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The Arctic experiences climate changes that are among the fastestin the
world and affect all Earth system components. Despite expected increase
interrigenous inputs to the Arctic Ocean, theirimpacts on biogeochemical
cyclesare currently largely neglected in IPCC-like models. Here we used
astate-of-the-art high-resolution ocean biogeochemistry model that
includes carbon and nutrient inputs fromrivers and coastal erosion to
produce twenty-first-century pan-Arctic projections. Surprisingly, even

with an anticipated rise in primary production across a wide range of
emission scenarios, our findings indicate that climate change willlead to a
counterintuitive 40% reductionin the efficiency of the Arctic’s biological
carbon pump by 2100, to which terrigenous inputs contribute 10%.
Terrigenous inputs will also drive intense coastal CO, outgassing, reducing
the Arctic Ocean’s carbon sink by at least 10% (33 TgC yr™). These unexpected
reinforced feedback, mostly due to accelerated remineralization rates, lower
the Arctic Ocean’s capacity for sequestering carbon.

In the Arctic, anthropogenic climate change is causing one of the
most rapid and profound climate transformations on the planet’.
Remote-sensing studies estimate that net primary production (NPP)
inthe Arctic Ocean (AO) has linearly increased by 56% during the past
two decades due to enhanced light (caused by increased ice melt) and
nutrient availability®. As a result of the ‘AO Amplification’ (that is, the
warming of the AO at twice the global average rate’), it is expected that
the AO will experience ice-free summers by 2050*. IPCC-like models
(Earth system models, used by the United Nation’s IPCC, also referred
to as Coupled Model Intercomparison Project Phase 6) recently came
to a consensus where NPP is still expected to increase in the future®.
However, more nutrients are needed to support the increasing NPP in

surface waters. Nitrogenis considered to be the mainlimiting nutrientin
the AO°andits availability is becoming the ‘bottleneck’ of the AO’s pro-
ductivity. At the same time, climate change is intensifying permafrost
thaw’”, coastal erosion'*" and river run-off'>"*, potentially resulting in
tremendous quantities of carbon and nutrients being delivered to the
AO. Most models neglect these terrigenous inputs, coastal erosionin
particular, eventhough arecent study suggests that the associated nutri-
entsupply may fuel more than30% of the contemporary NPP in the AO™.

In this study, we investigate the biological carbon pump” (BCP).
The BCP is the suite of processes that mediate transport of carbon of
biological origin from the surface oceanto depth, impacting the AO’s
carbonsink by lowering the partial pressure of CO,in the surface ocean
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Fig. 1| Characteristics of the ‘New’ Arctic Ocean. a,b, Time series of nitrogen
inputs fromrivers (a) and coastal erosion (b). c-f, Time series of environmental
conditions over the AO during the historical (1970-2014) and forecast (2015-2100)
periods with summer (September) sea ice area (million km?) (c), annual

photosynthetically active radiation at the ocean surface (W m™) (d), winter
(March) mixed layer depth (MLD) (m) (e) and averaged temperature in the
upper mesopelagic layer (100-600 m) (°C) (f).

(pco,)'™". More specifically, we focus on the export of particulate
organic carbon, thatis, the gain side of the ‘soft-tissue’ pump, although
we acknowledge that losses occur through ventilation'®, We assume
the ‘soft-tissue’ pump to be responsible for most of the vertical gradient
of carboninthe AO mainly because the ‘hard-tissue’ pump (or carbon-
ate pump) ismuch weaker (Supplementary Fig.1) and increases surface
Pco, during calcification. Furthermore, physical vertical transport is
hindered by the presence of a permanent halocline (a density barrier
below the mixed layer™), strong stratification®® and low vertical mix-
ing”. Asthe firststep of the BCP, primary producers, largely dominated
by phytoplankton, perform photosynthesis. Photosynthesis produces
organic matter by assimilating nutrients and carbon (that is, NPP),
thereby removing CO, from surface waters and favouring atmospheric
CO, uptake. Phytoplankton can form aggregates or are grazed by
zooplankton, which assimilate them or pack them into faecal pellets.
Both phytoplankton aggregates and zooplankton faecal pellets are
considered particulate organic detritus, which sinks out of the upper
sunlit layers, driving the export and sequestration flux of carbon and
nutrients (the export of organic detritus through the 100 mand 600 m
horizons, respectively; Methods) into the mesopelagic ocean®’. Rem-
ineralizationisapivotal process that degrades the organic matter back
toitsinorganic form. Asametabolic respiratory mechanism, reminer-
alization is primarily governed by temperature® and consequently
exhibits a high sensitivity to warming®**. It also controls the efficiency
of the BCP**? by (1) attenuating the export flux of carbon, (2) replenish-
ingthe oceanwith ‘new’ nutrients and (3) modulating CO, concentration
in the surface ocean and thereby, exchanges with the atmosphere®,
To quantify the futureimpacts of climate change-induced warming
andincreasing terrigenous inputs of carbon and nutrients on the effi-
ciency of the BCP in the AO, we provide four metrics'®***° (Methods):

(1) the change inseawater pco, due tobiological activity, (2) the export
efficiency, that s, the AO’s capacity to export the organic matter pro-
duced at the surface to deeper water layers (export flux/NPP), (3) the
transfer efficiency, thatis, the capacity of the AO to sequester organic
matter for centuries to millennia (sequestration flux/export flux)
and (4) the storage of carbon of biological origin in the ocean interior
(DICgewn)- The BCP efficiency therefore encapsulates the AO’s capaci-
ties tofix carbon and to produce, export, sequester and store organic
matter for centuries to millennia. To reach our objectives, we derived
a suite of transient (varying climate and CO, forcing) hindcast and
forecast simulations as well as a control simulation with constant
climate (1970-2100; Extended Data Table 1). We used the global
‘state-of-the-art’ ocean and seaice biogeochemistry model FESOM2.1-
REcoM3 (ref. 31). We specifically configured and tuned the model for
the AO, withan eddy-permitting horizontal resolution of 4.5 kmat the
pan-Arctic scale. We derived a simulation with a high-emission future
scenario (Shared Socioeconomic Pathway SSP3-7.0 (ref. 32)), including
varying inputs of carbon and nutrients from rivers and coastal
erosion (Fig. 1a,b) as our baseline simulation, also referred to as
‘Terr’. We conducted a reference simulation with the same configura-
tionas Terr but without any terrigenousinputs (referred to as ‘NoTerr’).
We also repeated Terr but with different emission scenarios (from low
to high: SSP1-2.6, SSP2-4.5 and SSP5-8.5).

With those simulations, after characterizing the emerging proper-
ties of the ‘new Arctic’, we separately quantify the impacts of climate
change (including CO, feedback) and terrigenous inputs on carbon
and nitrogen budgets (Fig. 2 and Extended Data Table 2). We define
climate change as the difference between the 2090s and the 1970s in
the Terr simulation (SSP3-7.0). The role of terrigenous inputs is defined
as the difference between Terr and noTerr in the 2090s (SSP3-7.0).
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Fig. 2| Simplified carbon and nitrogen budgets for the AO. a,b, Budgets

for carbon (a) and nitrogen (b). Absolute quantities are expressed in carbon

(TgC yr) and nitrogen (TgN yr™) and refer to the baseline simulation Terr (with
terrigenous inputs) by the end of the century (2090s). Relative contributions (%)
of climate change (2090s relative to 1970s, with Terr, SSP3-7.0 emission scenario)
and terrigenous inputs (Terr relative to NoTerr in the 2090s) are shown in pink
and orange, respectively. The scenario uncertainty (SSP3-7.0 relative to SSP1-2.6
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inthe 2090s) is indicated in black. Phytoplankton losses encompass excretion
and aggregation. Zooplankton losses encompass mortality, excretion, sloppy
feeding and faecal loss. Horizontal arrows on the right represent transport with
the adjacent seas. DIC, dissolved inorganic carbon; OC, organic carbon; DIN,
dissolved inorganic nitrogen; ON, organic nitrogen. Detrital organic matter
encompasses both dissolved and particulate non-planktonic (detritus) pools.

