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The Arctic coastal margin receives a disproportionately large fraction of the global river
discharge. The bio-geochemistry of the river water as it empties into the marine
environment reflects inputs and processes that occur as the water travels from its
headwaters. Climate-induced changes to Arctic vegetation and permafrost melt may
impact river chemistry. Understanding the impact of river nutrients on coastal marine
production, and how this may change in the future, are important for resource managers
and community members who monitor and rely on coastal food resources. Using the
Energy Exascale Earth System Model we explore the impact of timing and river nutrient
concentrations on primary production in each coastal Arctic region and then assess how
this influences secondary production and particle fluxes supporting the benthic food web.
Our results indicate that while the concentration of Arctic river nitrogen can have a
significant impact on annual average nitrogen and primary production in the coastal Arctic,
with production increases of up to 20% in the river influenced interior Seas, the timing of
the river nutrient inputs into the marine environment appears less important. Bloom timing
and partitioning between small and large phytoplankton were minimally impacted by both
river nutrient concentration and timing, suggesting that in general, coastal Arctic
ecosystem dynamics will continue to be primarily driven by light availability, rather than
nutrients. Under a doubling river nutrient scenario, the percentage increase in the POC flux
to the benthos on river influenced Arctic coastal shelves was 2-4 times the percentage
increase in primary production, suggesting changes to the river nutrient concentration has
the potential to modify the Arctic food web structure and dynamics. Generally, the
nutrient-induced changes to primary production were smaller than changes previously
simulated in response to ice reduction and temperature increase. However, in the Laptev
Sea, the production increase resulting from a doubling of river nutrients exceeded the
production increase simulated with an atmospheric warming scenario. Dissolved organic
carbon is presently poorly represented in the model so its impact on production is hard to
simulate. Applying established relationships between modeled DOC, total DOC, and light
in.org May 2022 | Volume 9 | Article 7383631
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absorption we illustrate that DOC could play a very important role in modulating
production. Our findings highlight the importance of developing more realistic river
nutrient and discharge forcing for Earth System Models such that their impact on the
critical Arctic coastal domain can be more adequately resolved.
Keywords: production, earth system model (ESM), marine ecosystem, coastal, river nutrients, Arctic Ocean
INTRODUCTION

The Arctic Ocean only constitutes about 1% of the global ocean
volume (Menard and Smith, 1966), but the entire Arctic coastal
margin is about 200,000 km long and the Arctic Ocean receives a
disproportionately large fraction (~10%) of the global river
discharge (Aagaard and Carmack, 1989; Lammers et al., 2001).
As such, the coastal Arctic will likely experience disproportionately
large climate-induced changes at the land-sea interface. The nature
and extent of these changes can be hard to predict due to complex
physical, biological, and chemical interactions between the land,
rivers, ocean, sea ice, and seafloor. Broad-scale regional changes
including reduced ice cover (Arrigo et al., 2008; Pabi et al., 2008;
Arrigo and Van Dijken, 2015; Frey et al., 2020; Gibson et al., 2020)
and increased vertical nitrate supply (Henley et al., 2020;
Randelhoff et al., 2020) have been shown to increase marine
productivity in the Arctic. The impact of climate-induced
variability in river inputs, including volume discharge and carbon
and nutrient loadings on marine productivity is less well studied,
but this relatively localized process has the potential to significantly
alter marine productivity and food web dynamics, particularly in
the coastal zone.

The bio-geochemistry of the riverine flow to the marine
environment reflects inputs and processes that occur as the
water travels from its headwaters until it empties into the ocean,
a journey which could be many hundreds of miles and pass
through a wide variety of terrain and geology. This is especially
true for many of the larger Arctic rivers like the Lena, Ob, Yenisey,
Mackenzie, and Yukon whose headwaters originate well south of
the Arctic. A large portion of the freshwater input into the coastal
Arctic originates as snowfall that accumulates over many months
and thenmelts rapidly in the spring when solar radiation increases
(Wrona et al., 2005). The presence of permafrost limits the ground
infiltration of runoff, resulting in a condensed period, from May
through July, of rapid overland flow (Dittmar and Kattner, 2003).
This flow, over and within the shallow active layer of the taiga and
tundra soils, brings abundant organic substances to the rivers
throughout spring and summer (Khosh et al., 2017). Conversely,
in winter, Arctic rivers are fed primarily by groundwater, rich in
nutrients but poor in organic matter. Therefore, nitrate
concentrations in Arctic rivers generally are at a minimum in
summer and a maximum in winter and early spring, while
dissolved organic carbon and nitrogen concentrations parallel
water discharge with concentrations increasing during the spring
freshet to a summer maximum (Peterson et al., 1992; Dittmar and
Kattner, 2003; Stedmon et al., 2011; Townsend-Small et al., 2011;
Holmes et al., 2012; Terhaar et al., 2021). Like nitrate, ammonium
in Arctic rivers also negatively correlates with discharge during the
in.org 2
spring thaw, although concentrations are less predictable
(Townsend-Small et al., 2011).

Nitrogen from rivers is principally discharged into the Arctic
Ocean as an organic compound and organic matter
concentrations in the Arctic rivers are among the highest
reported in the world’s rivers while the concentrations of
inorganic nutrients are among the lowest worldwide (Dittmar
and Kattner, 2003). Changes to the timing and volume of fresh
water in the Arctic could impact river chemical composition and
the aquatic ecosystems, as could climate-induced changes in
growing season length, wildfire frequency, and permafrost thaw
(McGuire et al., 2009; O’Donnell et al., 2016; Hugelius et al., 2020;
Rodrı ́guez-Cardona et al., 2020; Wang et al., 2021). As
temperatures rise in response to climate change, rain and
meltwater will likely become bigger sources of water to Arctic
rivers (Kivinen et al., 2012). There has been a documented increase
in freshwater discharge for some Arctic rivers during the last
century (Peterson et al., 2002; Serreze et al., 2006) and modeling
suggests that Arctic river flows may increase by 25-50% within the
next 50-75 years (CliC/AMAP/IASC, 2016). Spring snowmelt
floods have been occurring earlier as well, as temperatures rise
and induce earlier snowmelt (Overeem and Syvitski, 2010). Long-
term time-series data for Arctic river water chemistry are relatively
scarce so identifying climate-induced changes in chemistry is
currently challenging (Holmes et al., 2013).

Climate-induced permafrost degradation will also drive
increased sediment inputs to rivers, which will affect both
riverine and marine nutrient cycling and also marine
productivity and food webs. Gruber et al. (2004) estimate that
degradation of permafrost may release as much as 25% of the
carbon stored in Arctic soils. Climate-induced changes to Arctic
vegetation may also impact river chemistry, although the impact
on riverine dissolved organic matter (DOM) may be minimal
(Dittmar and Kattner, 2003). Inorganic nutrient export per unit
of stream discharge is thought to be increasing in the Arctic
(Dittmar and Kattner, 2003; Townsend-Small et al., 2011).
However, Arctic rivers and watersheds are physically and
chemically diverse, so, likely, the impact of climate change on
river carbon and nutrient loads will be highly specific to each
watershed (Wrona et al., 2005).

The specific effects of river carbon and nutrient inputs on
coastal primary production are murky because of interactions,
interdependencies, and the high degree of variability amongst
watersheds. Likely, Arctic coastal regions will not be equally
impacted by changes to river inputs. Tank et al. (2012) estimate
that riverine nitrogen only supports a small portion of total Arctic
Ocean photosynthesis while Terhaar et al. (2021) estimate that 28-
51% of the annual Arctic Ocean net primary production is driven
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by carbon and nutrient inputs from land. It has been speculated
that terrigenous nutrient inputs from rivers and coastal erosion
might increase Arctic Ocean production (Fritz et al., 2017; Terhaar
et al., 2019; Terhaar et al., 2021). However, the delivery of
additional dissolved organic matter and sediments to the coastal
environment would increase turbidity and reduce the light
available for photosynthesis (CliC/AMAP/IASC, 2016.). The
Arctic shelves that are predominantly influenced by rivers are
the White Sea, Kara Sea, Laptev Sea, East Siberian Sea, and the
Beaufort Sea (Carmack andWassmann, 2006; Findlay et al., 2015).
While these river-influenced interior Arctic shelves receive large
volumes of river runoff, this input is considered relatively low-
nutrient and highly turbid, and thus not necessarily conducive to
supporting net primary production (Williams and Carmack,
2015). To date, the biological response of this region is
inconclusive. For example, the Kara Sea exhibited a 22% decline
in Chl-a from 1998-2018 that was attributed to the increased
discharge from the Yenisey and the Ob suppressing production,
yet the integrated production increased by 100% during the same
period (Lewis et al., 2020). Because DOC attenuates light, its
negative impact on primary production seems intuitive. However,
the relationship between terrestrial DOC andmarine production is
likely more complicated. In some situations, terrestrial DOC may
stimulate primary production by shielding phytoplankton from
harmful ultraviolet radiation, increasing dissolved CO2

concentrations, and providing additional nutrient supply via
nutrients that were bound in humic compounds (Seekell
et al., 2015).

