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Abstract

A soil circulation occurs in the south of Cheju Island in the spring. Nutrients and its influence on chloro-
phyll a (Chl @) around the circulations were studied from April 9 to May 6, 2007. Spring bloom with elevated
concentrations of Chl a was observed during the investigation. High concentrations of phosphate, nitrate
and silicate at 0.6, 12, and 8 mmol/m?, respectively, were detected. A low water temperature prevented the
growth of phytoplankton. Chl a concentrations in the study area might be strongly associated with the high

silicate concentration.
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1 Introduction

The East China Sea (ECS) is one of the most productive parts
of the world's oceans, with a total area of 1249000 km?. Ow-
ing to the discharge from the Changjiang River (Yangtze River),
the intrusions of the Yellow Sea waters, the Taiwan Strait waters,
and the Kuroshio waters, as well as the alternating monsoons,
the ECS shelf has a complex hydrology (Liu et al., 2003).

In terms of a surface profile, the warm and salty waters from
one of Kuroshio branch currents meet the diluted ECS waters
influenced by the Changjiang River and form fronts in the ECS
(Chen, 2008). Hickox et al. (2000) previously reported that an
ocean front in the south of the Cheju Island exists from winter
to the following spring from satellite sea surface temperature
(SST) data.

For the vertical profile, a local deposit of mud on the south
Cheju Island in the ECS was evaluated. Hu (1984) first pointed
out that an anticlockwise circulation existed there. Then, Qu
and Hu (1993) stated that the mud deposition south of Cheju
Island resulted from the bottom Ekman suction of an existing
circulation in that area. Yanagi et al. (1996) pointed out that
an counterclockwise circulation exists only in the upper layer,
whereas a clockwise circulation occurs in the lower layer south
of Cheju Island.

Generally, the salinity, and nutrients and chlorophyll a (Chl
a) concentrations show gradients from the coast to offshore

areas in the ECS continental shelf (Yu and Xian, 2009). Chen
(2008) discussed the summer and winter distributions of nitro-
gen, phosphate and silicate concentrations in the surface waters
of the ECS, and concluded that coastal waters, especially those
near the Changjiang Estuary, are higher in nutrient concentra-
tions, whereas offshore waters influenced by the Kuroshio are
low in nutrients concentrations and have high temperatures.

Although eddies occurring south of the Cheju Island in the
ECS were hardly detected in research studies, these efforts gen-
erated information on the hydrological conditions in those re-
gions. Son et al. (2006) examined the vertical distributions of
the water temperature, the salinity, the density, and the Chl a
during spring.

Unfortunately, the distributions of nutrients concentrations
were not considered in the study of Son et al. (2006). This study
isintended to monitor and identify the main factors controlling
the nutrients concentrations distribution south of Cheju Island.
An intensive field observation was made in the spring. More-
over, the features of nutrients concentrations distributions were
discussed with the concentration of Chl a in this paper.

2 Methods

The field observation was made at 30°-32.33°N, 124.33°-
127.67°E, across the shelf edge of the East China Sea, as shown
in Fig. 1, from April 9 to May 6, 2007. The satellite SST image of
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Fig. 1. Standard product of sea surface temperature (SST) image, taken at daytime 11 April 2007 by Aqua MODIS, the study area
was marked in the black box. Kuroshio subsurface water (KSSW), Yellow Sea Cold Water Mass (YSCWM), Taiwan Strait warm water
(TSWW) and Changjiang River Diluted Water (YRDW) (a); and the detail informations emphasis the change pattern in the study

field in the rest of discussion (b).

April 11, 2007 (Fig. 1a) showed that the warm waters of the Tsu-
shima Warm Current flowed into the northern ECS through the
southwestern area of Cheju Island. A tongue-shaped pattern ex-
tended from the southwestern area of Cheju Island to the shelf
area of the northwestern ECS.

The study area and the sampling stations are presented in
Fig. 1b (including Sections C13-1 to C13-9, C14-1 to C14-9, C15-
1to C15-8, C16-1 to C16-9, C17-1to C17-11, C18-1to C18-9, and
Section 20, data losting in part of stations). Two cross-sections,
Section Cn-6 (along transect 126°E) and Section C16 (along
transect 31°N) as shown in Fig. 1b, were extensively discussed to
present the vertical distribution of particulate nutrients. These
two cross-sections typically represented the influence of the
Tsushima Currents and Changjiang dilute water, respectively.

