JGR Oceans

RESEARCH ARTICLE
10.1029/2021JC017718

Special Section:

Uncovering the hidden links
between dynamics, chemical,
biogeochemical and biological
processes under the changing
Arctic

Key Points:

e Riverine and marine dissolved organic
carbon (DOC) were distinguished
using hydrographic datasets obtained
from the western Arctic Ocean

e Spatial distribution of riverine DOC
showed higher abundance in the
Chukchi Borderland and the northern
Chukchi Sea

e Anomalously high primary production
by the upwelling event enhanced
marine DOC production in the East
Siberian shelf/slope region

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

J. Jung,
jinyoungjung @kopri.re.kr

Citation:

Jung, J., Lee, Y., Cho, K.-H., Yang,
E.J., & Kang, S.-H. (2022). Spatial
distributions of riverine and marine
dissolved organic carbon in the
western Arctic Ocean: Results from
the 2018 Korean expedition. Journal
of Geophysical Research: Oceans,
127, €2021JC017718. https://doi.
org/10.1029/2021JC017718

Received 23 JUN 2021
Accepted 12 JUL 2022

Author Contributions:
Conceptualization: Jinyoung Jung
Funding acquisition: Eun Jin Yang,
Sung-Ho Kang

© 2022 The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution-NonCommercial License,
which permits use, distribution and
reproduction in any medium, provided the
original work is properly cited and is not
used for commercial purposes.

'.) Check for updates

V od |
LG

l ADVANCING
EARTHAND
> SPACE SCIENCE

ik
Spatial Distributions of Riverine and Marine Dissolved
Organic Carbon in the Western Arctic Ocean: Results From
the 2018 Korean Expedition

Jinyoung Jung' ) Youngju Lee! ), Kyoung-Ho Cho! (2, Eun Jin Yang! (©, and Sung-Ho Kang!

'Division of Polar Ocean Sciences, Korea Polar Research Institute, Incheon, Republic of Korea

Abstract Seasonal primary production and river discharge increases in the Arctic Ocean exert a significant
influence on the dissolved organic carbon (DOC) cycle. To improve our knowledge of the spatial heterogeneity
of DOC source and concentration in the rapidly changing Arctic Ocean, we investigated the distributions of
riverine and marine DOC in the western Arctic Ocean during the summer of 2018. Although the surface bulk
DOC concentration indicated no clear distinction in its distribution between the Chukchi Borderland (CBL)/
northern Chukchi Sea (NCS) and East Siberian Sea (ESS)/Mendeleyev Ridge (MR) regions, the estimated
riverine DOC concentration (28 & 4.2 pM C) and its contribution (40 £ 5.7%) in the surface layer of the
CBL/NCS region were higher than those (19 + 5.6 pM C and 26 + 8.5%) in the ESS/MR region, which was
attributed to the accumulation of freshwater, strong stratification, and a longer residence time in the CBL/NCS
region. In contrast, although marine DOC was the dominant DOC component in both the CBL/NCS and ESS/
MR regions, the higher marine DOC concentration (54 + 8.1 pM C) and its contribution (73 + 8.2%) in the
East Siberian shelf/slope region were consistent with high bacterial abundance, which was associated with
extremely high surface phytoplankton blooms sustained by nutrient supply from the deep layer, suggesting

that the supply of bioavailable DOC resulted in active bacterial activities. Overall, the spatial differences in
water properties between the two regions had large influences on the regional distributions of riverine and
marine DOC.

Plain Language Summary The Arctic Ocean is experiencing rapid environmental changes due

to accelerated warming, a decline in sea ice coverage, and an increase in river discharge from Arctic rivers.
However, it is not clear how these environmental changes affect the Arctic carbon cycle, particularly the quality
and quantity of dissolved organic carbon (DOC). In this study, we used physical, chemical, and biological
hydrographic datasets obtained from the western Arctic Ocean during the summer of 2018 and distinguished
riverine and marine DOC from bulk DOC to clearly understand their distributions and utilization. The spatial
distributions of riverine and marine DOC showed clear distinctions in their distributions between the Chukchi
Borderland (CBL)/northern Chukchi Sea (NCS) and East Siberian Sea (ESS)/Mendeleyev Ridge (MR) regions.
The high riverine DOC concentration in the CBL/NCS region was associated with the regional characteristics,
including the accumulation of freshwater, strong stratification, and a longer residence time. On the other hand,
anomalously high primary production was observed in the ESS/MR region, resulting in the large contribution
of marine DOC. Our results highlight that the regional characteristics of water properties in the study region
exerted significant influences on the spatial distributions of riverine and marine DOC.

1. Introduction

Dissolved organic carbon (DOC) has been recognized as an important component because of its essential role in
carbon sequestration within the marine carbon cycle and microbial food loop (Zhang et al., 2018). In the marine
environment, DOC originates from either marine or terrestrial sources, and the behavior and cycling of DOC
are different depending on its origin and composition (Lgnborg et al., 2020). For example, plankton activity,
including direct release from phytoplankton and release during grazing and viral lysis, produces bioavailable
marine DOC (Carlson & Hansell, 2015). Bioavailable marine DOC is remineralized by heterotrophic bacteria
through the microbial loop and converted to inorganic carbon such as carbon dioxide (CO,) (Amon, 2004; Buchan
etal., 2014). The bacteria-mediated transformation of DOC is a significant source of carbon and energy in aquatic
environments (Landa et al., 2014). Heterotrophic bacteria also produce refractory DOC (Lechtenfeld et al., 2015;
Ogawa et al., 2001), which is the most persistent carbon pool, with the potential to be stored for millennia in the
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ocean’s interior (Carlson & Hansell, 2015; Hansell et al., 2009; Jiao et al., 2010). On the other hand, terrestrial
DOC, primarily derived from carbon-rich soils and vegetation, is mainly delivered to the ocean, especially coastal
waters, by river runoff (referred hereafter as riverine DOC) (Lgnborg et al., 2020; Raymond & Spencer, 2015).
In general, riverine DOC is thought to be refractory in nature owing to its apparent conservative mixing behavior
and low biodegradability (e.g., Dittmar & Kattner, 2003; Lobbes et al., 2000; Mann et al., 2012). However, previ-
ous observations and experiments provided evidence that the biodegradability of riverine DOC is associated with
seasonality, differences in the riverine DOC composition, and regional hydrology (Holmes et al., 2008; Mann
et al., 2012; Tanaka et al., 2016; Wickland et al., 2012). Thus, changes in DOC composition caused by marine
environmental changes could have significant impacts on the marine carbon cycle and ecosystem.

The Arctic Ocean has experienced rapid environmental changes, including accelerated warming (Ballinger
et al., 2020) and a strongly declining summer sea ice extent that coincides with an intense loss of multi-year
sea ice (Cavalieri & Parkinson, 2012; Perovich et al., 2020). The response of the Arctic marine system to these
changes has the potential to influence ocean productivity and DOC cycling. For example, the reduced sea-ice
coverage can result in significant seasonal production of marine DOC via primary production (e.g., Mathis
et al., 2007; McGuire et al., 2009; Shen et al., 2018) owing to a longer growing season, an expanded area of open
water, and the nutrient supply by shelfbreak upwelling (Arrigo & van Dijken, 2011, 2015; Lewis et al., 2020;
Tremblay et al., 2011). In addition, the thawing of permafrost due to Arctic warming can affect the river water
discharge and elevate the amount of riverine DOC discharged into the Arctic Ocean (Abbott et al., 2014; Frey &
McClelland, 2009; Le Fouest et al., 2018; Opsahl et al., 1999; Schuur et al., 2015). Furthermore, massive input
of river water strengthens the influence of riverine DOC in the Arctic Ocean more than in the other oceans (e.g.,
Cooper et al., 2005; Dittmar & Kattner, 2003; Goncalves-Araujo et al., 2016; Guéguen et al., 2007; Holmes
et al., 2012; Peterson et al., 2002) because the Arctic Ocean receives a disproportionately high amount (approxi-
mately 10%) of the total global river runoff from Arctic rivers (McClelland et al., 2012). These characteristics in
the Arctic Ocean make the dynamics of DOC complex. Thus, it is clear that in-situ measurements are required
for improved quantification of the overall magnitude of marine and riverine DOC under changing Arctic hydro-
graphic conditions.

