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The shallow Pacific Arctic shelf has historically acted as an effective carbon sink,
characterized by tight benthic pelagic coupling. However, the strength of the biological
carbon pump in the Arctic has been predicted to weaken with climate change due
to increased duration of the open-water period for primary production, enhanced
nutrient limitation, and increased pelagic heterotrophy. In order to gain insights into
how the biological carbon pump is functioning under the recent conditions of extreme
warming and sea ice loss on the Pacific Arctic shelf, we measured sinking particulate
organic carbon (POC) fluxes with drifting and moored sediment traps, as well as
rates of primary production and particle-associated microbial respiration during June
2018. In Bering Shelf/Anadyr Water masses, sinking POC fluxes ranged from 0.8 to
2.3 g C m−2 day−1, making them among the highest fluxes ever documented in the
global oceans. Furthermore, high export ratios averaging 82% and low rates of particle-
associated microbial respiration also indicated negligible recycling of sinking POC in
the water column. These results highlight the extraordinary strength of the biological
carbon pump on the Pacific Arctic shelf during an unusually warm and low-sea ice year.
While additional measurements and time are needed to confirm the ultimate trajectory
of these fluxes in response to ongoing climate change, these results do not support the
prevailing hypothesis that the strength of the biological carbon pump in the Pacific Arctic
will weaken under these conditions.

Keywords: carbon cycling, particulate organic carbon, Bering and Chukchi Sea Shelves, marine particles, marine
snow, Arctic, climate change, biological carbon pump

INTRODUCTION

Arctic marine systems are currently undergoing rapid and profound changes due to the effects
of climate change, including reduced sea ice extent, earlier sea ice retreat, protracted ice-free
seasons, warming air and ocean temperatures, and shifts in currents and water column stratification
(Vaughan et al., 2013; Richter-Menge et al., 2019). These environmental changes have recently

Abbreviations: ACW, Alaska Coastal Waters; ASGARD, Arctic Shelf Growth, Advection, Respiration, and Deposition rate
experiments project; BSAW, Bering Shelf/Anadyr Waters; PN, particulate nitrogen; POC, particulate organic carbon.
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accelerated on the Pacific Arctic’s Bering and Chukchi Sea shelves
(Stabeno and Bell, 2019; Huntington et al., 2020; Thoman et al.,
2020). During 2017 and 2018, bottom water temperatures in
the Bering Sea were 3◦C higher than the 2005–2016 baseline
(Stabeno and Bell, 2019), and the four lowest maximum sea
ice extents since 1979 in the Bering and Chukchi Seas have
occurred after 2015 (Fetterer et al., 2017). Cascading impacts
on the regional ecosystems, biogeochemical cycles, climate, and
human communities on and around the Pacific Arctic shelf are
expected, although the nature and magnitude of these impacts
remain largely speculative (Carroll and Carroll, 2003; Grebmeier,
2012; Moore and Stabeno, 2015; Stabeno and Bell, 2019).

The shallow Pacific Arctic shelf, averaging 50 m depth, has
historically acted as a strong sink of carbon (Bates, 2006; Chen
and Borges, 2009). Water movement on these shelves is generally
northward carrying different water masses of Pacific origin into
the Arctic (Pickart et al., 2016; Danielson et al., 2017), with
a significant seasonal modulation (Woodgate et al., 2015) (see
Supplementary Figure 1 for visualization of currents). This
region is also characterized by a strong biological carbon pump
having pelagic primary productivity (Walsh et al., 1989; Springer
and McRoy, 1993), sedimentation (Naidu et al., 2004), and
benthic productivity (Grebmeier and McRoy, 1988; Grebmeier
and McRoy, 1989) rates that are all amongst the highest
measured in any marine system. When light is sufficient, pelagic
primary productivity may reach up to 16 g C m−2 day−1

and 470–840 g C m−2 year−1 (Walsh et al., 1989; Springer
and McRoy, 1993) due to elevated nutrient concentrations (5–
20 µM) (Danielson et al., 2017) advected into the region with
the Anadyr current from deep Pacific upwelling (Walsh et al.,
1989; Springer and McRoy, 1993). The spring phytoplankton
bloom is typically dominated by large, rapidly sinking sympagic
or pelagic diatoms (Springer and McRoy, 1993; Gradinger, 1999,
2009) that contributed to an annual particulate organic carbon
(POC) flux of up to 145 g C m−2 year−1 near Hanna Shoal
(Lalande et al., 2020) and likely facilitate substantial carbon burial
in sediments. Similar to other Arctic shelves (Grebmeier and
Barry, 1991), total organic carbon on the Pacific Arctic shelf
averages 1% and reaches up to 2% in surface layers (Grebmeier
and McRoy, 1989; Grebmeier and Barry, 1991; Bluhm and
Gradinger, 2008). This active biological carbon pump supports
large populations of benthic-feeding pelagic seabirds and marine
mammals (Bluhm and Gradinger, 2008; Moore and Kuletz,
2019), many of which are important to Indigenous communities
that rely on subsistence hunting (Hovelsrud et al., 2008).

The strength of the biological carbon pump in the Arctic
is predicted to weaken with climate change due to increased
duration of the open-water period for primary production and
enhanced nutrient limitation (Piepenburg, 2005; Wassmann and
Reigstad, 2011; Grebmeier, 2012). Warmer waters could increase
metabolic rates of pelagic grazers and heterotrophic bacteria
and potentially favor smaller phytoplankton and faster-growing
grazers that more rapidly recycle organic matter within the
water column (Wassmann and Reigstad, 2011; Neeley et al.,
2018). Additionally, increased frequency of storms could increase
mixing and efflux of carbon dioxide (Hauri et al., 2013; Slats
et al., 2019). If these predictions prove accurate, such mechanisms

could accelerate feedback processes on the services supported
by the biological carbon pump. While the effects of changing
ice conditions and warming water on production on the Pacific
Arctic shelf have been investigated for many years (Lee et al.,
2012; Arrigo et al., 2014; Hill et al., 2018), few studies have
directly measured pathways within the biological carbon pump
(Fukuchi et al.,1993; Lalande et al., 2020). As part of the
Arctic Shelf Growth, Advection, Respiration, and Deposition rate
experiments (ASGARD) project, we measured the strength and
efficiency of the biological carbon pump by directly quantifying
and comparing rates of primary productivity, sinking POC flux,
and microbial respiration associated with trap-collected sinking
particulate matter during June of 2018 on the Pacific Arctic
Shelf. This study occurred after the winter with the lowest
maximum sea ice extent on record and in a prolonged time
of abnormally warm water (Stabeno and Bell, 2019; Danielson
et al., 2020; Huntington et al., 2020). These unique environmental
conditions, described in detail in Huntington et al. (2020),
provided an opportunity to test the prevailing hypothesis that
the biological carbon pump will decrease in strength with
climate change (Piepenburg, 2005; Wassmann and Reigstad,
2011; Grebmeier, 2012).

MATERIALS AND METHODS

Hydrography Sampling
All cruise operations were performed on the R/V Sikuliaq. The
CTD unit consisted of a Seabird SBE16plus unit coupled with
WetLabs fluorometer and transmissometer. A Satlantic SUNA V2
instrument was also mounted to the rosette to measure nitrate. To
characterize the water mass at each station, surface salinity and
temperature data were retrieved from the CTD profiles at each
station, then plotted on a temperature–salinity (T/S) diagram.