The marine environment provides important food resources
for Arctic community members. Although Indigenous
community members may travel more than 100 miles out to
sea in small boats to reach traditional fishing or hunting grounds
(Kapsch et al., 2010) travel out beyond the coastal zone can be
dangerous and logistically challenging. Thus, stakeholders in the
marine Arctic primarily interact with the Arctic coastal zone, the
interface between the terrestrial and marine environments.
Understanding the impact of riverine inputs on coastal marine
production and how these dynamics may change in the future is
important for resource managers and planners and community
members who monitor and rely on coastal food resources.

Coupled ecosystem models are useful for gaining an
understanding of complex ecosystem interactions and can be
used to project future changes and relative importance of
processes but river inputs are currently treated quite
rudimentarily or ignored in most ecosystem models, and usually
don’t reflect interannual variability and climate-induced changes.
It is common for coupled ocean-ecosystem models to represent
the physical freshwater inputs from rivers (i.e. salinity and
temperature) but not the dissolved chemical constituents (i.e.
DOC and DON). By explicitly including a time-varying
representation of riverine DOC, a regional model for the Arctic
Ocean (Manizza et al., 2009; Manizza et al., 2011) represented a
significant advance in Arctic carbon cycle modeling. However, as
this model did not include an explicit representation of ecosystem
components, it was not an appropriate model for exploring river
impact on ocean ecosystem dynamics. Under the Arctic Ocean
Frontiers in Marine Science | www.frontiersin.org 3
Model Intercomparison Project, Popova et al. (2012) found that
three of five coupled physical and biological ocean models had no
treatment of the riverine input of nutrients while the remaining
two models implemented a nitrate climatology. River nutrients
continue to be poorly represented in both regional and broader
scale earth system scale models of the Arctic ecosystem (i.e. Jin
et al., 2018; Clement Kinney et al., 2020). Work has begun to
model the organic chemistry of Arctic Rivers, at least in an
idealized system (Jayasinghe et al., 2020) however this detailed
river chemistry analysis has not yet been expanded to all Arctic
rivers and incorporated into a coupled land-ocean
modeling system.

It is increasingly common for Arctic ocean models to employ
the Dai and Trenberth Global River Flow and Continental
Discharge Dataset (Dai and Trenberth, 2002; Dai et al., 2009)
to represent freshwater discharge to the ocean (Terhaar et al.,
2019; Gibson et al., 2020). Recently, using the Nucleus for
European modelling of the Ocean platform (NEMO), Terhaar
et al. (2019) simulated time-varying (monthly) river nutrient
discharges by scaling annual discharge predictions by the
monthly river discharge data. Using this model, Terhaar et al.
(2019) found that globally doubling river nutrients could
increase Arctic-wide primary production by 11% and up to
35% locally. Here, using the Energy Exascale Earth System
Model (E3SM), we build on this work and take a more in-
depth look at the impact the timing and concentration of river
nutrients have on each coastal Arctic region, and how this
influences the resultant secondary production and particle
fluxes supporting the benthic food web.
MATERIALS AND METHOD

The E3SM-HiLAT Model
The High-Latitude Application and Testing of Earth System
Models (HiLAT) project, based at Los Alamos National
Laboratory, developed a model for high latitudes based on
version zero of E3SM. This coupled Earth system model has
been described in detail in previous publications (Hecht et al.,
2019; Gibson et al., 2020) so is not repeated here. As in a previous
series of experiments (Gibson et al., 2020), the model was set up
to use the Parallel Ocean Program (POP, version 2) and the Los
Alamos Sea Ice Model (CICE v5, Hunke et al., 2015; Turner and
Hunke, 2015). The model was implemented in a partially
coupled ‘G-configuration’ with active prognostic ice and ocean
model components coupled to version 2 of the Coordinated
Ocean-ice Reference Experiments (CORE2-IAF, Griffies et al.,
2009), an atmospheric data model that simulates the air
temperature, air density, wind speed, and specific humidity at
10 m, as well as surface upwelling shortwave flux, surface
downwelling shortwave flux, surface downwelling longwave
flux, precipitation, and sea-level pressure. This global reanalysis
atmospheric data set is an inter-annually varying hindcast
spanning 62 years from 1948 to 2009 (Large and Yeager,
2009). The coupled ice-ocean model is run on a global grid
with a Greenland pole and has a nominal 1-degree resolution.
May 2022 | Volume 9 | Article 738363
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Oceanographic initial conditions (i.e. temperature and
salinity) were derived from version 2 of the Polar Science
Center’s hydrographic climatology, a gridded climatology
based on Steele et al. (2001)’s original version merging World
Ocean Atlas data with the regional Arctic Ocean Atlas. As
described in Wang et al. (2015), initial distributions of
nutrients, inorganic carbon, and alkalinity in the ocean were
based on the World Ocean Atlas and Global Data Analysis
Project databases. The model was initialized with no ice or ice-
associated variables—rather these were allowed to spin up during
run time. The baseline HiLAT model was run for two full cycles
of the sixty-two-year CORE2 forcing dataset to ensure adequate
model spin-up. To avoid the unphysical jump in the response to
forcing as the model returns to 1948 after the end of each 62-year
cycle (Griffies et al., 2012) we started each of our experiments on
January 1, 1960 (model year 137), twelve years into the third
cycle, and ran for twenty-one years (1960-1980).

The ocean biogeochemistry is simulated with the
Biogeochemical Elemental Cycling (BEC) model (Moore et al.,
2002; Moore et al., 2004; Wang et al., 2015; Gibson et al., 2020)
fully coupled with the physical ocean model. The BEC model
includes four key phytoplankton functional groups (diatoms,
diazotrophs, phaeocystis, and small phytoplankton), a single
zooplankton group, and two detrital pools. The non-sinking
detrital pool largely represents DOM. The large particulate
detrital pool represents sinking particulate organic matter.
Nutrient variables include carbon, nitrogen, phosphorous, iron,
and silica. The single zooplankton compartment ‘grazes’ on each
of the phytoplankton groups, as well as the large particulate
detritus, and has been parameterized to encompass the actions of
both the microzooplankton and larger zooplankton. The sea ice
biogeochemistry model is based on the 2D PhEcoM model (Jin
et al., 2006; Deal et al., 2011; Jeffery et al., 2020) and includes ice
algae, nitrate, ammonium, silicate, dissolved iron, and DOM.

River Runoff and Nutrients
River runoff was implemented by way of the Dai and Trenberth
Global River Flow and Continental Discharge Dataset (Dai and
Trenberth, 2002; Dai et al., 2009), which has a monthly mean
resolution from 1948 through 2007, and climatology for
subsequent years. To maintain stability, rather than inputting
all the river runoff (kg s-1 m2) into the grid point closest to the
river mouths, the HiLAT model spreads out this input over
several surface grid cells using a Gaussian nearest neighbor
smoothing function with a constant exponential decay scale of
1000 km over a horizontal radius of 300 km near the river
mouths. River nutrient inputs in the model include dissolved
organic and inorganic nitrogen, phosphorus, and carbon,
dissolved iron, and silicate. These inputs were developed using
output from the Global Nutrient Export fromWaterSheds model
(GNEWS), a spatially explicit, global-scale model (Mayorga et al.,
2010; Seitzinger et al., 2010) that calculates the total annual
nutrient flux at river mouths for the year 2000 (Mayorga et al.,
2010). As GNEWS does not currently provide estimates of
dissolved iron runoff, here we assume that all river water has a
dissolved iron concentration of 0.01 mmol m-3. For use in the
HiLAT model, GNEWS annual river nutrient inputs were
Frontiers in Marine Science | www.frontiersin.org 4
partitioned into twelve monthly forcing values. The nearest
ocean grid point to each of the GNEWS river mouth locations
was identified and then, as with the runoff, the nutrient inputs for
each river basin were spatially mapped to surface ocean model
grid cells, which are 10 meters thick, such that the spatial pattern
of river nutrient dispersion follows river water inputs to
the oceans.

