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The Yellow Sea (YS) is a semi-enclosedmarginal sea in theWest Pacific. As part of the China GLOBEC-IMBER pro-
gram, the present study set out to investigate themechanisms involved in the seasonal patterns of phytoplankton
biomass and community structure in the southern YS. During four cruises in April and October 2006, and March
and August 2007, the phytoplankton spring bloom, the Yellow Sea Warm Current (YSWC) and the Yellow Sea
ColdWaterMass (YSCWM)were themost remarkable biogeochemical events in the study area, involving signif-
icantly different phytoplankton communities. During cold seasons nutrient-rich water was observed, coincident
with the occurrence of the YSWC,which is considered to bewarm and salinewater from the northward Kuroshio
branch current (Cheju Warm Current). However, low Chl a concentrations (b0.6 mg m−3) and a high relative
abundance of prasinophytes (29% of Chl a, average value of the euphotic zone, and the same below) were
observed in the YSWC area in March. During April a spring bloom occurred with very high concentrations of
Chl a (7.69 mgm−3) and fucoxanthin (1.98 mgm−3), and was dominated by diatoms. The mechanism and pro-
cesses of the spring bloom in the central YS are very complex and possibly unique, and the YSWC affects the dis-
tribution of nutrients and hydrological environment for phytoplankton growth. Low Chl a biomass (0.2mgm−3)
and a low contribution of diatoms, but a high contribution of cyanobacteria (36%)were observed in the stratified
central YS in August when the YSCWM prevailed, and a high relative abundance of chrysophytes (38%) was ob-
served in October when the YSCWM was decaying. In a word, significant seasonal variations of phytoplankton
biomass and community structure were observed in the central rather than the coastal area. These results
were considered as the physical–chemical–biological characteristics of the unique ecosystem in the central YS.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The Yellow Sea (YS) is a semi-enclosed marginal sea with depths
ranging from 20 to 90 m in the western Pacific Ocean, bounded by
China and Korea. It is famous for its high productivity and abundant
fishery resources. Recently, environmental problems in the YS became
the center of interest of oceanographers both in China and Korea and
much related research work (e.g. the China GLOBEC-IMBER program
and China Jellyfish Program) is in progress (Sun et al., 2011; Tang
et al., 2007, 2010).

In the past few decades, a number of studies have been carried out in
the YS both to investigate the circulation features and for water mass
nd Ecology, XiamenUniversity,
.

analysis (Huang et al., 2005; Lie, 1986; Lie et al., 2009; Park, 1986).
Based on these studies, fourmajor watermasses are often distinguished
in the YS. Among them, the Yellow Sea Cold Water Mass (YSCWM) is
the most particular phenomenon, and this prevails from summer to
fall with the boundary and temperature–salinity structure remaining al-
most unchanged each year (Zhang et al., 2008; and references therein).
Briefly, it occurs in the central YS, and the primary characteristics are
strong stratification and a very low temperature (b10 °C) in the deep
waters in summer. In winter, the temperature and salinity are higher
in the central area than in the surrounding water, which is associated
with the Yellow Sea Warm Current (YSWC). As early as 1934, the
YSWC was reported as a mean flow transporting saline water originat-
ing from the Kuroshio, and oceanic materials from the East China Sea,
through the YS (Lie, 1986; Uda, 1934). On the other hand, along both
the Chinese and Korean coasts, there are several coastal water currents,
which flow southward, especially during winter. These coastal currents
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are usually characterized by low temperature, low salinity and rich nu-
trients (Chen, 2009). Besides these, the Changjiang (Yangtze) River, as
one of the largest rivers in the world, affects both the northern East
China Sea and the southern YS. Overall, these water masses interact dif-
ferently during different seasons (Lie, 1986; Lie et al., 2009).

Although many studies provide strong evidence concerning the cir-
culation features and water mass properties, extensive studies on the
biogeochemical responses of these water masses are still needed. It is
known that the YSWC transportswarm and salinewater to the YS, how-
ever the nutrient properties and phytoplankton responses of the YSWC
are still unclear. The YSCWM not only influences temperature, but also
distribution of the phytoplankton biomass, bacterial abundance and
production (Hyun and Kim, 2003; Fu et al., 2009; Zhang et al., 2009).
Studies show that there are large spatial and temporal variations of
size-fractioned Chl a in the YS, and picophytoplankton is consistently
of absolute dominance (N40%) in the central YS when the YSCWM pre-
vails (Fu et al., 2009; Zhang et al., 2009). On the other hand, this deep
cold water mass is a key player in the spatial variations of the dominant
zooplankter, Calanus sinicus (Wang et al., 2009). Moreover, long-term
observations indicate that the YS ecosystem is sensitive to environ-
mental changes, including climate changes and anthropogenic im-
pacts (He et al., 2013; Lin et al., 2005). Although the need for more
field work on the ecosystem, particularly the structure and function
of the communities and the relationships with biogeochemical pro-
cesses have been suggested (He et al., 2013; Lin et al., 2005), there
have never been any reports concerning the seasonal variations on
phytoplankton community composition coupled with the physical
processes in the YS.
Fig. 1.Map of study area and sampling stations in the southern Yellow Sea durin
In previous studies, the YSWC and the YSCWM are observed in the
central area in different seasons, thus if the seasonal patterns of phyto-
plankton biomass and community structure in the central area are dif-
ferent from those in the coastal area. What are the roles of the YSWC
and the YSCWM on the distributions of phytoplankton biomass and
community structure in the YS? Our goal was to better understand the
seasonal phytoplankton response to physical processes in the central
YS.
2. Materials and methods