In addition, we investigate the ‘scenario uncertainty’, correspond-
ing to a shift from a high to a low-emission scenario (SSP3-7.0 minus
SSP1-2.6, both with terrigenous inputs, in the 2090s). Finally, we
discuss the implications for the Arctic ecosystem and biogeochemi-
cal cycles. We demonstrate that climate change and terrigenous
inputs are responsible for unexpected positive feedback in the AO’s

biogeochemical cycles, dampening the efficiency of the BCP and
impoverishing the AO’s ecosystem.

Towards the ‘new Arctic’
In the context of climate change, the AO inexorably shifts towards a
new state (Fig. 1), often referred to as the ‘new Arctic™®. As expected,
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Fig. 3| Primary productivity and nutrient drawdown. a-c, Time series over
the AO during the historical (1970-2014) and forecast (2015-2100) periods
of integrated net primary production (TgC yr™) (a), integrated net nitrogen
assimilation rate (TgN yr™) (b) and averaged (over the surface layer, 0-50 m)

summer (September) percentage of the AO area limited by nutrients (%) (c). Bars
ontheright represent the contributions of climate change (purple), terrigenous
inputs (orange) and the scenario uncertainty (black).

our simulations show that the ‘new Arctic’ (studied arearoughly north
of 66.5° N; Extended DataFig. 1) experiences future seaice loss. Ice-free
summers are frequent in the second half of the century under the two
high-emission scenarios (Fig. 1c), as also observed in other studies*.
Thelossand thinning of seaice allows for increased light availability®. In
ourmodel, surface photosynthetically active radiation (PAR) isinversely
correlated with the sea ice area, doubling from -30 to ~60 W m2 with
climate change (Fig. 1d). The climate change response with regards to
winter mixing and stratification (Methods) is more subtle, probably due
to regional compensating effects of freshwater and sea ice decline’®.
In winter, our model projects a general deepening of the mixed layer
depth by 15 m (Fig. 1e) and a weakening stratification by ~0.15 kg m™
(Extended Data Fig. 2a) by 2100, in line with IPCC-like models™.

In our Terr simulation, we mostly attribute the 75% NPP increase
by the end of the century (Figs. 2a and 3a) to warming, subsequent
seaice declineand increasein light availability. Such NPP stimulation
increases net nitrogen assimilation by phytoplankton by 42% (Figs. 2b
and 3b), which will progressively shift the AO from a light-limited

system to a nutrient-limited system (from ~20% of the AO area lim-
ited by nutrients in the 1970s to ~-60-80% in the 2090s; Fig. 3¢c). This
climate-driven shift towards a more nutrient-limited AO, in line with
previous expectations®”, is reflected in the phytoplankton community
and elemental stoichiometry. Our results confirm a compositional
shift towards a dominance of small phytoplankton over diatoms®**
(Supplementary Fig.2), with increasing phytoplankton C:N ratios (Sup-
plementary Fig. 3). Eventually, phytoplankton elemental stoichiometry
istransferred to detritus properties (Extended DataFig. 2c). One could
therefore expectaclassic negative feedback loop on atmospheric CO,
(Fig.4aand Methods), where less seaice drives more light availability,
more NPP and more carbon export flux, and ultimately favours the
uptake of atmospheric CO, by the AO.

Unexpected positive feedbackin the
biogeochemical cycles

A negative feedback loop could potentially even be enhanced by
increasing terrigenousinputs (stimulating NPP) and higher C:Nratios
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Fig. 4 |Feedbackloopsinthe BCP driven by climate change and terrigenous
inputs. a,b, Mechanisms are separated into those that are likely to have negative
(a) or positive (b) feedback. Note that the arrow from export flux to CO, fluxes
encompasses changes in surface DIC concentrationand pco,. Dashed arrows are
processes, which are not demonstrated in this study.

(favouring export flux of carbon against nitrogen) in the future. How-
ever, we found that another, in fact positive feedback loop increases
its prevalence with respect to the BCP (Fig. 4b).

Climate- and CO,-driven feedback

Theobserved strongincreasein CO, uptake by the AO (Fig. 5a) isdriven
by climate change (2090s - 1970s, Terr, SSP3-7.0). Temporal changes
inour results cannot be attributed to the small model drift (Extended
Data Fig. 3), which shows that the surface and intermediate oceans
reach a quasi-equilibrium. However, most of the increase is driven
by abiotic processes suchas seaice loss*® and increasing atmospheric
CO, concentration (Supplementary Figs. 4 and 5). This results in an
increase in seawater po, (Fig. 5b), whichin turnincreases the Revelle
factor (Methods and Fig. 5c). A greater Revelle factor translatesintoa
decrease in the ‘buffer’ capacity of the AO*, that is, a chemically
less-efficient atmospheric CO, uptake by the ocean. However, a higher
Revelle factor also amplifies the effect of seasonal drivers on the CO,
uptake®® and may thus alter the biologically driven CO, drawdown.
In the AO, the CO, drawdown by biological activity in the surface
layer is small and declines to a state of CO, enrichment in some years
of the end of the twenty-first century (Fig. 5d). Therefore, counter-
intuitively, more NPP does not necessarily translate into greater
biological CO, drawdown due to the increased prevalence of respira-
tory processes, which also exceed the effect of the Revelle factor
(Supplementary Fig. 6).

Afirstexplanationliesinthe functioning of the ecosystem. Inline
with the usual paradigm that changesinthelower trophiclevel cascade
up the food chain*?, we find that more NPP is generally accompanied by
increased zooplankton grazing both in terms of carbon and nitrogen
(Fig. 2). We found that this leads to greater losses of organic detritus
from plankton to the surrounding seawater. Together with warming,
the amplifying size of the organic matter reservoir instigates substan-
tial enhancement of remineralization rates. Indeed, remineralization
is not only sensitive to temperature, but also to the size (and quality)
of the organic matter reservoir** *. Here we quantify that carbon and