Although bulk DOC concentration provides quantitative information regarding DOC production (or input) and
consumption (or loss), previous studies have shown that the seasonal production of bioavailable marine DOC via
primary production as well as the influence of riverine DOC is not apparently reflected in bulk DOC distribution
in the western Arctic Ocean (e.g., the Chukchi and Beaufort Seas) (e.g., Davis & Benner, 2005; DeFrancesco
& Guéguen, 2021; Jung, Son, et al., 2021; Mathis et al., 2007; Shen et al., 2012). For example, Davis and
Benner (2005) reported that concentrations of bulk DOC did not exhibit a significant seasonal change in surface
water of the Canada Basin, but dissolved amino acids concentrations (indicators of bioavailable DOC) increased
by 45% between spring and summer. Similarly, Shen et al. (2012) reported that bulk DOC concentrations in shelf
and slope-basin surface waters were not significantly different between the Chukchi and Beaufort Seas despite
the higher productivity in the Chukchi Sea. This is probably because the elevated production of marine DOC
in summer is masked by the concurrently enhanced input of riverine DOC, making the changes in bulk DOC
concentrations less discernible during productive seasons (Shen, Fichot, et al., 2016). Furthermore, DeFrancesco
and Guéguen (2021) found no interannual variation in bulk DOC concentration in the polar mixed layer of the
Canada Basin over an 11-year period (2007-2017), although the composition of dissolved organic matter (DOM)
showed pronounced changes over time. The aforementioned previous studies suggest that the seasonal variations
in marine or riverine DOC are reflected in the composition of DOC but less in bulk DOC concentrations. Thus,
it is necessary to distinguish marine or riverine DOC from bulk DOC, and the fate of riverine DOC and the
production and degradation of marine DOC need to be assessed separately to better understand and estimate their
relative contributions.

However, quantifying marine and riverine DOC and assessing their impact on the marine carbon cycle are still
a challenge in the highly dynamic nature of the river-influenced Arctic Ocean. Considerable efforts have been
devoted to distinguishing the source of DOC in the Arctic Ocean using the C/N ratio (e.g., Lobbes et al., 2000;
Wheeler et al., 1997), the stable isotopes of carbon (e.g., Amon & Meon, 2004; Opsahl et al., 1999; Raymond
et al., 2007), biomarkers (e.g., lignin phenols and amino acids; Benner et al., 2005; Davis & Benner, 2005;
Shen et al., 2018), and optical properties (e.g., Goncalves-Araujo et al., 2016; Guéguen et al., 2012; Jung, Son,
et al., 2021; Shen, Benner, et al., 2016; Stedmon et al., 2011). Nevertheless, previous results are still not enough
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to present a comprehensive picture of the spatial distributions of marine and riverine DOC in the Arctic Ocean.
For example, the differences in the C/N ratios of riverine (30-60) and marine DOM (10-20) have been used as a
tracer for the origin of DOM (Amon, 2004; Davis & Benner, 2005; Lobbes et al., 2000). However, the C/N ratio
of marine DOM depends on biological activity in the water mass, thereby resulting in large variability in the C/N
ratio of DOM, especially in marine-dominated waters, mainly due to variable dissolved organic nitrogen (DON)
concentrations (Anderson & Amon, 2015). Moreover, the number of observations for DON is relatively low
compared to DOC in the Arctic Ocean (Amon, 2004), making the C/N ratio less useful for quantitative compu-
tations (Anderson & Amon, 2015). The stable isotopes of carbon (ratio of 3C-!2C, §'3C) also have been used to
distinguish riverine from marine DOM in the Arctic because they show a distinction between riverine (—25%o
to —28%o, Opsahl et al., 1999; Amon & Meon, 2004; Raymond et al., 2007) and marine DOM (—21 %o, Opsahl
et al., 1999). Although the isotopic composition of DOC is a powerful tracer, it is also cumbersome to measure
because of sample preparation (e.g., removing dissolved inorganic carbon (DIC) and oxidation of organic mole-
cules into CO,) and large volumes of seawater necessary. In addition, there is little observational data available for
Arctic Ocean DOM 8'3C (Anderson & Amon, 2015; Beaupré, 2015 and references therein). For the biomarkers,
lignin phenols are unequivocal tracers for riverine DOM due to their exclusively terrestrial origin and have been
used to estimate the contribution of riverine DOC in the Arctic Ocean (Benner et al., 2005; Kattner et al., 1999;
Lobbes et al., 2000; Opsahl et al., 1999). In comparison, amino acids have been used as qualitative indicators of
the diagenetic state and bioavailability of organic matter (e.g., labile DOC, Davis & Benner, 2005) rather than
marine source identification due to their preferential loss during degradation (Anderson & Amon, 2015). The
optical properties of DOM, such as chromophoric dissolved organic matter (CDOM) and fluorescence dissolved
organic matter (FDOM), have proven to be useful tracers for riverine (e.g., humic-like substances) and marine
DOM (e.g., protein-like substances) as well (Coble, 1996, 2007; Stedmon et al., 2003). However, the optical prop-
erties of DOM are semi-quantitative without a combination of biomarker analyses (Anderson & Amon, 2015;
Walker et al., 2013). In addition, few studies have examined the spatial distributions of both marine and riverine
DOC simultaneously.

In this study, we attempted to distinguish marine and riverine DOC from bulk DOC by using stable oxygen
isotope ratio (8'30) and DOC concentrations in seawater and sea ice core samples collected from the western
Arctic Ocean. This study simultaneously provides quantitative and qualitative estimates of marine and riverine
DOC in the western Arctic Ocean. Therefore, the results for the spatial distributions and behaviors of marine
and riverine DOC from this study would be valuable for filling the data gap, especially for the west region of the
western Arctic Ocean.

2. Materials and Methods
2.1. Hydrographic Survey and Sampling

The 2018 Arctic expedition was conducted from 6 August to 24 August 2018 (the ARA09B cruise) on board the
Korean icebreaker IBR/V Araon in the western Arctic Ocean (Figure 1). A total of 26 stations were occupied
and geographically divided into two regions: the Chukchi Borderland (CBL)/northern Chukchi Sea (NCS) region
(stations 1-7, 19-24, 26, and 27) and the East Siberian Sea (ESS)/Mendeleyev Ridge (MR) region (stations
8-18). The hydrographic characteristics of the water column were assessed from vertical profiles acquired from
a conductivity-temperature-depth (CTD) (SeaBird Electronics, SBE 911 plus) profiler. Seawater samples were
collected using Niskin bottles at surface and discrete depths chosen based on CTD profiles. The mixed layer depth
(MLD) was estimated from the CTD profile and is defined as the depth at which the density change exceeded
0.05 kg m~3 relative to the reference value at a 5 m depth (Lee et al., 2019; Venables & Moore, 2010). Further
details on the hydrographic survey stations, including locations, water depths, and MLDs, are given in Table S1
in Supporting Information S1.

Seawater samples for DOC and §'30 were gravity filtered through pre-combusted (at 550°C for 6 hr) Whatman
GF/F filters (Chen et al., 2018; Jung, Son, et al., 2021). For DOC measurement, the filtrate was stored frozen
(=24°C) in two pre-combusted 20 ml glass ampoules until analysis. For §'30 measurement, the filtrate was
distributed into an acid-cleaned 20 ml glass vial, which was sealed with parafilm and stored at 4°C until analysis.
For nutrient measurement, seawater was drawn from the Niskin bottles into 50 ml conical tubes and immediately
stored in a refrigerator at 4°C prior to chemical analysis. Seawater samples for chlorophyll-a (Chl-a) and heter-
otrophic bacterial abundance measurements were collected in the upper 150 m and then processed for analyses.
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Figure 1. Maps showing (a) bathymetric features of the study area and locations of the hydrographical survey stations (blue circles) and (b) mean sea ice concentration
for August 2018. In (b), the locations and the numbers of the sampling stations (black circles) and sea ice camps (white circles) are superimposed onto the mean sea

ice concentrations derived from Advanced Microwave Scanning Radiometer two sea ice concentration data for August 2018. Geographical locations are abbreviated as
follows: Canada Basin, Chukchi Borderland (CBL), and Mendeleyev Ridge (MR). Geographic locations are divided into two regions: the CBL/northern Chukchi Sea
region (stations 1-7, 19-24, 26, and 27 enclosed by black dashed lines) and the East Siberian Sea/MR region (stations 8—18 enclosed by white dashed lines). Figure 1(a)
was illustrated using Ocean Data View software (Schlitzer, 2021).

