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Abstract

The Subei Shoal is a special coastal area with complex physical oceanographic properties in the Yellow Sea. In the
present study, the distribution of phytoplankton and its correlation with environmental factors were studied
during spring and summer of 2012 in the Subei Shoal of the Yellow Sea. Phytoplankton species composition and
abundance data were accomplished by Utermdhl method. Diatoms represented the greatest cellular abundance
during the study period. In spring, the phytoplankton cell abundance ranged from 1.59x103 to 269.78x103 cell/L
with an average of 41.80x103 cell/L, and Skeletonema sp. and Paralia sulcata was the most dominant species. In
summer, the average phytoplankton cell abundance was 72.59x102 cell/L with the range of 1.78x103 to 574.96x
103 cell/L, and the main dominant species was Pseudo-nitzschia pungens, Skeletonema sp., Dactyliosolen
fragilissima and Chaetoceros curvisetus. The results of a redundancy analysis (RDA) showed that turbidity,
temperature, salinity, pH, dissolved oxygen (DO), the ratio of dissolved inorganic nitrogen to silicate and SiO,-Si
(DIN/SiO,-Si) were the most important environmental factors controlling phytoplankton assemblages in spring or

summer in the Subei Shoal of the Yellow Sea.
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1 Introduction

The Yellow Sea is characterized by high loadings of sediment
concentrations in the continental shelf regions (Guo and Yanagi,
1998; Shi and Wang, 2012). Sediment depositions from the an-
cient Huanghe River contributed to form the Subei Shoal off Ji-
angsu Province, China. This area gathers important urban cen-
ters as well as large industrial enterprises such as a petrochemic-
al industrial park, a thermoelectric plant and fertilizer plants
which make it economically important. This area is character-
ized by an extended shallow and muddy intertidal zone, which is
up to 5 100 km?. These particular geographic conditions make it
possible to construct harbors by extending bridge approaches in-
to relatively deep-sea waters and are suitable for Pyropia aquac-
ulture (Shang et al., 2008). The topographic characteristics and
current patterns around the sand banks radiating off the Jiangsu
coast are key factors that resulted in the famous fishing ground at

this area (Lu et al., 2002).

However, over the last few decades, the Subei Shoal has ex-
perienced high anthropogenic loadings of nutrients, particularly
of dissolved inorganic nitrogen and phosphorus. The signific-
antly eutrophication resulted in the reoccurrence of world’s
largest green macroalgae blooms since 2008 (Zhang et al., 2014a,
2017; Huo et al., 2013, 2016).

Phytoplankton is the main producers of organic matters in
water bodies. The study of phytoplankton assemblages is the
basis for understanding the mechanisms of ecosystem function-
ing in shelf seas. Up to now, extensive studies on qualitative and
quantitative aspects of phytoplankton have been carried out in
some coastal ecosystems in China (Shen et al., 2011; Liu et al.,
2015a, b; Huo et al., 2018). However, knowledge on the dynamics
of phytoplankton along the neighboring coastal system is rather
poor, particularly in high turbulence waters.
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Due to mesotidal conditions and circulation mechanisms, the
Subei Shoal displays a very complex configuration. Seasonal
monsoons, the coastal current, ocean fronts, and semidiurnal
tides are primary processes that dominate the ocean hydro-
graphy in this area (Fang et al., 2004). The inner zone of Subei
Shoal is highly turbid as a result of the combined effect of winds
and tidal currents containing large amounts of suspended mat-
ters (Bian et al., 2013). The Subei Shoal is critical in view of the
importance of this zone not only as a nursery area for several fish
species (such as Pseudosciaena polyactis, Isliha elongate, Se-
tipinna tenuifilis and Pampus cinereus) (Lopez Cazorla, 2000),
but also as a natural reservation area, which is used as a multiple-
use zone.

Understanding the biological processes forced by physical
and chemical variability in the Subei Shoal is of fundamental im-
portance to implement proper management strategies. Phyto-
plankton assemblages were studied by some researchers in the
Yellow Sea (Liu et al., 2015a, b; Zhang et al., 2016), but very few
documents were reported on the phytoplankton in the Subei
Shoal of the Yellow Sea (Kang et al., 2013). Here we report spatial
and temporal variations in the abundance and species composi-
tion of phytoplankton assemblages and their relationship with
environmental variables in this area. The objectives of the
present study were to identify the qualitative and quantitative
abundance of phytoplankton and the influencing effects of envir-
onmental variables on phytoplankton species composition and
their abundance, which would supply the fundamental data for
understanding the ecological variations of Subei Shoal in the
South Yellow Sea.

