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COVID-19 disclaimer

The Changing Arctic Ocean programme was scheduled to last from 2017 to 2022, with much of the vital laboratory work due to take place in 2019.
The global COVID-19 pandemic resulted in laboratory and institution closures, and altered the working conditions for everybody involved. To mitigate
the impact of the pandemic on the programme, funded extensions were given to many of the projects when necessary. For this reason, this summary
excludes a small body of work that is still to be completed.
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Connecting the Artic Ocean

As Arctic landscapes warm, previously frozen grounds - known as
permafrost, are beginning to contribute greater amounts of materials
to large Arctic rivers, and in turn coastal Arctic Ocean waters. The
intensification of freshwater runoff from land enhances the supply
of permafrost and other terrestrial carbon pools, and is altering the
amount and type of materials delivered to the Arctic coastal zone.
Research as part of this programme has found that these changes
may have profound consequences for the balance of greenhouse gas
emissions from coastal Arctic Ocean waters, by altering the rates at
which carbon can be broken down by oceanic microorganisms and
the physical environment. We show that in some areas of the Arctic
Ocean, terrestrial inputs may reduce the growth of phytoplankton
by reducing light penetration or changing the structure of the base
of the food chain. Coastal permafrost erosion, due to wave action
and exacerbated by greater sea ice retreat, adds additional
carbon to the system which can then be converted to methane
by bacteria – a more potent greenhouse gas. With the open
season increasing under future change, total greenhouse gas
emissions will increase too.

Fish populations are sensitive to both the direct and the indirect
effects of sea ice retreat and warming. CAO found that maintaining
harvest of demersal fish while reducing harvesting of planktivorous
fish as a strategy would alleviate some of the effects of ice loss and
warming on higher food web levels.
The connections between the Arctic realms do not end in the
Arctic – they have global reach. Our actions across the globe
affect the Arctic in return. Atlantification – the shift in Arctic
water properties to be more like the Atlantic - was demonstrated
in the Eastern Arctic and explained by upper-ocean stratification
from heat fluxes, atmospheric forcing, and related feedbacks.
Coupled with the emerging shift in oceanic connectivity, there will
be changes in the Arctic species and increased probability of the
Pacific species invading, ultimately leading to the changes in Large
Marine Ecosystems provinces.
Global pollutants have reached the Arctic. Poly and
perfluorinated alkylated substances ‘forever chemicals’ have
been found in high concentrations due to past and ongoing
atmospheric deposition. For some contaminants, concentrations
in the ice-brine were higher than the beneath ice seawater;
evidence of an enrichment process during ice growth. With the
increasing prevalence of first year ice and the greater quantity of
mobile brine channels that it contains, there is a high likelihood of
‘pulse releases’ during periods of thaw.
The programme developed and deployed innovative robotic
technology which can provide a long-term presence in the Arctic
Ocean to monitor physical and biological parameters year-round,
and has applications beyond the Arctic. The breadth and depth
of the Changing Arctic Ocean programme has provided the ideal
platform to begin to understand the consequences of climate
change in the Arctic Ocean, and would not have been possible
without the creativity and determination of the scientists and a
great degree of international collaboration.

Ice retreat in the ocean increases light availability in
terms of timing and quantity, and reduces habitat for species
associated with the ice (e.g. polar bears, pinnipeds, and
microorganisms). While primary production is predicted to
increase by 5% annually due to this light increase and nutrient
availability, the associated primary producer species shifts
may increase the concentrations of toxic diatoms, for example
Pseudo-nitzschia spp., many types of which produce a potent
neurotoxin that passes through the food web via planktivorous
fish to the marine mammals and seabirds, and can lead to Amnesic
Shellfish Poisoning if consumed by humans. However, the species
shifts do not seem to negatively impact the vital next stage of the
food web – copepods. Copepods are an important food source to
commercial fish such as herring and mackerel.

Map coding: sp package. Data: NASA

The Changing Arctic Ocean Programme was jointly funded by the Natural Environment Research Council, part
of UK Research and Innovation, and the Federal Ministry of Education and Research in Germany. The £20m
programme began in 2017. The 16 projects involved 32 research institutions and organisations in the UK and
Germany, and more than 200 scientists. For further information please visit: www.changing-arctic-ocean.ac.uk

Warming in parts of the Arctic is now 2.3 °C or higher above “preindustrial” levels, and we are witnessing monumental alteration to
the ecosystems, biology and biogeochemistry of the Arctic Ocean
and its adjacent permafrost region. This rapid change in the Arctic
is expected to become more pronounced and to have serious
consequences in the near future on the global environment and
economy, with direct impacts on the European climate, migratory
species and industries. The impacts of climate change on the vast and
multiple interacting Arctic systems are inherently complex, but can be
broadly summarised as an increase in mean air temperature causing
enhanced connectivity between land, oceanic, and global systems and
the subsequent loss of sea ice cover. This will ultimately result in the
emergence of a new physical and ecological state which the Changing
Arctic Ocean (CAO) programme begins to quantify
and understand. The consequences
of warming and its subsequent
Complex
effects upon the physical and
many parts
biological processes within the
Arctic Ocean are complex and complicated,
and therefore have to be addressed
through interdisciplinary and
many
international collaboration. The
relationships
Changing Arctic Ocean programme
provided this platform, bringing
and
together a multidisciplinary team of
complicated
over 200 scientists.

Executive summary
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Light

The Changing Arctic Ocean

Circulation
The Arctic Ocean is connected to the global
ocean through narrow 'gateways' in the
northern Atlantic and Pacific, and is a vital part
of the the Ocean Conveyor Belt - the global
thermohaline circulation distributing heat,
nutrients, and even organisms. Rising
temperatures and freshening water alters the
density, and more open ocean increases the
effect of large- and small-scale wind driven
mixing. It is vital to understand how changing
circulation will interact with the ice, atmosphere
and land.

Pollutants

The Polar regions have unique seasonal cycles due to the tilt of the Earth's
axis, with darkness lasting for months followed by an equal period of sunlight.
Polar organisms are adapted to this strong seasonal cycle - for example, some
of the zooplankton migrate to the depths of the ocean and slow their
metabolism in a form of hibernation. The mechanisms behind these adaptions
need to be understood before we can know how well the invasive non-polar
organisms could cope in this environment. The Polar regions are the last
pristine light habitats on the planet, meaning the polar night is also an ideal
opportunity to study the effects of light pollution from ships.

Food webs

PFAS are often described as ‘forever chemicals’
because of their persistence in the
environment. They are used in the manufacture
of a wide range of consumer products including
non-stick cookware. Several are known to be
toxic yet are present in Arctic biota and so have
been subject to international restrictions. As a
result, there are now numerous PFAS that serve
as replacement chemicals. One widely used
replacement chemical is ‘Gen-X’.

At the base of the food web are the ocean-going plants, the
phytoplankton. As ice retreats, there is a longer sunlit
season and a larger habitat for them, resulting in increased
primary production. Additional nutrient supply into the
surface water furthers this. However, these do not benefit
the community equally, resulting in competition and
community shifts with impacts on the higher levels of the
food web that we are just beginning to understand. Tracing
the primary production through the food web to the top
gives an indication of how the system is being reshaped
and how it will be further in the future. This is key for
quantifying maximum sustainable yeild for fisheries.

Terrigenous export

Nutrient cycles
Nutrient supply - mainly nitrate, silicate
and iron - is vital for the base of the
food web and so to the higher levels.
But nutrients are regulated by the
complex interplay between
stratification, mixing dynamics,
biological processing, and atmospheric
and terrigenous inputs. The nutrient
cycles must be understood so we can
anticipate changes to carbon storage
and sequestration and food webs.

Not to Scale
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Connecting the Arctic Ocean

Ice retreat

The nutrient availability near coastlines
is determined by export from land.
Permafrost thaw, reduced ice cover
and increased river discharge are
increasing the amount of carbon and
nutrients in these areas. As
permafrost melts, the soil subsides
under its own mass and forms
thermokarst terrain, where much of
the large carbon stored in the
permafrost is converted to the potent
greenhouse gas methane.

The poles are warming at around three times the rate of the rest of
the planet. The sea ice is melting - summer sea ice has decreased by
>40% in extent and by 65% in thickness since 1970. These changes
impact all parts of the system and extend globally, affecting light
availability, salinity and circulation patterns, nutrient mixing, primary
production, food webs, carbon stores, and the movement of
pollutants. The Changing Arctic Ocean Programme quantifies these
biogeochemical links.

Connecting the Arctic Ocean

Not to scale
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Key findings

Ice – ocean

Land – ocean

The Changing Arctic Ocean programme has developed high
resolution data on the light climate at high latitudes and modelled
the progression of light through sea ice into the water 4. Using a
new modelling approach the team were, for the first time, able to
map the under-ice light field across the entire Arctic Ocean based
on satellite data 4. Work is ongoing to use these new techniques
to predict the under-ice light field in the future up to 2100, by
integrating output from the latest climate predictions.

Light

Permafrost is defined as ground that remains constantly frozen for
at least two years. It makes up a globally significant yet susceptible
store of carbon. Increasing Arctic temperatures are causing
terrestrial permafrost stocks to thaw, and enhanced coastal
erosion is releasing substantial amounts of carbon and nitrogen to
rivers and ocean. The Changing Arctic Ocean programme (CAO)
has found that in future, permafrost thaw and increased freshwater
run-off from land will not only increase the amount of dissolved
organic carbon entering the ocean. CAO found that not only the
concentration of dissolved organic carbon increased, but the
degradability of that carbon increased too, meaning that some
shelves such as the East Siberian shelf waters will become CO2
sources to the atmosphere, irrespective of changes in nutrients
and light 1. This has implications for the growth of the primary
producers and rates of microbial degradation and ultimately air-sea
greenhouse gas emissions from coastal waters.

Subsea and coastal permafrost – permafrost on continental
shelves that have seen prolonged sea-level rise over the last
10,000 years and so are now submerged – are governed by

Previously, our understanding of the functioning of the Arctic
marine ecosystem has been overwhelmingly based on compact
multi-year ice, whereas the majority of the ice is now in its first
year and in a decaying state 5. The transition to a first-year ice
cover may increase the light transmission to the surface ocean by
200%. Through a combination of cutting-edge observations and
modelling CAO has better quantified light penetration through sea
ice and its impact on the ecosystem.

Johan C. Faust

Similarly, organic matter sequestered in Arctic thermokarst
lagoons – a terrain type formed as permafrost thaws – are likely to
thaw much faster in the future, meaning that more of this organic
carbon will enter the ocean and then become a CO2 source to the
atmosphere. Other greenhouse gases emissions are changing:
coastal nearshore regions emit methane throughout the open
water period and are susceptible to increasing under future
change with a longer open season.

different degradation processes and so have different impacts on
biogeochemical cycles. CAO quantified coastal permafrost erosion
due to sea ice retreat and waves. The carbon flux due to this
erosion can be converted to methane by bacteria, contributing to
greenhouse gas flux. Research showed that seasonal sea ice retreat
beyond the Siberian shelf slopes created favourable conditions
for off-shelf water cascading - a specific buoyancy-driven current
– which, along with Atlantic water upwelling and tidal shelf mixing,
increases transport off the shelves by around 50%. Overall, we
showed that for the Arctic ecosystem model projections, it is
vital to account for riverine and terrigenous nutrient fluxes in
biogeochemistry.