Four cruises were carried out on the R/V Beidou during 14–28 April
2006, 17 October–3 November 2006, 17–23 March 2007 and 3–9 Au-
gust 2007 (Fig. 1). At each station, hydrographic measurements and
water samples were conducted using a Seabird SBE 19 CTD profiler
equipped with a 12 Niskin bottle Rosette sampler. Two stations (B2,
B3) were not sampled during the April cruise, one station (H2) during
the October cruise, and Transect Y (Stations Y2–8) during the August
cruise.

Water samples for nutrients and pigments were taken with Niskin
water samplers from 3–6 layers in the water column of bottom depth
ranging from 30 to 80 m. Nutrient samples were filtered immediately
through acid-cleaned 0.45 μm pore size acetate cellulose filters, and
the filtrates were poisoned with saturated HgCl2 solution. Nutrients in-
cluding NO3

−, NO2
−, PO4

3−and Si(OH)4 were determined using an
autoanalyzer (Model: Skalar SANplus). The precision of nutrient analysis
in this studywas≤3%, and the detection limits of NO3

−, NO2
−, PO4

3−, and
g the four cruises in 2006–2007, with isobaths of 10, 20, 50, 75 and 100 m.
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Si(OH)4 were 0.014, 0.14, 0.07, and 0.07 μmol L−1, respectively (Liu
et al., 2005).

In this study, we used HPLC based measurement of the relative
abundance of different phytoplankton groups (Mackey et al., 1996)
associated with microscopic observations (Utermöhl, 1958) to confirm
the calculated results, especially the dominated group and species.
Seawater samples for phytoplankton pigment analysis (4–10 L, based
on biomass) were filtered through 47 mm GF/F glass fiber filters
(under a vacuum pressure less than 75 mm Hg and in dim light).
Pigment samples stored in liquid nitrogen during the cruise, and
transferred to a deep freezer (−80 °C) in the laboratory. Generally,
the pigment sample analysis was completed within one month
after the cruise, and the longest time a sample was stored in the
freezer was about 45 days. Phytoplankton pigments were extracted
in N, N-dimethylformamide and analyzed using an Agilent series
1100 HPLC system fitted with a 3.5 μm Eclipse XDB C8 column
(4.6 × 150 mm, Agilent Technologies, Waldbronn, Germany) (Zapata
et al., 2000), using a modification of the method of Mantoura and
Llewellyn (1983), Van Heukelem and Thomas (2001) and Huang et al.
(2010). Quantification was performed with standards which were pur-
chased from DHI Water & Environment, Hørsholm, Denmark. The fol-
lowing pigments were detected and quantified: chlorophyll a (Chl a),
chlorophyll b (Chl b), chlorophyll c1 + c2, chlorophyll c3, fucoxanthin,
19′-hexanoyloxfucoxanthin, 19′-butanoyloxfucoxanthin, prasinoxanthin,
lutein, zeaxanthin, diadinoxanthin, alloxanthin, neoxanthin, violaxanthin
and peridinin. Although the divinyl (DV) Chl a standard peak could be
separated from the Chl a standard peak using the C8 column, DV Chl a
and DV Chl bwere not detected in any of the samples.

Based on pigment data, theCHEMTAX(Mackey et al., 1996) program
was used to retrieve the group composition of the phytoplankton.
CHEMTAX software runs inMATLAB, togetherwith amatrix of field pig-
ment data and the initial input of a matrix of pigment: Chl a ratios for
each phytoplankton group. The input pigment ratios matrix used in
the CHEMTAX calculation was based on knowledge of the common
phytoplankton groups present in the YS and adjacent areas (Furuya
et al., 2003; Liu et al., 2012). In addition, since pigment ratios change
with the light regime, the database was kept separate for different
depths as suggested by Mackey et al. (1996). Besides, 10 successive
CHEMTAX runs were performed using the output pigment: Chl a ratio
matrix of each run as input for the following run in order to have
these ratios stabilized toward their most probable values (Latasa,
2007). Table 1 lists the initial input pigment: Chl a ratio for each group
Table 1
Initial input pigment: Chl a ratios for all clusters in CHEMTAX analysis (a) and final pigment: Ch
runs (b).

