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Abstract

The East Sea (Sea of Japan) is a marginal, semi-closed sea in the northwestern Pacific. The Ulleung Basin area,
which is located near the subpolar front of the East Sea, is known to have high primary production and good
fisheries in spring season. After episodic wind-driven events during the spring of 2017, horizontal and vertical
profiles of physical chemical biological factors were investigated at 29 stations located in the Ulleung Basin area.
In addition, growth responses of phytoplankton communities to nutrient additions were evaluated by bioassay
experiments to understand the fluctuation of phytoplankton biomass. Because of strong northwestern wind,
phytoplankton biomass was scattered and upwelling phenomenon might be suppressed in this season. The
phytoplankton abundances in the coastal stations were significantly higher than offshore and island stations. In
contrast, the nutrient and chlorophyll a (Chl a) concentrations and the phytoplankton biomass were quite low in
all locations. Bacillariophyceae was dominated group (>75.1% for coastal, 40.0% for offshore and 43.6% for island
stations). In the algal bioassays, the phytoplankton production was stimulated by N availability. The in vivo Chl a
values in the +N and +NP treatments were significantly higher than the values in the control and the +P
treatments. Based on the field survey, the higher nutrients in coastal waters affected the growth of diatom
assemblages, however, little prosperity of phytoplankton was observed in the offshore waters despite the injection
of sufficient nutrients in bioassay experiments. The growth of phytoplankton depended on the initial cell density.
All of results indicated that a dominant northwestern wind led to a limited nutrients condition at euphotic layers,
and the low level of biomass supply from the coasts resulted in low primary production. Both supplying nutrients
and introducing phytoplankton through the currents are critical to maintain the high productivity in the Ulleung
Basin area of the East Sea.

Key words: Ulleung Basin, Ulleungdo and Dokdo, spring phytoplankton blooms, episodic windstorm, algal
bioassays, primary production

Citation: Lee Minji, Kim Jin Ho, Kim Yun-Bae, Park Chan Hong, Shin Kyoungsoon, Baek Seung Ho. 2020. Specific oceanographic
characteristics and phytoplankton responses influencing the primary production around the Ulleung Basin area in spring. Acta

Oceanologica Sinica, 39(2): 107-122, doi: 10.1007/s13131-020-1545-9

1 Introduction

The East Sea (Sea of Japan) is a marginal, semi-closed sea in
the northwestern Pacific located between the Eurasian continent
and Japan. The average water depth of the East Sea is 1 700 m,
and this sea consists of three major basins: the Ulleung Basin to
the southwest, the Yamato Basin to the south, and the Japan
Basin to the north (Isobe and Isoda, 1997); these bases are deep-
er than 2 000 m. The East Sea is connected to the East China Sea,
the North Pacific Ocean, and the Sea of Okhotsk through the
Korea/Tsushima Strait (hereafter referred to as the Korea Strait:
KS), the Tsugaru Strait (TS), the Soya Strait (SS), and the
Tartar/Mamiya Strait (T/MS). The inflow is primarily from the KS
in the southwest, and the outflow is primarily through the TS and

the SS in the eastern East Sea (Ohshima, 1994; Martin and
Kawase, 1998). As the water depths of these straits are less than
150 m, the water exchange between the East Sea and the North
Pacific Ocean is limited, and the volume of water transported
through the KS has a major impact on hydrography and circula-
tion in the East Sea (Ohshima, 1994; Kim and Yoon, 1999). The
East Sea has a well-defined subpolar front at approximately 37°-
40°N (Isoda and Saitoh, 1993; Isobe and Isoda, 1997), which is
adjacent to the East Korea Warm Current (EKWC) that branches
from the Tsushima Warm Current through the KS; the cold wa-
ters originate from the north.

The Ulleung Basin, which is located near the subpolar front, is
known to have high primary production and good fisheries

Foundation item: The Basic Core Technology Development Program for the Oceans and the Polar Regions of the National Research
Foundation (NRF) funded by the Ministry of Science, ICT & Future Planning under contract No. NRF-2016 M1A5A1027456; the project

of the Ministry of Ocean and Fisheries under contract No. PG51010.

