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Abstract Arctic shelf seas receive greater quanti-
ties of river runoff than any other ocean region and
are experiencing increased freshwater loads and asso-
ciated terrestrial matter inputs since recent decades.
Amplified terrestrial permafrost thaw and coastal
erosion is exposing previously frozen organic matter,
enhancing its mobilization and release to nearshore
regions. Changing terrestrial dissolved organic mat-
ter (terr-DOM) loads and composition may alter
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shelf primary productivity and respiration, ultimately
affecting net regional CO, air-sea fluxes. However,
the future evolution of Arctic Ocean climate feed-
backs are highly dependent upon the biological deg-
radability of terr-DOM in coastal waters, a factor
often omitted in modelling studies. Here, we assess
the sensitivity of CO, air—sea fluxes from East Sibe-
rian Arctic Shelf (ESAS) waters to changing terr-
DOM supply and degradability using a biogeochemi-
cal model explicitly accounting for bacteria dynamics
and shifting terr-DOM composition. We find increas-
ing terr-DOM loads and degradability trigger a series
of biogeochemical and ecological processes shift-
ing ESAS waters from a net sink to a net source of
CO,, even after accounting for strengthening coastal
productivity by additional land-derived nutrients.
Our results suggest that future projected inputs of
labile terr-DOM from peat and permafrost thaw may
strongly increase the CO, efflux from the Arctic shelf
sea, causing currently unquantified positive feedback
to climate change.

Keywords Terrestrial DOC - DOC lability - CO,
fluxes - Arctic Shelf - Biogeochemical models
Introduction

Pan-Arctic river discharge to the Arctic Ocean has

increased over recent decades (Peterson et al. 2002;
Haine et al. 2014) with climate model simulations
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forecasting this to continue and potentially acceler-
ate during the 21st century (Ahmed et al. 2020; Wang
et al. 2021). Hydrologic models informed with cli-
mate projections estimate increases of ~25 to 50% in
freshwater discharge to the Laptev and East Siberian
Shelf by 2100 (Wang et al. 2021). Ongoing terrestrial
permafrost thaw and enhanced rates of coastal ero-
sion in response to climate warming will additionally
alter the source and loads of dissolved organic matter
(DOM) exported from watersheds to coastal waters
(Wang et al. 2021; Frey and McClelland 2008). An
intensifying hydrologic cycle will therefore cause
greater quantities of terrestrial dissolved organic car-
bon (terr-DOM) to reach coastal shelf waters, with
changes in its overall composition due to redistribu-
tion of aged peat and permafrost derived materials
(Mann et al. 2022; McGuire et al. 2009; Vonk and
Gustafsson 2013).

The shallow Laptev Sea (50 m) receives the great-
est quantities of freshwater across the ESAS (~ 745
km® year™!), predominantly supplied by the Lena
River (566 km® year™'; Cooper et al. 2008). Shelf
waters of the Laptev Sea are characterized by high
DOM concentration (up to 500 uM, Juhls et al. 2019)
comprised mostly of terr-DOM, evidenced by sta-
ble isotope carbon composition and ratios consistent
with terrestrial sources (Alling et al. 2010; Salvad6
et al. 2016). Arctic shelf DOM also comprises DOM
derived from coastal erosion and marine production,
and is influenced by the contrasting fate (export, min-
eralization, flocculation, and burial) of different DOM
fractions (e.g., non-humic vs. humic DOC) across
the shelf. Overall losses of up to 10% of the riverine
DOC pool have been estimated across the Lena River
estuary before export onto the ESAS shelf, likely due
to processes such as photodegradation, flocculation
and sedimentation (Alling et al. 2010; Gustafsson
et al. 2000) which mainly remove humic DOM frac-
tions in the lower salinity zone (between 4 and 6 psu,
Forsgren et al. 1996; Eckert and Sholkovitz 1976;
Stubbins et al. 2016). By contrast, moving offshore,
where salinity is higher, DOC losses in the non-
humic fraction of the DOM pool become increasingly
more important, indicating a dominant role for bacte-
ria in degrading terr-DOM in the outer shelf regions
(Anderson et al. 2019; Alling et al. 2010; Amon and
Benner 2003; Lobbes et al. 2000).

The fate and impact of terr-DOM on shelf biogeo-
chemistry is, therefore, influenced by the capacity
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of heterotrophic bacteria to utilize terr-DOM to ful-
fil their carbon and nutrient requirements i.e., on
the biological lability of terr-DOM, a key yet highly
uncertain parameter (Alling et al. 2010; Holmes et al.
2008; Manizza et al. 2009). Despite this, the sensitiv-
ity of air-sea CO, flux estimates to contemporary or
future terr-DOM biological degradability has yet to
been addressed. However, mounting evidence sug-
gests future changes to coastal terr-DOM composi-
tion, due to permafrost thaw and reduced freshwater
residence times (Mann et al. 2022), will increase the
biological lability of terr-DOM promoting enhanced
DOC losses (Catalan et al. 2016; Mann et al. 2015;
Vonk et al. 2013) and supply of nutrients to support
coastal productivity across Arctic shelves (Terhaar
et al. 2019, 2021). Here, we use a complex marine
biogeochemical model—the FEuropean Regional
Seas Ecosystem Model (ERSEM, Butenschon et al.
2016) specifically augmented with a new formula-
tion accounting for terr-DOM to assess the impact of
terr-DOM concentration and its biological reactiv-
ity on the CO, exchange between the ocean and the
atmosphere.

Materials and methods
The biogeochemical model

ERSEM is a biomass and functional type based
marine biogeochemical model describing carbon
and nutrient cycling within the planktonic and ben-
thic environment. Heterotrophic prokaryotes (DOM
consumers) are modelled through a single func-
tional type, hereafter generically called “bacteria”.
DOM-bacteria interactions, including terr-DOM are
summarized in Fig. 1.

