.

3.4 | Causal Inference

All model runs successfully reached steady state, with results
available on PURE (Laverick et al. 2025b).

Principal component one (PC1) in Figure 4 largely captures
the effects of climate change over time. As time progresses, the
total nutrient locked in the cryosphere reduces, and the mass in

higher trophic levels increases (Figure S4), mirroring Figure 3.
Principal component two (PC2) appears to capture water col-
umn nutrient concentrations (Figure S4), with a humped tem-
poral pattern in Figure 4b suggesting that nutrient leaves the
ice, enters the water column, and is later channelled to higher
trophic levels.

The flows, temperature, and light experimental conditions
largely track the full climate change scenario (Figure 4), im-
plying these factors do little to drive the observed ecosystem
trajectory over time. The boundary experiment is also broadly
similar in trajectory, especially remembering that PC1 accounts
for 69.22% of the variability in masses across all model runs.
The differences for this experiment are captured on PC2 indi-
cating elevated water column nutrient at all time steps, which
is unsurprising as this experiment comprises changes to bound-
ary nutrient concentrations. The ice experiment follows its own
trajectory with little change in PC1 and increasingly negative
values in PC2. This indicates changes in cryosphere forcing
variables are necessary for the migration of ecosystem state to-
wards increased productivity.

To determine whether the arresting influence of sea ice was due
to limiting light or nutrient, we conducted a further daughter ex-
periment. The ice experiment detailed in Table 3 was modified
to set the light attenuation coefficients of light and snow and the
reflection of sunlight to 0. This allowed light to pass into the
water column but prevented the release of nutrient entrained in
snow and ice. Note that this is equivalent to losing 100% of sea
ice all year round. This additional experiment was not included
in Figure 4 as the presence of sea ice with increased productiv-
ity led to higher mass in polar bears and fish, without the same
scale of increase in cetacean mass or loss of ice-bound nutrient.
These patterns significantly altered the principal components
in Figure 4 to accommodate the third ecosystem state, revealing
only a single outlier trajectory. Instead, we plot total secondary
production (Figure 5) for each of the climate experiments over
time. The attenuation experiment indicates that secondary pro-
duction is light, rather than nutrient, limited.
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TABLE 4 | Absolute guild nitrogen masses in the 2010s and 2050s.

Guild

GL 2010s

GL 2050s

BS 2010s

Birds

Pinnipeds

Maritime mammals
Migratory fish

Ice algae

Cetaceans

Demersal fish larvae
Planktivorous fish larvae
Snow ammonia

Snow nitrate

Ice ammonia

Benthos carn/scav feeders larvae
Benthos susp/dep feeders larvae
Ice nitrate

Ice detritus

Sediment porewater nitrate
Deep layer phytoplankton
Demersal fish
Planktivorous fish

Sediment porewater ammonia
Corpses

Carnivorous zooplankton
Surface layer phytoplankton
Deep layer detritus

Benthos carn/scav feeders
Surface layer detritus
Benthos susp/dep feeders
Omnivorous zooplankton
Macrophyte nitrogen
Surface layer ammonia
Deep layer ammonia
Surface layer nitrate

Deep layer nitrate

Sediment refractory detritus

Sediment labile plus refractory detritus

5.048656e-03
1.062421e-02
1.417246e-02
6.195191e-02
6.258407e-02
8.885116e-02
9.627418e-02
9.637280e-02
2.248572e-01
3.265977e-01
4.754215e-01
5.484466e-01
5.790206e-01
7.150457e-01
7.873267e-01
9.893880e-01
1.092862e+00
1.338207e+00
1.387123e+00
1.584903e+00
1.955949e+00
4.978142e+00
6.170512e+00
6.348369¢e+00
9.294691e+00
1.061713e+01
4.253288e+01
4.822393e+01
4.873217e+01
5.800559¢e+01
7.257979e+01
6.658904e+02
1.436946e+03
1.592244e+04
1.599796e+04

1.490990e-02
7.754153e-02
4.774963e-03
6.233540e-02
5.316104e-02
3.137842e-01
2.675364¢e-01
4.328851e-01
8.568849¢e-02
1.245446e-01
5.340487e-02
6.846217e-01
9.411860e-01
2.891845e-01
8.152309e-01
7.307051e-01
1.398580e+00
3.648652e+00
6.343029e+00
2.063427e+00
2.898967e+00
5.792072e+00
7.422738e+00
6.665317e+00
1.036397e+01
1.126787e+01
5.231259e+01
5.846732e+01
4.722330e+01
5.609282e+01
7.652691e+01
4.441402e+02
1.216641e+03
1.592244e+04
1.602212e+04

