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a b s t r a c t

Phytoplankton production measurements were conducted in the northeast Chukchi Sea and western
Canada Basin in the summer season, from 20 July to 10 August 2010, using a 13C–15N dual tracer
technique. The daily carbon uptake rate in the northeast Chukchi Sea in 2010 was extremely low, with a
mean of 29.8 mg C m�2 d�1 (SD¼17.6 mg C m�2 d�1). Regional and temporal differences caused the
low production rate compared to previous studies in the northeast Chukchi Sea. In the western Canada
Basin, the mean daily carbon uptake rate from this study was 20.6 mg C m�2 d�1, which was influenced
by the dominance of small phytoplankton resulting in a low carbon uptake rate in the region. The
regionally high nitrate uptake rates compared to ammonium uptake rates in the western Canada Basin
can be caused by warm-core eddies, which supply high levels of nitrate to the euphotic zone. Warm-core
eddies in the Canada Basin substantially enhanced local phytoplankton production and the contribution
of large phytoplankton. Therefore, the effects of physical forcing events (such as “an” eddy) on the
primary production need to be examined further to better understand changes of primary production
under ongoing environmental changes in the Arctic Ocean.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Over the last decade, the Arctic Ocean has experienced anomalous
sea ice loss during summer (Stroeve et al., 2007; Comiso et al., 2008).
The sea ice loss creates longer ice-free periods and thus might allow
more heating of the upper ocean during summer (Steele et al., 2008).
The largest sea ice loss has been observed in the Pacific sector of the
Arctic Ocean (Western Arctic Ocean), which is a region that is well
matched in both the spatial pattern of sea ice loss and the distribution
of warm Pacific Summer Water (PSW) (Shimada et al., 2006). In
addition, Steele et al. (2010) found that about 80% of the upper ocean
warming in the Pacific sector of the Arctic Ocean during summer
originated in local atmospheric heating.

The continuing loss of sea ice could result in changes to various
physical environmental factors in the Arctic Ocean. Changes in surface
water properties, such as the near-surface temperature maximum
(Jackson et al., 2010) and surface ocean acidification (Yamamoto‐Kawai
et al., 2009), have been observed in the Canada Basin. In addition, a
strong Beaufort Gyre (Shimada et al., 2006; Yang, 2009) and thereby

the accumulation of surface fresh water within the Beaufort Gyre
(Proshutinsky et al., 2009) resulted in the nutricline deepening
(McLaughlin and Carmack, 2010) in the Canada Basin. Under the
deepened nutricline condition, eddies could have an important role in
nutrient transport and phytoplankton distribution (Nishino et al.,
2011a, 2013). According to Kawaguchi et al. (2012), eddies may appear
more frequently because they are likely to be formed by baroclinic
instability of the enhanced westward flow of the Beaufort Gyre
associated with the recent loss of sea ice.

These recent environmental changes, caused mainly by the loss of
sea ice, have greatly affected the physiological status, community
structure, and primary production of phytoplankton (Li et al., 2009;
Lasternas and Agustı ,́ 2010; Lee et al., 2010). Li et al. (2009) found the
average phytoplankton size to be decreasing in the freshening and
warming surface layer in the Canada Basin. Lasternas and Agustı´
(2010) also reported exceptional dominance of the colonial form of
Phaeocystis pouchetii following the massive ice losses in summer 2007.
In addition, Lee et al. (2010) observed higher carbon and nitrogen
uptake rates in phytoplankton with the increased quantity of light
passing through thinner sea ice.

Because sea ice loss is strongly related to the increase in under-
water irradiance, primary production might be expected to increase in
the Arctic Ocean. Based on satellite ocean color data, Arrigo et al.
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(2008) found that large increases in annual net primary production by
phytoplankton on the continental shelves of the Siberian, Laptev, and
Chukchi Seas, which can be explained by the increased open water
area and a longer growing season. In addition, the increased wind
forcing caused by the ice edge retreats can supply deep nutrient-rich
waters to the phytoplankton and thus increased primary production
on the shelves can be expected (Carmack and Chapman, 2003;
Carmack et al., 2004). However, the upper ocean warming and
freshening caused by sea ice melting may increase stratification and
prevent the nutrient inputs from deep waters to the euphotic zone
(Hill et al., 2013). Thus, it is important to monitor how recent
phytoplankton production has changed under the rapidly changing
environmental conditions in the region of the Arctic Ocean because
phytoplankton production could be an important trigger of ecosystem
change.

Our first Arctic cruise was conducted onboard the Korean
research icebreaker ARAON in the Western Arctic Ocean (e.g.,
Northeast Chukchi Sea and Western Canada Basin) during summer
in 2010. Here we describe the general characteristics of phyto-
plankton production in the region and compare our findings with
those of previous studies to improve understanding of changes in
primary production under the ongoing environmental changes in
the western Arctic Ocean. In addition, the potential effects of an
anticyclonic warm-core eddy found in the western Canada Basin
on the phytoplankton biomass and production rate are discussed.

2. Materials and methods

2.1. Study area

Oceanographic sampling was undertaken at a total of 38 stations in
the northeast Chukchi Sea and the western Canada Basin (mostly in
the Chukchi Cap and the west of the Northwind Ridge; Fig. 1) from 20
July to 10 August 2010, onboard the Korean research icebreaker

ARAON. For deck incubation, primary productivity was measured at
19 selected morning stations (Fig. 1). The study area was comprised of
a shallow shelf (o100m) and a deep basin (43000m). To under-
stand the regional characteristics of primary productivity, the study
area was separated into the northeast Chukchi Sea and the western
Canada Basin using 1651W longitude as a boundary. The northeast
Chukchi Sea is relatively shallow with a depth of o100–350m and
contained five productivity stations (Stns. 1, 3, 4, 35, and 38). The
productivity stations around the Chukchi Cap and the Northwind
Ridge including the western boundary of the Canada Basin were
categorized as the western Canada Basin stations (Stns. 6, 8, 10, 13, 14,
16, 18, 21, 23, 27, 28, 29, 31, and 32) (Fig. 1).

