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Time-series sediment traps were deployed on the Chukchi Sea and East Siberian Sea
slopes from August 2017 to August 2018 with the aim of elucidating the temporal and
spatial variations in particle fluxes and identifying the main processes affecting those
variations. Particle fluxes showed a typical seasonal pattern, with high values in summer
and low values in other seasons, and a large inter-annual variation was observed only on
the East Siberian Sea slope, where particle fluxes were one order of magnitude higher in
early August 2018 than in late August 2017. This large inter-annual variation in particle
flux resulted from the episodic intrusion of nutrient-enriched shelf water in the East
Siberian Sea, which enhanced biological production at the surface and particle fluxes.
The Chukchi Sea slope was influenced by the inflow of Anadyr Water, with high salinity
and high nutrient concentrations, which had little annual variability. Therefore, particle flux
showed little inter-annual variation on the Chukchi Sea slope. Under-ice phytoplankton
blooms were observed in both the Chukchi Sea and East Siberian Sea slopes, and
increases in particulate organic carbon (POC) flux and the C:N ratio under the sea ice
were related to transparent exopolymer (TEP) production by ice algae. On the East
Siberian Sea slope, particle fluxes increased slightly from 115 to 335 m, indicating lateral
transport of suspended particulate matter; POC and lithogenic particles may be laterally
transported to the slope as nutrient-rich shelf waters flowed from the East Siberian Sea
to the Makarov Basin. Annual POC fluxes were 2.3 and 2.0 g C m−2 year−1 at 115 and
335 m, respectively, on the East Siberian Sea slope and was 2.1 g C m−2 year−1 at
325 m on the Chukchi Sea slope. Annual POC fluxes were higher on the Chukchi Sea
and East Siberian Sea slopes than in Arctic basins, lower than on Arctic shelves, and
generally similar to those on western Arctic slopes.
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INTRODUCTION

In the Arctic Ocean, the extent of sea ice continues to decrease
due to global warming, and it is predicted that ice-free conditions
will occur during summer by 2040 (Rigor and Wallace, 2004;
Müller-Karger et al., 2005; Serreze et al., 2007; Liu et al.,
2013). The rapid decrease in sea-ice cover has lengthened the
growing season in the Arctic Ocean, resulting in a marked
increase in primary production (Sakshaug, 2004; Arrigo et al.,
2008; Pabi et al., 2008; Brown and Arrigo, 2012). However,
the accumulation of freshwater released from melting sea ice
enhances stratification, hindering vertical supply of nutrients to
the surface; as a result, primary production decreases due to
nutrient depletion (Yamamoto-Kawai et al., 2009; Yun et al.,
2014, 2016). Therefore, a rapid decrease in sea-ice cover has both
positive and negative effects on primary production in the Arctic
Ocean. Organic matter produced near the surface is transferred to
the pelagic food web or deep ocean, which leads to sequestration
of atmospheric CO2 in the deep Arctic basin (Müller-Karger et al.,
2005; Forest et al., 2008; Miquel et al., 2015). Changes in primary
production in the Arctic Ocean ultimately lead to variations in
the biological pump, which is regarded as a long-term regulatory
mechanism for climate change through control of atmospheric
CO2 (Falkowski et al., 1998). Therefore, long-term monitoring of
POC fluxes in the Arctic Ocean is essential to elucidating changes
in the biological pump due to the decline in sea-ice cover.

Long-term sediment traps have been deployed to monitor
POC fluxes in areas of the western Arctic Ocean, such as
the Laptev Sea, Beaufort Sea, Chukchi Sea, and Canada Basin
(O’Brien et al., 2006; Fahl and Nöthig, 2007; Forest et al., 2007;
Hwang et al., 2008; Lalande et al., 2009a,b, 2020; Honjo et al.,
2010; Watanabe et al., 2014; Miquel et al., 2015; Bai et al., 2019).
In the Laptev Sea, where sea ice has decreased by 40% over
20 years, the continuous decrease in sea ice has enhanced POC
export, potentially altering the structure of the marine ecosystem
(Lalande et al., 2009b). In the Amundsen Gulf (Beaufort Sea),
in contrast, POC fluxes decreased over three consecutive years
as reduced sea-ice cover led to increased resuspension, which
constrained primary production in that region (Lalande et al.,
2009b). The effect of sea-ice decline on POC export is expected
to vary on a regional scale.