River Nutrients Experiments
Freshwater river discharge and river nutrient inputs to the ocean
are currently treated separately and independently within E3SM.
Here, our efforts have focused on modifying the river nutrient
concentrations while leaving discharge volumes for each river at
the baseline values. To explore the likely impact of climate-
induced changes in river nutrients on marine biogeochemistry in
the coastal Arctic we performed a set of model experiments
systematically modifying the concentration and timing of
dissolved organic and inorganic nitrogen (DON and DIN).
River DIN is added to the nitrate pool while the river DON is
added to the semi-labile DON pool before being remineralized to
ammonium. The model’s phosphorus, iron, and silicate were left
unmodified. The standard river nutrient concentration forcing
(i.e. Figure 1A) used in E3SM to date does not have seasonality,
rather 12 constant monthly (m) values for each grid cell
distributed the annual nutrient input evenly throughout a year.
To develop a climatology of river nitrogen inputs for Arctic
rivers and reflect the potential coupling that we would see
between discharge and river nutrient concentrations, a scaled
climatology (Sm) of monthly river volume flux for the Arctic
(>66.5°N) was first computed from the 62 years of baseline
forcing (Figure 1B). The scaled climatology for the Arctic had a
mean discharge peak in June (29%) which fell off sharply in July
(~15%). Approximately 10% of the discharge occurred in both
May and August and only ~3% of the total annual river discharge
occurred in each month from November-April. As a first
approximation of river nutrient input, this scaled river
discharge climatology was used to scale the constant monthly
river nitrogen inputs (NBASE) at each grid point (i,j) north of
66.5° so that DON and DIN input directly correlated with river
volume discharge, while maintaining the total annual nitrogen
input (NCLIM). This seasonal climatology, with peak nutrient
inputs in June, reflects findings (Le Fouest et al., 2013, cf.
Figure 4) that Arctic river nitrogen fluxes peak in the summer,
with some of the larger fluxes occurring in June. To reflect
potential impacts of thawing permafrost on Arctic river nutrient
loading, in a third scenario the scaled nutrient concentrations at
each grid cell and monthly time step were shifted earlier by two
months so that the peak nitrogen discharge occurred in April
(NCLIMS2). In a fourth scenario, the river nitrogen inputs were
doubled and shifted earlier by one month (NCLIMX2S1). Finally, a
model scenario was also conducted using a time constant but
doubled river nitrogen inputs (NX2). Each of the five river
nutrient experiments is illustrated in Figure 1C.

Sm = mean
Ri,j,m

o12
m=1(Ri,j,m)

" #
   , 0 − 1
May 2022 | Volume 9 | Article 738363

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Gibson et al. River Chemistry and Arctic Production
NCL IMi,j,m
= Sm ∗NBASEi,j,m

NCL IMS 2i,j,m = Sm−2 ∗NBASEi,j,m

NCL IMX2 S 1i,j,m = 2 ∗ Sm−1 ∗NBASEi,j,m

NX2i,j,m = 2 ∗NBASEi,j,m
Analysis
A set of coastal analysis regions were created by first identifying
ocean grid cells within the 8-connected neighborhood of any
land-masked cell, and then expanding the connected neighbor
analysis to give a domain that included oceanic cells within three
grid cells from a land boundary. This coastal region was then
further divided to define each Arctic Sea (Figure 1D). The
median distance from a coastal ocean grid cell to a
Frontiers in Marine Science | www.frontiersin.org 5
neighboring cell was 34 km, thus our coastal analysis region
extended approximately 112 km from the coast. For each coastal
region, output variables were averaged over all associated grid
points to produce regional time series of seasonal, monthly, or
daily averages. For this analysis, ‘Spring’ was considered to be
March, April, and May; ‘Summer’ was June, July, and August;
and the ‘growing season’ was March through September. The
mixed layer depth was computed internally using vertical density
gradient and varied temporally and spatially but was generally
~10-20 m in the coastal Arctic during the growing season.

The environmental output variables considered included
spring, summer, and growing season mixed layer nitrate (NO3)
and ammonium (NH4) and annual average and summer average
vertical integrated (upper 100 m) zooplankton biomass (Z) and
flux of Particulate Organic Carbon (POC) to the benthos, all of
which were computed from monthly averages. Annual average
phytoplankton production (Prodo) was computed by first
summing daily average, depth-integrated productivity for each
calendar year period. When comparing seasonal averages for
each model scenario, means were computed from the last ten
FIGURE 1 | Study area, example river inputs, and analysis regions. (A) Spatially varying river input from dissolved organic nitrogen (nmol cm-2 s-1) for September
1948. To help orientate the reader, the approximate location of major rivers around the Arctic Ocean, along with the watersheds of the six largest rivers (hatched
area), the Bering Sea, Kara Sea, and Nordic Seas are indicated. (B) Scaled monthly average volume discharge (Sm) for all rivers north of 66.5°N). (C) Example time
series of baseline constant river nutrient input (NBASE), doubled constant river nutrient input (NX2), monthly climatology of river nutrient inputs (NCLIM) derived by
scalling NBASE by Sm, climatology of river nutrient inputs shifted by two months (NCLIMS2), and climatology of river nutrients doubled and shifted by one month
(NCLIMX2S1): These examples of annual river nutrient inputs are for location 74.2°N,77.1°E in the Kara Sea, indicated by the white star symbol in (A). (D) Map of study
area showing the location of the seven regions considered in our analysis. Beaufort Sea (R1), Chukchi Sea (R2), East Siberian Sea (R3), Laptev Sea (R4), Kara Sea
(R5), Barents Sea (R6), and the Nordic Seas (R7). The grey shaded region indicates the marine coastal zone within each region, which was assumed to be three
ocean grid cells from land.
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years of each model run (years 148-157, i.e. Figure 2), and the
change in the regionally averaged environmental variables
between the baseline model run and each river nutrient
scenario was determined. This analysis period was chosen as a
balance between allowing time (over a decade) for the model to
adjust to the perturbations in forcing while providing a decade of
output to explore interannual variability. By comparing the
annual maximum in regionally averaged mixed layer nitrate
concentrations in the baseline run and in each model
experiment i.e. diffNO3=max(NO3)EXP – max(NO3)BASE, we
determined acceptable model adjustment had occurred within
the first eleven years, and that additional drift was minimal. The
increase in this difference (diffNO3), over the final 10 years
analyzed, ranged from 0.001 to 0.005 mmol NO3 m-3 y-1.
Correlations between the final 10-year monthly mixed layer
NO3 time series for the baseline run and each experiment
exceeded 0.99 in all regions.

Following previous approaches to quantify impacts of
environmental change (Goosse et al., 2018; Gibson et al., 2020)
the relative impact of each perturbation in river nutrients on the
marine ecosystem was quantified as:

g = 100 ∗  
Pertubation  Response − Reference  Response

Reference  Response

For the same ten-year period, the proportion of daily
phytoplankton productivity and annual primary production
contributed by each phytoplankton group, the day of peak
phytoplankton biomass, and the bloom start date (BSD) were
also computed. BSD was assumed to be the day at which
regionally averaged cumulative phytoplankton biomass
exceeded 15% of the total annual biomass (Gibson et al., 2020).

River DOC Experiment
The model simulates dissolved organic carbon (DOC)
concentration and distribution, as well as its remineralization
to dissolved inorganic carbon (DIC), although presently their
treatment in the model is quite rudimentary and neither DOC
nor DIC are limiting to primary production. While DIC is not
thought to have a limiting mechanism to production, DOC, in
reality, contains colored dissolved organic matter (CDOM) and
thus does have the potential to impact primary production via
light attenuation. It is important to understand the magnitude of
the impact that DOC could have on primary production in the
Arctic Ocean to determine the urgency and effort level that
Frontiers in Marine Science | www.frontiersin.org 6
should be placed on improving DOC representation in models.
Without the ability to directly simulate the production response
to DOC we use a two-pronged approach to bound the likely
response, such that we can compare it to the impact of other
environmental factors. First, we extrapolate from the empirical
relationship derived from Arctic lakes (Seekell et al., 2015) to
determine the relationship between the DOC and the primary
production and use this to estimate the annual primary
production for each experiment. Then, we use established
relationships for DOC in the marine environment to provide
additional insights into the impact of DOC on production.

Extrapolating a DOC-Production Relationship From
Freshwater Data
We doubled the constant monthly Arctic river DOC
concentrations, assessed how this impacted coastal DOC, and
then projected implications for production.

DOCX2i,j,m = 2 ∗DOCBASEi,j,m

Seekell et al. (2015) evaluated how light availability and total-
nitrogen concentration interacted to shape observed patterns in
primary production across gradients in DOC. They identified 4.8
mg C l-1 to be a threshold [DOC]. Below this threshold, they
found a positive linear relationship between [DOC] and primary
production while at [DOC] above this threshold they found a
negative linear relationship between [DOC] and production. As
the [DOC] simulated and observed in the Arctic Ocean fall far
below the 4.8 mg C l-1 threshold, here we assume the positive
relationship as a first approximation of DOC impact on
production in the Arctic marine environment. Fitting a line to
the data points presented in Seekell et al. (2015, cf. Figure 3.) we
approximate the relationship between primary production and
DOC to be represented by Prod=0.011*DOC + 0.081. Our
estimates for DOC influence on production thus assume that
the slope of the line (m=0.011) gives the additional production
seen if the DOC impact was explicitly simulated. Assuming a
growing season of 180 days we derive annual production
potential changes to (Table 4).

