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a b s t r a c t

Given a projection of thriving small phytoplankton in the Arctic Ocean under climate-induced
environmental changes, it is important to estimate the contribution of small phytoplankton (0.7–5 μm)
to the total primary production in the Chukchi Sea, which is an important conduit of organic matter from
the North Pacific to the Arctic Ocean. Based on a 13C–15N dual isotope tracer technique, small
phytoplankton productivity measurements were taken during two consecutive cruises in the Chukchi
Sea in 2004. The total phytoplankton carbon uptake rates ranged from 0 to 25.38 mg C m�3 h�1, whereas
the uptake rates of small phytoplankton ranged from 0 to 2.87 mg C m�3 h�1. In comparison with the
carbon uptake rates, total phytoplankton nitrate uptake rates ranged from 0 to 4.40 mg N m�3 h�1 while
small phytoplankton nitrate uptake rates ranged from 0 to 0.39 mg N m�3 h�1. Ammonium uptake rates
ranged from 0 to 8.34 mg N m�3 h�1 and from 0.01 to 2.18 mg N m�3 h�1, for total and small
phytoplankton, respectively. Small phytoplankton contributed 24.80% (S.D.¼723.0%) to the total
chlorophyll-a concentration, and 59.41% (S.D.¼752.12%) to the total carbon biomass due to its higher
particulate organic carbon per chlorophyll-a unit during the two cruises in 2004. In the Chukchi Sea, the
average contributions of small phytoplankton to carbon and total nitrogen (nitrateþammonium) uptake
rates were 31.72% (S.D.¼723.59%) and 37.31% (S.D.¼726.06%), respectively.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The Chukchi Sea is among the most productive regions in the
world′s oceans (Sambrotto et al., 1984; Springer and McRoy, 1993).
The mean annual transport through Bering Strait into the Chukchi
Sea is about 0.8 Sv (Coachman and Aagaard, 1988; Roach et al.,
1995) with strong seasonal variability showing a summer max-
imum and winter minimum, as well as large interannual variations
(Coachman and Aagaard, 1988; Woodgate et al., 2005). Three
different water masses, Anadyr Water (AW), Bering Shelf Water
(BSW), and Alaska Coastal Water (ACW), pass through Bering Strait
into the Chukchi Sea and are identified mainly by differences in
their salinity (Coachman et al., 1975; Aagaard, 1987). The ratio of

the transport of the three different water masses is 6:3:1 for AW,
BSW, and ACW, respectively, although this ratio varies seasonally
and interannually mainly due to local wind influences (Coachman
et al., 1975). The nutrient-rich AW, primarily originating along the
Bering Shelf break, promotes abundant phytoplankton growth in
the Chukchi Sea throughout the summer (Springer and McRoy,
1993), whereas ACW flowing along the Alaskan coast has low
nutrient concentrations and thus low biomass accumulation and
phytoplankton production (Hansell et al., 1993; Springer and
McRoy, 1993; Walsh et al., 2005, 2011). The locations and contents
of these water masses in the Chukchi Sea have strong influences
on physical conditions, nutrient concentrations, and phytoplankton
communities (Springer and McRoy, 1993; Lee et al., 2007).

Over recent decades, several climate-induced environmental
changes have been reported in the northern Bering and Chukchi
seas (Overland and Stabeno, 2004; Grebmeier et al., 2006a; Bluhm
and Gradinger, 2008). One of the most dramatic changes has been
the reduced maximum extent and earlier melting of seasonal pack
ice in the Bering and Chukchi seas (Overland and Stabeno, 2004;
Serreze et al., 2007). These recent changes in climate and ice
conditions could change the patterns and total amounts of
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primary production and subsequently the production at higher
trophic levels (Grebmeier, 2012). Grebmeier et al. (2006b)
reported a major ecosystem shift in the northern Bering Sea
caused by changes in regional, atmospheric, and hydrographic
forcing. These ecosystem changes in the northern Bering and
Chukchi Seas are directly linked to systems in the Arctic Ocean
as well as to the Bering Sea/Pacific Ocean (Grebmeier, 2012).
Lee et al. (2007, 2012) found in their studies that recent primary
production rates in their study were two or three times lower than
those previously reported from the Chukchi Sea and the northern
Bering Sea. They reported that the recent lower phytoplankton
primary production in the northern Bering and Chukchi seas was
partly related to a decrease in the phytoplankton biomass trans-
ported from lower latitudes (Lee et al., 2012), because currents in
the northern Bering Sea normally flow from the Pacific Ocean into
the Chukchi Sea through the Bering Strait (Danielson et al., 2006).

