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a b s t r a c t
Nutrients and photosynthetic pigments were measured over a north–south transect of the East/Japan Sea
(EJS), which includes various oceanographic environments such as the cold and warm-water masses, subpolar fronts, and eddies in the surface ocean. Sampling was conducted in May 2004, July 2005, and October
2005. The N:P ratios were low (b 4) for high chlorophyll a areas owing to the active Redﬁeldian consumption
of N and P from waters with a low N:P ratio (approximately 13) in the entire EJS. The compositions of
photosynthetic pigments were used for identifying phytoplankton groups at a class level using the CHEMTAX
program. It is notable that cyanobacteria (40–60%) dominated the phytoplankton community in the frontal
zone in 2004 and formed approximately 10–50% of the community over the entire surface layer in 2005. This
dominance of cyanobacteria appears to be associated with the seawater conditions of low N:P ratio and
optimum temperature. As such, the relative amount of prymnesiophytes increased with a decrease in the N:P
ratio in the upper 200 m of the EJS. In contrast, more preferentially in high N:P ratio areas, diatoms (40–80%)
dominated the phytoplankton community in May 2004 because of the spring bloom, and pelagophytes (20–60%)
dominated the community in July and October 2005. Therefore, the EJS seems to provide an ideal environment for
studying the physical and chemical factors that control the community structures of phytoplankton.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
The East/Japan Sea (EJS) includes several oceanographic environments with varying water mass properties, such as warm water in the
southern half, cold water in the northern half, a well-deﬁned subpolar front, and many eddies (Fig. 1). The warm water originates from
the subtropical Kuroshio current that enters through the Tsushima/
Korea Strait (depth: 150 m), and the cold water originates from the
Liman current that ﬂows south along the eastern coast. The
conﬂuence of the warm and cold currents forms the sub-polar front
positioned at around 40°N. Further, the EJS is one of the most eddyrich regions in the world (Morimoto et al., 2000). In particular, the
warm eddies play an important role in spreading the southern coastal
surface water to the interior region of the EJS (Isoda, 1994).
In general, the warm water is oligotrophic and has high salinity
(N34.5), while the cold water is rich in oxygen and has low salinity
(33.9–34.1) (Gong and Son, 1982). The ratio of the total nitrogen to
the total phosphorus concentration in the EJS is approximately 11
(Yanagi, 2002), and the ratio of the dissolved inorganic nitrogen (DIN)
to the dissolved inorganic phosphorus (DIP) is approximately 13
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(Talley et al., 2004). These ratios are considerably lower than the
Redﬁeld ratio (16), suggesting that the primary production of the
phytoplankton could be limited by nitrogen.
Although nitrogen is almost depleted in the EJS, the EJS has one of
the most highly productive marine environments (Jenkins, 2008),
with a primary production rate of approximately 200 g C m− 2 yr− 1 as
measured by sediment trap experiments (Hong, 1998). On the basis of
helium isotope tracers, new production in the southern EJS was
reported to be ∼ 64 g C m− 2 yr− 1 (Hahm and Kim, 2001), close to that
in the western North Paciﬁc (∼ 50 g C m− 2 yr− 1; Goes et al., 2000).
From satellite image data analyses, it was found that chlorophyll a
concentrations were generally high in spring and fall (Kim et al., 2000;
Yamada et al., 2004; Yoo and Kim, 2004); the highest chlorophyll a
concentrations were observed in the sub-polar frontal area (Park
et al., 1991). Chlorophyll a concentrations and plankton abundance
were also affected by meso-scale physical features such as upwelling,
warm eddies, and the sub-polar front in the Ulleung Basin that is
located in the southwestern part of the EJS (Kang et al., 2004).
Seasonal, yearly, and decadal changes in biomass and community
structure in the EJS have been found to be associated with climate
variability (Lee et al., 2009), and often with Paciﬁc Decadal Oscillation
(Liu and Chai, 2009). Recently, Jo et al. (2007) showed that the spring
bloom in the EJS was considerably enhanced by episodic dust inputs,
especially when these dust inputs were accompanied by precipitation.
However, basin-scale observational studies on phytoplankton composition have not yet been conducted in the EJS.
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Fig. 1. Satellite image of the East/Japan Sea showing sea surface temperature (SST). Water sampling stations are shown together with major current directions and the location of the
sub-polar frontal zone. The study was conducted during May 3–19, 2004 with research vessel M.A. Lavrentyev, on July 27–August 8, 2005 with research vessel Haeyang 2000, and
October 15–27, 2005 with research vessel M.A. Lavrentyev.