ERSEM is fully described in Butenschon et al.
(2016), which includes a detailed description of
model assumptions and mathematical equations.
The current implementation is based on the Buten-
schon et al. (2016) description with 4 phytoplank-
ton and 3 zooplankton functional groups. Here we
limit our description to the equations accounting
for terr-DOM which have been newly developed in
this work partially based on Anderson et al. (2019)
and to bacterial respiration which is a key variable
for the purpose of this study. terr-DOM is described
through two state variables: T, and T, (both given
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in mg C m™). T, represents a coloured, light-
absorbing ‘humic’ fraction which is susceptible
to both microbial and photochemical degradation.
T, by contrast, accounts for the non-light absorb-
ing ‘non-humic’ fraction and is susceptible only to
degradation by bacteria. Following Anderson et al.
(2019), the T, fraction is also assumed to be prone
to flocculation processes. terr-DOM is assumed to
have a fixed C:N and C:P molar ratio equal to 22
and 950, respectively (Cauwet and Sidorov 1996;
Kutscher et al. 2017; Sanders et al. 2022). Model
parameters, other than those explicitly described
here, are taken from Butenschon et al. (2016).

The evolution of terr-DOM can be summarized
as:

dT;.

2 = uptake — photodeg — flocc — diffusion — %(TL2 = Tops)-

the seasonality of the Lena outflow) in our 1D model
setup where horizontal advection is not resolved.
The term uptake (mg C m~ day™!) is equal to:

a5 Ty,

uptake = ——————
P Total substrate

- min(Pot, Total substrate)

@)
where Pot (mg C m™ day™') is the potential bacte-
rial uptake (i.e. the uptake under non-limiting carbon
conditions) and is given by:

Pot=r-B-T'°.02lim ©)

where r (day~!) is the max specific uptake rate of bac-
teria, B is the bacterial concentration (mg C m~>) and
T!% and O2lim are adimensional functions describing

ey

where T, is the terr-DOM fraction concentration,
uptake is the bacterial consumption (see below)
and flocc, photodeg and diffusion are the terr-DOM
changes due to flocculation, photodegradation and
turbulent diffusion, respectively. R is a relaxation
constant (10 days). The purpose of R is to enable the
introduction of a source of terr-DOM (T, driven by

temperature and O, dependency, respectively (Buten-
schon et al. 2016). «; , are non-dimensional parame-
ters describing the degree of lability of T, and T, with
respect to the degradability of the labile DOC fraction
(o, 1 day_l, Butenschon et al. 2016; Polimene et al.
2006).

Total substrate (mg C m~> day™!) is the sum of all
the carbon sources available to bacteria multiplied by
the relative lability coefficient «, and o:
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Total substrate =7, -, o + T, - ay - 0 + Z DOM, - a, -0 + ZPOMm ‘e, 0, )
1 1

where DOM and POM are the dissolved and particu-
late organic matter produced by the marine planktonic
system respectively, and a, and a,, the relative labil-
ity coefficients (Butenschon et al. 2016). The num-
ber of DOM and POM fractions (n and m) described
in ERSEM map onto the different functional groups
considered (Butenschon et al. 2016).

Note that if Total substrate < Pot
order degradation rate of T/ ,.

The term photodeg (mg C m~ day™!) is only
applied to T1 and is given by:

> @12 18 @ first

1
photodeg = ¢ - E - T, (5)

where ¢ is the reference photodegradation rate
(assumed to be 0.03 day_l, Mann et al. 2012), I the
incident irradiance (W m™) and I the reference
irradiance assumed to be 130 W m™. According to
Anderson et al. (2019), byproducts of photodegra-
dation are partially directed into the inorganic car-
bon and nutrient pools, while the remaining fraction
(0.2) is redirected into the T2 component. It should
be stressed that we assumed photodegradation to be
a function of the total irradiance (Ultraviolet or UV
light is not modelled) and this could lead to an over-
estimation of this process as UV absorption by water
is significantly higher than at larger wavelengths.
However, since photodegradation parameters were
not altered during our experiments, this does not
affect the quality of our results. Loss due to floccu-
lation (which only applies to T)) is described by the
term flocc (mg C m~> day™")

(In S=Sy)

flocc=9-¢ 27 -TI1? (6)

where S is salinity in psu, J is the maximum floccula-
tion rate [2 x 107® day~! (mg C)~!, Anderson et al.
2019], S, is the In of salinity at which flocculation is
maximum (~2 psu) and f is the parameter of the bell-
shaped curve. We have used f = 1.35, implying that
the max flocculation rate decreases by one order of
magnitude at 35 psu.
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Bacterial respiration (RESP, mg C m~> day™) is
given by the sum of two terms describing activity and
rest respiration, respectively:

RESP = uptake - [1 — Eff — Eff02 - (1 — O2lim)] + R, - B - T'°

(7
where Eff (unitless) is the maximal bacterial growth
efficiency (0.6, Butenschon et al. 2016), EffO2 the
bacterial growth efficiency under oxygen limitation
(0.2, Butenschon et al. 2016) and R, the daily carbon
specific rest respiration rate (0.1 day™', Butenschon
et al. 2016).

Model physical set up

We coupled the model described above with a one-
dimensional hydrodynamic model, the General Ocean
Turbulence Model (Burchard et al. 1999) and imple-
mented it at the shelf-ocean break of the Siberian
Laptev Sea (Lat 75, Lon 130, depth ~38 m). This site
is well documented to receive significant quantities
of terr-DOM from the Lena River and coastal erosion
(Bauch et al. 2013; Juhls et al. 2019).

The model was forced with tidal data (Egbert and
Svetlana 2002) and reanalysis meteorological data,
including net short wave radiation (hourly ERA-5,
generated using Copernicus Climate Change Ser-
vice information, Hersbach et al. 2018) and ini-
tialized with vertically uniform values of nutrients
(mmol m~3 of NO,, PO, and SiO,) estimated from
literature (NO;=4, PO,=0.8 and SiO, =8, Kattner
et al. 1999; Sorokin and Sorokin 1996; Bauch and
Cherniavskaia 2018).

