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Abstract

A comprehensive study on the phytoplankton standing stocks, species composition and dominant species in the
eutrophic Changjiang (Yangtze River) Estuary (CE) was conducted to reveal the response of phytoplankton
assemblage to Changjiang Diluted Water (CDW) and upwelling in the spring. Phytoplankton presented peak
standing stocks (13.03 μg/L of chlorophyll a, 984.5×103 cells/L of phytoplankton abundance) along the surface
isohaline of 25. Sixty-six species in 41 genera of Bacillariophyta and 33 species in 19 genera of Pyrrophyta were
identified, as well as 5 species in Chlorophyta and Chrysophyta. Karenia mikimotoi  was the most dominant
species, followed by Prorocentrum dentatum, Paralia sulcata, Pseudo-nitzschia delicatissima and Skeletonema
costatum. A bloom of K. mikimotoi was observed in the stratified stations, where the water was characterized by
low nitrate, low phosphate, low turbidity, and specific ranges of temperature (18–22 °C) and salinity (27–32). K.
mikimotoi and P. dentatum accumulated densely in the upper layers along the isohaline of 25. S. costatum was
distributed in the west of the isohaline of 20. Benthonic P. sulcata presented high abundance near the bottom,
while spread upward at upwelling stations. CDW resulted in overt gradients of salinity, turbidity and nutritional
condition, determining the spatial distribution of phytoplankton species. The restricted upwelling resulted in the
upward transport of P. sulcata and exclusion of S. costatum, K. mikimotoi and P. dentatum. The results suggested
that CDW and upwelling were of  importance in regulating the structure and distribution of  phytoplankton
assemblage in the CE and the East China Sea.
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1  Introduction
The Changjiang (Yangtze River) Estuary (CE) and the adja-

cent East China Sea (ECS) has been suffering from serious eu-
trophication in the past decades due to the heavy loading of riv-
erine nutrients (Chai et al., 2006; Li et al., 2007; Zhang et al.,
2007). The excessive amounts of nutrients lead to thriving of
phytoplankton and subsequent blooms of harmful algal species,
mainly dinoflagellates and diatoms (Tang et al., 2006; Zhou et al.,
2008). Since the 1980s, the frequency of harmful algal blooms
(HABs) in the ECS increased dramatically. Meanwhile, the peak
period with frequent HABs has shifted from July–August in the
1980s to May–July in the 1990s, and to May–June during
2000–2004 (Tang et al., 2006). As a subsequent effect of eutroph-
ication, hypoxia had been observed in the study area (Li et al.,
2002; Wei et al., 2007; Zhu et al., 2011).

The extension of Changjiang Diluted Water (CDW) influ-
ences not only the physicochemical properties but also the

phytoplankton assemblage in the CE and the adjacent ECS (Gong
et al., 2003; Lie et al., 2003; Wang, 2002; Zhang et al., 2007). Mul-
tiple environmental gradients were thereby formed across the
shelf. The biomass and productivity of phytoplankton were low
near the river mouth due to photosynthetic active radiation
(PAR) limitation, then increased gradually with sedimentation of
suspended solids, and decreased sharply due to nutrient limita-
tion in the offshore waters (Ning et al., 2004). The structure and
distribution of phytoplankton assemblage were subsequently in-
fluenced by environmental factors, such as salinity, turbidity, and
nutrient structure (He et al., 2007; Luan et al., 2007, 2008; Wang,
2002; Zhao et al., 2013).

Upwelling is of great importance to the ecology of coastal
marine ecosystem (Blasco et al., 1980; Cui and Street, 2004; Mar-
galef, 1978a). In the CE and the adjacent ECS, persistent up-
welling has been observed in the region of 31°00′–32°00′N,
122°20′–123°10′E from May to August (Zhao, 1993; Zhao et al.,  
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2001). The spring upwelling was characterized by low temperat-
ure (16–21°C), high salinity (24–33) and low dissolved oxygen
(2.5–6.0 mg/L) in the upper 10 m of the water column (Pei et al.,
2009). The summer upwelling was weaker in intensity and smal-
ler in geographical scale, thus the upper 10 m of the water
column was strongly influenced by turbid CDW instead of up-
welling (Pei et al., 2009).