*Corresponding author, E-mail: baeksh@kiost.ac.kr



108

(Chung et al., 1989; Moon et al., 1998; Kwak et al., 2013). The
community structures and abundances of plankton, the main
source of primary production, are closely associated with fish
catch fluctuations (Zhang et al., 2000; Kang et al., 2002). The
complex physical and chemical characteristics of this area
caused by the combination of the warm and cold currents have a
significant effect on the population structures and quantitative
changes of plankton. Specifically, nutrients are a major factor in
regulating the primary production. The spring phytoplankton
bloom is generally caused by nutrient dynamics resulting from
fluctuations and stratification of the sea temperatures. Another
major source of nutrients is upwelling. The upwelling process is
induced by strong southerly winds in the southern coastal area of
Korea, and plentiful nutrients are transported to the Ulleung
Basin along the EKWC. One of the main reasons for the high
primary production is the supply of nutrients from upwelling
(Hyun et al., 2009; Yoo and Park, 2009) and eddies (Kim et al.,
2007a); however, there have been no studies on the direct biolo-
gical responses to the availability of nutrients in this area.

In addition to upwelling, wind can generate episodic events
that affect primary productivity in the marine ecosystem. Episod-
ic windstorm events, resulting from the passage of low-pressure
systems over ocean areas, can significantly change aquatic eco-
systems with their powerful winds (Ryan et al., 2002; Zhao et al.,
2008; Tsuchiya et al., 2014). The wind-induced “island effect” can
occur near islands (Gilmartin and Revelante, 1974; Herndndez-
Le6n, 1991). The Ulleung Basin has only two islands: Ulleungdo
and Dokdo. Baek et al. (2018) recently reported that the episodic
windstorm events in spring play an important role in triggering
large phytoplankton blooms in oligotrophic waters in the vicinity
of Dokdo. Furthermore, the generation and extinction times of
phytoplankton blooms are related to wind speed and duration.
Strong winds from a typhoon could delay the timing of spring
blooms in the East Sea (Kim et al., 2007b), and they can acceler-
ate the extinction of blooms by scattering the phytoplankton. The
southerly wind effects on the upwelling phenomenon have been
well studied; however, the effects of episodic strong winds from
all directions have been rarely reported in the Ulleung Basin of
the East Sea.

The populations of phytoplankton, which drive primary pro-
duction, are constantly flowing into the East Sea, including the
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Ulleung Basin, through the EKWC, which branches from the
Tsushima Warm Current (Kim et al., 2018; Park et al., 2018), and
the eutrophic southern coastal area of Korea also has an import-
ant function to supply an abundance of phytoplankton to the
Ulleung Basin (Lee et al., 1998; Kang et al., 2005; Oh et al., 2004).
To understand the origin and fluctuation of primary production
in the East Sea, a tracking survey of the phytoplankton popula-
tion is needed; however, research on the currents taken by phyto-
plankton have been rare.

Many individual phytoplankton studies (Kim et al., 2007b;
Kim et al., 2012; Tsuchiya et al., 2014) and chlorophyll analyses
using satellites (Mooers et al., 2005; Liu and Chai, 2009; Yoo and
Park, 2009) have been performed to explain the high primary
production in the East Sea; however, an ocean physical, chemic-
al, and biological survey must be performed to understand
primary production in this complex marine ecosystem. The
present study provides horizontal and vertical analyses of the
physical, chemical, and biological features along the EKWC from
the southern coastal area of Korea to the Ulleung Basin based on
data collected in spring 2017. In addition, bioassay was per-
formed to estimate the variation in the primary production
caused by the introduction of nutrients using natural seawaters
in spring.

2 Materals and methods

2.1 Sampling stations and dates

The survey was conducted from May 27 to 30, 2017 (spring);
29 stations around the Ulleung Basin (from the southern coast of
Korea to Dokdo) in the East Sea were surveyed to understand the
oceanographic characteristics that affect primary production in
spring (Fig. 1). The sampling route was determined by referring
to the average path (in May) of the Tsushima Warm Current over
the past 20 years, which was based on date from the Korea Met-
eorological Administration (KHOA; http://www.khoa.go.kr) (Fig. 1a).
For effective data analysis, the 29 stations were divided into three
areas based on oceanic and geographical features. The coastal
area of Korea where upwelling occurs frequently, including the
Nakdong River Estuary, is referred to as CS area (Coastal Stations:
1-6). The offshore open area that contains the Ulleung Basin is
referred to as OS area (Offshore Stations: 7-9 and 12-15). The wa-
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Fig. 1. Average satellite-derived surface current and sea surface temperature (T) for 20 years in May (a) and the locations of sampling
stations (b, c, d). The red circles indicate the stations for the bioassays. The star mark shows the location of the Ulleungdo Ocean Data
Buoy (Korea Meteorological Administration). The background contours represent isobaths.
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ter in the vicinity of Ulleungdo and Dokdo, which can be affected
by the “island effect”, is referred to as IS area (Island Stations: 10
and 11 in the vicinity of Ulleungdo and 15-29 in the vicinity of
Dokdo) (Figs 1b-d).