Recently, Li et al. (2009) reported that pico-sized phytoplank-
ton increased whereas larger cells declined in the Canada Basin,
because freshening surface waters result in stronger stratification
and consequently lower nutrient supply in the upper water
column. Therefore, knowing the extent to which the smaller
fraction of phytoplankton contributes to overall phytoplankton
production in the Arctic Ocean is important because of its
potential impact on total primary production. The Chukchi Sea is
the important gateway of organic matter from the North Pacific to
the western Arctic Ocean. Therefore, we conducted primary
productivity measurements in the Chukchi Sea from early June
2002 to early September 2004 (Lee et al., 2007), which mainly
covering Chukchi Sea waters in the United States′ exclusive
economic zone (US EEZ). In 2004, we sampled across all major
water masses including territorial waters of the Russian Federation
in the Chukchi Sea during the first Russian–American Long-term
Census of the Arctic (RUSALCA) cruise (Fig. 1). In this paper, we
report the results from the RUSALCA and Bering Strait Monitoring
cruises in 2004. The primary objective of this study was to
measure the carbon and nitrogen uptake rates of small phyto-
plankton. The secondary objective was to determine the relative
contribution of small phytoplankton to the total primary produc-
tion in the Chukchi Sea.

2. Materials and methods

2.1. Samplings

Water samples for carbon and nitrogen uptake measurements
of phytoplankton were collected from two consecutive cruises in
the Chukchi Sea. The first was the RUSALCA cruise on the Professor
Khromov, providing ideal sampling across all major water masses
including the Russian Federation EEZ in the Bering Strait and
Chukchi Sea from 10 to 22 August 2004. Ten of the total 16 stations
were sampled during the RUSALCA cruise while additional six
stations (BSL3, A2, A3, CCL15, CCL20 and PHL12) were obtained
from the second cruise onboard the Alpha Helix (HX) from 29
August to 6 September 2004 as part of the long-term monitoring
of the inflow into the Arctic Ocean via Bering Strait (Fig. 1). All
primary production samples were taken from CTD transect lines
during midday, as sampling times permitted.

2.2. Size fractionation of chlorophyll-a concentration

Size-fractionated chlorophyll-a concentrations at 100, 30, and
1% of surface photosynthetically active radiation (PAR) were
determined from samples passed sequentially through 20 and
5 μm Nuclepore filters (47 mm diameter) and 0.7 μm Whatman
GF/F filters (47 mm diameter). The filters were frozen and returned

to the laboratory for analysis. The filters were subsequently
extracted using the method described by Lee et al. (2007) which
was adopted from Shoaf and Lium (1976). Concentrations of
chlorophyll-a were measured using a Turner Designs model
10-AU fluorometer followed by a second fluorescence reading after
acidification to determine the concentrations of phaeopigments.
The methods and calculations for chlorophyll-a and phaeopigments
were based on those of Parsons et al. (1984).

2.3. Carbon and nitrogen uptake experiments

Six light depths (100, 50, 30, 12, 5, and 1% penetration of the
surface irradiance, PAR) were determined using an underwater
PAR sensor (QSP-2300, Biospherical Instruments Inc.) lowered
with CTD/rosette sampler on the HX cruise, while a LICOR 4π light
sensor (LI-193SB model) was used for light depth determinations
on the RUSALCA cruise. Carbon and nitrogen uptake experiments
were conducted at the six light depths, using a 13C–15N dual
isotope tracer technique previously reported from the Chukchi Sea
(Lee et al., 2007; 2009). In brief, seawater samples from each light
depth were transferred from Niskin bottles to 1-L polycarbonate
incubation bottles, which were covered with stainless steel
screens that match each light depth. After the water samples were
inoculated with labeled nitrate (K15NO3), ammonium (15NH4Cl),
and carbon (NaH13CO3) substrates (Dugdale and Goering, 1967;
Hama et al., 1983), the productivity bottles were incubated in
acrylic incubators cooled with surface seawater on deck under
natural light conditions for 4–5 h. The incubations were termi-
nated by filtration through pre-combusted (450 1C) 0.7 μm GF/F
glass fiber filters (24 mm diameter) and the filters were immedi-
ately preserved in a freezer (�20 1C) until mass spectrometric
analysis at the stable isotope laboratory of the University of Alaska
Fairbanks, USA. Particulate organic carbon (POC) and nitrogen and
the abundance of 13C and 15N were determined in a Finnigan
DeltaþXL mass spectrometer after HCl fuming overnight to
remove carbonate. For size-fractionated carbon and nitrogen
uptake rates, incubated waters were well mixed and distributed
into two filtration sets for total phytoplankton and small-sized
cells (o5 μm). Samples were first passed through 5 μm Nuclepore
filters (47 mm) and then the filtrate was passed through GF/F
(24 mm) for the small-sized cell separations. Values for the carbon
and nitrogen uptake rates of large phytoplankton (45 μm) were
obtained from the difference between the small and total fractions.