Light drives primary production in the Arctic, thus a change
in the seasonality of light will affect algae phenology and time of
production with effects that will propagate along the entire marine
food-web 6. Seasonal changes to the light conditions control the
depth that zooplankton inhabit and its seasonal migration in the
water column, possibly as an adaptation to avoid visual predation.
Increased light may increase the vulnerability of zooplankton to
visual predation. Autonomous measurements by CAO’s robotic
platforms have enabled the first in-depth study of the impact the
diminishing under-ice light field (that occurs during the transition
from polar-day to polar night) has on the migration of zooplankton
and high latitudes i.e. near the North Pole. This innovative robotic
technology used can provide a long-term presence in the Arctic
Ocean to monitor physical and biological parameters yearround, and has applications beyond the Arctic.

Ocean – seafloor

Johan C. Faust
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in the type and amount of bioturbation activity, and associated
nutrient concentrations, sufficient to distinguish a southern high
from a northern low 3. Fresh food is consumed quickly. However,
the presence of Atlantic water and earlier sea ice melt change the
degradation of organic matter and can strengthen seafloor
nutrient recycling rates - which may increase productivity. This can
also lead to quite significant carbonate dissolution in the
sediments, negatively affecting both carbon burial and the
preservation of materials that can be used for inferring past
climate conditions. There is some evidence for anaerobic
metabolic strategies present, for example, denitrification, which
may reduce the productivity by enhancing nutrient limitation.
Experiments have revealed animal activity is moderated by seasonal
variations in sea ice extent that influence food supply to the
seafloor, and emphasize the rapidity with which an entire region
could experience a functional transformation 3. Furthermore,
spatial variations in food quality and quantity, associated with the
sea ice margin, are likely to affect the energy allocation available for
reproduction for many species, and could result in decadal-scale
recruitment failure in long-lived species.
Regardless, these benthic fluxes are insignificant when compared
to the fluxes of water masses. When water masses meet, they form
a turbulent near-bottom layer. Where the Atlantic water intersects
with the continental slope in the Arctic, heat fluxes between the
water masses are significantly increased. Two common benthic
organisms seemed resilient increases in both CO2 and temperature.

Key findings: Land and seafloor

Johan C. Faust

The amount of organic matter that arrives at the seafloor and
remains there has global implications for the amount of carbon
dioxide (CO2) permanently removed from the atmosphere. New
research shows that an association of this organic matter with iron
increases the preservation and burial efficiency of carbon in the
Barents Sea for thousands of years 2. Additionally, the strong
seasonal contrasts in the Arctic means the seafloor communities
– both larger animals and microbes - are adapted to a pulse of
organic input in summer and then a reduction in the polar winter.
The large animals inhabiting the seafloor, as well as the microbial
ecosystems, seem to be well-adapted to strong seasonal organic
matter export to the sea floor. Indeed, we find a clear separation in
community composition at the polar front that marks a transition

Nutrient cycles

Nutrients are as essential as light in regulating the primary
production in the Arctic. Nutrients are supplied from subsurface
water masses of Atlantic or Pacific origin to the sunlit zone by
vertical mixing, as well as regional upwelling, with each of these
processes being controlled by sea ice dynamics 7–9. The change
to a more Atlantic ice-free dynamic is likely to increase nutrient
availability and the duration of seasonal drawdown of nutrients in
Arctic shelf regions. Under ice-free or ice-dominated conditions
the seasonal dynamics of nitrate were similar, but nitrate supply to
the surface was greater under ice-free conditions and drawdown
was slower. The extent to which this increased nutrient availability
and longer drawdown periods will lead to increases in primary
production will depend on changes in upper ocean mixing and
stratification 10.
Key findings: Ice

The role of ocean stratification in maintaining primary
production was further investigated in the Fram Strait. Nutrient
limitation was reduced where stratification was weak, allowing
nutrients to reach surface waters and support productivity. In
contrast, primary productivity was limited by nitrate availability
in Polar surface waters where stratification was strong. Historical
model simulations reveal that nutrient cycles in the Arctic have
been changing over the past decades, with variability at panArctic scales 11. Nutrient dynamics are likely to be altered by loss of
winter sea ice and atmospheric warming within the Arctic 12 with
processes within the connected oceans of the Atlantic and Pacific,
as well as deposition of anthropogenically-derived nitrogen also
playing a role 11.
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Through the use of automated gliders, the programme
discovered previously unknown eddies – circular currents of
water – that had previously been undetected by satellites due to
their surface waters being warmed by surrounding water. This
temperature masking means circulation has been underestimated,
and suggests this could also be the case in other areas where
circulation is assumed to be relatively simple. The Atlantic Water
is one of the key pathways of nutrient rich water into the Arctic.
These eddies measure 18.6 miles across and are created in the
northern part of the Barents Sea as cooler and fresher water from
the Arctic moves south and becomes trapped within the warmer
and saltier water from the Atlantic. They could provide pockets of
nutrients to create a spike of primary production.
Some nutrient availability is determined by microbial degradation
processes. The Changing Arctic Ocean programme found evidence
that microbial cycles are significantly different between seasons,
with implications for the anticipated changes to the seasons
13
. Moreover, nutrient availability near the coast is determined
by export from terrestrial regions. Over an annual cycle, deltaic
regions can contribute as much as one quarter to water column
nutrient budgets, with the potential to alter nearshore nutrient
turnover.

Secondary producers

Copepods are the small crustaceans that make up the majority of
small zooplankton in the Arctic. They consume phytoplankton and
transfer this carbon higher up the food web, being particularly
important for fish stocks such as capelin, polar cod, herring
and mackerel. This ‘waist belt’ in the food web (see fig. 1)
appears to be more resilient to the changing food environment
than we expected – a new theoretical model indicates that the
reproduction of copepods is limited by the amount of food
consumed, rather than its nutritional quality 20. This advance
provides opportunities to better predict how the productivity of
important Arctic copepods will respond to future changes in their
environment, and the wider ecosystem consequences.
Figure 1

Primary producers

Primary production in the Arctic has been changing in response
to both modifications within the Arctic Ocean related to sea ice
loss, but also indirectly in response to changes in the transport of
nutrients from the Atlantic and Pacific 14. Arctic sea ice extent has
decreased by around 50% in the last three decades. The Arctic is
no longer a region dominated by thick multi-year ice, but is facing
a regime controlled by thinner, fragmented, and more dynamic
first year ice (e.g. 15). Ice retreat allows more wind- and wave- driven
mixing and can bring nutrient fluxes into the mixed layer well after
the spring bloom, allowing a late spike in primary production.
Younger and thinner ice allows light to penetrate deeper into the
ocean beneath and model simulations suggest that the underice primary production might happen earlier in the season 6. The
models suggest that in the Barents Sea, ice-free summers and the
associated increase of light combined with oceanographic and
biogeochemical changes will increase net primary productivity by
5% annually by 2040. However, whether this results in an increase
in the amount of carbon drawn down to depths by these primary
producers and their consumers is still highly uncertain, warranting
intensified long-term observations 16.
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Consumers

Warming increases metabolic rates of ectothermic animals like
fishes, but predicting whether warming will increase or decrease
performance depends on the interaction between individual
physiology and available resources. Different fish have different
physiological responses to temperature change. CAO found
evidence that species adapted to colder Arctic conditions express
higher metabolic rates than their Atlantic counterparts when
living in the same water masses. In the Barents Sea, all sampled
fish species including commercially important cod, haddock and
redfish and ecologically important polar cod, currently experience
water temperatures below their field thermal optima. Under
current ecosystem states, modest warming is likely to increase
metabolic rates and production at least for adult life stages. This
implies that cold adapted species have higher food requirements
than warm adapted species, which may contribute to competitive
replacement. Under-ice habitats are critical for many polar species.
New ways to identify dependence on food from under ice habitats
has been developed and used to identify the importance of iceassociated algae for consumers.
Long-term monitoring data on stomach contents of fish in
the Barents Sea document changes in diet composition of e.g.
cod, related to fluctuations in capelin abundance. However, the
consequences of these diet fluctuations for food chain lengths
– and hence the trophic efficiency of the ecosystem, have been
unclear. CAO developed new methods for estimating tropic
position based on carbon and nitrogen isotopic ratios. This
approach depends on the progressive enrichment of 15N and 13C
isotopes relative to 14N and 12C respectively, in animal body tissues
with each step in the food web 23.

Arctic zooplankton communities are dominated by just a
few species of copepod from the genus Calanus (e.g. Calanus
finmarchicus, Calanus glacialis, Calanus hyperboreus). Each of these
has a different thermal niche, and depends upon the presence of
sea ice to a different extent. These differences are what makes
some of the species more vulnerable to climate change than
others. For example, ocean warming, earlier sea ice retreat and
increased productivity are simultaneously making Arctic latitudes
increasingly favourable for the subarctic species,
C. finmarchicus 21 and less so for the true Arctic species. Data
collected over the last 60 years shows that environmental change
in the Fram Strait has enabled C. finmarchicus to overwinter
in this region and successfully spawn in the following year. The
genetic code of this subarctic species has adapted to Arctic light
conditions, with positive implications for future populations, their
survival in the polar night and midnight sun, and therefore the
commercial fish stocks that rely on them.

End-to-end food web modelling in CAO showed that changes
in primary production in the Barents Sea between the 2010s and
2040s (assuming RCP8.5 emissions) are projected to propagate
through the food web as a bottom-up effect on all trophic levels.

However, resilience to a different habitat and food environment
does mean the copepods are resilient to all changes. The
abundance of Calanus species was found to be sensitive to the
influences of the climate on the ocean, specifically the mixed layer
depth and nutrient concentrations 18 – things that will continue to
change. In the Greenland and Labrador Seas, the timing of their
peak suitability for C. finmarchicus is shifting towards an earlier
season, linked to the ice loss and extended growing season. The
copepod life cycle usually matches the food environment and
Key findings: Ice

However, these effects are complicated by the ice-dependencies
of top-predators (see above) which generates a competing topdown effect on the food web with ice retreat. These top-down and
bottom-up effects collide at mid-trophic levels with unexpected
consequences for fisheries management. Maximum sustainable
fisheries yield (i.e. productivity) of piscivorous and benthivoros
demersal fish (cod, haddock) was projected to increase by
the 2040s to 112% of 2010s levels. On the other hand, that of
planktivorous fish (capelin, herring), was projected to decrease to
65% due partly to increased predation by demersal fish. Birds and
mammals in the model were strongly sensitive to planktivorous
fish abundance, meaning that the food web is expected to become
more sensitive to fishing as upper trophic levels come under
pressure from ice loss. Maintaining harvest of demersal fish
while reducing harvesting of planktivorous fish is a potential
strategy for alleviating some of the effects of ice loss and
warming on the food web. These results indicate difficult tradeoffs ahead, between harvesting and conservation of ecosystem
structure and function. The societal implications of failing to
include the entire ecosystem within fishery management could be
particularly acute in the Arctic. Indigenous communities in these
regions have subsisted on sustainable harvesting of marine fauna
for generations, and the threat to their way of life already posed by
climate change could be accentuated 24.
Long-term monitoring data on stomach contents of fish in the
Barents Sea document changes in diet composition of e.g. cod,
related to fluctuations in capelin abundance. However, the
consequences of these diet fluctuations for food chain lengths – and
hence the trophic efficiency of the ecosystem, have been unclear.
CAO developed new methods for estimating tropic position based
on carbon and nitrogen isotopic ratios. This approach depends on
the progressive enrichment of 15N and 13C isotopes relative to 14N
and 12C respectively, in animal body tissues with each step in the food
web. However, interpretation of changes in these isotope ratios in a
given species (δ15N = 15N/14N, et δ13C = 13C/12C) also depends on these
ratios in the dissolved nutrients in the environment which are
absorbed by primary produces – the so called ‘isoscape’. CAO
constructed the first nitrogen isoscape for the Arctic Ocean 11 using
knowledge from in-situ observations 12,25 and provided the first
carbon isoscape for the Arctic Ocean 26. Using this new knowledge,

Johan C. Faust

Shifts towards younger sea ice may change the species
compositions of the primary producers, and the Changing Arctic
Ocean programme revealed that despite the anticipated increase
in light with a shift from first-year to multiyear sea ice, changes to
the algal community composition may limit the photosynthetic
potential of the algal blooms in some areas 17. This discovery is
now being represented in biogeochemical models so that this
complexity is not overlooked. The diatom-dominated sea ice
algal bloom is not only changing in composition, but in timing
and nutritional value too. Species shifts may increase the
concentrations of some toxic diatoms, for example Pseudonitzschia spp., many types of which produce the potent
neurotoxin, domoic acid 18,19. Domoic acid is transferred through
trophic levels (levels of the food web) via planktivorous fish
through to marine mammals and seabirds. Accumulation in any
organism for human consumption could lead to Amnesic Shellfish
Poisoning in humans which may cause vomiting, memory loss,
coma or death.

includes a winter hibernation at depth – named diapause – which
is thought to be linked to deep water temperatures. With warming
of the deep ocean, copepods could shorten the length of their
diapause by over 50 % 22, causing a mismatch between when they
surface and when the food is available.