Peri But-fuco Fuco Hex-fuco Neo

a
Dinoflagellates 1.06 0 0 0 0
Diatoms 0 0 0.47 0 0
Chrysophytes 0 0.37 0.11 0 0
Prymnesiophytes 0 0 0 1.71 0
Chlorophytes 0 0 0 0 0.08
Cryptophytes 0 0 0 0 0
Prasinophytes 0 0 0 0 0.1
Cyanobacteria 0 0 0 0 0

b
Dinoflagellates 1.06 0 0 0 0
Diatoms 0 0 0.17 0 0
Chrysophytes 0 0.37 0.11 0 0
Prymnesiophytes 0 0 0 1.71 0
Chlorophytes 0 0 0 0 0.04
Cryptophytes 0 0 0 0 0
Prasinophytes 0 0 0 0 0.19
Cyanobacteria 0 0 0 0 0

Peri: peridinin; But-fuco: 19′-butanoyloxfucoxanthin; Fuco: fucoxanthin; Hex-fuco: 19′- hex
alloxanthin; Lut: lutein; Zea: zeaxanthin; Chl b: chlorophyll b; Chl a: chlorophyll a.
used in this calculation and an example of the final ratio after 10 succes-
sive CHEMTAX runs. Initial water samples (250ml) for microscopic ob-
servations were preserved in 1% Lugol's solution until identification.
These samples were stored at room temperature in the dark until they
were counted using the Utermöhl method (Utermöhl, 1958).

The monthly mean sea surface temperature (SST), Chl a and daily
sea surface wind (SSW) speed at Stations D1 (coastal) and D5 (central)
were extracted from AVHRR, SeaWiFS and QuikSCAT products (Ocean
Watch North Pacific Demonstration Project, 2008) from Oct. 1981 to
Nov. 2008, Sep. 1997 to Dec. 2009 and Aug. 1999 to Oct. 2009. The res-
olutions of these three parameters were 0.044, 0.1 and 0.25°.

The 35°N transect passes through the Yellow Sea basin (Fig. 1),
where spring bloom, YSWC and YSCWMoccurred. It has been designed
as a typical transect for observation in the southern Yellow Sea (Liu
et al., 2009, 2012). Therefore, we selected this transect to compare the
differences of water column structure among these cruises (Fig. 3). For
comparison between the central area and the surrounding water
masses, the central area and coastal area were defined as the areas
with a water depth N50 m and ≤50 m (Fig. 1). A one-way ANOVA was
used for statistical analysis following a test for the homogeneity of the
variances. The significance level was set at p b 0.05. ANOVA results
were compared using the least significant difference method, and the
phytoplankton biomass (in terms of Chl a concentrations) was log-
transformed because of the possibly very high variance induced by the
patchy distribution of Chl a. Themean nutrient and Chl a concentrations
were calculated as the integratedmean in the euphotic zone (integrated
value/depth). The euphotic zone was defined as the upper water col-
umn down to the depth at which the downward photosynthetically ac-
tive radiation (PAR) was 1% of the value just below the surface. Vertical
profiles of light intensity (PAR) were obtained at each station using a
free-fall spectroradiometer (SPMR, Satlantic), just prior to water
sampling.
3. Results

3.1. Physical and chemical characteristics

Based on the horizontal and vertical distribution of temperature, the
hydrographic features of the study area could be generally divided into
the warm (stratification, August and October) and cold (well-mixing,
March and April) seasons (Figs. 2 and 3).
l a ratios of the 10–30 m samples during the October cruise after 10 successive CHEMTAX

Pras Viola Allo Lut Zea Chl b Chl a

0 0 0 0 0 0 1
0 0 0 0 0 0 1
0 0 0 0 0 0 1
0 0 0 0 0 0 1
0 0.06 0 0.14 0.01 0.46 1
0 0 0.23 0 0 0 1
0.35 0.11 0 0.02 0 0.8 1
0 0 0 0 0.35 0 1

0 0 0 0 0 0 1
0 0 0 0 0 0 1
0 0 0 0 0 0 1
0 0 0 0 0 0 1
0 0.03 0 0.07 0 0.16 1
0 0 0.23 0 0 0 1
0.43 0.18 0 0.03 0 1.39 1
0 0 0 0 0.35 0 1

anoyloxfucoxanthin; Neo: neoxanthin; Pras: prasinoxanthin; Viola: violaxanthin; Allo:



Fig. 2. Horizontal distribution (surface and 30 m) of temperature (°C), salinity, and the surface Chl a concentration (mg m−3) in the southern Yellow Sea during the April and October
cruises in 2006.
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Due to the strong vertical mixing induced by the strong East Asian
wintermonsoon, a quite uniform distribution of temperature and salin-
ity between the surface and 30 m was present during the April cruise
(Fig. 2). Coincidentally, the water column showed a well-mixed vertical
distribution through the 35°N transect during the March and April
cruises (Fig. 3). More importantly, during the April cruise, warm (tem-
perature N10 °C) and saline water (salinity N34) was observed at the
bottom in the central area of the YS (Figs. 2 and 3). During the March
cruise, this high temperature and salinity was again observed, which
was associated with the so-called YSWC. The YSWC is themost obvious
during winter (January–March). Therefore it seemed that, compared
with the April cruise, the warm current water was shown much more
Fig. 3. Vertical distribution of temperature (°C), salinity, density (kg m−3) and Chl a (mg m−3

cruises in 2006–2007.
clearly during the March cruise. During the April cruise (spring season)
the high temperature and salinity water in the central YS probably was
the remaining stream of the YSWC when it was declining (Fig. 3).