The phytoplankton assemblage and its association to nutri-
ent input had been comprehensive studied in the CE and the ad-
jacent ECS since the 1980s (Zhou et al., 2006). While, there is little
information on the response of phytoplankton assemblage to the
upwelling in the area. Thus, in the present study, we carried out a
multi-discipline survey in the CE and the adjacent ECS during
spring to study the abundance, distribution and species compos-

ition of marine phytoplankton and their correlation with the ma-
jor environmental factors, and to further reveal the influence of
CDW and upwelling on the phytoplankton assemblage in the eu-
trophic estuary. The underlying hypothesis is that the phyto-
plankton assemblage can be significantly influenced by the coup-
ling effect of CDW and restricted upwelling in the area.

2  Methods

2.1  Sampling and analysis
Sampling was carried out in the CE and the adjacent ECS

(30.5°–32.5°N, 121.0°–123.5°E). Twenty-five stations along four
transects were investigated during spring (22–28 May 2012)
(Fig. 1).

Salinity and temperature were monitored by CTD probes
(SBE 911, Sea-Bird Electronics, USA). Turbidity was measured
with the OBS3 sensor according to the optical backscatter meth-
od. Seawater samples were collected from standard depths (0 m,
5 m, 10 m, 20 m, 30 m, 50 m, 2 m above bottom) using 12-L
Niskin bottles. Seawater samples were filtered through 0.45 μm
acetate fiber membrane for analysis of inorganic nutrients (ni-
trate, nitrite, ammonium, phosphate and silicate), which were
measured with a Continuous Flow Analyzer (San++, SKALAR,
Netherland). Chlorophyll a (Chl a) samples were collected by fil-
tering seawater onto GF/F filters under low vacuum pressure
(<0.04 MPa) and stored at –20°C in the dark. Chl a samples were
extracted with 90% acetone overnight at 4°C in the dark. Then,
Chl a concentrations were measured with a fluorometer (Trilogy,
Turner Design, USA) by the fluorometric technique (Strickland
and Parsons, 1972).

For analysis of phytoplankton assemblage, Aliquots of 250 mL
seawater samples were collected at the above-mentioned depths,
then preserved immediately with buffered formalin (final con-
centration 2%) and kept in plastic bottles at room temperature
until they were analyzed. Following the methodology described
by Utermöhl (1958), 10–25 mL of the subsamples were settled in
a Hydro-bios chamber for 24 h, then counted using an inverted
light microscope (IX71, Olympus, Japan). Identification and enu-
meration of taxa were carried out at 200× or 400× magnification, and
species nomenclature was validated according to Tomas (1997).

2.2  Data analysis
The dominances of phytoplankton species were described by

McNaughton index (Y): Y=fi ni/N, where N is the sum of cell
abundance for all species, ni is the sum of cell abundance for spe-
cies i in all samples, fi is the occurrence frequency for species i in
all samples.

The Detrended Correspondence Analysis (DCA) of phyto-
plankton data indicated that the length of gradient was less than
3 at Axes 1. Thus, the Redundancy Analysis (RDA) was per-
formed with the abundances of major phytoplankton species and
environmental factors in the water column. The major phyto-
plankton species were chosen based on two criteria, appearing at
more than three stations and exceeding 1% of the total phyto-
plankton abundance at the least one station. The environmental
factors included salinity, temperature, turbidity, inorganic nutri-
ents and the sampling depth. For data normality, all values of en-
vironmental factors except sampling depth were transformed by
lgx, and the values of phytoplankton abundance were trans-
formed by lg(x+1). Both DCA and RDA were carried out by the
Canoco software for Windows (Version 4.5, Plant Research Inter-
national, Netherland).

3  Results

3.1  Variations of major environmental factors
Due to the large amount of freshwater discharge from the
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Fig. 1.   Sampling stations in the CE (a) and the adjacent ECS (b).
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Changjiang River, the surface salinity was lower than 5 near the
river mouth. As freshwater mixed with saline water, salinity in-
creased dramatically towards the offshore direction. The low-sa-
linity tongue indicated the southeastward expansion of CDW
(Fig. 2a). The sea surface temperature ranged from 18.4 to 24.5°C.
It was relatively low in the middle of the study area (Fig. 2b). The

surface turbidity and nutrient concentrations were extremely
high near the river mouth, with maximum value of 334.58 RFU
for turbidity, 78.44 μmol/L for nitrate, 1.63 μmol/L for phosphate
and 72.69 μmol/L for silicate. Generally, there were clear de-
creasing patterns of turbidity, nitrate, phosphate and silicate
along with expansion of CDW (Figs 2c–f).