Each station was sampled from the surface to the bottom of
the sea. The vertical profiles of the temperature and the salinity
were measured using a RBR concerto conductivity-tempera-
ture-depth (CTD) sensor (RBR Inc., Kanata, Ontario, Canada).
The calibration equipment at RBR permits traceable calibration
for oceanography instruments, including that for the tempera-
ture to +0.002°C and the conductivity to £0.003 mS/cm of the
accurate values.

Nutrients data, including dissolved inorganic nitrate (DIN),
dissolved inorganic phosphates (DIP), and silicate (SiO,) levels,
were acquired using in-situ measurements. DIN can be calcu-
lated as the sum of nitrate (NO;"), nitrite (NO,"), and ammo-
nium (NH*%). The concentrations of NO,~ and SiO, which were
specified as 0.7% and 6.0% accurate, were measured using a
San*? automated wet chemistry analyzer (Skalar Analytical B.V.,
Netherlands). The concentrations of NO,~, NH*4, and PO,
were measured by using a spectrophotometer with 8.6%, 14.5%,
and 10.0% accuracy, respectively.

Chl a was filtered by using a 47 mm GF/F filter, and then ex-
tracted by using the 90% acetone, and determined with a Shi-
madzu UV2401 spectrophotometer (Shimadzu, Inc., Tokyo).

3 Results

Horizontal and vertical distributions of the temperature, the
salinity, and the nutrient and chlorophyll a, which were mea-
sured in the field, are presented in this section. The detailed

spatial profiles were drawn by a data-interpolating variational
analysis (DIVA) gridding method.

3.1 Spatial profiles of sea water temperature and salinity

The horizontal distributions of the temperature at 2, 20, and
40 m below the sea surface obtained from the CTD are present-
ed in Fig. 2. The temperature distribution in three layers was
similar to the pattern observed in the MODIS SST image shown
in Fig. 1a. Cold water existed in the northwest part of the surface
layer and moved downward to the center of the study area 40 m
below the sea surface. In addition, water with a temperature be-
ing less than 13°C spread from C20-3 to C17-7, in a northwest-
erly to southeasterly direction. Blocked by the Kuroshio waters,
cold water may flow back in a counterclockwise direction; these
results were similar to the findings of Yanagi et al. (1996).

The vertical distributions of the water temperature are
shown in Fig. 2. A cold water mass with a thickness of approx-
imately 50 m and a temperature less than 13°C existed 20 m
below the sea surface. Tawara and Yamagata (1991) previously
described that a region with a thickness of approximately 40 m
and a temperature less than 13°C existed around 32°N, 126°E.

The horizontal distributions of the salinity are quite dissim-
ilar to those of the temperature. Fresh water exists in the west-
ern part of the surface layer, and saline water in the eastern part
of the surface layer. The distributions of the water salinity (Fig.
3) showed that fresh water moved from C20-3 to C17-7, in a
northwesterly to southeasterly downward direction, which also
matched with the observations of Yanagi et al. (1996).

In brief, cold and fresh water could not be transported to
127°E. This may be because the Tsushima Current, a warm
branch of the Kuroshio, prevented water from the Yellow Sea to
move forward.

3.2 Spatial profiles of nutrients

The surface distributions of Si, DIP and DIN concentrations
are presented in Fig. 4. The pattern of DIP concentration dis-
tribution was comparable with that of DIN. High Si concentra-
tion water, which was similar to the pattern indicated in Fig.
4g, extended from the shelf area of the northwestern ECS to the
southwestern area of Cheju Island.

High concentrations of DIP and DIN were detected in the
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Fig. 2. Contours of water temperature 2 m (a), 20 m (b), and 40 m (c) below the sea surface plotted from data measured using CTD;
and the vertical distributions of water temperature at Section C16 (d) and Section Cn-6 (e).
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Fig. 3. Contours of salinity 2 m (a), 20 m (b), and 40 m (c) below the sea surface plotted from data measured using CTD; and vertical

distributions of salinity at Section C16 (d); and Section Cr-6 (e).

northwestern part of the surface layer. The highest concentra-
tion centers of DIP and DIN could be spotted at 31.7°N, 125°E.
Two peaks of silicate concentration were observed at 31.7°N,
125°E and 31°N, 125.7°E.

The concentration distributions of nutrients 20 m below the
sea surface have the same distribution patterns as those of the
surface layer, although the concentrations of nutrients were
higher than the nutrient concentrations at the surface layer. The
locations of peak concentrations of nutrients were similar to the
locations at the surface layer. The concentration distributions
of nutrients 40 m below the sea surface were relatively different
from those of the other layers.