During the warm season, owing to the seasonal solar heating and
weakened vertical mixing, strong stratification was established (Figs. 2
and 3). The well-known YSCWM was observed under the thermocline
(Figs. 2 and 3). It was approximately present north of 34°N and east of
122.5°E in the study area (Fig. 2J). The bottom temperature in the center
of the YSCWM was below 10 °C, and the salinity was higher than 33.5
(Fig. 3). Although both were impacted by the YSCWM, a much shal-
lower and thicker thermocline was observed during August, thus the
mixed layer depth was shallower in August than in October (Fig. 3). In
) along the 35°N transect (D/Z transect, Fig. 1) in the southern Yellow Sea during the four
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Table 2
Depth, surface and bottom temperatures, and the means (in the euphotic zone) of nitrate, phosphate and silicic acid of stations in the coastal and central areas during the four cruises in
April and October 2006, and March and August 2007.

Month Area Depth Surface temperature Bottom temperature Nitrate (μmol L−1) Phosphate (μmol L−1) Silicic acid (μmol L−1)

Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD

March 2007 Coastal (n = 9) 36.7 ± 8.0 8.84 ± 1.54 8.84 ± 1.74 5.1 ± 5.6 0.41 ± 0.23 6.7 ± 6.0
Central (n = 7) 72.7 ± 9.9 10.05 ± 1.48 10.86 ± 1.11 5.1 ± 2.1a 0.50 ± 0.16a 9.0 ± 2.0a

April 2006 Coastal (n = 18) 37.3 ± 9.9 10.25 ± 2.17 9.68 ± 2.20 6.7 ± 1.9 0.25 ± 0.14 7.3 ± 5.5
Central (n = 13) 72.9 ± 8.7 9.36 ± 1.56 9.19 ± 1.21 6.4 ± 1.3a 0.10 ± 0.04b 5.9 ± 3.3

August 2007 Coastal (n = 5) 35.6 ± 6.4 26.58 ± 0.69 14.88 ± 4.62 1.3 ± 0.7 0.21 ± 0.08 4.9 ± 0.8
Central (n = 7) 73.4 ± 11.2 26.99 ± 0.56 11.11 ± 0.39 1.0 ± 0.7 0.19 ± 0.12 5.9 ± 2.0

October 2006 Coastal (n = 18) 37.6 ± 10.1 22.42 ± 1.83 21.19 ± 3.36 4.1 ± 3.9 0.27 ± 0.16 6.2 ± 4.9
Central (n = 15) 72.5 ± 8.0 20.79 ± 1.53 8.72 ± 0.59b 1.1 ± 0.8b 0.09 ± 0.04b 4.3 ± 1.4

a Indicates that nutrient concentrations in the central area were significantly higher than those during the other cruises in the same area (p b 0.05).
b Indicates a significant difference between the coastal and central areas during the same cruise (p b 0.05).
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addition, low salinity surface water in the coastal area was also noted,
which was attributed to a large amount of freshwater input during the
warm season (Figs. 2 and 3).
3.2. Nutrients and Chl a

3.2.1. Nutrient dynamics
During the cold season, both the coastal and central areas showed

high nutrient concentrations (average value for the euphotic zone) as
a result of the well-mixed structure in the water column (Table 2).
The concentrations of nitrate and phosphate during the March cruise
reached 6 μmol L−1 and 0.6 μmol L−1, respectively, whereas they
were less than 1 μmol L−1 and 0.1 μmol L−1 duringAugust in the central
YS (Fig. 4). Additionally, the nutrient-rich water observed inMarchwas
consistentwith the occurrence of the YSWC (Figs. 3 and 4). Based on the
results of the 35°N transect, relative higher nutrient concentrations
were present in the central area rather than the coastal area (Fig. 4). Nu-
trient distribution patterns in April were generally similar to that in
March, apart from reduction in phosphate concentration within the
Fig. 4.Vertical distribution of nitrate, phosphate and silicic acid concentrations (μmol L−1) along
2006–2007.
euphotic zone during April (Fig. 4E). There was a significant difference
between the phosphate concentrations in the central YS and the coastal
area (Table 2).