nitrogen remineralizationincrease by 55% and 44%, respectively, due to
climate-driven feedback (Figs.2and 6a). Thisincrease in remineraliza-
tion is the fastest in the central AO, in particular in the Eurasian basin
(Supplementary Fig. 7). While most of the increase in remineralization
occursat thesurface, italso increases beneath the surface layer (Sup-
plementary Fig. 8). Plankton respiration and remineralization (mainly
drivenby bacteria*®) dominate over photosynthetic processes at depth
(Supplementary Fig. 9) and are particularly sensitive to temperature
changes?. We project amesopelagic end-of-century warming of the AO
(Fig.1f; SSP3-7.0) that surpasses that of the global ocean by ~1.8 times.
Enhanced mesopelagic respiration rates (that is, remineralization),
together with a decrease in solubility due to warming, decrease the
mesopelagic oxygen concentrations (Extended Data Fig. 2b).
Increased remineralization has negative impacts on export fluxes,
sequestration and the storage of carbon of biological origin in the
ocean interior. Both carbon and nitrogen export fluxes experienced
a change point in the linear trend occurring in the 2010s (Methods,
Fig. 6¢,e and Supplementary Fig. 10). This suggests that most of their
increase occurred before this period, while they are expected to stag-
nate or evendecrease in the future compared with presentlevels. This
canbeexplained by the fact that remineralizationincreases faster than
the ability of the AO to export organic detritus. Consequently, the
remineralization efficiency (defined as the ratio between the remin-
eralization rate and the export flux) increases by up to 40% (Fig. 6b).
This fuels the positive feedback loop (Fig. 4b) and reduces the export
efficiency (C:—38%, N: -30%; Fig. 6d,f). These findings are corroborated
by the analysis of the Coupled Model Intercomparison Project Phase
6 (CMIP6) ensemble (Extended Data Figs. 4 and 5). In our model, only
a small share of the exported organic detritus is sequestered below
600 m, as illustrated by the transfer efficiencies (C:13.9%, N: 13.3%;
Fig.2),and those numbers are decreasing further with climate change
(C: -1.8%, N: —4.8%). Increasing remineralization also translates to a
less-efficient carbon storage. Indeed, the strength of the BCP should
also be measured by DICggy,n, @ metric for the reservoir of carbon of
biological origin in the ocean interior'®, With climate change, DICgeyin
decreases by 13%, confirming aweakening BCP (Fig. 6e). Thisreduced
accumulation of DICg,,y Within the AQ’s interior, in the context of a
stagnating export flux, must be attributed to other ‘losses’ through
physical transport, either laterally towards the global ocean (Extended
DataFig. 6) or vertically to the surface layer. The re-emergence of dis-
solved inorganic carbon (DIC) at the surface would further dampen
the chemical buffering (that is, increase Revelle factor) or promote
outgassing, creating another chemical positive feedback loop.

Terrigenous input-driven feedback

Terrigenous inputs can affect the AO’s BCP through the release of dis-
solved inorganic or organic carbon, alkalinity and nutrients. In fact,
terrigenous inputs (Terr — NoTerr, 2090s, SSP3-7.0) slightly increase
the partial pressure of CO, in the surface ocean (Fig. 5b). Thisis due to
the combination of carbon release, negligible effect on chemical uptake
capacities at pan-Arctic scale (Fig. 5c and Supplementary Fig. 5k) and
astrongdecreasein pco, drawdown due tobiological activity by up to
16% (Fig. 5d). Consequently, our results indicate that terrigenous inputs
are actually responsible for intense CO, outgassing at the pan-Arctic
scale, with -32.7 + 3.3 TgC yr™ for the 2090s (Extended Data Fig. 7),
more than 50% of Spain’s CO, emissions in 2021*” (equivalent to
120 GtCO, yr™*). Most of the outgassing occurs on continental shelves,
supporting recent regional findings*®*, Terrigenous inputs therefore
reducethe AO’s carbon sink by releasing large quantities of CO,to the
atmosphere.

Terrigenousinputs stimulate NPP (+21.4%), net nitrogen assimila-
tion (+33%; Figs. 2 and 3) but also remineralization (C: +11%, N: +18%;
Figs.2and 6). Similar to the climate-driven response discussed above,
terrigenous inputs cause escalating losses of detritus emanating from
both phytoplankton and zooplankton (Fig. 2), expanding the size of
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being CO, drawdown) (patm) (d); and DICgg, illustrating the storage of carbon
of biological origin (PgC yr™) (e). Bars on the right represent the contributions of
climate change (purple), terrigenous inputs (orange) and scenario uncertainty
(black).

the organic pool. Consequently, water-column remineralization pro-
vides the largest nitrogen inventory increase among biogeochemical
processes with +6.5 TgN (Extended Data Table 2). Terrigenous inputs
also induce +44% and +31% increases in benthic nitrogen and carbon
remineralization, respectively (Fig. 2), which, combined with pelagic
remineralization, represent the major biogeochemical source of
inorganic matter.

Surprisingly, terrigenous inputs seem to increase remineralization
faster than organic matter production and export, also fuelling the
positive feedback loop (Fig. 4b). Theincrease in export fluxes remains
limited (C: 9%, N: 7%; Figs. 2 and 6) compared with NPP (+21.4%) and
remineralization (+18%). This may be explained by the fact that reminer-
alizationisinfluenced by the size of the organic pool and temperature,
whereas NPP is also limited by inorganic nutrients. As a result, the

remineralization efficiency increases by about +10% with terrigenous
inputs, resulting in a decrease in the export efficiency (C: -10%, N:
-19.8%; Fig. 6d,f). This terrigenous-stimulated change is substantial,
asithasthe same order of magnitude as the changesinduced by about
one century of climate change. Through the same mechanisms, terri-
genous inputs decrease the transfer efficiency and DICg,, by about
-1.5% (Fig.2) and -3% (Fig. 5e), respectively, corroborating the decline
in the BCP efficiency.

Scenario uncertainty

Scenario uncertainty (SSP3-7.0 — SSP1-2.6, Terr, 2090s) represents a
50% spread in the AQO’s carbon sink projections for the same abiotic
reasons (sea ice and atmospheric CO, concentration) as climate- and
CO,-drivenfeedback change (Supplementary Fig. 5). Across all emission
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(orange) and the scenario uncertainty (black).

scenarios, the future BCP is projected to be less efficient than today.
AlIBCP metricsindicate aless-efficient BCP, regardless of the choice of
emissionscenario. The dampening mechanisms are similar to those for
climate change (that is, warming and subsequent effects). Following a
high-emission scenario would decrease the carbon export and trans-
fer efficiencies by 18 and 2.7% (19 and 3.1%, respectively, for nitrogen;
Fig. 2a,b) and DIC,y by 3%. In general, the scenario uncertainty is
greater than or similar in magnitude to the effects of adding terrig-
enousinputs but smaller than the climate change effects. These results
mean that although our projections are sensitive to the choice of
CO, emission scenario (and terrigenous inputs), climate change is
consistently driving a substantial decrease in the efficiency of the
BCP across all emission scenarios. Finally, following a low-emission
trajectory would prevent a shift towards a biogeochemical state with
anet CO,release into the surface layer (Fig. 5d) and a more severe
nutrient limitation in the AO (Fig. 3¢).

Implications for the ecosystem and
biogeochemical cycles

Despite its small size, the AO contributes disproportionately to the
global ocean carbon cycle. While it occupies only 1% of the global ocean
volume, our model suggests that it contributes -6.5% to the global
carbonsink by the end of the century. In this study, we project astrong
and continuous increase in NPP in the AO due to terrigenous inputs
and climate change (through the loss of seaice and the enhanced light
availability). Thisis the largest projected increase in NPP in the global
ocean’. The AO also accounts for ~-8.5% of the global ocean export flux.
Thisisbecause polar oceans generally have a more efficient BCP than
lower latitudes due to larger phytoplankton and abundant nutrients.
In line with previous studies®”, we found that nitrogen becomes the
new ‘bottleneck’ for the Arctic BCP, even under increasing terrigenous
inputs. This shift towards a more nutrient-limited system is generally

associated with amore ‘recycled’ systemin whichrespiration processes
govern, with large implications for both the ecosystem and biogeo-
chemical cycles.