Drifting Sediment Trap Sampling
A standard Lagrangian-type surface-tethered drifting sediment
trap (KC Denmark model number 28.200) was used to collect
sinking particles (Moran et al., 2012) at seven locations
(Figure 1). Two of the four tubes contained a removable clear-
bottomed cup filled with 250 mL of viscous polyacrylamide gel.
The cups were fitted with a thin sloping ramp to funnel all
sinking particles into the gel within the cup and prevent particles
from settling between the inside of the tube and the outside of
the cup. All four tubes were filled with chilled (0◦C) filtered
seawater (0.3 µm) collected in Niskin bottles from the same depth
and station at which the drifting sediment trap was deployed.
The remaining two tubes collected sinking particles in bulk,
maintaining in situ chemistry as much as possible. The trap array
was deployed at 30 m below the surface at each station, estimated
to correspond to the bottom of the euphotic zone, for 3–12 h
depending on the timing of other cruise operations (Table 1).
We used the same depth for consistency and to reduce issues of
resuspension by sampling too close to the seafloor. The drifting
sediment trap was fitted with an ARGOS beacon and a go-Tele
GPS tracker unit to track its real-time location.

Frontiers in Marine Science | www.frontiersin.org 2 November 2020 | Volume 7 | Article 548931

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


fmars-07-548931 November 12, 2020 Time: 16:7 # 3

O’Daly et al. Pacific Arctic’s Extraordinary Carbon Fluxes

FIGURE 1 | Spatial patterns of sinking particulate organic carbon fluxes on the Pacific Arctic shelf in June 2018. Drifting sediment trap measurements are depicted
relative to the diameters of the circles, while moored sediment traps fluxes are shown as the length of the squares. Colored lines represent sea ice extent (Fetterer
et al., 2017), where the 2018 June median ice extent (maroon) is compared with the 1981–2010 median June baseline (purple) and the record breaking 2018
maximum ice extent (olive) is compared with the 1981–2010 median winter maximum (teal).

TABLE 1 | Location and duration of drifting sediment trap deployments 30 m below the sea surface in 2018.

Station
name

ASGARD
station name

Bottom
depth (m)

Latitude deploy
(degrees decimal
minute)

Longitude deploy
(degrees decimal
minute)

Date and time of
deployment (M/DD
HH:MM UTC)

Date and time of
recovery (M/DD
HH:MM UTC)

Total time of
deployment

A CBE1 41 63◦ 18.1′ −168◦ 27.0′ 6/07 15:05 6/08 2:40 11h 35m

B DBO2.4 50 64◦ 58.6′ −169◦ 52.8′ 6/11 10:59 6/11 17:29 6h 40m

C DBO3.8 50 67◦ 40.4′ −168◦ 50.1′ 6/14 23:10 6/15 4:52 5h 42m

D IL4 42 67◦ 28.3′ −166◦ 12.5′ 6/13 11:57 6/13 20:44 8h 47m

E DBO3.3 49 68◦ 11.1′ −167◦ 18.6′ 6/15 19:30 6/15 22:55 3h 25m

F CL3 51 69◦ 2.1′ −168◦ 49.4′ 6/16 19:41 6/17 0:10 4h 29m

G CL1 46 68◦ 57.3′ −166◦ 53.8′ 6/17 21:18 6/18 2:20 5h 2m

Flux Rate Measurements
Sinking particles collected in the drifting sediment trap were
used to determine POC fluxes. Once the trap was recovered,
the following steps were performed as quickly as possible in an
environmental chamber that fluctuated in temperature from 3 to
5◦C in order to maintain as close to in situ conditions for particle-
associated microbes as possible. Overlying water was siphoned
using a vacuum pump down to a boundary layer above the
settled particles at the bottom of all four tubes. In the two bulk
particle collection tubes, the material that remained in the tubes
after siphoning was quantitatively split into four subsamples
using a Folsom plankton splitter. Three subsamples were used
for triplicate analytical flux measurements. These subsamples

were filtered onto pre-combusted 25-mm Whatman GF/F filters
and placed in a dehydrator at 60◦C for 12 h. Once dried, the
filters were sealed in Petri dishes until further analysis (See
section “Elemental POC/PN/δ13C/δ15N Analysis” for details).
Particulate organic carbon values were converted to daily fluxes
depending on the deployment period and the collecting area
(g C m−2 day−1).

Respiration Rate Measurements
One subsample from each of the two drifting sediment trap tubes
was used to estimate particle-associated microbial respiration
rates. This material was homogenized by swirling the container
and pipetted with a wide-bore pipette into eight replicate
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2-mL glass vials (Batch PSTS-1721-01) fitted with Pre-Sens
Oxygen Optode Sensor Spots (Regensburg, Germany) per
drifting sediment trap tube, totaling 16 experimental samples.
Filtered seawater controls were obtained from a Niskin bottle
closed at 30 m depth during a CTD cast upon recovery of
the drifting sediment trap. Water for the control samples was
filtered (0.3 µm) to remove particles and particle-associated
microbes. The filtrate was pipetted into eight replicate vials
that were identical to the experimental vials. All 24 vials were
checked for air bubbles, and vials were then placed inside a
sealable, clear, plastic water-bath and placed on top of a PreSens
SDR SensorDish Reader The water-bath was located inside a
dimly lit cold room that varied from 3–5◦C and connected to a
Fisherbrand Isotemp 500LCSU Circulator, now referred to as a
chiller, which maintained temperature at precisely 4.0◦C during
the incubation. The concentration of oxygen in each vial and
temperature in the incubation chamber were recorded every 30 s
for the duration of the incubation using PreSens – Sensor Dish
Reader Version 4 Software. Incubations lasted for between 3 and
12 h. After the incubations, the remaining material from each vial
was filtered onto individual GF/F filters and treated the same as
the flux measurement samples.

A few modifications were made to the methods used for
measuring particle-associated microbial respiration rates during
the course of the study in order to try to improve the accuracy
of our measurements. During the first incubation at station A, a
low-oxygen micro-environment formed around the sensor spot,
located at the bottom of the vial. For all subsequent incubations,
the entire incubation chamber was repeatedly inverted for 5 s
every 3 min to mix the sample. Additionally, we noticed the
concentration of oxygen increased over time in a few of the
experimental samples (i.e., at stations A, C, and E), suggesting
photosynthetic activity. During the last two incubations at
stations F and G, a black cloth was used to cover the incubation
chamber in order to prevent any light from reaching the
samples, theoretically preventing light reactions associated with
photosynthesis. However, it should be noted that dark reactions
associated with photosynthesis can continue for several hours
after the removal of light in cold water.

The data recorded by the PreSens software were downloaded
and analyzed using the following steps in Matlab 2017a
computing software. Data collected before the incubation
temperature stabilized were trimmed so that only the time during
which the incubation temperature remained stable was analyzed.
The first 188 min of data after temperature stabilization was
used to determine respiration rates. Linear regression analysis
was performed on the oxygen concentration data from each
vial. The average and standard deviation of the eight replicate
control slopes (rcontrol) was taken, and for each of the two
experimental samples. Then the average slopes for each of
the experimental incubations were averaged together and the
error was propagated (rexp). We calculated the carbon-specific
particle-associated microbial respiration rate (R_PAM) using a
117:170 organic carbon to oxygen molar respiratory quotient
(VOC:O2), assuming a one to one relationship with organic
carbon degradation and carbon dioxide production (Anderson
and Sarmiento, 1994), an incubation volume (vol) of 2 mL, and

the final concentration of POC at the end of the incubation
([POC]) (Eq. 1).