The fraction of nitrate uptake rate to total nitrogen uptake rate
(generally the sum of nitrate, ammonium, and sometimes urea
uptakes) of phytoplankton, defined as the f-ratio (Eppley and
Peterson, 1979), is an important tool for characterizing ecosystem
functioning (Savoye et al., 2004). For this study, the f-ratio was
calculated as the nitrate uptake rate compared to total nitrateþ
ammonium rates.

For statistical analysis, Student′s t-test was used for compar-
isons between samples because of the small number of samples
(16 stations).

3. Results and discussion

The results presented below were obtained from the 2004
cruises in the Chukchi Sea.

3.1. Size fractionation of chlorophyll-a concentration

The different cell-size compositions of phytoplankton were aver-
aged from three different water depths (100, 30, and 1%) for all
sampling stations in 2004 (Fig. 2). Small cells (0.7–5 mm) contributed
24.8% (S.D.¼723.0%) to the total chlorophyll-a concentration.
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Generally, large phytoplankton cells (45 μm) were predominant
(475%) at all primary productivity stations during the cruise period
in 2004 (Fig. 2). Lee et al. (2007) also found that large cells were
dominant in the Chukchi Sea (60–96%) although different water
masses were characterized by different cell-size compositions of
phytoplankton communities. Hodal and Kristiansen (2008) observed
that large cells comprised approximately 74% of the total chlorophyll-
a biomass in the northern Barents Sea. Based on low incorporation
into lipids and relatively high incorporation into proteins of phyto-
plankton, Lee et al. (2009) suggested that phytoplankton have no
nitrogen limitation in any of the Chukchi Sea water masses. In fact,
the Chukchi Sea has been regarded as “a continuous culture system”

because of the large supply of major nutrients transported from the
deep Bering Sea into the Chukchi Sea (Sambrotto et al., 1984;
Springer and McRoy, 1993; Lee et al., 2007). Therefore, the relatively

high concentration of nitrate is believed to sustain large cells as the
dominant phytoplankton size class in the Chukchi Sea.

The chlorophyll-a concentrations of large and small phyto-
plankton (Fig. 3) showed strong positive linear relationships with
POC concentrations (data not shown). The ratio of POC to chlor-
ophyll-a for small phytoplankton was significantly higher than
that for large phytoplankton (t-test, po0.01), indicating that small
phytoplankton (0.7–5 mm) had much higher POC per chlorophyll-a
unit than large phytoplankton.

3.2. Carbon uptake rates of phytoplankton

Generally, the maximum rates of carbon uptake occurred at
100% light depths for every station except ST 10 and ST 89 (Table 1).

Fig. 1. Sampling locations in the Chukchi Sea, 2004. Carbon and nitrogen uptake rates were measured at the stations identified by circles. Station names with St. are those
sampled during the first cruise and other stations were sampled during the second cruise.