Therefore, in this study, we report for the ﬁrst time the change in
phytoplankton communities in the EJS on a basin-wide scale,
including oceanographic environments such as warm and coldwater masses, frontal zones, and warm eddies, using photosynthetic
pigment signatures.
2. Materials and methods
2.1. Sampling
The hydrological and biogeochemical survey was conducted
during three periods (1) May 3–19, 2004, and (2) October 15–27,
2005 on the research vessel M.A. Lavrentyev of the Paciﬁc Oceanological Institute (POI), Russia, through the Circulation Research in East
Asian Marginal Seas (CREAMS) program, and (3) July 27–August 8,
2005, on the research vessel Haeyang 2000 of the National
Oceanographic Research Institute (NORI), Korea (Fig. 1). The survey
during May 2004 covered the entire transect from the northern end
(42°N) to the southern end (36°N) of the EJS, while the survey during
July and October 2005 covered the southern and northern halves,
respectively. Niskin bottles mounted on a rosette system (with CTD
SBE 911+) were used for all vertical water samplings.

2.2. Analyses of nutrients and pigments
Approximately 100 mL and 1–2 L of the seawater samples were
ﬁltered through a Whatman GF/F for nutrient and pigment analyses,
respectively, on board the ships. The ﬁltered seawater samples for
nutrients were frozen until the analyses, and the ﬁlters for pigments
were stored in a deep freezer (− 80 °C) immediately after the
ﬁltration.
In the laboratory, the nutrient samples were measured using an
auto analyzer (TRAACS 2000, Bran + Lubbe Co.). The pigments in the
frozen ﬁlters were extracted in 5 mL of 100% acetone with an internal
standard (50 μL canthaxanthin) at − 20 °C for 24 h in the dark,
sonicated for 30 s, and centrifuged for 10 min at 2000 rpm in order to
remove the cellular and ﬁlter debris. Brieﬂy, the supernatant was
ﬁltered through a 0.45-μm PTFE syringe ﬁlter, and the clear extract
(1 mL) was mixed with deionized water (0.3 mL). The mixed solution
(0.1 mL) was injected into an HPLC system (Waters 2695, Waters Co.).
The pigments in the acetone extracts were determined by the HPLC
system using the modiﬁed method described by Wright et al. (1991).
The HPLC solvent system consisted of the following: (solvent A)
80% methanol and 20% 0.5 M ammonium acetate aqueous solution by
volume, (solvent B) 87.5% acetonitrile aqueous solution by volume,

Table 1
The initial pigment to chlorophyll a ratios used for the CHEMTAX program and the ﬁnal pigment ratios calculated from the program.

Initial ratio

Final ratio

Prasino
Dino
Crypto
Prymne
Pelago
Chloro
Cyano
Diatoms
Prasino
Dino
Crypto
Prymne
Pelago
Chloro
Cyano
Diatoms

