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a b s t r a c t

In early spring, a hydrological front emerges in the central Yellow Sea, resulting from the intrusion of the
high temperature and salinity Yellow Sea Warm Current (YSWC). The present study, applying phyto-
plankton pigments and flow cytometry measurements in March of 2007 and 2009, focuses on the bio-
geochemical effects of the YSWC. The nutrients fronts were coincident with the hydrological front, and a
positive linear relationship between nitrate and salinity was found in the frontal area. This contrast with
the common situation of coastal waters where high salinity values usually correlate with poor nutrients.
We suggested nutrient concentrations of the YSWC waters might have been enhanced by mixing with
the local nutrient-rich waters when it invaded the Yellow Sea from the north of the Changjiang estuary.
In addition, our results indicate that the relative abundance of diatoms ranged from 26% to 90%, showing
a higher value in the YSCC than in YSWC waters. Similar distributions were found between diatoms and
dinoflagellates, however the cyanobacteria and prasinophytes showed an opposite distribution pattern.
Good correlations were found between the pigments and flow cytometry observations on the pico-
phytoplankton groups. Prasinophytes might be the major contributor to pico-eukaryotes in the central
Yellow Sea as similar distributional patterns and significant correlations between them. It seems that the
front separates the YSWC from the coastal water, and different phytoplankton groups are transported in
these water masses and follow their movement. These results imply that the YSWC plays important roles
in the distribution of nutrients, phytoplankton biomass and also in the community structure of the
central Yellow Sea.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Western boundary currents, such as the Kuroshio, are warm,
swift, narrow oceanic currents found in the western side of the
subtropical gyres. The branches of western boundary currents into
marginal seas are important reasons for the ecosystem dynamics
and complexity (Hu et al., 2015). It is clear that the Kuroshio
branches are important drivers of the biogeochemical cycles in the
East and South China Seas (Yang et al., 2012; Du et al., 2013).

The Yellow Sea is a semi-enclosed marginal sea with depths
ranging from 20 to 90 m, bounded by China and Korean Peninsula

and influenced by the East Asian Monsoon, the Kuroshio Current
and riverine input. In winter and early spring, a hydrological front
emerges in the central Yellow Sea where the warm Yellow Sea
Warm Current (YSWC) meets the cold water of the Yellow Sea
Coastal Current (YSCC) (Chen, 2009; Lie et al., 2009; Lin and Yang,
2011; Lin et al., 2011). The YSWC is an asymmetric upwind flow
and will intrude into the central Yellow Sea along the western side
of the Yellow Sea trough from winter to early spring (Lin et al.,
2011). It originates from the northward Kuroshio branch current
(Cheju Warm Current) and the Taiwan Warm Current in the
northern part of the East China Sea (Lin et al., 2011). On the coastal
side, the cold fresh YSCC is brought into the central Yellow Sea
when the southward flowing current is influenced by winter
monsoons (the northwestern monsoon) (Chen, 2009). Therefore,
the front showing extreme contrasts between the warm saline
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YSWC and the cold fresh YSCC is developed from winter to early
spring and provides a dynamic environment during this period.

Since the 1980s, several theories have been suggested con-
cerning the origin and generation of the YSWC, mainly based on
current measurements, historical hydrographic data and numer-
ical models (Lie et al., 2001; Huang et al., 2005; Lin and Yang, 2011;
Lin et al., 2011; Wang et al., 2012). To date, however, little is known
concerning biogeochemical behaves of the YSWC (Liu et al., 2015).
Chen (2009) reveals that the YSWC originates from the Kuroshio
and Taiwan Warm Current and thus it is relatively warmer, saltier,
and nutrient-poor. While, recent studies reveal that the nitrate
concentrations in the YSWC reach up to 8 μM (Fu et al., 2009; He
et al., 2013; Jin et al., 2013). It was suggested that nutrient con-
centrations in the YSWC have increased since the end of last
century (He et al., 2013; Jin et al., 2013). However, the nutrients
sources and their contributions are unclear (Liu et al., 2015). De-
spite high nutrient concentrations, quite low chlorophyll a (Chl a)
concentrations dominated by picosize phytoplankton in the YSWC
during winter were noted by the size-fraction Chl a results (Fu
et al., 2009). Our previous study also reported low Chl a con-
centrations (o0.6 mg L�1) and abundant prasinophytes in the
YSWC area in March (Liu et al., 2015). In the absence of direct
evidence from flow cytometry observation on the spatial dis-
tributions of prokaryotic and eukaryotic picophytoplankton, the
difference on phytoplankton community structure between the
YSWC and the YSCC is still unclear.