2.2. Hydrographic and water sampling

Water column profiles of water temperature, salinity, and
density were obtained from downcast measurements using a
Seabird SBE-911þ CTD profiler mounted on a rosette. Water
samples were collected with the rosette sampler equipped with
20 l Niskin bottles.

The depth of the euphotic zone (Zeu) in this study was defined
as the depth receiving 1% of the near-surface PAR value (photo-
synthetically active radiation) determined using an underwater
PAR sensor (LI-COR underwater 4π light sensor), lowered with
CTD/rosette sampler. The mixed-layer depth (Zm) was defined here
as the shallowest depth where seawater density first exceeded the
value recorded at 5 m depth by 0.03 kg m�3 (Gardner et al., 1995).

2.3. Nutrient and chlorophyll a concentration measurements

The discrete water samples used for measurement of dissolved
inorganic nutrient concentrations (nitrate, ammonium, phosphate,
and silicate) were analyzed onboard immediately after collection,
using an automated nutrient analyzer (SEAL, QuAAtro) following
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Fig. 1. Locations of the primary productivity stations during the 2010 ARAON cruise in the northeast Chukchi Sea and western Canada Basin. Location of st. 38 represents a revisit of st. 1.
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the QuAAtro multitest methods. The analytical accuracy for
nutrient concentrations in water samples was 70.02 mM for
phosphate and 70.1 mM for nitriteþnitrate, ammonium, and
silicate.

Water samples used for the measurement of total chlorophyll a
concentration were filtered through Whatman GF/F filters
(24 mm). The size-fractionated chlorophyll a concentration was
determined for samples passed sequentially through 20- and 5-mm
Nuclepore filters (47 mm) and 0.7-mm Whatman GF/F filters
(47 mm). The filters were kept frozen until the analysis onboard.
The filters were subsequently extracted in 90% acetone, placed in a
freezer at 4 1C for 24 h, and centrifuged following the procedure of
Parsons et al. (1984). Chlorophyll a concentrations were measured
using a Trilogy fluorometer (Turner Designs, USA) which had been
calibrated with commercially purified chlorophyll a preparations.

2.4. Phytoplankton uptake rate measurements using stable carbon
and nitrogen isotopes

In situ carbon and nitrogen uptake rates of phytoplankton were
measured using a 13C–15N dual tracer technique (Lee and
Whitledge, 2005; Lee et al., 2010). Six photic depths (100%, 50%,
30%, 12%, 5%, and 1% penetration of near-surface irradiance, PAR)
were determined from the underwater PAR sensor (LI-COR under-
water 4π light sensor) lowered with CTD/rosette sampler. The
near-surface PAR (100% light depth) was measured at 2 m depth
just below the ocean surface. Water samples were collected from
all of the corresponding light depths to use in the on deck
incubations and the surface water collected from 2 m depth was
used for 100% light treatment. Water samples were screened
through a 300-mm Nitex mesh to remove large grazers
(Sakshaug, 1980; Carmack et al., 2004) and taken in polycarbonate
incubation bottles (0.5 L), which were covered with neutral
density screens to simulate each light depth over the euphotic
zone. Labeled carbon (NaH13CO3), nitrate (K15NO3), and ammo-
nium (15NH4Cl) substrates were inoculated in the bottles imme-
diately after water sampling. Bottles were incubated on deck in a
large polycarbonate incubator cooled with running surface sea-
water under natural light conditions for approximately 4 to 5 h.
After the incubation, all samples used to determine productivity
were terminated by low-vacuum (o100 mm Hg) filtration onto
precombusted (450 1C, 4 h) glass fiber filters (Whatman GF/F;
diameter¼25 mm) and then immediately frozen at �20 1C. In
home laboratory, the frozen filters were acidified by concentrated
hydrochloric acid (HCl) fumes overnight to remove carbonate
(Hama et al., 1983). After HCl fume treatment, the filters were
almost dried up. The abundances of 13C and 15N and the total

amounts of particulate organic carbon (POC) and nitrogen (PON)
were determined using the Thermo Finnigan DeltaþXL mass
spectrometer at the Alaska Stable Isotope Laboratory of the
University of Alaska, Fairbanks, USA. Finally, the carbon and
nitrogen production rates were calculated based on Hama et al.
(1983) and Dugdale and Goering (1967), respectively. All carbon
and nitrogen uptake rates were expressed as multiplying specific
uptake rates (carbon or nitrogen taken up per unit particulate
organic carbon or nitrogen) by particulate organic matter
concentrations.

3. Results

3.1. Physical condition

The water mass distribution in the western Arctic Ocean was
characterized by the inflow of Pacific Water through the Bering
Strait. Pacific Summer Water (PSW) and Pacific Winter Water
(PWW) in the upper layers of the western Arctic Ocean
(o�200 m) are shown in Fig. 2. In the upper 200 m, the
temperature ranged from �1.7 to 0.5 1C. Temperature maximums
of �1.0–0.5 1C were observed between 50 and 100 m and were
linked to the inflow of PSW, while a temperature minimum
(o�1.4 1C) between 100 m and 200 m was linked to the injection
of PWW (Fig. 2a). Salinity in the upper 200 m ranged from 25.5 to
34 psu and surface salinity was lowest owing to summer sea ice
melt, river runoff, and low-salinity PSW (Fig. 2b). The upper
halocline (characterized by a salinity of 33.1) had a near-freezing
temperature minimum and nutrient maximum (e.g., Jones and
Anderson, 1986; Cooper et al., 1997). According to Pickart and
Stossmeister (2008), the eastward-flowing shelfbreak boundary
current advected this upper halocline water and their seasonally
different configurations lead to the formation of different types
eddies in the Canada Basin.