Perid

19′-But

Fuco

19′-Hex

Pra

Viola

Allo

Zea

Chl b

0
1.0633
0
0
0
0
0
0
0
1.0633
0
0
0
0
0
0

0
0
0
0
0.2453
0
0
0
0
0
0
0
0.3147
0
0
0

0
0
0
0
0.5849
0
0
0.7554
0
0
0
0
0.3904
0
0
0.4722

0
0
0
1.7059
0.5377
0
0
0
0
0
0
1.7059
0.1059
0
0
0

0.3151
0
0
0
0
0
0
0
0.0528
0
0
0
0
0
0
0

0.0616
0
0
0
0
0.0549
0
0
0.0599
0
0
0
0
0.0550
0
0

0
0
0.2292
0
0
0
0
0
0
0
0.2292
0
0
0
0
0

0
0
0
0
0
0.0090
0.3478
0
0
0
0
0
0
0.0091
0.4597
0

0.9452
0
0
0
0
0.2632
0
0
1.2099
0
0
0
0
0.2632
0
0

Abbreviations: Prasino, Prasinophytes; Dino, Dinoﬂagellates; Crypto, Cryptophytes; Prymne, Prymnesiophytes; Pelago, Pelagophytes; Chloro, Chlorophytes; Cyano, Cyanobacteria.;
Perid, Peridinin; 19′-But, 19′-Butanoyloxy-fucoxanthin; Fuco, Fucoxanthin; 19′-Hex, 19′-Hexanoyloxy-fucoxanthin; Pra, Prasinoxanthin; Viola, Violaxanthin; Allo, Alloxanthin; Zea,
Zeaxanthin; Chl b, Chlorophyll b.
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and (solvent C) ethyl acetate. Each 100 mL of solvent A and solvent B
included 0.01 g of butylated hydroxy toluene (BHT) as an antioxidant
(Latasa and Bidigare, 1998). The binary linear gradient (min, solvent A%,
solvent B%, solvent C%) was (0, 90, 10, 0), (11, 0, 100, 0), (23, 0, 75, 25),
(30, 0, 30, 70), (36, 0, 10, 90), and (40, 90, 10, 0). The ﬂow rate was 0.5–
1.0 mL min− 1. The authentic standards for chlorophyll a and other
pigments were obtained from Sigma (UK) and DHI (Institute for Water
and Environment, Denmark), respectively. Pigments in the organic
solvents were identiﬁed and quantiﬁed using documented extinction
coefﬁcients (Jeffrey, 1997).
2.3. Estimating phytoplankton community structures using a CHEMTAX
program
HPLC pigment data were processed using CHEMTAX, a factorization matrix program, in order to estimate the contribution of different
algal classes to the total chlorophyll a. The CHEMTAX program is an
effective tool for estimating phytoplankton community structures

(Suzuki et al., 2002). On the basis of the pigment contents, we
identiﬁed seven algal categories in our study: diatoms, dinoﬂagellates,
cyanobacteria, prymnesiophytes, pelagophytes, cryptophytes, and
prasinophytes. The initial pigment to chlorophyll a ratio for each
marker used in the CHEMTAX calculation was obtained from the
Southern Ocean data (Mackey et al., 1996; Table 1). The CHEMTAX
results are inﬂuenced by the value of the initial pigment ratios used in
the program. Since the cellular pigment composition varies as a
function of light or nutrient conditions (Latasa and Berdalet, 1994;
Goericke and Montaya, 1998; Mackey et al., 1998), different initial
pigment ratio matrices from the same environment were generally
used (Lohrenz et al., 2003). In order to address this issue, we
compared our CHEMTAX results (using Mackey et al., 1998) with the
results obtained by using two different pigment ratio sets from Suzuki
et al. (2002) and Furuya et al. (2003). The comparison showed that
the abundances of the major algal groups (prasinophytes, diatoms,
cyanobacteria, and pelagophytes) in the EJS varied within a range of
approximately 15%, depending on which initial ratios were chosen.

Fig. 2. Horizontal and vertical variations in temperature, salinity, and nutrients along the transect line of the East/Japan Sea in May 2004 and in July and October 2005.
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Although the uncertainty was higher for the other phytoplankton
(b20%), the horizontal and vertical distribution patterns for algal groups
were almost the same (r2 N 0.97) for different initial values. Therefore, the
horizontal and vertical comparisons of each phytoplankton community
in our data have, in fact, rather small uncertainties. However, in order to
obtain more accurate CHEMTAX results, class-speciﬁc pigment compositions from the same environment need to be acquired through
microscopic observations (Letelier et al., 1993; Andersen et al., 1996;
Mackey et al., 1996; Jeffrey, 1997; Mackey et al., 1998).

(ECS), rather than due to the strong denitriﬁcation in this highly oxic
environment (DO: 210–380 μM). Onitsuka et al. (2009) found N:P
ratios of approximately 12 in the Korea Strait, and Zhang et al. (2007)
found unusually low N:P ratios (b10), in association with denitriﬁcation, in the middle shelf region over the ECS. However, more studies
are necessary to reveal the cause of these lower N:P ratios in the EJS.