2.2 Wind and satellite data

Time series data for air pressure, maximum wave height,
wind gust speed and wind direction were obtained from the
Ullengdo Ocean Data Buoy (Korea Meteorological Administra-
tion), which takes measurements at 1-h intervals (Fig. 1c); the
data spanned May 15 to 31. Satellite-derived geostrophic surface
current and sea surface temperature data obtained from Korea
Ocean Satellite Center.

2.3 Horizontal survey

The horizontal survey was performed using the R/V Eardo for
all 29 stations. Water temperature, salinity, pH, and dissolved
oxygen of surface water (depth of 0.5 m) were measured at each
station using a YSI meter (YSI 6600 data sonde, USA). Water
samples for nutrient analysis were filtered (GF/F; 25 mm, pore
size 0.45 um; Whatman, Middlesex, UK), placed in acid-cleaned
polyethylene bottles, and fixed using HgCl, (Parsons, 2013). Each
filtered water sample was stored at -20°C for future analysis. The
ammonium, nitrate, nitrite, phosphate, and silicate concentra-
tions were determined in the laboratory using a flow injection
autoanalyzer (Quattro 39; Seal Analytical, Fareham, Hampshire,
United Kingdom). The nutrient concentrations were calibrated
using Reference Materials for Nutrients in Seawater (RMNS,
KANSO Technos Co., Ltd., Japan). For chlorophyll a (Chl a)
measurements, 0.5 L of each water sample was filtered through a
47-mm diameter glass fiber filters (pore size 0.7 pm, Whatman,
Middlesex, UK), and the filter was stored at -20°C until further
laboratory analysis. Moreover, Chl a was measured using a Turn-
er Design fluorometer (10-AU; Turner BioSystems, Sunnyvale,
CA, USA) following the extraction of the filtered material with
90% acetone in the dark for 24 h. Furthermore, 0.5-L subsamples
were stored in polyethylene bottles to identify and enumerate
phytoplankton and fixed with 0.5% Lugol’s solution. These sub-
samples were then concentrated to approximately 50 mL by de-
canting the supernatant, as described by Sournia (1978). A
Sedgewick-Rafter counting chamber was used to estimate the
abundance of phytoplankton using light microscopy, and phyto-
plankton cells were identified at the species level. Differences in
measurements among the abiotic and biotic factors in the CS, OS
and IS areas were assessed using an analysis of variance (AN-
OVA) followed by a Tukey’s test. All statistical analyses were per-
formed using SPSS version 17.0 (SPSS, Inc., Chicago, IL, USA).

2.4 Vertical survey

The vertical survey was conducted from the sea surface to the
sea bottom at 14 stations located between Ulleungdo and Dokdo
(U-D line) to understand the characteristics of the water masses
in the study area (Fig. 1c). The vertical profiles of temperature,
salinity, water density (sigma-f), and fluorescence were meas-
ured using a conductivity, temperature, and depth (CTD) sensor
(SBE 911 plus CTD; SeaBird Inc., Bellevue, WA, USA) mounted
on a rosette sampler of the R/V Eardo. Additionally, water
samples from five selected stations (Stas 10, 12, 13, 18, and 22)
were collected from the surface to a depth of 200 m using a
rosette sampler to measure Chl a and nutrient concentrations,
which were estimated using the same methods, as described
above.