2 Materials and methods

2.1 Study area and survey methods

Most coastal waters of the Subei Shoal are located within the
20 m isobaths (Fig. 1). Two cruises were conducted in this area
during the period from 8 to 14 in April (spring) and from 19 to 31
in August (summer) in 2012. Four transects (referred to as LS,
RD, DF and BH), located in the Lvsi, Rudong, Dafeng and Binhai
sea areas, respectively, were conducted for the purpose of envir-
onmental monitoring and to examine phytoplankton com-
munity (Fig. 1). Transects LS, RD and DF were conducted in April
and Transects RD, DF and BH were conducted in August, re-
spectively. During the period of this study, samples were collec-
ted from a total of 20 sampling sites. All transects extended to an
approximate distance of 100 km offshore in the Yellow Sea.

2.2 Oceanographic conditions

During each survey, vertical temperature and salinity profiles
were recorded at each sampling site, using a Sea-Bird (SBE 25)
instrument lowered and retrieved from the sea surface to depths
close to the sea bed. Seawater samples were collected at different
water depths at each sampling site, using Niskin bottles, for the
determination of ammonium (NH,-N), nitrite (NO,-N), nitrate
nitrogen (NO,-N), soluble reactive phosphorus (PO,-P), soluble
reactive silicate (SiO,-Si), total nitrogen (TN), total phosphorus
(TP), and suspended sediment (SS) concentrations. Samples col-
lected for the determination of dissolved inorganic nutrients
were filtered through cellulose membranes (0.45 pm) which had
been pre-immersed in 10% HCI for at least 10 h and rinsed with
distilled water many times before use, after which a small
amount of HgCl, was added. A small amount of H,SO, was ad-
ded to samples collected for TN and TP determinations, so as to
bring the pH down to a level of less than 2.0. Seawater pH and

120°

121°
38°

37°

36°

35°

34°

33°

32°

31°

Fig. 1. Sampling transects along Lvsi (LS), Rudong (RD), Dafeng
(DF) and Binhai (BH) and a total of 20 sampling sites along all
transects at the southern coast of the Yellow Sea conducted in
spring and summer of 2012.

turbidity were measured in the field, using a multi-parameter kit
(MS5, HACH). Dissolved oxygen (DO) concentrations at differ-
ent seawater depths were measured in the field, using the Wink-
ler method. All seawater samples were transported to the laborat-
ory under cold conditions, after which they were maintained at
temperatures below -30°C, until further analysis.

In the laboratory, NH,-N, NO,-N, NO,-N, PO,-P, TN and TP
concentrations were measured using a SKALAR flow analyzer
(Breda, Netherlands). The SiO,-Si concentration was determ-
ined by the standard molybdenum blue method. To determine
suspended sediment (SS) concentrations, a certain volume of
seawater was filtered through pre-weighed, pre-combusted
(450°C) glass-fiber filters (Whatman GF/C), after which the filters
were air-dried for 24-36 h in an oven at 60°C and weighed with
an electronic balance.

2.3 Phytoplankton community structure

At each sampling site, 250 mL seawater was sampled at differ-
ent depths using Niskin bottles, and these samples were immedi-
ately preserved with neutralized formaldehyde to a final concen-
tration of 1%-2% for the determination of phytoplankton. Once
the samples were taken back at the lab under cool conditions,
they were settled in an Utermdhl counting chamber. Phytoplank-
ton cells of greater than 5 pm diameter were identified and coun-
ted using an inverted microscope (Nikon Eclipse 100) at 200x and
400x magnification. The entire chamber was examined and each
cell was counted as a unit. At least 400 individuals of the more
abundant species were counted from each sample with a 10% er-
ror. Diatoms were identified to species level when possible. Iden-
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tification keys used in this study are listed in Jin et al. (1965), Guo
(2003), Zhang et al. (2016), Li et al. (2017), Wei et al. (2017), and
in addition to Marshall (1994), Komarek and Anagnostidis
(1986), Krammer and Lange-Bertalot (1991), and Tomas (1997).
The dominance index (Y) of the phytoplankton species, Shan-
non-Wiener diversity index (H’), richness index (D), and even-
ness index (J) were calculated according Wang et al. (2005),
Shannon and Weaver (1963), and Pielou (1975). A species with a
Y>0.02 was considered as a dominant phytoplankton species in
the present study.