A
(64.8 ±28.0 %)

B
(10.4 ±8.4 %)

C
(24.8 ±23.0 %)

Fig. 2. Composition of different-sized cells of phytoplankton. Averages from 100,
30, and 1% light depths. (A) 420 mm, (B) 5–20 mm, and (C) 0.7–5 mm.
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Fig. 3. Linear relationships between the particulate organic carbon (POC) and
chlorophyll-a. Concentrations of small (o5 mm) and large phytoplankton (45 mm).
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The carbon uptake rates of total phytoplankton at three different light
depths ranged from 0 to 25.38 mg Cm�3 h�1 with a mean of
3.45 mg Cm�3 h�1 (S.D.¼77.66 mg Cm�3 h�1), whereas the car-
bon uptake rates of small phytoplankton ranged from 0 to
2.87 mg Cm�3 h�1 with a mean of 0.36mg Cm�3 h�1 (S.
D.¼70.55 mg Cm�3 h�1) (Table 1). We observed that the specific
carbon uptake rates (without considering carbon biomass) of small
phytoplankton were statistically lower (t-test, po0.01) than those of
larger phytoplankton in this study. The contributions of small phyto-
plankton to the total carbon uptake rates ranged from 0.02 to 97.49%
(Fig. 4), with an average of 31.72% (S.D.¼723.59%), whereas the
contributions of small phytoplankton to the total carbon biomass (as
POC) of phytoplankton ranged from 11.19 to 100% (Fig. 4) with an
average of 59.41% (S.D.¼752.12%), for all stations during our cruises
in the summer of 2004. Consistent with this observation, Lee et al.
(2012) reported that the average contribution of small phyto-
plankton to the total carbon biomass of phytoplankton was 54.9%

(S.D.¼720.5%) in the northern Chukchi Sea in 2008. However, the
average contribution of small phytoplankton to the total carbon uptake
rate was 19.8% (S.D.¼720.6%) in the northern Chukchi Sea from their
study, which is lower than the value (34.47%) in the southern Chukchi
Sea measured in the present study. Hodal and Kristiansen (2008)
found that small phytoplankton contributed almost half (46%) of the
total primary production in the northern Barents Sea. In high-latitude
Arctic region waters, Legendre et al. (1993) reported that primary
productionwas generally dominated by large cell-sized phytoplankton
(45 μm), whereas the standing stock was dominated by small cell-
sized phytoplankton (0.7–5 μm) because of strong grazing pressure on
large cells.

The vertical contributions of the carbon uptake rates of small
phytoplankton were similar at different light depths, ranging from
33.54 to 35.53% during our cruises, although large variations were
observed in the carbon uptake contributions of small phytoplankton
at different light depths (Fig. 5). In comparison with the carbon

Table 1
Carbon uptake rates (mg C m�3 h�1) at different depths of productivity stations.

Light depth (%) ST 10 ST 11 ST 14 ST 20 ST 24 ST 27 ST 73B ST 89 ST 106 ST 107 A2 A3 BSL3 CCL15 CCL20 PHL12.5

(a) Total
100 2.54 14.79 25.38 1.46 0.71 0.49 0.31 0.34 0.3 0.9 1.87 4.1 3.34 38.31 1.71 6.4
30 2.6 9.84 12 0.62 0.37 0.27 0.18 0.23 0.16 0.34 1.36 2.47 2.81 25.38 0.67 2.43
1 0.06 0.11 0.08 0.01 0.01 0.21 0.02 0.05 0.08 0 0.03 0.04 0.04 0.02 0 0.03
(b) Small
100 0.07 1.05 0.81 1 0.31 0.37 0.12 0.06 0.2 0.52 1.03 0.19 0.39 1 0.97 2.87
30 0.03 0.28 0.44 0.38 0.18 0.13 0.04 0.07 0.1 0.17 0.58 0.12 0.28 0.76 0.43 1.92
1 0 0.02 0.01 0 0.01 0 0 0.08 0.04 0 0.01 0 0 0 0 0.05

Fig. 4. Spatial distribution of small phytoplankton contributions to total carbon uptake rate and POC-based biomass in the Chukchi Sea.
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uptake contribution, POC contributions of small phytoplankton
increased with depth. POC contributions were lowest at the surface
(mean7S.D.¼34.41719.08%) and highest at 1% light depths
(mean7S.D.¼60.35729.98%; Fig. 5). However, no statistically sig-
nificant difference in POC contributions was detected among the
three depth zones because of large variations among the productivity
stations.