1.237110e-02
7.148973e-02
2.516999¢-03
6.320373e-02
6.388779¢e-02
4.532786e-01
7.227460e-01
2.331033e-01
8.928734e-02
7.936141e-02
9.325340e-02
7.100788e-01
1.043274e+00
1.922444e-02
1.119108e+00
9.118393e-01
9.070223e-01
7.296833e+00
3.368735e+00
2.510188e+00
3.027624e+00
9.320204e+00
7.392445e+00
8.912465e+00
8.751406e+00
1.137937e+01
5.142915e+01
9.471605e+01
5.041410e+01
1.930920e+02
3.893234e+02
2.946609e+02
1.151911e+03
1.766065e+04
1.776644e+04

Note: Masses are presented for the whole model domain as annual averages in nitrogen, expressed per unit area (mmols N.y~'.m~2). The table is ordered with the lowest
concentrations in the first rows (Heath et al. 2022).
Abbreviations: BS, Barents Sea model; GL = Northeast Greenland continental shelf model.
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3.5 | Sensitivity Analyses

55.8% of parameters had a statistically significant effect on
2010s phytoplankton net primary production while this was
true of 56.2% of parameters on the phytoplankton F-ratio
(Figure 6). Of these sensitive parameters, 185/246 (75.2%) and
188/248 (75.8%) were borrowed from the Barents Sea instead
of being specifically sourced for the Northeast Greenland
continental shelf implementation for phytoplankton net pri-
mary production and the F-ratio respectively. The list of
sensitive parameters for both metrics and their effects is avail-
able in the Supporting Information (Figure S5), along with a

figure illustrating the distribution of all elementary effect sizes
(Figure S6).

The 2010s phytoplankton F-ratio is 0.95. The largest mean el-
ementary effect for a borrowed parameter was —0.046 for the
maximum uptake rate of ammonia by phytoplankton. The me-
dian effect across all parameters was 1.18e-7.

The 2010s phytoplankton net primary production was
—96.5mmolN.m~2year~!. The largest mean elementary ef-
fect for a borrowed parameter was —498.60 mmolN.m2.year~!
for the saturation light intensity for the uptake of nutrient by
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phytoplankton. The median effect across all parameters was
—0.0036 mmolN.m~2.year!.

4 | Discussion

4.1 | The Modelled System Becomes More
Productive

In our simulations, biological activity increased by nearly 40%
under future climate conditions, as the attenuation of light by sea-
ice in the model domain reduced by a factor of 1.8. Field obser-
vations corroborate that melting sea-ice increases the availability
of sunlight in the water column (Castellani et al. 2022), support-
ing increased primary production in the Fram Strait (Castagno
et al. 2023), but also across the Arctic Ocean (Arrigo and van
Dijken 2015; Brandt et al. 2023). This drives a classical bottom-up
trophic cascade, with increases in consumer mass (Figure 3) and
a reduction in the relative importance of recycling pathways in
the food web (Figure 2). We have shown that it is the indirect
effect of climate change melting sea-ice that is responsible for
this boost in productivity, rather than changes in temperatures
or currents per se, through our climate experiments (Figure 4).
Holding parameters such as sea-ice thickness and concentration
(Table 3) at the levels in the 2010s, while allowing climate pro-
jections to force increasing temperatures to the 2050s, did not
result in an increase in productivity. However, allowing 100% of
incoming irradiance to pass through sea-ice to the water column
resulted in increased consumer production (Figure 5).

As well as increasing biological activity, melting sea-ice in-
creases the accessibility of Arctic seas (Eguiluz et al. 2016; Ng
et al. 2018). The adjacent North Atlantic contains heavily ex-
ploited fisheries (Merino et al. 2014) and it should be expected
that parties will be interested in exploiting this new resource on
the northeast Greenland continental shelf (Hoag 2017). Our sim-
ulations are therefore important to inform on the likely limits of
production and how these may evolve over time. This informa-
tion is necessary to avoid overexploitation of nascent fisheries,
where fishing power may readily outstrip production, to a sub-
optimal state (Perissi et al. 2017).