Indeed, at the surface, nutrient limitation drives a transition
towards smaller cell size (Supplementary Fig. 2a,b) and higher C:N
ratios in phytoplankton (Supplementary Fig. 3). Smaller-sized phy-
toplankton can reduce the carbon transfer to higher trophic levels,
thereby threatening endemic megafauna, already vulnerable due to
warming and loss of sea ice™. Similar to smaller cell size, increasing
C:N ratios can have negative consequences for ecosystems. Changes
towards higher C:Nratios generally relate to a nutrient-poorer environ-
mentand lower the energy transfer efficiency between trophiclevels®.
We therefore interpret the increasing C:N ratios in phytoplankton
and the shift towards smaller phytoplankton as a reduction in ‘food
quality’ for higher trophic levels®*. Congruently, zooplankton bio-
mass decreases (Supplementary Fig. 2c,d), with faster mortality than
growth rates (Fig. 2 and Methods). Such changes should be perceived
asanincreasingly connected and top-down-regulated food webinline
with the ongoing ‘borealization’ of the AO*.

Planktonic biomassisincreasingly lost to the marine environment
as detritus. The subsequent increase in organic matter stocks could
potentially increase their sinking to greater depths as part of the BCP.
However, theincreased organic matter production and accumulation
atthesurfaceis outcompeted by enhanced remineralization, thereby
attenuating the particulate organic carbon flux to depth. First, res-
piration rates have indeed been shown to increase more rapidly with
warming than carbon fixation by phytoplankton®® and grazing by
zooplankton®’. Second, mesopelagic remineralization by heterotrophic
bacteriaisexpectedtoincrease withboth warmingand larger organic
matter stocks’®. Consequently, although the AOis projected to double
its NPP by the end of the century, it will lose its efficiency to transfer
excess carbonand nitrogento the oceaninterior. Instead, the organic
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carbon will be more remineralized and added to the growing DIC pool
at the surface that will eventually favour outgassing or dampen the
chemical buffering capacity. This is best illustrated by the fact that
carbonoriginated fromland reduces the AO’s carbon sink by up to 10%.
Remineralization increases at a fast pace, in particular in the central
Arctic (Supplementary Fig. 7), which also poses two potential threats
tomarine life in the meso- and bathypelagic realms*’. First, less organic
matter (thatis, food) from the surface reaches the deep ocean due to
the decreasein export and transfer efficiency. Second, enhanced respi-
ration processes exacerbate the emerging concern of deoxygenation,
to which the AO is already particularly vulnerable®® (Extended Data
Fig. 2b). Both effects can have negative consequences for life in the
deep ocean and on and within the seafloor.

Finally, we want to emphasize the importance of including ter-
rigenous inputs while conducting further Earth system modelling
research. We also stress the need to reduce the high uncertainties in
contemporary biogeochemical models®®, especially with respect to
theland-to-ocean continuum, the fate and degradation of the organic
matter from coastal erosion®®*, the shelf sea dynamics, as well as the
parameterizations of grazing®* and remineralization®. Those areas of
focus are crucial for refining and enhancing the accuracy of our mod-
els in capturing the complexities of ecosystem and biogeochemical
cycles®®in the Arctic and in the global ocean. In this study, acknowl-
edgingintrinsic limitations of contemporary biogeochemical models
(Methods), we project an overall intensification of marine biogeo-
chemical processes, particularly remineralization. The intensification
of remineralization fuels the prevalence of a positive feedback loop
over a negative one and slows down biological CO, drawdown as well
as the export, sequestration and storage of organic carbon. Climate
change leads to a counterintuitive 40% reduction in the efficiency of
the AO’s BCP by 2100, to which terrigenous inputs contribute 10%.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41558-024-02233-6.
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Methods

Definitions, concepts and metrics for the BCP

Biological carbon pump. In this study, we focus on the ‘soft-tissue’
pump, thatis, the suite of processes that mediate transport of particu-
late organic carbon from the surface to the deeper ocean. This organic
carbonis subsequently decomposed back to DIC (the sum of CO,, HCO;~
and CO,*) and thus contributes to enriching the deep ocean reservoir
with DIC. By doing so, the BCPisolates ocean carbon from contact with
the atmosphere and helps to reduce the atmospheric CO, concentra-
tion. The reader isreferred to reviews such as those of refs. 17,50.

Export flux. This is the amount of (particulate) organic carbon (or
nitrogen) that sinks out of the euphotic zone (typically 100 m below
thebase of the euphotic zone), also referred to as ‘export production’.

Export efficiency. This is the capacity of the ocean to export organic
matter produced at the surface. Mathematically, this is the exported
fraction of NPP (=export flux/NPP), also commonly defined as the ratio
of export flux to the depth-integrated NPP.

Remineralization. This pertains to respiration processes that con-
vert organic matter (both particulate and dissolved) into inorganic
compounds, typically referred to as dissolved inorganic carbon and
nutrients. This process causes an attenuation of organic carbon and
other elemental fluxes, that is, a decrease in fluxes with increasing
depth. In this study, we implicitly consider that remineralization is
bacterial, affecting both carbon and nitrogen. We consider plankton
respiration separately because it only affects carbon.

Remineralization efficiency. Thisis the ability of the ocean to attenu-
ate the export flux through remineralization. It is the ratio between
the remineralization rate in the upper 100 m and the export flux.

Biologically driven p.,,changesatthe surface ocean. Thisisanindica-
tor for the proportion of the seawater pco,thatiseither removed fromthe
surface ocean layer or added to the surface ocean layer due to biological
activity. It depends on the balance between carbon fixation, respiratory
processes and the buffer factor (yp,c, see Revelle factor). It is calculated

seasonally following ref. 30 as Amsﬂ. ADIC is the carbon drawdown

DIC

by biological production in the top 100 m layer of the ocean (=gross
primary production minus remineralization minus respiration).

Sequestration flux. This is theamount of (particulate) organic carbon
(or nitrogen) that sinks out below 600 m that is thus removed from
exchange with the atmosphere on along timescale.

Transfer efficiency. This is the capacity of the ocean to sequester
organic matter. The transfer efficiency is the ratio between the seques-
tration flux in the deep ocean at 600 m and the export flux at 100 m
(for carbon or nitrogen), which measures the efficiency to sequester
carbon for centuries to millennia.

DICgewin- This is an indicator for the storage of carbon of biological
origininthe oceaninterior'®and thus, the BCP.Itis calculated from the
apparent oxygen utilization (AOU). AOU is ameasure of the difference
between the observed oxygen concentration and the oxygen con-
centration at saturation, with DICggyy=r AOU =r (0,,, — O,), and
r=C:0=0.688.In this study, DICg,\ is integrated for depth greater
than100 m. It offers anintegrative view of the BCP by considering the
balance between the ‘gain side’ (export flux) but also the ‘loss side’
through oceanic circulation.