To reproduce the seasonal water column structure
evolution, temperature and salinity profiles were con-
strained between artificially created summer (August)
and winter (January) profiles (Figs. S2 and S3). Sum-
mer temperature and salinity profiles range from
4 degrees and 10 psu, respectively at the surface to
— 1.5° and 34 psu at the bottom (Bauch et al. 2013)
while winter values were constant through the water
column and equal to the summer bottom values (i.e.
— 1.5 and 34 psu, respectively). These profiles were
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linearly interpolated to generate seasonal time series
which were assimilated by the model. Resulting tem-
perature and salinity values, averaged over the light
season, were consistent with the data reported in
Semiletov et al. (2016) (SI, Figs. S1 and S2).

Light extinction through the water column is
dependent on the concentrations of organic par-
ticulates (Butenschon et al. 2016) and the coloured
fraction of terr-DOM (T1). Light absorption by
inorganic particles (which are not explicitly mod-
elled) has been simulated by using the mass spe-
cific light absorption for inorganic suspended solid
matter reported in Butenschon et al. (2016) and a
concentration of 800 mg m~>. The latter was esti-
mated from the total suspended matter measured
in the proximity of the model location (~1 g m™,
Wegner et al. 2003) assuming a 20% contribu-
tion of living and detrital organic particles. T has
been added to the light absorbing substrates assum-
ing a specific absorption coefficient of 0.0002 (m?
mg C~!). This value is at the lower range of those
reported in Matsuoka et al. (2014) for the ESAS. At
the lower boundary of the water column, a simple
remineralization closure is applied (Polimene et al.
2014). According to this, sinking organic particles
are exported from the water column and re-injected
into the bottom waters as dissolved nutrients and
inorganic carbon.

Ice coverage reduction due to global warming
is expected to affect primary production (PP) in the
Arctic Seas (Lewis et al. 2020) with potential conse-
quence on CO, fluxes. To account for this, we used
a conservative approach by not considering ice cov-
erage in the model setup. This implies model phyto-
plankton experience the longest productive season
theoretical possible i.e. coinciding with the light
season. The light season was here defined based on
modelled non-zero values of daily photosyntheti-
cally active radiation simulated from March to Octo-
ber. Simulations were run for 9 years (2010-2018)
to check for model stability (i.e. absence of drift in
state variables). After 2 years of simulation, a stable
repeating cycle for the main biogeochemical variables
was achieved and the year 2012 was taken for the sen-
sitivity exercise. The physical setup of the model has
been kept constant in all the scenarios tested.

Terr-DOM scenarios

The starting terr-DOM concentration (present day
scenario) was estimated from late summer DOC
observations (on average~200 umol L~!, Juhls
et al. 2019) and assuming a 60% terr-DOM content
(Kattner et al. 1999). Spring and Winter terr-DOM
concentrations were then estimated from the sea-
sonal evolution of the Lena River DOC discharge
(Cauwet and Sidorov 1996; Juhls et al. 2020). terr-
DOM loads during May to June and over winter
months (January—March) are approximately double
and half (respectively) that of late summer con-
centrations (August). These values were linearly
interpolated to construct a terr-DOM seasonal time
series (T,,) which was assimilated by the model
into the T, and T, state variables (50% each) as
described in Eq. 1. Present day terr-DOM fluxes
(SI, Fig. S3) were increased by 25, 50, 75 and 100%
covering the range of increases estimated for Arc-
tic Shelf Seas (20—46%, Frey and Smith 2005; Frey
et al. 2007) and model scenarios (up to 100%, Ter-
haar et al. 2019).

Terr-DOM biological lability is expressed as life
time i.e. the time by which a terr-DOM pool [X] is
degraded to a value equal to [X]/e (Hansell 2013).
A range of life time parameters were used based
upon decomposition rates reported in literature: 0.7
years (river and estuarine water incubations; Hol-
mes et al. 2008; Vonk et al. 2013), 3.3 years (field
observations; Alling et al. 2010) and 10 years (mod-
elling estimate; Manizza et al. 2009). To examine
more extreme future changes in terr-DOM lability
(e.g. enhanced permafrost thaw; Mann et al. 2022),
we widened the life times examined to include 0.3
and 20 years. The inverse of these life times (deg-
radation rates) have been used as input values for
the model parameters a; and a,. Total terr-DOM
is assumed to be composed by the same amount of
T, and T, (i.e. 50-50%) while, according to Ander-
son et al. (2019), T, is considered to be ~ 3 times
more labile than T,. The values of a; and a, used
are: a; = [0.012,0.006, 0.0012, 0.0003, 0.00015]. and
a, = [0.012,0.006, 0.0012, 0.0003, 0.00015]. The
average of each pair of these values corresponds to
the life times described above (from 0.3 to 20 years).

The model was run under four configurations each
combining the terr-DOM concentrations and labilities
described above (i.e. up to 25 runs, SI Table S1):
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Fig. 2 CO, air-to-sea flux as function of terr-DOM concen-
tration and life time. Positive values indicate CO, sinks, and
negative values net sources. Values have been averaged over
the light season

(1) Core experiment with parameters and initial con-
ditions as above.

(2) Experiment S1 assuming terr-DOM was totally
refractory to bacteria (i.e. a; and a, set to zero)

(3) Experiment S2 with doubled nutrient initial con-
ditions (nitrate, phosphate and silica).

(4) Experiment S3 with double N and P content in
terr-DOM (i.e. with double N:C and P:C ratios).

Model performance in the core experiment was
assessed by comparing simulated PP with satellite
and field estimates presented in literature (SI, Fig.
S4).

Model caveats and limitations

The presented modelling approach has caveats and
limitations mainly due to the simulation of the physi-
cal features of the system. The effect of climate
changes on the physical structure of the Arctic shelf
is likely to be complex (Timmermans and Marshall
2020; Arthun et al. 2021) and our theoretical model
setup was not meant to reproduce such complexity.
Consequently, the simulation of the biogeochemical
and ecological dynamics we have highlighted is quan-
titatively affected by the uncertainty associated with
our simplified physical setup. However, we stress that
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our goal was to investigate potential trends in CO,
fluxes rather than providing quantitative estimates.