The Zeu varied between 30 and 60 m among the production
stations with a mean of 4878 m (Table 1). The mixed layer
occupied the 7–23 m depth range. At the stations with low levels
of sea ice cover (o40%), the mean Zm was shallow, extending only
to a depth of 9 m. In comparison, a thicker mixed layer
(mean¼13 m) was observed at the heavy ice covered stations
(450%) (Table 1).

3.2. Nutrient distribution

In the study area, the nitrate concentrations of surface waters
were low (o1 mM), but rapidly increased with increasing depth
(Fig. 3a). The nitrate concentration within the Zeu ranged from 0.36
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to 4.18 mM, with a mean of 0.93 mM (SD¼70.90 mM), whereas the
nitrate concentration within the Zm ranged from 0 to 0.86 mM,
with a mean of 0.30 mM (SD¼70.21 mM). The ammonium con-
centration was fairly uniform throughout the water column,
except for some stations (Fig. 3b). The concentration of phosphate
in surface waters was about 0.5 mM and reached up to 2.0 mM
throughout the water column (Fig. 3c). The vertical distribution of
silicate concentrations in the upper 300 m was very similar to that
of nitrates and they were generally higher in the bottom layer than
in the shallow layers (Fig. 3d).

3.3. Chlorophyll a concentration

The chlorophyll a concentration integrated from surface to
mixed-layer depth ranged from 0.2 to 2.4 mg m�2, with a mean
of 0.6 mg m�2 (SD¼0.6 mg m�2) (Fig. 4). The averaged concen-
trations up to mixed- layer depth were 1.3 mg m�2 (SD¼
70.7 mg m�2) and 0.3 mg m�2 (SD¼70.2 mg m�2) for the
northeast Chukchi Sea and the western Canada Basin, respectively.
The chlorophyll a concentration integrated over the euphotic zone
averaged for all the productivity stations was 8.3 mg m�2

(SD¼75.0 mg m�2). In the northeast Chukchi Sea, the average
chlorophyll a concentration was 9.773.7 mg m�2. In comparison,
the chlorophyll a concentration in the western Canada Basin was
7.7 mg m�2 (SD¼75.4 mg m�2). Remarkably high chlorophyll a
concentrations (415 mg m�2) were observed at stations 10 and
13 in the western Canada Basin, even when other stations in the
region showed evenly low chlorophyll a concentrations (Fig. 4).

The percentage of the total chlorophyll a concentration in the
different size fractions for each of the 19 stations is shown in Fig. 5.
On average, the large phytoplankton (420 mm) contributed about
26.2% (SD¼720.8%), whereas the small phytoplankton
(0.7–5 mm) contributed 54.8% (SD¼721.7%) of the total chloro-
phyll a concentration in the study area. Medium-size phytoplank-
ton (5–20 mm) contributed about 19.0% (SD¼711.0%). With the
exception of station 35, the contribution of large and medium-size
phytoplankton (45 mm) was considerably higher in the northeast
Chukchi Sea (over 70%), whereas the small phytoplankton con-
tributed about 70% of the total biomass in the western Canada
Basin. At stations 10 and 13, the contribution of large and

medium-size phytoplankton (45 mm) was remarkably high (up
to 55%) and the contribution of small phytoplankton was low
(about 45%) (Fig. 5).

3.4. Vertical patterns of chlorophyll a, primary production, and
biomass-specific production

The chlorophyll a concentration was lowest at the surface,
with a mean of 0.06 mg m�3 (SD¼70.04 mg m�3) and the
maximum concentration of chlorophyll a was 0.63 mg m�3

(SD¼70.57 mg m�3) at 1% light level in this study (Fig. 6). The
productivity maximum was also observed at 1% light level with a
mean 0.06 mg C m�3 h�1 (SD¼70.10 mg C m�3 h�1). It seems
that the maximum productivity occurred in association with the
chlorophyll a maximum. The highest biomass-specific production
was observed at the surface, decreasing with depth (Fig. 6). The
biomass-specific productions were not significantly different (t-test,
p40.05) between the northeast Chukchi Sea and western
Canada Basin.

3.5. Carbon and nitrogen uptake rates

Hourly carbon uptake rates integrated over the euphotic zone
from six light depths ranged from 0.17 to 4.15 mg C m�2 h�1, with
a mean of 0.96 mg C m�2 h�1 (SD¼0.98 mg C m�2 h�1) (Fig. 7).
The carbon uptake rates in the northeast Chukchi Sea ranged from
0.37 to 2.24 mg C m�2 h�1, with a mean of 1.24 mg C m�2 h�1

(SD¼70.73 mg C m�2 h�1). In comparison, the average rates in
the western Canada Basin were slightly lower than that in the
northeast Chukchi Sea (0.8671.06 mg C m�2 h�1). Although the
rates at other stations in the western Canada Basin were low
(o 1 mg C m�2 h�1), stations 10 and 13 had exceptionally high
values (Fig. 7).