BCP efficiency. This refers to the capacity of the BCP to export, seques-
ter and store carbon that is produced in the surface layer. The BCP

efficiency is assessed through the combination of four metrics: biologi-
cally driven pco, changes, the export and transfer efficiencies, and
DlCREMIN'

Revelle factor. Thisis anindicator of the chemical ‘buffering’ capacity
of the surface ocean. The Revelle factoris theratio of the relative change
inseawater pco, to the relative change in DIC®***. It varies between 8 in
warm and 15 in cold waters in the historical period®. The lower the
Revelle factor, the more efficient is the anthropogenic CO, uptake™.
Asthe ocean continues to take up CO,, the carbonate systemis pushed
towards higher CO, concentrations and the Revelle factor increases®’.
Consequently, the buffer capacity of the ocean and its CO, uptake
capacity decrease. This positive feedback limits the increase in the
ocean CO, sink in the future”. The Revelle factor and buffer factors
(R and yp,c) are linked via the relation yp,c = DIC/R and can be derived
from the carbonate system parameters®. Here we calculated them
offline using mocsy routines (v.2.0)>. We note that the exact same code
was used online to model the ocean carbonate system.

Study area

In this study, we defined the AO as the area roughly north of 66.5° N.
It encompasses 11 Arctic regions: Barents Sea, Kara Sea, Laptev Sea,
East Siberian Sea, Chukchi Sea, Beaufort Sea, Canadian Archipelago,
Baffin Bay, Nordic Seas, and the Eurasian and Amerasian basins
(Extended DataFig.1).

FESOM-REcoM model description

We used the Finite VolumE Sea ice-Ocean Model v.2.1 (FESOM2.1).
FESOM is a global ocean circulation model using an unstructured
mesh, which includes a dynamic-thermodynamic sea ice model” ™.
FESOM has been developed for more than two decades and this ver-
sion has been specifically assessed and tuned for the Arctic Ocean
in single-model studies””’, in Model Intercomparison Projects®’8 2,
andincluded inthe AWI (Alfred Wegener Institute, Germany) Climate
Model®***, Coupled to FESOM2.1is the Regulated Ecosystem Model v.3
(REcoM3), a‘state-of-the-art’ biogeochemical model of intermediate
complexity®. REcoM3 resolves the biogeochemical fluxes of carbon,
nitrogen, silicon, iron and oxygen withatotal of 28 prognostic tracers
including the full carbonate chemistry and air-sea CO, exchange
using the mocsy 2.0 scheme’. REcoM, which has been developed for
the past 18 years®®, has been extensively evaluated: (1) in multimodel
ensemble studies for the global ocean® *° and the Arctic Ocean*’; and
(2) in single-model global®** and Arctic Ocean studies’* *”. REcoM
has also been successfully used to make future projections”®*'. For a
detailed description and skill assessment of the latest version used in
this study, we refer to ref. 31 and to the Supplementary Information.
Another strength of REcoM3 lies in its flexible stoichiometry, which
allows variations inelemental composition, and therefore differs from
many models that use stoichiometry fixed at the Redfield ratio. Flexible
stoichiometry is a more realistic representation of nature since, for
example, the C:N stoichiometry of phytoplanktonand organic matter
has been shown to exhibit considerable spatiotemporal deviations
from the Redfield ratio in measurements'®and in this study.

Model setup and simulations

For this study, we used aglobal mesh with enhanced horizontal resolu-
tion of 4.5 km at the pan-Arctic scale’*?*'*, referred to as ‘fArc’. At the
oceansurface, we forced the model with output from the AWI Climate
Model (AWI-CM®) produced for the CMIP6. Therefore, the atmospheric
forcing encompasses physical ocean-atmosphere feedback while not
reflecting ocean biogeochemistry feedback on the atmosphere. We
used 3-hourly output of winds, near-surface air temperature and
humidity, downward shortwave and longwave radiation fluxes, and
freshwater fluxes and daily output of terrestrial freshwater run-off
fromthe first ensemble member of the historical simulation until 2014,

Nature Climate Change


http://www.nature.com/natureclimatechange

Article

https://doi.org/10.1038/s41558-024-02233-6

and the SSP1-2.6, SSP2-4.5,SSP3-7.0 and SSP5-8.5 scenario simulations
thereafter. In agreement with the literature, we found that discharge
from Arcticriversis expected toincrease in the future'>®'. Atmospheric
Pco, levels are taken from ref. 104 for the historical period 1950-2014
and from ref. 32 for the period 2015-2100, consistent with the time
series used in the CMIP6 experiments.

We first spun up FESOM2.1-REcoM3 for 50 years (4 times the
1950-1959 period and then once the 1950-1969 period; Extended Data
Table1). Wefirstranacontrol run, allowing for an assessment of model
drift (Extended Data Fig. 3) by repeating the atmospheric conditions
of the 1950 decade (1950-1959) and atmospheric po, typical for 1950
(312.82 ppm). Looping over a decade instead of a single year aims to
minimize the effect of natural climate oscillations such as the North
Atlanticor Arctic Oscillations. All remaining simulations are transient,
thatis, performed with varying climate and atmospheric CO,. We ran
two historical runs (1970-2014): one with and one without terrigenous
inputs (including river and coastal erosion) denoted Terr and noTerr,
respectively. Then, we ran five main forecast experiments for the years
2015-2100. First, weran the four scenarios (SSP1-2.6, SSP2-4.6, SSP3-7.0
and SSP5-8.5) with terrigenous inputs, which were branched off
the historical simulation with terrigenous inputs. We chose the
high-emission scenario SSP3-7.0 as our baseline simulation because
the most plausible scenarios are between SSP2-4.5and SSP3-7.0. SSP5-
8.5is considered highly unlikely’®. Subsequently, we ran a reference
simulation without terrigenous inputs (SSP3-7.0) branched off the
historical simulation without terrigenous inputs. Finally, we ran four
additional historical simulations: two attributing erosion-derived
inputs todifferent pools (dissolved or particulate organic matter), one
using amore advanced parametrization of particle sinking speed and
remineralization followingref.106, and one without coloured dissolved
organic matter (CDOM) absorption.

Implementation of terrigenous inputs

Weimplemented a dynamically coupled (monthly and yearly varying)
parametrization of riverine and erosion inputs of carbon and nutrients
(for the area North of 60° N) based on the climatological monthly
resolved observational dataset provided by ref. 14. The dataset pro-
vides river fluxes of total alkalinity, dissolved inorganic carbon,
dissolved organic carbon, dissolved inorganic nitrogen, dissolved
organicnitrogen andsilicicacid. It also provides coastal erosion inputs
expressed in total carbon and nitrogen. Note that silicic acid is not
documented in the erosion dataset and is scaled in this study with
total dissolved nitrogen on the basis of a fixed N:Si ratio of -9 found in
rivers at pan-Arctic scale following ref. 107. Terrigenous inputs do not
take into account glacier discharge and subsea permafrost, although
itis acknowledged that they can both provide important quantities
of carbon and nutrients'** ', We therefore consider our estimates of
terrigenous inputs to be conservative.

As the erosion inputs are expressed in total carbon and nitrogen,
and do not specify the pool (particulate or dissolved, organic or inor-
ganic), we used the same protocol as that in ref. 14: we attributed the
erosioninputs to the dissolved inorganic pool (that is, instantly remin-
eralized). This choice and assumption was evaluated with a sensitivity
testandis discussed inthe section ‘Fate of organic matter’. We scaled the
annualriverine and coastal erosioninputs, expressed in total mass (Tg) of
the chemical compound, tothe annual freshwater river discharge and air
temperature anomalies (provided by the forcing AWI-CM), respectively,
withthereference period considered as the1970-1990 period (Fig.1a,b
and Supplementary Information). We alsoincluded CDOM light attenu-
ation onthe basis of the ratio between dissolved organic carbon (DOC)

and CDOM estimated empirically from ocean-colour remote sensing'>.