The diapycnal nutrient flux was restrained by the development of
stratification during summer, and thus quite low concentrations of
surface nutrients were observed in the central area (Table 2 and
Fig. 4). The concentrations of nitrate (1.1 ± 0.8 μmol L−1, mean ± SD)
and phosphate (0.09 ± 0.04 μmol L−1, mean ± SD) in the euphotic
zone (~30 m) of the YSCWM area (n = 15) during the October cruise
were significantly lower than those in the coastal area (p b 0.01, n =
18) (Table 2).
3.2.2. Chl a
Two contrasting spatial patterns were observed for surface Chl a

concentrations during the April and October cruises in 2006 (Fig. 2). A
clear spring phytoplankton bloomwas observed during the April cruise
in the northeast area (Fig. 2E). During this cruise, the surface Chl a
ranged from 0.89 mg m−3 (at the southern stations) to 12.62 mg m−3

(at Station A5), with a mean of 2.97 ± 2.96 mg m−3 (n = 31). In
the 35°N transect (D/Z transect, Fig. 1) in the southern Yellow Sea during the four cruises in

image of Fig.�4
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contrast, atmost of the stations in the central YS during October, the Chl
a concentrations were below 0.5 mg m−3 (Fig. 2J). The low Chl a area
matched well with the area of deep low temperature water (Fig. 2).

Compared to the coastal area, the central YS showed more signifi-
cant seasonal variation of Chl a (Fig. 5A). Both the highest (1.58 ±
1.09 mg m−3, n = 13) and lowest Chl a (0.18 ± 0.05 mg m−3, n = 7)
were observed in this area during the April and August cruises, due to
the spring bloom and the strong summer stratification, respectively.
The seasonal patterns of sea surface Chl a measured by satellites at the
coastal (D1) and central (D5) stations were consistent with the in situ
measurements (Fig. 5). The Chl a was higher in the central than in the
coastal station during April, with a large standard deviation, indicating
the dynamic spring phytoplankton bloom. The climatological monthly
mean SST and SSW speed showed typical features, which were related
to the predictable seasonal changes of irradiance and the East Asian
monsoon in the marginal seas of the northwestern Pacific Ocean
(Fig. 5C). However, the SST was about 2 °C higher in February and
March in the central area, where the impact of the YSWC was consid-
ered to be more significant.
Fig. 5. Chl a concentrations (average value for the euphotic zone,mgm−3) in the different
subareas of the southern Yellow Sea during the four cruises in 2006–2007 (A) and clima-
tological monthly mean Chl a (B), sea surface temperature (C, SST), sea surface wind (C,
SSW) speed in Stations D1 (coastal) and D5 (central). Error bars on the Chl a concentra-
tions are standard deviation.
3.3. Phytoplankton community structure

Not surprisingly, diatomswere the dominant group in the study area
during the four cruises, with the average concentrations in the euphotic
zone one magnitude higher than in the other groups (Fig. 6). The con-
centrations of diatoms were similar to those of the Chl a biomass with
higher concentrations being observed in the coastal area during the
March, August and October cruises, but in the central area during the
April cruise (Figs. 2, 3 and 6).

During the April cruise in 2006, diatoms contributed 98% of the Chl a
to the water column, with very high concentrations of Chl a
(7.69 mg m−3) and fucoxanthin (1.98 mg m−3) at a spring bloom sta-
tion (Stn. A5) in the northeast part of the study area (Fig. 6E). The
diatom-dominated spring bloom was confirmed by microscopy and
the chain-forming diatom, Thalassiosira pacifica, dominated the com-
munity. The abundance of this species was 1.3 × 106 cells L−1 and it
made up 98.9% of the total phytoplankton abundance at Station A5,
followed by Guinardia delicatula (6.39 × 103 cells L−1) and Corethron
pennatum (5.51× 103 cells L−1). The average concentration and relative
abundance of diatoms in the central area during the spring bloomwere
as high as 2.13 mg m−3 and 76% (Fig. 7). In addition, the ratio of fuco-
xanthin to Chl a during April was significantly higher than the others
(Fig. 8B), which was consistent with the results of CHEMTAX analysis
(Fig. 7B).

During the March cruise, Paralia sulcata and Coscinodiscus spp. were
the dominant species in the samples. The high contribution of diatoms
(80%) coincided with the high Chl a in the coastal water (Fig. 6A),
whereas the contribution of prasinophytes seemed to increase in the
central area with a relatively lower Chl a concentration (Fig. 6D). The
prasinophytes were the second most important group in the central
area duringMarch (Fig. 7B). The relative abundance (28 ± 7%) was sig-
nificantly higher than those in April and August (p b 0.01).