Total nitrogen (nitrateþammonium) uptake rates ranged from
0.24 mg N m�2 h�1 to 7.50 mg N m�2 h�1, with a mean of
2.0 mg N m�2 h�1 (SD¼72.3 mg N m�2 h�1) (Fig. 8). The verti-
cally integrated nitrate uptake rates ranged from 0.02 mg
NO3 m�2 h�1 to 5.15 mg NO3 m�2 h�1 (mean7SD¼0.971.5 mg
NO3 m�2 h�1), whereas the ammonium uptake rates ranged from
0.08 mg NH4 m�2 h�1 to 6.90 mg NH4 m�2 h�1, with a mean of
1.1 mg NH4 m�2 h�1 (SD¼71.5 mg NH4 m�2 h�1). The average
nitrate uptake rate was 1.3 mg NO3 m�2 h�1 (SD¼71.6 mg
NO3 m�2 h�1) in the northeast Chukchi Sea, whereas the average
nitrate uptake rate in the western Canada Basin was 0.8 mg NO3

m�2 h�1 (SD¼71.5 mg NO3 m�2 h�1). In comparison, the aver-
age ammonium uptake rates for the northeast Chukchi Sea and
western Canada Basin were 1.9 mg NH4 m�2 h�1 (SD¼72.8 mg
NH4 m�2 h�1) and 0.8 mg NH4 m�2 h�1 (SD¼70.6 mg
NH4 m�2 h�1), respectively. Stations 10 and 13 in the western
Canada Basin had considerably higher nitrate uptake rates com-
pared to ammonium uptake rates, unlike the other stations, which
had higher ammonium uptake rates or similar nitrate and ammo-
nium uptake rates (Fig. 8). The nitrate uptake rates in this region
(stations 10 and 13) were about two orders of magnitude higher
than those in other stations in the western Canada Basin.

3.6. Warm-core eddies in the Canada Basin

In a transect from stations 5 to 14 within the western Canada
Basin, warm-core eddies were observed near the surface to a
depth of 100 m (Fig. 9a). The geostrophic velocity indicated that
two warm eddies were spinning anticyclonically (Fig. 9b). The core
temperature reached about �0.5 1C in the two warm eddies. The
diameters of the eddies were approximately 25 km and 40 km in
the horizontal axis for the left and right sides of the eddies,
respectively, and slightly larger than the scale of previously

Table 1
Location, water depth (m), euphotic zone depth (Zeu), mixed layer depth (Zm), and
sea ice cover (%) for phytoplankton productivity stations in the northeast Chukchi
Sea and western Canada Basin in 2010.

Station Date (mm/
dd/yr)

Location Depth
(m)

Zeu
(m)

Zm
(m)

Sea ice
coverage
(%)Latitude

(oN)
Longitude
(oW)

1 07/20/10 73.1263 168.9477 75 30 11 80–90
3 07/21/10 73.5107 166.9910 110 40 13 60–70
4 07/23/10 73.7467 167.0553 165 40 23 80–90
6 07/26/10 75.0422 159.4983 1840 42 9 0–10
8 07/27/10 74.9930 158.4880 950 40 9 20–30

10 07/27/10 75.0130 157.4958 1290 50 9 10–20
13 07/28/10 75.1987 156.3967 3900 44 9 70–80
14 07/29/10 74.9753 155.9090 3904 50 9 0–10
16 07/30/10 75.4442 156.0717 2800 60 9 10–20
18 07/31/10 75.7943 155.9358 2050 60 9 20–30
21 08/01/10 75.9912 156.9975 940 54 13 70–80
23 08/01/10 75.9935 157.9603 520 54 15 50–60
27 08/02/10 75.9870 160.1027 2100 56 9 20–30
28 08/06/10 78.0040 160.0302 2660 44 7 70–80
29 08/07/10 76.9980 159.9532 2160 60 13 70–80
31 08/07/10 75.9903 162.5230 2090 53 13 0–10
32 08/08/10 75.4995 163.8303 1920 50 9 10–20
35 08/09/10 74.5065 166.2580 340 46 7 30–40
38 08/10/10 73.1165 168.9323 73 38 9 0–10
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reported eddies (10–20 km) (Muench et al., 2000; Mathis et al.,
2007; Pickart and Stossmeister, 2008). The cold water with salinity
of 33 and 34 was identified as PWW located below the surface
warm water (Fig. 9a).

A depressed nitracline was observed below the core of the left
side eddy, while the shoaling of the nitracline with the right side
eddy was shown in between two eddies (Fig. 9c). The silicate and
phosphate distributions were similar to those of nitrate (data not
shown), whereas the mean ammonium concentration in eddy
regimes was not largely different from that in other stations of
the Canada Basin (detailed in Section 4.3). Chlorophyll a

concentrations were higher at the periphery of the eddies than
in the surrounding waters at the same depths (Fig. 10a). The
highest chlorophyll a concentrations were observed at stations 10
and 13. On the basis of the size-fractionated chlorophyll a
concentration, we identified that the contribution of large phyto-
plankton (420 mm) at stations 10 and 13 was high (up to 40%)
compared to the other stations, which had lower contributions
from large phytoplankton (about 15% of total biomass) (Fig. 10b).

Fig. 3. The vertical structure of nitrate [mmol/l] (a), ammonium [mmol/l] (b), phosphate [mmol/l] (c), and silicate [mmol/l] (d) concentrations in the study area in 2010.

1 3 4 35 38 6 8 10 13 14 16 18 21 23 27 28 29 31 32

In
te

gr
at

ed
 to

ta
l c

hl
or

op
hy

ll 
a 

co
nc

en
tra

tio
n 

(m
g 

m
-2

)

0

5

10

15

20

25

Zm
Zeu

northeast
Chukchi Sea

western 
Canada Basin

Fig. 4. Total chlorophyll a concentrations [mg m�2]. The chlorophyll a data were
obtained by the integration of volumetric values from the surface to 1% light depth.