Substantial reductions in sea-ice extent have been observed
recently in the Chukchi Sea and East Siberian Sea (Rigor and
Wallace, 2004; Rodrigues, 2008; Kwok and Rothrock, 2009).
Rodrigues (2008) reported that from 1979 to 2006 the sea-ice
extent during summer declined by 61% in the Chukchi Sea and by
46% in the East Siberian Sea. Despite the substantial reductions
in the extent of sea ice in the Chukchi Sea and the East Siberian
Sea, long-term sediment traps for monitoring POC fluxes have
rarely been deployed in these areas (Watanabe et al., 2014; Bai
et al., 2019; Lalande et al., 2020). In this study, a sediment trap
was deployed on the continental slope (510 m water depth), in
the transition area between the Chukchi Sea and Chukchi Abyssal
Plain (Figure 1), referred to hereafter as the Chukchi Sea slope.
In addition, two sediment traps were deployed on the continental
slope (532 m water depth), in the transition area between the East
Siberian Sea and Makarov Basin (Figure 1), hereafter designated

the East Siberian Sea slope. In this study, we aimed to elucidate
spatial and temporal variations in particle fluxes on the Chukchi
Sea and East Siberian Sea slopes for the first time and to identify
the main processes affecting those variations. Ultimately, the
particle fluxes measured under seasonally ice-covered conditions
should provide a baseline for understanding POC export and its
response to climate change in the Pacific Arctic Ocean.

MATERIALS AND METHODS

Time-series sediment traps (McLane PARFLUX model) with
sampling areas of 0.5 m2 and 21 collection cups were deployed
over the East Siberian Sea slope (KAMS 1, 75◦ 79.9′ N, 177◦
05.6′ E) from 18 August 2017 to 13 August 2018 and the
Chukchi Sea slope (KAMS 2, 75◦ 24.0′ N, 171◦ 97.2 W) from
12 August 2017 to 14 August 2018 on board the R/V Araon of
the Korea Polar Research Institute (Figure 1). The water depth
of the East Siberian Sea slope site was 532 m; two sediment
traps were deployed at depths of 115 and 335 m. A sediment
trap was also deployed at 325 m on the Chukchi Sea slope,
where the water depth was 510 m. Samples were collected at 15-
day intervals from April to November and at 1-month intervals
during other months. The sample-receiving cup was filled with
filtered seawater containing a 10% formalin solution buffered
with sodium borate to prevent microbial remineralization of
organic matter. Acoustic Doppler current profilers (Teledyne
Marine, Workhorse 150 kHz ADCP) for the measurement of
current speed and direction were deployed at depths of 110 and
307 m on the East Siberian Sea slope and 297 m on the Chukchi
Sea slope. Sea-ice concentration data were obtained from the sea
ice data archive1 provided by the University of Bremen. These
data had a 3.125-km resolution for the Arctic Ocean and were
linearly interpolated into the exact sediment-trap mooring sites.