During the cruise, a total of four ice core samples were collected from two sea ice camp stations (camp 1:
N79°12.1564’, W164°9.119" and camp 2: N78° 24.3459’, W167°47.7426") in the CBL, using a 9.5 cm diameter
ice corer (fiberglass core barrel with stainless steel cutters powered by a portable generator and electric drill)
(Figure 1). The ice cores were cut into 10 cm long pieces with a commercial band saw that was carefully cleaned
with Milli-Q water before every cut. The subsamples were placed in clean plastic bags (polyethylene) and trans-
ported to the laboratory on board the vessel for further processing. The ice core samples were thawed in the dark
at 4°C. Before filtration, the samples were homogeneously mixed, transferred into acid-cleaned 4 L-carboys, and
then gravity-filtered using the same method for seawater DOC sampling.

2.2. Dissolved Organic Carbon Measurement

DOC concentrations were measured by high temperature combustion (680°C) using a Shimadzu TOC-L analyzer.
A standard curve was established with potassium hydrogen phthalate before sample analysis. Deep-sea reference
seawater (42—45 pM C for DOC) from the University of Miami consensus reference material program was used
as a quality control standard for DOC samples. Based on repeated measurements (at least three measurements per
sample), analytical errors were within 5% (Chen et al., 2018; Jung, Son, et al., 2021).

2.3. Stable Oxygen Isotope Ratios Measurement

880 was measured with a stable isotope ratio mass spectrometer (Isoprime, Micromass, Manchester, UK)
connected to a CO,~H,O equilibration unit at the Korea Basic Science Institute. %0 was determined with
respect to the Vienna-Standard Mean Ocean Water (V-SMOW) standard. The 8'30 was obtained as follows:

6"%0 = [("0/"*Ogampic/"*0/'*Ov.smow ) — 1] x 1000 )
The precision based on repeated measurements of an internal standard was determined to be <0.1%o.

2.4. Nutrient Measurement

Nutrients, including nitrite + nitrate (NO, 4+ NO,), phosphate (PO,), ammonium (NH,), and silicic acid (Si(OH),),
were measured onboard using a four-channel Auto-Analyzer (QuAAtro, Seal Analytical, Germany), according to
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Table 1 the Joint Global Ocean Flux Study (JGOFS) protocols described by Gordon
End-Member Values Used in Mass Balance Calculations et al. (1993). Nutrient reference materials for seawater provided by KANSO
End-member St (o) 5150 (%0) Techno (Lot. No. BV) were measured al(.)n.g.wnh standa{d.s for every batch of

- runs to assess the accuracy and reproducibility. The precision for NO, + NO,,
River water (friver) 0 —20+ 1.0 PO,, and Si(OH), was +0.14, +0.02, and +0.28 pmol kg™, respectively.
Sea-ice meltwater (fsea ice melt) 4+1.0 -2+1.0
Seawater (feawater) 34.8 £ 0.1 0.28 + 0.03

2.5. Chlorophyll-a Measurement

Note. For further explanation, see the text in Section 2.7.1.

Seawater samples for Chl-a measurements were filtered through 47 mm GF/F
filters, then extracted with 90% acetone for 24 hr. Chl-a was measured using a
fluorometer (Trilogy, Turner Designs, USA) (Lee et al., 2019).

2.6. Heterotrophic Bacterial Abundance

Seawater samples for the determination of heterotrophic bacterial abundance were fixed for 15 min in 1% (v/v)
paraformaldehyde (final concentration) and stored at —80°C prior to analysis. To enumerate heterotrophic bacte-
ria, the samples were thawed, stained with 1:10,000 (v:v) SYBR Green I (Molecular Probes) for 15 min, and then
analyzed using an Accuri C6 flow cytometer (Becton Dickinson, USA) equipped with an air-cooled argon laser
(488 nm, 15 mW) within 1 month of the cruise (Marie et al., 1997; Pan et al., 2005). Bacteria were identified
based on their side light scatter and green fluorescence signals. All the cytometric data analyses were performed
using FlowJo software (Tree Star, USA).

2.7. Calculation
2.7.1. Freshwater Components

The fractions of river water (f,y), sea-ice meltwater (fum), and seawater (fy,) were estimated using mass
balance calculations as was previously done in the Arctic Ocean (e.g., Guéguen et al., 2007; Mathis et al., 2007;
Yamamoto-Kawai et al., 2008). We used a three-endmember mass balance approach, employing salinity and 580
as tracers. This approach assumes that the observed salinity and 8'®0 values in the water samples have resulted
from a mixture of river water, sea ice meltwater, and seawater. These respective fractions were calculated using
the following mass balance equations:

frw + fsim + fsw =1 (2)
frw X 518()rw + fsim X 5lgosim + fsw X 61805w = 51800b (3)
frw X Srw + fsim X Ssim + fsw X st = Oob (4)

where f and S refer to the fraction and salinity, respectively. §'30,, and S, are the observed values for each
seawater sample. The three end-member values of 5%0 and S used for the calculation are summarized in
Table 1, together with the observed data from previous studies. The details behind the choice of end-member
values can be found in Jung, Son, et al. (2021) and other references (e.g., Bauch, 1995; Ekwurzel et al., 2001;
Eicken et al., 2002; Pfirman et al., 2004; Mathis et al., 2007; Cooper et al., 2008; Yamamoto-Kawai et al., 2008;
Logvinova et al., 2016). In brief, the S of river water, sea ice meltwater, and seawater were 0, 4, 34.8 psu, respec-
tively, and the §'%0 end-members —20%o0, —2%o, and 0.28%o, respectively. The uncertainties of fry, fsim, and fuw,
owing to uncertainties in the range of end-member S and §'®0 data (Table 1), remain an average within +0.01.

2.7.2. Riverine Dissolved Organic Carbon

Riverine DOC concentration (WM C) was determined using the following equation as described in Mathis
et al. (2007):

Riverine DOC = f;y X DOC,y 5)

where DOC,, refers to the initial DOC concentration in river runoff. Mathis et al. (2007) used a concentra-
tion of 350 pM C for initial DOC concentrations in river runoff in the Chukchi Sea (i.e., historic observation
value from the Yukon River). However, river runoff in the western Arctic Ocean can be derived from the North
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American and East Siberian rivers and the Bering Strait inflow (e.g., Cooper et al., 2005; Morison et al., 2012;
Yamamoto-Kawai et al., 2005, 2009). Thus, as described in detail in Jung, Son, et al. (2021), it is not reasonable
to use the average DOC concentration in the major Arctic rivers draining into the western Arctic owing to the
degradation of riverine DOC during its transport from the Arctic rivers (Alling et al., 2010; Cooper et al., 2005;
Hansell et al., 2004; Letscher et al., 2011). In this study, we used the zero-salinity (100% river water) DOC value
obtained from the relationship between DOC and S as a DOC,,. However, the DOC concentration and S can be
diluted by sea ice meltwater in the western Arctic Ocean during the summer season (Mathis et al., 2005). Thus,
sea ice meltwater-corrected S (S, .omeciea) Calculated by the following equation needs to be used to correct the
effects of sea ice meltwater on DOC concentration and S (Yamamoto-Kawai et al., 2009):

Ssim-corrected = (S - Ssimfsim) / (1 - fsim) (6)

where the calculated S; . ... indicates S in waters that are not influenced by sea ice meltwater. During the cruise,
sim-corrected (POC = =3.
07 X S, comectea + 163, 72 =0.55, p < 0.01) (Figure S1 in Supporting Information S1). The zero-salinity intercept
of 163 pM C for DOC was similar to those obtained for the western Arctic (DOC = -3.85 x S ..+ 190,
Jung, Son, et al., 2021), the northeastern Chukchi Sea (DOC = —3.63 X S + 186, Mathis et al., 2009), and the
Beaufort Gyre (DOC = —2.60 X salinity + 154, Hansell et al., 2004). Therefore, a value of 163 + 5.5 pM C (95%
confidence level) was taken as representative of the riverine DOC concentration that entered the study region
(i.e., DOC,,). The uncertainty of riverine DOC, due to uncertainties in the range of DOC_,, (i.e., 163 = 5.5 yM
C), was estimated to be +0.63 pM C.

a statistically significant inverse relationship was found between DOC concentration and S

2.7.3. Marine Dissolved Organic Carbon
Marine DOC concentration (uM C) was estimated using the following equation reported by Mathis et al. (2007):

Marine DOC = Measured DOC — (frw X DOCry + fiim X DOCyim) @)

where DOC,  refers to the DOC concentration in the sea ice (WM C). As shown in Figure S2 in Supporting
Information S1, the DOC
an average of 17 + 4.5 pM C. The mean DOC, , obtained from this study was similar to that (21.5 pmol kg=")

values obtained from four sea ice core samples ranged from 10.8 to 27. 4 uM C, with

observed previously in the ice cores collected from the Chukchi shelf in the spring of 2002 (Mathis et al., 2007).
However, the DOC,
Section 3.3). Amon (2004) reported that DOC is rejected from sea ice during its formation. Thus, lower DOC

values were substantially lower than the DOC concentrations in the surface layer (see
values are commonly observed due to the release of DOC by rejected brine from sea ice during winter (Giannél]i
et al., 2001). In this study, we used the mean DOC
DOC, although the variability of DOC_
properties of the water below the ice (Mathis et al., 2007; Thomas et al., 2001). The uncertainty of marine DOC

value (i.e., 17 + 4.5 pM C) for the calculation of marine

sim

is most likely related to where the ice forms and the biogeochemical

was estimated to be +0.64 pM C by calculating the propagating errors of each parameter.