Strong stratification of water column was observed in Tran-
sects A and B (Figs 3a, b, e and f). The CDW characterized by
lower salinity and higher temperature was confined to the upper
layers, and became thinner when further mixing with saline am-
bient water. Isotherms rose from the bottom toward the surface
in Transect C (between 16.8°C and 19.2°C) and Transect D
(between 18.0°C and 19.2°C) (Figs 3g and h). The 16.8°C line ex-
tended from ~30 m to ~10 m around Sta. 25, and the 18.0°C line
extended from ~20 m to ~10 m around Sta. 32, and the 19.2°C line
extended from ~15 m to the surface in both transects. No obvi-
ous concavity of isohalines was observed in Transects C and D

(Figs 3c and d).
The concavity of isotherms was significant in Transect C.

Thus, the turbidity and nutrient concentrations along Transect C
were further evaluated with vertical profiles. The turbidity in-
creased with depth vertically, and decreased toward the offshore
direction in the upper layers. Its isolines were slightly concave
near Stas 24 and 25 (Fig. 4a). The concentrations of nitrate and
silicate decreased with salinity as the CDW expanded eastward
(Figs 3c, 4b and 4d). The isolines of phosphate concentration
showed clear concavity at Sta. 24, where the surface phosphate
concentrations were significantly higher than other inshore sta-
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Fig. 2.   Horizontal distributions of salinity, temperature, turbidity and nutrients in the surface water.
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tions (Figs 2e and 4c). The concave isolines of temperature, tur-
bidity and phosphate indicated the upwelling occurring around
31°05′N, 122°30′E in the spring of 2012.

3.2  Chl a and phytoplankton abundance
The Chl a concentrations were highly variable both horizont-

ally and vertically. They ranged from 0.09 to 13.03 μg/L with aver-
age of 1.19 μg/L. The surface Chl a concentrations were lower in-
side the river mouth, and increased toward the offshore direc-
tion (Fig. 5a). Two patches with higher Chl a concentration were
located between 122.50°E and 123.00°E. One was around Sta. 6,
and another one was around Sta. 32. Vertically, the Chl a concen-
trated at the surface and 5 m layer, and the overall pattern of Chl
a concentrations decreased gradually with depth (Fig. 6a). In
Transect C, Chl a concentrations were higher in the upper layers

of those non-upwelling stations, while there was a low Chl a
tongue spread from the bottom to the upper layers at the up-
welling stations (Fig. 4e).

The phytoplankton abundances ranged from 0.8×103 to
984.5×103 cells/L with average of 68.5×103 cells/L. Similar to the
distribution of surface Chl a, surface phytoplankton presented
two patches with higher abundance around Stas 6 and 32, re-
spectively (Fig. 5b). In the surface layer, the abundance of dino-
flagellate ranged from 0 to 922.0×103 cells/L, and the abundance
of diatom ranged from 0.04×103 to 204.5×103 cells/L. Dinoflagel-
lates and diatoms dominated the sampling stations alternately
during the survey (Figs 5c and d). The mean abundances of diat-
oms were 28.30×103 cells/L at surface, 17.21×103 cells/L at 5 m
depth, and about 10×103 cells/L at layers below 5 m. The mean
abundances of dinoflagellates were 113.98×103 cells/L at surface,
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Fig. 3.   Vertical profiles of salinity and temperature in Transects A, B, C, and D.
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Fig. 4.   Vertical profiles of turbidity, nutrient concentrations, Chl a concentration and phytoplankton abundance in Transect C.
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Fig. 5.   Distributions of Chl a, and phytoplankton, diatom and dinoflagellate abundance in the surface water.
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Fig. 6.   Vertical distributions of Chl a and phytoplankton, diatom and dinoflagellate abundance. The black lines inside the boxes
denote the median value, the bottom and top of the boxes represent the lower and upper quartile of the data respectively. The
whiskers extending from the boxes indicate the positions of the maximum and minimum in the data.
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56.25×103 cells/L at 5 m layer, 30.01×103 cells/L at 10 m layer,
27.54×103 cells/L at 20 m layer, and less than 1×103 cells/L at 30
m layer and bottom. Generally, the maximum abundance of both
diatoms and dinoflagellates appeared at the surface (Figs 6c and d).
The median abundance of diatoms at the surface layer was the
highest among the six layers; however, the differences were not
significant. The median abundance of dinoflagellates at the sur-
face layer and 5 m layer were much higher than layers below 5 m.
In Transect C, diatoms dominated the phytoplankton as-
semblage in the upper layers (above 10 m) from the river mouth
to upwelling area (Fig. 4g), whereas dinoflagellates dominated
the phytoplankton assemblage from the surface to 30 m layer to
the east of the upwelling area (Fig. 4h).