After recovery, samples were stored at 4◦C in a refrigerator
until analysis in the laboratory. Recognizable swimmers were
removed with forceps prior to dividing each sample into five
equal aliquots for analysis using a McLane Wet Sample Divider-
10. Three aliquots were combined and rinsed three times
with distilled water to eliminate residual formalin solution.
The weight of each sample was measured to determine total
mass flux after freeze-drying and pulverizing to homogeneity.
Total carbon and nitrogen contents were measured using a
Carlo-Erba 1110 CNS elemental analyzer with an analytical
uncertainty of approximately 3%. Inorganic carbon contents
were analyzed using a UIC coulometric carbon analyzer, with
analytical error maintained at less than 2%. The POC content
was calculated as the difference between the total carbon and
inorganic carbon contents. The biogenic silica content was
determined through the sequential dissolution method, using
0.5 N NaOH solution at 85◦C, which has uncertainty of about
5% (DeMaster, 1981). CaCO3 and biogenic opal contents were
estimated by multiplying the inorganic carbon level by 8.33 and
that of biogenic silica by 2.4, respectively (Mortlock and Froelich,
1989). Lithogenic flux was determined through subtraction of

1https://seaice.uni-bremen.de/data/amsr2
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FIGURE 1 | Map showing sediment-trap mooring sites (KAMS 1 and 2) and surface ocean circulation patterns. The blue line indicates Alaska Coastal water, the
brown line indicates Bering Sea Shelf water, the purple line indicates Anadyr Water, and the green line indicates the Siberian Coastal Current (after Bai et al., 2019).
The inset figure indicates the sediment trap mooring sites presented in Table 2.

biogenic flux (biogenic opal, CaCO3, organic matter; POC×2.5)
from total mass flux (Fischer and Wefer, 1996; Palanques
et al., 2005). Temperature and salinity were measured with
a SeaBird conductivity-temperature-depth sensor (CTD; SBE
9/11 plus, SeaBird Inc., Bellevue, WA, United States). Seawater
samples were collected for nitrate and chlorophyll-a analyses
using a rosette sampler with 10-L Niskin bottles mounted
on a CTD assembly just after the sediment trap deployment.
Water samples for nitrate analysis were collected from the
Niskin bottles into 50-mL conical tubes and immediately stored
in a refrigerator at 4◦C prior to chemical analysis. Nitrate
concentrations were measured shipboard using a four-channel
continuous auto-analyzer (QuAAtro, Seal Analytical, Germany).
Reference materials for nutrients in seawater provided by
“KANSO Technos” (Lot. No. “BV”) were measured together
with standards in every batch analyzed. The analytical error for
nitrate was ± 0.14 µmol kg−1. Water samples for chlorophyll-a
analysis were filtered through GF/F filters (47 mm, Whatman).
Chlorophyll-a concentrations in extracted filtrate mixed with
90% acetone for 24 h were determined shipboard using a

fluorometer (Trilogy; Turner Designs, United States) that had
been previously calibrated against pure chlorophyll-a (Sigma,
United States) following the method of Parsons et al. (1984).

RESULTS

Sea Ice, Current, and Particle Fluxes on
the East Siberian Sea Slope
On the East Siberian Sea slope, the sea-ice concentration was
about 75% at the time of sediment trap deployment, and
remained above 50% during the period August to September
2017, except in mid-September, when it dropped below
50% (Figure 2). Sea-ice concentrations over 90% were then
maintained from October 2017 to July 2018, followed by melting
in late July until reaching 0% in early August. On the East Siberian
Sea slope, the current generally flowed southward from August
to December 2017 and then shifted to northward flow from
January to August 2018 at 110 m, with an average velocity of

Frontiers in Marine Science | www.frontiersin.org 3 January 2021 | Volume 7 | Article 609748

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


fmars-07-609748 December 29, 2020 Time: 12:19 # 4

Kim et al. Particle Fluxes in Arctic Oceans

FIGURE 2 | Sea-ice concentration, current velocity, total mass flux, POC flux (vertical bar), C:N ratio (dashed line), biogenic opal flux, CaCO3 flux, and lithogenic flux
at water depths of 115 m (A) and 335 m (B) on the East Siberian Sea slope (KAMS 1) from August 2017 to August 2018.

2.98 cm s−1; in contrast, at 307 m, flow was steadily southward,
with an average velocity of 2.78 cm s−1 (Figure 2).