During early spring the region of algal bloom coincides with
that of the YSWC in the central Yellow Sea (Liu et al., 2015). High
temperature and rich nutrients in the YSWC are hypothesized to
be one of the explanations for the spring bloom and its succession
patterns (Jin et al., 2013; Liu et al., 2015). During April 2007 and
2009, comprehensive observations were made in the China GLO-
BEC-IMBER Program (Tang et al., 2013). A special issue in the
journal of Deep-Sea Research II (volume 97, 2013) provided a
comprehensive picture of the spring bloom (Tang et al., 2013).
Generally, the spring blooms are observed in the central Yellow
Sea at the water depths 450 m (Hyun and Kim, 2003; Xuan et al.,
2011; Liu et al., 2015). They typically last for about two months
from April to May, and are composed of a series of sub-bloom
events that show different dominant species compositions (Tang
et al., 2013). Hu et al. (2004) demonstrated that the initiation of a
spring phytoplankton bloom is critically related to the water col-
umn stability based on a 3-dimensional physical–biological cou-
pled model. Further, Zhou et al. (2013) observed that the changes
in stability of the hydrographic structure caused by oceanic and

meteorological factors like horizontal advection, tides, wind and
solar radiation affect the development of spring blooms in the
central Yellow Sea. In addition, the trigger of the spring algal
bloom is considered to be the imbalances in predator-prey rela-
tions rather than a reflection of rapid cell division (Behrenfeld and
Boss, 2014). Sun et al. (2013) revealed that the grazing rates are
generally lower than the growth rates during the pre-blooming
phase in the central Yellow Sea, while the grazing rate reaches a
balance with the growth rate during the blooming phase with the
average net growth rates of the community being 0.207 and
0.005 d�1 at pre-blooming and blooming stations. This implies the
net growth of phytoplankton during pre-blooming is the major
cause of the bloom (Sun et al., 2013). Based on these results, the
factors that influence community structure and growth of phyto-
plankton during the initial stage of the spring bloom are very
important.

Previous studies in the special issue provide detailed evidence
of the change in hydrological conditions (Zhou et al., 2013), nu-
trient concentrations (Jin et al., 2013) and temporal variation of
picophytoplankton during the blooms (Zhao et al., 2013), but the
total phytoplankton community structure. We analyzed results of
hydrography, nutrients, phytoplankton biomass and composition,
focusing on the biogeochemical characteristics, especially phyto-
plankton community of the YSWC and the YSCC during the pre-
blooming phase in the central Yellow Sea. In the present study,
phytoplankton pigments and flow cytometry measurements were
firstly conducted simultaneously for this study area. Moreover, the
nutrients sources of the YSWC and the factors controlling biomass
and composition of phytoplankton community will be discussed.

2. Materials and methods

Two cruises were carried out on the R/V Beidou during 17–23
March 2007 and 20–30 March 2009 (Fig. 1), around 1–2 weeks
before the satellites-derived Chl a maximum occurred (Fig. 3d)
(Tang et al., 2013). In addition, two time series observations using
surface Lagrangian drifters which lasted 102 h (from 3:00 am 4th
April to 9:00 am 8th April) and 126 h (from 3:00 am 9th April to
9:00 am 14th April) respectively were carried out in 2009 at two
stations (Stns. B23 and B20, Fig. 1). At Stn. B20, water in the eu-
photic zone was fundamentally driven by the YSCC and thus
moved to the southwest, while tidal signal was relatively strong at
Stn. B23 (the YSWC) as indicated by its orbit (Zhou et al., 2013).
Hydrographic and nutrients data of the present study can be found

Fig. 1. Map of study area and sampling stations in the Yellow Sea during March 2007 (a) and 2009 (b). The black Triangles and stars indicate the location of Stns. B14, B18,
B20, B23, B30 and B32.
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in Zhou et al. (2013) and Jin et al. (2013), respectively.
Phytoplankton pigments were analyzed using an Agilent series

1100 HPLC system fitted with a 3.5 μm Eclipse XDB C8 column
(4.6�150 mm2, Agilent Technologies, Waldbronn, Germany) (Za-
pata et al., 2000). 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), and then were immediately frozen in liquid
nitrogen prior to analysis in the laboratory. The following pig-
ments were detected and quantified: Chl a, chlorophyll b, chlor-
ophyll c1þc2, chlorophyll c3, fucoxanthin (Fuco), 19′-hex-
anoyloxyfucoxanthin, 19′-butanoyloxyfucoxanthin, prasinox-
anthin, lutein, zeaxanthin (Zea), diadinoxanthin, alloxanthin,
neoxanthin, violaxanthin and peridinin (Peri). The CHEMTAX
program (Mackey et al., 1996) was used to retrieve the group
composition of the phytoplankton (diatoms, dinoflagellates,
chrysophytes, prymnesiophytes, chlorophytes, cryptophytes, pra-
sinophytes and cyanobacteria). The basis for calculations and the
procedures are fully described in Latasa (2007), and the input
pigment ratio matrix used in the CHEMTAX calculation was based
on a knowledge of the common phytoplankton groups from our
previous studies in the Yellow Sea (Liu et al., 2012, 2015).