Key findings: Ice
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the trophic position of harp and ringed seals was estimated with
consideration of pan-Arctic variation in the isoscape 27. If the varying
isoscape was ignored, harp and ringed seals would have been
assigned the incorrect trophic position, with implications for
contemporary and future food web studies and the Inuit
communities that utilise seals. Over decadal timescales, it has been
found that input of reactive nitrogen from the atmosphere to the
ocean due to anthropogenic activity has contributed to the
changing nutrient transport between the North Atlantic and Arctic 11,
altering the nitrogen isoscape. This has ramifications for the decadal
scale monitoring of ecosystem change in the Arctic 27,28. There have
also been detailed carbon, nitrogen and sulfur isoscapes mapped for
pelagic and benthic fish communities in the Barents Sea.
Upper trophic level species in the Arctic (seabirds, pinnipeds,
cetaceans and maritime mammals (polar bears, Arctic fox)) are
dependent on sea ice in a variety of ways that are critical for their
feeding efficiency and survival. Aquatic mammals are attracted to prey
concentrations at the ice edge, but must avoid becoming trapped
beneath ice. Bearded seals are able to maintain breathing holes in thin

ice, while harp and ringed seals depend on ice to haul out, but also
spend extensive periods in open water. Polar bears are notoriously
dependent on ice as a platform on which to hunt for seals, though
they are able to swim. CAO developed the first representations in an
ecosystem model of the ice-dependencies of feeding efficiency and
habitat for these high trophic levels, showing how seasonal migrations
and ultimately population abundances depend on a trade-off between
food and habitat. The models indicated that for pinnipeds and polar
bears the loss of habitat has an overwhelming effect. The situation
is less clear for seabirds. The distribution and abundance of Arctic
Guillemots correlates with the sea surface temperature - both Arctic
(Brunnich’s) and Atlantic (common) Guillemots have experienced
population declines, but the Arctic species at a higher rate. This means
that it is not a simple replacement of Arctic birds with Atlantic birds as
the oceans warm, although the role of competition between them is
still unclear. The cold East Greenland current, East Iceland current and
fjords provides cold water refugia that act to buffer the Arctic species
from the effects of a regime shift, similar to the shift that caused
warming and alteration of fish stocks in Iceland in the 1990’s.

Arctic – global
The connections between the Arctic realms do not end in the
Arctic – they have global reach. And our actions globally affect the
Arctic in return. The CAO found evidence of global human impact
on the Arctic for the past 60 years, not only 30 as previously
thought, a find that utilised both biogeochemical models of the
food web and plankton distributions.

New methods have been developed to determine the potential
predictability of the ocean currents. These methods, combined
with Artificial Intelligence and Machine Learning techniques, allow
us to assess predictability barriers in the short- and medium-term
model projections 35,36. New developments of the remote sensing
technologies are instrumental to obtain details on sea ice and
surface ocean dynamics to understand variability in the basin-wide
connectivity in the Arctic Ocean 37,38.

Pollutants & hazards

Ecosystem resilience

Johan C. Faust
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Heat is lost to the atmosphere from the Bering Strait in Autumn,
but a significant fraction of warm salty water dives beneath and
extends into the Beaufort Gyre. The subduction of this water
further increases the heat content of the deeper gyre, and this
combined lateral stirring, and upward vertical mixing explains the
pattern of accelerating sea ice melt spreading out from the Pacific
inflow that has been observed in recent decades 34.

Data and models showed that biogeochemical connectivity
between the Arctic and the global oceans is changing: in 20002005 there was a connection between the Arctic Siberian shelves
and the central Arctic Ocean but almost no direct connection of
the Siberian shelves to the North Atlantic; in contrast, in 20062010 there was no direct connection of the Arctic Siberian shelves
with the central Arctic but direct connectivity to the North
Atlantic; and post 2011 the Arctic shelves–central Arctic
connectivity re-emerges, with cessation of connectivity to the
North Atlantic. Models predict in future there will be shorter transit
times from the Northern Pacific to North Atlantic, a weakening or
complete disappearance of oceanic and ice connectivity between
the Arctic Siberian shelves and North Atlantic and increased
Atlantic inflow in the Arctic 36.

Atlantification in the Arctic is a shift in water properties to
become more like the Atlantic. Organism movements correspond
with these changes to allow them to stay within their thermal niche.
Atlantification was demonstrated in the Eastern Arctic and explained
by upper-ocean stratification from heat fluxes, atmospheric forcing,
and related feedbacks. A new Arctic state is emerging, and it may not
be reversed. Evidence showed that, coupled with the emerging shift
in oceanic connectivity, there will be changes in the Arctic species
and increased probability of the Pacific species invading, ultimately
leading to the changes in Large Marine Ecosystems provinces. The
potential changes may lead to the Pacific species traveling faster in
the ocean currents and surviving the winter cycle, then emerging on
the Atlantic side of the Arctic Ocean, thus invading not only Arctic
but also the North Atlantic marine provinces 29.
All organisms do not change their distributions in relation to the
temperature, and all immigrant species are not adapting to the
Arctic life in a uniform way. Expression of climate forcing at the
benthos (here, approx. 300 m water depth) is not temporally or
spatially homogeneous and leads to context-specific changes in
species behaviour and related levels of ecosystem functioning 3.
Some species have declined over 50%, and others have been lost
to the movement north whilst trying to remain within the same
temperature. Different fish have different physiological responses
to temperature change. CAO research found evidence that species
adapted to colder Arctic conditions express higher metabolic rates
than their Atlantic counterparts when living in the same water
masses. Similarly, cold adapted populations of Atlantic cod express
higher metabolic rates then warm adapted populations at the same
water temperatures. This implies that cold adapted species have
higher food requirements than warm adapted species, which may
contribute to competitive replacement. Predictions of species’
responses to climate change must also factor changes in latitudinal
distributions of populations as well as species.

Study of Arctic Climate and GEOTRACES Programmes) allowed
development of the novel pan-Arctic synthesis of the observational
archives as a part of Unified Database for Arctic and Subarctic
Hydrography (UDASH) and led to a unique opportunity for the
joint analysis of the data and high–resolution ocean-ecosystem
models to established variability of nutrient pathways and
emerging processes controlling biogeochemical tracers 30–33.

Ocean circulation and ecosystems
There is a wealth of research about the impact of polar warming
on the global conveyor belt, the thousand-year long system of
currents driven by thermohaline circulation. However, there was a
gap in the knowledge of detailed circulation across the Arctic and
pathways of the Atlantic and Pacific nutrients into and within the
Arctic Ocean, and therefore uncertainty in knowing how changes
in the global conveyor belt can impact Arctic ecosystems in the
future. The intrusion of the warm and nutrient-rich Atlantic and
Pacific waters in the Central Arctic ocean created favourable
conditions for non-Arctic species to propagate into the ocean.
The data on ocean hydrography and marine biogeochemistry
collected during the Arctic cruises and collaboration ones
(including MOSAiC - Multidisciplinary drifting Observatory for the
Key findings: Global

Poly and perfluorinated alkylated substances (PFAS), often
described as ‘forever chemicals’ because of their persistence in
the environment, are used in the manufacture of a wide range of
consumer products including non-stick cookware, waterproof
clothing, dental floss, carpets and food packaging. Several
perfluoroalkyl acids like perfluorooctane sulfonic acid (PFOS) and
perfluorooctanoic acid (PFOA) are known to be toxic, are present
in Arctic biota and have been subject to international restrictions.
Due to these restrictions, there are now numerous PFAS that serve
as replacement chemicals. One widely used replacement chemical
is ‘Gen-X’ or hexafluoropropylene oxide-dimer acid (HFPO-DA),
a high production volume chemical, which the CAO measured at
relatively high concentrations in the surface waters of the Fram
Strait. This demonstrates that this chemical is subject to long-range
environmental transport and is sufficiently persistent to reach the
Arctic. The total concentration of PFAS was significantly enriched
in the cold, low-salinity surface water exiting the Arctic through
the Fram Strait compared to warmer, high salinity water from the
North Atlantic entering the Arctic. This indicates that past and
ongoing atmospheric deposition is a major source of these
chemicals to the high Arctic, more so than oceanic transport
into the Arctic with surface currents.

Key findings: Global

Interactions between seawater and sea ice of persistent organic
pollutants, like PFAS, were investigated in both laboratory and field
experiments. Detailed field studies on the Barents Sea ice floes,
for example, revealed unique processing of PFAS contaminants
in the ice system, particularly their accumulation in the ice-rafted
snowpack and surface snow-ice layers. This work demonstrated
that meltwater release during periods of thaw can result in
extremely high PFAS concentrations in the beneath-ice seawater
(depth of 0.5 m), with concentrations akin to those observed in
coastal areas of the North Sea. Unlike some pesticides, melt-pond
water plays a relatively minor role in PFAS transfer to seawater. For
some contaminants, concentrations in the ice-brine were higher
than the beneath ice seawater; evidence of an enrichment process
during ice growth. This has implications of pollutant dynamics in
young, single season ice; the dominant ice type across large parts
of the Arctic Ocean. First year ice contains more mobile brine
which interacts with the overlying snowpack and can also
concentrate pollutants, meaning there may be greater focusing
of pollutants within ice in the future, with the likelihood of
‘pulse releases’ during periods of thaw. Chemical pollutants
like PFAAs are present in Arctic biota, although pathways and
seasonal fluctuations in exposure, particularly in marine systems,
are not fully resolved. Deleterious effects of PFAS exposure has
been reported for higher trophic level organisms such as Polar
Bear and several bird species. In contrast, adverse effects of PFAS
on selected benthic microbial communities was not detected
during sediment incubation studies. Pelagic polar bears had higher
pollutant loads than coastal bears because they feed on a higher
proportion of marine and higher trophic level prey; they have
higher energy requirements and higher prey consumption; they
forage in the marginal ice zones; and they feed on prey located
closer to pollutant emission sources and transport pathways.
The presence of these pollutants in the Arctic has unknown
implications for fisheries, but this highlights the need for global
efforts to reduce their use.
Dimethyl sulphide (DMS) and carbon monoxide (CO) are
potent greenhouse trace gases, and so their present and future
dynamics need to be considered in the production of carbon
budgets. CAO has demonstrated that ice melt will probably
increase CO concentrations in the surface ocean, while increasing
light availability and changes to the phytoplankton community
will probably increase both CO and DMS. Changes in bacterial
communities and ocean acidification will have unknown effects
to both, and will need further study as it is likely that bacterial
communities will show great changes with climate forcing.
Light is another pollutant relevant to the Arctic as the Polar
regions are the last pristine light habitats on the planet, meaning
the polar night is an ideal opportunity to study the effects of light
pollution from ships. Research into the effects on net sampling
biases in fish surveys is ongoing. Data show that normal working-light
from a ship may disrupt fish and zooplankton behaviour down to at
least 200 m depth across an area of >0.125 km2 around the ship.
Changes in levels of pollutants links with the changes to ocean
circulation, as their spread is affected. Contaminants from the land
spread across the Arctic shelf seas and in the central Arctic Ocean,
then into the North Atlantic and so can create substantial risk in
contaminating the mid-latitude oceans. The spread of pollutants
such as plastics should also be accounted for in ecosystem models
so the socio-economic impacts can be considered.
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Modelling
To model the Arctic Ocean system in a meaningful way
necessitates an in-depth and quantified understanding of key
aspects of the Arctic Ocean ecosystem and its biogeochemical
cycles. The understanding of the Arctic Ocean gained from
observational data contributes to the testing and development
of numerical models. These models simulate how the Arctic
Ocean will react to current and future change.
The 23 large-scale numerical models used in the
programme are diverse in terms of the spatial and temporal
scales they cover, the components of the marine system
they are aiming to replicate, and the research questions
they address. All are backed up by observational studies. For
example, a model called FESOM was used to simulate light
transmission through snow and sea ice, and CAO improved
accuracy through the introduction of 15 categories of ice
thickness instead of the previously used 7.
Given the strong connectivity of the Arctic with the
adjacent Atlantic and Pacific basins there is a need to account
for how global scale ocean dynamics drive Arctic change.
Accounting for the transport of heat, carbon and nutrients
into the Arctic from the Atlantic and Pacific requires global
scale models as this connectivity contributes strongly to
past and future trends 14. For this, the model used (NEMO
ORCA0083-MEDUSA-2 forced with DFS/ERA reanalysis)
included pan-Arctic and regional hydrography, nitratesnitrites levels, primary production, sea ice mass balances
and dynamics, surface ocean circulation including eddy and
mesoscale structure dynamics, and cross-Arctic connectivity.