CMIP6 comparison
To evaluate whether or not our single-model results were consistent
with other modern Earth system models, we derived the export and

remineralization efficiencies from the CMIP6 ensemble, for historical
and allemission scenarios (SSP1-2.6, SSP2-4.5,SSP3-7.0, SSP5-8.5). The
CMIP6 ensemble showed very similar dynamics as our model. Inafirst
analysis (Extended DataFig.4), using 16 (ACCESS-ESM1-5, CanESM5-1,
CanESM5-CanOE, CanESMS5, CESM2, CESM2-WACCM, CNRM-ESM2-1,
GFDL-ESM4, IPSL-CM5A2-INCA, IPSL-CM6A-LR, MIROC-ES2L,
MPI-ESM1-2-HR, MPI-ESM1-2-LR, NorESM2-LM, NorESM2-MM, UKESM1-
0-LL) to17 (plus MRI-ESM2-0) CMIP6 Earth System Models depending
ontheemissionscenarios, we demonstrated dynamics consistent with
our model results. The ensemble provides a robust increase in NPP in
line withref. 58, and aninflection point for the export flux occurringin
thefirst half of the twenty-first century. Inasecond analysis (Extended
DataFig.5), we also showed arobust decreasing export efficiency and
increasing remineralization efficiency, independently of the choice of
emissionscenario. However, this last analysis was limited to five models
(CESM2, CESM2-WACCM, IPSL-CM6A-LR, MPI-ESM1-2-HR, MPI-ESM1-
2-LR) because only few models provide remineralization outputs. The
biogeochemical components of those Earth System models have been
extensively documented and described in the literature (for more
detailed descriptions, seerefs. 58,113,114).

Evaluation of model skills, limitations and uncertainties

Net primary production. This ‘Arctic-adapted’ model configuration
was tuned to achieve realistic NPP levels (Supplementary Figs. 10
and11). Tothisend, we evaluated the model historical simulation (Terr)
by comparing with ‘state-of-the-art’ ocean-colour products from
Stanford (‘Arctic-tuned") and from Copernicus-GlobColour (‘global
ocean’, product ID: OCEANCOLOUR_GLO_BGC_L4_MY_009_104),
thereby updating the previous assessment™, which used the out-
dated dataset from ref. 116. On the basis of in situ observations, the
‘Stanford’ dataset by refs. 2,115 corrected artefacts due to coloured
dissolved organic matter and non-algal particles, especially on the
Russianshelves. Thisled to much lower remotely sensed NPP estimates
(310-370 TgC; Supplementary Table 1), while the previous dataset
fromref.116 yielded 540 TgC yr™. The global dataset from Globcolour
provided an estimate of 369 TgC yr™. Our estimations of absolute NPP
of 509 TgC yr'were consistent with the 551 TgC yr obtained by ref. 14
over the same study area and time period (2005-2010). When com-
paring Terr with the ‘Stanford’ dataset in the log,, space, we found the
following statistics: correlation coefficient R = 0.86, root mean square
error (RMSE) =0.4 +0.43gC m2yr(s.d.). We argue that modelled
depth-integrated NPPis greater than remotely sensed NPP because sat-
ellites only assess the surface layer in open waters, whereas the model
considers the whole water column and also considers ice-covered
areas, which can notably contribute to pelagic production™ . Interms
of nitrate assimilation?, we estimated (on the basis of a constant C:N
ratio) annual values of 58.2 TgN yr, while our flexible stoichiometry
modelyielded lower values of 31.7 TgN yr ™. Our results differed in the
terrigenous-driven relative increase in NPP compared with ref. 14.
We found that NPPincreased by 16% with terrigenous inputs, whereas
ref.14 found the increase to be 28% (2005-2010). In our simulations, we
reacheda21%relativeincreasein NPP dueto terrigenousinputs only by
2100 (SSP3-7.0). If we consider nitrogen instead of carbon for assess-
ing the increased phytoplankton production, the terrigenous-driven
relative increase reaches 33% (Fig. 2). Such differences can arise from
different formulations between general ocean circulation and bio-
geochemical models, in particular those related to remineralization,
recycling and stoichiometry.

Fate of organic matter. At the pan-Arcticscale, simulated total remin-
eralization due to terrigenous inputs amounts to 7.9 TgN yr™ (Extended
DataTable 2), largely exceeding the actual terrigenous inputs of nitro-
genused as forcing, which accounted for -2.6 TgN yr™. This ‘amplifica-
tion’ effect supports the idea of a positive feedback loop. Reference
14 also found that 2.6 TgN yr™ of terrigenous inputs (equivalent to
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17 TgC yr™*with constant C:N ratio 0of122:16) were responsible for an NPP
increase of 140 TgC yr™, suggesting that terrigenous inputs are recycled
more than 8 times before they are out of reach for primary producers
(either exported to depth, buried in sediments or transported out of
the AO). By comparison, we found that the same 2.6 TgN yr ' drove an
increase of 5.2 TgN yr™ in net nitrogen assimilation (using EXP-2 for
exactly thesame time period and studied area), suggesting thatin our
model, terrigenousinputs arerecycled only 2 times before they are out
ofreachfor primary producers. The disparities between the two models
may be attributed to either insufficient remineralization in our model
and/or insufficient lateral transport in their model. In both models,
remineralization is driven by temperature through similar functions
(Q10 both in REcoM and in PISCES used by ref. 14). But we also argue
that this discrepancy between the model experimentsis exacerbated
by the fact that they used arather short spinup time (15 years compared
with 50 years in our study), which may not be sufficient to observe
long-term feedback and toreach equilibriuminthe mesopelagic layer
in the model. In addition, by using a fixed stoichiometry model, they
probably overestimate the effect of terrigenous inputs on NPP in a
context of increasing C:N ratios.

We acknowledge the high uncertainties related to the fate of the
organic matter released from permafrost® . However, several studies
showed that thawing permafrost in soils of coastal areas release one
of the most labile forms of organic matter in nature**'>°"'*, Further-
more, Arctic shelves exhibit strong remineralization rates of terrig-
enous organic matter in the Laptev Sea and East Siberian Sea, being
0.87 TgN yr'in sediments and 0.38 TgN yr™ in the water column'*'%,
In the same areas, our model experiments indicated a much larger
benthic and water column remineralization that reached 2.43 and
1.5 TgN yr™, respectively.

We here evaluate our choice of remineralizing instantaneously
the carbon and nitrogen that originated from the thawing permafrost
responsible for the coastal erosion. To do so, we ran two additional
historical runs (1970-2014) with erosion-originated carbon and nitro-
gen put into the dissolved organic pools (EXP-7) or into the particu-
late organic pools (EXP-8), instead of the dissolved inorganic pools
(Terr, baseline, EXP-3; Extended Data Table 1). We found that routing
coastal erosion carbon and nutrients towards the dissolved organic
poolinstead of the inorganic pool (EXP-7 minus EXP-3) surprisingly
resulted inmore NPP (+48 TgC, +9.4%) and export flux (+11 TgC, +20%),
slightly more CO, uptake and less outgassing by about -5% (-9 TgC;
Supplementary Table 2). Routing coastal erosion to the particulate
pool also resulted in an increase in NPP (+23 TgC, +4.5%) and export
flux (+5.5 TgC, +10%), but to asmaller extent. In contrast to EXP-7, EXP-8
resulted in more outgassing (+20 TgC, +11%). All experiments remain in
therange of previous modelled or observational studies. The reader is
referred to the next section for more details on the model simulation
skills to represent Arctic CO, fluxes. We found that the remineraliza-
tion and export efficiencies showed very small deviations from the
baseline simulation in EXP-7 and EXP-8 (Supplementary Fig. 12), and
they remained relatively constant during the historical period. Thus,
while the selection of a specific destination pool for coastal erosion
could lead to variations of up to 20% in NPP and export fluxes, our
investigations unveiled that the underlying mechanisms, as elucidated
in this study, remained consistent regardless of this choice. However,
amorerealistic separation of the destination poolsis needed to better
estimate Arctic Ocean biogeochemical fluxes.