3. Results
3.1. Surface Distributions of Freshwater Components

Surface distributions of sea surface salinity (SSS), temperature (SST), f,, and fm in the western Arctic Ocean
showed an east—west gradient (Figure 2). Relatively warmer (—0.82 + 0.45°C) and fresher waters (28 + 0.69 psu)
were observed in the CBL/NCS region (i.e., stations 1-7, 19-24, 26, and 27). In contrast, the ESS/MR region
(i.e., stations 8—18) was characterized by colder (—1.3 + 0.23°C) and saline waters (30 + 0.73 psu) (Figures 2a
and 2b). The f,y values in the CBL/NCS region (0.17 + 0.026) were higher than those in the ESS/MR region
(0.11 + 0.034), exhibiting a clear distinction in surface distribution between the CBL/NCS and ESS/MR regions
(Figure 2c). The fqm values in the CBL/NCS region (0.037 + 0.018) were also slightly higher than those in the
ESS/MR region (0.032 + 0.017) (Figure 2d). The higher f.y and fqmn values in the CBL/NCS region coincided
with the low SSS and relatively high SST (Figures 2a and 2b) as well as an absence of sea ice (Figure 1). These
results imply that both river water and sea ice meltwater contributed largely to the surface freshening in the CBL/
NCS region.

The plot of §'80 versus S shows that the western Arctic waters in the summer of 2018 did not deviate significantly
from a mixing line between the seawater end-member and river runoff (Figure 3). Instead, they were affected by a
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Figure 2. Surface distributions of (a) sea surface salinity (SSS), (b) sea surface temperature, (c) river water (f.y), and (d) sea ice meltwater (fn) fractions in the
western Arctic Ocean during the summer of 2018. All surface samples were collected at a depth of 3 m. The black contours indicate isobaths of 100, 500, 1,000 m.
Figures were illustrated using Ocean Data View software (Schlitzer, 2021).

seasonally varying signal from ice that pulled toward the right in winter (sea-ice formation) and toward the left in
summer (sea-ice melt) (Cooper et al., 2016; Macdonald et al., 2002). The large river runoff signal indicates that
the influence of river runoff overwhelmed that of sea ice meltwater and that river runoff is the major source of
freshwater in the western Arctic (Jung, Son, et al., 2021). However, 8'0 and S in the western Arctic vary season-
ally and spatially (Cooper et al., 2016; Yamamoto-Kawai et al., 2008). Pronounced seasonal variations in fresh-
water flowing through the Bering Strait (Woodgate & Aagaard, 2005), river runoff fluxes (Holmes et al., 2012),
and seasonal sea ice retreat (Arthun et al., 2021; Comiso et al., 2017) are known as the causes of the variation.
Thus, the spatial distribution of freshwater components from this study should be considered as a summertime
snapshot of freshwater distribution in 2018.

3.2. Spatial Distributions of Nutrients and Chl-a
3.2.1. Surface Distribution

During the cruise, surface concentrations of NO, + NO, and PO, ranged from below the detection limit to 3.0 and
0.48-1.2 pmol kg~!, with averages of 0.16 + 0.6 and 0.62 + 0.16 pmol kg, respectively (Figures 4a and 4b). The
NO, + NO, and PO, concentrations were lowest in the CBL/NCS region, whereas the highest NO, + NO, and
PO, concentrations were observed in the ESS/MR region, especially in the East Siberian shelf/slope region. The
highest nutrient concentrations coincided with the highest SSS in the ESS/MR region (Figure 2a).

Similarly, surface Chl-a concentration showed a regional difference between the two regions (Figure 4c). In
the CBL/NCS region, the surface Chl-a concentrations were extremely low (0.02-0.12 mg m~3) due to low
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Figure 3. Relationship between §'%0 (%o) and salinity (S) (psu) in seawater samples collected in the Chukchi Borderland/
northern Chukchi Sea (white circles) and East Siberian Sea/Mendeleyev Ridge (blue triangles) regions during the summer of
2018. Arrows indicate mixing with river runoff, sea-ice meltwater, and brine. Black line is the expected mixing line between
seawater (S = 34.8 psu, 580 = 0.28%0) and Arctic river runoff (S = 0 psu, §'%0 = —20%o).

NO, + NO; concentrations. On the other hand, the highest Chl-a concentrations (0.03-9.5 mg m~*) were observed
in the ESS/MR region, which was associated with the highest surface nutrients and SSS.

3.2.2. Vertical Distribution

Mean vertical profiles of NO, + NO,, PO,, and Chl-a concentrations are presented in Figure 5. In the CBL/NCS
region, the NO, + NO, concentration was depleted in the upper 25 m (Figure 5a). However, it sharply increased
with depth, reaching a maximum value of 16 + 7.5 pmol kg~! at 55 m, and then gradually decreased with depth
to relatively constant values of 12 + 0.74 pmol kg~! at depths of 200-500 m. The PO, concentration varied from
0.53 to 1.9 pmol kg~!, showing a similar distribution pattern to NO, + NO, (Figure 5b). The Chl-a concentration
was quite low in the upper 25 m (0.13 + 0.12 mg m~>) but increased with depth, showing a subsurface Chl-a
maximum (SCM) (2.2 mg m~3) at depths of 45-50 m (Figure 5c¢).

%y,

PO, [umol kg '] Chlorophyll-a [mg m ]
(b) T !

Figure 4. Surface distributions of (a) nitrite + nitrate (NO, + NO;) (umol kg1, (b) phosphate (PO,) concentrations (pmol kg=!), and (c) chlorophyll-a (mg m~3) in
the western Arctic during the summer of 2018. All surface samples were collected at a depth of 3 m. The black contours indicate isobaths of 100, 500, 1,000 m. Figures
were illustrated using Ocean Data View software (Schlitzer, 2021).
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Figure 5. Mean vertical profiles of (a) nitrite + nitrate (NO, + NO,) (pmol kg1), (b) phosphate (PO,) (pmol kg!), and chlorophyll-a (mg m~3) concentrations
observed in the Chukchi Borderland/northern Chukchi Sea (solid gray circles) and East Siberian Sea/Mendeleyev Ridge (solid red triangles) regions in the summer of
2018. Error bars represent standard deviations.

The vertical distributions of NO, + NO, and PO, concentrations observed in the ESS/MR region were simi-
lar to those in the CBL/NCS region. However, remarkable differences in the vertical distributions between the
two regions were the NO, + NO, and PO, concentrations in the upper 25 m. Compared to those in the CBL/
NCS region, the NO, + NO, and PO, concentrations in the upper 25 m of the ESS/MR region were higher
(1.9 = 1.9 pmol kg~! for NO, + NO, and 0.96 + 0.17 pmol kg~ for PO,). As a result, the Chl-a concentrations
observed in the upper 25 m of the ESS/MR region were relatively higher than those observed in the SCM layer
of the CBL/NCS region.