Results and discussion

Air-sea CO, fluxes as a function of terr-DOM con-
centration and life time were examined using our
model (Fig. 2). In an idealized water column as
here, we could expect a CO, balance close to zero
in the absence of allochthonous DOM due to the
close interdependence and balance between CO,
consumption (driven by primary productivity) and
production driven by community respiration. Posi-
tive, seasonally averaged air to sea CO, fluxes (i.e.
CO, uptake) are possible representing produced
carbon that is buried in sediments and/or respired
over longer time scales. Addition of terr-DOM in
such a system should alter this balance potentially
leading to dissolved inorganic carbon accumulation
in the upper part of the water column.

Assuming initial conservative life time esti-
mates of 10-20 years and present day terr-DOM
supply, our model estimates a small annual CO,
uptake (~4 mmol CO, m~2 day~!) in good agree-
ment with recent estimates for the Arctic basin
(4 +4 mmol CO, m™2 day™!, Yasunaka et al. 2016).
Air-sea CO, fluxes were sensitive to both increased
terr-DOM supply and/ or reductions in average life
times (Fig. 2). Increased terr-DOM supply alone
only shifted shelf waters toward a net CO, source
under the doubled scenario (+100% terr-DOM)
when life times were higher (3.3, 10 and 20 years).
However, air-sea fluxes were highly responsive to
terr-DOM life times, with shelf waters shifting to
net CO, sources under all terr-DOM supply scenar-
ios- including under present day terr-DOM loads,
when shorter life times of 0.7 and 0.3 years were
examined. Concurrent changes in both terr-DOM
load and life times, caused more rapid shifts toward
net CO, emissions.

Increased CO, air sea emissions were proportional
to increased bacterial terr-DOM uptake, which in turn
varied across the terr-DOM scenarios tested (Fig. 3a).
Our model indicates that < 10% of total DOC uptake
is subsidized by terr-DOM when life times>3.3
years, whereas terr-DOM contributed up to 60% of
the DOC assimilated when life times were <1 year
(Fig. 3a). Increased future terr-DOM subsidies to
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marine bacteria may therefore be expected to drive
greater quantities of CO, production through respira-
tion (del Giorgio and Cole 1998).

Future increases in bacterial respiration may be
partially balanced by concomitant increases in PP,
due to the fertilization effect of nutrients associated
with terr-DOM. However, although incorporating
the impacts of nutrient enrichment from terr-DOM
(Fig. S5), our model simulated decreased PP under
all scenarios of increasing terr-DOM concentrations

+25% +50% +75% +100%
increasing terr-DOM

(Fig. 3b) causing a positive feedback to CO, outgas-
sing (Fig. 2).

Patterns of decreasing PP were due to the interplay
of two factors: light limitation and increased grazing
pressure on primary producers. When terr-DOM was
assumed to have longer life times (> 10 years), declin-
ing PP was primarily caused by reduced light penetra-
tion caused by greater terr-DOM light absorption in
the water column. Model simulations repeated assum-
ing terr-DOM was completely refractory (acting as
a “light screen” alone) demonstrated PP decreases

@ Springer
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Fig. 5 Relative increase in zooplankton biomass as function
of terr-DOM life times in the +100% scenario with respect to
present day. Uncertainties have been estimated by considering
the coefficients of variation (CV = (std/mean) X 100) in the
+100% scenario normalized by the CVs in the present day

between 4 and 16% with 25 to 100% increases in terr-
DOM supply (experiment S1; Fig. 4). By contrast,
when terr-DOM lifetimes were shorter, increased
grazing pressure on primary producers became pro-
gressively more important in all terr-DOM scenarios
(Figs. 5 and S6). When terr-DOM was more bio-
logically available, bacterial biomass became higher
during winter and early spring months (i.e. before
the phytoplankton bloom, Fig. S7), inducing a shift
to a more heterotrophic dominated food chain with
relatively high zooplankton concentrations (Fig. 5
and Fig. S6). Increased zooplankton control phyto-
plankton through grazing, reducing PP. As such, the
combined effects of light reduction and increased
zooplankton pressure resulted in more pronounced
declines in PP (up to 60% PP reduction in the + 100%
terr-DOM scenario), further decoupling CO, produc-
tion from consumption and causing sharp increases in
projected CO, outgassing (Fig. 2). Notably, for each
given terr-DOM concentration, decreasing terr-DOM
lifetime strongly enhanced the CO, outgassing (up to
20 times in the +100% scenario with 0.3 years terr-
DOM lifetime).

Recent modeling studies suggest nitrogen subsi-
dies from terr-DOM may support up to 51% of con-
temporary Arctic shelf PP and infer that terrestrial
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nutrient supplies from land will affect the future
evolution of the Arctic Ocean PP (Terhaar et al.
2021). To examine the relative importance of land-
derived nutrient supply, we compare PP simulated
under present day scenarios assuming high and
low terr-DOM life times (Fig. 3). Model simula-
tion incorporating high terr-DOM life time (20
years) examine PP when land-derived nutrients are
limited in availability for use by primary produc-
ers, whereas low terr-DOM life time (0.3 years)
assess PP when nutrients are readily accessible to
phytoplankton. In good agreement with Terhaar
et al. (2021), simulated PP under short terr-DOM
life times (0.3 year™!) was approximately double
of that simulated under 20 years terr-DOM life-
times (Fig. 2b), suggesting terrestrially-derived
nutrients remineralised by bacteria and their graz-
ers have potential to sustain up to ~50% of simu-
lated PP under the present day terr-DOM concen-
trations. However, our model results further suggest
that with increasing terr-DOM concentrations, this
“fertilization” effect is progressively offset by light
limitation imposed by terr-DOM absorption and/or
a stimulated zooplankton grazing on phytoplankton
populations.