We acknowledge additional limitations of the model regarding
the representation of dissolved organic matter (DOM) lability. We
only consider semi-labile DOM, although we know that terrigenous
and oceanic-originated organic matter can have different lability*3'>.
Terrigenous matter forms a large fraction of the organic matter on
the Siberian shelves and was assumed to be largely refractory on the
basis of almost conservative mixing behaviour'>*™'*%; newer studies,
however, have shown that a large fraction (more than 70%'>’) is

labile’* %, with degradation timescales in the semi-labile continuum.
However, asmallfraction of the carbon that is consumed by microbes
can contribute to the refractory DOM pool that cycles on timescales
of thousands of years"'*2, A key question is whether the Arctic DOC
inventory increases as a result of the increased microbial turnover,
similar to recent observation in freshwater environments on land'>.
Currently, the major fraction of terrigenous DOC (>50% of annual flux)
is exported during the freshet'”” and originates from modern plant
litter that is less labile compared with old organic carbon mobilized
from thawing permafrost. With amplifying Arctic warming, the frac-
tion of labile organic carbon from thawing and eroding permafrost
potentially increases. Moreover, we do not consider photodegrada-
tion*. The importance of photodegradation in the Arctic is poorly
known. However, there are indications that high turbidity and absorp-
tion, especially in river-influenced coastal and shelf waters, limits
photodegradation'>",

The absence of burial in the model potentially biases our results
and may cause slightly overestimated NPP levels. Total burial of organic
carboninthe Arctic (excluding the Bering strait/Chukchishelfand the
Canadian Archipelago, for which acomprehensive budget was not pos-
sible) has been estimated atabitless than 10 TgC yr (ref. 137). Most of
thatburial derives fromthe terrestrial (allochthonous) particulate OM
input, with high C:N ratio and a large negative value of AC, of which
roughly half stems from coastal erosion. We can roughly estimate
the error in our model input fluxes in the following way, by assuming
equal lability of riverine and permafrost OM: the burial probability of
terrestrial-originated particulate OM is roughly 10/14 (ref. 137). Total
input of particulate OM from coastal erosion from the same source
is -7 TgC yr™. Of this input, therefore ~7 x 10/14 = 5 TgC yr ' might get
buried. We might therefore overestimate the erosioninput by the same
amount as we are inputting a total amount of carbon of 15.4 TgC yr™
from coastal erosion™. On the other hand, we have not included par-
ticulate OM in our model riverine inputs. Of the -7 TgC yr™ estimated
inref. 137, ~4/14 get remineralized in the water column and sediment,
which would amount to an underestimate of the effective riverine OM
input by ~2 TgC yr™. A higher lability of permafrost-derived (erosion)
particulate OM thanthat of riverine particulate OM would reduce both
absolute numbers, which would further balance out the remaining
3 TgCyr . Theabsence of burial is also somehow compensated by the
carbon and nitrogen accumulation in the sediment (Supplementary
Fig.13) and by the fact we introduced a loss term for nitrogen in the
sediment through benthic denitrification.

Export flux. The export flux was evaluated for both the Arctic Ocean
and the global ocean at many different depths using the most com-
prehensive current observational dataset for the sinking of particu-
late organic matter™® (Supplementary Fig. 14). We found that the
modelled export flux was able to reproduce observations significantly
(with doubled-sided t-test P values < 0.001) and reasonably well on
aglobal scale (r=0.21) and with a noticeable improvement for the
Arctic Ocean (r=0.39). Note that the statistics were derived from
non-log-transformed data.

CO, fluxes. Here we consider negative (positive) fluxes to be CO,
uptake (outgassing) by the ocean. Estimated fluxes from our simulation
(Terr) are —140.5 + 4.2 TgC yr™, while the Regional Carbon Cycle
Assessment and Processes project, phase 2 (RECCAP2, https://www.
globalcarbonproject.org/reccap/) documented-116 + 4 TgC yr ' from
observation-based pco, productsand-92 +30 TgC yr ' from the ensem-
ble mean of global ocean biogeochemistry models*’. For this RECCAP2
calculationto be comparable, we used the exact same 1985-2018 time
period and mask (https://github.com/RECCAP2-ocean/R2-shared-
resources/blob/master/data/regions/RECCAP2_region_masks_
all_v20221025.nc). The RECCAP2 assessment is the latest and most
comprehensive assessment of the Arctic Ocean CO, uptake,
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yet uncertainties are probably larger than reported standard devia-
tions. This is because surface ocean CO, observations that form the
basis of observation-based estimates and are the first-order evaluation
metric for the ocean biogeochemistry models are still sparse in large
parts of the Arctic, and particularly in winter*’. Most of the available
data are from the western Greenland Sea, the Beaufort Shelf, the
ChukchiSeaand the Barents Sea, while much less data are available for
the Central Basin and Siberian shelf seas. Other Arctic-specific model
or mass balance studies estimated the AO carbon sink at about
-153 +14 TgC yr' (ref. 139) or -166 + 60 TgC yr* (ref. 140). Our addi-
tional experiments such as EXP-7 and EXP-8 yielded CO, fluxes of about
-150 TgC yr*and-120 TgC yr!, whichremainin the range of previous
estimations. Our results are thus consistent with previous estimates.

Data availability

The minimal dataset required to reproduce the findings of this study
is available on Zenodo at https://doi.org/10.5281/zenodo0.14228166
(ref.141). Model outputs are too large and will be provided upon request
to the corresponding author.

Code availability

FESOM and REcoM continue to be further developed and are pub-
licly available under a GNU GPL licence. The Fortran source code of
FESOM2.1-REcoM3 can be obtained via https://fesom.de/models/
fesom20 (last access 21 September 2024). The custom model code
and the post-processing scripts underlying the figures are available
onZenodo at https://doi.org/10.5281/zen0odo.14228166 (ref.141). The
analysis of the model output was done with the open-source software
Python.
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Extended Data Table 1| Experimental design

Simulations forcing terrigenous inputs coastal erosion pools freshwater runoffs year span

CTRL looping over 1950-1959 constant DIN, DIC constant 1970-2100
EXP-1(NoTerr) historical + SSP3-7.0 none DIN, DIC constant 1970-2100
EXP-2 historical + SSP3-7.0 constant DIN, DIC constant 1970-2100
EXP-3 (Terr) historical + SSP3-7.0 varying DIN, DIC varying 1970-2100
EXP-4 historical + SSP5-8.5 varying DIN, DIC varying 1970-2100
EXP-5 historical + SSP1-2.6 varying DIN, DIC varying 1970-2100
EXP-6 historical + SSP2-4.5 varying DIN, DIC varying 1970-2100
EXP-7 historical varying DON, DOC varying 1970-2014
EXP-8 historical varying PON, POC varying 1970-2014
EXP-9 (Cram et al. 2018) historical varying DIN, DIC varying 1970-2014
EXP-10 (no CDOM absorption) historical varying DIN, DIC varying 2010-2014