Flow cytometry samples were fixed with buffered paraf-
ormaldehyde (0.5% final concentration) and stored at �80 °C until
analysis. Cell abundances of picophytoplankton were enumerated
using a FACS Vantage SE flow cytometer (Becton Dickinson)
equipped with a water-cooled Argon laser (488 nm, 1 W, Co-
herent) (Zhao et al., 2013). Protocols were adapted from (Marie
et al., 2000) and fluorescent beads (2 μm, Polysciences) were used
as the internal standard for the enumeration of picoplankton cells
(Olson et al., 1993).

Sea surface temperature (SST) and Chl a were extracted from
multiple-satellite products (AVHRR, SeaWiFS and MODIS/Aqua).
The resolutions of these three databases were 0.044°, 0.1° and
0.05° respectively. A good correlation between the SeaWiFS and
MODIS/Aqua data sets was displayed in the Yellow Sea using
quantitative comparisons (Liu and Wang, 2013), suggesting that
SeaWiFS Chl a time series gaps can be directly filled using the
corresponding MODIS/Aqua Chl a data to enlarge the Chl a dataset
series (Liu and Wang, 2013). Based on T–S diagram analysis (Fig. 5)
and previous study (Chen, 2009), it is reasonable to separate the
coastal water from the YSWC with the salinity o32, and the
temperature of these samples were o8 °C. Further, the YSWC and
the front area were defined as their salinity 433 and within 32–
33, respectively. We performed a canonical correlation analysis
(CCA), which is a multidimensional exploratory method that can
highlight correlations between two groups of variables (González
et al., 2008). A R package was used to perform the regularized

extension of CCA (González et al., 2008). A one-way ANOVA was
used for statistical analysis following a test the homogeneity of the
variances. The significance level was set at po0.05. ANOVA results
were compared using the least significant difference method. The
euphotic zone was defined as the upper water column down to the
depth at which the downward photosynthetically active radiation
was 1% of the value just below the surface. Vertical profiles of light
intensity were obtained at each station using a free-fall spectro-
radiometer (SPMR, Satlantic), just prior to water sampling during
the day. This paper mainly describes the results of the cruise in
March 2009; similar results were observed in the cruises between
2007 and 2009.

3. Results

3.1. Long-term variation of Chl a and cruise background based on
satellite data

Long-term variation of sea surface Chl a concentration in a
4°�4° region (122–126°N by 32–36°E) in the central Yellow Sea
displayed a clear seasonal cycle (Fig. 2). The maximum Chl a each
year occurs in spring (April), but some peaks occasionally appear
in summer (e.g. June 2006) or early winter (e.g. December 2010).
An increasing trend of spring algal bloom was observed from the
end of the last century, but it seems to have declined after 2008
(Fig. 2). Nevertheless, a considerably large interannual variation on
Chl a is observed.

The monthly mean SST and Chl a concentration during March
and April 2009 were extracted (Fig. 3). During March, tempera-
tures were higher in the central Yellow Sea (48 °C) than in the
coastal area (o6 °C), associated with the YSWC and the YSCC,
respectively. The warm tongue (48 °C, the YSWC) extended
westward as far as 36°N (Fig. 3a). Compared with the distribution
of SST in March, the YSWC was weak in April, but a high Chl a
value (48 mg L�1) was observed in the frontal region in April,
indicating that a phytoplankton bloom occurred there (Fig. 3d).

3.2. Hydrological setting

Based on field observations, a strong temperature and salinity
front was found between the cold, less saline YSCC and the warm,
more saline YSWC in the central Yellow Sea (Fig. 4). In addition,
the vertical distributions of temperature and salinity show that
water column was well mixed in both the YSCC (Stn. B32) and the
YSWC (Stn. B14) due to the strong winter monsoon (Fig. 4).
However, a two-layer structure in the water column was observed
in the narrow frontal area resulting from the high density YSWC

Fig. 2. Long-term variation of sea surface Chl a concentration (mg L�1) for a 4°�4° region (122–126°N by 32–36°E) in the central Yellow Sea.
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and the low density YSCC, in spite of the temperature inversion
(Stn. B18, Fig. 4).