We re-ran our model scenarios (as Fig. 1) assum-
ing: (1) a doubling in initial nutrient concentra-
tion inputs (experiment S2) and, (2) doubled nutri-
ent content of the terr-DOM pool (e.g. doubled N:C
and P:C ratios; experiment S3). Experiment S2 pro-
vides insights into nutrient supplies not associated
to terr-DOM as, for example, through the additional
supply of inorganic nutrients (PO,, NO; and SiO,)
advected from the Atlantic and Pacific Oceans (Lewis
et al. 2020). Experiment S3, examines the effect of
increased nutrients (organic P and N) within terr-
DOM (i.e. assuming more organic nutrients per unit
of terr-DOM). Increased nutrient loads only margin-
ally impacted the CO, air—sea fluxes in both experi-
ments (Fig. 6). However, the response to nutrient
enrichments differed between experiments. Ocean
CO, uptake increased under all scenarios tested in
exp. S2 (Fig. 6a), whereas increased CO, uptake was
only simulated at low terr-DOM concentrations and
high terr-DOM lifetime in exp. S3 (Fig. 6b).

In both nutrient enrichment experiments, increases
in PP (Fig. S7) were partially balanced by increased
heterotrophic respiration (bacterial respiration alone
increases up to 18%), resulting in limited overall
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Fig. 6 Differences in CO, average fluxes between the core experiment (Fig. 1) and a Experiment S2 and b Experiment S3. Negative
differences (blue colour) indicate increased CO, ocean uptake, positive values (red colour) increased CO, emissions

effects on CO, uptake (Figs. 6 and S8). Large differ-
ences between the two experiments were simulated
when terr-DOM concentrations and degradability
were high; this is due to the dominance of diatoms
under these conditions i.e. when smaller phytoplank-
ton groups are top-down controlled by grazers which
are enhanced by increased bacteria (Fig. S6). Con-
sequently, in exp S3 which provided no SiO, enrich-
ment, increasing N and P associated to terr-DOM are
less effective in fertilizing phytoplankton since PP
is mainly limited by silica. Together, these results
indicate that future increases in nutrients supply or
even PP will not necessarily translate to proportional
enhancements in net CO, Ocean uptake.

Our results question the capacity of the Arctic
Ocean to serve as a net sink for atmospheric CO, in
agreement with prior studies (Semiletov et al. 2016)
and may help to explain recent satellite observa-
tions indicating decreasing PP in the Laptev Sea over
recent decades (Demidov et al. 2020). Contrary to
prior studies (e.g. Bates and Mathis 2009), we sug-
gest that Arctic shelf waters are susceptible to shift-
ing from net sinks to net atmospheric sources of CO,
under future changes in terr-DOM supply and origin.
Additional nutrients from land-derived sources, or

elsewhere, only marginally offset these trend due to
complex concomitant changes in biogeochemical and
ecological processes. Our results highlights the need
for future studies to incorporate complex biogeo-
chemical models explicitly accounting for bacterial
dynamics to simulate emergent properties affecting
CO, production and consumption in coastal areas.
Terrestrial permafrost thaw and enhanced coastal
erosion rates across the Arctic can mobilize peat
and permafrost-derived terr-DOM to coastal waters,
modifying nutrient and carbon loads and their rela-
tive biological degradability (Mann et al. 2015; Vonk
et al. 2013). Small subsidies of permafrost-derived
terr-DOM to riverine and estuarine waters (~ 1%)
have been shown to result in marked increases in
biodegradability rates (20-60% dependent on DOM
pool), and thus reduced mean life times (Mann et al.
2022). Changes to terr-DOM sources combined with
an intensification in Arctic hydrologic cycles (e.g.
25-50% freshwater increase to ESAS shelf by 2100,
Wang et al. 2021), is therefore likely to deliver greater
quantities of more bioavailable terr-DOM to Arctic
shelves over coming decades. Declining coastal sea-
ice cover will also modify coastal light availability
and timing. As our model assumptions implies that
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ice is absent during the light season, our model esti-
mates already effectively incorporate future ice-free
conditions and thus model simulated PP is likely
overestimated with resulting CO, fluxes tending to be
conservative. To reliably quantify the future evolu-
tion of Arctic Ocean climate feedback complex bio-
geochemical models coupled to a three-dimensional
hydrodynamic framework will be needed, on which to
run climate-scenario simulations. Our study suggests
that future inputs of terr-DOM from peat and perma-
frost thaw may induce net CO, efflux from the Arctic
shelf causing, currently unquantified, positive feed-
back to global warming.

Funding This work was supported by the NERC-BMBF
CACOON Project (NERC: NE/R012806/1 and NE/R012814/1,
BMBF: 03F0806A). L.P. was also supported by the UK Natu-
ral Environment Research Council, UK Grant NE/RO11087/1.
L.P, RT., HP. and M.B. were additionally supported by
NERC-UK National Capability funding program CLASS (NE/
R0O15953/1), and as part of the Land Ocean Carbon Transfer
(LOCATE; http://locate.ac.uk) Project, Grant Number NE/
NO18087/1.

Data availability The ERSEM model is freely available at:
https://github.com/riquitorres/Lena-1D.

Declarations

Conflict of interest The authors have no conflicts of interest
to declare that are relevant to the content of this article.

Ethical approval Not applicable.
Consent to participate Not applicable.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

@ Springer

References

Ahmed R, Prowse T, Dibike Y, Bonsal B, O’Neil H (2020)
Recent trends in freshwater influx to the Arctic Ocean
from four major arctic-draining rivers. Water 12(4):1189.
https://doi.org/10.3390/w12041189

Alling V, Sanchez-Garcia L, Porcelli D, Pugach S, Vonk EJ,
van Dongen B et al (2010) Nonconservative behaviour of
dissolved organic carbon across the Laptev and East Sibe-
rian Seas. Glob Biogeochem Cycles 24:GB4033. https://
doi.org/10.1029/2010GB003834

Amon RMW, Benner R (2003) Combined neutral sugars as
indicators of the origin and diagenetic state of dissolved
organic matter in the Arctic Ocean. Deep Sea Res Part 1
50:151-169

Anderson TR, Rowe EC, Polimene L, Tipping E, Evans CD,
Barry CDG et al (2019) Unified concepts for under-
standing and modelling turnover of dissolved organic
matter from freshwaters to the ocean: the UniDOM
model. Biogeochemistry. https://doi.org/10.1007/
$10533-019-00621-1