Figure 6 shows a detailed water column structure across the East Siberian and Chukchi shelf and slope regions.
The vertical sections of S and potential temperature (6) in the Chukchi shelf and slope region (stations 4, 18-20)
show the presence of surface mixed layer (<25 m depth) and Pacific summer water (S = 31-32 psu, @ maximum)
at depths of 30-60 m (Codispoti et al., 2005; Nishino et al., 2013). In addition, the intense stratification caused
by freshwater input (S < 28 psu) (Figure 6b) restricted the nutrient supply from deep layers (Figures 6d and 6e),
resulting in the development of the SCM at the upper end of the nitracline (depths of 30-50 m) (Figure 6f).

In contrast, the Pacific summer water was not found in the East Siberian shelf and slope region (stations 14, 15,
and 17). Instead, temperature minimum water at S ~ 32 was observed at depths between 30 and 40 m. In addition,
an outstanding feature of the nutrient-rich Pacific winter water (S = 33 psu, # minimum, Nishino et al., 2013) was
observed at depths between 40 and 80 m (Figures 6b—6e). Furthermore, the extremely high Chl-a concentrations
in the upper 20 m (8.4 + 0.91 mg m~3) were accompanied by relatively higher S and the shoaling of the nutricline.

3.3. Surface Distributions of Riverine and Marine DOC

Surface bulk DOC concentrations ranged from 65 to 83 pM C, with an average of 71 + 4.4 uM C (Figure 7a),
which is similar to values previously observed in the western Arctic during summer (Jung, Son, et al., 2021;
Letscher et al., 2011; Shen et al., 2018; Tanaka et al., 2016). The surface bulk DOC concentration showed no clear
distinction in distribution between the CBL/NCS (range: 65-76 pM C and mean: 70 + 3.2 pM C) and ESS/MR
regions (range: 66—-83 pM C and mean: 74 + 5.0 pM C), unlike other variables such as SSS and f.,,. However, the
surface distributions of the estimated riverine and marine DOC exhibited clear distinctions in their distributions
between the two regions.

The surface distribution of the estimated riverine DOC and its contribution to the observed bulk DOC are shown
in Figures 7b and 7c, respectively. In the CBL/NCS region, riverine DOC concentrations ranged from 14 to
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Figure 6. Vertical sections across the East Siberian and Chukchi shelf and slope regions in the summer of 2018. (a) Map of stations occupied during the cruise. The
stations enclosed by the red rectangle were used to illustrate the vertical sections. Vertical sections of (b) salinity (S) (psu), (c) potential temperature (6) (°C), (d)
phosphate (PO,) (pmol kg="), (e) nitrite + nitrate (NO, + NO,) (umol kg~'), and chlorophyll-a (mg m~?). Black lines and black numbers show the contours and values
of each variable. Density (kg m~3) contours (white thick lines and white numbers) are superimposed on the panels of (b—f). Station numbers are shown at the top of
each figure. Figures were illustrated using Ocean Data View software (Schlitzer, 2021).

31 uM C, with an average of 28 + 4.2 uM C. The mean contribution of riverine DOC was 40 + 5.7% (range:
22-47%) of the observed bulk DOC. In comparison, the riverine DOC concentrations in the ESS/MR region
ranged from 12 to 29 pM C, with an average of 19 + 5.6 pM C, which accounted for 26 + 8.5% (range: 15-44%)
of the observed bulk DOC.

On the other hand, the estimated marine DOC showed the opposite variation trend, with the lower values occur-
ring in the CBL/NCS region (mean: 41 + 3.9 uM C and range: 33-50 pM C) and higher values occurring in the
ESS/MR region ranging from 38 to 64 pM C (mean: 54 + 8.1 pM C) (Figure 7d). The contributions of marine
DOC to the observed bulk DOC in the CBL/NCS and ESS/MR regions were found to represent 51-76% (mean:
59 + 5.4%) and 56-83% (mean: 73 + 8.2%), respectively (Figure 7e). Although most of the observed DOC was
estimated to be marine DOC, heterotrophic bacterial abundance values were remarkably low in the CBL/NCS
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Figure 7. Surface distributions of (a) dissolved organic carbon (DOC) concentration (pM C), (b) riverine DOC concentration (uM C), (c) contribution of riverine DOC
to the observed DOC (%), (d) marine DOC concentration (uM C), (e) contribution of marine DOC to the observed DOC (%), and (f) heterotrophic bacterial abundance
(cells ml~") in the western Arctic during the summer of 2018. All surface samples were collected at a depth of 3 m. The black contours indicate isobaths of 100, 500,
1,000 m. Figures were illustrated using Ocean Data View software (Schlitzer, 2021).

region, where the contributions of riverine DOC were relatively high (Figure 7f). In addition, the prevalence
of marine DOC in the ESS/MR region was consistent with high heterotrophic bacterial abundance, which was
associated with extremely high surface Chl-a concentrations (Figure 4¢) sustained by nutrient supply (Figures 4a
and 4b) during the sampling periods. These results suggest that the active production of marine DOC by marine
biological activities sustained high heterotrophic bacterial abundances in the ESS/MR region.

3.4. Vertical Distributions of Riverine and Marine DOC

The vertical distributions of bulk DOC, riverine and marine DOC, and their contributions to the bulk DOC at all
stations are shown in Figure 8. The vertical distributions of bulk DOC concentrations generally showed a pattern
of decreasing concentration from the surface to the bottom layers (Figure 8a). The bulk DOC concentrations were
low and relatively constant (52 + 5.2 pM C) at depths of 250-500 m, suggesting a broadly uniform background
concentration of refractory DOC. No significant differences in bulk DOC concentrations were observed between
the CBL/NCS (range: 40-84 pM C and mean: 63 + 7.9 pM C) and ESS/MR regions (range: 40-85 pM C and
mean: 65 + 9.0 uM C). However, regional differences in riverine and marine DOC concentrations were found
between the two regions.

The riverine DOC concentrations in the CBL/NCS region ranged from 0.15 to 31 pM C (mean: 15 + 9.7 yM
C), with the highest concentrations occurring in the surface waters and the lowest values occurring in the deep
layers (Figure 8b). The contribution of riverine DOC in the CBL/NCS region varied from 0.28% to 47%, with an
average of 22 + 13% (Figure 8c). Meanwhile, the riverine DOC concentrations in the ESS/MR region exhibited
a similar depth distribution, with an average of 9.9 + 7.2 pM C (range: 0.11-29 pM C), which accounted for
14 +9.9% (range: 0.12-44%) of the bulk DOC. The vertical profile of riverine DOC clearly showed a pronounced
accumulation of riverine DOC within the Beaufort Gyre (i.e., the CBL/NCS region).

It is worth mentioning that the MLD could influence the vertical distribution of riverine DOC. During the cruise,
the MLD ranged from 6 to 16 m (mean: 9.3 + 3.2 m), with slightly deeper depths in the CBL/NCS region
(11 + 3.0 m) and shallower ones in the ESS/MR region (7.5 + 2.6 m) (Table S1 in Supporting Information S1).
The shallower MLD in summer than in winter (Ulfsbo et al., 2014) suggests that most of the riverine DOC would
be confined within the MLD. However, substantially higher riverine DOC and f,, values compared to those in the
deep layers (>250 m) were found in the upper halocline layer (32 psu < S < 33.5 psu at depths between 50 and
200 m, Codispoti et al., 2005; Alkire et al., 2019) (Figures 8b—8d), where fy;, dropped below zero (Figure 8e).
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Figure 8. Vertical profiles of (a) dissolved organic carbon (DOC) (uM C), (b) riverine DOC (uM C), (c) riverine DOC contribution (%), (d) river fraction (fw), (€)
sea-ice meltwater fraction (fgy,), (f) marine DOC (uM C), (g) marine DOC contribution (%), (h) bacterial abundance (cells ml~!), and (i) salinity (S) (psu) and potential
temperature (6) (°C) observed in the Chukchi Borderland/northern Chukchi Sea (solid gray circles) and East Siberian Sea/Mendeleyev Ridge (solid red triangles)
regions in the summer of 2018. Note that the vertical profiles of potential temperature observed in the two regions are shown as open symbols in (i).
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Figure 9. Scatterplots between bacterial abundance (cells ml~!) and (a, d) riverine dissolved organic carbon (DOC) (uM C), (b, e) marine DOC (uM C), and (c, f)
chlorophyll-a concentrations (mg m~3) for the data set in the upper 100 m in the Chukchi Borderland/northern Chukchi Sea (solid gray circles) and East Siberian Sea/
Mendeleyev Ridge (solid red triangles) regions.