Along Transect 126°E, high-nutrient concentration water ag-
gregated under the 20 m water depth from 30.7°N to 31.8°N, and
decreased from the bottom to the surface (Fig. 5). It illustrated
that nutrients were continuously pulled up from the seabed to
the surface. Water columns by 32°N, 126°E are vertically mixed
from the surface to the bottom depth, as indicated by Son et al.

(1996). Si concentration distributions measured in our studies
also showed a similar situation.

3.3 Spatial profiles of chlorophyll a

Horizontal concentration distributions of Chl a at 2, 20, and
40 m below the sea surface are depicted in Fig. 6. Unfortunate-
ly, Chl a concentration observations were not conducted at all
stations.

The highest concentration of Chl a (>10 pg/dm?) was dis-
covered in the surface layer around Sta. C16-6 (31°N, 126°E),
whereas a second peak of Chl a concentration was detected at
Station C15-2 (30.7°N, 124.7°E). Phytoplankton require multiple
nutrients for growth. In the present study, high concentrations
of DIN and DIP were observed around 31.7°N, 125°E, but not
the near the stations of peak water-column Chl a concentra-
tions. Phytoplankton might be driven by Si since a high Chl a
concentration was observed near the station with high concen-
tration Si.
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Fig. 4. Horizontal distributions of DIP, DIN and silicate, DIP at 2 m (a), 20 m (b) and 40 m (c); DIN at 2 m (d), 20 m (e), and 40 m (f);
silicate at 2 m (g), 20 m (h) and 40 m (i) below the sea surface plotted from data measured using CTD.

The vertical distributions of Chl a concentration in Sections
Cn-6 and C16 are shown in Fig. 6. Chl a concentrations declined
with depth. Phytoplankton were hardly detected 40 m below
the sea surface. Water columns with high concentrations of DIN
and DIP existed from 20 m water depth to the seabed (Fig. 4).
In contrast, phytoplankton gathered from the surface down to
20 m.

4 Discussion

The ocean environment including the nutrients, water
temperature, and transparency greatly influences the growth
of phytoplankton. Light condition, vertical mixing and phyto-
plankton sedimentation are the main physical factors that can
affect the growth of phytoplankton in the upper layer (Gabric
and Parslow, 1989), meanwhile, the water temperature is an im-
portant factor affecting the growth of phytoplankton, which in-
fluences the Chl a concentration by changing the phytoplank-
ton growth and metabolism and other physiological activities
(Behrenfeld and Falkowski, 1997; Tang et al., 2006; Hao et al.,
2007; Chai et al., 2009), in addition, types of phytoplankton, dis-
tribution and structure of nutrients, and remineralization are
among the biochemical factors for the growth of phytoplank-
tons (Klausmeier and Litchman, 2001; Huisman et al., 2006). In
the ECS, the Yellow Sea Cold Water Mass (YSCWM), the Chang-
jiang River diluted water (CRDW), the Taiwan Strait warm wa-

ter (TSWW) and the Kuroshio subsurface water (KSSW) are the
important environment fields which have seasonal variations
in scale and features (Quan et al., 2013) and determine the bio-
logical-environmental relationships (Fig. 1a). In this study, the
source of nutrients will be discussed mainly, and then, the key
factor of the growth environment will be analyzed using a clus-
ter analysis.

4.1 Source of nutrients

In the present study, nutrients were not pushed from in-
shore to offshore in the CRDW on the surface since the levels of
nutrients did not decrease from inshore to offshore. Moreover,
the highest concentration of nutrients and a cold water mass
(CWM) temperature less than 13°C locating about 50 m below
surface (near the bottom) were observed and spread around in
the southwest of the Cheju Island in this study (Figs 2 and 4),
and this observation is consistent with Yuan et al. (2002) and
other researchers (Guo et al., 1995; Yanagi et al., 1996 ).

Tawara and Yamagate (1991) reported that circulations are
expected to occur from early spring until autumn, when the
southward spreading of the YSCWM continues, which carry a
lots of nutrients into the offshore waters of the ECS. Yanagi et
al. (1996) performed an intensive field observation to detect cir-
culations in the same field and observed an counterclockwise
circulation in the upper layer, whereas a clockwise circulation
occurred in the lower layer south of the Cheju Island. some re-
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Fig. 6. Contours of Chl a concentration 2 m (a), 20 m (b), and 40 m

(c) below the sea surface plotted from data measured using CTD.