2.4 Statistical analysis

All data are displayed as mean+standard deviation/error.
Based on the results of tests of normality, Pearson correlation
analyses or Spearman correlation analyses were used to determ-
ine correlations between environmental factors and phytoplank-
ton abundance. Statistical analyses were conducted using SPSS
19.0.

Multivariate ordination techniques were used to analyze the
relationship of environmental variables with the phytoplankton
community by CANOCO for Windows 4.5. The environmental
parameters were adopted as the explanatory variables. All of
these environmental parameters were transformed (log, ,x) be-
fore analysis except for pH. In the data matrix of phytoplankton
species abundance, only those species which was greater than
5% of the total abundance at least in one sample were used into
the analysis. The phytoplankton species data were log, ,(x+1)
transformed before analysis to obtain consecutive distributions.
Detrended correspondence analysis (DCA) for the phytoplank-
ton species data was employed to decide whether linear or unim-
odal ordination methods should be applied in this study. DCA re-
vealed that the maximum gradient length of the four axes was
lower than 3, therefore, redundancy analysis (RDA) was used,
which was applied to assess the relationships between phyto-
plankton and environment parameters. Monte Carlo simulation
was used to test the significance of the environmental paramet-
ers to explain the phytoplankton data in the RDA.

3 Results

3.1 Environmental variables

During the study period, the spatio-temporal distribution of
the environmental variables varied between the investigated two
seasons. The results observed for these environmental variables
were reported in Table 1 and Fig. 2 of the previous paper by Huo
etal. (2014).

3.2 Phytoplankton species composition
In spring, a total of 5 phyla, including 111 phytoplankton taxa
belonging to 56 genera were detected during the study period,

and 53 species belonging to centric diatoms, 31 species belong-
ing to pennate diatoms, 20 species belonging to dinoflagellates, 2
species belonging to Cyanophyta, 2 species belonging to Chloro-
phyta and 3 species belonging to Ochrophyta were identified. In
August, a total of 5 phyla, including 136 phytoplankton taxa be-
longing to 61 genera were detected during the study period, and
79 species belonging to centric diatoms, 22 species belonging to
pennate diatoms, 33 species belonging to dinoflagellates, 1 spe-
cies belonging to Cyanophyta, 3 species belonging to Chloro-
phyta and 3 species belonging to Ochrophyta were identified. Di-
atoms dominated the phytoplankton assemblages at all sampling
sites throughout the study period (Table 1).

3.3 Phytoplankton cell abundance and spatial distribution

The average abundance of phytoplankton was 41.80x103
cell/L with the range of 1.59x103 to 269.78x103 cell/L in spring,
and was 72.59x102 cell/L with the range of 1.78x103 to 574.96x
103 cell/L in summer. Diatoms contributed the largest propor-
tion to the total phytoplankton assemblage at all sampling sites
throughout the observed period followed by dinoflagellates in
both investigated seasons.

Spatial distribution of phytoplankton cell abundance in the
surface water was shown in Fig. 2. In spring, the distribution of
phytoplankton across sites was far from homogeneous. Highest
densities of total phytoplankton cells were found in the inshore
area along LS transaction. Skeletonema sp. was the most import-
ant species which accounted for 50.91% of total phytoplankton
abundance throughout the observed period which mainly dis-
tributed in inshore area along LS transaction. Thalassiosira
leptopus also mainly distributed in the inshore area on LS trans-
action. High cell abundance of Planktoniella blanda was ob-
served at the open sea area on LS transaction. These four domin-
ant species had low cell abundances along the DF and RD trans-
action. In summer, the highest phytoplankton cell abundance
was found at the offshore area along the RD transaction. The dis-
tribution of diatoms was in accordance with the total phyto-
plankton abundance. High cell abundance of dinoflagellates was
recorded at the open sea area along the BH transaction. Pseudo-
nitzschia pungens and Dactyliosolen fragilissima mainly distrib-
uted at the open sea area along the RD transaction. The highest
abundance of Skeletonema sp. was found at the sampling Site R3.
The spatial distribution of dominant species shaped the distribu-
tion properties of total phytoplankton assemblages in both in-
vestigated seasons in this study period.