Full exhaustive experimental set-up with all simulations for sensitivity tests. The model was spun up for 50 years including four cycles of the 1950s decade, and one of the 1960s decade. The
control run use constant atmospheric CO, concentration of 312.82 ppm (1950). Analysis started in 1970.
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Extended Data Table 2 | Nitrogen and Carbon budgets

processes (Nitrogen:Carbon) climate change terrigenous inputs scenario uncertainty baseline (2090s, Terr)
Phytoplankton assimilation / NPP 9.3:302 7.9:124 4.7:122 31.7:706
Phytoplankton aggregation 21:27 4.0:35 27:25 16.3:120
Phytoplankton Excretion 9.2:21 3.0: 60 415:102 28.8: 520
Zooplankton Grazing 11:24 1.9:12 1.9:15 9.4:58
Zooplankton losses 1.26: 34 2.0:12 1.9:15 9.6: 62
Ocean Remineralization 13.2: 220 6.5: 64 4.5:99 43.2: 623
Dissolution 1.4:1 1.2:5.3 0.52:5 9.4: 60
Benthic Remineralization 6.6:33 5.5:24 36:24 18.1:101
Export flux100m -0.04: 41 05:45 -0.4:-0.3 7.7:53
Export flux 600m -0.06: 0.45 0.05: 0.52 -0.09:-0.3 1.0:7.3
Benthic dénitrification 0.06: NA 0.26: NA 0.13:NA 0.82: NA
CO, uptake NA: 171 NA: -33 NA: 94 NA: 281

Quantification of the absolute contribution of climate change, terrigenous inputs and scenario uncertainty on some biogeochemical processes expressed both in terms of nitrogen [Tg N yr™]
and carbon [TgC yr™']. Phytoplankton losses encompass excretion and aggregation. Zooplankton losses encompass mortality, excretion, sloppy feeding, and faecal loss.
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B Arctic Ocean sub-regions
& s

Arctic Ocean studied area

Extended Data Fig. 1| Studied area. The studied area of the Arctic Ocean assessment of the modeled versus satellite-derived NPP. Red lines are transects
represented in A by the colored area. The studied area is subdivided in B11 representing the boundary of the Arctic region used for volume and nutrient
regions. The regionalization is not used in the main manuscript but servesin the transport (Supplementary Table 3) in order to be consistent with observations.
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Extended Data Fig. 2| Characteristics of the ‘New’ Arctic Ocean. Time-series
of Astratification (potential density difference between 300 m and surface) in
winter [kg m~], Bupper mesopelagic (100-600 m) oxygen concentration [mmol
m~]and C the stoichiometric carbon to nitrogen (C:N) ratio of the export flux

SSP3-7.0 [Terr]

at100 m. Our model simulations allow flexible stoichiometry. The observed
increasing C:Nratios, in line with a nutrient poorer environment, is limiting the
decrease of the BCP efficiency. In fixed stoichiometry model, the dampening of
the BCP would therefore be over-estimated.
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Extended Data Fig. 3 | Estimation of the model drift. Timeseries from our yr']. The model drift is extremely small compare to climate change and evidence
control simulation (constant climate and atmospheric CO, concentration) for A aquasi-equilibrium for surface (CO, flux, pco, and Revelle factor), intermediate
ocean CO, uptake [TgC yr™], B partial pressure of CO, in the surface ocean [patm (export flux at 100 m) and deep ocean variables (DICggyn)-

yr'], CRevelle factor [yr™], D export flux at 100 m [TgC yr™'],and C DICgeyn [PEC
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Extended Data Fig. 4| CMIP6 assessment of NPP and export flux. Timeseries CanESM5-CanOE; CanESMS5; CESM2; CESM2-WACCM; CNRM-ESM2-1; GFDL-
of the CMIP6 ensemble mean (and + 1standard deviation) of Net primary ESM4; IPSL-CM5A2-INCA; IPSL-CM6A-LR; MIROC-ES2L; MPI-ESM1-2-HR; MPI-
Production (NPP) and export flux (EF) for the historical period plus 3 emission ESM1-2-LR; NorESM2-LM; NorESM2-MM; UKESM1-0-LL] while the SSP5-8.5 (E, F)
scenarios (A, B) SSP1-2.6; (C, D) SSP3-7.0; (E, F) SSP5-8.5. Historical periods and has 17, the additional model being [MRI-ESM2-0].

SSP1-2.6 and SSP3-7.0 (A, B, C, D) used 16 models [ACCESS-ESM1-5; CanESM5-1;

Nature Climate Change


http://www.nature.com/natureclimatechange

Article https://doi.org/10.1038/s41558-024-02233-6

A CMIP6 remineralization efficiency
3.2

3.0

2.8

2.6

0.145

0.140

0.135

'\91 ° '\9%0 '\990 1000 'LQ'\'Q 'LQ’)’G 1030 10 »0 ILQC)Q 10(00 12,0,\ ° 10%0 1090 @\00

time [year]
—— Hist — SSP1-2.6 SSP2-4.5 SSP3-7.0 - SSP5-8.5
Extended Data Fig. 5| CMIP6 assessment of remineralization and export delivered remineralization as an output. For consistency, we limited the analysis
efficiencies. Time series of the (carbon-based) A remineralization and to those 5 models: CESM2, CESM2-WACCM, IPSL-CM6A-LR, MPI-ESM1-2-HR,
B export efficiencies from the CMIP6 (Coupled Model Intercomparison Project) MPI-ESM1-2-LR. The analysis shows that our results are consistent with those of
ensemble. Only 5 models from 3 different Earth System model providers CMIP6 models.
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Extended Data Fig. 6 | Temporal change (climate change) in the spatial orleave the Arctic Ocean take place. This analysis demonstrates that the negative
distribution of the average DICggy,y below100 m. This map showsadipole DICgeyiy anomaly in the Arctic Oceanis produced locally and notimported from
structure between the Arctic Ocean and the North Atlantic Ocean. The Arctic adjacent Seas. By contrast, the Arctic Ocean is exporting southward negative

Ocean is losing DICggyn While the North Atlantic is gaining DICg\n. The European DICgeyiy anomalies to the North Atlantic.
Arctic Corridor is the major gateway where 80% of all water masses which enter
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Extended Data Fig. 7| Spatio-temporal changes in air-sea CO, fluxes due to
terrigenous inputs. A Map showing the contribution of terrigenous inputs
onair-sea CO, fluxes [molC m2yr™]. Positive anomalies (red colors) indicate
regions where Terris showing more outgassing (or less uptake) than NoTerr.

The associated time series on the right-hand side show the B absolute [TgC yr™],

Crelative [%] differences between Terrand NoTerr and D the total AO carbon

40
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sink of the baseline Terr simulation (a negative flux means uptake by the ocean).
The total amount of CO, released to the atmosphere due to terrigenous inputs
fluctuated around 27-47 TgC yr*in the Terr simulation. Given the AO carbon sink
increases with climate change, the relative reduction of the AO carbon sink due
to terrigenous inputs decreased from about 23.2% in the 1970s to about 10.3% in
the2090s.
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