During thewarm seasons, quite low diatom concentrations occurred
in the YSCWM area (Fig. 6). During the August cruise, the average
concentration and relative abundance of diatoms in the central area
were only 0.05 mg m−3 and 30%, when the YSCWM prevailed (Fig. 7).
However, significantly higher concentrations of cyanobacteria were
observed in August and south of the study area during the October
cruise, associated with the higher temperature (Fig. 6). Therefore, the
dominance of diatoms was replaced by that of cyanobacteria (36 ±
16%, n = 7) in the central area (Fig. 7B). During October, when the
YSCWM was decaying, the concentrations of chrysophytes and
prasinophytes increased (Fig. 6), and they contributed 38 and 18% of
the Chl a biomass in the water column of the central YS (Fig. 7B). In ad-
dition, the ratios of 19′-hexanoyloxfucoxanthin and zeaxanthin to Chl a
during the warm seasons were relatively higher than those in the cold
seasons (Fig. 8B).
4. Discussion

As we hypothesized, significant seasonal variations on phytoplank-
ton biomass (Fig. 5) and community structure (Figs. 6–8) were ob-
served in the central area compared to the coastal area. Indeed, the
YSWC and YSCWM seemed to be important players in determining
the spatial and temporal patterns of phytoplankton biomass and com-
munity structure in the central YS.

image of Fig.�5


Fig. 6. The spatial distribution of Chl a concentrations (average value for the euphotic zone, mgm−3) of the four major phytoplankton groups (diatoms, cyanobacteria, chrysophytes and
prasinophytes) during the four cruises in 2006–2007. The scale of diatom concentrations is one magnitude greater than that of the others.
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4.1. Yellow Sea Warm Current and spring phytoplankton bloom

In previous studies, high nutrient concentrationswere also observed
in the central YS in winter and spring (Fu et al., 2009; Hyun and Kim,
2003; Jin et al., 2013). They suggest that this high nutrient water
might have originated from the bottom mixed water in the winter sea-
son. The nutrient-rich bottomwater is a result of nutrient accumulation
in the YSCWM during the previous summer and fall. However, in the
present study the nutrient-rich water was observed coincidently with
the occurrence of the YSWC (Figs. 3 and 6), which is confirmed to be
linked to the water intrusion of the Cheju Warm Current, a Kuroshio
branch current (Lie et al., 2009). A recent study revealed that the
mean depth integrated concentrations of DIN, PO4

3− and SiO3
2− in the

YSWC area were 660, 40 and 840 mmol m−2, respectively, which
were 1.5 times as high as that in the non-YSWC area (Jin et al., 2013).
Undoubtedly, the strong wind-driven vertical mixing can provide a lot
of nutrients (Jin et al., 2013), however, in complex marginal sea ecosys-
tems, not only the vertical nutrient fluxes, but also the horizontal
direction is very important. Physical researchers note that the Kuroshio
moves onshore both in the nutrient-poor surface layer and in the
nutrient-rich subsurface layer (Lee and Matsuno, 2007) and there are
abundant nutrients during winter south of the main axis of the YSWC
(Changjiang River estuary) (Chen, 2009; Wang et al., 2003). Therefore,
there is another possible explanation in that the warm and nutrient-
rich water might partially originate from the subsurface nutrient-rich
water of the Kuroshio and/or from the Changjiang (Yangtze) River estu-
ary. Future work aims to gather evidence about the sources of the high
nutrient waters.

Although nutrient concentrations were high, Chl a concentration
was low (Fig. 3D, b0.6 mg m−3) in the YSWC area. During the March
cruise a vertically homogenous water column was observed, and there-
fore phytoplankton might not have accumulated in the euphotic zone
because the mixed-layer depth was deeper than the critical depth
(Figs. 3, 4 and 9) (Fu et al., 2009; Hyun and Kim, 2003; Sverdrup,
1953). On the other hand, the turbid coastal water induced by strong
mixing does not favor phytoplankton growth because of the instability
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Fig. 7. Seasonal variation of integratedmean Chl a of various algal classes in the different subareas (A, average value for the euphotic zone, mgm−3) and the contribution of various algal
classes to total Chl a biomass in the central area (B, relative abundance, %) during the four cruises in 2006–2007. The vertical axis for Chl a concentration is presented as a logarithmic scale.
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and light limitation in thewater column. In addition, our results showed
that the phytoplankton community was dominated by P. sulcata and
Coscinodiscus spp. during theMarch cruise. P. sulcata is a typical benthic
type which is induced by strong mixing of bottom and preponderant in
unstable hydrologic conditions (Tang et al., 2013).

It should be noted that the prasinophytes were abundant in the cen-
tral area associated with the occurrence of the YSWC (Fig. 7). Based on
pigment data, the highest (172 ± 81 ng L−1, n = 16) and lowest
(35 ± 34 ng L−1, n = 33) prasinophyte Chl a concentrations were
found during the March and August cruises, while they contributed
about 30 and 6% of the total Chl a biomass. The Chl b to Chl a ratio in
the central area was significantly higher during the March cruise than
during the other cruises (Fig. 8B), and the Chl b concentration was
observed to be the secondmost important pigment in most of the sam-
ples, indicating that the prasinophytes and/or chlorophytes might con-
tribute a high percentage in the YS. However, quite low lutein
concentrations were detected (b3 ng L−1), whichwas almost onemag-
nitude lower than that of prasinoxanthin (~10–20 ng L−1). UsingHPLC-
CHEMTAX analysis, the prasinophytes were significantly higher in
abundance than the chlorophytes (p b 0.01, n=16). The prasinophytes
are known to be common in temperate and cold regions where they
can occur as prominent constituents of the marine picoplankton
(Throndsen, 1976). One well known genus of prasinophytes is
Ostreococcus, considered to be the smallest (ca. 0.95 μm) free-living
eukaryote, found in marine waters worldwide (Courties et al.,
1994). Two clades of Ostreococcus were thought to be distinguished
in the environment by their adaptation to light intensities, with the
high-light ecotypes being detected at warm oligotrophic sites
whereas the low-light ecotypes were present in cooler mesotrophic
and coastal waters (Rodriguez et al., 2005). The YSWC originated
from the Kuroshio but rich in nutrients, thus it is difficult to speculate
which clade dominated or coexist. In the future, using fluorescence
in situ hybridization with primer-probes (Demir-Hilton et al.,
2011)may find out the difference in distributions of these two clades
in the central YS.