1 3 4 35 38 6 8 10 13 14 16 18 21 23 27 28 29 31 32

pe
rc

en
ta

ge
s (

%
)

0

20

40

60

80

100

>20 m chlorophyll a as % of total
5-20 m chlorophyll a as % of total
<5 m chlorophyll a as % of total

northeast
Chukchi Sea

western 
Canada Basin

µ
µ

µ

Fig. 5. Percentage of chlorophyll a in the different size fractions (420 μm,
5–20 μm, and o5 μm) for each of the 19 primary production stations.

M.S. Yun et al. / Deep-Sea Research II 120 (2015) 61–71 65



4. Discussion

4.1. Carbon uptake rate

4.1.1. Carbon uptake rate in the northeast Chukchi Sea
Based on a 24-h photo period (Subba Rao and Platt, 1984) and

the hourly carbon uptake rates measured in this study, the mean
daily carbon uptake rate of phytoplankton was 29.8 mg C m�2 d�1

in the northeast Chukchi Sea. This value is very low compared
with those reported from previous studies in the region (Table 2).
Lee et al. (2013a) reported about six-times higher carbon uptake
rates in the northern Chukchi Sea (mean¼175.5 mg C m�2 d�1).
In addition, the daily carbon uptake rates obtained by Yun et al.
(2014) and Lee et al. (2007) were 135.9 mg C m�2 d�1 and
162 mg C m�2 d�1 in the northern Chukchi Sea, which is located
primarily around Wrangel Island.

The extremely low rate in this study compared to previous
studies might be explained by regional differences. The study
regions of Lee et al. (2007) and Yun et al. (2014) were located in
the western part of the northern Chukchi Sea, which is strongly
affected by Anadyr Water carrying high nutrients and phytoplank-
ton biomass (Robie et al., 1992; Springer and McRoy, 1993),
whereas the region we studied was mainly in the eastern part of
the northern Chukchi Sea. In fact, because of the different water
masses in the Chukchi Sea, largely different primary productions
in the western and eastern sides have been identified in some
studies (Walsh et al., 1989; Lee et al., 2007; Yun et al., 2014).
Although the region investigated by Lee et al. (2013a) covered the
eastern part of the Chukchi Sea, it was located at a lower latitude
(o 72oN) than our study region (72oN–75oN). According to
Gosselin et al. (1997), average areal rates of particulate production
sharply decrease with increasing latitude between 70oN and 75oN.
They suggested that the latitudinal variability of phytoplankton
production and biomass in summer were regulated by the surface
ice cover and the surface mixed-layer depths, since they determine
the amount of light available to the phytoplankton in the water
column (Gosselin et al., 1997). Thus, the lower carbon uptake rate
in this study compared to previous studies can be due to the high
latitudinal location with easterly location.

In addition to regional differences, temporal differences might
affect the carbon uptake rate of phytoplankton. Previous studies
were usually conducted in August or September (Lee et al., 2007,
2013a; Yun et al., 2014) (Table 2), which presented generally ice-
free or sparse ice conditions in the Chukchi Sea. However, our
study was conducted during the early ice-opening season. Con-
siderable ice cover was present during the expedition in the
Chukchi Sea except for at station 38, which was the final station
of the cruise (See Table 1). Based on satellite data, we observed
that most of the study area in July was completely covered by
heavy ice with a concentration over 70%. Ice cover started to
retreat from the region towards August and was covered by
partially melted and fragmented ice. Assuming open water for
the region where sea ice cover was lower than 30% as suggested by
Hill et al. (2013), approximately 26% was occupied as open water
area within the entire area in July and open water area in mid-
August was increased up to about 49%. Since the greater ice cover
would cause slower phytoplankton growth and reduced biomass,
the lower carbon uptake rate in our study compared to previous
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studies could be induced under the greater ice cover generating a
weak light regime. Yun et al. (2012) found lower specific carbon
uptake rates (h�1) (carbon taken up per unit particulate organic
carbon: therein Legendre and Gosselin, 1996) under heavy ice
cover compared to ice-free and intermediate conditions.

In addition, the phytoplankton in some locations had already
experienced the bloom phase and thus caused low carbon uptake
rates during this study. Vertical profiles of chlorophyll a and
productivity showed that they were considerably low in the
surface waters and the maximum productivity occurred in asso-
ciation with the chlorophyll a maximum depth, which is corre-
sponding to 1% light depth (Fig. 6). The nitrate data indicated the
concentrations within Zm and Zeu was very low as 0.3070.21 mM
and 0.9370.90 mM, respectively. These general distributions of
chlorophyll a and nitrate suggest a post-bloom condition (Cota et
al., 1996). Although the considerable sea ice cover existed during
this study, the phytoplankton could have bloomed under the thin
ice or ice free conditions. However, some locations might not yet
have experienced a bloom under the heavy ice conditions or just
started a bloom-phase with early ice-opening. Therefore, the sea
ice cover could be a major factor affecting carbon uptake rates
during this study.