Arthun M, Onarheim IH, Dorr J, Eldevik T (2021) The sea-
sonal and regional transition to an ice-free Arctic. Geo-
phys Res Lett 48:¢2020GL090825. https://doi.org/10.
1029/2020GL090825

Bates N, Mathis J (2009) The Arctic Ocean marine carbon
cycle: evaluation of air-sea CO, exchanges, ocean acidi-
fication impacts and potential feedbacks. Biogeosciences
6(11):2433-2459. https://doi.org/10.5194/bg-6-2433-2009

Bauch D, Cherniavskaia E (2018) Water mass classification
on a highly variable Arctic shelf region: origin of laptev
sea water masses and implications for the nutrient budget.
J Geophys Res Oceans. https://doi.org/10.1002/2017]
C013524

Bauch D, Holemann JA, Nikulina A, Wegner C, Janout MA,
Timokhov LA et al (2013) Correlation of river water and
local sea-ice melting on the laptev Sea shelf (Siberian
Arctic). J Phys Res 118:550-561. https://doi.org/10.1002/
jgrc.20076

Burchard H, Holding K, Villareal MR (1999) GOTM, a gen-
eral ocean turbulence model. Theory, applications and test
cases, Tech. Rep. EUR 18745 EN. European Commission

Butenschon M, Clark J, Aldridge JN, Allen JI, Artioli Y,
Blackford J, Bruggeman J, Cazenave P, Ciavatta S, Kay
S, Lessin G, van Leeuwen S, van der Molen J, de Mora
L, Polimene L, Sailley S, Stephens N, Torres R (2016)
ERSEM 15.06: a generic model for marine biogeochem-
istry and the ecosystem dynamics of the lower trophic lev-
els. Geosci Model Dev 9(4):1293-1339. https://doi.org/
10.5194/gmd-9-1293-2016

Catalan N, Marce’ R, Kothawala DN, Tranvik LJ (2016)
Organic carbon decomposition rates controlled by water
retention time across inland waters. Nat Geosci 9:501—
506. https://doi.org/10.1038/NGEO2720

Cauwet G, Sidorov I (1996) The biogeochemistry of Lena
River: Organic carbon and nutrients distribution. Mar
Chem 53:211-227. https://doi.org/10.1016/0304-4203(95)
00090-9

Cooper LW, McClelland JW, Holmes RM, Raymond PA,
Gibson JJ, Guay CK, Peterson BJ (2008) Flow-weighted


http://locate.ac.uk
https://github.com/riquitorres/Lena-1D
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w12041189
https://doi.org/10.1029/2010GB003834
https://doi.org/10.1029/2010GB003834
https://doi.org/10.1007/s10533-019-00621-1
https://doi.org/10.1007/s10533-019-00621-1
https://doi.org/10.1029/2020GL090825
https://doi.org/10.1029/2020GL090825
https://doi.org/10.5194/bg-6-2433-2009
https://doi.org/10.1002/2017JC013524
https://doi.org/10.1002/2017JC013524
https://doi.org/10.1002/jgrc.20076
https://doi.org/10.1002/jgrc.20076
https://doi.org/10.5194/gmd-9‐1293‐2016
https://doi.org/10.5194/gmd-9‐1293‐2016
https://doi.org/10.1038/NGEO2720
https://doi.org/10.1016/0304-4203(95)00090-9
https://doi.org/10.1016/0304-4203(95)00090-9

Biogeochemistry (2022) 160:289-300

299

values of runoff tracers (6180, DOC, Ba, alkalinity) from
the six largest Arctic rivers. Geophys Res Lett 35:118606.
https://doi.org/10.1029/2008 GL035007

del Giorgio PA, Cole JJ (1998) Bacterial growth efficiency in
natural aquatic systems. Annu Rev Ecol Syst 29:503-541.
https://doi.org/10.1146/annurev.ecolsys.29.1.503

Demidov AB, Sheberstov S, Gagarin VI (2020) Interannual
variability of primary production in the Laptev Sea.
Oceanology  60:50-61.  https://doi.org/10.1134/S0001
437020010075

Eckert JM, Sholkovitz ER (1976) The flocculation of iron,
aluminum, and humates from river water by electrolytes,
Geochim Cosmochim Acta 40:847-848

Egbert GD, Svetlana YE (2002) Efficient inverse mod-
eling of barotropic ocean tides. J Atmos Ocean Tech-
nol 19(2):183-204. https://doi.org/10.1175/1520-
0426(2002)019<0183:EIMOBO>2.0
.CO;2

Forsgren G, Jansson M, Nilsson P (1996) Aggregation and
sedimentation of iron, phosphorus and organic carbon in
experimental mixtures of freshwater and estuarine water.
Estuar Coastal Shelf Sci 43:259-268

Frey KE, McClelland JW (2008) Impacts of permafrost deg-
radation on Arctic river biogeochemistry. Hydrol Process
23(1):169-182. https://doi.org/10.1002/hyp.7196

Frey KE, Smith LC (2005) Amplified carbon release from
vast West Siberian peatlands by 2100. Geophys Res Lett
32:L09401. https://doi.org/10.1029/2004GL022025

Frey KE, McClelland JW, Holmes RM, Smith LC (2007)
Impacts of climate warming and permafrost thaw on the
riverine transport of nitrogen and phosphorus to the Kara
Sea. J Phys Res 112:G04S58. https://doi.org/10.1029/
2006JG000369

Gustafsson O, Widerlund A, Andersson PS, Ingri J, Roos P,
Ledin A (2000) Colloid dynamics and transport of major
elements through a boreal river: brackish bay mixing
zone. Mar Chem 71:1-21. https://doi.org/10.1016/S0304-
4203(00)00035-9

Haine TWN, Curry B, Gerdes R, Hansen E, Karcher M, Lee C,
Rudels B, Spreen G, de Steur L, Stewart KD, Woodgate R
(2014) Arctic freshwater export: status, mechanisms, and
prospects. Glob Planet Change 125:13-35. https://doi.org/
10.1016/j.gloplacha.2014.11.013