3.3. Nitrogen uptake rates of phytoplankton

The nitrate uptake rates of total phytoplankton at three
different light depths ranged from 0 to 4.40 mg N m�3 h�1 with
a mean of 0.23 mg N m�3 h�1 (S.D.¼70.70 mg N m�3 h�1),
whereas the nitrate uptake rates of small phytoplankton ranged
from 0 to 0.39 mg N m�3 h�1 with a mean of 0.03 mg N m�3 h�1

(S.D.¼70.07 mg N m�3 h�1; Table 2). The contributions of small
phytoplankton to the total nitrate uptake rates ranged from 2.56
to 82% (mean7S.D.¼38.30726.21%; Fig. 6). For ammonium
uptake rates, the range for total phytoplankton was from 0 to
8.34 mg N m�3 h�1 with a mean of 0.62 mg N m�3 h�1

(S.D.¼71.62 mg N m�3 h�1), whereas the range for small phyto-
plankton was from 0.01 to 2.18 mg N m�3 h�1 with a mean of
0.38 mg N m�3 h�1 (S.D.¼70.59 mg N m�3 h�1; Table 3). The
contributions of small phytoplankton to total ammonium uptake
rates ranged from 10.29 to 100% (mean7S.D.¼59.64735.65%;
Fig. 6), which is significantly higher than the nitrate uptake rates
(t-test, po0.01; Table 4). This result mirrors the findings of
Tremblay et al. (2000) in the Gulf of St. Lawrence, Canada. They
reported that the overall average contributions of small phyto-
plankton (o5 mm) were 37 and 64% of the total nitrate and
ammonium uptake rates, respectively. In fact, several studies have
shown that small phytoplankton prefer regenerated nitrogen such
as ammonium for their growth, whereas large plankton depend
largely on nitrate (Probyn, 1985; Koike et al., 1986; Tremblay et al.,

2000; Lee et al., 2008). Overall, the average contribution of small
phytoplankton to the total nitrogen uptake rate (nitrateþ
ammonium uptake rate) was 37.31% (S.D.¼726.06%) in the
Chukchi Sea from this study (Table 4), which is slightly, but not
significantly, greater than the carbon uptake rate contribution
(mean7S.D.¼31.72723.59%) of small phytoplankton. The mean
assimilated C/N ratio of small phytoplankton from this study was
2.25 (S.D.¼72.95). Although no significant difference was
observed in the C/N ratios of particulate organic matter between
small and large phytoplankton, the assimilated C/N ratio of large
phytoplankton (mean7S.D.¼8.5572.95) was significantly higher
than that of small phytoplankton (t-test, po0.01). This indicates
that small phytoplankton assimilate less carbon per unit nitrogen
compared to large phytoplankton. Tremblay et al. (2000) found
that large phytoplankton can fix more carbon per unit nitrate and
thus export more carbon than small phytoplankton in the Gulf of
St. Lawrence. Consistent with this observation, the f-ratios of large
phytoplankton (mean7S.D.¼0.6070.36) were significantly (t-
test, po0.01) higher than those of small phytoplankton
(mean7S.D.¼0.1570.18) in this study (Fig. 7). However, our
ratios might be overestimated especially for large phytoplankton
based on the 4–5 h daytime incubations in this study, since nitrate
uptake is strongly coupled to available light. Therefore, the f-ratios
of large phytoplankton were probably overestimated by the exclu-
sion of nighttime rates due to the size-differential nighttime uptake
rates of nitrate and ammonium by phytoplankton (Tremblay et al.,
2000).

4. Conclusions

Based on the size-fractionated compositions of chlorophyll-a
concentrations from this study, small phytoplankton contributed
24.80% to the total chlorophyll-a concentration which is signifi-
cantly lower than the carbon biomass contribution (59.41%) of
small phytoplankton in the Chukchi Sea (t-test, po0.01). This is
mainly due to the higher POC content per chlorophyll-a unit of
small phytoplankton compared to larger phytoplankton, which
suggests that the contribution of small phytoplankton to the total
phytoplankton biomass may be underestimated by size-fractionated
chlorophyll-a concentration assessments. Therefore, measurements
of POC for different size classes of phytoplankton might provide a
better indicator of the contributions of different cell sizes. However,
this could also have several problems, such as detritus effects in the
water column and non-phytoplankton carbon contributions. How-
ever, a large detritus effect was not apparent for POC in this study,
since the average C/N ratio (mole/mole) of particulate organic matter
was 8.52 (S.D.¼71.71), which is slightly higher than the expected
Redfield ratio of 6.6 (Redfield et al., 1963).