3.3  Species composition and distribution of dominant species
Altogether 107 taxa were identified in the study area, diatoms

and dinoflagellates were the dominant groups. Sixty-six species
belonged to 41 genera of diatoms (Bacillariophyta), and 33 spe-
cies belonged to 19 genera of dinoflagellates (Pyrrophyta). Other
species belonged to three genera of green algae (Chlorophyta)
and one genus of silicoflagellates (Chrysophyta). Most of these
species were neritic or cosmopolitan, and a few species were
brackish, such as Skeletonema costatum, Bleakeleya notate and
Scrippsiella trochoidea.

The top 10 dominant species of phytoplankton were listed in
the Table 1. Karenia mikimotoi was the most dominant species,
followed by Prorocentrum dentatum (also known as Proro-

Table 1.   Top 10 dominant species of phytoplankton assemblage
Species Phylum fi ni/N Y

Karenia mikimotoi dinoflagelltates 0.559 0.631 0.352 5

Prorocentrum dentatum dinoflagelltates 0.419 0.114 0.047 9

Paralia sulcata diatoms 0.688 0.051 0.035 1

Pseudo-nitzschia delicatissima diatoms 0.398 0.081 0.032 1

Skeletonema costatum diatoms 0.226 0.047 0.010 6

Noctiluca scintillans dinoflagelltates 0.430 0.006 0.002 5

Chaetoceros sp. diatoms 0.215 0.007 0.001 6

Ceratium lineatum dinoflagelltates 0.376 0.003 0.001 2

Rhizosolenia setigera diatoms 0.237 0.005 0.001 2

Scrippsiella trochoidea dinoflagelltates 0.409 0.003 0.001 1
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Fig. 7.   Horizontal distributions of the abundance of dominant species in the surface water. The color and size of dots represent the
abundance of dominant species.
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centrum donghaiense). K. mikimotoi and P. dentatum accounted
for more than 70% of total phytoplankton abundance. P. sulcata
had the maximum fi, and was the most dominant diatom species.
All the dominant diatoms listed in Table 1 were chain-forming
species.

The horizontal distribution and vertical profile of dominant
species were shown in Fig. 7 and Fig. 8. K. mikimotoi was mainly
distributed in the east of the study area, and accumulated den-
sely in the upper layers along the isohaline of 25 (Figs 2a and 7a).
P. dentatum showed similar distribution pattern as to K. mikimotoi,
but with different locality of high-abundance patches (Fig. 7b).
The benthonic diatom P. sulcata was widely distributed in the
bottom at all stations, while only appeared in the surface layer of
inshore stations and offshore Stas 8 and 14. It presented higher
abundance in the surface layer of upwelling stations (Fig. 7c). P.
delicatissima was mainly observed in the surface of the offshore
waters, while rarely found at inshore stations (Fig. 7d). S. cost-
atum was distributed in the low-salinity (<25) water, and showed
higher abundance near the river mouth (Figs 2a and 7e). N. scin-
tillans was widely dispersed in the upper layers, and its high-
abundance patches coincided with that of P. delicatissima
(Figs 7d and f).