Particle fluxes at water depths of 115 and 335 m on the East
Siberian Sea slope showed clear seasonal variations, with high
values in summer and low values in other seasons (Figure 2).
Notably high particle fluxes were observed at 115 m in August

2018 and at 325 m in July 2018, but no such high flux was
recorded at both depths in August 2017. Total mass flux at
115 m varied between 1.67 and 624 mg m−2 day−1, with the
lowest value in late November 2017 and the highest value in
early August 2018 (Figure 2A). Lithogenic flux was the main
component, comprising 49% of the total mass flux, and ranging

Frontiers in Marine Science | www.frontiersin.org 4 January 2021 | Volume 7 | Article 609748

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


fmars-07-609748 December 29, 2020 Time: 12:19 # 5

Kim et al. Particle Fluxes in Arctic Oceans

from not determined (n.d.) to 213 mg m−2 day−1, with the
highest value in early July 2018 (Figure 2A). The contributions
of biogenic flux decreased in the order of biogenic opal, POC,
and CaCO3, comprising 26, 8.8, and 3.6% of the total mass flux,
respectively (Figure 2A). Biogenic opal flux varied between n.d.
and 276 mg m−2 day−1, with the highest value in early August
2018. POC flux ranged from n.d. to 83.3 mg m−2 day−1, and
CaCO3 flux varied between n.d. and 19.0 mg m−2 day−1. Organic
carbon:total nitrogen (C:N) ratios ranged from n.d. to 10.9, with
the highest value in late June 2018 (Figure 2A).

Temporal variations in particle flux at a water depth of 335 m
were generally similar to those at 115 m (Figure 2B). The last
sampling bottle was lost during the sediment trap recovery.
Total mass flux at 335 m ranged from 4.96 to 475 mg m−2

day−1, with the lowest value in December 2017 and the highest
value in late July 2018 (Figure 2B). The contribution of each
component to total mass flux decreased in the order lithogenic
material, biogenic opal, POC, and CaCO3, with contributions
of 58, 23, 6.7, and 2.5%, respectively (Figure 2B). Lithogenic
flux ranged from 2.93 to 289 mg m−2 day−1, with the lowest
value in December 2017 and the highest value in early July 2018
(Figure 2B). Biogenic opal flux varied from 1.01 to 124 mg m−2

day−1, with the lowest value in December 2017 and the highest
value in late July 2018. POC flux ranged from 0.29 to 46.4 mg m−2

day−1 and CaCO3 flux varied from 0.02 to 20.2 mg m−2 day−1.
C:N ratios ranged from 5.0 to 10.0, with the lowest value in March
2018 and the highest value in late July 2018 and (Figure 2B).

Sea Ice, Current, and Particle Fluxes on
the Chukchi Sea Slope
On the Chukchi Sea slope, the sediment trap was deployed
under ice-free conditions, which were maintained until mid-
October 2017 (Figure 3). Sea ice completely covered the area
from December 2017 to June 2018, began to melt in mid-July and
dropped to 0% in late August. On the Chukchi Sea slope, current
direction shifted repeatedly between southward and northward,
with an average velocity of 4.17 cm s−1 (Figure 3), which was
somewhat higher than those of the East Siberian Sea slope.
Current velocities rarely exceeded 10 cm s−1 at the sediment-
trap mooring sites.

On the Chukchi Sea slope, particle fluxes at a water depth of
325 m also showed clear seasonal variations, with high values in
summer and low values in other seasons (Figure 3). In contrast
to the East Siberian Sea slope, particle fluxes in this area were
relatively high in the summers of both 2017 and 2018 (Figure 3).
Total mass flux ranged from 4.09 to 337 mg m−2 day−1, with
the lowest value in late October 2017 and the highest value
in late August 2017 (Figure 3). Lithogenic flux was the main
component, comprising 43% of the total mass flux, and varied
from n.d. to 140 mg m−2 day−1, with the highest value in
early August 2018 (Figure 3). The contributions to biogenic
flux decreased in the order biogenic opal, POC, and CaCO3,
which accounted for 37, 7.1, and 2.1% of the total mass flux,
respectively (Figure 3). Biogenic opal flux varied between n.d.
and 155 mg m−2 day−1, with the highest value in early August
2017. POC flux ranged from 0.42 to 27.7 mg m−2 day−1, and