R_PAM =
(
rexp − rcontrol

)
× vol× VOC:O2

[POC]
(1)

The average R_PAM ± 1 standard deviation was compared
with those from other studies (Ploug and Jorgensen, 1999;
Ploug and Grossart, 2000; Iversen and Ploug, 2010; Collins
et al., 2015; McDonnell et al., 2015; Belcher et al., 2016a,b) at
different locations.

Sinking Particle Visualization
Collecting particles in polyacrylamide gel kept sinking particles
intact and allowed for particle imaging and identification
(Ebersbach and Trull, 2008; McDonnell and Buesseler, 2010;
Durkin et al., 2015). The contents of the cups were photographed
within 6 h of sediment trap recovery using a 42.4 MP digital
camera equipped with a 90 mm macro-lens and a flash unit.
A length to pixel relationship was determined for each image in
Adobe Photoshop CS6. These samples were used to qualitatively
determine sinking particle type.

Primary Productivity Rate Measurements
13C-15N dual-isotope tracer technique was used to measure
integrated rates of primary productivity at the seven stations
following a standard protocol (Dugdale and Goering, 1967; Hama
et al., 1983). For primary productivity rate measurements, water
was collected at six depths corresponding to the 100, 50, 30,
12, 5, and 1% light levels. The 1% light level is estimated to
be the minimum amount of light necessary for photosynthesis
to occur, i.e., the bottom of the euphotic zone. The incubations
lasted between 4 and 7 h, and measurements were extrapolated to
daily production by adjusting to total daylight for each incubation
site. At the end of the experiment, contents in each incubation
bottle were filtered onto pre-combusted GF/F filters and frozen
at −80◦C until further analysis. These depth-specific rates were
then integrated over the entire depth of the euphotic zone to
determine total water column primary productivity rates in units
of g C m−2 day−1.

Elemental POC/PN/δ13C/δ15N Analysis
All dried or frozen GF/F filters were processed in the Alaska
Stable Isotope Facility at the University of Alaska Fairbanks’s
Water and Environmental Research Center. Filters were acidified
with 10% hydrochloric acid for 24 h to remove particulate
inorganic carbon (PIC). The filters were pelletized in tin cups.
Stable isotope data were obtained using continuous-flow isotope
ratio mass spectrometry. Stable isotope ratios were reported
in δ notation as parts per thousand (h) deviation from the
international standards VPDB (carbon) and air (nitrogen).
Typically, instrument precision was <0.2h.

Moored Sediment Trap Sampling
Two 24-cup Hydro-Bios sediment traps were moored at stations
B south of Bering Strait (trap depth 37 m, bottom depth 49 m)
and C north of Bering Strait (trap depth 35 m, bottom depth
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50 m) from June 2017 to June 2018 (see Table 2 and Figure 1
for location of traps). Sample cups were filled with a hyper-
saline (salinity 38) 5% formalin solution in filtered seawater to
preserve samples during and after deployment (Lalande et al.,
2020). The carousel rotated at pre-programmed intervals ranging
from seven to 40 days.

As the trap at station B was recovered before the end of
its rotation, the material in the last open cup was excluded
from analysis. Subsamples from each cup were filtered onto pre-
combusted (500◦C overnight) GF/F filters (0.7 µm), exposed
to 1 N hydrochloric acid overnight for removal of inorganic
carbon, and dried at 60◦C overnight before encapsulation for
POC measurements (Lalande et al., 2020). Particulate organic
carbon measurements were conducted on a Perkin Elmer CHNS
2400 Series II elemental analyzer. Particulate organic carbon
measurements were converted to daily flux rates depending on
the open cup duration of each sample.

Instruments measuring physical and biological parameters in
tandem with sinking POC flux were deployed on the moorings at
stations B and C. A 300 kHz RDI workhorse ADCP measured
bottom current velocity ∼5 m off the seafloor at each site.
Lowpass-filtered bottom current velocity were plotted overlaid
with a 12-h smoothing. A Seabird SBE16plus unit coupled
with a Wetlabs fluorometer measured temperature, salinity and
fluorescence at 27 m at station B and 25 m at station C.

Remote Sensing
Daily sea ice concentrations were retrieved from the National
Snow and Ice Data Center satellite records for the deployment
period at both mooring sites (Fetterer et al., 2017). Wind velocity
was obtained from modeled wind reanalysis for the deployment
period at both mooring sites (European Centre for Medium-
Range Weather Forecasts, 2019). Twenty-four hour smoothing
was performed on wind data.

RESULTS

Environmental Conditions
Sea surface temperatures ranged from 1 to 10◦C during the
ASGARD expedition in June 2018, with the warmest water
temperature above 8◦C observed south of Nome and west
of Norton Sound. These warm waters were characteristically
fresher, with salinities ranging from 30 to 30.5, consistent with
Alaska Coastal Water (ACW) characteristics and a shift to wind
direction from the south (see Supplementary Figure 1 for a
map depicting regional currents in the study area). Wind speed
ranged from 0 to 36 kt during the course of the cruise as

measured by a vessel-mounted anemometer corrected for ship
motion. Throughout the water column, temperatures ranged
from −0.5 to 10◦C and salinities ranged from 30 to 33.5.
Chlorophyll fluorescence ranged from 0 to 15 µg L−1 while
nitrate concentration ranged from 0 to 20 µmol L−1 and was
highest along the northernmost Cape Lisburne line. SUNA-
derived nitrate concentration measurements were confirmed
with bottle-derived nitrate concentration measurements. Sea ice
was absent during the cruise. A salinity of 31 delimited stations
A, B, and C into the Bering Shelf/Anadyr Waters (BSAW)
(salinity > 31) and stations D, E, F, and G into ACW waters
(salinity < 31) (Figure 2).

Drifting Sediment Trap Flux Rate
Measurements
The depth of the water column varied little at our seven stations,
ranging from 41 to 51 m and averaging 47 m, 17 m deeper
than the drifting sediment traps sampling depths at 30 m
(1% Photosynthetically Active Radiation (PAR)). The actual 1%
PAR varied from between 16 and 30 m, except for station
F having a 1% PAR reaching 38 m (Table 3). The overall
average depth of the euphotic zone was 26 m, comparable to
POC export measurements at 30 m. Sinking POC fluxes were
high (up to 2.2 g C m−2 day−1) but spatially variable. Bering
Shelf/Anadyr Waters were associated with higher fluxes (1.2–
2.2 g C m−2 day−1) at stations A, B, and C, while lower
fluxes (0.2–0.5 g C m−2 day−1) were characteristic of ACW at
stations D, E, F, and G (Figure 2). For stations in the BSAW,
sinking particles consisted mostly of aggregated diatoms and
viable diatom cells while the ACW stations contained more
diverse particles including fecal pellets, zooplankton, and diatom
cells (Figure 3).

The particulate nitrogen (PN) flux ranged from 0.03 to
0.47 g N m−2 day−1. Both the highest and lowest PN flux were
measured in the ACW (Table 3). PN flux was slightly, though not
significantly, higher in the BSAW (0.27 g N m−2 day−1) than in
the ACW (0.15 g N m−2 day−1). Delta 13C ranged from −24.03
to−19.94h with no clear distinction in δ13C values between the
ACW and BSAW. Both the least negative and most negative δ13C
values were located at stations in the ACW. A similar pattern was
true for δ15N values with values ranging from 5.63 to 8.5h. There
was no spatial pattern in δ15N values and both the highest and
lowest δ15N values were found in stations in the ACW.