During early spring, the combination of rising irradiance and
temperature and weak stratification increases the residence time of
the phytoplankton and its growth rate within the euphotic layer, and
seems to trigger the spring phytoplankton bloom in the central YS
(Fig. 9; Hyun and Kim, 2003; Xuan et al., 2011; Tang et al., 2013).
Based on in situ and satellite observations, the spring phytoplankton
bloom during 2007 and 2009 occurred at the tip of YSWC, where the
warm and nutrient-rich water met the cold and turbid coastal water
(Xuan et al., 2011, 2012). This kind of front is usually characterized by
high levels of biological activity and active exchange of energy andmat-
ter (Franks, 1992). Using a 3-dimensional physical–biological coupled
model, Hu et al. (2004) reveal that the initiation of the spring phyto-
plankton bloom is critically related to the water column stability. The
weak stratification caused by the decrease of the wind speed and inter-
action between water masses is more suitable than the well mixed
structure for phytoplankton growth (Hyun and Kim, 2003; Sverdrup,
1953). Xuan et al. (2011, 2012) also point out that Sverdrup's critical
depth model can be applied to explain phytoplankton growth in the
central YS using the 3-D physical ocean model MITgcm.

In previous studies, the impacts of YSWC on the spring bloom were
mainly related to the hydrodynamic environment rather than the nutri-
ents. Recently, nutrient status during the spring bloom in the central YS
has been reported (Jin et al., 2013). Their results show that nutrient con-
centrations before the spring bloom within the euphotic zone of the
YSWC area are significantly higher than those in the coastal area, and
rapidly decreasing during the blooms (Jin et al., 2013). Similarly, the
decline of nutrients in the central area during April, compared with

image of Fig.�7


Fig. 8. The seasonal variation of major pigments to Chl a ratios in the coastal (A) and cen-
tral (B) areas during the four cruises in 2006–2007. Pigment abbreviations are indicated in
Table 1.
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that duringMarch (Table 2), might be caused by phytoplankton uptake.
However, the detailed process during the spring bloom still looks very
complex and dynamic (Jin et al., 2013). The spring bloom lasts for
about twomonths from April toMay each year and is composed of a se-
ries of sub-bloom events that show different dominant species compo-
sitions, likely corresponding to the different stages of spring blooms
(Tang et al., 2013). Our results show that phosphate was exhausted
first and extremely lacking in the euphotic zone of central YS during
April, while there was a surplus of nitrate and silicate (Fig. 4E). The pos-
sible explanation might be attributed to the nitrogen deposition
(Fanning, 1989). Ren et al. (2011) report that a large-scale diatom
bloom occurred four to five days after an Asian dust event during spring
2007, indicating the deposition supply of nutrients for phytoplankton
growth (Zhang, 1994). More importantly, the increase in N availability
caused by atmospheric deposition has switched extensive parts of this
study area from beingN-limited to P-limited (Kim et al., 2011). It is like-
ly, therefore, that themechanism and processes of the spring bloom are
very complex and possibly unique in the central YS (Fig. 9). Neverthe-
less, coupled with the effects of nutrients and hydrological environ-
ment, the YSWC is suggested to be one of the players in the YS spring
phytoplankton bloom. To improve our basic understanding of the spring
bloom in the complexmarginal sea, it is important to clarify the sources
of nutrients and evaluate phytoplankton consumption at the same time.
Fig. 9. Seasonal circulation patterns of themajor physical processes and their biogeochem-
ical responses in the central Yellow Sea. YSCWM:Yellow Sea ColdWaterMass, YSWC: Yel-
low Sea Warm Current. (a) Hyun and Kim (2003), (b) Wang et al. (2009); Huo et al.
(2012), (c) Zhang (1994); Ren et al. (2011).
4.2. Yellow Sea Cold Water Mass