3. Results and discussion

The chlorophyll a concentrations, a phytoplankton biomass index,
were relatively higher in the upper 100 m layer of the cold-water
(20–1000 ng L− 1) and the frontal zones (10–1200 ng L− 1) in 2004
and of the frontal zone (20–470 ng L− 1) in 2005 (Fig. 4). The
highest concentrations (50–1200 ng L− 1) of chlorophyll a were
found in the eddy zone in 2004, which could be due to either the
convergence of the organic matter in the cyclonic eddies or the
outcropping of highly productive water masses. Similarly, Moon
et al. (1998) reported higher chlorophyll a concentrations in the
frontal zone in summer.
The concentrations of chlorophyll b, a marker pigment of green
algae including prasinophytes, were highest in the frontal zone
(b280 ng L− 1 in 2004, and b90 ng L− 1 in 2005). They were mostly
higher in the cold-water zone than in the warm-water zone in both
years (Fig. 4). The contributions of prasinophytes to the total biomass
of phytoplankton were from 10% to 35% in the upper 100 m layer,
except for the eddy zone in 2004 (May), and from 5% to 15% in 2005
(Fig. 5; July and October). In general, the contribution of prasinophytes
is about 15% in the open ocean, with higher contributions in spring
(Guillou et al., 2004). The contributions of prasinophytes in the EJS

3.1. Hydrographic and biogeochemical variations
Temperatures in the upper 100 m layer ranged from 2 to 10 °C in
the northern part of the EJS in May 2004 and October 2005, and from
10 to 20 °C in the southern part in May 2004 and July 2005 (Fig. 2).
The mixed layer depth ranged from 10 to 50 m in May 2004, with a
thicker layer in the warm-water zone. In 2005, the mixed layer depth
was approximately 15 m in July and 30 m in October. Temperatures
were within a narrow range (1–4 °C) between 100 and 200 m. Salinity
ranged from 34.0 to 34.6 in the upper 200 m layer through the entire
transect in 2004 and 2005, with slightly lower values (33.6 – 34.0) in
the upper 50 m layer in 2005. The occurrence of a warm eddy
structure was apparent at 41°N within the upper 200 m layer in 2004.
The eddy exhibited higher temperatures (4–16 °C) with a uniform
salinity (34.10–34.15) in the upper 200 m layer (Fig. 2).
The concentrations of nutrients increased sharply at depths below
the bottom of the mixed layer. The nitrate concentrations ranged from
0.1 to 0.8 μM in the mixed layer and were less than 17 μM in the upper
100-m layer in both years. The nitrite concentrations were considerably lower (b0.2 μM) than the nitrate concentrations in general, with
relatively high values at a depth of ∼50 m, right below the mixed layer
(Fig. 2). The DIP concentrations were less than 0.2 μM in the mixed
layer and less than 1.2 μM in the upper 100-m layer in both years. The
silicate (DSi) concentrations in the mixed layer ranged from 0.9 to
7.7 μM in 2004 and from 1.6 to 3.1 μM in 2005, and they were less than
25 μM in the upper 100 m layer in both years (Fig. 2).
However, in the subsurface eddy zone in 2004, nitrite concentrations (2.1 and 2.3 μM for stations 4 and 5 at 50 m) were similar to or
higher than nitrate concentrations (2.5 and 0.77 μM for stations 4 and
5 at 50 m), indicating the active regeneration of nutrients from the
converging surface organic matter in this warm eddy. Since unusually
high nitrite concentrations were observed for the two stations at the
same depth, these high values could not be attributed to analytical
artifacts. At this depth, nitrate concentrations were slightly lower than
those obtained at other stations, thereby showing general increasing
trends for DIN and DIP with depth for the eddy stations (Fig. 2).
The N:P ratios in the mixed layer were less than 11 in 2004 and less
than 6 in 2005, and those below 100 m were all approximately 13
during the study periods; these values were considerably lower than
the Redﬁeld ratio (16). The very low N:P ratios in the mixed layer
could be due to the active Redﬁeldian consumption of N and P since
the initial N:P ratio in the entire EJS was approximately 13 (Talley
et al., 2004). The DIN concentrations decreased exponentially as
biological production, inferred from chlorophyll a concentrations,
increased (Fig. 3A). However, DIP could not be fully consumed,
causing a sharp increase in the N:P ratio depending on the increase in
the biological utilizations (Fig. 3B). This trend indicates that the EJS is
a strongly N-limited environment (Fig. 2).
The lower N:P ratios (12) in the upper EJS are in sharp contrast to
those in the Mediterranean Sea (22–29; Krom et al., 1991), another
large marginal sea in the Atlantic. Yanagi (2002) suggested active
denitriﬁcation in the EJS leading to lower N:P ratios. However, these
lower N:P ratios could be due to the inﬂow of lower N:P ratio waters
through the Korea Strait that connects the EJS and the East China Sea