Surface nutrient concentrations increased gradually from the
coastal area (the YSCC) (nitrate: �1 mM, phosphate: 0.1 mM, sili-
cate: 2 mM) to the central area (the YSWC) (nitrate: �8 mM,
phosphate: 0.7 mM, silicate: 12 mM) (Fig. 4). It was noted that the
nutrient status contrast with the common situation of coastal
waters where high salinity values usually correlate with poor
nutrients. The nutrients fronts were coincident with the tem-
perature and salinity fronts (Fig. 4). As a consequence, a good
positive linear relationship was found between salinity and nitrate
concentrations in the frontal area (Fig. 5, 32oSo33, po0.01). The
distribution of nutrient in the front water was produced by mixing
between the low nutrient YSCC water and the high nutrient YSWC
water (Figs. 4 and 5). Moreover, the highest nitrate concentration
(48 mM) was observed with salinity of �33.5, rather than the
highest salinity value (Fig. 5). Both the 2007 and 2009 field ob-
servations revealed similar results (Fig. 5).

3.3. Phytoplankton biomass and community structure

Contrary to the distribution patterns of temperature and nu-
trients, Chl a concentrations were higher at the coastal stations in

the YSCC water region than in the central area of the Yellow Sea
(the YSWC) during March 2009 (Fig. 3b). One exception was found
in the western coastal area at 36°N, which had low nutrients and
Chl a (o1 mg L�1, Fig. 4). In the YSCC, nutrient concentrations at
the low Chl a station (Stn. B32) seemed to be limiting (Fig. 4). On
the other side, Chl a concentration was still low (o1 mg L�1) in the
YSWC (Stn. B14) despite the fact that the nutrient concentrations
and temperature were higher than those at the coastal stations
(Fig. 4). The vertical distributions of biotic and abiotic environ-
mental parameters in the YSCC and YSWC stations were homo-
geneous and the mixed layer depth was greater than the euphotic
depth (data not shown). In contrast, weak stratification occurred
in the frontal area (Stn. B18), which had high Chl a and low nu-
trient concentrations in the euphotic zone (Fig. 4). The euphotic
depths in three areas, the YSCC, the YSWC and the front water,
were not significantly different from each other (p40.05, n¼11).

The mean concentration of Fuco at the surface of the Yellow Sea
was 227 ng L�1, and the values were at least one magnitude
higher than the other pigments. Based on CHEMTAX analysis,
diatoms dominated the phytoplankton community in almost all
samples, with a mean Chl a concentration of 583 ng L�1 in the
surface water (Fig. 6f). In addition, the distribution pattern of
diatoms was consistent with that of Chl a (Figs. 4f and 7f). The

Fig. 3. Sea surface temperature (°C) and Chl a concentration (mg L�1) based on remote sensing data during March and April 2009.
The red thick dashed lines and the white thick line indicate the axes of the warm tongues of the Yellow Sea Warm Current (YSWC) and the Yellow Sea Coastal Current (YSCC),
respectively, according to Chen (2009) and Lin and Yang (2011). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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relative abundance of diatoms compared to total Chl a values
ranged from 26% to 90%, showing a significantly higher value in
the YSCC than in YSWC waters (Fig. 8b, po0.01). Similar dis-
tributions were found between diatoms and dinoflagellates,
however, the cyanobacteria and prasinophytes showed an oppo-
site distributional pattern with the high concentration stations
located in the YSWC (Figs. 6 and 7). Distributions of Synechococcus
and eukaryotic picoplankton were similar to those of cyano-
bacteria and prasinophytes, respectively (Figs. 6 and 7). Their
abundance in the YSWC waters were significantly higher than that
in the YSCC (Fig. 8, po0.05). Similar results were observed in the
2007 cruise.

A good correlation was found between HPLC (Zea concentra-
tions), CHEMTAX (cyanobacteria Chl a biomass), and flow cyto-
metry (Synechococcus cell abundance) (Fig. 9). The ratios of Zea:
Chl a and Chl a: cells, which are shown by the slopes in Fig. 9, were
similar between the two cruises, about 0.36 and 2–3 fg cell�1 re-
spectively. Similar patterns were observed in the relationships
between the eukaryotic picoplankton and prasinophytes (Fig. 9).