Respiration Rate Measurements
Overall carbon specific particle-associated microbial respiration
ranged from −13.7 to 12.8% day−1 (Table 4). Negative

TABLE 2 | Location and duration of moored sediment traps.

Station name Trap name Sampling period Trap depth (m) Bottom depth (m) Latitude (degrees
decimal minute)

Longitude (degrees
decimal minute)

B N4 June 26, 2017 to
June 08, 2018

37 49 64◦ 55. 7′ −169◦ 55.1′

C N6 June 17, 2017 to
June 08, 2018

35 50 67◦ 40.2′ −168◦ 44.7′
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FIGURE 2 | Water mass characteristics from each station where drifting sediment traps were deployed. The size of the circle is indicative of the amount of particulate
organic carbon (POC) flux, labeled with station name. Warmer, fresher water characteristic of Alaska Coastal Water (ACW) has lower flux values compared with
cooler, more saline water characteristic of Bering Shelf/Anadyr Water (BSAW), which has higher flux values.

TABLE 3 | Particulate organic carbon (POC) flux, primary productivity, and export ratios at seven stations in the Bering and Chukchi seas at drifting sediment trap sites.

Station
Name

Water
Mass

Bottom
Depth

(m)

Euphotic
Zone Depth

(m)

POC flux
(g C m−2

day−1)

Primary
Productivity

(g C m−2 day−1)

Export Ratio PN
(g N m−2 day−1)

δ13-C of sinking
material (h)

δ15-N of sinking
material (h)

A BSAW 41 16 2.20 ± 0.19 4.24 0.52 ± 0.05 0.40 ± 0.04 −21.08 ± 0.10 7.51 ± 0.49

B BSAW 50 24 1.18 ± 0.10 0.87 1.36 ± 0.12 0.21 ± 0.02 −20.27 ± 0.06 6.23 ± 0.50

C BSAW 50 24 1.39 ± 0.07 2.15 0.65 ± 0.05 0.21 ± 0.01 −19.94 ± 0.92 6.71 ± 0.29

D ACW 42 26 0.48 ± 0.03** 0.48 1.00 ± 0.07 0.47 ± 0.03** −19.55 ± 0.04** 7.20 ± 1.43**

E ACW 49 30 0.34 ± 0.03 0.74 0.45 ± 0.04 0.06 ± 0.01 −21.64 ± 0.43 7.37 ± 0.17

F ACW 51 38* 0.34 ± 0.05 0.33 1.02 ± 0.14 0.05 ± 0.01 −22.30 ± 0.15 5.63 ± 0.28

G ACW 46 24 0.17 ± 0.00 0.23 0.75 ± 0.06 0.03 ± 0.00 −24.03 ± 0.53 8.50 ± 1.12

Drifting sediment trap sampled at 30 m depth. BSAW, Bering Shelf/Anadyr Waters; ACW, Alaska Coastal Waters.
*Euphotic zone depth deeper than 30 m, the depth of the drifting sediment trap deployment.
**Outlier of 3 standard deviations higher than other 3 replicates removed from analysis
Pacific Arctic’s extraordinary carbon fluxes.

carbon specific particle-associated microbial respiration indicates
net respiration of carbon while positive values indicate net
production of carbon. Five of the seven stations had carbon
specific particle-associated microbial respiration that were
indistinguishable from zero where carbon specific particle-
associated microbial respiration could not be distinguished
from free living microbial respiration. The two respiration
measurements that were distinguishable from zero were from
stations B (−13.7 ± 10.5% day−1) and C (12.8 ± 6.7%
day−1), both of which are in BSAW. Therefore, all carbon
specific particle-associated microbial respiration from stations
in ACW were indistinguishable from zero. Average carbon
specific particle-associated microbial respiration from BSAW
stations (3.1 ± 14.6% day−1, average ± 1 standard deviation),
ACW stations (1.7 ± 2.9% day−1), as well as all stations

combined (2.3 ± 8.7% day−1) were indistinguishable from
zero. Additionally, there was no statistical difference in
carbon specific particle-associated microbial respiration between
the ACW and BSAW.

Primary Productivity Rate Measurements
Primary productivity rates were spatially variable with an overall
range of 0.23–4.24 g C m−2 day−1. Station A had the highest
rate of primary productivity and had the highest fluorescence
signal of the seven stations (full depth CTD profiles are
shown in Supplementary Figure 2). Here, a slight chlorophyll-
a maximum of 10 mg m−3 fluorescence was present at 5 m
depth and the water column was well-mixed. More pronounced,
though lower chlorophyll-a maximums occurred at stations C
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FIGURE 3 | Sinking particles collected in polyacrylamide gel traps at station A (A,B) and station D (C,D). Sinking particles at station A are characteristic of Bering
Shelf/Anadyr Water stations and consist exclusively of fluffy aggregates made of diatoms and viable diatom chains. Sinking particles at station D are characteristic of
Alaska Coastal Water stations and consist of a more diverse set of particles, including fecal pellets, zooplankton swimmers, as well as still viable and senescent
diatoms.

TABLE 4 | Particle-associated microbial respiration rates and carbon specific rates for sinking material.

Station Name Water Mass r_exp (µmol O2 m−1 L−1) r_control (µmol O2 m−1 L−1) r_PAM (µmol O2 m−1 L−1) R_PAM (% day−1)

A BSAW −0.215 ± 0.120 −0.076 ± 0.086 −0.139 ± 0.147 10.3 ± 24.0

B BSAW −0.073 ± 0.070 0.017 ± 0.018 −0.090 ± 0.072 −13.7 ± 10.5

C BSAW 0.087 ± 0.044 −0.001 ± 0.009 0.088 ± 0.045 12.8 ± 6.7

D ACW 0.048 ± 0.024 0.030 ± 0.012 0.018 ± 0.027 −0.9 ± 5.7

E ACW 0.019 ± 0.032 −0.001 ± 0.010 0.020 ± 0.033 4.3 ± 8.0

F ACW 0.007 ± 0.041 −0.009 ± 0.008 0.016 ± 0.042 4.2 ± 9.5

G ACW −0.008 ± 0.032 −0.003 ± 0.008 −0.005 ± 0.033 −0.8 ± 7.5

Significant rates in bold and italicized. A total of 188 min were analyzed treating all 16 experimental sample as replicates and the final carbon value used to calculate the
per carbon rate. r_exp, experimental respiration rate ± 1 SD; r_control, control respiration rate ± 1 SD; r_PAM, particle-associated microbial respiration rate ± 1 SD,
R_PAM; carbon specific particle-associated microbial respiration rate ± 1 SD, BSAW; Bering Shelf/Anadyr Waters; ACW, Alaska Coastal Waters.

(30 m) and F (38 m). Station F had the deepest 1% PAR
depth of 38 m, co-occurring with the chlorophyll-a maximum,
but had the second lowest rate of primary productivity of

0.34 g C m−2 day−1. Overall, primary productivity was higher
in the BSAW (0.87–4.24 g C m−2 day−1) than in the ACW
(0.23–0.74 g C m−2 day−1). All three stations in the BSAW had
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less stratified water columns, while all four stations in the ACW
had more stratified water columns.