3.2. Hydrographic variation in phytoplankton community

Fig. 3. Relationship between chlorophyll a concentrations and (A) DIN concentrations
and (B) N:P ratios within the upper 200-m layer in the East/Japan Sea.
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Fig. 4. Horizontal and vertical variations in each marker pigment along the transect line of the East/Japan Sea in May 2004 and in July and October 2005. The variations in
prasinoxanthin and violaxanthin are not shown since these concentrations were less than 1 ng/L.

were slightly lower than those in the Mediterranean Sea (25%) and the
Antarctica (33%).
The concentrations of fucoxanthin, a marker pigment of diatoms,
were higher in the warm-water zone (20–400 ng L− 1) than those in
the cold-water zone (10–250 ng L− 1) in the upper 100 m layer in
2004. The highest concentrations of fucoxanthin were found in the
eddy zone (30–630 ng L− 1) in 2004. In 2005, the highest fucoxanthin
concentrations were observed in the upper 100-m layer of the warmwater zone (10–195 ng L− 1) (Fig. 4). In general, the diatom biomass in
the EJS is higher in the southern zone than in the northern zone of the
EJS (Ohwada and Ogawa, 1966; Kuroda, 1987). Diatoms constituted
about 40% and 15% of the phytoplankton community in the surface
layer (0–20 m) in 2004 and 2005, respectively, with the highest
proportions (∼ 80%) in the eddy zone (stations 4 and 5) and the warmwater zone (stations 10 and 11) in 2004. Similarly, higher proportions
of diatoms were found in a warm eddy occurring in the subtropical
North Paciﬁc (Brown et al., 2008). In the deeper layer (20–100 m), the
proportion of diatoms increased by about 30% as compared to the

surface layer (Fig. 5). The higher chlorophyll a concentrations and
diatom proportions in May 2004 could be associated with the spring
bloom in the EJS, occurring in April and May in general (Kim et al.,
2000).
The concentrations of zeaxanthin, a marker pigment of cyanobacteria, were highest (b130 ng L− 1) in the surface frontal zone (0–20 m)
and less than 5 ng L− 1 in most of the other areas in 2004. The
zeaxanthin concentrations were relatively high (5–45 ng L− 1) in the
surface water over the entire transect in 2005 (Fig. 4). The contribution
of cyanobacteria to the total phytoplankton biomass ranged from 40%
to 60% in the surface frontal zone (0–20 m) in 2004 and the surface
water (0–20 m) in 2005. This contribution decreased with an increase
in the depth to less than 10% for a layer deeper than 50 m (Fig. 5). It has
been documented that vertical distribution patterns for zeaxanthin:
chlorophyll a ratios are controlled mainly by vertical mixing of the
mixed layer (Matsumoto and Ando, 2009). In general, the contribution
of cyanobacteria was relatively high in low N:P ratio waters (N:P
ratio b 4), as shown in Fig. 6. Such a dependency was not observed for
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Fig. 5. Horizontal and vertical variations in the contribution of different phytoplankton groups to the total phytoplankton biomass in May 2004 and in July and October 2005. The
variations in chlorophytes are not shown since their contributions on the CHEMTEX results were less than 1%.

Fig. 6. Average contributions of (A) cyanobacteria and prymnesiophytes, and
(B) pelagophytes and diatoms to the total phytoplankton biomass for the different ranges
of N:P ratios (0–4, 4–10, and 10–16) within the upper 200-m layer in the East/Japan Sea.