Hansell DA (2013) Recalcitrant dissolved organic carbon frac-
tions. Annu Rev Mar Sci 5:421-445. https://doi.org/10.
1146/annurev-marine-120710-100757

Hersbach H, Bell B, Berrisford P, Biavati G, Horanyi A,
Muiioz Sabater J, Nicolas J, Peubey C, Radu R, Rozum
I, Schepers D, Simmons A, Soci C, Dee D, Thépaut JN
(2018) ERAS hourly data on single levels from 1979 to
present. Copernicus Climate Change Service (C3S) Cli-
mate Data Store (CDS). https://doi.org/10.24381/cds.
adbb2d47. Accessed 11 Oct 2019

Holmes RM, McClelland JW, Raymond PA, Frazer BB, Peter-
son BJ, Stieglitz M (2008) Lability of DOC transported
by Alaskan rivers to the Arctic Ocean. Geophys Res Lett
35:L03402. https://doi.org/10.1029/2007GL032837

Juhls B, Overduin PP, Holemann J, Hieronymi M, Matsuoka A,
Heim B, Fischer J (2019) Dissolved organic matter at the
fluvial-marine transition in the Laptev Sea using in situ

data and ocean color remote sensing. Biogeosciences
16:2693-2713. https://doi.org/10.5194/bg-16-2693-2019

Juhls B, Stedmon CA, Morgenstern A, Meyer H, Holemann
J, Heim B, Povazhnyi V, Overduin PP (2020) Identifying
drivers of seasonality in Lena River biogeochemistry and
dissolved organic matter fluxes. Front Environ Sci 8:53.
https://doi.org/10.3389/fenvs.2020.00053

Kattner G, Lobbes JM, Fitznar HP, Engbrodt R, Nothing EM,
Lara RJ (1999) Tracing dissolved organic substrates and
nutrients from the Lena River through Laptev Sea (Arc-
tic). Mar Chem 69:25-39

Kutscher L, Morth CM, Porcelli D, Hirst C, Maximov TC,
Petrov RE, Andersson PS (2017) Spatial variation in
concentration and sources of organic carbon in the Lena
River. Siberia J Geophys Res Biogeosci 122:1999-2016.
https://doi.org/10.1002/2017JG003858

Lewis KM, van Dijken GL, Arrigo KR (2020) Changes in
phytoplankton concentration now drive increased Arctic
Ocean primary production. Science 369:198-202. https://
doi.org/10.1126/science.aay8380

Lobbes JM, Fitznar HP, Kattner G (2000) Biogeochemical
characteristics of dissolved and particulate organic mat-
ter in Russian rivers entering the Arctic Ocean. Geochim
Cosmochim Acta 64(17):2973-2983

Manizza M, Follows MJ, Dutkiewicz S, McClelland JW, Men-
emenlis D, Hill CN et al (2009) Modeling transport and
fate of riverine dissolved organic carbon in the Arctic
Ocean. Glob Biogeochem Cycles 23:GB4006. https://doi.
org/10.1029/2008GB003396

Mann PJ, Davydova A, Zimov N, Spencer RGM, Davydov S,
Bulygina E, Zimov S, Holmes RM (2012) Controls on
the composition and lability of dissolved organic mat-
ter in Siberia’s Kolyma River basin. J Geophys Res
117:G01028. https://doi.org/10.1029/2011JG001798

Mann PJ, Eglinton TI, MclIntyre CP, Zimov N, Davydova A,
Vonk JE et al (2015) Utilization of ancient permafrost car-
bon in headwaters of Arctic fluvial networks. Nat Com-
mun 6:7856. https://doi.org/10.1038/ncomms8856

Mann PJ, Strauss J, Palmtag J, Dowdy K, Ogneva O, Fuchs M,
Bedington M, Torres R, Polimene L, Overduin P, Mol-
lenhauer G, Grosse G, Rachold V, Sobczak WV, Spencer
RGM, Juhls B (2022) Degrading permafrost river catch-
ments and their impact on Arctic Ocean nearshore pro-
cesses. Ambio 51(2):439-455. https://doi.org/10.1007/
s13280-021-01666-z

Matsuoka A, Babin M, Doxaran D, Hooker SB, Mitchell BG,
Belanger BG, Bricaud A (2014) A synthesis of light
absorpion properties of the Arctic Ocean: application to
semianalytical estimate of dissolved organic carbon con-
centrations from space. Biogeosciences 11:3131-3147.
https://doi.org/10.5194/bg-11-3131-2014

McGuire AD, Anderson LG, Christensen TR, Dallimore S,
Guo L, Hayes DJ, Heimann M, Lorenson TD et al (2009)
Sensitivity of the carbon cycle in the Arctic to climate
change. Ecol Monogr 79:523-555. https://doi.org/10.
1890/08-2025.1

Peterson BJ, Holmes RM, McClelland JW, Vorosmarty CJ,
Lammers RB, Shiklomanov AI, Shiklomanov TA, Rahm-
storf S (2002) Increasing river discharge to the Arctic
Ocean. Science 298(5601):2171-2173

@ Springer


https://doi.org/10.1029/2008GL035007
https://doi.org/10.1146/annurev.ecolsys.29.1.503
https://doi.org/10.1134/S0001437020010075
https://doi.org/10.1134/S0001437020010075
https://doi.org/10.1002/hyp.7196
https://doi.org/10.1029/2004GL022025
https://doi.org/10.1029/2006JG000369
https://doi.org/10.1029/2006JG000369
https://doi.org/10.1016/S0304-4203(00)00035-9
https://doi.org/10.1016/S0304-4203(00)00035-9
https://doi.org/10.1016/j.gloplacha.2014.11.013
https://doi.org/10.1016/j.gloplacha.2014.11.013
https://doi.org/10.1146/annurev-marine-120710-100757
https://doi.org/10.1146/annurev-marine-120710-100757
https://doi.org/10.24381/cds.adbb2d47
https://doi.org/10.24381/cds.adbb2d47
https://doi.org/10.1029/2007GL032837
https://doi.org/10.5194/bg-16-2693-2019
https://doi.org/10.3389/fenvs.2020.00053
https://doi.org/10.1002/2017JG003858
https://doi.org/10.1126/science.aay8380
https://doi.org/10.1126/science.aay8380
https://doi.org/10.1029/2008GB003396
https://doi.org/10.1029/2008GB003396
https://doi.org/10.1029/2011JG001798
https://doi.org/10.1038/ncomms8856
https://doi.org/10.1007/s13280-021-01666-z
https://doi.org/10.1007/s13280-021-01666-z
https://doi.org/10.5194/bg-11-3131-2014
https://doi.org/10.1890/08-2025.1
https://doi.org/10.1890/08-2025.1