Outputs

International Collaboration

1	Polimene, L. et al. Biological lability of terrigenous DOC increases CO2
outgassing across Arctic shelves. Biogeosciences (in Rev. (2022).

25	Tuerena, R. E. et al. Nitrate assimilation and regeneration in the Barents Sea:
insights from nitrogen isotopes. Biogeosciences (2020) doi:10.5194/bg-2020-293.

2	Faust, J. C. et al. Millennial scale persistence of organic carbon bound to iron in
Arctic marine sediments. Nat. Commun. (2021) doi:10.1038/s41467-020-20550-0.

26	de la Vega, C., Jeffreys, R. M., Tuerena, R. E., Ganeshram, R. & Mahaffey, C.
Temporal and spatial trends in marine carbon isotopes in the Arctic Ocean
and implications for food web studies. Glob. Chang. Biol. 25, 4116–4130 (2019).

3	Solan, M. et al. Climate-driven benthic invertebrate activity and
biogeochemical functioning across the Barents Sea polar front: Climate
driven benthic activity. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. (2020)
doi:10.1098/rsta.2019.0365.
4	Stroeve, J. et al. A Multi-Sensor and Modeling Approach for Mapping Light
Under Sea Ice During the Ice-Growth Season. Front. Mar. Sci. 7, 1253 (2021).
5	Veyssiere, G. et al. Under-Ice Light Field in the Western Arctic Ocean during
late Summer. Front. Earth Sci. (under review) (2022).
6	Castellani, G. et al. Shine a light: Under-ice light and it’s ecological
implications in a changing Arctic Ocean. Ambio (in press) (2022).

CAO participated on
48 research cruises
led by international
collaborators across
the world, worked
with other research
programmes (e.g.
MOSAiC, GEOTRACES),
and contributed to
international initiatives
(e.g. the Arctic
Monitoring Assessment
Programme).

7	Sakshaug, E. & Slagstad, D. Sea ice and wind: Effects on primary productivity in
the barents sea. Atmos. - Ocean (1992) doi:10.1080/07055900.1992.9649456.
8	Tremblay, J. É. et al. Vertical stability and the annual dynamics of nutrients
and chlorophyll fluorescence in the coastal, southeast Beaufort Sea.
J. Geophys. Res. Ocean. (2008) doi:10.1029/2007JC004547.
9	Reigstad, M., Wassmann, P., Wexels Riser, C., Øygarden, S. & Rey, F. Variations
in hydrography, nutrients and chlorophyll a in the marginal ice-zone and the
central Barents Sea. J. Mar. Syst. (2002) doi:10.1016/S0924-7963(02)00167-7.
10	Henley, S. F. et al. Nitrate supply and uptake in the Atlantic Arctic sea ice
zone: Seasonal cycle, mechanisms and drivers: Arctic shelf seasonal nitrate
dynamics. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. (2020) doi:10.1098/
rsta.2019.0361.
11	Buchanan, P. J., Tagliabue, A., de la Vega, C. & Mahaffey, C. Oceanographic
and biogeochemical drivers cause divergent trends in the nitrogen isoscape
in a changing Arctic Ocean. Ambio (2021) doi:10.1007/s13280-021-01635-6.
12	Tuerena, R. E. et al. Nitrate assimilation and regeneration in the Barents Sea:
Insights from nitrate isotopes. Biogeosciences (2021) doi:10.5194/bg-18-637-2021.
13	Von Jackowski, A., Grosse, J., Nöthig, E.-M. & Engel, A. Dynamics of organic
matter and bacterial activity in the Fram Strait during summer and autumn:
DOM and Bacteria in Fram Strait. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci.
(2020) doi:10.1098/rsta.2019.0366.
14	Buchanan, P. J., Aumont, O., Bopp, L., Mahaffey, C. & Tagliabue, A. Impact
of intensifying nitrogen limitation on ocean net primary production is
fingerprinted by nitrogen isotopes. Nat. Commun. 12, 1–9 (2021).
15	Aksenov, Y. et al. Safer operations in changing ice-covered seas: approaches
and perspectives. Nat. (in press) (2021) doi: https://doi.org/10.1007/978-3030-80439-8.
16	Lannuzel, D. et al. The future of Arctic sea ice biogeochemistry and iceassociated ecosystems. Nat. Clim. Chang. 10, 983–992 (2020).
17	Campbell, K., Matero, I. & Bellas, C. Monitoring a changing Arctic: Recent
advancements in the study of sea ice microbial communities. Ambio (in press).
(2022).
18	Price, E. L., Stern, R. F., Mahaffey, C., Castellani, C. & Jeffreys, R. M. Sensitivity
of plankton assemblages to hydroclimate variability in the Barents Sea.
Biogeosciences (submitted) (2021).
19	Campbell, K. et al. Widespread net heterotrophy in High Arctic first-year and
multi-year sea ice. Elem. Sci. Anthr. (in review), (2021).
20	Anderson, T. R., Hessen, D. O. & Mayor, D. J. Is the growth of marine copepods
limited by food quantity or quality? Limnol. Oceanogr. Lett. 6, 127–133 (2021).
21	Freer, J. J., Daase, M. & Tarling, G. A. Modelling the biogeographic boundary
shift of Calanus finmarchicus reveals drivers of Arctic Atlantification by
subarctic zooplankton. Glob. Chang. Biol. 00, 1–12 (2021).
22	Hobbs, L., Banas, N. S., Cottier, F. R., Berge, J. & Daase, M. Eat or sleep:
availability of winter prey explains mid-winter and early-spring activity in an
Arctic Calanus population. Front. Mar. Sci. 7, 1–14 (2020).
23	Fry, B., Anderson, R. K., Entzeroth, L., Bird, J. L. & Parker, P. L. C enrichment
and oceanic food web structure in the Northwestern Gulf of Mexico.
Contrib. Mar. Sci. (1984).
Johan C. Faust

12

International Collaboration

24	Heath, M. R. et al. Ecosystem approach to harvesting in the Arctic: Walking
the tightrope between exploitation and conservation in the Barents Sea.
Ambio 1–15 (2021) doi:10.1007/S13280-021-01616-9/TABLES/2.

Outputs

27	de la Vega, C. et al. Arctic seals as tracers of environmental and ecological
change. Limnol. Oceanogr. Lett. (2021) doi:10.1002/lol2.10176.
28	de la Vega, C. et al. Biomarkers in Ringed Seals Reveal Recent Onset of
Borealization in the High- Compared to the Mid-Latitude Canadian Arctic.
Front. Mar. Sci. 8, 1256 (2021).
29	Kelly, S. J., Popova, E. E., Aksenov, Y., Marsh, R. & Yool, A. They Came
From the Pacific: How Changing Arctic Currents Could Contribute to
an Ecological Regime Shift in the Atlantic Ocean. Earth’s Futur. (2020)
doi:10.1029/2019EF001394.
30	Rabe, B. et al. Overview of the MOSAiC expedition: Physical Oceanography.
Elem. (under review) (2021).
31	Smith, J. N. et al. A Changing Arctic Ocean: How Measured and Modeled 129I
Distributions Indicate Fundamental Shifts in Circulation Between 1994 and
2015. J. Geophys. Res. Ocean. 126, e2020JC016740 (2021).
32	Smith, J. N., Smethie, W. M. J. & Casacuberta, N. Synoptic 129I and CFC - SF6
transit time distribution (TTD) sections across the central Arctic Ocean
from the 2015. J. Geophys. Res. (in Rev. (2021).
33	Wefing, A.-M., Casacuberta, N., Christl, M., Gruber, N. & Smith, J. N. Circulation
timescales of Atlantic Water in the Arctic Ocean determined from
anthropogenic radionuclides. Ocean Sci. 17, 111–129 (2021).
34	MacKinnon, J. A. et al. A warm jet in a cold ocean. Nat. Commun. (2021)
doi:10.1038/s41467-021-22505-5.
35	Andersson, T. R. et al. Seasonal Arctic sea ice forecasting with probabilistic
deep learning. Nat. Commun. 12, 1–12 (2021).
36	Wilson, C. et al. Significant variability of structure and predictability of Arctic
Ocean surface pathways affects basin-wide connectivity. Commun. Earth
Environ. 2021 21 2, 1–10 (2021).
37	Landy, J. C. et al. Mapping Arctic Sea Ice Thickness: A New Method
for Improved Ice Freeboard Retrieval from Satellite Altimetry. (2021)
doi:10.1002/ESSOAR.10506919.2.
38	Landy, J. C. et al. CryoSat-2 summer sea ice thickness unlocks skilful Arctic
sea ice forecasts beyond the spring predictability barrier. Nat. (2021).
39	Solan, M., Archambault, P., Renaud, P. E. & März, C. The changing Arctic
Ocean: Consequences for biological communities, biogeochemical
processes and ecosystem functioning: Consequences of a changing Arctic
ocean. Philosophical Transactions of the Royal Society A: Mathematical,
Physical and Engineering Sciences (2020) doi:10.1098/rsta.2020.0266.
Aalto, N. J., Campbell, K., Eilertsen, H. C. & Bernstein, H. C. Drivers of
Atmosphere-Ocean CO2 Flux in Northern Norwegian Fjords. Front. Mar. Sci. 8,
841 (2021).
Anderson, T. R. et al. Geometric Stoichiometry: Unifying Concepts of Animal
Nutrition to Understand How Protein-Rich Diets Can Be “Too Much of a Good
Thing”. Front. Ecol. Evol. 8, 1–12 (2020).
Anderson, T. R., Hessen, D. O., Boersma, M., Urabe, J. & Mayor, D. J. Will
Invertebrates Require Increasingly Carbon-Rich Food in a Warming World?
Am. Nat. 190, 000–000 (2017).
Angelopoulos, M. et al. Thermokarst Lake to Lagoon Transitions in Eastern
Siberia: Do Submerged Taliks Refreeze? J. Geophys. Res. Earth Surf. 125,
e2019JF005424 (2020).
Anhaus, P. et al. Snow Depth Retrieval on Arctic Sea Ice Using Under-Ice
Hyperspectral Radiation Measurements. Earth Sci. - Cryospheric Sci. (in Rev.)
(2022).
Babin, M. et al. Pushing the frontier of knowledge on light in and under sea ice,
from micro- to large scale. (in prep).
Banas, N. S. et al. Reconciling Behavioural, Bioenergetic, and Oceanographic
Views of Bowhead Whale Predation on Overwintering Copepods at an
Arctic Hotspot (Disko Bay, Greenland). Front. Mar. Sci. (2021) doi:10.3389/
fmars.2021.614582.
Barth, N. Olaf Otto Becker: Siberian Summer. (Hatje Cantz, 2020).
Barton, B. I., Lenn, Y.-D. & Lique, C. Observed Atlantification of the Barents
Sea Causes the Polar Front to Limit the Expansion of Winter Sea Ice. J. Phys.
Oceanogr. 48, 1849–1866 (2018).