The seasonal evolution of the YSCWM can be attributed to the
unique basin topography and the impact of both the seasonal evolution
of thermocline and the circulation system in the YS (Zhang et al., 2008).
Basically, the seasonal thermocline is an important physical barrier in
the ocean, separating the well-lit, nutrient-poor and warm surface
layer from the darker, nutrient-rich and cold deeper water. The stable
and high density gradient inhibits the diapycnal transfer of nutrients
(Liu et al., 2003, 2012;Wang et al., 2003). Besides the low nutrient con-
centrations, previous studies show high proportions of dissolved organ-
ic nitrogen and dissolved organic phosphorus (Liu et al., 2003) and the
DIN/PO4
3− ratio above the subsurface chlorophyll maximum is almost

three times higher than that of the bottom layer (Liu et al., 2012), imply-
ing an extreme shortage of phosphate. Consequently, in the surface
mixed layer of the central YS, it is easy to suggest that the growth of
phytoplankton was limited by the poor nutrient concentrations, and
so the smaller phytoplankters (e.g. the cyanobacteria) became domi-
nant. Although the cyanobacteria dominated (64 ± 3%, n = 10) the
upper layer of the southern YS (Fig. 6H), diatoms and chrysophytes con-
tributed 38 ± 6% and 21± 4% (n= 5) of the Chl a concentration at the
subsurface chlorophyll maximum (0.52 ± 0.4 μg L−1, n = 5) at Station
D5 (Liu et al., 2012). When the YSCWM was decaying, a much lower
surface temperature and a deeper thermocline were observed (Fig. 3),
and nutrient concentrations within the surface mixed layer in October
were not as low as in August. This might be the explanation for the dif-
ferences in phytoplankton community composition between August
and October (Figs. 6 and 7).

In terms of spatial distribution, the phytoplankton pigment ratios
and community composition (which was strongly influenced by envi-
ronmental conditions) showed patterns similar to the T–S properties
(Figs. 6 and 7). In coastal areas of the YS the concentrations of N, P
and Si compounds are high, reflecting the effects of the Changjiang
effluent plume, surface runoff from the west and east coasts, and circu-
lation in the YS (Liu et al., 2003). However, because of the unique basin
topography and strong tidal currents, the YSCWM is fringed by typical
tidal mixing fronts, which separate the cold, stratified water at the off-
shore side from the warm, well-mixed, shallow water on the other
side (Qiao et al., 2006). Thus, significantly lower nutrient and Chl a con-
centrations are observed on the surface of the YSCWM area than in the
surrounding water in summer (Fu et al., 2009). In the present study,
much evidence was presented of the YSCWM area behaving differently
from the rest of the sampled region, especially with regard to phyto-
plankton community structure (Figs. 2–8).

In addition, if the pico-size phytoplanktons dominate, then the
importance of microbial loop may become more prominent. Bacteria,
flagellates, ciliates and pico-plankton may have a more significant
impact on higher trophic levels. Multivariate analysis based on the
copepod assemblage resulted in the recognition of five groups corre-
sponding to the different water masses in the East China Sea and YS,
and the one in the YSCWM is the most notable one (Zuo et al., 2006).
During summer, the low Chl a biomass in the central YS leads to the
copepodite stage V (C5) dominating the population, and the reproduc-
tion of the dominant species (Calanus sinicus) nearly ceases during sum-
mer, with most of the females remaining at stages GS1 and GS2 inside
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the YSCWM(Fig. 9;Wang et al., 2009; Huo et al., 2012). Further, Jin et al.
(2003) reveal that the fish composition and diversity are different be-
tween the central YS and the other areas during fall, indicating that
the YSCWM ecosystemmay also play an important role in the distribu-
tion of fish species in the YS.

In conclusion, a very strong spatial heterogeneity was observed
among the physical, chemical and biological parameters in the study
area when the YSCWMoccurred. In the central part, typically the abun-
dance and/or community structure of organisms (phyto-/zoo-plankton)
were derived from the supply of resources (e.g. nutrients) and/or by
physical factors (e.g. temperature and/or salinity) during the YSCWM
season, which are the fundamental characteristics of a bottom–up con-
trol system (Fig. 9). At this point, the system in the central YS in summer
was similar to the open ocean when the YSCWM prevailed. All this evi-
dence suggested that the ecosystem of the central area was different
from the other regions in the southern YS (Fig. 9).
5. Conclusions

Significant seasonal biological responses to physical processes were
observed in the central YS (Fig. 9). During winter, nutrient-rich water
was observed coincidently with the occurrence of the YSWC (Fig. 4).
Prasinophytes were abundant and the main contributors of Chl b in
the YSWC water. The mechanism/process of the spring bloom was
very complex and unique. However, the YSWC was suggested to be
one of the important players. A very strong spatial heterogeneity was
observed in the physical, chemical and biological parameters in the
central YS during the YSCWM occurrence (Figs. 2, 7 and Table 2). A
low Chl a biomass (0.2 mg m−3) and a low contribution of diatoms to
the total Chl a biomass (30%), with a high contribution of cyanobacteria
(36%), were observed in the central YS in August when the YSCWM
prevailed, and a high contribution of chrysophytes (38%) was observed
in October when it was decaying. All these results were considered as
the characteristic physical–chemical–biological response of the ecosys-
tem in the central YS.
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