Extrapolating a DOC-Production Relationship From
Literature
While the current representation of DOC in the HiLAT model is
simplistic and lacks any chromatic feedback to production via
light attenuation, we can use established relationships for DOC
FIGURE 2 | Regionally averaged seasonal cycle of total primary production (diatoms and small phytoplankton) for the Kara Sea coastal region. The shaded region
indicates the last ten years that were used in model analysis and comparison.
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in the marine environment to provide additional insights into the
impact of DOC on production. We use published relationships
and equations to make a more realistic estimate of the total
Arctic Ocean DOC concentrations, including semi-labile and
humic components. Using published equations, we then provide
an estimate for the attenuation of light in the Arctic Ocean
by DOC.
RESULTS

Mixed Layer Nitrogen
The annual cycles of nitrate and ammonium concentrations in
the coastal mixed layer were only minimally impacted by the
timing and concentrations of river nutrients (Figure 3). With the
baseline river nutrient forcing, coastal nitrate peaked in April
and then decreased rapidly betweenMay and June. For reference,
an example of the Arctic-wide spatial distribution of mixed layer
nitrate concentration is presented in (Gibson et al. 2020, cf.
Figure S3). Throughout the coastal Arctic, regionally averaged
nitrate remained low from June through September before
beginning to increase again. Coastal mixed layer ammonium
concentration was relatively low at the beginning of the year but
began to increase in March and peaked in May before rapidly
decreasing. Ammonium concentrations remained low from July
to September and then increased to a second peak in October
with concentrations similar to the spring peak. Although the
monthly resolution model outputs exhibited no notable
difference in the timing of each region’s nutrient minimums
and maximums (Figure 3), the magnitude of the nutrient peaks
in each model scenario did vary slightly, in particular in the NX2

and the NclmX2S1 scenarios in which the nutrient concentration
in the rivers was doubled. A more detailed comparison of the
Frontiers in Marine Science | www.frontiersin.org 7
changes seen in nutrient concentrations in the different seasons
and regions is provided below.

Arctic coastal spring mixed layer nitrate concentration in the
baseline model ranged from 0.18 mmol m-3 in the East Siberian
Sea (ESS) to 5.33 mmol m-3 in the Nordic Seas (Table 1).
Summer mixed layer nitrate concentrations throughout the
coastal Arctic were low, and at least an order of magnitude less
than their spring counterparts (0.01-0.2 mmol m-3) with the
lowest values again being in the ESS coastal region, and the
highest being for the Barents Sea coastal region. Mixed layer
ammonium concentration was low (≤0.15 mmol m-3) in all
coastal regions in both the spring and summer. In most
regions, the summer ammonium concentration was
approximately half the spring concentration.

A simple doubling of the river nitrogen (nitrate and
ammonium) input (i.e. model scenario NX2) had a minimal
impact (0.4-4% increase) on spring or summer mixed layer
nitrate and ammonium concentration on the Chukchi, Barents,
and Nordic Seas coastal regions (Table 1, Figures 4A, B,
and 5A). Conversely, the more interior coastal regions i.e. the
ESS, Laptev, Kara, and Beaufort Seas, saw a more notable impact
resulting from the river nutrient doubling with a 13-45% increase
in nitrate and ammonium concentrations in Spring and a 19-
55% increase in summer.

Distributing the river nutrient input over the year as a
monthly climatology tied to river volume discharge, which has
a peak in June (NCLIM), generally resulted in a decrease in both
mixed layer nitrate and ammonium concentration in the spring
and an increase in the summer (Table 1 and Figure 4). The
spring nitrate decrease was small to negligible (<-0.01to -3%) in
the Beaufort, Chukchi, Barents, and Nordic Seas but around -9%
in the ESS, Laptev, and Kara. Similarly, the summer increase was
lowest (1-5%) in the more marginal Arctic Seas and highest (11-
13%) in the interior Seas. These changes resulted in an overall
A

B

D

E

FC

FIGURE 3 | Mixed layer nitrate and ammonium concentrations (mmol m-3) in the baseline run and in each of the river nutrient experiments in the Beaufort Sea
(A, D), Chukchi Sea (B, E), and the Kara Sea (C, F) coastal regions. Each monthly climatology is a ten-year average. See Figure 1D for each region boundary.
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decrease over the growing season (May-Sept, Figure 5B).
Changes to the mixed layer ammonium concentration in
spring followed a spatial pattern similar to the nitrate, with the
largest changes (-11.6%) in the Laptev. Unlike the other regions,
Frontiers in Marine Science | www.frontiersin.org 8
the Laptev Sea and ESS Sea coastal regions exhibited a small
decrease in ammonium in the summer as well as the spring with
the monthly climatology river nutrient scenario (Table 1).
Shifting the river nitrate climatology earlier by two months
TABLE 1 | Summary of mixed layer nitrate and ammonium concentration in the baseline model (BASE) and the change seen in the four river nutrient model scenarios
(EXP) during Spring (March-May) and Summer (June-August).

Region

Beauf. Chukchi ESS Laptev Kara Barents NS

1 2 3 4 5 6 7

Baseline Coastal [NO3] (mmol m-3)
Spring average 0.97 2.36 0.18 0.55 1.63 3.11 5.33
Summer average 0.04 0.13 0.01 0.05 0.10 0.20 0.15
Percent change to Baseline Coastal [NO3] (mmol m-3)

Spr. Sum. Spr. Sum. Spr. Sum. Spr. Sum. Spr. Sum. Spr. Sum. Spr. Sum.
D% NX2 12.6 19.1 2.5 4.0 30.2 54.7 27.6 55.0 35.0 39.9 1.8 2.8 0.4 0.7
D% NCLIM -2.5 5.4 -0.2 1.5 -8.9 12.1 -8.5 10.9 -9.3 13.9 -0.9 0.9 -0.0 0.6
D% NCLIMS2 0.5 4.7 -0.1 0.4 -3.1 11.8 -5.6 7.5 -2.6 6.1 -0.6 -0.0 -0.0 0.1
D% NCLIMX2S1 10.1 26.7 3.3 7.0 13.7 116.5 10.7 89.8 26.8 87.8 6.4 10.3 2.4 6.9
Baseline Coastal [NH4] (mmol m-3)
Spring average 0.02 0.08 0.02 0.02 0.05 0.07 0.09
Summer average 0.01 0.04 0.01 0.02 0.03 0.03 0.04
Percent change to Baseline Coastal [NH4] (mmol m-3)

Spr. Sum. Spr. Sum. Spr. Sum. Spr. Sum. Spr. Sum. Spr. Sum. Spr. Sum.
D % NX2 16.4 17.9 1.9 2.0 21.2 28.9 45.3 51.9 29.4 35.7 2.0 3.4 0.2 0.5
D % NCLIM -3.8 1.5 -0.1 0.5 -4.8 -0.8 -11.6 -0.6 -6.8 0.4 -1.2 0.4 -0.0 0.3
D % NCLIMS2 3.4 5.3 -0.0 0.2 -2.4 2.0 -2.5 8.7 0.4 4.8 -0.3 0.4 -0.0 0.1
D % NCLIMX2S1 14.8 24.8 2.4 3.5 12.8 34.5 28.9 72.6 25.7 45.5 6.0 11.1 1.5 5.8
May 2022 | Volume
 9 | Articl
Regional averages were computed from the last ten years of eachmodel run. The change in each variable (V) is expressed as a percentage (100*[VEXP-VBASE]/BASE). See text and Figure 1C
for a description of each model experiment.
A

B

D

C

FIGURE 4 | Percentage change to (A) spring mixed layer nitrate, (B) spring mixed layer nitrate, (C) vertically integrated annual primary production, and (D) Annual flux of
POC to the sediment arising from each of the reiver nutrient experiments. Percent changes are shown for each of the seven coastal regions (see Figure 1D for location).
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(NCLIMS2), so that the nutrient peak was in April rather than
June, has a similar impact on mixed layer nitrate in terms of
magnitude and direction of change in most regions (Figures 4A,
B, 5C and Table 1), although the extent of the change relative to
the baseline with shifted climatology was generally smaller than
with the initial climatology. The largest decrease in spring nitrate
(-6%) was in the Laptev Sea and the largest summer increase
(12%) was in the ESS. Rather than the small decrease in
ammonium seen with the original climatology, the shifted
climatology resulted in an increase in summer ammonium in
the interior seas. The shift had the largest impact on ammonium
in the Laptev Sea where the spring decrease was reduced to -2.5
and the summer concentrations increased by 9% above
the baseline.