Vertical distributions of chlorophyll a concentration in Section Cn-6 (d) and Section C16 (e).

searchers pointed out that the CWM was formed by the YSCWM
and the CRDW (Qi et al., 1991; Guo et al., 1995), and others by
YSCWM and KSSW (Zhou et al., 1990; Lu et al.,1996). In spring,
with the arise of the temperature on the upper layer water and
appearance of the thermocline, the CWM in the southwest of
Cheju Island hold the characteristics of low temperature and

mesohaline under the shielding effect of the thermocline (Qi et
al., 1991; Li, 1995; Yu et al., 2006) with abundant nutrients with
the spreading of the YSCWM.

4.2 Environmental characteristics
Phytoplankton require nutrients, light, and appropriate
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temperature for growth (Gabric and Parslow, 1989; Behrenfeld
and Falkowski, 1997; Tang et al., 2006). Although water trans-
parency data were not collected in the present study, light could
be neglected by the analysis of other factors in the surface wa-
ter since a phytoplankton photosynthesis was not light-limited
in the surface water in the outer of the ECS (He et al., 2004).
We conducted a cluster analysis of parameters of the Chl a and
nutrients concentrations, and the temperature, as shown in
Table 1.

The cluster analysis was conducted by using Matlab; 16 sam-
ples with parameters of and Chl a, nutrients concentrations,
and the temperature were classified into three major types. Sta-
tion C18-3 was classified as Type III, and the rest of the stations
were classified as Type I and Type II.

Stations C16-5, C16-6, and C16-7 with high Chl a concen-
tration levels were grouped together as Type I. These three sta-
tions were located close to each other (around 31°N, 126°E) and
where a peak in Si concentration levels was observed.

Table 1. Environmental and biological information of the observed stations

i Water L. DIP concentration/  Silicate concentration/ DIN concentration/
Station Salinity Chl a/ug-dm=3  Type
temperature/°C mmol-m-3 mmol-m-3 mmol-m-3
C14-3 15.962 33.436 0.03 3.06 1.61 1.528 11
Cl4-6 16.261 34.219 0.07 1.94 1.47 0.706 11
C14-9 17.788 32.984 0.03 2.15 0.28 0.487 11
Cl16-1 14.572 33.029 0.19 4.93 4.73 1.584 11
C16-2 15.347 33.225 0.2 5.2 4.36 0.851 11
C16-3 14.428 33.723 0.07 6.42 0.73 2.534 11
C16-5 14.900 33.419 0.09 11.18 1.26 7.145 1
C16-6 16.207 33.392 0.13 10.42 0.61 8.145 I
C16-7 16.297 33.451 0.06 6.95 0.32 6.916 1
C16-9 17.528 33.988 0.02 1.76 0.20 0.580 I
C17-11 17.575 33.345 0.02 1.58 0.66 0.264 I
C17-7 15.845 33.380 0.03 1.92 0.84 2.903 I
C18-3 11.719 32.896 0.55 12.02 8.64 0.891 111
C18-6 15.021 32.949 0.06 3.39 2.36 1.029 I
C18-9 16.939 33.485 0.01 1.65 0.61 0.599 II

The environment around C18-3 was characterized with a
low water temperature (11.7°C) and a high concentration lev-
el of nutrient, which were features not suitable for the growth
of phytoplankton. In contrast, other stations with the environ-
mental characteristics of higher surface-water temperature
(ranging from 13.9 to 18.5°C) and nutrients (N, P, and Si) en-
riched the Chl a concentrations.

The cluster analysis indicated that some kind of algal species
that can survive in 13.9-18.5°C played an important role in the
study area from April to May 2007. The low temperature of the
environment might has reduced the consumption rate of nutri-
ents and the growth rate of phytoplankton.

This pattern could be explained by the findings of previous
studies. Luo et al. (2007) concluded that Chaetoceros loren-
zianus and Bidduphia sinensis Greville could survive in a wider
temperature range (12-28°C), which enables them to dominate
in the spring in the ECS. Chai et al. (2009) and Tang et al. (2006)
also mentioned that Prorocentrum dentatum, which grows well
within a temperature range of 20-27°C and grows best in 24°C
has become the major algal species in the ECS since the 2000s.

4.3 Biological-environmental relationships

The vertical distributions of nutrient concentrations showed
that high-nutrient concentration water was continuously pulled
up from the bottom to the surface at the tie of circulation. This
mode of nutrient supplementation in this area continued in the
spring.

The cluster analysis showed that the growth of phytoplank-
ton stopped when the water temperature lower than 12°C. Nu-
trients might in part affect the phytoplankton growth in the ob-
servation field in spring.

The target of this experiment was to find a correlation be-
tween phytoplankton and nutrients. A correlation analysis was

conducted to establish the relationship between these two vari-
ables of Types II and III. Type I was not analyzed in the present
study owing to its unclear growth mechanism.