3.4 Vertical distribution of phytoplankton cell abundance

The vertical distribution of phytoplankton cell abundance
was showed in Fig. 3. In spring, the maximum cell abundance
was recorded at the subsurface layer on all three transactions.
The vertical distribution of phytoplankton was relatively homo-

Table 1. Dominant phytoplankton species in the Subei Shoal of the Yellow Sea in spring and summer in 2012

Season Latin name Frequency/% Ratio of cell abundance/% Dominance

Spring Skeletonema sp. 87.5 50.91 0.4455
Paralia sulcata 95.0 20.61 0.1958
Thalassiosira eccentrica 100.0 3.78 0.0378
Thalassiosira leptopus 92.5 2.85 0.026 3

Summer Pseudo-nitzschia pungens 80.5 27.33 0.2200
Skeletonema sp. 70.7 21.60 0.1528
Dactyliosolen fragilissima 61.0 12.14 0.074 0
Chaetoceros curvisetus 24.4 14.80 0.036 1
Thalassionema frauenfeldii 78.0 4.24 0.0331
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Fig. 2. The spatial distribution of the cell abundance (cell/L). A1, B1, C1 and A2, B2, C2 represent total phytoplankton, diatoms and
dinoflagellates in spring and summer in 2012, respectively. A3, B3 and C3 represent Skeletonema sp., Thalassiosira leptopus and
Paralia sulcata in spring. A4, B4 and C4 represent Pseudo-nitzschia pungens, Skeletonema sp. and Dactyliosolen fragilissima in

sumimer.

geneous along the DF transaction at the open sea area. The total
phytoplankton cell abundance was higher in the subsurface lay-
er than the surface layer along the RD transaction. Relative high
cell abundance was recorded at the subsurface layers along the
LS transaction. Skeletonema sp. and P. sulcata prevailed three
transacts from the surface to the bottom, while T. rotula was the
most abundant species at the inshore area of the DF transaction
and T. leptopus was the most abundant species at the surface in
the sampling Site L1.

In summer, the highest phytoplankton cell abundance was
recorded at the subsurface layer along the BH and DF transac-
tion. The relative high phytoplankton cell abundance attributed
by Gymnodinium sp. was at the sea surface of offshore along the
BH transaction. Along the RD transaction, high phytoplankton
cell abundance was located at the surface layer of the open sea
area, and Chaetoceros curvisetus, Skeletonema sp. and P. pungens
prevailed in the whole water column of the inshore area.

3.5 Species diversity

Various biodiversity indexes can express the diversity of a
phytoplankton community or assemblages in different ways, but
the best way to evaluate the diversity of a community is using
these indexes comprehensively (Sun and Liu, 2004). In this study,
the values of Shannon-Wiener diversity index (H') and Pielou’s
evenness index (/) showed a similar distribution patterns, and
had always the opposite trends with phytoplankton cell abund-
ance. The richness index (D) was sensitive to dominance in both
spring and summer. Shannon-Wiener diversity index of phyto-
plankton in spring ranged from 1.15 to 4.44 and the average value
was 2.97. The phytoplankton cell abundance and diversity
showed all high values in spring, which indicated that the phyto-
plankton assemblage was dominated by more species. Species
richness and diversity of phytoplankton were higher in summer.
Shannon-Wiener diversity index ranged from 0.72 to 4.37 and the
average value was 3.00. Spatial distribution of Shannon-Wiener
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Fig. 3. The vertical distribution of cell abundance (cell/L, post map) and salinity (contour map). Total phytoplankton, diatoms and
dinoflagellates was showed in A1, A2, A3, and B1, B2, B3, and C1, C2, C3 along the LS, RD, DF transaction in spring, and D1, D2, D3,
and E1, E2, E3, and F1, F2, F3 along the RD, DF, BH transaction in summer, respectively.

diversity index showed greater values along the BH transaction
and the inshore area of DF transaction than the other survey
areas. The low diversity at the open sea area along the RD trans-
action indicated that the phytoplankton community was domin-
ated by a few species, coinciding with the observed of high cell
abundance of P. pungens, Skeletonema sp. and D. fragilissima
during the sampling period in summer.