Canonical correlation analysis was performed separately for
surface and water column samples based on HPLC-CHEMTAX
analyses (Fig. 10) Similar results were found between the surface
and total samples. Nutrients group closely together with tem-
perature, salinity and station depth, while Chl a align in the op-
posite direction. Diatoms are close to Chl a, suggesting the dom-
inance of diatoms when Chl a is elevated. Cyanobacteria, Sy-
nechococcus, pico-eukaryotes and prasinophytes clustered apart
from other groups.

Clearly, phytoplankton blooms were produced at the two time

series drifter stations, with the Chl a concentrations in the sub-
surface layer over 3 and 5 mg L�1 (Fig. 11). During the period, the
pigments concentrations at Stn. B20 were decreasing, with the
total Chl a in the layer of subsurface Chl a maximum reduced by
more than 80% (Fig. 11d). Diatom concentrations were at least an
order of magnitude higher than those of dinoflagellates at Stn. 20.
However, quite high concentrations of Peri (with the maximum of
5904 ng L�1) were observed during the bloom at Stn. B23, in-
dicating dinoflagellates dominated the community. Based on the
CHEMTAX calculation, the dinoflagellate Chl a concentrations in
the subsurface layer of Stn. B23 during 50th–80th h were over
1000 ng L�1, with a mean of 444 ng L�1 during the study period.

4. Discussion

4.1. Nutrients sources of the YSWC

Nutrient distributions showed that nutrient-rich water invaded
the central Yellow Sea along the western flank of the Yellow Sea
trough, coinciding with hydrodynamic indicators of the YSWC
(Fig. 4) (Jin et al., 2013; Liu et al., 2015). However, the nutrient
concentrations of the YSWC were also reported to be poor in
previous studies based on literature data collected in the 1970s
and 1980s (Chen, 2008, 2009). Based on the time series oceano-
graphic survey datasets measured along the coast of South Korea
from the Korea Oceanography Data Center, He et al. (2013) re-
vealed both the nitrate and phosphate concentrations increased
more than two-fold between 1998 and 2005 in the southeastern

Fig. 4. Section distributions of temperature (a, °C), salinity (b), nutrients (c–e) and Chl a concentrations (f) from Stations B32 to B14 during March 2009.
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Yellow Sea. In addition, the increasing trend of spring algal blooms
in the central Yellow Sea (Fig. 2) was also observed from 1997–
2008 (He et al., 2013; Liu and Wang, 2013; Yamaguchi et al., 2013).
Therefore, it was suggested that nutrient concentrations in the
YSWC have increased since the end of last century (Jin et al., 2013)
and resulted in the interannual variability of Chl a concentrations
(Fig. 2) in the central Yellow Sea (He et al., 2013).

Since the YSWC originates from the Kuroshio water and Taiwan
Warm Current (Lin et al., 2011), coupled with the effects of the
winter monsoon, the rich nutrient sources of the YSWC might be
vertical flux from the bottom water (Jin et al., 2013), atmospheric
deposition (Kim et al., 2011; Shi et al., 2013), and advective flux
from the Taiwan Warm Current and the subsurface Kuroshio water
(Guo et al., 2006; Liu et al., 2014). Our previous study revealed that
the nutrient supply from the deep water by both diffusion and
entrainment could support ca. 56% of N, 56% of P and 69% of Si for
phytoplankton growth demand, and the upward nutrients fluxes

from the deep water to the euphotic zone were higher than the
atmospheric deposition by one to three orders of magnitude, ex-
cept NH4

+
fluxes were comparable between atmospheric input and

turbulent entrainment from deep water (Jin et al., 2013).
In horizontal directions, Liu et al. (2014) reported the inter-

annual variability of the Kuroshio onshore intrusion across the
East China Sea shelf break during 1993–2010, showing a higher net
Kuroshio onshore intrusion across the 200 m isobaths in years
1993, 2000–2001, 2003–2004, and 2005–2008 and lower intru-
sions in years 1994–1995, 1999, 2002, and 2009–2010. These are
roughly in agreement with the years of increase and decease of Chl
a concentrations in the central Yellow Sea (Fig. 2), respectively.
Similar interannual variation is also found in other Kuroshio sec-
tions, indicative of the ENSO time scale of the Kuroshio variability
(He and White, 1987; Akitomo et al., 1996). On the other hand, the
nitrate concentration at the mouth of the Changjiang River has
increased about three-fold from 1960s–2000s (Zhou et al., 2008).