Although marine DOC was the dominant DOC component in the CBL/NCS and ESS/MR regions, it showed
apparent regional differences between the two regions (Figure 8f). In the CBL/NCS region, the marine DOC
concentration ranged from 33 to 63 pM C (mean: 49 + 5.5 pM C), with lower values in the surface waters. In
comparison, the marine DOC in the ESS/MR region ranged from 38 to 73 uM C (mean: 55 + 6.0 pM C) and
exhibited a large degree of variability, with higher values in the upper 100 m. The contributions of marine DOC
in the upper 100 m of the CBL/NCS and ESS/MR regions varied from 51% to 84% and 56%-94%, with averages
of 69 +9.5% and 79 + 6.7%, respectively (Figure 8g). In addition, heterotrophic bacterial abundance values were
higher in the upper 50 m of the ESS/MR region than those of the CBL/NCS region (Figure 8h).

3.5. Relationships Between Heterotrophic Bacterial Abundance and Riverine or Marine DOC in the
Western Arctic in the Summer of 2018

To explore the heterotrophic bacterial activity in response to riverine and marine DOC in the study region, we
utilized the data set obtained in the upper 100 m because most heterotrophic bacterial abundances and Chl-a
concentrations were measured solely in the upper 100 m. Furthermore, we investigated the relationships between
heterotrophic bacterial abundance and riverine DOC or marine DOC. In this study, we assumed that bacterial
abundance is representative of bacterial activity, based on the results obtained in previous studies (Kirchman
etal., 2009; Maranger et al., 2015; Ortega-Retuerta et al., 2012; Sipler et al., 2017), which suggested that bacterial
abundance can be used as a proxy for bacterial activity in the western Arctic.

In the CBL/NCS region, heterotrophic bacterial abundances tended to be high when riverine DOC concentra-
tions were low (Figure 9a). However, the lowest heterotrophic bacterial abundance values were found even at
low riverine DOC levels. The opposite trend was observed for the relationship between heterotrophic bacterial
abundance and marine DOC concentration (Figure 9b). However, heterotrophic bacterial abundances also had
the lowest values at high marine DOC levels. Overall, heterotrophic bacterial abundance showed no relationships
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with riverine DOC (+> = 0.0097, p > 0.05, n = 78) and marine DOC concentrations (r> = 0.083, p < 0.05, n = 78)
in the region.

Meanwhile, in the ESS/MR region, the relationships between heterotrophic bacterial abundance and riverine
DOC or marine DOC concentrations were unclear (Figures 9d and 9e). In addition, no significant relationships
were found between heterotrophic bacterial abundances and Chl-a concentrations in both the CBL/NCS and ESS/
MR regions (Figures 9¢ and 9f).

4. Discussion
4.1. Influence of Hydrographic Features on Riverine and Marine DOC
4.1.1. Riverine DOC

The spatial distribution of riverine DOC showed a clear distinction in its distribution between the CBL/NCS
and ESS/MR regions, with higher concentration and contribution in the CBL/NCS region. The contributions of
riverine DOC from this study were comparable to previous values reported in the western Arctic Ocean by Guay
et al. (1999) (12-56%), Opsahl et al. (1999; 5-22%), and Wheeler et al. (1997%; 25%).

Our research stations in the CBL/NCS region coincide with the position of the edge of convergent Beaufort Gyre,
creating conducive conditions for the accumulation of freshwater, strong stratification, a deepening of the nutri-
cline, and a longer residence time (Bluhm et al., 2015; Hansell et al., 2004; Jung, Son, et al., 2021; McLaughlin
& Carmack, 2010; Morison et al., 2012; Polyakov et al., 2020). Our observational datasets clearly show these
characteristics in the CBL/NCS region. Previous studies (e.g., Guay & Falkner, 1997; Macdonald et al., 1999;
Yamamoto-Kawai et al., 2009) revealed that the major fraction of freshwater in the Beaufort Gyre is of Macken-
zie River origin, suggesting the influence of the Mackenzie River on riverine DOC in the CBL/NCS region.
However, Shen, Benner, et al. (2016) reported that surface distributions of DOC across the Canada Basin (CB)
and CBL showed no apparent variation trend (69—73 pM), although the authors observed the influence of the
Mackenzie River in the Beaufort Sea (e.g., high concentrations of DOC and lignin phenols). This result suggests
that the strong signal of riverine DOC from the Mackenzie River was not detected in the CBL/NCS region, prob-
ably due to a decadal residence time in the Beaufort Gyre (Shen, Benner, et al., 2016).

Riverine DOC in river runoff to the western Arctic eventually mixes with older waters that have recirculated
within the Beaufort Gyre for a decade (Hansell et al., 2004; Letscher et al., 2011), suggesting that more aged
riverine DOC is present in the CBL and CB. Jung, Son, et al. (2021) demonstrated using the fluorescence prop-
erties of dissolved organic matter (FDOM) that more aged riverine DOM accumulates within the Beaufort Gyre.
The presence of more aged riverine DOC suggests decreases in DOC concentration and the bioavailability of
DOM during aging in the water column due to the microbial utilization of bioavailable DOM (Shen et al., 2018).
In addition, water column stratification constrains the vertical supply of nutrients to the surface layer, thus lead-
ing to very low surface Chl-a concentrations due to highly oligotrophic conditions in summer. Thus, the regional
characteristics in the CBL/NCS region, including the accumulation of freshwater, strong stratification, a deep-
ening of the nutricline, and a longer residence time, exerted significant influences on the relatively high riverine
DOC concentration, its high contribution, and the lower heterotrophic bacterial abundance in the CBL/NCS
region (Figures 7 and 8).

In general, a strong terrestrial origin of DOC has been observed in the surface water of the Arctic Ocean (e.g.,
Hansell et al., 2004; Letscher et al., 2011; Mathis et al., 2005; Opsahl et al., 1999; Shen, Benner, et al., 2016).
However, substantial riverine DOC and f,,, but negative fqn, values were found in the upper halocline layer,
indicating the occurrence of brine rejection from growing sea ice (Yamamoto-Kawai et al., 2005). Similar results
were reported in the western Arctic Ocean by Jung, Son, et al. (2021), who found the transport of riverine DOM
from the surface to the upper halocline layer by brine rejection from sea ice during winter. Thus, our results
support that sea ice formation is a crucial factor in the transport of riverine DOC from the surface to the upper
halocline layer in the western Arctic (e.g., Guéguen et al., 2007; Macdonald et al., 2002).
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4.1.2. Marine DOC

Contrary to the situation in the CBL/NCS region, high marine DOC concentrations and their contributions were
found in the ESS/MR region, especially in the shelf/slope region. The lower concentrations and contributions of
marine DOC in the CBL/NCS region can be explained by the relatively stronger influence of river runoff. The
high marine DOC concentrations in the ESS/MR region were accompanied by high marine biological activities
sustained by nutrient supply from deep layers, indicating the supply of nutrient-rich deep water to the surface
(Bluhm et al., 2020; Lewis et al., 2020; Spall et al., 2014; Tremblay et al., 2011). In addition, the higher hetero-
trophic bacterial abundance values in the upper 50 m of the ESS/MR region suggested the supply of bioavailable
DOC induced by high marine biological activities.

It should be noted that the high surface Chl-a and high surface nutrients, especially NO, + NO,, concentra-
tions in the ESS/MR region during the summer of 2018 are anomalous hydrographic features. Generally, the
surface Chl-a concentrations in the ESS/MR region during the summer are remarkably low, as in the CBL/
NCS region, owing to nutrient depletion in the form of NO, (Carmack et al., 2006; Codispoti et al., 2005, 2013;
Jung, Cho, et al., 2021). However, recent hydrographic changes associated with changes in ocean circulation in
response to recent sea ice loss and increased wind mixing have been reported in the Arctic Ocean (e.g., Ardyna
& Arrigo, 2020; Polyakov et al., 2017, 2020). Nishino et al. (2008) reported that an east—west contrast in nutrient
concentrations on the isohaline surface of S = 32 in the western Arctic Ocean, with higher values in the west
of the Chukchi Plateau (i.e., the ESS/MR region in this study) than in the east of it. The nutrient supply by the
temperature minimum water (S ~ 32 psu, near-freezing temperature) from the ESS shelf area was thought to be
the main cause of this east-west contrast (Nishino et al., 2013). In addition, similar to our results, Jung, Cho,
et al. (2021) reported anomalously high surface Chl-a concentrations in the East Siberian shelf/slope region in the
summer of 2017. The authors also observed the lateral intrusions of two bodies of cold halocline water (i.e., low
salinity cold water, S =~ 32 psu, potential temperature () < —1.5°C; high salinity cold water, S ~ 34.2~34.5 psu,
6 ~ —1°C) from the Eurasian marginal seas into the East Siberian shelf break along the shelf slope in 2017. The
intrusions of cold halocline waters caused unprecedented shoaling of the nutricline, leading to anomalously
high surface phytoplankton blooms in typically highly oligotrophic surface waters in the region (Jung, Cho,
et al., 2021). Indeed, the vertical profiles of nutrients in the ESS/MR region during the summer of 2018 indicate
shoaling of both the halocline boundary (Figure 8i) and the nutricline (Figures 5 and 6).