Export Ratios
Export ratios are a metric that characterizes the efficiency of the
biological carbon pump, calculated using Eq. 2.

export ratio =
flux

primary productivity
(2)

Higher export ratios indicate a more efficient biological carbon
pump and lower ones less efficient. Export ratios ranged from
0.45 to 1.36 with the lowest export ratio observed at station
E and the highest at station B (Table 3). There was no
significant difference in export ratios between water masses
(BSAW: 0.84± 0.45 and ACW: 0.81± 0.27 mean± 1 SD). Three
stations (B, D, and F) had export ratios at or above 1 and the
overall study average export ratio was 0.82± 0.32 (mean± 1 SD).

Moored Sediment Trap Time Series Flux
Rate Measurements
Moored sediment trap-derived POC fluxes provide independent
measures to compare with the fluxes observed with drifting
sediment trap sampling. Drifting sediment trap sampling at
stations B and C took place three and six days following the end
of the moored sediment trap sampling, respectively. Particulate
organic carbon fluxes of 0.8 and 1.2 g C m−2 day−1 at station B
and 2.3 and 1.4 g C m−2 day−1 at station C were obtained with
the moored and drifting sediment traps, respectively (Table 3 and
Figure 4).

At station B, POC fluxes were generally low
(<0.25 g C m−2 day−1) from June through October 2017 with
brief periods of elevated POC fluxes (0.6–1.3 g C m−2 day−1)
occurring around the same time as peaks in fluorescence
(Figure 5). Particulate organic carbon fluxes increased along
with wind speed during November and December 2017 (0.9–
1.4 g C m−2 day−1), decreased during January 2018, and
remained relatively low (<0.65 g C m−2 day−1) when sea ice
was present from January through late April 2018. Fluorescence
remained low from mid-October 2017 through April 2018. Sea
ice melted at the end of April 2018 and the highest POC fluxes
were observed about one month later during late May 2018
(1.5 g C m−2 day−1).

At station C, high POC fluxes were recorded from June to
mid-July 2017 (1.2–1.7 g C m−2 day−1), followed by a period
of low POC fluxes from mid-July through mid-October 2017
(<0.5 g C m−2 day−1) (Figure 5). Spikes in fluorescence occurred
sporadically from June until early October 2017. Particulate
organic carbon fluxes increased starting in mid-October 2017 and
were elevated throughout November and December 2017 (0.9–
1.2 g C m−2 day−1). Particulate organic carbon flux dramatically
decreased when sea ice formed during January 2018. A period
of low POC fluxes was observed between January and May 2018
(<0.5 g C m−2 day−1), while sea ice was consistently present. The
highest POC fluxes were measured at the beginning of June 2018
(2.3 g C m−2 day−1), at the same time as the highest peaks of
fluorescence soon after sea ice retreated from this station.

The moored sediment trap time series indicates that POC flux
had recently peaked at station B before drifting sediment trap
sampling took place during early June 2018, but was likely at or
near the period of peak annual flux at station C (Figure 5). The
composition of the material collected in the moored sediment
trap samples during June 2018 indicated the occurrence of a
pelagic phytoplankton bloom at station B, reflected by the export
of the exclusively pelagic centric diatoms Chaetoceros spp. and
Thalassiosira spp. that usually dominate spring blooms on Arctic
shelves (Degerlund and Eilertsen, 2010; Lalande et al., 2019).
Diatom fluxes, composed of several pennate and centric diatom
groups, were nearly three times higher at station C than at station
B, reflecting a large diatom bloom.

DISCUSSION

The overall objectives of this study were to characterize the
strength and efficiency of the biological carbon pump on the
Pacific Arctic shelf during a warm, low-ice year in order to
shed light on potential current and future changes in carbon
cycling in this region. We addressed this by considering
three major aspects of relevance: primary productivity, sinking
POC flux, and particle-associated microbial respiration during
June of 2018.

Regional Spatial Trends
The largest distinction of regional spatial trends occurred
between the two water masses present in this region (ACW
and BSAW). Consistent with previous studies, the ACW was
warmer and fresher with lower nutrients than the BSAW during
June 2018 (Walsh et al., 1989; Springer and McRoy, 1993). Both
regions were warmer than normal for this time of year and had
experienced much less sea ice than normal (Danielson et al., 2020;
Huntington et al., 2020).

We measured consistently lower POC flux rates in ACW than
BSAW. These results support the previously untested hypothesis
that POC fluxes would be higher in the BSAW compared
to ACW (Grebmeier and McRoy, 1989). This distinction in
primary productivity and POC flux between the ACW and
BSAW could partially be attributed to differences in stratification
between these regions; we found a less stratified water column
in the BSAW, which could contribute to nutrient input to the
surface and allow for higher primary productivity rates. Well-
mixed water could also help facilitate POC mixing out of the
euphotic zone, however it is more likely that this material
could be brought back up to the surface through the same
mechanism. The differences in primary productivity and POC
flux cannot be fully explained by differences in water column
stratification. The two regions were characterized by different
types of sinking particles: more uniform aggregated diatoms and
viable diatoms were found in the BSAW, while more processed
material like fecal pellets and zooplankton were found in the
ACW in addition to living diatoms. This distinction suggests
more processing of POC by zooplankton or heterotrophic
bacteria in the ACW. However, there was no difference in
export ratio or particle-associated microbial respiration between
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FIGURE 4 | Sinking particulate organic carbon fluxes and primary productivity rates with contours of the export ratio between these two parameters measured
during June 2018 on the Pacific Arctic shelf. The circles represent flux measurements from the drifting sediment trap. The stars represent the final flux measurement
from the moored sediment traps (values plotted against the same primary productivity rates). Gray markers provide regional (Fukuchi et al., 1993; Moran et al., 1997,
2005; Lalande et al., 2007, 2020; Lepore et al., 2007; Yu et al., 2010, 2012; Baumann et al., 2013) and black markers global context (Le Moigne et al., 2013). *No
corresponding productivity data with Moran et al., 1997 (Moran et al., 1997), Yu et al. (2010, 2012), and Lalande et al., 2020 (Lalande et al., 2020).

the two water masses, indicating that POC fluxes are mostly
regulated by primary production rates rather than heterotrophic
processing. The spatially uniform particle associated microbial
respiration rates we measured do not support the postulation
that the ACW would have higher particle-associated microbial
respiration rates (Andersen, 1988; Grebmeier and Barry, 1991).
Nonetheless, the higher primary productivity and POC fluxes in
the BSAW demonstrate a stronger biological carbon pump in
the BSAW region.

PN, δ13C, and δ15N values were not significantly different
between the BSAW and the ACW. Higher PN in sinking
material are associated with more nutritious food for the benthos
(Grebmeier et al., 1988). Less negative δ13C values tend to
indicate a larger influence of ice algae or a marine signature while
more negative δ13C values tend to indicate a more coastal or
terrigenous signature (Wooller et al., 2007). Larger δ15N values
were associated with material that is higher on the food chain
(i.e., secondary and tertiary producers), while lower δ15N values
are associated with material lower on the food chain (i.e., primary
producers) (Post, 2002).