2.5 Nutrient addition bioassays

The bioassays were designed to assess the biological reaction
of phytoplankton to the introduction of nutrients in the Ulleung
Basin. First, the biological activity of the phytoplankton at all sta-
tions, including in vivo Chl a, active Chl a, and biological activity
(F,/F,), were measured using a Phyto-PAM instrument (phyto-
plankton analyzer; PHYTO-ED, Germany) to determine the
bioassay stations; four stations (two stations in the CS area and
one each in the OS and IS areas) were selected according to the
Chl a and biological activity measurements. To avoid contamina-
tion of experimental container, all polycarbonate bottle and in-
struments used in the experiment were previously soaked in 10%
hydrochloric acid and rinsed with deionized water (Milli-Q sys-
tem, Millipore) before use. Then, 200-mL subsamples collected
at the four stations were transferred to acid-washed polycarbon-
ate culture flasks (JetBiofil° Treated Culture Flasks, Sterile, 250 mL)
and immediately incubated in an acrylic culture water bath (Fig. 2),
which was designed to culture organisms under conditions of
natural field light and seawater temperature, for two weeks
aboard the R/V Eardo and then at the pier after the vessel’s
cruise. Incubations were carried out in acrylic boxes continu-
ously cooled with surface water. A pump was used to circulate
sea water around the acrylic culture bath. To exclude an excess-
ive feeding effect of zooplankton, a 330-um sieve was used to re-
move zooplankton and debris from the water samples. The con-
trol used seawater without added nutrients. The treatments in-
cluded the addition of (1) nitrogen (+N; 20 pmol/L nitrate), (2)
phosphorus (+P; 2 pmol/L phosphate), and (3) nitrogen and
phosphorus (+NP; added at the same concentrations as for the
+N and +P treatments alone). Silicates (20 pmol/L silicate) were
added to all the experimental groups including the controls. The
growth responses of each flask were measured by the concentra-
tion of in vivo Chl a using the Phyto-PAM instrument at one- or
two-day intervals for 12 or 14 d. Based on the assumption that in
vivo Chl a is a quantitative measure of algal biomass, the growth

bio-assay experiment

Fig. 2. Illustration of the nutrient addition experiments.
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rate (d-1) was calculated by linear regression as the slope coeffi-
cient: In(Fl,) = u x t + In(Fl,), where Fl, and FI, are the in vivo Chl
a at the start of the experiment and after ¢ days of incubation, re-
spectively, according to the protocol of Baek et al. (2015). In par-
ticular, the algal growth has responded in early stages for Stas 1
and 2 of coastal station. However, growth response was not un-
fortunately observed in early stages for Stas 8 and 18 of offshore
station, due to which was depend on the initial population dens-
ity and algal community structure in each sampling station.
Based on the time-series algal growth curve in each bioassay,
specific algal growth response was calculated from beginning to
4 d for Stas 1 and 2, 10 d for Sta. 8, and 8 d for Sta. 18. In addition,
the nutrient concentrations of each flask were measured to eval-
uate the relationship between nutrient disappearance and phyto-
plankton response. The subsamples (10 or 20 mL) were taken
from each flask during the middle of the experiment (on Day 5 for
Stas 1 and 2, Day 7 for Sta. 8, and Day 6 for Sta. 18) and the end of
the experiment (on Day 12 for Stas 1 and 2, Day 10 for Sta. 8, and
Day 9 for Sta. 18). Then, each subsample was immediately
filtered using a disposable syringe filter (pore size 0.45 pm; AD-
VANTEC), fixed with HgCl,, and stored at -20°C. The nutrient
analysis was performed following the same methods described
above. The bioassay data were analyzed using the #-test to com-
pare the results of nutrient treatments and control groups. Differ-
ences were considered significant at p<0.05.

1020
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3 Results

3.1 Episodic windstorm and current effect

The time series of air pressure (hPa), maximum wave height
(m), wind gust speed, and wind direction measured at the
Ulleungdo Ocean Data Buoy are shown in Fig. 3. On May 25, a
strong cyclone (998.5 hPa) passed through the Ulleung Basin,
and the wind direction shifted from a southwest wind to an ex-
tremely strong northwest wind. The highest wave height was 6.3
m, and the wind speed was 18.3 m/s. During the survey period,
this low pressure disappeared, and northeast winds shifted back
to southwest winds. The surface water temperature (determined
by a satellite-derived temperature image) was approximately
10-16°C in the northwestern region and approximately 15-20°C
in the southwestern region, with a front marking differences in
water temperature at approximately 38°N (Fig. 4).