4.1.2. Carbon uptake rate in the western Canada Basin
The average daily carbon uptake rate in the western Canada

Basin from this study was 20.6 mg C m�2 d�1 (based on a 24-h
photoperiod for comparison with previous studies). This value
includes the exceptionally high carbon uptake rates at stations 10
and 13, which were affected by warm-core eddies (detailed in
Section 4.3). Lee and Whitledge (2005) reported a mean daily
carbon uptake rate of 106 mg C m�2 d�1 in the western Canada
Basin during mid-August to early September. Lee et al. (2010)
obtained carbon uptake rates (59.5 mg C m�2 d�1) during late
June to mid-July that were three times higher than the values in
our study (Table 2). In addition, Lee et al. (2012) reported
mean daily carbon uptake rates of 31.2 mg C m�2 d�1 and
74.4 mg C m�2 d�1 for ice-free and newly open regions, respec-
tively in the Canada Basin during early August to early September.
The daily carbon uptake rates under an ice-covered region,
estimated by Yun et al. (2012) based on mid-September to mid-
October measurement, were lower (9.8 mg C m�2 d�1) than the
values in this study. If the substantially high values at stations 10
and 13 are not considered, the value in this study (11.97
7.3 mg C m�2 d�1) is comparable with that obtained by Yun
et al. (2012).

Fig. 9. Vertical sections of temperature [oC] (color) and salinity (contours) (a), geostrophic velocity [cm/s] (b), and nitrite and nitrate concentrations [mmol/l] (c) along a
section from station 5 to station 14 in the western Canada Basin. Geostrophic velocity was calculated assuming that the level of no motion lies at 300 db.
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Although each study was executed in different summer sea-
sons, phytoplankton biomass represented as chlorophyll a was not
largely different among studies (Table 2). In contrast, the produc-
tion/biomass ratio (P/B ratio which was calculated by dividing the
daily carbon production rate (mg C m�2 d�1) by the integrated
chlorophyll a concentration (mg chl m�2) was considerably differ-
ent among studies. For example, Lee and Whitledge (2005)
obtained the highest P/B ratio (14.5) during mid-August to early
September, and then Lee et al. (2012) reported the second-highest
P/B ratio (6.3) based on the measurement from 1 August to
7 September. Lee et al. (2010) found a lower P/B ratio (5.5) during
the early summer from late June to mid-July. We obtained a much
lower P/B ratio (2.7), and Yun et al. (2012) found the lowest ratio
(1.6) during mid-September to mid-October in 2009. This is similar
to the sequence of daily carbon uptake rates to our study. Thus, the
different biomass-specific photosynthetic rate in different seasons
might be one of factors affecting the carbon uptake rates of
phytoplankton in the Canada Basin.

Since the carbon uptake rates of phytoplankton could be
different by phytoplankton size composition (Lee et al., 2013b),
the size composition of phytoplankton might affect to the phyto-
plankton production in the region. In our study, as much as 64%
(SD¼9.1%) of phytoplankton was small (0.7–5 mm), and large
phytoplankton (420 mm) did not exceed 20% (SD¼9.9%) of the
total biomass (Fig. 5). The high carbon and nitrogen uptake rates of
phytoplankton at stations 10 and 13 in the Canada Basin coincided
with a dominance of large phytoplankton (about 40.5%), suggest-
ing that the high levels of small phytoplankton observed in this
study may be associated with the low carbon uptake rate. In fact,
there was a positive relationship between the large size phyto-
plankton fraction and carbon uptake rates (r2¼0.59, po0.05). In
the southern Chukchi Sea, Lee et al. (2013b) reported that small
phytoplankton had lower specific carbon uptake rates compared to
large phytoplankton. Therefore, the amount of large cell contribu-
tion appears to be a major determinant of greater productivity in
the region and consequently the low carbon uptake rates in the
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Table 2
Comparison of recent daily carbon uptake rates measured using 13C–15N dual stable isotopes and integrated chlorophyll a concentrations in the northern Chukchi Sea and
Canada Basin.

Region Place Source Daily carbon
uptake rates
(mg C m�2 d�1)

Integrated
chlorophyll a
concentration
(mg m�2)

Season

Northern Chukchi Sea

western part Lee et al. (2007) 162 126 From 10 to 22 Aug
western part Yun et al. (2014) 135.9 25.4 From 1 to 31 Sep
southeast part Lee et al. (2013a) 175.5 26 From 5 to 14 Aug
northeast part This study 29.8 9.7 From 20 July to 10 August

Canada Basin

western part Lee and Whitledge (2005) 106 7.3 From mid Aug to early Sep
western part Lee et al. (2010) 59.5 10.8 From 27 Jun to 26 Jul
western part (ice-free region)

)
Lee et al. (2012)

31.2 13.8
From1 Aug to 7 Sepwestern part (newly opened region) 74.4 11.8

central part Yun et al. (2012) 9.8 6.03 From Sep 17 to 15 Oct
western part This study 20.6 7.7 From 20 July to 10 August
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western Canada Basin observed in this study may be the result of
the dominance of small phytoplankton with a low uptake rates
(Lee et al., 2013b).