The cluster analysis showed that the illumination and the
temperature did not retard the growth of phytoplankton of the
Type 1II cases, which was consistent with our previous analysis,
and the growth of phytoplankton was related to some kind of
nutrient or ratio between N and P (or silicates) concentrations.
Chl a concentration data were used as a dependent item in the
correlation analysis; the nutrient factors (cpy:Cppr Cpn:Csp DIN
concentration, DIP concentration and silicates) measured in
sea surface were set as independent items using a 95% confi-
dence interval (n=15). The correlation coefficient between Chl
a concentration and DIN:DIP was -0.3917, and that between
Chl a and cpyj:cg; was —0.526 9, which indicates that the correla-
tions were not significant. A low correlation between Chl a and
DIN concentrations for the correlation coefficient was —0.224 1.
No correlation between Chl a and DIP was observed, based on
a correlation coefficient of 0.0929. A high correlation between
Chl a and silicates concentrations was detected, with a correla-
tion coefficient of 0.8655 (Fig. 7).

Among the correlation analyses conducted, the linear re-
gression model was used to correlate Chl a and silicates con-
centration.The growth of the phytoplankton was restricted by
the type, structure and assimilation of the nutrient (Joseph
and Villareal, 1998). Too much deviation of the mole rate of the
nutrient in the ocean to the coefficient of the Redfield may be
stop the growth of phytoplankton by the lower concentration
of the element such as N, P or Si, and affects the species of the
phytoplankton in the ocean (Healey and Hendzel, 1980). It is
generally acknowledged that the mole rate of cg; : ¢ : ¢, of the
diatom in the ocean is about 16:16:1. In the ECS, as c : ¢,>30,
the growth of phytoplankton limited by B, while ¢y, : ¢,<8, by N
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Fig. 7. Relationship between Chl a and silicates concen-
trations can be described as y=0.7519x-0.843 1, r* is the
variation of the data explained by the fitted line.

(Hu et al., 1990).

Wang (2003) pointed out that in the ECS, in the spring, the ra-
tio of nitrogen to phosphorus concentration and ratio of silicon
to nitrogen concentration were about 15.70 and 4.5, respective-
ly. In this study, the average ratio of nitrogen concentration and
ratio of silicon concentration nitrogen one are 22.95 and 4.81,
respectively, which are close to the results of Wang (2003). nitro-
gen and phosphorus in this area in the spring of 2007 were not
the restriction factors. As a result, appropriate nitrogen, phos-
phorus, water temperature and abundant silicon are benefit for
the phytoplankton to develop, such as Chaetoceros lorenzianus
and Bidduphia sinensis Greville in the ECS in spring (Luo et al.,
2007). The relationship with high correlation between Chl a and
silicon concentrations also indicated that high concentration of
nutrients such as silicate may be the cause for phytoplankton to
vigorously grow up in the southwest of the Cheju Island in the
spring of 2007.

5 Conclusions

The horizontal and vertical distributions of the water tem-
perature, the salinity, and nutrients and Chl a concentrations
in the circulation area south of Cheju Island during the spring
were investigated. The findings of the present study agreed with
those of previous studies that the CWM and circulation oc-
curred south of Cheju Island in the spring. The movement of
CWM from the Yellow Sea was prevented by a warm branch of
the Kuroshio. The circulation could not be distinguished by the
SST since the CWM existed 20 m below the sea surface.

Although high nutrients in the water that were brought in
by the YSCWM were detected during the observation, the con-
centration of Chl a was relatively low in the relevant area. The
cluster analysis result indicated that cold water being less than
12°C could inhibit phytoplankton development.

We also summarized the distribution of nutrients. A high
concentration of nutrients existed in the same location of the
CWM. In contrast to cold water, nutrients were pulled up to the
sea surface by circulation. Interestingly, the increase in Chl a
upon the circulation in the spring has apparently injected nu-
trients from bottom to surface. The high correlation between
Chl a and silicon concentrations followed a linear relationship.
Abundant silicon, appreciate nitrogen, phosphorus and the

temperature may be the cause of high Chl a concentration in
the outer of the ECS.

Eddy cores contain nutrient-rich coastal water (Crawford et
al.,, 2005), and eddy dynamics affects spring production, with
vertical motion and sloping isopycnals enhancing local and
overall production (Liu et al., 2010). Similar to the cold-core
eddy in the Luzon Strait (Chen et al., 2007), the eddy cores south
of the Cheju Island showed enhanced nutrient levels and high
Chl a concentrations.
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