3.2 Physicochemical features

Our field measurements showed that the surface water tem-
perature ranged from 16.4°C to 18.6°C, with an average of
(17.4+0.52)°C, and the geographical variation was not large (Fig. 5a);
the ANOVA results indicated that the differences were not signi-
ficant (Fig. 5¢). The surface salinity varied from 33.2 to 34.5, with
an average of 34.2+0.31. Specifically, for the CS area located near
land, i.e., where the discharge of fresh water into coastal waters
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Fig. 3. Time series of air pressure (hPa) (a), maximum wave height (m) (b), wind gust speed (m/s) (c), and wind direction (d) from 15
to 31 May 2017 at the Ulleungdo Ocean Data Buoy (Korea Meteorological Administration).
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Fig. 4. Satellite-derived geostrophic surface current and sea surface temperature for May 30, 2017.

occurs, the average salinity was 33.7+0.28, which was signific-
antly lower than at the OS and IS areas (F=40.99, p<0.001) (Figs 5a,
d). Dissolved oxygen at the CS area ranged from 7.66 to 8.68 mg/L,
with an average of (8.21+0.36) mg/L, and the mean dissolved oxy-
gen at the OS and IS areas was (7.97+0.08) mg/L (Fig. 5b). The
dissolved oxygen values at the CS area were significantly differ-
ent than those of the OS and IS areas (F=7.757, p<0.01) (Fig. 5e).
The pH value varied from 8.04 to 8.26, with an average of
8.19+0.04. Notably, the pH at Sta. 1 was slightly lower (Fig. 5b),
and the pH values measured at the CS area were significantly dif-
ferent from only the IS area (F=4.700, p<0.05) (Fig. 5f). Dissolved
inorganic nutrients displayed large spatial variations (Fig. 6).
Among the CS area, the nutrient concentrations at Stas 1 and 2
were higher than those of the other stations: the nitrate+nitrite
values were 4.92 and 3.09 pmol/L (Fig. 6a), the ammonium val-
ues were 2.04 and 0.41 pmol/L (Fig. 6b), the phosphate values
were 0.38 and 0.20 pmol/L (Fig. 6¢), and the silicate values were
9.98 and 7.87 umol/L (Fig. 6d), respectively. From Stas 3 to 29, ni-
trate+nitrite varied from 0.87 to 1.73 umol/L, with an average of
(1.31+0.20) pmol/L; ammonium varied from 0.01 to 1.03 pmol/L,
with an average of (0.23+0.23) pumol/L; and phosphate and silic-
ate had average values of (0.06+0.02) umol/L and (3.89+0.50) pmol/L,
respectively. Consequently, the nutrient concentrations at the CS
area were significantly different from the OS and IS areas (Figs 6e-
h). Except for temperature and pH, all of physicochemical fea-

tures of the CS area were distinguishable from the OS and IS
areas (nitrate+nitrite: F=4.599, p<0.05; silicate: F=6.419, p<0.01;
ammonium: F=1.481, p>0.05; and phosphate: F=2.156, p>0.05);
however, there were no differences between the OS and IS areas
according to the ANOVA results.

3.3 Characteristics of Chl a and phytoplankton

The concentration of surface Chl a at each station varied from
0.07 to 2.34 pg/L, with an average of (0.33+0.53) pg/L. The con-
centrations at the CS area were significantly higher than the oth-
er areas (F=10.74, p<0.001), and the abundances of phytoplank-
ton exhibited similar fluctuations with Chl a (Fig. 7a). The
abundances of phytoplankton at each station varied from 0.20x
105 to 4.15x105 cell/L, with an average of (1.91+1.66)x105 cell/L at
the CS area. Higher phytoplankton abundances at Stas 1 and 3
were estimated to be 4.15x10° and 3.83x105 cell/L, respectively.
The relative ratio of phytoplankton at the CS area included 75.1%
Bacillariophyceae, 11.1% Dinophyceae, and 7.26% Crypto-
phyceae (Fig. 7b). Specifically, the diatoms Leptocylindrus dani-
cus (26.6%) and Chaetoceros spp. (25.1%) appeared as the domin-
ant species (Fig. 7c). The abundances of phytoplankton at the OS
and IS areas varied from 0.02x10% cell/L to 0.12x10% cell/L, with
an average of (0.06+0.03)x10% cell/L; of these, Bacillariophyceae
comprised 40.0% and 43.6% of the community. Bacillario-
phyceae were mainly present as Rhizosolenia setigera, and other
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species included unidentified nano-flagellates.