13

 arton, B. I., Lique, C. & Lenn, Y. D. Water Mass Properties Derived From Satellite
B
Observations in the Barents Sea. J. Geophys. Res. Ocean. 125, e2019JC015449
(2020).
Bass, D. et al. Parasites, pathogens, and other symbionts of copepods. Trends in
Parasitology (2021) doi:10.1016/j.pt.2021.05.006.
 enkort, D., Daewel, U., Heath, M. & Schrum, C. On the Role of Biogeochemical
B
Coupling Between Sympagic and Pelagic Ecosystem Compartments for Primary
and Secondary Production in the Barents Sea. Front. Environ. Sci. 8, 217 (2020).
Berge, J. et al. Artificial light during the polar night disrupts Arctic fish and
zooplankton behaviour down to 200 m depth. Commun. Biol. (2020)
doi:10.1038/s42003-020-0807-6.
Berge, J., Johnsen, G. & Cohen, J. H. POLAR NIGHT Marine Ecology: Life and
Light in the Dead of Night. (Springer, 2021).
Blévin, P. et al. Pelagic vs Coastal - Key Drivers of Pollutant Levels in Barents Sea
Polar Bears with Contrasted Space-Use Strategies. Environ. Sci. Technol. 54,
985–995 (2020).
Bonnet-Lebrun, A.-S. et al. Cold comfort: Arctic seabirds find refugia from
climate change and potential competition in marginal ice zones and fjords.
Ambio 2021 1–10 (2021) doi:10.1007/S13280-021-01650-7.
Bonnet-Lebrun, A.-S. et al. Effects of competitive pressure and habitat
heterogeneity on niche partitioning between Arctic and boreal congeners.
Sci. Reports 2021 111 11, 1–8 (2021).
 onnet-Lebrun, A.-S., Larsen, T. & Ratcliffe, N. Habitat preferences of common
B
and Brunnich’s guillemots across the North Atlantic. (in prep).
 ouman, H. A., Jackson, T., Sathyendranath, S. & Platt, T. Vertical structure in
B
chlorophyll profiles: Influence on primary production in the Arctic Ocean:
Vertical Structure in Arctic Chlorophyll. Philos. Trans. R. Soc. A Math. Phys. Eng.
Sci. (2020) doi:10.1098/rsta.2019.0351.

Downes, P. P. et al. Phosphorus dynamics in the Barents Sea. Limnol. Oceanogr.
(2021) doi:10.1002/lno.11602.

Hobbs, L. et al. A marine zooplankton community vertically structured by light
across diel to interannual timescales. Biol. Lett. 17, (2021).

Edwards, M. et al. North Atlantic warming over six decades drives decreases in
krill abundance with no associated range shift. Commun. Biol. (2021) doi:10.1038/
s42003-021-02159-1.

Hobbs, L., Cottier, F. R., Last, K. S. & Berge, J. Pan-Arctic diel vertical migration
during the polar night. Mar. Ecol. Prog. Ser. 605, 61–72 (2018).

Edwards, M., Beaugrand, G., Kleparski, L., Helaouet, P. & Reid, P. C. Atlantic
Multidecadal Variability and diatom abundance. Nat. Clim. Chang. (2022).

Hopkins, F. E. et al. The impacts of ocean acidification on marine trace gases
and the implications for atmospheric chemistry and climate. Proceedings. Math.
Phys. Eng. Sci. 476, (2020).

Engel, A. et al. Inter-annual variability of organic carbon concentrations in the
eastern Fram Strait during summer (2009-2017). Front. Mar. Sci. 6, 1–17 (2019).

Hoppe, C. J. M. et al. Mixed layer depth and its control on spring bloom
dynamics in Kongsfjorden, Svalbard. Global Biogeochem. Cycles (2021).

E ngel, A., Endres, S., Galgani, L. & Schartau, M. Marvelous Marine Microgels: On
the Distribution and Impact of Gel-Like Particles in the Oceanic Water-Column.
Front. Mar. Sci. 7, (2020).

Huntington, H. P. et al. Societal implications of a changing Arctic Ocean.
Ambio 2021 1–9 (2021) doi:10.1007/S13280-021-01601-2.

Ershova, E. A. et al. Sea ice decline drives biogeographical shifts of key Calanus
species in the central Arctic Ocean. Glob. Chang. Biol. (2021) doi:10.1111/gcb.15562.
Fadeev, E. et al. Submesoscale physicochemical dynamics directly shape
bacterioplankton community structure in space and time. Limnol. Oceanogr. 66,
2901–2913 (2021).
Faust, J. C. et al. Does Arctic warming reduce preservation of organic matter
in Barents Sea sediments?: Barents Sea surface sediment composition. Philos.
Trans. R. Soc. A Math. Phys. Eng. Sci. (2020) doi:10.1098/rsta.2019.0364.
F ilella Lopez de Lamadrid, A., Engel, A., Filella Lopez de Lamadrid, A. & Engel, A.
Microbial responses to the release of DOC by sea ice and glacier melting in the
East Greenland System. EGUGA 10718 (2020).
Fisher, B. J., Faust, J. C., Moore, O. W., Peacock, C. L. & März, C. Technical note:
Uncovering the influence of methodological variations on the extractability of
iron-bound organic carbon. Biogeosciences 18, 3409–3419 (2021).

 uchanan, P. J., Tuerena, R. E., Tagliabue, A. & Mahaffey, C. How Nutritious Will
B
the Future Arctic Ocean Be? Front. Young Minds 8, (2020).

F isher, B. J., Moore, O. W., Faust, J. C., Peacock, C. L. & März, C. Experimental
evaluation of the extractability of iron bound organic carbon in sediments
as a function of carboxyl content. Chem. Geol. (2020) doi:10.1016/j.
chemgeo.2020.119853.

Campbell, K. et al. Melt procedure affects the photosynthetic response of sea
ice algae. Front. Earth Sci. 7, 21 (2019).

Flores, H. et al. Autonomous zooplankton profiler reveals high-Arctic
zooplankton dynamics during the polar night. (in prep).

 ampbell, K., Matero, I. & Bellas, C. Perspectives on the study of sea ice microbial
C
communities in a changing Arctic. Ambio (under review)

F lorindo-López, C., Bacon, S., Aksenov, Y. & Holliday, N. P. Arctic Ocean and
Hudson Bay freshwater exports: New estimates from seven decades of
hydrographic surveys on the Labrador Shelf. J. Clim. 33, 8849–8868 (2020).

 ampen, H. et al. The role of a changing Arctic Ocean and climate for the
C
biogeochemical cycling of dimethyl sulphide and carbon monoxide. Ambio 1, (2021).
Campen, H. I. & Bange, H. W. Tiny But Powerful: How Tiny Amounts of Certain Gases
Can Make a Big Difference in the Earth’s Climate. Front. Young Minds 9, (2021).
Carter-Gates, M. et al. Implications of increasing Atlantic influence for Arctic
microbial community structure. Sci. Rep. (2020) doi:10.1038/s41598-020-76293-x.
 astellani, C., Altunbaş, Y., Stern, R., Helaouet, P. & Edwards, M. Ocean warming
C
shortens the residence time of boreal zooplankton. Nat. Clim. Chang. (2022).
Castellani, G. et al. Freezing in the Sun. Front. Young Minds 8, (2020).
Castellani, G. et al. Large-Scale Variability of Physical and Biological Sea ice
Properties in Polar Oceans. Front. Mar. Sci. 7, (2020).
 astellani, G., Veyssiere, G., Wilkinson, J. P. & Karcher, M. Monitoring and
C
modeling ecosystems in ice-covered regions: recent advancements and
challenges for the future. (in prep).
 harette, M. A. et al. The Transpolar Drift as a Source of Riverine and ShelfC
Derived Trace Elements to the Central Arctic Ocean. J. Geophys. Res. Ocean. 125,
e2019JC015920 (2020).
Coguiec, E. et al. Seasonal variability in the zooplankton community structure in a
sub-Arctic fjord as revealed by morphological and molecular approaches. (in Rev.)
 ohen, J. H. et al. Arctic twilight entrains visual sensitivity and behavioral
C
rhythms in krill. PLoS ONE (2022).
 ohen, J. H., Last, K. S., Waldie, J. & Pond, D. W. Loss of buoyancy control in the
C
copepod Calanus finmarchicus. J. Plankton Res. (2019) doi:10.1093/plankt/fbz036.
 rabeck, O., Campbell, K., Moreau, S. & Thomas, M. The Movement of CO2
C
Through the Frozen World of Sea Ice. Front. Young Minds 8, (2021).
Daase, M. et al. New insights into the biology of Calanus spp. (Copepoda) males
in the Arctic. Mar. Ecol. Prog. Ser. 607, 53–69 (2018).
 affaud, C., Gosselin, M., Lange, B. A. & Campbell, K. L. Structure and function
D
of microbial communities in spring first-year and multiyear sea ice from the
Lincoln Sea. Elem. Sci. Anthr. (under review) (2022).
Descôteaux, R. et al. Meroplankton Diversity, Seasonality and Life-History
Traits Across the Barents Sea Polar Front Revealed by High-Throughput DNA
Barcoding. Front. Mar. Sci. (2021) doi:10.3389/fmars.2021.677732.

14

F ragoso, G. M., Johnsen, G., Chauton, M. S., Cottier, F. R. & Ellingsen, I.
Phytoplankton community succession and dynamics using optical approaches.
Cont. Shelf Res. (2021) doi:10.1016/j.csr.2020.104322.
F reer, J. J. & Hobbs, L. DVM: The World’s Biggest Game of Hide-and-Seek. Front.
Young Minds 8, (2020).
F reitas, F. S. et al. Benthic-pelagic coupling in the Barents Sea: an integrated
data-model framework. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. (2020)
doi:10.1098/rsta.2019.0359.
Fuchs, M. et al. High-resolution bathymetry models for the Lena Delta and
Kolyma Gulf coastal zones. Earth Syst. Sci. Data (under review) (2022).
Fuchs, M. et al. Rapid Fluvio-Thermal Erosion of a Yedoma Permafrost Cliff in
the Lena River Delta. Front. Earth Sci. 8, 336 (2020).