300

Biogeochemistry (2022) 160:289-300

Polimene L, Allen JI, Zavatarelli M (2006) Model of interac-
tions between dissolved organic carbon and bacteria in
marine systems. Aquat Microb Ecol 43:127-138

Polimene L, Brunet C, Butenschon M, Martinez-Vicente V,
Widdicombe C, Torres R, Allen JI (2014) Modelling a
light-driven phytoplankton succession. J Plankton Res
36:214-229. https://doi.org/10.1093/plankt/fbt086

Salvadé6 JA, Tesi T, Sundbom M, Karlsson E, Krusa M, Semi-
letov IP, Panova E, Gustafsson O (2016) Contrasting
composition of terrigenous organic matter in the dis-
solved, particulate and sedimentary organic carbon pools
on the outer East Siberian Arctic Shelf, Biogeosciences
13:6121-6138. https://doi.org/10.5194/bg-13-6121-2016

Sanders T, Fiencke C, Fuchs M et al (2022) Seasonal nitro-
gen fluxes of the Lena River Delta. Ambio 51:423-438.
https://doi.org/10.1007/s13280-021-01665-0

Semiletov I, Pipko I, Gustafsson O, Anderson LG, Sergienko
V, Pugach S et al (2016) Acidification of East Siberian
Arctic Shelf waters through addition of freshwater and
terrestrial carbon. Nat Geosci 9(5):361-365. https://doi.
org/10.1038/nge02695

Sorokin YI, Sorokin PY (1996) Plankton and Primary Produc-
tion in the Lena River Estuary and in the South-eastern
Laptev Sea. Estuar Coast Shelf Sci 43:399-418. https://
doi.org/10.1006/ecss.1996.0078

Stubbins A, Mann P, Powers L, Bittar T, Dittmar T, McIntyre
C, Eglinton T, Zimov N, Soencer R (2016) Low photo-
lability of yedoma permafrost dissolved organic carbon. J
Geophys Res Biogeosci 122(1):2169-8961

Terhaar J, Orr JC, Ethé C, Regnier P, Bopp L (2019) Simulated
Arctic Ocean response to doubling of riverine carbon and
nutrient delivery. Glob Biogeochem Cycles 33:1048—
1070. https://doi.org/10.1029/2019GB 006200

Terhaar J, Lauerwald R, Reginer P, Gruber N, Bopp L (2021)
Around one third of current Arctic Ocean primary

@ Springer

production sustained by rivers and coastal erosion. Nat
Commun. https://doi.org/10.1038/s41467-020-20470-z

Timmermans ML, Marshall J (2020) Understanding Arctic
Ocean circulation: a review of ocean dynamics in a chang-
ing climate. J Geophys Res Oceans 125:¢2018JC014378.
https://doi.org/10.1029/20181C014378

Vonk JE, Gustafsson O (2013) Permafrost-carbon complexi-
ties. Nat Geosci 6:675-676. https://doi.org/10.1038/ngeol
937

Vonk JE, Mann PJ, Davydov S, Davydova A, Spencer RGM,
Schade J et al (2013) High biolability of ancient perma-
frost carbon upon thaw. Geophys Res Lett 40:2689-2693.
https://doi.org/10.1002/grl1.50348

Wang P, Huang Q, Pozdniakov SP, Liu S, Ma N, Wang T
(2021) Potential role of permafrost thaw on increasing
Siberian river discharge. Environ Res Lett 16:034046.
https://doi.org/10.1088/1748-9326/abe326

Wegner C, Holemann JA, Dmitrenko I, Krillov S, Tuschiling
K, Abramova E, Kassens H (2003) Suspended particu-
late matter on the Laptev Sea shelf (Siberian Arctic) dur-
ing ice-free conditions. Estuar Coast Shelf Sci 57:55-64.
https://doi.org/10.1016/S0272-7714(02)00328-1

Yasunaka S, Murta A, Watanabe E, Chierici M, Fransson A,
van Heuve S et al (2016) Mapping of the air—sea CO2
flux in the Arctic ocean and its adjacent seas: Basin-wide
distribution ans seasonal interannual variability. Polar Sci
10:323-334. https://doi.org/10.1016/jpolar.2016.03.006

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.


https://doi.org/10.1093/plankt/fbt086
https://doi.org/10.5194/bg-13-6121-2016
https://doi.org/10.1007/s13280-021-01665-0
https://doi.org/10.1038/ngeo2695
https://doi.org/10.1038/ngeo2695
https://doi.org/10.1006/ecss.1996.0078
https://doi.org/10.1006/ecss.1996.0078
https://doi.org/10.1029/2019GB006200
https://doi.org/10.1038/s41467-020-20470-z
https://doi.org/10.1029/2018JC014378
https://doi.org/10.1038/ngeo1937
https://doi.org/10.1038/ngeo1937
https://doi.org/10.1002/grl.50348
https://doi.org/10.1088/1748-9326/abe326
https://doi.org/10.1016/S0272-7714(02)00328-1
https://doi.org/10.1016/jpolar.2016.03.006

	Biological lability of terrestrial DOM increases CO2 outgassing across Arctic shelves
	Abstract 
	Introduction
	Materials and methods
	The biogeochemical model
	Model physical set up
	Terr-DOM scenarios
	Model caveats and limitations

	Results and discussion
	References