Fig. 5. The T/S diagram of all stations and the relationship between nitrate concentrations and salinity in the central Yellow Sea during March 2007 (a and b) and 2009 (c and
d). Location of Stn. B30 is indicated in Fig. 1b. The density is potential density anomaly (kg m�3).
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Therefore, it is possible that the interannual variability of nutrient
and Chl a concentrations in the central Yellow Sea are related to
the changing phase in the ENSO and/or increased nutrient loading
from anthropogenic activities in China. To solve this question, it is
important to judge whether rich nutrients came from the original
YSWC or whether the local nutrient-rich waters when the YSWC
invaded the Yellow Sea from the north of the Changjiang estuary.

Our results show the positive correlation existed only in the front,
and the highest nitrate concentrations (48 mM) were observed not
in the water with the highest salinity (Fig. 5b). We summarized the
temperature, salinity and nutrient concentrations of the YSWC and

the potential sources according to Chen (2009) (Table 1). The nitrate
concentration in the original water from bottom of the Jeju Warm
Current are about 3–5 mM with salinity of 33.5–34.5, which match
our results at the salinity of 34 (Fig. 5b). On the other hand, nitrate in
the bottom water above the Changjiang Bank (the East China Sea
Dense Water) are much higher (5–14 mM) with lower salinity values
(32–34, Table 1). The averaged nutrients concentrations in the YSWC
are higher than those of the Jeju Warm Current (Table 1). Based on
mooring observations, a strong vertical shear velocity at the west-
ward YSWC was observed when it invaded the Yellow Sea from the
north of the Changjiang estuary; the surface current was westward

Fig. 6. Surface abundances of Synechococcus (cells mL�1), pico-eukaryotes (cells mL�1) based on flow cytometry analysis and Chl a concentrations (ng L�1) of cyanobacteria,
prasinophytes, dinoflagellates and diatoms based on HPLC-CHEMTAX analysis during March 2009.

X. Liu et al. / Deep-Sea Research I 106 (2015) 17–29 23



while the water in the subsurface layer was northward (Lin and Yang,
2011). This northward subsurface current is associated with the Ek-
man and baroclinic current (Lin and Yang, 2011), which may trans-
port the water of the Changjiang Bank to the Yellow Sea trough.
Therefore, nutrient concentrations of the YSWC waters might have
been enhanced by this process, explaining for the decline in nutrients
when the salinity was higher (Fig. 5). Further study, especially more
field results close to the shelf break where the Kuroshio branch im-
pinges upon the Yellow Sea and model analysis should pay attention
to the nutrient contributions of these sources to the YSWC.

4.2. Phytoplankton in the YSCC and YSWC

In the coastal area, nutrient concentrations are expected to be
high and, thus, the phytoplankton growth is considered to be
limited by light availability (Liu et al., 2015). However, it is noted
that the nutrient and Chl a concentrations in some parts of the
western coastal area are lower than in the other YSCC areas
(Figs. 3 and 4). During early spring, such low nutrient concentra-
tions are observed occasionally in coastal areas (Chen, 2009; Fu
et al., 2009). Comparison of the hydrologic and chemical en-
vironment between stations in the YSCC indicated that nutrient
concentrations at the low Chl a station (Stn. B32) were lower than
those at the high Chl a station (Stn. B30), while similar depths of
the euphotic zone were observed between them. These results
imply that phytoplankton growth in the coastal water could also
be limited by nutrients not only light.

Our results reveal that diatoms dominated the phytoplankton
community in almost all samples, especially in the YSCC and front

water (Figs. 6f and 7f). Microscopical analyses on the same cruises
revealed that the diatoms Paralia sulcata and Coscinodiscus spp.
dominated the phytoplankton community in the coastal area,
contributing 22% and 28% of the total Utermöhl phytoplankton
abundance (Utermöhl, 1958; Tian, 2011). Diatoms generally thrive
in turbulent coastal environments where strong tidal and wind
mixing prevail (Reynolds, 2006; Liu et al., 2015). Small diatoms
typically exhibit a “velocity” strategy, with high maximum rates of
nutrient uptake and growth, while large diatoms tend to be more
“storage adapted”, with disproportionately large storage vacuoles
(Sommer, 1984; Litchman et al., 2007). Thus, diatoms, as a group,
have varying advantages that contribute to their relative success
under conditions of both high and fluctuating nutrients.

Our results indicate that the abundance of cyanobacteria and
eukaryotic picoplankton groups were significantly higher in the
YSWC than in the YSCC waters based both on pigment and flow
cytometry results (Figs. 6–8). Liu et al. (2015) noted that prasino-
phytes are more abundant in the central area in winter, and that is
further supported by the present data (Fig. 7d). It is clear that the
biota are different on either side of the front (Fig. 7). Diatoms and
picophytoplankton are usually observed abundant in the cold
coastal water and the warm Kuroshio water, respectively (Furuya
et al., 2003), however, in the nutrient-rich water low relative
abundance of diatoms with abundant picophytoplankton are
unusual (Fig. 8b).