In this study, the specific carbon uptake rates of small phyto-
plankton were significantly lower than those of large phytoplank-
ton in the Chukchi Sea. If this is found to be true for the Arctic
Ocean in general, the total primary production of phytoplankton

0 20 40 60 80 100

POC % of small cells

Contribution (%)

100%
    

carbon uptake % of small 
cells

30%

L
ig

ht
 d

ep
th

1%

Fig. 5. Contributions of small phytoplankton at three different light depths
averaged for all productivity measurement stations in the Chukchi Sea.

Table 2
Nitrate uptake rates (mg N–NO3 m�3 h�1) at different depths of productivity stations.

Light depth (%) ST 10 ST 11 ST 14 ST 20 ST 24 ST 27 ST 73B ST 89 ST 106 ST 107 A2 A3 BSL3 CCL15 CCL20 PHL12.5

(a) Total
100 0.05 0.39 1.52 0.04 0.01 0.01 0.01 0.05 0.01 0.03 0.06 0.62 0.31 - 0.03 0.10
30 0.07 1.08 4.4 0.03 0.01 0 0.05 0.04 0.01 0.02 0.03 0.28 0.37 - 0.02 0.09
1 0.03 0.09 0.04 0.02 0 0.05 0.02 0.10 0.04 0 0 0.03 0.01 - 0 0.01
(b) Small
100 0 0.04 0.26 0.03 0 0.01 0.01 0.01 0.01 0.03 0.05 0.02 0.1 - 0.02 0.08
30 0 0.03 0.39 0.02 0 0 0.01 0.01 0 0.01 0.01 0.01 0.09 - 0.02 0.07
1 0 0.01 0.01 0.01 0 - 0.01 0.03 0.01 0 0 0 0.01 - 0 0
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could be reduced by increasing the proportions of small phyto-
plankton with a lower specific carbon uptake rate, although the
total chlorophyll-a biomass remained unchanged. However, the
significantly higher POC per chlorophyll-a concentration of small
phytoplankton could make up for their lower primary production
rate.

In addition to phytoplankton biomass, a study of the food
quality for different size phytoplankton communities as a basic
food source for higher trophic levels will be needed to better
understand marine ecosystem responses to ongoing environmen-
tal changes in the Arctic Ocean. Given the higher nitrogen
compared to carbon assimilation rate of small phytoplankton in

Fig. 6. Nitrate (NO3) and ammonium (NH4) uptake rate contributions of small phytoplankton in the Chukchi Sea.

Table 3
Ammonium uptake rates (mg N–NH4 m�3 h�1) at different depths of productivity stations.

Light depth (%) ST 10 ST 11 ST 14 ST 20 ST 24 ST 27 ST 73B ST 89 ST 106 ST 107 A2 A3 BSL3 CCL15 CCL20 PHL12.5

(a) Total
100 0.09 0.51 0.33 0.10 0.15 0.15 0.04 0.05 0.04 0.06 0.08 2.52 0.20 5.61 0.05 0.16
30 0.08 0.77 0.19 0.09 0.11 0.02 0.05 0.04 0.02 0.08 0.06 1.99 0.20 8.34 0.04 0.06
1 0.11 0.12 0.08 0.02 0.06 0.11 0 0.02 0.27 0.01 0 0.13 0 1.52 0 0.01
(b) Small
100 0.03 0.22 0.10 0.09 0.11 0.05 0.05 0.01 0.05 0.06 0.10 0.26 0.97 0.95 1.38 2.18
30 0.02 0.09 0.06 0.08 0.08 0.01 0.04 0.04 0.03 0.13 0.12 0.33 1.35 1.23 1.09 2.14
1 0.01 0.05 0.02 0.02 0.07 0.04 0.010 0.11 0.11 0.02 0.01 0.02 0.06 0.34 0.07 0.22

Table 4
Contributions (%) of small phytoplankton (0.7–5 mm) in the Chukchi Sea.

Chl a POC Carbon uptake Nitrate uptake Ammonium uptake Total nitrogen uptake

Mean 24.8 59.41 34.47 38.3 59.64 37.31
St. dev. 23 52.12 25.6 26.21 35.65 26.06
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this study, small phytoplankton might be contributing a relatively
high quality, nitrogen-rich marine organic matter that could be
supplied to upper trophic levels within the water column.
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