In the ESS, Beaufort, Laptev, and Kara Seas, the spring
increase in nitrate concentration in the coastal mixed layer
with a doubling and shifting the river nutrient climatology
(NCLIMX2S1) was less than seen in the simple doubling scenario
(NX2). The largest spring nitrate increase (26.8%) was in the Kara
Sea. Changes to the summer mixed layer nitrate under this river
nutrient scenario were generally relatively large, with the
marginal seas exhibiting increases of 7-27% and the interior
seas exhibiting an 88-117% increase relative to the baseline
model. With a 2.4-14.8% increase in ammonium contractions
relative to the baseline in the Beaufort, Chukchi, and the Barents
Sea, the percentage increase in spring ammonium with
NCLIMX2S1 was a little more than that seen with a simple
Frontiers in Marine Science | www.frontiersin.org 9
doubling while in the other regions the spring increase was a
little less. The increase in summer ammonium concentration
with NCLIMX2S1 in all regions (3.5-72.6%) was greater than seen
with the simple doubling. The annual average change in mixed
layer nitrate concentration in the Arctic coastal regions generally
fell between the percentage changes seen for spring and summer
but were closer to the spring value (Figure 5D and Table 1). The
scenario in which the annual river nutrient climatology was
shifted earlier by two months resulted in reductions to the annual
average nitrogen concentration that were greater than those seen
in the spring.

Primary Production
In the baseline model run, depth-integrated annual primary
production varied significantly by region from the more
productive Nordic Seas region (98 g C m-2) to the less
productive interior ESS and Laptev Sea (18 g C m-2). Except
for the coastal Nordic Seas, which had an average annual
production of 87土3 g C m-2, production in coastal regions
was not significantly different from production averaged over the
broader regional seas (Table 2). Coastal regions comprise a large
fraction of the total sea area (79-95%) in the Beaufort, Laptev,
and the Kara Sea and, at 10, 6, and 20 Tg C respectively,
contributed >75% of the total annual carbon production in
each of these regions. In the Chukchi, ESS, and Barents Sea the
coastal region comprises roughly 50% of the total area and
contributed 47-60% of the total annual carbon production. The
FIGURE 5 | Annual average nitrate anomaly (mmol m-3) in the upper mixed layer relative to the baseline run [(NO3)EXP –(NO3)BASE] for (A) doubling of river nitrate
(NX2), (B) annual river nitrate climatology (NCLIM), (C) river nitrate climatology shifted earlier by two months (NCLIMS2), and (D) river nitrate climatology doubled and
shifted earlier by one month (NCLIMX2S1). Red colors indicate increased nitrate over the baseline run while blue colors indicate lower nitrate concentrations than the
baseline run. Percentage change by coastal region is also indicated. All model results presented are ten years averages.
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Nordic Seas, the largest of the regions examined although only
26% is considered coastal, had a total annual regional production
of 219 Tg C with 23% (or 49 Tg C) coming from the
coastal region.

In response to the modified river nutrient inputs, the largest
changes to regionally averaged vertically integrated primary
production in the coastal zones occurred when the river nutrients
were doubled (Nx2, NCLIMx2, Figures 4C, 6). In both of these
scenarios, the most notable changes were in the interior seas
coastal regions with a 5-20% increase from the baseline annual
production. The other river nutrient input scenarios, which input the
river nutrients as annual climatologies but did not modify the total
annual nutrient input (NCLIM, NCLIMS2) had at most a 3% increase
(Laptev Sea) while the other regions saw an increase of 1% or less.

The relative contribution of diatoms and small phytoplankton
to total primary production in each region varied throughout the
year (Figure 7). In the Kara, Barents, Chukchi and Nordic Seas
diatoms dominated regional coastal productivity early in the
growing season. The productivity of small phytoplankton
increased throughout spring and summer and by early August
Frontiers in Marine Science | www.frontiersin.org 10
(~year day 220) it exceeded that of the diatoms. In the Beaufort
Sea, diatom and small phytoplankton productivity were relatively
similar for much of the year although peak productivity of small
phytoplankton lagged that of the diatoms by approximately 20
days. In the ESS and the Laptev Sea, small phytoplankton
productivity exceeded that of the diatoms throughout the year.
With baseline river nutrient forcing, diatoms contributed the
majority of the annual primary production (Table 2) in the
Barents Sea (63%) and the Laptev Sea (73%). In the Beaufort,
Chukchi, and Kara Seas the contribution of the two phytoplankton
groups was more even, with diatoms contributing 46-57% of
annual production. In the ESS and Laptev Seas, annual
production was dominated by small phytoplankton with
diatoms only contributing 15% and 28% in these regions
respectively. Modifying the river nutrient concentrations and/or
the timing of the river nutrient input had only a small impact on
the relative contribution of the two phytoplankton groups to
annual production. The largest shift in contribution was a 5%
increase from diatoms in the interior seas when the river nitrate
was doubled (NX2, NCLIMX2S1). Modifying the river nutrient inputs
TABLE 2 | Summary of annual primary production (Prod) in the baseline model (BASE) and the change seen in the four river nutrient model scenarios (EXP).

Region

Beauf. Chukchi ESS Laptev Kara Barents NS
1 2 3 4 5 6 7

Baseline annual average regional production (g C m-2)
Sea 28 ± 4 34 ± 4 18 ± 2 18 ± 4 29 ± 4 53 ± 7 98 ± 4
Coastal 29 ± 4 39 ± 5 18 ± 2 17 ± 3 30 ± 3 50 ± 5 87 ± 3
Region size (Mkm2)=[106 km2]
Sea 0.38 0.58 1.06 0.44 0.86 1.56 2.19
Coastal 0.36 0.32 0.50 0.36 0.68 0.80 0.56
Baseline total regional annual production (Tg C)
Sea Prod BASE 11 ± 2 20 ± 3 19 ± 2 8 ± 2 25 ± 3 83 ± 11 215 ± 9
Coastal Prod BASE 10 ± 1 12 ± 2 9 ± 1 6 ± 1 20 ± 2 40 ± 4 49 ± 2
Percent change to total annual production in coastal regions
D% NX2 5 1 7 16 11 1 <1
D% NCLIM 1 <1 1 3 1 1 <1
D% NCLIMS2 <1 <1 1 2 1 <1 <1
D% NCLIMX2S1 7 2 10 20 14 5 1
Percent total annual production contributed by diatoms in coastal regions
Baseline 46 55 15 28 57 63 73
D % NX2 +1 +1 +2 +5 +5 0 +1
D % NCLIM 0 0 0 -2 0 -1 0
D % NCLIMS2 +1 0 0 0 0 0 0
D % NCLIMX2S1 +1 +1 +2 +4 +5 +1 0
Bloom Day (day)
Baseline 155 160 167 154 158 130 119
D day NX2 0 0 -1 +1 0 0 0
D day NCLIM 0 0 +1 +2 +1 +1 0
D day NCLIMS2 -1 0 0 +1 -1 0 0
D day NCLIMX2S1 0 0 0 +2 0 +1 0
Day Peak Productivity (day)
Baseline 205 202 207 209 210 195 130
D day NX2 +1 +1 0 0 +1 0 0
D day NCLIM +1 -6 0 0 0 0 0
D day NCLIMS2 0 0 0 0 +1 0 0
D day NCLIMX2S1 +1 +1 -6 0 +1 0 0
May 202
2 | Volume 9 | Article
Regional means and associated standard deviations were computed from the last ten years of each model run. The percentage contribution by diatoms to annual production, the bloom
day, and the day of peak productivity in each model run are also shown. The change in each variable (V) is expressed as a percentage (100*[VEXP-VBASE]/VBASE) or in absolute terms (VEXP-
VBASE). See text and Figure 1C for a description of each model experiment.
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to a climatology but not increasing the overall annual nutrient
input from the rivers (NCLIM, NCLIMS2) resulted in zero change to
the distribution of the annual primary production between the two
phytoplankton groups.