In the YSWC, where nutrient and temperature were high, the
most likely limiting factor of phytoplankton growth is the light
availability as a result of strong vertical mixing. Our results show
the ratios of Zea to Chl a (0.36, Fig. 9) were very close to the values

Fig. 7. Section distributions of Synechococcus (cells mL�1), pico-eukaryotes (cells mL�1) based on flow cytometry analysis and Chl a concentrations (ng L�1) of cyano-
bacteria, prasinophytes, dinoflagellates and diatoms based on HPLC analysis from Stations B32 to B14 March 2009.
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of low light types in culture and in the field (Higgins et al., 2011),
indicating insufficient light in the YSWC. Indeed, previous studies
revealed that stability of the water column is a key factor for the
increase of phytoplankton biomass in the central Yellow Sea dur-
ing the early spring (Zhou et al., 2013; Liu et al., 2015). In fact,
compared to the other groups photo adaptation capability of dia-
toms allows them to tolerate high and low light intensities cor-
responding to different depths of the mixed layer (Simpson and
Sharples, 2012). If diatoms in the YSWC and the YSCC are similar
species, they should be more advantageous in the nutrient-rich
YSWC water. Furthermore, sectional distributional patterns of the
picophytoplankton were consistent with those of temperature and
salinity, and their abundances suddenly decreased at the front
(Fig. 7). Therefore, it seems that the front separates the YSWC from
the coastal water, and different phytoplankton groups are trans-
ported in these water masses and follow their movement (Figs. 6–
8).

A good correlation between cyanobacteria Chl a biomass and

Zea (Fig. 9) was observed. Because of the absence of Pro-
chlorococcus in the Yellow Sea (Liu et al., 2015), the specificity of
Zea in the cyanobacteria is much higher than when Pro-
chlorococcus and Synechococcus coexist (Higgins et al., 2011), and
strong vertical mixing reduces the effects of light on the ratio
between Zea and Chl a at different depths (Furuya et al., 2003). For
these reasons the accuracy of the CHEMTAX calculation was im-
proved, and thus the data from HPLC and flow cytometry were
consistent. In the case of the pico-eukaryotes, the composition is
complex. Chrysophytes, prymnesiophytes, chlorophytes and pra-
sinophytes are all considered as important contributors. Our re-
sults suggest that prasinophytes might be the major group of pico-
eukaryotes in the central Yellow Sea during the study period as
similar distributional patterns (Figs. 6 and 7) and significant cor-
relations between them (Figs. 9 and 10).

These small-sized photosynthetic members of the eukaryotic
phytoplankton are identified in several studies as mixotrophic and
major predators of prokaryotes (Zubkov and Tarran, 2008; McKie-
Krisberg and Sanders, 2014). Mixotrophy, the combination of
photosynthesis and phagotrophy in a single organism, is well es-
tablished for most photosynthetic lineages (McKie-Krisberg and
Sanders, 2014) and plays an important role in marine ecosystems
(Mitra et al., 2014). Although they are ubiquitous and very im-
portant in biogeochemical cycles, few studies have been reported
on these groups in the Yellow Sea. Future studies should in-
vestigate the distribution and dynamics in these groups since they
make up a large part of the small-sized eukaryotic phytoplankton,
influencing both biomass and primary production in the YSWC.

During the early spring, due to the strengthened stratification,
residence time of phytoplankton in the euphotic zone increased
and the vertical supply of nutrients gradually decreased (Jin et al.,
2013; Zhou et al., 2013). Consequently, Chl a concentration in-
creased as nutrient concentrations decreased (Jin et al., 2013; Zhao
et al., 2013). However, the intensifications of stratification during
the blooms at the two time series stations were different (Zhou
et al., 2013). The water column at Stn. B23 was gradually stratified
as a result of increasing surface temperature, while the stratifica-
tion at Stn. B20 (frontal area) was mainly driven by the salinity
variations (Zhou et al., 2013). More importantly, the pigments re-
sults suggested different dominated groups at bloom stations B20
and B23 (Fig. 11). Combined with microscopical analyses, Hetero-
capsa lanceolata and Prorocentrum minimum were confirmed as
the main phytoplankton species (dinoflagellates) during bloom
Stn. B23 (Tang et al., 2013; Zhao et al., 2013). While, at Stn. B20 the
dominant species were replaced by diatoms (Detonula pumila and
Guinardia delicatula). As the temperature differed between these
two stations, this can be possibly be explained by the species-
specific effects of temperature on many aspects of dinoflagellates
physiology. By contrast, diatom blooms are presumably dependent
on day length or light intensity rather than on temperature-
mediated physiological responses in their life strategies (Edwards
and Richardson, 2004). Nevertheless, the blooms dominated by
different phytoplankton (Fig. 11) were triggered by two different
mechanisms in the central Yellow Sea during April 2009. One was
associated with the northwestward intrusion of the YSWC, while
the other was more closely linked to increasing surface tempera-
ture (Zhou et al., 2013).