3.6 Relationships between phytoplankton and environmental
variables
Pearson correlation analysis was used to explore the relation-
ship between environment variables and phytoplankton com-
position at the time of sampling. The results indicate that NH,-N

and NO,-N played important roles in the distribution of major
phytoplankton species in spring (Table 2). Some individual spe-
cies (e.g., C. radiatus and P. blanda) were associated with partic-
ular environmental variables, such as turbidity, NO,-N. No signi-
ficant relationship was found between the phytoplankton cell
abundance and temperature, salinity in spring. NH,-N and
NO,-N also played important roles in the distribution of major
phytoplankton species in summer (Table 3). The dinoflagellate
abundance was correlated with the lower nutrient conditions. In
the case of salinity and temperature, P. pungens and T. frauen-
feldii were associated with higher salinities and T. frauenfeldii
was also negatively correlated with lower temperature.

The relationship between environmental factors and phyto-
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Table 2. Pearson correlation between phytoplankton cell abundance and environmental factors in the Subei Shoal of the Yellow Sea

in spring
Temperature Salinity DO TUR NH,-N NO,-N NO,-N PO,-P Si0,-Si TP

Total -0.237 -0.245 -0.522**  -0.149 0.387* 0.535**  -0.119 0.015 0.038 0.022
Diatoms -0.237 -0.244 -0.521*  -0.155 0.389* 0.527**  -0.122 0.012 0.035 0.019
Dinoflagellates 0.014 -0.034 0.081 -0.020 0.222 -0.069 0.050 0.009 -0.063 -0.156
Skeletonema sp. -0.234 -0.263 -0.600** 0.115 0.147 0.558*  -0.028 0.072 0.128 0.293
Paralia sulcata -0.223 -0.123 -0.273 -0.299 0.027 0.237 -0.574**  -0.232 -0.392* -0.100
Thalassiosira -0.076 -0.050 0.060 0.341* 0.008 0.361* -0.198 -0.030 -0.246 0.276
eccentrica
Thalassiosira 0.052 -0.003 -0.090 0.299 0.163 0.545** 0.126 0.291 0.082 0.195
leptopus
Coscinodiscus 0.023 0.007 0.055 0.458** 0.074 0.445** 0.115 0.214 0.133 0.393*
radiatus
Planktoniella blanda  0.002 -0.020 -0.164 0.404** 0.060 0.594**  -0.028 0.111 -0.015 0.384*
Cylindrotheca -0.135 -0.215 -0.230 0.456**  -0.101 0.486** 0.134 0.317* 0.042 0.319*
closterium
Thalassiosira rotula 0.059 -0.017 -0.225 0.194 0.069 0.043 0.067 0.304 -0.046 -0.058

Note: * Correlation is significant at the 0.05 level (2-tailed); ** Correlation is significant at the 0.01 level (2-tailed). TUR represents turbidity.

Table 3. Pearson correlation between phytoplankton cell abundance and environmental factors in the Subei Shoal of the Yellow Sea

in summer

Temperature  Salinity TUR NH,-N NO,-N NO,;-N DIN PO,-P Si0,-Si
Total -0.297 0.205 -0.369* 0.403** 0.400** -0.386* -0.265 -0.379* -0.325*
Diatoms -0.294 0.205 -0.368* 0.406** 0.400** -0.383* -0.261 -0.378* -0.322*
Dinoflagellates -0.220 0.099 -0.237 -0.029 0.087 -0.405%* -0.407** -0.157 -0.386*
Pseudo-nitzschia -0.309 0.358* -0.446 0.675** 0.533** -0.463* -0.284 -0.404* -0.330
pungens
Skeletonema sp. -0.246 0.287 -0.199 0.621** 0.374* -0.273 -0.113 -0.212 -0.058
Dactyliosolen -0.197 -0.075 -0.249 -0.041 0.023 -0.216 -0.234 -0.365 -0.405*
[fragilissima
Chaetoceros curvisetus 0.206 -0.660* -0.258 -0.338 -0.300 -0.189 -0.610 -0.506 -0.865**
Thalassionema -0.360* 0.407* -0.397* 0.551** 0.550** -0.401* -0.251 -0.188 -0.192
frauenfeldii

Note: * Correlation is significant at the 0.05 level (2-tailed); ** Correlation is significant at the 0.01 level (2-tailed). TUR represents turbidity.