4.2 | The Food Web Becomes More Mature

Food webs are described as increasing in maturity as structural
complexity and biological activity increase (Margalef 1968;
Odum 1969; Pérez-Espaa and Arreguin-Sanchez 2001). In our
simulations, mass is redistributed through the food web as pro-
ductivity increases. Specifically, phytoplankton mass is chan-
nelled both directly into the omnivorous zooplankton guild as
food, but also indirectly as detritus. The omnivorous zooplank-
ton is then consumed by the planktivorous fish guild, which in
turn directly feeds pinnipeds, sea birds, cetaceans, and demersal
fish. Consumer guilds increase in mass by the most (Figure 2),
with greater proportional increases as trophic level increases
(Figure 3). Once again this is in keeping with broader theory
(Heath et al. 2014; Libralato et al. 2014) as well as observations
on the distribution of mass (Bar-On et al. 2018; Burgess and
Gaines 2018) and bottom-up trophic cascades in other systems
(Kagata and Ohgushi 2006).

Changes in the distribution of mass leads to changes in di-
etary patterns. We predict that future climate conditions will
lengthen the food web as an increase in mean trophic level for
top predators (3.9 to 4.05). This is as guilds at upper trophic
levels find an increased availability of prey items from higher
trophic levels. Top predators can satisfy a larger proportion
of their diet from preferred food sources, leading to a reduc-
tion in the consumer omnivory index. This is particularly true
of seabirds (reduction of 0.39), which are used as an indica-
tor species for ecosystem health (Durant et al. 2009; Mallory
et al. 2006).

In addition to the above indicators of ecosystem state, food
web indices imply increased ecosystem resilience. The dom-
inance of indirect effects on the system increases as the food
web becomes more connected. Increased food web connected-
ness has been shown to positively impact robustness (Dunne
et al. 2002; Yen et al. 2016). Meanwhile, food web ascen-
dancy and capacity are measures of simultaneous growth
and development, and the limit of growth and development
(Ulanowicz 2000). Under climate change the modelled sys-
tem shows an increase in capacity (128.1%) with relatively lit-
tle change in the ascendancy to capacity ratio (—0.02). This
is because changes are driven by increased biological activity
while there is no change in the number of model compart-
ments. These results suggest increases in biological activity
are not at the expense of food web functional resilience in the
face of climate change (Equihua et al. 2020). This is unsur-
prising as our model is comprised of functional groups, and
the number of groups remained constant.

4.3 | Polar Bear Mass Decreases Over Time

It is already well established that polar bears, maritime mam-
mals in our model, depend on sea-ice for their survival (Johnson
et al. 2020). Though hibernation occurs on land, polar bears use
the sea-ice to hunt. Comparing the sea-ice conditions between
the 2010s and 2050s shows that in the future polar bears may
have to meet their energetic requirements from hunting grounds
which are seasonally about five orders of magnitude smaller
(Figure 1). A reduction in hunting opportunities is not the only
consequence of receding habitat. Melting sea-ice has been impli-
cated in increasing instances of human-wildlife conflict (Smith
et al. 2023) as well as intra-specific competition. Though our
model does not include the direct effects of polar bears encroach-
ing on humans, it does include an interference factor reflecting
competition. Our model implies, short of reversing sea-ice loss,
conservation interventions for polar bears could focus on secur-
ing sources of food (Palmer 2021). Whether adjustments to food
availability in the absence of sea-ice would benefit polar bears
depends on their competitive ability on land (Miller et al. 2015).

4.4 | Study Limitations

StrathE2EPolar is designed to be fast enough to run to steady
states. This allows us to investigate the attractors of a system
and describe the consequences of change independent of start-
ing conditions. This is a strength of the model, as we do not
require accurate surveys of initial values of state variables to
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generate meaningful results. However, will the ecosystem ever
reach steady state in reality? The real world is changeable, al-
lowing communities to persist despite being inherently unstable
(Dial and Roughgarden 1998). Our results should therefore not
be interpreted as accurate forecasts of population sizes in each
decadal period, but rather for strategic insight (Evans et al. 2013)
into how changes in key processes may cascade through the
modelled system.