Hüppe, L. et al. Evidence for oscillating circadian clock genes in the copepod
Calanus finmarchicus during the summer solstice in the high Arctic. Biol. Lett.
(2020) doi:10.1098/rsbl.2020.0257.
Hwang, B. (Phil) et al. Impacts of climate change on Arctic sea ice. MCCIP Sci.
Rev. 2020, 208–227 (2020).
International Cryosphere Climate Initiative. State of the Cryosphere 2021 –
A Needed Decade of Urgent Action. http://iccinet.org/statecryo21/ (2021).
IPCC. Climate Change 2021: The Physical Science Basis. Contribution of Working
Group 1 to the Sixth Assessment report of the Intergovernmental Panel on
Climate Change. (Cambridge University Press) (in press).
Javidpour, J., Molinero, J. C., Ramírez-Romero, E., Roberts, P. & Larsen,
T. Cannibalism makes invasive comb jelly, Mnemiopsis leidyi, resilient to
unfavourable conditions. Commun. Biol. 2020 31 3, 1–7 (2020).
Jenrich, M. et al. Thermokarst Lagoons: A Core-Based Assessment of
Depositional Characteristics and an Estimate of Carbon Pools on the Bykovsky
Peninsula. Front. Earth Sci. 9, 518 (2021).
Joerss, H. et al. Transport of Legacy Perfluoroalkyl Substances and the
Replacement Compound HFPO-DA through the Atlantic Gateway to the Arctic
Ocean-Is the Arctic a Sink or a Source? Environ. Sci. Technol. 54, 9958–9967
(2020).
Jongejans, L. L. et al. n-Alkane Characteristics of Thawed Permafrost Deposits
Below a Thermokarst Lake on Bykovsky Peninsula, Northeastern Siberia. Front.
Environ. Sci. 8, 118 (2020).
Juhls, B. et al. Identifying Drivers of Seasonality in Lena River Biogeochemistry
and Dissolved Organic Matter Fluxes. Front. Environ. Sci. 8, 53 (2020).
Karcher, M., Dodd, P. A., Kauker, F., Sumata, H. & Hattermann, T. The history of
Pacific Water transport through the Arctic Ocean 1980-2020. (in prep).
Katlein, C. et al. Platelet Ice Under Arctic Pack Ice in Winter. Geophys. Res. Lett.
47, e2020GL088898 (2020).
Katlein, C., Arndt, S., Belter, H. J., Castellani, G. & Nicolaus, M. Seasonal Evolution
of Light Transmission Distributions Through Arctic Sea Ice. J. Geophys. Res.
Ocean. 124, 5418–5435 (2019).
Katlein, C., Valcic, L., Lambert-Girard, S. & Hoppmann, M. New insights into
radiative transfer within sea ice derived from autonomous optical propagation
measurements. Cryosphere 15, 183–198 (2021).

Garnett, J. et al. High Concentrations of Perfluoroalkyl Acids in Arctic Seawater
Driven by Early Thawing Sea Ice. Environ. Sci. Technol. 55, 11049–11059 (2021).

Kelly, S. J., Proshutinsky, A., Popova, E. K., Aksenov, Y. K. & Yool, A. On the Origin
of Water Masses in the Beaufort Gyre. J. Geophys. Res. Ocean. 124, 4696–4709
(2019).

Garnett, J. et al. Investigating the Uptake and Fate of Poly- and
Perfluoroalkylated Substances (PFAS) in Sea Ice Using an Experimental Sea Ice
Chamber. Environ. Sci. Technol. 55, 9601–9608 (2021).

Kershaw, J. L. et al. Compound specific isotope analyses of harp seal teeth: tools
for trophic ecology reconstruction. Mar. Ecol. Prog. Ser. (2021) doi:10.3354/
meps13867.

Garnett, J. et al. Mechanistic Insight into the Uptake and Fate of Persistent
Organic Pollutants in Sea Ice. Environ. Sci. Technol. 53, 6757–6764 (2019).

Kohlbach, D. et al. Fatty acids and stable isotope signatures of first-year and
multiyear sea ice in the Canadian High Arctic. Elementa 8, (2020).

Grigor, J. J. et al. Non-carnivorous feeding in Arctic chaetognaths. Prog. Oceanogr.
186, 102388 (2020).

Kostakis, I. et al. Development of a bio-optical model for the Barents Sea to
quantitatively link glider and satellite observations: A bio-optical model for the
Barents Sea. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. (2020) doi:10.1098/
rsta.2019.0367.

 rosse, J., Endres, S. & Engel, A. Ocean acidification modifies biomolecule
G
composition in organic matter through complex interactions. Sci. Rep. 10, (2020).
Grosse, J., Nöthig, E. M., Torres-Valdés, S. & Engel, A. Summertime Amino Acid
and Carbohydrate Patterns in Particulate and Dissolved Organic Carbon Across
Fram Strait. Front. Mar. Sci. 8, 831 (2021).
Haugk, C. et al. Organic matter characteristics using lipid biomarker analysis of a
rapidly eroding permafrost cliff. Front. (under review).
 ayward, A. G. & Grigor, J. J. The Bottom of the Arctic’s Food Web Is of Top
H
Importance. Front. Young Minds 8, (2020).
Heath, M. R. et al. How Is Climate Change Affecting Marine Life in the Arctic?
Front. Young Minds 8, (2020).

Outputs

Lampe, V., Nöthig, E.-M. & Schartau, M. Spatio-Temporal Variations in
Community Size Structure of Arctic Protist Plankton in the Fram Strait. Front.
Mar. Sci. 7, 1–18 (2021).
Landy, J. C. et al. Improved Arctic Sea Ice Freeboard Retrieval from Satellite
Altimetry Using Optimized Sea Surface Decorrelation Scales. J. Geophys. Res.
(in press) (2021) doi:10.1002/essoar.10506919.2.
Landy, J. C., Tsamados, M. & Scharien, R. K. A Facet-Based Numerical Model for
Simulating SAR Altimeter Echoes from Heterogeneous Sea Ice Surfaces. IEEE
Trans. Geosci. Remote Sens. 57, 4164–4180 (2019).

Outputs

Lange, B. A. et al. Contrasting Ice Algae and Snow-Dependent Irradiance
Relationships Between First-Year and Multiyear Sea Ice. Geophys. Res. Lett. 46,
10834–10843 (2019).
Larsen, T. & Vane, K. Deep investigation of diet and nutrition across time and
space with δ13C analysis of amino acids. (in prep).
Larsen, T., Bonnet-Lebrun, A.-S., Roberts, P. & Ratcliffe, N. Exploitation of benthic and
pelagic resources differ between Arctic and Boreal sympatric seabirds. (in prep).
Larsen, T., Hansen, T. & Dierking, J. Characterizing niche differentiation among
marine consumers with amino acid δ13C fingerprinting. Ecol. Evol. 10, 7768–7782
(2020).
Larsen, T., Ratcliffe, N., Bonnet-Lebrun, A.-S. & Roberts, P. Niche differentiation in
marine Icelandic food webs. (in prep).
Laverick, J. H., Speirs, D. C. & Heath, M. R. Synthetic shelf sediment maps for the
Greenland Sea and Barents Sea. Geosci. Data J. (in Rev).
Lenn, Y.-D., Fer, I., Timmermans, M.-L. & MacKinnon, J. A. Mixing in the Arctic
Ocean. in Ocean Mixing (eds. Naivera Garabato, A. & Meredith, M.) 275–299
(Elsevier, 2022). doi:10.1016/B978-0-12-821512-8.00018-9.
Luneva, M. V. et al. Hotspots of Dense Water Cascading in the Arctic Ocean:
Implications for the Pacific Water Pathways. J. Geophys. Res. Ocean. 125,
e2020JC016044 (2020).
Mann, P. et al. Global importance of degrading permafrost river catchments on
Arctic Ocean nearshore waters. Ambio (under review) (2022).
Mann, P., Strauss, J. & Palmtag, J. Degrading permafrost river catchments and
their impact on Arctic Ocean nearshore processes. Ambio (in press) (2022).
März, C. et al. Biogeochemical consequences of a changing Arctic shelf seafloor
ecosystem. Ambio 1–13 (2021) doi:10.1007/S13280-021-01638-3/FIGURES/4.
Mayor, D. J., Sommer, U., Cook, K. B. & Viant, M. R. The metabolic response of a
marine copepod (Calanus spp.) to food deprivation and end-of century ocean
acidification and global warming scenarios: an untargeted metabolomics study.
in (in press). Environmental Metabolomics: Approaches, Challenges and Future
Perspectives. (Springer).
Nicolaus, M. et al. Overview of the MOSAiC expedition – Snow and Sea Ice.
Elem. Sci. Anthr. (under review) (2022).
Nitzbon, J. et al. Fast response of cold ice-rich permafrost in northeast Siberia
to a warming climate. Nat. Commun. (2020) doi:10.1038/s41467-020-15725-8.
Nöthig, E.-M. et al. Summertime plankton ecology in Fram Strait—a compilation
of long- and short-term observations. Polar Res. 34, 23349 (2015).
Orkney, A., Davidson, K., Mitchell, E., Henley, S. F. & Bouman, H. A. Comparing
approaches to define and detect Phytoplankton Functional Types in a
productive Arctic shelf sea. Limnol. Oceanogr. (in Rev. (2022).
Orkney, A., Platt, T., Narayanaswamy, B. E., Kostakis, I. & Bouman, H. A. Bio-optical
evidence for increasing Phaeocystis dominance in the Barents Sea: Increasing
Phaeocystis in Barents Sea. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. (2020)
doi:10.1098/rsta.2019.0357.
Palmtag, J. et al. Seasonal methane and carbon dioxide emissions from the
coastal nearshore of the Kolyma river, Siberia. Geophys. Res. Lett. (2022).
Patterson, A., Bonnet-Lebrun, A.-S., Ratcliffe, N. & Elliott, K. H. Foraging range
scales with seabird colony size. (in prep).
Payton, L. et al. Daily transcriptomes of the copepod Calanus finmarchicus
during the summer solstice at high Arctic latitudes. Sci. Data (2020) doi:10.1038/
s41597-020-00751-4.
Payton, L. et al. Deep sequencing of the annual transcriptome of the copepod
Calanus finmarchicus. SciData (submitted) (2022).
Payton, L. et al. Widely rhythmic transcriptome in Calanus finmarchicus
during the high Arctic summer solstice period. iScience (2021) doi:10.1016/j.
isci.2020.101927.
Petrova, M. V. et al. Mercury species export from the Arctic to the Atlantic
Ocean. Mar. Chem. 225, 103855 (2020).
Piontek, J., Galgani, L., Nöthig, E. M., Peeken, I. & Engel, A. Organic matter
composition and heterotrophic bacterial activity at declining summer sea ice in
the central Arctic Ocean. Limnol. Oceanogr. 66, S343–S362 (2021).
Polyakov, I. V. et al. Eastern Arctic Ocean Diapycnal Heat Fluxes through Large
Double-Diffusive Steps. J. Phys. Oceanogr. 49, 227–246 (2019).
Polyakov, I. V. et al. Intensification of Near-Surface Currents and Shear in the
Eastern Arctic Ocean. Geophys. Res. Lett. 47, e2020GL089469 (2020).
Polyakov, I. V. et al. Weakening of cold halocline layer exposes sea ice to oceanic
heat in the eastern arctic ocean. J. Clim. 33, 8107–8123 (2020).

15

Porter, M. et al. A Polar Surface Eddy Obscured by Thermal Stratification.
Geophys. Res. Lett. (2020) doi:10.1029/2019GL086281.

Steiner, N. S. et al. Climate change impacts on sea ice ecosystems and
associated ecosystem services. Elem. Sci. Anthr. 9, (2021).

Outreach

Pörtner, H.-O. et al. IPCC Special Report on the Ocean and Cryosphere in a
Changing Climate.