Table 4. Redundancy analysis results of phytoplankton in the Subei Shoal of the Yellow Sea in spring and summer in 2012

Cumulative percentage variance

Axis Eugebvalue Species-environment correlations

Sum of all canonical eigenvalues

Species Species-environment relation

Spring

Axis 1 0.165 0.749 16.5 48.9 0.338
Axis 2 0.091 0.761 25.6 75.7

Axis 3 0.054 0.743 31.0 91.6

Axis 4 0.028 0.583 33.8 100

Summer

Axis 1 0.357 0.940 35.7 62.9 0.567
Axis 2 0.100 0.921 45.7 80.6

Axis 3 0.052 0.744 50.9 89.8

Axis 4 0.037 0.702 54.6 96.2

plankton abundance was analyzed by RDA (Tables 4 and 5, Fig. 4).
Monte Carlo tests for the first and all canonical axes were highly
significant (p=0.002) in two seasons, indicating that these para-
meters may be important in explaining phytoplankton com-
munity compositions. The first two axes explained 25.6% (spring)
and 45.7% (summer) of the total variance in the phytoplankton
abundance. Four significant canonical axes explained 33.8% and
54.6% of the phytoplankton variation during spring and summer,
respectively. All canonical axes accounted for 33.8% of the vari-
ation in the phytoplankton data during spring, and 56.7% during
summer (Table 4).

There were different significant environmental variables ex-
plaining the variability in the phytoplankton composition during

two seasons by RDA with forward selection (Table 5, Fig. 4). Dur-
ing spring, turbidity, salinity, Si0,-Si and temperature were
found to statistically explain the variation in the composition of
phytoplankton. However, during summer, the significant envir-
onmental variables were turbidity, temperature, DO, DIN/SiO,-Si,
Si0,-Si, and pH.

4 Discussion

The topography of the Subei Shoal constrains the features of
the currents and causes net longitudinal and latitudinal move-
ments (Bao et al., 2015), and this area was also strongly affected
by runoff from nearby rivers and human activities, which causes
the specific characteristics of the current, the temperature, the
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Table 5. Variation partitioning analysis of the significant envir-
onmental factors on the phytoplankton assemblages in the Subei
Shoal of Yellow Sea in spring and summer in 2012

Environmental Eigenvalues V.ariation P
factor explains solely/%
Spring
Turbidity 0.099 9.9 4.152 0.002
Salinity 0.103 10.3 4.795 0.002
Si0,-Si 0.073 7.3 3.636 0.004
Temperature 0.063 6.3 3.326 0.002
All the above 0.338 33.8 4.326 0.002
together
Summer
Turbidity 0.279 27.9 15.059 0.002
Temperature 0.09 9.0 5.384 0.002
DO 0.069 6.9 4.551 0.002
N/Si 0.06 6.0 4.272 0.002
Si0,-Si 0.041 4.1 3.074 0.002
pH 0.029 2.9 2.300 0.008
All the above 0.568 56.8 7.362 0.002
together

salinity, the nutrient structures and suspended particulate mat-
ters (SPMs) in seawaters (Huo et al., 2013), e.g., the 140 mg/dm3
of the three-month-averaged surface SPM (April, May and June)
in the Subei Shoal (Bao et al., 2015). Sediment transport pro-
cesses also play a critical role in shaping the ecological environ-
ment and the material exchange between the inner shelf and the
outer seas, e.g., highest concentrations of suspended sediment in
the Subei Shoal (Bian et al., 2013). The gradients of environment-
al factors seaward strongly influence the species composition,
distribution and abundance of biological communities.