5. Conclusions

The present study shows phytoplankton communities are dif-
ferent on either side of the front between the warm saline YSWC
and the cold fresh YSCC. The oceanic YSWC water does have a
nutrient-rich characteristic. Nutrient concentrations of the YSWC
waters might have been enhanced by mixing with the local

Fig. 8. Comparisons between different water masses on the concentrations of
nutrients and Chl a (a), Chl a biomass of the major phytoplankton groups (b), and
abundance of Synechococcus and pico-eukaryotes (c) based on CHEMTAX or flow
cytometry analysis in the surface water of the Yellow Sea during March 2009.
Results of Stn. B30 are not included in the YSCC water. Asterisk in the histograms
indicate there is a significant difference within groups by one-way ANOVA.
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nutrient-rich waters when it invaded the Yellow Sea from the
north of the Changjiang estuary. Diatoms and dinoflagellates are
abundant in the YSCC, however the cyanobacteria and prasino-
phytes show an opposite distributional pattern. Consistent results
are obtained based on the pigments and flow cytometry mea-
surements. Our results suggest that prasinophytes might be the
major group of pico-eukaryotes in the central Yellow Sea. Further

study on these small-sized eukaryotic phytoplankton is suggested.
It seems that different phytoplankton groups separated by the
front are transported in the water masses, and followed their
movement. All these results indicate the YSWC plays important
roles in the distribution of nutrients, phytoplankton biomass and
also community structure in the central Yellow Sea. This study
highlights the complexity of ecosystem in coastal areas.

Fig. 9. Comparison of the results between HPLC, CHEMTAX and flow cytometry analyses during March 2007 (a, c and e) and 2009 (b, d and f). These results are con-
centrations of zeaxanthin and Chl a biomass of cyanobacteria using HPLC and CHEMTAX analyses, respectively (a and d); Chl a biomass of cyanobacteria and abundance of
Synechococcus using CHEMTAX and flow cytometry analyses, respectively (c and d); Chl a concentrations of prasinophytes and abundance of pico-eukaryotes using
CHEMTAX and flow cytometry analyses, respectively (e and f).
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Fig. 10. Canonical correspondence analysis plot using abundance of Synechococcus and pico-eukaryotes (Pico-Euk), Chl a concentrations of 8 different phytoplankton groups
(HPLC-CHEMTAX) and environmental parameters (temperature, salinity, concentrations of nitrate, phosphate and silicate, bottom depth and sample depth for surface (a,
n¼25) and water column samples (b, n¼86)) during March 2009.

Fig. 11. Time series observations on concentrations (ng L�1) of Chl a, diatoms and dinoflagellates in the up 35 m at Stns. B20 and B23 (Fig. 1b) during time series observations
in March 2009.
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Summarized the temperature, salinity and nutrients concentrations at the surface
and bottom water of the YSWC and the potential sources, the Jeju Warm Current
(JWC) and the East China Sea Dense Water (ECSDW) during winter.

T (°C) S NO3 (mM) PO4 (mM) SiO2 (mM) References

Surface
YSCC 6.070.7 31.670.1 0.570.6 0.170.1 1.370.2 This study
YSWC 9.7670.7 33.370.4 7.971.0 0.670.1 13.171.2 This study
JWC 10–15 33.5–34.5 1–3 0.2–0.4 o5–10 Chen

(2009)
ECSDW 9–13 32–34 5–12 0.4–0.6 5–20 Chen

(2009)

Bottom
YSCC 5.671.1 31.770.2 1.272.5 0.270.2 2.071.3 This study
YSWC 10.070.9 33.570.3 8.570.5 0.670.1 13.071.0 This study
JWC 10–13 33.5–34.5 3–5 0.2–0.4 5–10 Chen

(2009)
ECSDW 9–15 32–34 5–14 0.4–0.8 5–15 Chen

(2009)
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