FIGURE 3 | Sea-ice concentration, current velocity, total mass flux, POC flux
(vertical bar), C:N ratio (dashed line), biogenic opal flux, CaCO3 flux, and
lithogenic flux at 325 m water depth in the Chukchi Sea (KAMS 2) from
August 2017 to August 2018.
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CaCO3 flux varied between 0.20 and 11.4 mg m−2 day−1. C:N
ratios ranged from n.d. to 8.66, with the highest value in early
August 2018 (Figure 3).

DISCUSSION

Temporal Variations in Particle Fluxes
On the East Siberian Sea slope, particle flux showed a unique
pattern of temporal variation; total mass flux at 115 m water
depth in early August 2018 was more than eight times higher
than that in late August 2017 (Figure 2). The particle composition
also exhibited large differences; POC flux was six times higher in
early August 2018 than in late August 2017, and biogenic opal
flux was two orders of magnitude higher, whereas CaCO3 flux
did not differ significantly between years (Figure 2). The total
mass flux in September 2017 was not significantly different from
that observed during winter (December–February). Therefore,
particle flux in September 2017 was similar to the winter value,
whereas particle flux in August 2018 was an order of magnitude
greater than the winter value. We investigated the causes of
this large difference in particle flux between August 2017 and
August 2018. The chlorophyll-a concentration observed at the
sediment trap mooring site showed a large difference between
August 2017 and 2018 (Figure 4). Depth-integrated chlorophyll-
a was 140 mg m−2 in August 2018, which was an order of
magnitude higher than that (11.4 mg m−2) in August 2017.
This large difference in chlorophyll-a concentrations may reflect
differing biological production at the surface. A high nitrate
concentration (7.3 µmol L−1) was observed within the upper
25 m in August 2018 (Figure 4), which would have provided
sufficient nutrients for biological production at the surface. This
high nitrate concentration was probably associated with inflow
of nutrient-enriched shelf waters from the East Siberian Sea
(Nishino et al., 2013; Anderson et al., 2017). Nishino et al. (2013)
reported that shelf waters formed through winter cooling and
advection in the East Siberian Sea flowed into the Makarov Basin,
producing a temperature minimum zone with high nutrients
and causing shoaling of the nutricline. Anderson et al. (2017)
suggested that nutrient-rich water was exported from the East
Siberian Sea into the Makarov Basin with a salinity of around 33.
Thus, the high nitrate concentration at the surface in August 2018
was due to intrusion of cold and nutrient-enriched shelf water.
Nishino et al. (2013) also found that export of large volumes of
shelf water occurred episodically in the East Siberian Sea; this
phenomenon was observed in 2008, but not in 2002. In the East
Siberian Sea, episodic intrusion of nutrient-enriched shelf water
is the primary mechanism driving large inter-annual variations in
biological production and associated particle flux.

Temporal variations in particle fluxes on the Chukchi Sea
slope differed markedly from those on the East Siberian Sea
slope, showing similar total mass fluxes in early August 2017 and
late August 2018 (Figure 3). Particle composition also indicated
similar fluxes in the summers of 2017 and 2018 (Figure 3).
On the Chukchi Sea slope, particle flux had a seasonal pattern
typical of the Arctic Ocean, with high values in summer and
low values in other seasons (Fahl and Nöthig, 2007; Lalande