Both seasonal and spatial variations of phytoplankton com-
munity were observed in the Subei Shoal. The phytoplankton
composition in the Subei Shoal was characteristic by diatoms
dominated during both seasons, contributing up to 98.5% and
98.6% of total abundance in spring and summer, respectively,
which was in accordance with the results reported by Liu et al.
(2015a) who indicated that diatoms contributed 98% of the Chl a
concentration to the water column in April at the offshore of
South Yellow Sea, but the average concentration and relative
abundance of diatoms in the central area were only 0.05 mg/m3
and 30%, when the Yellow Sea Cold Water Mass (YSCWM) pre-
vailed during their August cruise. In the present study, the phyto-
plankton species composition and cell abundance were signific-
antly different between two seasons, and the total taxa and cell
abundance were higher in summer than those in spring. Skelet-
onema sp. was the dominant species in both spring and summer.
Thalassiosira pacifica, Guinardia delicatula and Corethron pen-
natum dominated the spring bloom in the South Yellow Sea in
April (Liu et al., 2015a), which was not the dominant species in
the Subei Shoal during the same investigated period. And
Pseudo-nitzschia delicatissma was only the same dominant spe-
cies compared with our results in summer (June) reported by Liu
et al. (2015b) at the offshore areas of South Yellow Sea. In this
study, the total cell abundance and dominant species were high-
er at the Subei Shoal area than those at the offshore of South Yel-
low Sea during the same investigated seasons (Liu et al., 2015a,
b). The sampling location in the Subei Shoal conducted by Kang
et al. (2013) was different with the sampling location in the
present study. The total cell abundance reported by Kang et al.
(2013) was higher than that compared with the present study in
spring. The results of present study indicated that the phyto-
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Fig. 4. Correlation plots of the redundancy analysis (RDA) for
the relationship between the environmental variables and phyto-
plankton taxa. T represents water temperature and TUR turbid-
ity. The numbers with letters represent the following species: nl
represents Actinoptychus senarius, n2 Bacillaria paxillifera, n3
Coscinodiscus radiatus, n4 Coscinodiscus sp., n5 Cylindrotheca
closterium, n6 Fragillariopsis sp., n7 Navicula sp., n8 Nitzschia
sp., n9 Paralia sulcata, n10 Planktoniella blanda, n11 Pleur-
osigma sp., n12 Pseudo-nitzschia pungens, n13 Skeletonema sp.,
nl4 Thalassionema nitzschioides, n15 Thalassiosira eccentrica,
nl6 Thalassiosira leptopus, n17 Thalassiosira rotula, n18 Scene-
desmus quadricauda, n19 Campylosira cymbelliformis, n20
Chaetoceros curvisetus, n21 Coscinodiscus jonesianus, n22 Dactyl-
iosolen fragilissima, n23 Melosira nummuloides, n24 Pseudo-nitz-
schia delicatissima, n25 Surirella sp., n26 Thalassionema frauen-
feldii, n27 Thalassiosira sp., n28 Thalassiosira subtilis, n29 Alex-
andrium catenella, n30 Gymnodinium sp., n31 Pediastrum du-
plex, and n32 Dictyocha fibula.

plankton species composition and cell abundance were com-
pletely different between the Subei Shoal and the offshore of Yel-
low Sea in both spring and summer.

A key part of determining the productive capacities of the
temperate continental shelf is to understand the temporal and
spatial dynamics of its prevailing phytoplankton taxonomic
groups (Chang et al., 2003). The species composition during each
season was dominated by different species. During spring, phyto-
plankton assemblages mainly composed by centric diatoms such
as Skeletonema sp., P. sulcata and T. eccentrica, while a pennate
species P. pungens became the most important species, and fol-
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lowed by Skeletonema sp. during summer. In the different ocean-
ographic zones of the Subei Shoal, phytoplankton communities
varied throughout the spring and summer with regard to cell
concentration, species composition and distribution pattern. The
offshore investigated region of Subei Shoal was characterized by
stable salinities and relatively high light availability (Huo et al.,
2013, 2014). The phytoplankton abundance were much greater in
upper estuary than those of mixing and ocean regions, reflecting
the influence of freshwater discharge from the Changjiang River
(Yangtze River). The results of present study also showed that the
abundance of total phytoplankton and dominant species were
most distributed at the offshore area and near the Changjiang Es-
tuary in the Subei Shoal.