In addition to the shoaling of the nutricline by the intrusions of cold halocline waters, the high surface nutri-
ents and Chl-a concentrations in the East Siberian shelf/slope region can be explained by shelfbreak upwelling.
During the upwelling event, surface waters above the shelf are driven offshore by upwelling favorable winds
(generally easterlies in the Arctic) to be replaced by deeper waters overlying the slope that are drawn onshore
(Bluhm et al., 2020). As shown in Figure 6, in the vicinity of the East Siberian shelf/slope region, there were
upward sloping isopycnal, and the 24.5 kg m~ isopycnal outcropped. These results reflect that the shelfbreak
upwelling occurred in the region, which caused anomalously high surface phytoplankton bloom. On the other
hand, in the Chukchi shelf/slope region, the SCM was developed at depths of 30-50 m due to the intense stratifi-
cation that restricts the upward mixing of nutrients into the euphotic zone.

Recently, Corlett and Pickart (2017) and Li et al. (2019) revealed the year-round existence of a westward-flowing
current along the continental slope of the Chukchi Sea. The so-called Chukchi Slope Current is surface-intensified
in summer and fall (Li et al., 2019) and transports the nutrient-rich Pacific water from Barrow Canyon to the
Chukchi Plateau (Watanabe et al., 2017) or even to the Makarov Basin (Mizobata et al., 2016). This suggests that
the pathway of Pacific water in the Arctic Basin is influenced by the Beaufort Gyre circulation pattern (Mizobata
et al., 2016). Corlett and Pickart (2017) also reported that the westward-flowing Chukchi Slope Current is inten-
sified under enhanced easterly winds (i.e., the wind paralleling the shelfbreak from the southeast), providing
upwelling favorable conditions along the shelfbreak (Spall et al., 2014). Although we do not show the wind
conditions during the cruise, Figure 6 obviously shows the occurrence of upwelling in the East Siberian shelf/
slope region.

Furthermore, the anomalously high surface Chl-a concentrations by the upwelling events observed in the East
Siberian shelf/slope region in 2018 (this study) and 2017 (Jung, Cho, et al., 2021) support the modeling results
(Zhang et al., 2020). The field observation and modeling results suggest that the changes in the Beaufort Gyre
circulation in 2017 and 2018 (i.e., weakening of the anticyclonic ocean circulation) led to enhanced upwelling
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in the region (Zhang et al., 2020). The higher marine biological activities in the East Siberian shelf/slope region
most likely resulted from the enhanced supply of nutrients upwelled from the halocline in addition to the uplift
of nutrient-rich deep waters by the remained cold halocline waters that intruded in 2017 (Jung, Cho, et al., 2021).
Consequently, the large contribution of marine DOC and high heterotrophic bacterial abundance in the ESS/MR
region suggest the fresh nature of this marine DOC, which is most likely produced by high marine biological
activities.

4.2. Heterotrophic Bacterial Response to Riverine and Marine DOC in the Western Arctic in the
Summer of 2018

The remarkably low heterotrophic bacterial abundance in the CBL/NCS region may partially be explained by the
low biodegradability of riverine DOC (Sipler et al., 2017) and/or the low nutrient levels in the region. Indeed,
the bioavailability of DOM in the Beaufort Sea, indicated by the yields of total dissolved amino acids (TDAA,
a proxy for labile organic matter), is low due to the influence of the Mackenzie River, low primary production,
and nutrient depletion (Shen et al., 2012, 2018), which limits bacterial growth and production during the summer
(Ortega-Retuerta et al., 2012).

However, no relationship was found between heterotrophic bacterial abundance and riverine DOC or marine
DOC in the CBL/NCS region (Figure 9). This result is not surprising and can be explained as follows. First,
the relationships resulted from heterotrophic bacterial activities in response to a mixture of riverine and marine
DOC in seawater, although the contribution of each DOC component to the bulk DOC was different. Second,
heterotrophic bacterial abundance is dependent on the bioavailability of DOC (Matsuoka et al., 2015; Moran
et al., 2000; Sipler et al., 2017). For example, Spencer et al. (2015) found that more than 50% of DOC in perma-
frost thaw streams collected in the Russian Arctic in September was bioavailable, while the lability of DOC
collected from Alaskan Arctic rivers during summer was <10% (Holmes et al., 2008), suggesting that hetero-
trophic bacterial activity reacts to the supply of bioreactive DOC regardless of its source (Kaiser et al., 2017;
Landa et al., 2014; Sipler et al., 2017).

The relationships obtained in the ESS/MR region were unclear due to anomalously high marine biological activ-
ities in the East Siberian shelf/slope region. Phytoplankton directly releases some fixed carbon as a bioreactive
DOC during growth and senescence (Carlson & Hansell, 2015). Bioavailable DOC is also produced via sloppy
feeding on phytoplankton by zooplankton (Carlson & Hansell, 2015). Thus, we speculate that the highest hetero-
trophic bacterial abundances, when both riverine and marine DOC concentrations showed moderate values (i.e.,
10-15 pM C for riverine DOC and 52-65 pM C for marine DOC) (Figure 9), may have been attributed to the
rapid consumption of freshly produced DOC by heterotrophic bacteria.

In addition, the anomalous and high phytoplankton blooms caused by the uplifted upper halocline water by the
intrusion of cold halocline waters into the East Siberian shelf/slope region have the potential to remove refrac-
tory DOC. Shen & Benner (2018) demonstrated that the addition of highly bioavailable DOC (e.g., glucose)
could result in enhanced degradation of more refractory DOC, suggesting that refractory DOC that is resistant to
degradation by the microbial community of a given ecosystem can be utilized by microbes of another ecosystem
(Baltar et al., 2021). Thus, the supply of nutrients from the deep layer and bioavailable DOC produced by the
anomalously high phytoplankton blooms in the East Siberian shelf/slope region likely provides favorable environ-
mental conditions for the degradation of both refractory and riverine DOC as well as bioavailable marine DOC.

It is noteworthy that the simple application of the relationships obtained from this study for the evaluation of
the overall response of heterotrophic bacterial activity to riverine and marine DOC would simplify the natural
DOC production and consumption processes. Nevertheless, our results show that the Arctic changes associated
with ocean circulation, especially in the East Siberian shelf/slope region (Jung, Cho, et al., 2021), have already
impacted the marine carbon cycle.

4.3. Comparison With Previous Studies

In this section, we compare our results with previous studies carried out in the western Arctic Ocean. Although
there have been few observations for riverine and marine DOC in our study region, we can compare the previously
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Figure 10. Surface distributions of (a) riverine dissolved organic carbon (DOC) concentration (uM C), (b) contribution of riverine DOC to the observed DOC (%), (c)
marine DOC concentration (uM C), (d) contribution of marine DOC to the observed DOC (%), (e) heterotrophic bacterial abundance (cells ml~!), and (f) chlorophyll-a
(mg m™3) in the western Arctic during the summer of 2017. Note that (a) and (b) were modified from Jung, Son, et al. (2021). Detailed hydrographic conditions during
the 2017 cruise are available in Jung, Son, et al. (2021) and Jung, Cho, et al. (2021). All surface samples were collected at a depth of 3 m. The black contours indicate
isobaths of 100, 500, 1,000 m. Figures were illustrated using Ocean Data View software (Schlitzer, 2021).

published data from the IBR/V Araon cruise conducted in the summer of 2017 (Jung, Cho, et al., 2021; Jung,
Son, et al., 2021).