In the baseline model, the average bloom day (Table 2) in the
Arctic coastal regions occurred in early to mid-June (year day
154-167). The Barents Sea, where it occurred in early May (year
day 130), and the Nordic Seas where it occurred at the end of
April (year day 119) were exceptions. Similarly, the peak in
primary productivity was early May (year day 130) in the Nordic
Seas coastal region and mid-July (year day 195) in the Barents
Sea, but not until the end of August (year day 202-210) in the
other Arctic coastal regions. Both the bloom day and the day of
peak production in each coastal region were only minimally
impacted, if at all, by the modification to river nutrients in each
of our scenarios. The largest impact to the bloom timing was a 2-
day delay in the Laptev Sea when river nutrients were input as a
climatology (NCLIM) and concentrations were shifted and
doubled (NCLIMX2S1). The largest impact to the productivity
peak was also seen under these two river nutrient scenarios,
with a shift to six days earlier in the Chukchi Sea when a
climatology was imposed (NCLIM) and an analogous six-day
shift in the timing of the peak in the ESS when the climatology
was shifted and doubled (NCLIMX2S1).
Frontiers in Marine Science | www.frontiersin.org 11
The Fate of Primary Production
The annual average flux of POC to the sediment ranged from 0.53
g Cm-2 in the Beaufort and ESS to 6.13 g Cm-2 in the Chukchi Sea
(Table 3). Thus, the spatial pattern of POC flux did not directly
mimic the coastal Arctic primary production patterns (Table 2)
which were largest in the Nordic and Barents Seas. The POC flux
represented 1.8% - 15.8% of the annual primary production with
the largest percentage being in the Chukchi Sea. The next largest
percentages were seen in the Kara (6.4%) and Barents Sea (5.1%).
The change in the flux of POC to the seafloor sediments under the
different river nutrient scenarios (Figure 4D; Table 3) showed a
response pattern similar to that of primary production (Figure 4C;
Table 2). As was the case with the primary production response,
Arctic-wide the largest changes resulted from doubling the river
nutrient concentration (NX2, NclmX2S1), and regionally the biggest
responses were in the Laptev (62, 77%) and Kara Seas (41, 56%).
Under both of the nutrient doubling scenarios, the increase in
POC flux in the Barents Sea (20, 28%) and ESS (22, 26%) coastal
regions were also notable. The river nutrient scenarios which did
not modify the overall annual nutrient input (NCLIM, NCLIMX2S1)
only resulted in a <1-6% increase in regional POC flux. The
percentage change to the annual POC flux in each coastal region
relative to the baseline was ~2-4 times higher than the percentage
change to the annual primary production.
FIGURE 6 | Annual average primary production anomaly (g C m-2) relative to the baseline run [(NO3]EXP –(NO3)BASE] for (A) doubling of river nitrate (NX2), (B) annual
river nitrate climatology (NCLIM), (C) river nitrate climatology shifted earlier by two months (NCLIMS2), and (D) river nitrate climatology doubled and shifted earlier by one
month (NCLIMX2S1). Red colors indicate increased production over the baseline run while blue colors indicate lower production than the baseline run. Percentage
change by coastal region is also indicated. All model results presented are ten years averages. Production was integrated over the upper 100 m in the upper mixed layer.
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Unlike the annual average POC flux to the sediments, the
spatial pattern of annual average zooplankton biomass in the
coastal Arctic closely mimicked primary production (Table 3).
At 707 and 573 g C m-2 respectively, the highest zooplankton
biomass was in the Nordic and the Barents Seas. The annual
average in the Beaufort, Chukchi, and Kara Seas was very similar
(342-386 g C m-2), and the biomass was lowest in the ESS (181 g
Frontiers in Marine Science | www.frontiersin.org 12
Cm-2) and Laptev Sea (191 g Cm-2). The summer biomass in the
more interior seas was almost double the annual average. The
response of zooplankton biomass to the river nutrients was very
similar to the primary production response. The scenarios which
input the baseline nutrients as an annual climatology but did not
modify the overall annual input (NCLIM, NCLIMS2) resulted in
very little (generally < 1%) change to the zooplankton biomass.
A B D

E F G

C

FIGURE 7 | Regionally averaged seasonal cycle of primary production by group (diatoms and small phytoplankton) in the baseline model run for (A) Beaufort Sea
(R1), (B) Chukchi Sea (R2), (C) East Siberian Sea (R3), (D) Laptev Sea (R4) (E) Kara Sea (R5), (F) Barents Sea (R6) and (G) Nordic Seas (R7). The grey shading
indicates ± one standard deviation.
TABLE 3 | Summary of sediment flux and zooplankton biomass in the baseline model (BASE) and the change seen in the four river nutrient model scenarios (EXP) during
the summer season (June-August) and on an annual basis.

Region

Beauf. Chukchi ESS Laptev Kara Barents NS
1 2 3 4 5 6 7

Baseline Coastal POC Flux to Sediments
Annual Average (g C m-2 y-1) 0.53 6.13 0.53 0.56 1.93 2.50 3.08
% of Prod (Annual) 1.8 15.8 2.9 3.3 6.4 5.1 3.5
Percent change to Baseline Coastal Sediment Flux
D% NX2 20 2 22 62 41 3 <1
D% NCLIM 3 <1 <1 2 4 <1 <1
D% NCLIMS2 3 <1 1 6 4 1 <1
D% NCLIMX2S1 28 4 26 77 56 16 1

Baseline Coastal
Z 100

0
½Zoo� (mg C m−2)

Annual Average 342 386 181 191 353 573 707
Summer Average 586 684 315 323 605 862 949

Percent change to Baseline Coastal

Z 100

0

½Zoo� (mg C m−2)

D % NX2 4 1 7 14 8 1 <1
D % NCLIM 1 <1 <1 1 <1 <1 <1
D % NCLIMS2 <1 <1 <1 1 <1 <1 <1
D % NCLIMX2S1 4 1 8 16 9 3 1
May 2022 |
 Volume 9 | Article 73
Regional averages were computed from the last ten years of each model run. The change in each variable on an annual time scale is expressed as a percentage (100* [EXP-BASE]/BASE).
See text and Figure 1C for a description of each model experiment.
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Conversely, the two scenarios that doubled the nutrient
concentration (NX2, NCLIMX2S1) had a similar impact on the
biomass in each region, with the largest increases (7-16%) in
the Laptev, Kara, and ESS and only minimal impacts (1-4%) in
the more marginal seas.

Dissolved Organic Carbon
Regionally averaged baseline coastal DOC concentrations are
highest in the Chukchi Sea (~20 mmol C m-3) and Kara Sea (~18
mmol Cm-3) and lowest in the central Arctic Basins (Table 4). In
addition to a DOC supply through the Bering Strait to the
Chukchi Sea, the distribution pattern of DOC in the upper
mixed layer reflects the very localized DOC input from rivers,
with high concentrations close to river mouth decreasing rapidly
moving offshore (Figure 8A). In each of the Arctic coastal
regions, the regional average mixed layer DOC remained
relatively steady from January through April but then
increased to a summer peak (i.e. Figure 8B). As with river
nitrogen, doubling riverine DOC concentration (DOCX2)
increased the DOC concentration in the upper mixed layer of
the coastal Arctic by varying degrees depending on location
Frontiers in Marine Science | www.frontiersin.org 13
(Table 4 and Figure 8C). The more marginal Arctic coastal
regions (i.e. Chukchi and Barents) only saw a very small (~3%)
increase in DOC whereas the interior seas (i.e. Kara and Laptev)
saw more than a 40% increase in the DOC concentration.

The HiLAT model does not presently explicitly simulate the
impact of DOC on primary production, thus baseline production
estimateswere not impacted by the increased levels ofDOC.Using
the relationship between primary production and DOC
concentrations found in Arctic lakes Seekell et al. (2015) the
projected change in DOC in the coastal regions due to a
doubling of river concentrations will likely have only minimal
impact on coastal Arctic production. Even the simulatedmaximal
(~40mmolCm-3≈ 0.48mg l-1)DOC concentrations close to river
mouths are relatively low and thus would only impact simulated
baseline production by ~1gCm-2 annually. Arctic DOCmay be as
high as 120 μM or 1.44 mg l-1 (Gonçalves-Araujo et al., 2020)
which, following the Seekell et al. (2015) relationship for Arctic
lakes, would still also result in a relatively small increase of 2.9 g C
m-2 annually. However, following our empirical based approach,
outlined below, we show that the impact of DOC on production
could be much more significant.
FIGURE 8 | (A) Summer dissolved organic carbon (DOC) concentration (mmol C m-2) in the Arctic Ocean mixed layer. The average was computed over June-
August for the last ten years of the baseline model simulation. (B) The baseline average seasonal climatology for the Kara and Beaufort Seas. (C) Time series of
regionally averaged DOC in the coastal mixed layer regions in the baseline model and with a doubling of river DOC (DOCX2) for the Kara Sea (i) and the Beaufort Sea (ii).
TABLE 4 | Summary of summer (June-August) average regional DOC concentration in the baseline model (BASE) and a scenario in which river [DOC] was doubled.

Region

Beauf. Chukchi ESS Laptev Kara Barents NS
1 2 3 4 5 6 7

Coastal [DOC]
BASE (mmol m-3) 9.6 ± 0.8 19.9 ± 1.3 9.8 ± 0.6 10.2 ± 0.5 18.4 ± 0.5 9.6 ± 0.4 16.0 ± 0.3
DOCX2 (mmol m-3) 15.0 ± 0.4 20.7 ± 1.3 12.0 ± 0.6 14.9 ± 0.9 26.6 ± 1.2 15.0 ± 0.4 16.1 ± 0.3
D% DOCX2 34.0 3.7 22.0 46.6 44.7 3.8 0.3
D DOCX2 (mg C l-1) 0.065 0.010 0.026 0.056 0.098 0.065 0.001
Annual impact of DOC on production
D Prod (g C m-2 ) 0.13 0.02 0.05 0.11 0.19 0.13 0.00
May 20
22 | Volume 9 | Arti
Coastal regional means and associated standard deviations were computed from the last ten years of each model run. The percentage increase in the regional DOC is expressed as a
percentage (100*[DOCX2-DOCBASE]/DOCBASE). See Figure 1 for a description of each coastal region. The estimated change in annual production was calculated assuming D Prod=0.011*
[D DOC] and a 180 day growing season.
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In the HiLAT model, the river DOC flux, as well as products
from autotroph and zooplankton mortality, are added to the
semi-labile DOC pool, while other components of DOC are not
currently represented. If we assume that this semi-labile organic
carbon (DOCSL) represents the fresh biomacromolecules that are
added yearly, we need to also consider an estimate of the humic
acid component.