The seasonal variations of the phytoplankton community and
their abundance were greatly influenced by environmental
factors (Peng et al., 2012). In the present study, the most import-
ant environmental factors were water temperature, salinity, tur-
bidity, and nutrients. Water temperature can control the season-
al dynamics of phytoplankton successions (Dupuis and Hann,
2009). The abundance of diatoms is inversely related to temper-
ature, and a high abundance of diatoms was at temperatures be-
low 18°C (da Silva et al., 2005; Turner et al., 2009). In the Subei
Shoal, the total diatom abundance was all high in spring and
summer, which differs from those in the Bohai Bay (Peng et al.,
2012). The abundance of small-celled diatoms, such as Skelet-
onema sp., increases during warm water periods, because warm
water is well known to be less viscous than cold water, favoring a
species with a small cell size (Tunin-Ley et al., 2007).

Nutrient availability is one of key factors influencing the vari-
ations of the phytoplankton community (Lope et al., 2009; Ward
etal., 2011; Huo et al., 2018). Under normal conditions, phyto-
plankton takes up N and P at the Redfield ratio (16:1). In the
Subei Shoal, the observed molar ratio of N/P was higher than the
Redfield ratio, and there was no significant correlation between
phytoplankton abundance and the PO ,-P concentration, which
indicated that phytoplankton abundance was not limited by
PO,-P availability during the study period. During the study peri-
od, the phytoplankton community was dominated by diatom
species in the Subei Shoal. The concentration of SiO,-Si could in-
fluence the structure of phytoplankton assemblages, with diat-
oms becoming the dominant species when the SiO,-Si concen-
tration was higher than 2 pmol/L and the levels of all other nutri-
ents were sufficient (Egge, 1998). Skeletonema sp. dominated the
phytoplankton community during spring and summer, suggest-
ing that Skeletonema sp. prefers water with high levels of nutri-
ents (Patil and Anil, 2011; Peng et al., 2012). Cylindrotheca clos-
terium and P. sulcata also have a preference for seawater con-
taining high nutrient concentrations (Du et al., 2016; El-Kassas
and Gharib, 2016; Zhang et al., 2016). Pseudo-nitzschia delicatis-
sima was one of the dominant species in the summer, and is con-
sidered to be an estuarine species that is typically observed in the
high flow season, which is characterized by a relatively high sa-
linity (Zhang et al., 2014b). In the RDA with forward selection, the
abundance of P. sulcata, P. pungens, T. frauenfeldii, C. radiatus,
Coscinodiscus sp. and other species had a strong correlation with
pH, dissolved oxygen and salinity in spring or summer investig-
ated in the Subei Shoal, which was consistent with the results re-
ported by Rai and Rajashekhar (2014).

High turbidity is one of the important characteristics in the
Subei Shoal of South Yellow Sea. The Subei Shoal had the highest
suspended sediment concentrations in all four seasons (Bian et
al., 2013). The Changjiang River Plume can also increase the wa-
ter turbidity at the coast nearby the river estuary. In general, the

relatively high suspended matter or high phytoplankton popula-
tion are responsible for relatively high turbidity that is encou-
ntered in coastal waters. Fan et al. (2016) reported that high con-
centrations of suspended particulate material (SPM) in the sur-
face layer located on the Subei Shoal and off the Changjiang Es-
tuary overlap with the high Chl a concentration, and in the sur-
face layer, the main part of small SPMs is composed of phyto-
plankton, whereas large SPMs are primarily dominated by meso-
zooplankton. In the present study, several phytoplankton spe-
cies, such as C. closterium, Nitzschia sp., P. pungens, A. senarius,
T. leptopus, D. fibula, had strongly correlations with the turbidity
during the study period in both spring and summer.

In summary, diatoms represented the greatest cellular abun-
dance in the Subei Shoal during spring and summer, and Skelet-
onema sp. and P. pungens was the most abundant species. The
phytoplankton composition and abundance in the Subei Shoal
was different compared with the offshore area of Yellow Sea ac-
cording to previous studies in spring and summer. Turbidity, tem-
perature, salinity, pH, DO, DIN/SiO,-Si and SiO,-Si were the most
important environmental factors controlling phytoplankton as-
semblages in spring or summer seasons in the Subei Shoal of Yel-
low Sea. The results of present study supplied the fundamental
data to understand variations of the Subei Shoal ecosystem.
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