et al., 2009b; Forest et al., 2010). Unlike the East Siberian Sea
slope, the Chukchi Sea slope displayed little inter-annual particle
flux variation, which was based on the similar total mass fluxes
in in early August 2017 and late August 2018 (Figure 3). The
vertical nitrate profile observed at the sediment-trap mooring
site in August 2017 was generally similar to that in August 2018
(Figure 5). In addition, the chlorophyll-a vertical profile from
August 2017 did not significantly differ from that in August 2018
(Figure 5). The Chukchi Sea slope is influenced by the inflow
of Anadyr Water, which is characterized by high salinity and
high nutrient concentrations (Nishino et al., 2016; Bai et al.,
2019). Some of the Anadyr Water turns eastward and flows
toward the Beaufort Sea on the shelf break (Weingartner et al.,
2005), while the rest flows poleward beyond the shelf break
and may have affected the mooring site. The poleward flow of
Anadyr Water may show little annual variation, as the vertical
nitrate profiles measured in the summers of 2017 and 2018
were similar (Figure 5). On the Chukchi Sea slope region, the
temporal evolution of POC flux reflected the seasonal dynamics
of biological production at the surface. As sea ice began to
melt in July, POC flux increased, reaching a peak in August. In
September, when the surface was still ice free, POC flux decreased
rapidly and reached its minimum value, likely due to exhaustion
of the nutrients in surface waters through biological uptake and
the rapidly declining sunlight. The summer POC flux comprised
about 75% of the annual POC flux, which was a typical pattern of
POC export in the Arctic Ocean (Fahl and Nöthig, 2007; Lalande
et al., 2009b; Forest et al., 2010).

Under-Ice Phytoplankton Bloom
On the East Siberian Sea slope, POC flux increased rapidly
from June to August 2018 at both 115 and 335 m water depths
(Figure 2). In particular, when the surface was completely
covered with sea ice during June and July 2018, POC fluxes
showed a marked increase compared to those in winter and
spring. In addition, biogenic opal fluxes also exhibited a large
increase during June and July 2018, having almost same temporal
variation with POC fluxes (Figure 2), which indicates that
siliceous phytoplankton is a main contributor for the POC
increase. This increase in POC export prior to sea-ice melting
may have been associated with an under-ice phytoplankton
bloom; such blooms have been observed frequently in the Arctic
Ocean (Fortier et al., 2002; Sakshaug, 2004; Lalande et al., 2007,
2009b; Arrigo et al., 2012). The increase of POC flux during
June and July 2018 occurred simultaneously at both 115 and
335 m, indicating that it was directly related with an under-ice
phytoplankton bloom.

The under-ice phytoplankton bloom was probably initiated by
the snowmelt on top of sea-ice, which enhanced the incident light
and, thereby, encouraged under-ice phytoplankton production
(Dezutter et al., 2019; Lalande et al., 2019, 2020). Notably, the
C:N ratio of organic matter increased rapidly from 5.8 to 10.9 at
115 m during the summer of 2018 (Figure 2). As the transparent
exopolymer (TEP) produced by ice algae has a very high C:N ratio
greater than 20 (Engel and Passow, 2001; Forest et al., 2007), the
increases in POC flux and C:N ratio under the sea ice were likely
related to TEP production by ice algae. Lalande et al. (2009b)
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FIGURE 4 | Vertical distribution of temperature, salinity, chlorophyll-a, and nitrate along the transect on the East Siberian Sea slope (KAMS 1) in August 2017 (A) and
August 2018 (B). Red star indicates a sediment trap mooring site.
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FIGURE 5 | Vertical distribution of temperature, salinity, chlorophyll-a, and nitrate along the transect on the Chukchi Sea slope (KAMS 2) in August 2017 (A) and
August 2018 (B). Red star indicates a sediment trap mooring site.

observed that the C:N ratio increased concurrently with POC
flux in the Laptev Sea and Beaufort Sea, and suggested that the
increase in POC flux was due to TEP produced by ice algae.

Increases in POC fluxes and C:N ratio under sea ice have also
been observed in the Amundsen Gulf (Forest et al., 2010). C:N
ratio can be affected by the change in phytoplankton community
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structure and grazing habits and, thereby, data on phytoplankton
and zooplankton composition are required to confirm that the
increase of C:N ratio is directly related with the TEP production.