DOCSL = DOCmodeled

Where DOCmodeled = average [DOC] for June over the last 10
years of the model run. To account for the riverine humics, we
apply the linear DOC-Salinity relationship determined by
Hansell et al. (2004, cf. Figure 4A), assuming that ninety
percent of the DOC will be humics i.e.

DOCHUMIC = −2:60*SALT i,jð Þ + 154*0:9

Thus, a better estimate for total DOC in the Arctic can be
considered the sumof semi-labile and riverine humics (Figure 9A),
which has a maximum concentration of 293 mmol C m-3 in the
coastal Kara Sea, and a value of ~70 mmol C m-3 in the central
Arctic, which agrees well with past observations (Benner, 2002;
Hansell et al., 2004).

DOCTOTAL =  DOCSL + DOCHUMIC
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From this DOC starting point, we can approximate the impact of
DOC on light absorption by determining the coefficient at 375 nm
(a375) in the Arctic Ocean. First, using the average a375 and DOC
values determined by Stedmon et al. (2011, cf. Table 1) for each
Arctic riverwedevelop a linear relationship between a375 andDOC,
forcing it through the origin since the physicochemistry of UV
absorption dictates that this must be true (Figure 9B).

a375 i,jð Þ =  DOC(i,,j)*0:0122

Using this relationship, we estimate a375 from the DOCTOTAL to
range from ~1.0-2.5 m-1 across the Arctic, with the highest values
in the Kara Sea (Figure 9C).

Finally, we convert a375 to a440, as it is the 440 nm wavelength
that corresponds to the maximal absorption by algal pigments
(Bricaud et al., 1981) by applying the classic absorption equation.

a440 = a375e
S l375−l440ð Þ

Where S is the spectral slope. We estimate the salinity-dependent
spectral slope for open water (Figure 9D) from Stedmon et al.
(2000, cf. Figure 3).

S = −0:18:*Sainity + 25

With the above assumptions, a440 across the Arctic varies
from ~0.3-0.9 m-1, with the highest values again close to the
river mouth in the Kara Sea (Figure 9E).
FIGURE 9 | Estimating the impact of DOC on the attenuation of light in the Arctic. Estimated June DOC concentration including labile and humics (A), linear
relationship between DOC and a375 (B), Estimation of a375 (C), linear relationship between spectral slope (S) and salinity (D), and estimation of a440 (E).
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SUMMARY AND DISCUSSION

There are multiple factors including changes in growing season
length, wildfire frequency, and permafrost thaw (McGuire et al.,
2009; O’Donnell et al., 2016; Hugelius et al., 2020; Rodrıǵuez-
Cardona et al., 2020) that could impact both the timing and
concentration of nutrients in Arctic rivers flowing into the ocean.
Capturing both the present and future variability in Arctic river
inputs will be challenging, especially as different river basins will
likely respond differently. Our results indicate that while the
concentration of Arctic river nitrogen (DIN and DON) can have
a significant impact on annual average nitrogen and primary
production in the coastal Arctic, the timing of the river nutrient
input into the marine environment is less important. We modify
DON and DIN in the same way in each experiment so are
currently unable to distinguish the relative importance of
changes in either. However, in West Siberia, projected
warming has been linked to a probable increase of riverine
DON and total dissolved nitrogen by very similar amounts
(32–53% and 30–50% respectively, Frey et al., 2007) so this
assumption may be reasonable.

Impact of River Nitrogen on Marine
Production
Varying the timing of the peak nutrient input in rivers throughout
the year impacted the phytoplankton ‘bloom day’ and the day of
peak productivity by usually only a day or two at most. The largest
shift observed was a six-day earlier production peak in the ESS
following a two-month shift in nutrient input. Shifting the nutrient
input earlier by a month did not have any notable impact on
regionally averaged production (<1-2%), and shifting the input by
two months while doubling the concentrations only resulted in a
≤5% relative increase in regional production. Furthermore, we also
did not see a large shift in phytoplankton community
composition, from diatoms to small phytoplankton.
Contribution of riverine nitrate to new primary production
increases from the bloom (<1%) to July–October (5.5%, Le
Fouest et al., 2013) indicating that we may have seen more of an
impact on production if our experiments had shifted the river
nutrient peak later, although we do not currently have reason to
think this would be an observed change. Our findings suggest that
despite the changing timing of nutrient inputs to the Arctic
associated with changing permafrost hydrology, marine
production and biophysical dynamics will continue to be
primarily driven by light availability rather than nutrients.

Previously, Terhaar et al. (2021) suggested that doubling river
nutrients resulted in a relative increase in annual primary
production by 11% on average across the Arctic, and up to 34-
35% in the Laptev and the Beaufort Sea, with the largest total
regional changes being in the Barents (+4.8Tg, 6%) and the Kara
(+4.4Tg, 20%). We also found the largest regional increases in
production in the interior seas, which have relatively low
connectivity to the Atlantic or Pacific, but at a maximum of
20% in the Laptev Sea and 14% in the Kara Sea, the changes were
lower in magnitude than previously reported. In addition to using
a different bio-physical model, Terhaar et al. (2019) increased river
nutrients by 1%/year to achieve the concentration doubling after
Frontiers in Marine Science | www.frontiersin.org 15
70 years. The general agreement of results from the two different
model constructs provides confidence in the robustness of the
projected increase in production in response to river nutrient
increases. In contrast to Terhaar et al. (2021), we only found a 1%
increase in production in the Barents Sea with a simple doubling of
nutrients. Here we doubled river nutrients only in Arctic rivers
(north of 66.5°) whilst the previous investigation modified river
inputs globally. The likely explanation for why the previous
estimates for production increases in these regions are higher is
that they are driven by additional nutrients being transported into
the Arctic through the Fram Strait from rivers that discharged
further south. Both total discharge and change in baseflow in
Arctic rivers increase with permafrost coverage but show a weak
connection to annual changes in precipitation (Song et al., 2020).
While rivers outside the Arctic may see some change in nutrient
concentrations, they are unlikely to see such a drastic climate-
driven change to river chemistry because of the reduced amplitude
of climate change and the absence of melting permafrost.
Therefore, we believe that the present study provides a more
realistic projection of future conditions.

Impact of River Nitrogen on Arctic Food
Web Structure
Our simulations indicate that an increase in river nutrient
concentration could have a relatively large impact on the POC
flux to the benthos, and thus has the potential to modify Arctic
food web structure and dynamics. When doubling river nutrients,
the percentage increase in the POC flux on the river-influenced
Arctic coastal shelves was 2-4 times the percentage increase in
primary production. Sea ice extent, hydrographic forcing, and
export production have been previously identified as important
factors in controlling the benthic biological system (Grebmeier,
2012), and the relative timing of primary and zooplankton
production in the Arctic is important in determining whether
phytoplankton carbon primarily flows into the pelagic or benthic
food web (Kędra et al., 2015). Climate-induced reductions in sea ice
have been identified as supporting an ecosystem reorganization
towards more pelagic processes (Grebmeier et al., 2006; Kędra
et al., 2015) but our results suggest that an increase in river
nutrients could counteract such a re-organization in coastal
regions by supporting a shift towards more benthic processes.
The HiLAT model currently treats secondary producers rather
simplistically, with only a single zooplankton component.
Additionally, microbial communities are not explicitly
represented in the model, although the degradation and
remineralization of riverine DOM by microbes in the Arctic
Ocean could constitute a significant portion of production (Sipler
et al., 2017) and thus have the potential to impact the length of the
food web close to river outflows. To better understand the potential
impact of changing river nutrients on the Arctic coastal food web
would require more fully resolving secondary producers.

Uncertainty in River Inputs
Our experiments did not reflect all of the potential compounding
factors that determine river nutrient inputs to the Arctic Ocean.
However, they did allow us to explore the impact of timing and
increased nutrients that may be brought about by the input of
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additional nutrient-rich groundwater or organic-rich overland flow.
Because of the potential impact increasing river nutrients can have
on coastal production (i.e. up to 20% increase in annual primary
production resulting from a doubling in some regions) it is
important to understand the current bounds of river nutrient
concentrations throughout the Arctic, as well as how we can
expect concentrations to change under likely future climate
scenarios. In addition to climate-induced processes that impact
river nutrients, some Arctic rivers will likely also see increases in
volume discharge. Such a dilution factor makes the river nutrient
changes evenmore challenging to predict. As a preliminary gauge of
river nutrient impacts on Arctic production the experiments
presented here modified all river nutrients homogeneously (i.e.
doubled all Arctic river nutrient concentrations) but in reality, the
Arctic is quite heterogeneous, and river nutrient concentrations will
likely respond differently to climate change, in both magnitude and
timing, throughout the region. Flow in interior Alaskan rivers
during late fall/winter and during the snowmelt (late April/mid-
May) has increased 50% over the last several decades, while post-
snowmelt flow in late May and into the summer has decreased.
Annually, this has resulted in a decline in annual maximum
streamflow but a general increase in minimum flow (Bennett
et al., 2015). Similarly, streamflow in the Ob, Yenisei, and Lena
has increased over the past several decades by ∼7 - 22.0% (Wang
et al., 2021). Déry et al. (2016) could detect no significant trends for
rivers in Northern Canada but did see strong regional variations in
seasonal trends of river discharge, with overall winter (summer)
flows increasing (decreasing), except for the most recent decade.
Some of these trends were partly attributed to flow regulation and
storage but Holmes et al. (2019) found the long-term increase in the
Eurasian Arctic discharge to be coincident increases in precipitation.
In addition to diluting or concentrating river nutrients, changes to
the river volume discharge will also have the potential to impact the
water column stability of the coastal zone, which in turn could
impact light and the vertical mixing of nutrients.