The ACW had lower primary productivity than the BSAW.
This regional pattern has been well described previously (Walsh
et al., 1989; Springer and McRoy, 1993) and is attributed to the
lower nutrient concentrations in ACW compared with BSAW
(Danielson et al., 2017). Primary productivity values in both
water masses fell within a typical range for these regions (Lee
et al., 2007; Arrigo et al., 2014; Hill et al., 2018). However,
a primary productivity rate of 16 g C m−2 day−1 has been
previously observed in the Pacific Arctic Shelf (Walsh et al.,

1989; Springer and McRoy, 1993), much higher than what
we measured and what is typically measured. If these higher
production rates were associated with export ratios similar to
what we observed here, then the associated fluxes would be even
more remarkable than the values we observed with the DSTs and
MSTs during this study.

Stations with higher rates of primary productivity tended to
have higher rates of POC flux. However, there was not a perfect
relationship between primary productivity and POC flux, which
caused some variations in the export ratios. The stations with
export ratios over 1 and the high average export ratio indicate an
extremely efficient biological carbon pump or temporal or spatial
decoupling between primary production and flux.

While the dominant regional patterns were associated
with water masses, we also expected some patterns falling
along a latitudinal gradient. It is difficult to separate the
signal of water mass from latitude because most of the
stations that were classified as BSAW were located south
of the stations classified as ACW. We found higher daily
primary productivity rates and POC fluxes at the southern
stations in the BSAW than at the northern stations in
the ACW. The annual POC flux was higher at station C
(215 g C m−2 year−1) than at station B (204 g C m−2 year−1),
indicating an increase in POC flux with latitude. However,
an annual POC flux lower than these (145 g C m−2 year−1)
was measured at about 200 miles north of our study area
(Lalande et al., 2020). Drifting sediment trap sampling at more
stations in the southern portion of the ACW and moored
sediment trap sampling in the ACW are needed to better
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FIGURE 5 | Particulate organic carbon flux (colored bars) measured with moored sediment traps at stations N4 and N6 between June 2017 and June 2018. Sea ice percent cover (cyan line) taken from NSIDC
satellite records (Fetterer et al., 2017). Wind velocity (black line) taken from modeled wind reanalysis (European Centre for Medium-Range Weather Forecasts, 2019). Twenty-four hour smoothing is shown with the
thick black line. Lowpass-filtered current velocity (magenta line) taken from AD, with 12 h smoothing shown with the thick magenta line, temperature (red line), salinity (blue line), fluorescence (green line) taken from
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tease apart the differences associated with latitude and water
mass in this region.

The annual pattern of POC flux shows some latitudinal
distinction between the more northern station C and the more
southern station B. The peak annual flux occurred during early
June 2018 at station C, while the peak annual flux occurred
a couple of weeks earlier at station B (late May 2018). The
spring peak flux was higher at station C (2.3 g C m−2 day−1)
compared to station B (1.5 g C m−2 day−1). Increased POC flux
measurements occurred in the absence of peaks in fluorescence
at both stations from November 2017 to January 2018 strongly
suggesting episodic resuspension events during fall. Particulate
organic carbon fluxes decreased in the presence of sea ice,
reducing wind mixing and resuspension. This is particularly
evident at station C under higher sea ice concentrations. It is
likely that these fall high flux events do not represent increased
net flux, as they are likely partly the result of material that
previously fell to the seafloor being resuspended and collected in
the moored sediment trap again.

Role of Heterotrophy in the Water
Column
Bacterial production largely controls how much exported POC
reaches the seafloor and might increase in Arctic waters under
more acidic, warmer, and lower-ice conditions (Garneau et al.,
2009; Vaqué et al., 2019), which could result in higher pelagic
community carbon demand (Sala et al., 2010). One factor
that has received a lot of thought for the Pacific Arctic
shelf region is how a reduction in ice algae relative to to
pelagic phytoplankton as primary producers might impact the
benthic-pelagic coupling, with the prediction that smaller pelagic
phytoplankton will have slower sinking rates and will therefore
be more likely to be consumed by zooplankton or bacteria
in the water column, resulting in less material reaching the
seafloor (Carroll and Carroll, 2003; Grebmeier, 2012; Moore
and Stabeno, 2015). A slower particle sinking rate will give
more time for bacteria to both colonize and degrade sinking
particles. In our study, we mostly collected pelagic diatoms in
the drifting sediment traps rather than species associated with ice.
However, our direct measurements of microbial respiration rates
associated with sinking particles were mostly indistinguishable
from zero. This is not unprecedented in high latitude regions
(McDonnell et al., 2015).

Conducting a comparison of measured particle-associated
microbial respiration rates from around the globe, we found
that particle-associated microbial respiration generally decreases
with increasing latitude (Figure 6). In our study, the rate
of particle-associated microbial respiration was 2% day−1 on
average, with a 95% confidence interval ranging from −24.2
to 34.3% day−1. Given the shallow nature of the Pacific Arctic
shelf (20 m average distance from base of euphotic zone to
seafloor) and rapid sinking velocity of material caught in the traps
(greater than 100 m day−1), even under the fastest respiration
rate (−24.2% day−1) we calculated that less than 5% of the
exported organic carbon would be remineralized within the water
column before being deposited on the seafloor. Considering

our conservative estimates, the true consumption is likely much
smaller than this value. We conclude that particle-associated
microbial respiration does not play a large role in recycling POC
below the euphotic zone in this region, implying that most of the
material that is exported from the euphotic zone will likely reach
the shallow seafloor.

One mitigating factor in how much organic matter is
deposited on the seafloor is the role zooplankton and free-living
heterotrophic microbes play in consuming organic matter in
the water column. Historically, zooplankton have not consumed
large proportions of organic matter in the water column (Ashjian
et al., 2003; Campbell et al., 2009; Hopcroft et al., 2010; Kitamura
et al., 2017; Lalande et al., 2020), but it is possible they may
play a larger role in the future. One study from just north
of our study area found that primary production rates were
similar to free-living community microbial respiration rates
during the summer, indicating a large proportion of primary
production could be consumed by free-living microbes (Cota
et al., 1996). High export ratios in the present study point to
zooplankton and free-living heterotrophic microbes playing a
small role in consuming organic matter within the euphotic
zone. It is possible that zooplankton and bacteria may play
a larger role in consuming POC later in the summer. We
suggest measuring export ratios and particle associated microbial
respiration rates in August on the Pacific Arctic shelf to answer
this remaining question.

Comparison of Drifting and Moored
Sediment Trap POC Fluxes
The POC flux measurements measured with the drifting and
moored traps at stations B and C, while of similar magnitude,
were not the same. Many factors potentially caused variations
between POC flux values obtained with drifting and moored
traps. One reason is the different sampling times as POC fluxes
may have changed on time scales much shorter than three or
six days. In addition, the moored sediment trap measured flux
over eight days, while the drifting sediment traps measured flux
for six and a half hours and station B and five and a half hours
at station C. If there is a diurnal cycle in flux regulated by
zooplankton or phytoplankton it can be captured in the drifting
sediment trap sampling and masked in the moored sediment
trap sampling. Our study took place on a shallow Arctic shelf
over the summer solstice. It is unlikely there was a diurnal
cycle of primary production due the nearly 24 h of sunlight
that were present. Additionally, due to the shallowness of the
shelf, zooplankton in this region are not know to exhibit diel
vertical migration (Ashjian et al., 2003; Campbell et al., 2009). It
is unlikely that any differences in POC flux are a result of any
changes in flux as a diurnal cycle, and, if present, are likely due to
changes in the rate of primary production controlled by variable
cloud cover and nutrient availability. Finally, the locations of the
moored sediment trap and drifting sediment trap sampling did
not perfectly overlap, although the drifting sediment traps were
deployed within half a mile of the moored sediment traps.