On the Chukchi Sea slope, POC fluxes began to increase in July
2018, when the sea ice began to decline (Figure 3). The increase
in POC flux coincided with the retreat of sea ice, and thus sea-
ice melting may have led to release of ice algae resulting in an
under-ice phytoplankton bloom (Lalande et al., 2009b). The C:N
ratio of organic matter increased concurrently with POC flux in
the summer of 2018 (Figure 3), which probably resulted from
TEP production by ice algae. POC flux showed a marked increase
in the summers of both 2017 and 2018 compared to levels in
winter and spring (Figure 3). However, the C:N ratio of organic
matter showed a clear increase only in summer 2018 (Figure 3),
indicating that the increase in POC flux in summer 2017 was
not associated with TEP production by ice algae. TEP production
probably occurred prior to the sediment trap sampling, which
was done in late August 2017.

Lateral Transport in the East Siberian
Sea
On the East Siberian Sea slope, annual mass fluxes were 25.2 and
29.6 g m−2 year−1 at water depths of 115 and 335 m, respectively
(Table 1), indicating that particle fluxes increased slightly with
increasing water depth. Lithogenic and biogenic opal fluxes also

increased by 43 and 4.0%, respectively, from 115 to 335 m
(Table 1). However, POC and CaCO3 fluxes decreased by 12 and
16%, respectively, over the same depth interval (Table 1). The
annual POC flux was 2.03 g m−2 year−1 at 335 m (Table 1), but
the inferred vertical POC flux at 335 m based on Martin’s curve
(Martin et al., 1987) was about half of the observed POC flux at
335 m, indicating additional POC input through lateral transport
between 115 and 335 m. High POC fluxes were observed during
June and July 2018 (Figure 2), mainly due to enhanced biological
production driven by the intrusion of nutrient-rich shelf waters
(Nishino et al., 2013; Anderson et al., 2017). Thus, POC may be
laterally transported to the slope when nutrient-rich shelf waters
flowed from the East Siberian Sea to the Makarov Basin.

Lithogenic flux increased by 43% from 115 to 335 m, likely as
a result of the lateral transport of small lithogenic particles from
the shallow shelf when shelf waters flowed to the Makarov Basin,
as observed for POC. Bauerfeind et al. (2005) reported that clay
minerals (<4 µm) dominated the lithogenic particle pool of the
Greenland continental shelf. Biogenic opal fluxes increased by
4.0% between 115 and 335 m, and this small increase appeared
to result from reduced lateral transport of diatoms away from the
shelf due to their relatively large size (2–500 µm) compared to
lithogenic particles. Unlike biogenic opal and lithogenic fluxes,
CaCO3 flux decreased by 16% between 115- and 335-m water
depths. CaCO3-undersaturated waters were found at depths of
50–250 m in the East Siberian Sea slope region (Mo et al.,

TABLE 1 | Annual fluxes of total mass flux, lithogenic flux, biogenic opal flux, POC flux, and CaCO3 flux on the East Siberian Sea slope (KAMS 1) and the Chukchi Sea
slope (KAMS 2) from August 2017 to July 2018 (348 days).

Trap depth Mass flux (g
m−2 year−1)

Lithogenic flux (g
m−2 year−1)

Opal flux (g
m−2 year−1)

POC flux (g
m−2 year−1)

CaCO3 flux (g
m−2 year−1)

East Siberian Sea

115 m 25.2 12.0 6.51 2.30 0.87

335 m 29.6 17.1 6.77 2.03 0.73

Chukchi Sea

325 m 30.5 13.8 10.7 2.14 0.58

TABLE 2 | Annual POC fluxes in the western Arctic Ocean.