Terhaar et al. (2021) suggest that terrigenous nutrients
account for 36% of the Arctic ocean NPP and sustain 59% of
the production in the Kara Sea, 80% in the Laptev Sea, and 57%
in the ESS. Although previously, Tremblay et al. (2015) have
suggested that while nutrient supply by rivers is locally
important, it does not appear to sustain a major portion of
overall pan-Arctic NPP. Examining historical data, Le Fouest
et al. (2013) found large differences in the contribution of rivers
to new primary production across the Arctic shelf seas, but also
Frontiers in Marine Science | www.frontiersin.org 16
noted that these contributions were small relative to the influence
of the Bering Strait inflow. Gibson et al. (2020) have previously
shown the HiLAT model to underestimate the flow of nitrate
through the Bering Strait so it may be difficult to fully pin down
the impact of the rivers on production unless this is rectified.

The coastal Arctic ecosystem is complex and, in addition to
changes in river inputs explored here, it is experiencing changes
in atmospheric temperature and sea ice cover that will also
impact production (Table 5). Previously, Gibson et al. (2020)
found that sea ice cover had a larger impact on Arctic production
than the temperature in the Laptev, Kara, and East Siberian Seas.
For example, they found a 36-47% increase in production when
sea ice was artificially reduced but only a 14-20% increase in
production under an atmospheric warming scenario. In the
Nordic, Barents, Chukchi, and Beaufort Seas the temperature
increase and sea ice reductions had a similar impact on
production (~+10-20% increase depending on region). Here
we have shown that the impact of doubling river nutrients was
relatively small (<5% increase in annual production) in the
Beaufort, Chukchi, Barents, and Nordic Seas. However, in the
Laptev, Kara, and East Siberian Sea the river nutrient increase
was more noticeable. In the Laptev Sea, the production increase
caused by doubling river nutrients exceeded the production
increase simulated with an atmospheric warming scenario
(16% vs. 14%). This finding highlights the importance of
factoring in river impacts into future Arctic ecosystem
projections. Developing more realistic river nutrient and
discharge forcing for earth system models appears key to
improving both now-cast and future estimates of Arctic
coastal production.

There is inherent uncertainty in our estimations of the
nutrients impact on marine production due to the model’s
inability to resolve fine-scale coastal dynamics that may be
important. Model resolution is known to impact both physical
and biological simulations of the marine environment, i.e. due to
better representation of the mixed layer depth and mixed layer
nitrate concentration (Jin et al., 2018). At ~1-degree horizontal
resolution the E3SM-HILAT model is relatively coarse and does
not capture sub-mesoscale processes. Having a finer resolution
model could be particularly impactful in understanding river
impacts on coastal dynamics. We speculate that a finer scale
model would allow the river nutrients to be distributed and
mixed in the ocean model in a more heterogeneous and realistic
manner; this may result in increased impacts on production
TABLE 5 | Estimated impact of environmental variables on annual primary production in the Arctic regional seas.

D Prod (%) Region

Beauf. Chukchi ESS Laptev Kara Barents NS
1 2 3 4 5 6 7

DOCX2 -0.3-0.4 0.0 -0.2-0.3 -0.5-0.7 -0.5-0.6 -0.2-0.3 0.0
NX2 4.9 1.0 7.2 15.7 11.4 1.0 0.1
S2 16.1 18.7 38.6 46.6 35.8 18.8 12.8
RCP4.5 10.0 19.6 14.9 14.2 19.7 22.6 10.0
May 2022
 | Volume 9 | Article 73
DOCX2 and NX2 are for a doubling of Arctic river DOC and nitrogen concentrations respectively, while S2 and RCP4.5 are for an ice reduction and atmospheric temperature increase
experiment respectively (see Gibson et al., 2020 for details).
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closer to the coast, but reduced impacts on a broader
regional scale.

River DOC and Production
The HiLAT model does not presently represent CDOM, the major
light-absorbing constituent in natural waters (Stedmon et al., 2000),
but we would intuitively expect light attenuation by CDOM to be
sufficiently high in the near coastal region that it would, at least at
certain times in the year, have a negative impact on primary
production. Seekell et al. (2015) have found that in lakes there is a
threshold concentration (4.8 mg C l-1) above which the relationship
to primary production is negative due to light extinction inhibiting
primaryproductionandbelowwhich the relationshipbetweenDOC
andproduction is positive, due to the associatednutrient availability.
In our river DOC doubling experiment, annual DOC in the interior
Arctic seas increased by as much as 46% but was still at
concentrations below the threshold, suggesting the increases
would not negatively impact the production assuming the
relationship found by Seekell et al. (2015) for Arctic lakes holds for
the Arctic Ocean. There are numerous factors, i.e. the pH and
salinity, that could impact the relationship between DOC and
primary production in the Arctic marine environment that should
be explored further. As benthic primary production contributed to
the observed whole lake primary production water depth could also
impact this relationship. The depth of even the shallow coastal zones
are likely deeper than theArctic lakes examined (maxmeandepth of
7.6m).However, a similar positive relationship between [DOC] and
phytoplanktondensity andphytoplankton growth rate has also been
observed in microcosm experiments of Arctic lake water (Kissman
et al., 2013) indicating this relationship is probablynot dependent on
the benthic contribution.Our projected impact ofDOCdoubling on
productionwas an order ofmagnitude less than seenwhendoubling
river nitrogen, atmospheric temperature, or sea ice cover (Table 5).

However, simulated Arctic marine DOCmay be underestimated
and the DOC-production relationship may not apply to the saline
marine environment with potentially very different nutrient
limitations. DOC in the ocean comprises organic matter from soils
and terrestrial plants (allochthonous) as well as from marine algae
(autochthonous). DOC includes both ‘structural’ components of
cells, i.e. cellulose and lignin, as well as more ‘operational’
components i.e. polysaccharides, proteins, and lipids. Lignin and
cellulose are insoluble and are converted to humic acid, which is
highly aromatic and long-lived, surviving around ten years in the
open sea.ThemajorityoffluvialDOCishumic and its concentrations
approximately correlate to salinity in theArcticOcean (Hansell et al.,
2004). Conversely, the polysaccharides, proteins, and lipid portion of
DOC are fresher biomacromolecules that are labile with high
turnover rates in the Arctic Ocean. Through a series of calculations,
we have demonstrated that DOC absorption in the Arctic Ocean
could be ~0.3-0.9 m-1. Light absorption by phytoplankton in the
HiLAT model is dependent on Chl-a concentration but could be
~0.55m-1 (Morel andMaritorena, 2001) at l 440 and [Chl-a]=10mg
m-3. Thus,DOChas the potential to impact the attenuationof light at
least asmuch as Chl-a, so could play an important role in controlling
primary production across the Arctic. The DOC flux in the
Mackenzie River, which provides substantial inputs of freshwater
and biogeochemical constituents to the Arctic Ocean, has increased
Frontiers in Marine Science | www.frontiersin.org 17
39% since the early1970s (Tank et al., 2016). Given the unresolved
potential impact of DOC on light attenuation, and the historic
increase in Arctic river DOC inputs, it is important to resolve the
discrepancy between these estimates of DOC impacts and those
determined by applying the Seekell et al. (2015) relationship. This
highlights the need to better representDOCand its influence on light
attenuation and production within the model.

CONCLUDING REMARKS

Annualprimaryproduction in theArcticoceanmayonlybeminimally
impacted by future variability in the timing of river nutrient inputs.
This suggests that Arctic production will continue to be primarily
controlled by ice cover and temperature.However, in the Laptev Sea, a
doubling of river nutrients increased production by the same amount
as a projected temperature increase. River DOC increases result in a
substantial increase in coastal marine DOC. The actual impact of the
DOC on the production is currently an un-answered question,
although we have illustrated that, via light attenuation, it could be of
a similar magnitude as the attenuation by Chl-a. Increased river
concentrationsmay result in a shift towards amore benthic food web.
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