The results for riverine DOC from 2018 (i.e., this study) were consistent with those obtained in 2017 (Figure 10)
by Jung, Son, et al. (2021), who reported higher surface concentrations (mean: 29 + 4 pM C and range: 24-33 uyM
C) and contributions (mean: 39 + 6% and range: 32-49%) of riverine DOC in the CBL/NCS region than those in
the ESS/MR region (mean: 23 + 3 pM C, range: 19-29 pM C, mean: 31 + 4%, and range: 25-37%). Moreover,
the vertical distributions of riverine DOC from 2018 were similar to those found during the summer of 2017,
consistent with the DOM fluorescence (i.e., terrestrial humic-like component, a reliable tracer of riverine DOM)
distribution (Jung, Son, et al., 2021).

Meanwhile, Shen, Benner, et al. (2016) reported that the mean DOC concentration in surface waters of the
CB observed during summer was 69 + 6 pM (range: 52—-88 pM). This value was comparable to our bulk DOC
concentration in the CBL/NCS region (mean: 70 + 3.2 uM C, range: 65-76 pM C). They also reported that
vertical distributions of DOC concentrations in the CB and adjacent areas (i.e., CBL, Sever Spur, and Mendeleev
Plain) were similar and showed no apparent latitudinal trends (72-83°N, 127-162°W). Thus, the comparable
results for DOC between this study (or Jung, Son, et al., 2021) and Shen, Benner, et al. (2016) suggest that simi-
lar oceanic conditions influence the CBL/NCS region and the CB and that the measurement of bulk DOC has a
limitation to detect the variation in riverine DOC in the region.

There is no evidence of long-term (interannual) accumulation of DOC in the waters over the Chukchi shelf
or in the CB (Mathis et al., 2007). This is supported by DeFrancesco and Guéguen (2021), who reported that
no interannual variation in bulk DOC concentration was found in the polar mixed layer of the CB over the
11-year (2007-2017) survey. This result suggests that DOC must be remineralized or transported into the deep
Arctic Ocean (Mathis et al., 2007). The spatial distributions of riverine and marine DOC from this study provide
evidence that the absence of long-term accumulation of DOC is likely caused by the transport of riverine DOC
to the upper halocline layer by brine rejection and the relatively fresh nature of marine DOC in the upper water
column in the western Arctic Ocean.

We found the highest concentrations and contributions of riverine DOC in the CBL/NCS in 2017 and 2018.
However, more substantial influences of continental river runoff and terrigenous DOC than those in the CB
were observed in the Makarov Basin, indicating pronounced Siberian river inputs (Shen, Benner, et al., 2016).
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Figure 11. Vertical profiles of (a) marine dissolved organic carbon (DOC) (uM C), (b) marine DOC contribution (%), and (c) bacterial abundance (cells ml~!) observed
in the Chukchi Borderland/northern Chukchi Sea (solid black circles) and East Siberian Sea/Mendeleyev Ridge (solid blue triangles) regions in the summer of 2017.
Note that the vertical profiles of concentrations and contributions of riverine DOC, river fraction (f,,,), and sea-ice meltwater fraction (fy,) observed in the two regions
during the 2017 cruise are available in Jung et al. (2021a).

This difference between the two basins is attributed to the position of the Transpolar Drift, which is determined
by the Arctic Oscillation, a large-scale Arctic climate pattern (Bauch et al., 2011; Charette et al., 2020; Manizza
et al., 2009). Fluvial discharge entrained in the Transpolar Drift is a significant source of terrigenous DOC to
surface waters of the central Arctic (Amon, 2004; Letscher et al., 2011; Shen, Benner, et al., 2016). Further
research, therefore, is needed to better capture the spatial and temporal variability and the response of riverine
DOC to the effects of changing climate on the Arctic Ocean circulation.

Here we report the concentrations and distributions of marine DOC estimated from the 2017 data (Figures 10
and 11) since Jung, Son, et al. (2021) reported only the dynamics of riverine DOC in the western Arctic Ocean.
In the summer of 2017, the marine DOC concentration in the surface layer ranged from 33-53 pM C (mean:
44 + 6 pM C) and 43-64 pM C (mean: 50 + 7 uM C) in the CBL/NCS and ESS/MR regions, respectively, which
were similar to the results from 2018. The mean contributions of marine DOC (mean: 60 + 6%, range: 50-67%
for the CBL/NCS region; mean: 68 + 4%, range: 62—75% for the ESS/MR region) were comparable to those from
2018 as well.

It is interesting to note that the highest marine DOC concentrations and contributions largely coincided with high
biological activities in the shelf/slope region in both 2017 and 2018. As discussed in Section 4.1.2, the lateral
intrusions of two bodies of cold halocline water into the ESS/MR region in 2017 resulted in unprecedented shoal-
ing of the nutricline (Jung, Cho, et al., 2021). Also, the shoaling of the nutricline by the remained cold halocline
waters was found in 2018. Coincident with shoaling of the nutricline, shelfbreak upwelling appeared to promote
the supply of nutrients to the surface layer, thus resulting in the anomalously high surface summer blooms and
high marine DOC contribution in the shelf/slope region in both 2017 and 2018. The high bacterial activities
accompanied by the anomalously high summer blooms appeared to exert a pronounced influence on the distribu-
tion of marine DOC in the study region.

A comparison of the results from 2018 (i.e., this study) with the 2017 data (Figures 10 and 11) reveals several
similarities, including the east—west contrast in riverine and marine DOC distributions and higher biological
activities in the shelf/slope region. However, the other comparison of our bulk DOC concentrations with those
from previous studies provides evidence that distinguishing riverine or marine DOC from bulk DOC is neces-
sary to understand the Arctic DOC cycle more clearly. However, it is worth noting that the extremely high
surface marine biological activities and marine DOC contribution in the ESS/MR region in the summers of
2017 and 2018 should be considered anomalous because the surface Chl-a concentrations were extremely low
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(0.035-0.26 mg m~3) in the summers of 2011-2016 in our study region (Jung, Cho, et al., 2021). In addition,
based on the 2002-2004 and 2008-2010 summer observations (Nishino et al., 2013), the lateral intrusion of
high salinity cold water (S ~ 34.2~34.5 psu, 6 ~ —1°C) into the East Siberian shelf break along the shelf slope
was not observed before 2017 in the ESS/MR region. Given that the seasonal production of marine DOC via
primary production is reflected less in bulk DOC concentration (Shen et al., 2012), our results highlight that the
shoaling of the nutricline caused by the intrusion of cold halocline waters into the ESS/MR region and prominent
shelfbreak upwelling by the poleward retreat of sea-ice edge have altered the marine carbon cycle in the western
Arctic Ocean.

5. Conclusions

In this study, we reported the spatial distribution of riverine and marine DOC in the western Arctic Ocean. The
regional characteristics in the CBL/NCS region, including the accumulation of freshwater, strong stratification,
and the long residence time of water within the anticyclonic Beaufort Gyre, exerted a significant influence on the
distribution and concentration of riverine DOC. In comparison, the anomalous and high phytoplankton blooms
caused by the uplifted upper halocline water by the intrusion of cold halocline waters into the East Siberian shelf/
slope region enhanced the production of marine DOC and the bioavailability of DOC. It is worth noting that the
spatial distributions of freshwater components and riverine and marine DOC in the western Arctic were investi-
gated during a limited sampling period. Thus, our results should be considered representative of those throughout
the sampling period only.

As previous studies (Jung, Cho, et al., 2021; Polyakov et al., 2017, 2020) revealed, the Arctic Ocean is experi-
encing radical modification in its hydrographic properties and overall circulation (Ardyna & Arrigo, 2020). Our
results clearly highlight that the shoaling of the nutricline with consequences for high marine biological activities
by sheltbreak upwelling has already impacted the Arctic marine carbon cycle, especially in the ESS/MR region.
In addition, the retreat of the ice edge beyond the shelf break will provide upwelling favorable conditions along
the shelf break (Carmack & Chapman, 2003), with increasing seasonal production of marine DOC. Moreover, the
intense loss of multi-year sea ice (Cavalieri & Parkinson, 2012; Perovich et al., 2020) will most likely increase
carbon export to the ocean's deeper layers (Jung, Son, et al., 2021). Furthermore, recent warming temperatures
(Ballinger et al., 2020) and consequent permafrost thaw (Abbott et al., 2016) in the Arctic Ocean will induce
alterations in the quantity and distribution of riverine DOC with dramatic consequences for Arctic biogeochem-
ical cycles. Hence, further research is necessary to elucidate temporal and spatial variation trends of marine and
riverine DOC and analyze the changes that affect the Arctic marine ecosystem.
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