3.4 Vertical characteristics of water mass along the U-D line

The vertical profiles of water temperature, salinity, density,
and fluorescence along the U-D line are shown in Fig. 8. The ver-
tical extent of relatively high temperatures (ca. 17°C) following
the origin of the TWC remained within the top 50 m. However, in
the central area (from Stas 14 to 16), this warm water only exten-
ded to a depth of 30 m (Fig. 8a). In addition, the mixed water
mass with temperatures ranging from 5 to 13°C extended to a
depth of 200 m near Ulleungdo, whereas it remained at a depth of
approximately 100 m in the central area of the U-D line; the
mixed water mass deepened gradually to a depth of 130 m near
Dokdo (Fig. 8a). The characteristics of the vertical distribution of
salinity were similar to those of the temperature (Fig. 8b). A relat-
ively high saline (34.5) water mass deepened gradually in the wa-
ters around Ulleungdo, and the 34.2 isohaline persisted to a
depth of 150-170 m; for higher depths, the salinity remained be-

low 34. The vertical pattern of the water density (sigma-t) was ar-
ranged with a vertical water temperature pattern ranging from
24.0 to 27.2 kg/m3 (Fig. 8c). From the vertical fluorescence values,
the subsurface chlorophyll maximum (SCM) was found between
depths of 30 and 50 m along the U-D line; however, the SCM lay-
er was not well defined around Ulleungdo and Dokdo because it
spread toward the surface layer (Fig. 8d).

Vertical fluorescence values and nutrient concentrations of
five selected stations along the U-D line are shown in Fig. 9. Ex-
cept for Sta. 10, the SCM layer along the U-D line appeared at
depths of 30-50 m (Figs 9a-€). The concentrations of nitrate+ni-
trite (Figs 9f-j), phosphate (Figs 9p-t), and silicate (Figs 9u-y) re-
mained low in the surface layer (approximately 50 m), although
their concentrations increased gradually below 50 m. Ammoni-
um was generally high in the surface layer and very low at depths
below 50 m (Figs 9k-0). Specifically, the lowest ammonium con-
centration in the surface layer was observed at Sta. 11 where
chlorophyll a was high in the surface layer, and it was also high at
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the bottom of Sta. 19. The N:P ratio in the upper layers of the
SCM exceeded 16, and the ratio decreased gradually as the water
depth deepened (Figs 9z-d").

3.5 Growth responses of phytoplankton to nutrients

The values of in vivo Chl a based on the Phyto-PAM for each
station were measured to select the seawater samples for bioas-
say; the concentrations ranged from 0.01 to 3.00 pg/L (Fig. 10a).
The in vivo Chl a was relatively high at the CS area. Specifically,
the values at Stas 1 and 2 were 2.01 pg/L and 3.00 pg/L, respect-
ively. At the OS and IS areas, the values of Chl a were consist-
ently very low, averaging (0.29+0.32) pug/L. The concentration of
active Chl a was approximately 1/3 of the concentration of in vivo
Chl a, as shown by Phyto-PAM, and the tendency was the same.
Regarding biological factors, Chl a, in vivo Chl a, active Chl q,
and F,/F, based on Phyto-PAM at the CS area were significantly
higher than those at the OS and IS areas (Chl a_PAM: F=11.36,
p<0.001; active Chl a: F=11.18, p<0.001; ANOVA) (Figs 10b-e).
The experiment was designed with concentration gradients in
Chl a. The target concentrations of Chl a were high than 2,
(0.5%0.05), and (0.1+0.01) pg/L, although the seawater samples of

biological activity (F,/F,,) less than 0.1 were excluded from the
test. Consequently, the seawater samples from Stas 1 and 2 in the
CS area, those of Sta. 8 for 0.5 pg/L of Chl g, and those of Sta.18
for 0.1 pg/L of Chl a were selected.