Even if the sampling of these two traps perfectly overlapped in
time and space, it is unlikely that they would produce the same
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FIGURE 6 | Average particle-associated microbial respiration rates (with one standard deviation plotted as vertical error bars) from this study along with previous
measurements at other latitudes. Symbols colored with navy indicate bulk particle respiration measurements, teal indicate measurements taken with RESPIRE in situ
incubator, and maroon indicate rates measured from individual aggregates. WAP, Western Antarctic Peninsula; PAP, Porcupine Abyssal Plain; BATS, Bermuda
Atlantic Time Series. Measurements were taken from this study1, Collins et al. (2015)2, McDonnell et al. (2015)3, Ploug and Grossart (2000)4, Belcher et al. (2016a)5,
Belcher et al. (2016b)6, Ploug and Jorgensen (1999)7, and Iversen and Ploug (2010)8.

POC flux values. One reason is because the moored sediment
traps sample with a Eulerian framework, being moored in one
location sampling various water masses as they flow, while
drifting sediment traps sample with a Lagrangian approach,
staying with one parcel of water and sampling it continuously
as it moves with the currents. Another reason is that each of
these trap designs have their own individual biases. In high
current environments moored sediment traps can tilt to the
side, affecting the collection of sinking particles. However, no
tilt occurred at stations B and C based on CTD data. In
contrast, drifting sediment traps may reduce the vertical shear
in high current environments by floating freely within the
water column. Additionally, we minimized other hydrodynamic
concerns by using a bungee to dampen surface motion,
tubes with a high aspect ratio, and bottom weighted tubes
to keep them upright (Butman et al., 1986; Nodder et al., 2001,
Buesseler et al., 2007). However, sinking POC flux may be
incorrectly measured with drifting sediment traps because the
tubes are open during deployment and recovery, contrary to the
moored sediment traps (Buesseler et al., 2007). This source of
error is minimized by deploying the drifting sediment traps at
a shallow depth (i.e., 30 m).

With these sources of error, it is helpful to have two
independent measurements of POC flux using different methods.
The overall range of POC flux values in June 2018 was 1.48
to 2.29 g C m−2 day−1 with the moored sediment traps and
0.17 to 2.20 g C m−2 day−1 with the drifting sediment traps.
Comparable maximum flux magnitudes from these two different
methods minimize the concerns of collection biases common
with sediment traps and provide some supporting evidence of the
validity of POC fluxes of this magnitude.

Comparing POC Flux, Primary
Productivity, and Export Ratios
Primary productivity rates, sinking flux, and export ratios were
compared with previous measurements from the same study
area (Fukuchi et al., 1993; Moran et al., 1997; Yu et al., 2010,
2012; Lalande et al., 2020), the broader Bering and Chukchi
shelf system (Moran et al., 2005; Lalande et al., 2007; Lepore
et al., 2007; Baumann et al., 2013), the greater Arctic area
(Supplementary Table 1), and from a global compilation (Le
Moigne et al., 2013; Figure 4, and Supplementary Figure 2). The
upper range of our POC flux measurements (2.2 g C m−2 day−1

from drifting sediment trap and 2.3 g C m−2 day−1 from moored
sediment trap) was unprecedentedly high compared to other
measurements in this region and among the highest recorded in
the surrounding areas, the broader Arctic, and globally.

Five previous studies report particulate flux estimates for the
Bering and Chukchi shelves (Fukuchi et al., 1993; Moran et al.,
1997; Yu et al., 2010, 2012; Lalande et al., 2020), two based on
sediment trap measurements. A moored sediment trap deployed
(36 m water depth, 49 m bottom depth) from late June to late
September 1988, about 500 miles south of Bering Strait, measured
flux ranging from 253 to 654 mg C m−2 day−1 (Fukuchi et al.,
1993). More recently, a moored sediment trap deployed (37 m
water depth, 45 m bottom depth) from August 2015 to July
2016, about 200 miles north of our most northern stations on
the Chukchi shelf, measured POC fluxes ranging from 72 to
1184 mg C m−2 day−1 (Lalande et al., 2020). An estimate of
456 mg C m−2 day−1 (36 m water depth, 49 m bottom depth)
was calculated using the 234Th/238U disequilibrium method on
the Chukchi Sea shelf in August 1994 (Moran et al., 1997). Yu
et al. (2010) measured a POC flux value of 243.8 mg C m−2 day−1
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(40 m water depth, 50 m bottom depth) using the 234Th/238U
disequilibrium method sometime between July and September on
the Chukchi shelf within the bounds of our study area. Finally,
during a study on the Chukchi shelf from July to September,
a POC flux measurement of 951.1 mg C m−2 day−1 (30 m
water depth, 40 m bottom depth) was made using the 234Th/238U
disequilibrium method within the bounds of and to the north of
our study area (Yu et al., 2012). We selected the peak annual POC
flux value from Lalande et al. (2020) and the flux measurement
from Moran et al. (1997) and Yu et al. (2010, 2012) and plotted
them directly on the y-axis indicating no known corresponding
primary productivity value (Figure 4). The spatial extent of these
studies are shown along with that of this study in Supplementary
Figure 3. It should be noted that the 234Th/238U disequilibrium
method for calculating sinking POC flux has its own biases,
especially in areas with non-steady state flux events and advection
and dispersion processes (Buesseler et al., 2007), such as on a
shallow Arctic shelf. The measurements of POC flux we made in
this study were the same or higher than previous measurements
made in this region.

We expanded our region of comparison to include the Bering
and Chukchi shelf breaks. Particulate organic carbon flux has
been estimated more frequently on the Bering and Chukchi shelf
breaks, with a maximum flux value at the base of the euphotic
zone of 1.381 g C m−2 day−1 reported slightly south of our
study area on the Bering Sea shelf break (40 m water depth,
>125 m bottom depth) in July 2010 (Figure 6; Baumann et al.,
2013). Additionally, our average regional flux for the BSAW,
1.59 ± 0.54 g C m−2 day−1 (mean ± 1 SD) is much higher
than previous average regional flux estimates from the shelf
breaks just north and south of this region, which range from
34 mg C m−2 day−1 (50 m water depth, bottom depth average
1275 m, May and June sampling period) to 376 mg C m−2 day−1

(50 m water depth, bottom depth average 838 m, May and June
sampling period) (Moran et al., 2005, 2012; Lalande et al., 2007;
Lepore et al., 2007; Baumann et al., 2013). Although individual
measurements of export ratios approaching 1 are somewhat
common (Lepore et al., 2007; Baumann et al., 2013), our average
export ratio of 0.82 ± 0.32 (mean ± 1 SD) is very high. These
observations illustrate the exceptional efficiency and strength of
the biological carbon pump in the shallow Pacific Arctic shelf
and shelf breaks.

Sinking POC flux and primary productivity values were also
compared with a global review of POC flux measurements
obtained using the 234Th/238U disequilibrium method (Le
Moigne et al., 2013). We plotted all values with both POC flux
and primary productivity rate measurements from Le Moigne
et al. (2013), along with previous measurements from the broader
Pacific shelf system, and our specific study area with the values
we measured in this study from the drifting sediment traps and
the last values of POC flux from the moored sediment traps
(Figure 4). When available, sinking POC flux measurements at
the base of the euphotic zone were selected, a metric shown
to be comparable at sites with different bottom and euphotic
zone depths (Buesseler et al., 2020). From this analysis, it is
evident that the primary productivity rates from this study mostly
fall within the upper range of what has been measured in this

region before. Flux measurements at the BSAW stations (0.8–
2.3 g C m−2 day−1) are very high compared to what has been
measured previously (0–1.4 g C m−2 day−1).