K. mikimotoi and P. dentatum presented higher abundance at
Stas 6, 26, 27, 32, 33 and 34 (Fig. 9). Thermocline and halocline

appeared between 5 m and 30 m. K. mikimotoi and P. dentatum
accumulated densely in the upper mixed layer, characterized
with low turbidity, low concentrations of nitrate and phosphate,
specific range of temperature (18–22°C) and salinity (27–32). In
addition, the maximum abundance of K. mikimotoi and P.
dentatum appeared at different depths of the six stations. They
arose in the surface layer or 5 m layer in the daytime, while sank
to the 20 m layer in the night.

3.4  Effects of environmental factors on phytoplankton composi-
tion
The correlation between phytoplankton species and environ-

mental variables determining the spatial variability of phyto-
plankton composition were shown in the bi-plot of RDA (Fig. 10).
The right section represents the offshore waters characterized by
high salinity, temperature and ammonium. The upper left sec-
tion represents the inshore upper layer water characterized by
high nitrate, phosphate and silicate and low salinity. The lower
left section represents the deep water characterized by low tem-
perature. The abundances of all the dinoflagellate and some diat-
oms (such as P. delicatissima and R. setigera) positively correl-
ated with salinity, and negatively correlated with major nutrients
except ammonium. The K. mikimotoi  abundance and P.
dentatum abundance showed significantly positive correlation
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Fig. 8.   Vertical profiles of the abundance of dominant species in Transects A, B, C and D. The color and size of dots represent the
abundance of dominant species.
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with ammonium and temperature. The abundances of brackish
diatoms and green algae showed significantly positive correla-
tion with nitrate, phosphate and silicate, and negative correla-
tion with salinity. The P. sulcata abundance correlated positively
with nitrite and sampling depth, while negatively with temperat-
ure. Furthermore, there was no significant correlation between
the P. sulcata abundance and the other nutrients and salinity.

4  Discussion
With the expansion of CDW, multiple environmental gradi-

ents formed outside the river mouth, and resulted in alteration of
phytoplankton assemblage. Salinity can demarcate the distribu-
tion of phytoplankton species in the CE (He et al., 2007; Luan et
al., 2007, 2008; Zhao et al., 2013). Green algae Scenedesmus quad-
ricauda and Pediastrum simplex correlated negatively with salin-
ity, and was distributed inside the isohaline of 5. S. costatum was
distributed inside the isohaline of 20, as its optimal salinity

ranges from 14 to 23 (Li et al., 2005). Turbulence can affect the
species composition of phytoplankton assemblage. Dinoflagel-
lates were not able to survive in highly turbulent water, and a
dinoflagellate to diatom community shift would occur when wa-
ter turbulence level increased (Margalef, 1978b). Thus, dinofla-
gellates mainly appeared at stratified stations rather than well-
mixed stations. Moreover, silicate was able to influence the spe-
cies composition of phytoplankton assemblage. Diatoms be-
came dominant when silicate concentration was higher than 2
μmol/L and other nutrients were sufficient (Egge, 1998). In the
present study, dinoflagellates were more abundant than diatoms
at most stations. Whereas the minimum concentration of silicate
was 5.46 μmol/L, diatoms could not be limited by silicate. Phos-
phate might be the limiting factor in the growth of diatoms (Egge,
1998; Pu et al., 2001).

The spatial distribution of phytoplankton standing stocks, i.e.,
Chl a and cell abundance, were also affected by the CDW. Due to
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Fig. 9.   Vertical profiles of the abundances of Karenia mikimotoi and Prorocentrum dentatum, salinity, temperature, turbidity, and the
concentrations of nitrate and phosphate at Stas 6, 26, 27, 32, 33 and 34. The sampling time-points were shown in the brackets.
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the sediment resuspension processes caused by strong water
mixing, the turbidity was extremely high around the river mouth
(Li and Zhang, 1998). PAR limited the growth of phytoplankton in
the upper estuary; thereby phytoplankton presented low stand-
ing stocks near the river mouth (Ning et al., 2004; Shen, 1991). As
CDW spreading, both Chl a and cell abundance increased with
the drop of turbidity, and reached maximum abundance along
the isohaline of 25. In the offshore waters, Chl a and cell abund-
ance decreased along with the depletion of nutrients, because
the low concentrations of nutrients limited the growth of phyto-
plankton (Gong et al., 2003; Ning et al., 2004). Generally, phyto-
plankton standing stocks accumulated in the upper layer.
However, the patches with high standing stocks could expand
downward as a result of decreasing turbidity in the offshore wa-
ters.