The temporal variation in the bioassay growth of phytoplank-
ton cultured in the control and the +N, +P, and +NP treatments is
shown in Fig. 11. The growth responses of phytoplankton were
higher in the treatments at Stas 1 and 2 than the other treatments
at Stas 8 and 18 (Figs 11a-d). The growth rate at Sta. 1 was 0.43 d-!
for the control, 0.99 d-! for the +N treatments, 0.67 d-! for the +P
treatments, and 1.28 d-! for the +NP treatments (Fig. 11e). The
growth rate at Sta. 2 was 0.54 d-! for the control and 1.20 d-! for
the +NP treatments (Fig. 11f). The growth rate at Sta. 8 was 0.19 d-!
for the control and 0.53 d-! for the +NP treatments (Fig. 11g). At
Sta. 18, the phytoplankton growth rate was relatively low in all the
treatments including the control (Fig. 11h). In all experiments,
the growth responses of the experimental groups of +N and +NP
were significantly higher than the other treatments and control
groups.

The nutrient consumption trends at the initiation, middle,
and final phases of the bioassays are shown in Fig. 12. The initial
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concentrations of nutrients at the CS area were significantly dif-
ferent from the OS and IS areas (Figs 6e-h); however, the effects
on the bioassay may have been small because of sufficient nutri-
ent addition (Figs 12a-d). The phytoplankton in the +N and +NP
treatments grew rapidly, and thus, the nitrate+nitrite and the
phosphate were depleted from the middle to final phase.

Moreover, the rate of nutrient consumption in the +NP treat-
ments was distinctly faster than in the +N treatments (Figs 12e-h
and 12m-p). In contrast, the growth responses of all +P treat-
ments were not much higher than the control treatments (Fig. 11).
Therefore, the initial nutrients (nitrate + nitrite, phosphate, and
silicate) remained (Figs 12i-1). The silicate levels were also con-
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sumed in the +N and +NP treatments; however, the consump-
tion was low in the treatments at Stas 8 and 18 compared with
Stas 1 and 2 (Figs 12h and p).

4 Discussion

4.1 Effects of currents and winds

Gong and Son (1982) and Mooers et al. (2005) reported that
the Ulleung Basin (Ulleungdo-Dokdo line) water mass, located at
approximately 38°N, was greatly influenced by the northward
flowing East Korea Warm Current (EKWC) and the southward
flowing North Korea Cold Current (NKCC), which are intercon-

nected with the oligotrophic warm water origin of the Tsushima
Warm Current (TWC) and mesotrophic cold water, respectively;
these results demonstrated that there was high primary produc-
tion in the area where the currents merged. We confirmed the
warm eddy area between 36°N and 38°N based on satellite-de-
rived surface temperature and water current data (Figs 1a and 4).
In our sampling period, the relatively warm water ranging from
14 to 17°C had greatly extended toward the north into the latitud-
inal area of 38°-40°N, resulting in the thermal front between the
EKWC and NKCC near ca. 40°N (Fig. 4). According to the satellite
data of the KHOA, the front was formed at a higher latitude than
in other years (data not shown). The effects of this “oligotrophic”
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warm current must have been stronger than those of other years;
thus, low nutrient levels at euphotic layers were widely main-
tained in the spring of 2017.

In many previous studies, high primary productivity in spring
has been identified following the strong southern wind because
of the upwelling phenomenon in the southwest region of the East
Sea. According to a long-term report by Liu and Chai (2009),
phytoplankton biomass in the East Sea increased from the south-
ern area to the central area between March and April before
spreading northward in May. Kim et al. (2007b) also demon-
strated that spring phytoplankton blooms in the East Sea fre-
quently occurred after a windstorm event but after a time lag; this

time lag is when cells accumulate as a result of the water current
and phytoplankton growth occurs after nutrient concentrations
increase due to water mixing (i.e., upwelling). From our wind res-
ults, the relatively weak southwest wind, i.e., <5 m/s, observed
from May 15 to 25, shifted to an extremely strong northwest wind
(maximum wind speed of 18.5 m/s) due to a low-pressure sys-
tem (998.5 hPa) that passed through the region on May 25. This
shift occurred over 1-2 d before our investigation began. Average
wind speed, maximum wind speed, and wind direction in the vi-
cinity of the Ulleung Basin in May for ten years (2006-2015) were
collected from the KHOA (Table S1). The windstorm of this sur-
vey is an abnormal case compared to the data of the last decade.
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The weak southwest wind and strong northwest wind might have
suppressed upwelling. As a result, sufficient nutrients were not
supplied (Fig. 7), and Chl a and phytoplankton biomass re-
mained consistently low in the upper layer of the euphotic zone
around the Ulleung Basin (Fig. 7). In contrast, when a similar
cyclone (998.3 hPa; maximum wind of 27.6 m/s) dominated by
southwest winds passed through the study region 1-2 d before
sampling began in May 2016, large phytoplankton blooms oc-
curred in the water around Ulleungdo and Dokdo (Baek et al.,
2018).