In addition to the global review by Le Moigne et al. (2013),
we compiled POC fluxes, primary productivity rates, and export
ratios from other high latitude studies. The results of this review
can be found in Supplementary Table 1. We categorized the
studies by region, including the Baffin Bay, Baltic Sea, Barents Sea,
Beaufort Sea, Bering Sea, Canadian Archipelago, Chukchi Sea,
Fram Strait, Greenland Sea, Hudson Bay, Kara Sea, Labrador Sea,
Laptev Sea, North Atlantic, North Sea, White Sea, as well as the
high Arctic. We considered studies that measured sinking POC
flux rates using drifting, moored, or neutrally buoyant sediment
traps, marine snow catchers, or 234Th/238U disequilibrium. When
possible, we selected samples from as close to the euphotic
zone as possible. Primary productivity rates ranged from 0 to
2.6 g C m−2 day−1 and export ratios ranged from 0.03 to 1.67.
These ranges are consistent with the primary productivity and
export ratios measured in this study. Out of 79 studies, only nine
measured rates of POC flux greater than 1 g C m−2 day−1 that
were measured in the Baffin Bay (Michel et al., 2002), the Barents
Sea (Andreassen and Wassmann, 1998; Olli et al., 2002; Lalande
et al., 2008; Gustafsson et al., 2013), the Bering Sea (Baumann
et al., 2013), the Beaufort Sea (Amiel and Cochran, 2008), the
Chukchi Sea (Lalande et al., 2020), and the North Atlantic
(Buesseler et al., 1992). The highest POC flux measurement of
2.5 g C m−2 day−1 was measured in the Beaufort Sea near the
Makenzie River drainage in June at 50 m depth and 230 m water
depth (Amiel and Cochran, 2008). The second highest POC flux
measurement of 1.5 g C m−2 day−1 was measured in the Barents
Sea in May at 30 m depth and 239 m bottom depth (Olli et al.,
2002). We also selected some studies of POC flux from known
high productivity and/or high flux regions from around the world
(Supplementary Table 2). These POC flux values ranged from
1 to 620 mg C m−2 day−1. Two POC flux values recorded in
the present study were among the highest ever recorded at the
base of the euphotic zone (2.20 g C m−2 day−1 at station A with
a drifting sediment trap and 2.29 g C m−2 day−1 at station C
with a moored sediment trap). With individual flux values from
different methods at different stations ranking among the highest
ever recorded, it is clear that the Pacific Arctic shelf exported a
massive amount of organic carbon out of the euphotic zone, even
in an anomalously warm year with low sea ice.

Limitations and Implications
Even with strong efforts in place to study the processes
on the Pacific Arctic Shelf with the ASGARD program,
there is still a lack of available data. While POC flux and
water column oceanographic measurements are being obtained
more frequently with moored sediment traps, temporally
overlapping primary productivity rate measurements are not
often available, notably later in the summer or earlier in
the spring, when production is highest. Previous primary
productivity measurements obtained later in the summer
(Springer and McRoy, 1993; Lee et al., 2007; Hill et al., 2018) may
no longer be representative of current conditions. Additionally,
particle-associated microbial respiration rates are likely variable
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throughout the spring, summer and fall and therefore cannot
be extrapolated beyond spring. Therefore, there are still many
unknowns regarding how the Pacific Arctic is responding and
will respond to climate change. It is possible that only after many
years of consistently warm and low-ice conditions changes in
the strength and efficiency of the biological carbon pump on the
Pacific Arctic shelf will become apparent.

It has been hypothesized that the strength of the biological
carbon pump in the Arctic may weaken with climate change
due to increased duration of the open-water period for primary
production and enhanced nutrient limitation (Piepenburg, 2005;
Wassmann and Reigstad, 2011; Grebmeier, 2012). Warmer
waters have been predicted to increase metabolic rates of pelagic
grazers and heterotrophic bacteria and potentially favor smaller
phytoplankton and faster-growing grazers that more rapidly
recycle organic matter within the water column (Wassmann
and Reigstad, 2011; Neeley et al., 2018). We postulate that
high nutrient concentrations, the shallow nature of the Pacific
Arctic shelf, and the large-celled, fast-sinking phytoplankton
that dominate pelagic productivity create conditions unique to
this Arctic shelf (Springer and McRoy, 1993; Gradinger, 2009).
Nutrients are unlikely to become more limited, especially in the
BSAW, because of the consistent influx of the Anadyr Current,
which is nutrient replete from Pacific upwelling. High nutrient
concentrations favor large-cell phytoplankton (Li et al., 2009).
Therefore, it is possible the Pacific Arctic shelf will not experience
as dramatic of a shift from large cells to small cells with warming
conditions when compared to other Arctic shelves. Finally, the
Pacific Arctic shelf is shallower than most other Arctic shelves
(averaging only 50 m deep). It will never take very long for
sinking material leaving the euphotic zone to reach the seafloor,
as it only has to sink about 20 m. Even if there is some
increased heterotrophy in zooplankton or bacteria or decrease
in cell size, the shallow nature of the shelf will allow for a
higher proportion of organic matter to reach the seafloor than
over deeper shelves, such as the Canadian Arctic Archipelago
and European Arctic shelf. Increased frequency of storms are
predicted with a changing Arctic (Slats et al., 2019). This could
have major implications for the long-term carbon storage that
historically has occurred on the Pacific Arctic shelf. Hauri et al.
(2013) found that significant portions of carbon once thought
to be stored in sediments on the Chukchi shelf are mixed up
during fall storms. Given these features, we speculate that this
system may retain strong coupling between the pelagic and
benthic realms, continue to support highly productive pelagic
and benthic ecosystems, and act as a strong sink for atmospheric
carbon dioxide, possibly mediated by increased frequency of fall
and winter storms. If these results prove to be a sustained feature
of the rapidly changing Pacific Arctic, the biological carbon pump
could represent an important element of resilience for regional
ecosystems and biogeochemical cycles.

CONCLUSION

Measurements from both drifting and moored sediment traps
indicate that fluxes of sinking POC on the Pacific Arctic shelf

in June 2018 ranged from 0.8 to 2.3 g C m−2 day−1 in BSAW,
making them amongst the highest fluxes ever documented in the
global oceans. This region was also characterized by high export
ratios and low rates of particle associated microbial respiration.
These observations indicate that the biological carbon pump
on the Pacific Arctic shelf is exceptionally strong and efficient
despite a recent multi-year shift to warmer and relatively ice-
free conditions (Fetterer et al., 2017; Stabeno and Bell, 2019;
Danielson et al., 2020; Huntington et al., 2020). While the
majority of the fluxes we observed during June 2018 were
unprecedented relative to the limited number of historical flux
measurements from this region, the data are still insufficient to
determine whether functioning of the biological carbon pump
has changed significantly relative to earlier, colder, and ice-replete
years. Nonetheless, our observations do not provide supporting
evidence for the common prediction that a weaker biological
carbon pump and increased pelagic heterotrophy will prevail on
the Pacific Arctic’s continental shelves under future change.
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