A second limitation of StrathE2EPolar is the reliance on guilds
rather than species. Again, this affords speed and constraints
on parameter numbers, but would we expect the taxonomic
makeup of a guild to remain the same in the future? Studies are
suggesting that species may track thermal envelopes under cli-
mate change and migrate towards the poles (Brandt et al. 2023).
This will result in the loss of endemic biodiversity, which may be
replaced by temperate species, for example, a loss of Narwhals
but a gain in Humpback whales (Heide-Jorgensen et al. 2023).
What remains unclear without a species-level analysis is the rate
at which this process may occur, and the consequences for eco-
system function (Kortsch et al. 2015). In the absence of a theory
of change, we have left the physiological parameters for guilds,
which reflect their species makeup, unchanged in our climate
simulations. These parameters include prey half-saturation
coefficients and maximum uptake rates, prey preferences, and
density-dependent mortality coefficients; the rates of change in
our model are an emergent property of the system.

As well as a potential turnover in guild composition, increased
primary production may attract increased levels of migratory
fish to the northeast Greenland continental shelf. The impact of
changes in migratory fish will depend on their prey preferences,
which may also change in the future. Assuming the prey prefer-
ences remain unchanged in our model, increased migratory fish
biomass would result in more of a highly preferred food source for
cetaceans and a low preference food source for seabirds and de-
mersal fish. Meanwhile, the migratory fish would exert increased
predation pressure on omnivorous zooplankton and benthos.

We conducted full sensitivity analyses (Morris et al. 2014,
Morris 1991) of the Northeast Greenland continental shelf model
for phytoplankton net primary production and F-ratio (Eppley
and Peterson 1979). These metrics were chosen as they are key to
our finding of an increasingly productive system under climate
change. These analyses allowed us to quantify the significance
of borrowing parameters from the Barents Sea, as well as the
robustness of our results more generally.

Just over half of all parameters exert a statistically significant ef-
fect on net primary production and the phytoplankton F-ratio. Of
these, about three quarters were borrowed from the Barents Sea,
representing a minority of the total set of parameters. Inspecting
the table of mean elementary effects (Figure S5) reveals that the
parameters with the largest effects were, unsurprisingly, those
related to phytoplankton physiology and the uptake of nutrients
(maximum uptakes rates of ammonia and nitrate as well as the
saturation light intensity for the uptake of nutrient). We suggest
that physiological characteristics such as these are unlikely to dif-
fer markedly between two geographically proximate and ecologi-
cally similar shelf seas. We therefore have confidence in the results
of our simulation for the northeast Greenland continental shelf.

Though we lack field observations to compare to the results of
our model for confidence, we can compare the per unit area con-
centrations of nitrogen mass to our Barents Sea model (Table 4).
Firstly, this is advantageous as we can make direct comparison to
results derived from the same model framework. An issue with
comparing to fragments of field observations is that they may be
incomplete in space, time, and taxa. Meanwhile, the two differ-
ent implementations of StrathE2Epolar are bound by the same
requirement to conserve mass. Secondly, the Barents Sea is a
more intensively studied system. This means we were able to fit
the Barents Sea model to a myriad of field data. The comparison
in Table 4 is therefore an indirect comparison of our new model
to observations from another arctic ecosystem. We are reassured
that the concentrations reported here for the Northeast Greenland
Continental Shelf model in a seasonally ice-free future are in keep-
ing with observations from an analogous system in the present day.

Our model results provide a baseline against which we can as-
sess the coming changes to the ecosystem of the Greenlandic
northeast continental shelf. Models are powerful when used as
part of an iterative process of simulation and data collection to
further improve our simulations. As this region is data poor, we
have three recommendations for future data collection activities.
Firstly, our sensitivity analyses indicate that a characterization
of the nutrient uptake rates by phytoplankton communities of
the Northeast Greenland shelf under different conditions would
help reduce uncertainties in primary production. Secondly, esti-
mates of top predator and fish guild biomass on a per unit area
basis would allow us to constrain density-dependent parameters
within our model. Finally, data on the diet composition of con-
sumer guilds would allow us to constrain feeding preferences
and thus the effective connectance of guilds in the food web.

It is important to remember our findings are limited to the
northeast Greenland continental shelf. Any suggestions of
increased productivity and more mass at higher trophic lev-
els under climate change should not be used to characterise
the global impacts of climate change. The borealisation of the
Arctic (Polyakov et al. 2020) occurs alongside the emergence of
novel thermal envelopes forcing taxa to migrate poleward. As
well as losing typical Arctic habitats (Chambault et al. 2022),
novel equatorial conditions may reduce primary production (Lu
et al. 2024).
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