A typical upwelling, indicated by concave isolines of sea tem-
perature, salinity, turbidity and phosphate in Transect C, was ob-
served in the vicinity of Stas 24 and 25. However, this upwelling
was weaker in intensity and smaller in geographical area com-
pared to the spring upwelling observed in 2004 (Pei et al., 2009).
The temperature difference between the surface and upwelled
water was about 2°C, lower than that in the spring of 2004 (3°C).
Additionally, the surface salinity in the upwelling area of 2012
was 3–5 lower than that of 2004. The increase of phosphate and
the decrease of turbidity did not lead to the increase of Chl a and
phytoplankton abundance in the upper layer of upwell station.
Phytoplankton growth could be limited by the low temperature
and the low concentrations of nitrate and silicate in upwelled
seawaters (Zhao et al., 2001). Furthermore, the species composi-
tion was significantly influenced by the upwelling. Benthonic P.
sulcata was transported upward and presented higher abund-
ance at the surface layer of Sta. 25. While S. costatum, K. mikimo-
toi and P. dentatum were not found at upwelling stations despite

they presented high abundance at nearby stations. The disper-
sion of K. mikimotoi and P. dentatum was interdicted by the high
turbulence level in the upwelling area.

HAB has been a seasonal recurrent phenomenon coupled
with eutrophication in the CE and the adjacent ECS in recent
decades (Tang et al., 2006). P. dentatum was the most popular
HAB dinoflagellate, followed by K. mikimotoi (Shen et al., 2011).
A bloom of K. mikimotoi was observed at Sta. 7. The maximum
abundance of K. mikimotoi  was 909.9×103  cells/L, and P.
dentatum presented maximum abundance of 243.3×103 cells/L.
Water stratification was considered to be the essential physical
condition that dinoflagellates require to bloom (Smayda, 1997).
Temperature and salinity were of importance to regulate the
formation of dinoflagellate blooms (Chen et al., 2005; Long and
Du, 2005; Wang and Huang, 2003). In addition, Low turbidity and
low concentrations of nitrate and phosphate also favored the
growth of K. mikimotoi and P. dentatum (Wang and Huang,
2003). Both K. mikimotoi and P. dentatum accumulated in the
upper mixed layer, where the temperature and salinity were con-
sistent with the optimal temperature and salinity range reported
in the literatures (Chen et al., 2005; Long and Du, 2005; Wang and
Huang, 2003). Moreover, the turbidity and concentrations of ni-
trate and phosphate were at low levels in the upper mixed layer.
Because dinoflagellates can migrate vertically (Estrada and Ber-
dalet, 1998; Gentien et al., 2007; Wang and Huang, 2003), the
depths of the maximum abundance of K. mikimotoi and P.
dentatum varied diurnally. Furthermore, P. dentatum can accu-
mulate at the intermediate depth before bloom then migrate up-
ward as the population multiplied (Chen et al., 2006).

5  Conclusions
The CDW induced sharp environmental gradients, such as

salinity, turbidity and nutritional condition, thus influenced the
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spatial distribution of phytoplankton in the CE and the adjacent
ECS. Both Chl a concentration and phytoplankton abundance
presented maxima within the upper mixed layers along the sur-
face isohaline of 25. Furthermore, the composition of phyto-
plankton assemblage varied along the pathway of CDW, and the
dominant species showed distinctive distribution patterns ac-
cording to their inherent environmental adaptation. The restric-
ted upwelling influenced the composition of phytoplankton as-
semblage by causing upward transport of P. sulcata and exclu-
sion of S. costatum, K. mikimotoi and P. dentatum. Compared
with CDW, the influence of upwelling on phytoplankton as-
semblage was exerted in smaller scope. Low nitrate, low phos-
phate, low turbidity, and specific ranges of temperature
(18–22°C) and salinity (27–32) could favor the formation of K.
mikimotoi bloom.
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