4.2. Nitrogen uptake rate in 2010

The mean daily nitrate uptake rates of phytoplankton in the
northeast Chukchi Sea and western Canada Basin in 2010 were
31.2 mg NO3 m�2 d�1 (SD¼37.8 mg NO3 m�2 d�1) and 19.6 mg
NO3 m�2 d�1 (SD¼37.2 mg NO3 m�2 d�1), respectively. In com-
parison, the mean daily ammonium uptake rates of phytoplankton
were 46.1 mg NH4 m�2 d�1 (SD¼67.5 mg NH4 m�2 d�1) and
18.8 mg NH4 m�2 d�1 (SD¼14.3 mg NH4 m�2 d�1) for the north-
east Chukchi Sea and western Canada Basin, respectively. Higher
uptake rates of ammonium than nitrate by phytoplankton were
observed in the northeast Chukchi Sea, whereas in the western
Canada Basin, nitrate uptake rates were slightly higher than
ammonium uptake. In some previous studies in the Canada Basin,
nitrogen uptake rates of phytoplankton were usually dependent
on ammonium (Lee and Whitledge, 2005; Lee et al., 2010; Yun
et al., 2012). Those studies reported ammonium uptake rates that
were three to seven times higher than the nitrate uptake rates (Lee
and Whitledge, 2005; Lee et al., 2010; Yun et al., 2012). The
noticeably high nitrate uptake rates compared to ammonium
uptake rates observed in some stations of the Canada Basin in
our study might be the result of the increased nitrate uptake rate
as a consequence of nitrate supply by warm-core eddies (detailed
in Section 4.3). The nitrate input to the euphotic zone could have
resulted in enormously high nitrate uptake rates by phytoplankton
in the western Canada Basin in 2010 (Fig. 8). The average nitrate
uptake rate calculated after excluding stations 10 and 13 in the
eddy regime was 5.2 mg NO3 m�2 d�1, which is about three times
lower than the ammonium uptake rate (16.3 mg NH4 m�2 d�1).

In our study, the mean f-ratio (nitrate uptake/nitra-
teþammonium uptakes) was 0.39 (SD¼0.21) in the western
Canada Basin. This value is considerably high, compared with
those reported in previous studies in the region (Cota et al., 1996;
Lee and Whitledge, 2005; Yun et al., 2012). Cota et al. (1996) found
that the mean f-ratio was 0.12 in the Canada Basin. The ratios (0.25
and 0.22) obtained by Lee and Whitledge (2005) and Yun et al.
(2012) in the Canada Basin were lower than our result. However,
some stations (stations 23–32) in the Canada Basin showed a low
f-ratio (about 0.2) and this value is comparable with those of
previous studies. Thus, the f-ratio from our study could be
decreased if there were no effects of eddies in the region.

The hourly nitrate uptake rate in the Canada Basin in our study
(0.2 mg N m�2 h�1 excluding stations 10 and 13) was about twice
as high as the rate (0.1 mg N m�2 h�1) obtained in 2009 by
Nishino et al. (2011b). This difference might have been induced
by variations in the strength of the Beaufort Gyre. According to
Nishino et al. (2011b), accumulation of fresh water within the
Beaufort Gyre (McLaughlin and Carmack, 2010; Nishino et al.,
2011b) produces a density gradient between the shelf and basin,
resulting in the formation of a strong westward flow over the shelf
slope. In 2008/2009, this strong westward flow inhibited phyto-
plankton growth and reduced the efficiency of the biological pump
in the Canada Basin, preventing the spread of nutrient-rich shelf
waters towards the Canada Basin (Nishino et al., 2011b). The
Beaufort Gyre has recently been enhanced by the melting of thick
and solid multiyear ice, which has produced fragmented and
mobile sea ice allowing the wind to drive the ocean circulation
more effectively (Shimada et al., 2006; Yang, 2009). In addition,
Nishino et al. (2013) reported that the Beaufort Gyre was sub-
stantially enhanced in 2008–2010 compared to 2002/2003. How-
ever, the Beaufort Gyre was slightly reduced in 2010 compared to
2009 (see Nishino et al., 2013) which might have resulted in

higher nitrogen production of phytoplankton in the Canada Basin
in 2010 compared to 2009. Based on the observations of sea ice
condition and fresh water content in the Beaufort Gyre over the
last 10 years, Krishfield et al. (2014) reported that the magnitude
of total fresh water in Beaufort Gyre in summer steadily increased
with peaking in 2010 and afterward slightly has declined. Their
findings suggest that the ocean anticyclonic circulation regime is
weakening, which is resulting in net export of fresh water from the
region. Thus, more observations are need to identify how the
variations of total fresh water content in the Beaufort Gyre
influence the stratification and gyre circulation pattern and con-
sequently change the primary production in the region.

4.3. The effects of warm-core eddies on the phytoplankton biomass
and production rate

The eddies observed during our study were sub-surface antic-
yclonic warm-core eddies (50–100 m) containing Chukchi Sum-
mer Water (see Pickart and Stossmeister, 2008). Pickart and
Stossmeister (2008) suggested that these sub-surface warm eddies
are probably formed when the shelf-break jet has been replaced
with PSW, which is warmer summertime Chukchi Sea shelf water.
According to Pickart and Stossmeister (2008), the most common
type of eddy found in the Canada Basin is a sub-surface antic-
yclonic cold-core eddy (100–200 m) containing weakly stratified
PWW at the density level of the upper halocline. Although this
cold-core eddy contains nutrient-rich PWW and plays an impor-
tant role in transporting nutrients from the Chukchi Sea shelf to
the Canada Basin (Muench et al., 2000; Mathis et al., 2007), it
hardly affects primary production (Nishino et al., 2011a). However,
the warm-core eddies observed in this study substantially
enhanced the primary production rate because they were located
near the surface or at a shallower depth than the cold-core eddies.
In fact, carbon, nitrate, and ammonium uptake rates of phyto-
plankton in the Canada Basin during our study would be about
43%, 73%, and 13% lower, respectively, if we excluded the stations
affected by the warm-core eddies. Especially, the substantially
high nitrate uptake rates of phytoplankton in the eddy region
compared to neighboring non-eddy regions indicates that the
warm-core eddies could lead to a significant increase in annual
new production in the region.