Stevenson, M. A. et al. Transformation of organic matter in a Barents Sea
sediment profile: Coupled geochemical and microbiological processes:
Sediment organic matter transformation. Philos. Trans. R. Soc. A Math. Phys.
Eng. Sci. (2020) doi:10.1098/rsta.2020.0223.

Outreach is vital to ensure research has the necessary impact. CAO
sought diverse audiences to share the exciting methodology and
results with, including people of all ages and backgrounds. Here are
some of the highlights.

X	Event appearances have also been numerous, with exhibitions
such as ‘Permafrost in Transition’ that bring the Arctic closer to
home. CAO researchers attended science, music, and culture
festivals to showcase their work.

X	Scientists published a series of 19 articles in the youth-reviewed
journal Frontiers for Young Minds, aimed at those aged 8-15
years. The special issue has already received over 100,000
views. View it here: https://bit.ly/cao-fym.

X	Appearances in the news, on TV and on podcasts have been
frequent. Investigators worked with experienced science
journalists to produce a radio documentary for the BBC
World Service “Discovery” programme. Collaboration with
Interdependent Pictures created the documentary ‘Into the
Dark’, and collaboration with Vox brought a series of films. See
them here: https://bit.ly/cao-youtube.

Priou, P. et al. Dense mesopelagic sound scattering layer and vertical
segregation of pelagic organisms at the Arctic-Atlantic gateway during the
midnight sun. Prog. Oceanogr. 196, 102611 (2021).
Prowe, A. E. F., Nejstgaard, J. C. & Schartau, M. Intraguild predation and food
web structure affect ecosystem functioning in models of observed Arctic
plankton communities. Limnol. Oceanogr.
Reed, A. J., Godbold, J. A., Grange, L. J. & Solan, M. Growth of marine ectotherms
is regionally constrained and asymmetric with latitude. Glob. Ecol. Biogeogr. 30,
578–589 (2021).
Reed, A. J., Godbold, J. A., Solan, M. & Grange, L. J. Invariant Gametogenic
Response of Dominant Infaunal Bivalves From the Arctic Under Ambient and
Near-Future Climate Change Conditions. Front. Mar. Sci. 8, 122 (2021).
Reed, A. J., Godbold, J. A., Solan, M. & Grange, L. J. Reproductive traits and
population dynamics of benthic invertebrates indicate episodic recruitment
patterns across an Arctic polar front. Ecol. Evol. 11, 6900–6912 (2021).
Reed, A. J., Tuerena, R. E., Archambault, P. & Solan, M. Editorial: Biogeochemical
Consequences of Climate-Driven Changes in the Arctic. Front. Environ. Sci. 9,
150 (2021).
Rees, A. P. et al. Nitrous oxide and methane in a changing Arctic Ocean. Ambio
1–13 (2021) doi:10.1007/S13280-021-01633-8/TABLES/2.
Renaud, P. E. et al. Pelagic food-webs in a changing Arctic: A trait-based
perspective suggests a mode of resilience. ICES J. Mar. Sci. (2018) doi:10.1093/
icesjms/fsy063.
Reppas-Chrysovitsinos, E., Townhill, B. L., Birchenough, S. N. R., Samson, R. & Halsall,
C. Assessing the bioaccumulation of organic contaminants along an Arctic marine
food web using an ecosystem modeling tool. Ambio (under review) (2022).
Rippeth, T. et al. The increasing prevalence of high frequency internal waves in
an rctic ocean with declining sea ice cover. Proc. Int. Conf. Offshore Mech. Arct.
Eng. - OMAE 7B-2019, (2019).
Robson, J. et al. The Evaluation of the North Atlantic Climate System in UKESM1
Historical Simulations for CMIP6. J. Adv. Model. Earth Syst. 12, e2020MS002126
(2020).
Rokitta, S. D., Grossmann, C., Werner, E., Moye, J. & Castellani, G. For Phaeocystis
pouchetii, the anticipated temperature increases will be a stronger driver of
biogeochemical responses than changing light or increasing pCO2. (in prep).

Sanders, T. et al. Rapid changes in the Arctic increase the nutrient input from
thawing permafrost to the nearshore area of the Arctic Ocean. Ambio (under
review) (2022).
Sanders, T., Fiencke, C. & Fuchs, M. Seasonal Nitrogen Fluxes of the Lena River
Delta. Ambio (in press) (2022).
Schulz, K. et al. On the Along-Slope Heat Loss of the Boundary Current in the
Eastern Arctic Ocean. J. Geophys. Res. Ocean. 126, e2020JC016375 (2021).
Schulz, K. et al. Turbulent Mixing and the Formation of an Intermediate
Nepheloid Layer Above the Siberian Continental Shelf Break. Geophys. Res. Lett.
48, e2021GL092988 (2021).

Tarling, G. A. et al. Can a key boreal Calanus copepod species now complete its
life-cycle in the Arctic? Evidence and implications for Arctic food-webs. Ambio
(in press) (2022).
Tedesco, L. et al. Insights into the functioning of sea ice biogeochemistry. (in prep).
Thomas, D. N. Arctic Ecology. Arct. Ecol. (2021) doi:10.1002/9781118846582.
Thomas, M. et al. Tracer Measurements in Growing Sea Ice Support Convective
Gravity Drainage Parameterizations. J. Geophys. Res. Ocean. 125, e2019JC015791
(2020).
Townhill, B. L. et al. Multiple stressors affecting the Arctic Ocean – Assessment
strategies, implications for pollutants and ecosystem services. Ambio (under
review) (2022).

X	CAO created ‘Challenge Cards’, a stat-based game of the Arctic
organisms
X	Many freely-available resources have been designed and
distributed, including activity sheets and posters for children
(below), GCSE and A-level resources, for teens and young
adults, and infographics for the general public.

X	All were involved in school visits, social media promotions, or
enjoyed giving talks to the public.

Townhill, B. L., Reppas-Chrysovitsinos, E. & Sühring, R. Pollution in the Arctic
Ocean: An overview of multiple pressures and implications for ecosystem
services. Ambio (in press) (2022).
Tuerena, R. E. et al. Nitrogen and phosphorus pathways and their susceptibility
to past and future change in the Eurasian Arctic Ocean. Ambio (under review)
(2022).
Tuerena, R. E., Hopkins, J. & Buchanan, P. J. An Arctic Strait of two halves: the
changing dynamics of nutrient uptake and limitation across the Fram Strait.
Glob. Biogeochem. Cycles (under review) (2021).
Tuerena, R. E., Mahaffey, C. & Henley, S. F. Nutrient pathways and their
susceptibility to past and future change in the Eurasian Arctic Ocean. Ambio
(in press) (2022).
Vredenborg, M., Rabe, B. & Torres-Valdès, S. Advective pathways of nutrients and
key ecological substances in the Arctic. EGU21 (2021) doi:10.5194/EGUSPHEREEGU21-15538.
Wetterich, S. et al. The cryostratigraphy of the Yedoma cliff of Sobo-Sise Island
(Lena delta) reveals permafrost dynamics in the central Laptev Sea coastal
region during the last 52 kyr. Cryosphere 14, 4525–4551 (2020).
Weydmann-Zwolicka, A. et al. Zooplankton and sediment fluxes in two
contrasting fjords reveal Atlantification of the Arctic. Sci. Total Environ. (2021)
doi:10.1016/j.scitotenv.2021.145599.

Holly Jenkins

Rynders, S., Akesenov, Y. & Kozlov, I. Eddy statistics validation of an ORCA12
ocean and sea ice model for the Arctic with satellite data. EGU Gen. Assem.
8445 (2020).

Stücheli, P. E., Larsen, T., Wehrli, B. & Schubert, C. J. Amino acid and chlorin
based degradation indicators in freshwater systems. Geochim. Cosmochim.
Acta 304, 216–233 (2021).

Yool, A. et al. Evaluating the physical and biogeochemical state of the global ocean
component of UKESM1 in CMIP6 historical simulations. Geosci. Model Dev. (2021)
doi:10.5194/gmd-14-3437-2021.
Zäncker, B., Engel, A., Castellani, G. & Cunliffe, M. Marine microbial life in the
changing Arctic. Ambio (under review) (2022).
For an up-to-date list of publications, please see our website by scanning the
QR code or following this link
https://www.changing-arctic-ocean.ac.uk/science-outputs/publications/.

Shin, R., Ebinghaus, R., Ratcliffe, N. & Larsen, T. High concentrations of long-chain
legacy polyfluoroalkyl substances in Arctic seabirds. (in prep).
Skogseth, R. et al. Variability and decadal trends in the Isfjorden (Svalbard)
ocean climate and circulation – An indicator for climate change in the European
Arctic. Prog. Oceanogr. (2020) doi:10.1016/j.pocean.2020.102394.
Sloughter, T. M., Banas, N. S. & Sambrotto, R. N. Seasonal variation in light
response of polar phytoplankton. J. Mar. Syst. 191, 64–75 (2019).
Smout, S. et al. Report of the NAMMCO-ICES Workshop on Seal Modelling
(WKSEALS 2020). NAMMCO Sci. Publ. (2021) doi:10.7557/3.5794.
Solomon, A. et al. Freshwater in the Arctic Ocean 2010-2019. Ocean Sci. 17,
1081–1102 (2021).

16

Holly Jenkins

Souster, T. A., Barnes, D. K. A. & Hopkins, J. Variation in zoobenthic blue
carbon in the Arctic’s Barents Sea shelf sediments: Blue carbon storage in
Arctic benthos. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. (2020) doi:10.1098/
rsta.2019.0362.