pelagophytes and diatoms. In the Baltic Sea, a similar dominance of
cyanobacteria has been reported to be caused by an optimal
temperature and decreased N:P ratios (Kononen et al., 1996; Bianchi
et al., 2000). It seems that cyanobacteria dominate in the EJS in the
study seasons, except for the diatom bloom season (i.e., May 2004),
because of the optimal temperature (N10 °C), low N:P ratios, and
nitrogen depletion favorable for the growth of cyanobacteria (Odate
et al., 1990; Le Bouteiller et al., 1992). The dominance of cyanobacteria
in the frontal zone, 2004, could be due to the relatively low N:P ratios
observed after the spring bloom.
The concentrations of 19′-butanoyloxy-fucoxanthin, a marker
pigment of pelagophytes, were relatively higher in the surface coldwater zone (10–120 ng L− 1) in 2004, and generally ranged from 10 to
40 ng L− 1 over the entire transect in 2005 (Fig. 4). The distributions of
pelagophytes, the pico-phytoplankton group, composed 10–40% of the
total biomass of the phytoplankton community in the frontal zone and
the cold-water zone in the upper 100 m layer in 2004, and 20–60% in
all the EJS stations in 2005 (Fig. 5). The contributions were relatively
higher at greater depths. Such high contributions of pelagophytes may
be associated with the oligotrophic features of the EJS in summer and
fall, favorable for picoplanktons (Ansotegui et al., 2003). These
contributions are higher than those in the North Atlantic Ocean
(5–30%) and the Paciﬁc Ocean (10–30%) (Andersen et al., 1996).
The concentrations of 19′-hexanoyloxy-fucoxanthin, a marker pigment of prymnesiophytes, were relatively higher in the upper 20-m layer
of the cold-water (30–210 ng L− 1) and frontal zones (30–190 ng L− 1) in
2004. These concentrations generally ranged from 30 to 130 ng L− 1 over
the entire transect in 2005 (Fig. 4). The contribution of prymnesiophytes
to the total phytoplankton biomass was almost constant (5–15%) in the
entire upper EJS (Fig. 5). A large contribution of prymnesiophytes was
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observed in the case of low N:P ratio waters (Fig. 6); this observation is
similar to the observation in the case of cyanobacteria. Further, this
observation is consistent with the results from laboratory incubation
experiments for Phaeocystis sp., one of the main prymnesiophyte species
(Riegman et al., 1992). Although prymnesiophytes are one of the most
abundant nano-planktons (Andersen et al., 1996), Moon-van der Staay
et al. (2000) showed a consistently larger contribution from pico-size
prymnesiophytes (size b3 μm) in the equatorial Paciﬁc Ocean. The
contributions of prymnesiophytes in the EJS were lower than those in the
North Atlantic Ocean (40–50%) and the Paciﬁc Ocean (30–50%)
(Andersen et al., 1996).
The concentrations of alloxanthin, a marker pigment of cryptophytes, were relatively higher in the upper 20 m layer of the cold-water
zone (10–30 ng L− 1) and the northern frontal zone (10–60 ng L− 1) in
2004. Alloxanthin concentrations were less than 20 ng L− 1 over the
entire transect in 2005 (Fig. 4). The distribution patterns of alloxanthin
were similar to those of 19′-hexanoyloxy-fucoxanthin and 19′butanoyloxy-fucoxanthin. The contribution of cryptophytes, one of the
smaller nano-planktons, to the total phytoplankton biomass ranged
from 5% to 10% in the entire upper EJS in both years (Fig. 5). This result is
similar to the general contribution (b10%) of cryptophytes in the Paciﬁc
Ocean (Mackey et al., 1998; Suzuki et al., 2002).
The concentrations of peridinin, a marker pigment of dinoﬂagellates, were relatively higher in the warm-water zone (10–250 ng L− 1
in 2004, 5–25 ng L− 1 in 2005) in both years (Fig. 4). Contributions of
dinoﬂagellates to the total phytoplankton community were generally
less than 5% for the entire depth (0–100 m) in both years (Fig. 5);
these contributions were similar to those (b5%) in the oligotrophic
waters of the North Atlantic Ocean and the Paciﬁc Ocean (Andersen
et al., 1996).
4. Conclusions
The EJS has very low N:P ratio conditions (b13) in the euphotic
zone; the EJS has several oceanographic environments with considerably varying temperatures, such as the cold water, the warm water,
and the sub-polar frontal water zones. This unique combination of
environments appears to provide favorable conditions for an
unusually high growth of cyanobacteria, pelagophytes, and diatoms.
A warm eddy observed in the northern EJS showed relatively low
nutrient concentrations but a high biomass of phytoplankton. The
phytoplankton community variations induced by the hydrographical
changes in the EJS are as follows: (1) In the warm-water zone,
diatoms and prasinophytes dominated the phytoplankton community
in May 2004, while pelagophytes, diatoms, and cyanobacteria
dominated the community in July and October 2005. (2) In the
frontal zone, cyanobacteria and pelagophytes dominated the phytoplankton community in both years. (3) In the cold-water zone,
diatoms, pelagophytes, and prasinophytes dominated the phytoplankton community in May 2004, while pelagophytes and cyanobacteria dominated the community in July and October 2005. (4) In
the eddy zone in 2004, diatoms dominated (N70%) the phytoplankton
community. More extensive observations of photosynthetic pigments,
together with other biogeochemical parameters, are necessary to
investigate the biogeochemical responses to climate changes in this
very low N:P environment.
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