Location Mooring Deployment Trap Water depth (m) POC flux References

station period depth (m) (g C m−2 year−1)

Chukchi Rise DM 2008–2009 870 1670 1.9 Bai et al., 2019

NAP 2010–2011 180 1975 0.31 Watanabe et al., 2014

Chukchi Sea CEO 2015–2016 37 45 145 Lalande et al., 2020

Laptev Sea LOMO2 1995–1996 150 1712 1.5 Fahl and Nöthig, 2007

M3 2005–2006 175 1347 4.1 Lalande et al., 2009b

LS 2006–2007 180 1355 8.7 Lalande et al., 2019

Amundsen Gulf CA15 2003–2005 100 399 3.3-4.2 Forest et al., 2010

(Beaufort Sea) CA08 2005–2006 100 397 6 Forest et al., 2010

CA15 2003–2005 210 399 1.3-2.2 Forest et al., 2010

CA08 2005–2006 210 397 2.3 Forest et al., 2010

Canada Basin B96 1996–1997 200 3800 0.08 Honjo et al., 2010

East Siberian Sea slope KAMS1 2017–2018 115 532 2.3 This study

East Siberian Sea slope KAMS1 2017–2018 335 532 2.0 This study

Chukchi Sea slope KAMS2 2017–2018 325 510 2.1 This study
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in preparation), leading to dissolution of CaCO3 shells during
sinking from 115 to 335 m. For this reason, the CaCO3 flux
decreased from 115 to 335 m, despite additional CaCO3 inputs
through lateral transport.

Annual POC Flux
The annual POC fluxes on the East Siberian Sea slope from
August 2017 to August 2018 were 2.3 g C m−2 year−1 at 115 m
and 2.0 g C m−2 year−1 at 335 m (Table 2). The annual POC
flux at 325 m on the Chukchi Sea slope was 2.1 g C m−2 year−1,
rather similar to that in the East Siberian Sea slope area (Table 2).
On the Chukchi Rise, where the water is deeper than 1500 m,
annual POC fluxes were 0.31 and 1.9 g C m−2 year−1, which
were somewhat lower than those measured on the Chukchi Sea
slope (Table 2). On the Chukchi shelf, where the water depth
is 45 m, annual POC flux was 145 g C m−2 year−1 (Table 2),
which is two orders of magnitude higher than values for the
Chukchi and East Siberian Sea slopes. Lalande et al. (2020)
attributed the substantial export flux in the Chukchi shelf area
to the combined effects of substantial primary production driven
by high nutrient loads, ice-released materials, and resuspension
from the shallow Arctic shelf.

Annual POC fluxes on the Laptev Sea slope region were
1.5 g C m−2 year−1 in 1995–1996 and 4.1 g C m−2 year−1 in
2005–2006, a threefold increase over a decade (Table 2). Lalande
et al. (2009a) reported that reduction of ice cover increased
primary production and subsequently increased POC flux over
the continental slope of the Laptev Sea. In 2006–2007, annual
POC flux increased to 8.7 g C m−2 year−1, of which increase
was attributed to a large release of ice-rafted particulate matter
during ice melt due to a complete melt in July 2007 (Lalande et al.,
2019). On the Amundsen Gulf (Beaufort Sea), annual POC fluxes
in 2004, 2005, and 2006 were 3.3, 4.2, and 6.0 g C m−2 year−1 at
100-m depth, respectively, and 1.3, 2.2, and 3.3 g C m−2 year−1

at 210 m (Table 2). Forest et al. (2010) suggested that the inter-
annual variations in POC fluxes resulted from the timing of
sea-ice melting. In the Canada Basin, annual POC flux was found
to be 0.08 g C m−2 year−1 at 200 m (Table 2), which was two
orders of magnitude lower than those observed on the Chukchi

and East Siberian Sea slopes. Honjo et al. (2010) reported that the
biological pump was currently ineffective in the Canada Basin,
causing POC from primary production to be remineralized or
converted to dissolved organic carbon within the surface layer.
On the Chukchi Sea and East Siberian Sea slopes, annual POC
fluxes were higher than those on Arctic basins, lower than those
on Arctic shelves, and generally similar to those on the western
Arctic slopes (Table 2).
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