The two warm-core eddies observed in this study were
adjacent to each other. We could not identify the stage of the
eddies, i.e., whether they were developing or coalescing with
another anticyclone eddy. Generally, anticyclonic eddies cause a
downwelling at the center of eddies (McGillicuddy and Robinson,
1997; Landry et al., 1998; Mizobata et al., 2002). Mizobata et al.
(2002) reported that an anticyclonic eddy drove isopycnals down-
ward, resulting in low nutrient and chlorophyll a concentrations at
the center of the eddy. However, they found high chlorophyll a
concentrations at the periphery and edge of the anticyclonic
eddies that were caused by isopycnals that were tilted up and by
cold nutrient-rich water being transported into the euphotic zone
in the Bering Sea during summer 2000 and 2001 (Mizobata et al.,
2002). In our study, a downwelling pattern that depressed the
nitracline was identified at the centers of the left side eddy (Fig. 9).
However, the largest feature was the shoaling of the nitracline
between the two eddies. The upward nitracline (about 30–40 m)
was much shallower than the average euphotic zone (about 50 m)
at stations 10 and 13. In addition, there was more nitrate upward
fluxes at stations 10 and 13 than non-eddy regions. Based on the
vertical nitrate gradient (ΔNO3

�/ΔZ, mmol m�4; which was the
difference in nutrient concentration over the vertical interval ΔZ
of interest (Cota et al., 1987)) and the coefficient of vertical eddy
diffusivity (Kz, cm2 s�1; which was estimated from an empirical
equation determined by density gradients and nitrate gradients
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below the mixed layer (King and Devol, 1979)), the estimated
nitrate upward flux was 18.6 and 12.0 μmol NO3 m�2 h�1 at
stations 10 and 13 affected by warm-core eddies. These values
were considerably higher than those in non-eddy regions (ranged
from 0.7 to 6.0 μmol NO3 m�2 h�1). Thus, the high productivity in
the eddy region could be due to increased nitrate upward flux,
since there is the upwelling of nutrient-rich waters along steeply
sloping isopycnals in the periphery of the eddies (Crawford et al.,
2005). In addition, the movement of these eddies away from the
ridge caused the shoaling of the nitracline because it is in deeper
water and eventually the greater depth of the right side eddy
played in its greater productivity. Consequently, these distinct
eddy distributions enhanced the nitrate supply in the region,
leading to the higher phytoplankton biomass and production rates
than in the surrounding water.

It also appears that the phytoplankton productivity in the right
side eddy is greater around the periphery, similar to other
observations (Crawford et al., 2005; Whitney and Robert, 2002).
Crawford et al. (2005) found that eddies entrained chlorophyll
from an adjacent eddy located closer to the coast into the deep-sea
region through the seaward advection of highly productive coastal
waters in the outer rings of eddies. Whitney and Robert (2002)
suggested that high phytoplankton biomass in outer ring of the
eddy could be due to nutrients that advected upward and outward
along upward-sloping isopycnals.

Nishino et al. (2011a) also found an unusually large surface-
intensified warm-core eddy (approximately 100 km in diameter)
in the southwestern Canada Basin during late summer/early fall in
2010. They reported that warm-core eddy contained considerably
high ammonium concentrations (from 0.5 to 2 mM, with an
average of 0.9 mM) compared with surrounding water (almost
zero) at the same depths. Their findings indicated that the
warm-core eddy supplied ammonium to the euphotic zone sus-
taining an �30% higher biomass of picoplankton (o 2 mm)
(Nishino et al., 2011a). However, we found that the nitrate supply
by warm-core eddies resulted in high contributions of large
phytoplankton (Fig. 10b). Unlike results from Nishino et al.
(2011a), the mean ammonium concentration (0.670.1 mM) in
the euphotic zone of eddy regimes from our study was not largely
different from that (0.470.2 mM) in other stations of the Canada
Basin. Thus, the supply of different nutrient types caused differ-
ences in the size compositions of phytoplankton between our
study and that of Nishino et al. (2011a). Normally, small phyto-
planktons depend largely on regenerated nitrogen such as ammo-
nium, whereas large cells prefer nitrate for their growth (Probyn,
1985; Koike et al., 1986; Tremblay et al., 2000; Lee et al., 2008).
Consequently, the warm eddies observed in our study largely
affected the nitrate distribution and phytoplankton size composi-
tion, and generated high carbon and nitrogen uptake rates.

5. Conclusions

During the first Korean Arctic cruise onboard the Korean
research icebreaker ARAON, we measured the carbon and nitrogen
uptake rates of phytoplankton in the northeast Chukchi Sea and
the western Canada Basin. The carbon uptake rates of phytoplank-
ton in the region in 2010 were extremely low. In the northeast
Chukchi Sea, regional and temporal differences might have caused
the low production rate compared to the results of previous
studies. The regions of high primary production in the Chukchi
Sea are usually in the central and southern areas (Lee et al., 2007,
2013a), although the Chukchi Sea is well known as one of the very
productive regions due to the nutrient-rich Pacific-water
(Sambrotto et al., 1984; Springer and McRoy, 1993). In this study,

we observed that the rate of primary production in the less
studied northeast region is the lowest within the Chukchi Sea.

The low rate of primary production in the western Canada
Basin might be explained by the dominance of small phytoplank-
ton with a low uptake rate (Lee et al., 2013b). However, warm
eddies could play an important role in the supply of nitrate to the
euphotic zone and hence induce a high phytoplankton biomass
and primary production rate locally in the Canada Basin. The
Canada Basin in the Arctic Ocean is populated by significant
numbers of small-scale eddies with diameters of 10–20 km
(Manley and Hunkins, 1985). The frequent occurrence of eddies
with the recent loss of sea ice (Kawaguchi et al., 2012) might
enhance primary production rate in the Canada Basin. Thus, the
effects of ocean circulation, such as by eddies and gyres, on
primary production need to be continuously examined to better
understand their roles in arctic marine ecosystems.
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