Outputs

Outreach

17

Scientists

Professor Tom Anderson

Co-investigator

Elaine Mitchell

Dr Tom Brown

Co-investigator

Elliott Price

PhD student

Margot Debyser

Affiliated PhD student

Co-investigator

Emma Burns

PhD student

Maria Braender

Affiliated PhD student

Technician

Nahid Welteke

Dr Adam Reed

Postdoctoral researcher

Dr Gennadi Lessin

Researcher

Dr Maria Luneva

Co-investigator

Dr Aidan Hunter

Postdoctoral researcher

Dr Geoffrey Abbott

Co-investigator

Dr Marie Porter

Post-doctoral researcher

Professor George Wolff

Co-investigator

Professor Mark Inall

Co-investigator

Professor Geraint Tarling

Co-investigator

Dr Mark Stevenson

Post-doctoral researcher

Dr Yevgeny Aksenov

Professor
Dr Gesine Mollenhauer

Co-investigator

Dr Mark Zindorf

Affiliated researcher

Dr Yueng-Djern Lenn

Dr Markus Janout

Co-lead investigator

Dr Yuri Artioli

Co-investigator

Henry Burgess

Co-investigator

Hollie Ball

Professor
Alessandro Tagliabue

Co-investigator

Professor Alexandre Anesio

Co-investigator

Dr Allyson Tessin

Post-doctoral researcher

Dr Andy Heath
Professor Andrew Brierley

Co-investigator

Dr Giulia Castellani

Co-investigator

Dr Glen Tarran

Dr Andrew Rees

Co-lead investigator

Dr Andrew Yool

Co-investigator

Professor Dr Anja Engel

Co-lead investigator

Co-lead investigator
Researcher

Professor Dr Guido Grosse
Dr Hauke Flores

Co-investigator
Co-lead investigator

Co-investigator

Alexander Hayward

Dr Martin Graeve

Co-investigator

Alice Lowry

Professor Martin Solan

Co-investigator

Anabel von Jackowski

Professor Martyn Tranter

Co-investigator

Dr Matthew Cobain

Postdoctoral researcher

Dr Matthias Fuchs

Postdoctoral researcher

Co-lead investigator

Dr Helen Parry

Dr Anne Sophie
Bonnet Lebrun

Postdoctoral researcher

Professor
Dr Hermann Bange

Professor
Anya Waite

Member Advisory Group

Dr Hiroshi Sumata

Co-investigator

Professor Ian Head

Co-investigator

Dr Michael Cunliffe

Co-lead investigator

Postdoctoral researcher

Dr Michael Karcher

Co-investigator

Co-investigator

Dr Mike Bedington

Postdoctoral researcher

Dr Ben Lincoln

Postdoctoral researcher

Dr Ben Ward

Co-investigator

Dr Jack Landy
Dr Jack Laverick

Dr Benjamin Rabe

Co-lead investigator

Dr Jacqueline Maud

Professor
Dr Bettina Meyer

Co-lead investigator

Dr James France

Dr Birthe Zäncker

Postdoctoral researcher

Dr James Grecian

Dr C.J. Mundy

Member Advisory Group

Professor Jan Kaiser
Dr Jasmin Godbold

Dr Callum Whyte

Technician

Professor Mike Heath

Co-lead investigator

Technician

Dr Myriel Vredenborg

Postdoctoral researcher

Affiliated postdoctoral
researcher
Post-doctoral researcher

Dr Odile Crabeck

Co-investigator

Dr Jens Strauss

Co-lead investigator

Dr Jeremy Wilkinson

Co-lead investigator

Lead investigator

Dr Jo Kershaw

Professor Claire Mahaffey

Lead investigator

Dr Joanne Hopkins

Postdoctoral researcher

Postdoctoral researcher
Co-investigator

Postdoctoral researcher

Dr Patricia Sanchez-Baracaldo
Dr Patrick Roberts

Affiliated
researcher
Co-investigator

Dr Paul James Mann

Co-lead investigator

Dr Paul Overduin

Olga Ogneva

PhD student

PhD student

Patrick Downes

PhD student

Co-investigator

PhD student

Affiliated PhD student

Hongjie Liang

Affiliated PhD student

PhD student

Ian Brown

Technician

Affiliated PhD student

Saskia Rühl

Affiliated PhD student

Antonia Doncila

PhD student

James Ward

PhD student

Sharon Mcneill

Technician

Stacey Connan

Affiliated PhD student

Stephen Kelly

Affiliated PhD student

Ben Barton

Affiliated PhD student

Jamie Rodgers

Phd student

Bennet Juhls

Affiliated PhD student

Jason Newton

Affiliated co-investigator

Celeste Kellock

Technician

Charlotte Haugk
Chelsea McGowan-Yallop

Affiliated MSc student
Affiliated PhD
student

PhD student

Jessica Dabrowski

Phd student

Kathryn Lock

Communications and
impact facilitator

Katy Buckland

Detecting changes in Arctic ecosystems

EISPAC	Effects of ice stressors and pollutants on the Arctic marine
cryosphere

CACOON

Changing Arctic Carbon cycle in the coastal ocean nearshore

Dr Phil Hwang

Co-investigator

Postdoctoral researcher

Dr Rachel Jeffreys

Co-investigator

Coldfish	Potential benefits and risks of borealisation for fish stocks and
ecosystems in a changing Arctic Ocean

Professor
Corinna Schrum

Member Advisory Group

Professor Julienne Stroeve

Professor Raja Ganeshram

Co-investigator

Professor Ralf Ebinghaus

Co-investigator

Dr Dan Mayor

Co-investigator

Dr Kate Hendry

Co-investigator

Dr Robert Wilson

Postdoctoral
researcher

Dr Robyn Tuerena

Dr Katharina (Ina) Lefering

Dr Darren Clark

Researcher

Dr David Barnes

Co-investigator

Dr Kathryn Cook

Dr David McKee

Co-investigator

Professor Keith Davidson

Professor David Pond
Professor David Thomas
Dr Déborah Benkort
Dr Douglas Speirs
Dr Efstathios
Reppas Chrysovitsinos
Dr Ekaterina Popova
Dr Emily Venables
Dr Eva-Maria Nöthig
Dr Fabian Große
Dr Felipe Sales de Freitas
Professor Finlo Cottier
Dr Frank Kauker
Dr Gaëlle Veyssière

18

Lead investigator
Chair Advisory Group
Postdoctoral researcher
Co-investigator
Postdoctoral
researcher
Co-investigator
Technician
Co-investigator
Postdoctoral researcher
Postdoctoral
researcher
Lead investigator
Co-investigator
Postdoctoral researcher

Dr Kim Last
Dr Kim Vane
Dr Kirstin Dähnke
Dr Kirstin Schulz
Dr Kirsty Crocket

Postdoctoral researcher
Co-investigator
Co-lead investigator
Postdoctoral researcher
Co-lead investigator

Lecturer
Postdoctoral researcher

Professor
Rolf Gradinger

Member Advisory Group

Dr Rowena Stern

Co-investigator
Affiliated co-investigator

Dr Ruth Airs

Co-investigator

Postdoctoral researcher

Professor Sandra Arndt

Co-investigator

Science coordinator

Dr Sandra Tippenhauer

Affiliated researcher

Dr Lars Boehme

Co-investigator

Dr Sian Henley

Co-investigator

Dr Laura Grange

Co-investigator

Dr Silvana Birchenough

Co-investigator

Dr Laura Hobbs

Postdoctoral researcher

Dr Sinhué Torres-Valdés

Co-investigator

Dr Laura Payton

Postdoctoral researcher

Dr Sophie Smout

Dr Lewis Drysdale

Postdoctoral researcher

Dr Stefanie Rynders

Dr Louisa Norman

Technician

Dr Luca Polimene

Co-investigator

Dr Luiza Lessa Andrade
Dr Marcel Nicolaus

Technician
Co-lead investigator

Co-investigator
Postdoctoral researcher

Professor Steve Widdicombe
Dr Terri Souster
Dr Thomas Larsen
Dr Tina Sanders

DIAPOD	Mechanistic understanding of the role of diatoms in the
success of the Arctic Calanus complex and implications for a
warmer Arctic
Diatom
Arctic

LOMVIA	Linking Oceanography and Multi-specific, spatially-Variable
Interactions of seabirds and their prey in the Arctic
Micro-ARC	Understanding the links between pelagic microbial ecosystems
and organic matter cycling in the changing Arctic
MiMeMo

Microbes to Megafauna Modelling of Arctic Seas

PEANUTS

Primary productivity driven by escalating Arctic nutrient fluxes?

PETRA	Pathways and emissions of climate-relevant trace gases in a
changing Arctic Ocean

Diatom Autecological Responses with Changes To Ice Cover

Postdoctoral researcher

Dr Roland Proud

Dr Roxana Sühring

Data manager

Arctic productivity in the seasonal ice zone

Postdoctoral researcher

Co-investigator

PhD student

ARISE

Dr Julia Grosse

Professor Robert Hilton

Vanessa Lampe

Arctic PRIZE

Dr Jordan Grigor

Co-investigator

PhD student

Eco-Light	Ecosystem functions controlled by sea ice and light in a
changing Arctic

Co-investigator

Dr Ricardo Torres

Technician

Trevor Sloughter

APEAR	Advective Pathways of nutrients and key Ecological substances
in the ARctic

Member Advisory Group

Co-investigator

Tim Brand

International
collaborator

Projects

Dr Colin Stedmon

Co-investigator

Data manager

Judith Braun

Dr Clive Trueman

Dr Karley Campbell

Thorkell Lindberg Thórarinsson

Technician

Jordan Atherton

Chronobiology of changing Arctic Sea Ecosystems

Dr Karen Tait

Affiliated PhD student

Joana Nunes

The Changing Arctic Ocean Seafloor

Co-lead investigator

PhD student

Jack Garnett

CHASE

Affiliated postdoctoral
researcher

Data manager

Rui Shen

PhD student

ChAOS

Dr Damian
Arévalo-Martínez

Robyn Owen

Andrew Orkney

Co-investigator

Professor Crispin Halsall

Affiliated PhD student

Sarah Reed

Postdoctoral researcher

Postdoctoral researcher

Rachel Coppock

Co-investigator

PhD student

Professor Pennie Lindeque

Dr Juri Palmtag

PhD student

Prof Bhavani Narayanaswamy

Ivan Cautain

Post-doctoral researcher

Co-investigator

Technician

Philipp Anhaus

Film maker

Dr Johan Faust

Dr Pearse Buchanan

Affiliated PhD student

Holly Jenkins

Co-investigator

Dr Claudia Castellani

Science coordinator

MSc student

Edward Doherty

Co-lead investigator

Dr Jennifer Freer

PhD student

Hanna Campen

Co-investigator

Dr Norman Ratcliffe

Co-investigator

Florence Atherden

Co-lead investigator

Technician

Co-investigator

Dr Chris Wilson

Co-lead investigator

Colin Mettam

Co-investigator

Co-investigator

Science coordinator

Co-investigator

Co-investigator

Dr Carol Turley OBE

Dr Christian März

Dr Neil Gray

Technician

Nicola Munro

Technician

Co-lead investigator

Professor
Jason Matthiopoulos

Postdoctoral researcher

Dr Neil Banas

Technician

PhD student

Colin Abernethy

Professor
Nicholas Polunin

Post-doctoral researcher

Dr Christian Katlein

Affiliated postdoctoral
researcher

Postdoctoral researcher

Dr Camille de la Vega

Professor Dr Christian Haas

Dr Max Thomas

Andy Crabb

Estelle Dumont

Louise McNeill

Euan McRae

Co-investigator

Professor Martin Edwards

Co-investigator

Dr Ilkka Matero

Dr Vas Kitidis

Dr Zhiyong Xie

Postdoctoral researcher

Co-investigator

Co-lead investigator

Co-investigator

Dr Anna Belcher

Dr Bart van Dongen

Dr Ute Daewel

Dr Markus Schartau

Professor Heather Bouman

Co-lead investigator

Professor Tom Rippeth

Technician

Co-investigator

Postdoctoral researcher

Future Research Priorities
1.	
Rethink the way research is funded, undertaken, and reported in this
climate emergency and with the rapid changes evident across the Arctic.
The landscape is changing so fast that the methodology for science is not
adequate to address the issues with the urgency required to halt some of
the worst effects of climate change. There needs to be a more direct path
between the original funded scientific enquiry, the science undertaken, and
the reporting back to policymakers so it can be integrated into decisionmaking.
2.	Allow Indigenous communities to lead prioritisation of research questions,
coproducing work targeted by urgency. Arctic Ocean climate change is
already happening and cannot be avoided, so adaptation must begin now
and needs to have solid science underlying it. To do this, research must work
with international partners on integrated and aligned action on observing
strategies, data, education and technology, engaging scientists, Indigenous
People/local knowledge holders and researchers and governments, the
private sector, and other international organisations (e.g. NGOs).

3.	Value basic discovery and observational science, museum collections and
historical archives and use this repository of information and perspectives
to inform hypothesis driven investigation. A cursory look at the literature
cited by the contributors to this theme reveals that phenomenological
observations are common and well-articulated, reflecting major investments
in the recent past that stimulated much effort in establishing the basic
science of the Arctic region. Emphasis is now needed to move beyond
confirmatory observation and towards interrogation of system complexities,
including unambiguous experimental demonstration of key mechanisms 39.
4.	Undertake diversification in the gathering of knowledge and evidence
while adopting a holistic pan-Arctic view. As this report highlights, the
compartmentalisation of disciplines, seasons and study areas do not capture
the interconnectivity between the realms and so bias the outcomes. 39.
This is by no means a comprehensive list, and more information can be found in

this separate publication – ‘Emerging Arctic research areas and approaches’

on the Changing Arctic Ocean website.

Co-lead investigator
Postdoctoral researcher

Outreach

Outreach
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