Additional satellite data obtained from Korea Ocean Satellite
Center showed high Chl a concentrations (around >5 mg/m?3) in
the northwestern region of the East Sea on May 19, 2017 (Fig. S1a);
however, this area may have been greatly diluted or spread out
by the strong northwest wind that began on May 25 (Fig. 3). Thus,
Chl a remained low in the central East Sea, including the Ulleun-
gdo and Dokdo areas, through May 27 (Fig. S1b; our sampling
period) and June 3 (Fig. S1c; after a week). All of the results imply
that the currents and both wind speed and direction play import-
ant roles in regulating the dynamics of phytoplankton blooms
and primary production in the southwest region of the East Sea.

4.2 Oceanographical interactions between coastal and offshore re-
gions of the East Sea
It is generally believed that coastal and estuarine waters have
nutrient-rich conditions, and the nutrient concentrations of in-
shore waters decrease gradually toward the continental shelf of
offshore waters, resulting in poor nutritional status in open areas
(Smith et al., 1999; Wasmund et al., 2001; Zhang et al., 2007). To

compare the features of environmental factors and phytoplank-
ton biomass, to understand the relationship between the coastal
and offshore waters, and to consider the “island effect”, our sur-
vey area was divided into three zones (CS, OS and IS) based on
geo-oceanographical features.

Overall, the abundances of phytoplankton and Chl a concen-
trations were relatively low in May 2017 (Fig. 7). What is the driv-
ing force to maintain the high productivity of the offshore area of
the East Sea? The southeastern coastal area of Korea is known as
an area with high primary productivity that experiences frequent
upwelling events after strong southerly winds that dominate from
spring to summer (Lee, 1983; Lee and Na, 1985; Yoo and Park,
2009). In addition, the water mass with high primary production
is transferred by the EKWC, and the high phytoplankton biomass
is moved by water currents to meet with the NKCC at 37°-38°N
before shifting to the east. As a result, the high phytoplankton
biomass in the southeastern coastal area moves toward Ulleung-
do and Dokdo, which is located 200-300 km off the coastal main-
land area. According to the combination of field surveys and
satellite-derived Chl a images by Hyun et al. (2009), the en-
hanced biological production caused by wind-driven coastal up-
welling after the dominance of southwest winds in the southeast-
ern area of the Korean Peninsula influences the offshore waters
in the vicinity of Ulleungdo and Dokdo. Here, we can suggest sev-
eral possible explanations for the nutrient availability required to
maintain high biological production in the oligotrophic offshore
waters near Ulleungdo and Dokdo, including the southeastern
coastal waters of the Korean Peninsula. First, the nutrients flow-
ing into the estuaries and coastal water from the Nakdong River,
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the largest river in Korea, in Busan (Fig. 1d), along the eastern
coastal area of the Korean Peninsula play important roles in con-
tributing to the phytoplankton blooms, particularly in the rainy
seasons, such as spring and summer. Second, the deep nutrient-
rich water moves toward the euphotic layer caused by wind-driv-
en coastal upwelling. Finally, high primary production is related
to high nutrient concentrations in the euphotic zone caused by
upwelling and river discharge; this mass is transferred to the oli-
gotrophic offshore waters of Ulleungdo and Dokdo by water cur-
rents (combination of the EKWC and NKCC at 37°-38°N), result-
ing in the water shifting to the east, i.e., into the oligotrophic
open ocean.

Regarding chemical factors, except for ammonium, the con-
centrations of nutrients at the CS area were significant (Figs 6e-
h), however, the water temperature did not differ significantly
between the three zones (F=0.588, p>0.05; ANOVA) (Fig. 5¢), and
the salinity of the CS area was slightly lower than at the OS and IS
areas (F=40.99, p<0.001; ANOVA) (Fig. 5d). The comparisons in-
dicated that the Nakdong estuarine area, including the EKWC re-
gion, is slightly influenced by rainfall discharges from the land
and rivers in this period. Only nutrient levels at a few stations in
the CS area, where affected by discharge of the Nakdong River,
were higher than at the OS and IS areas, and the biomass of
phytoplankton abundances (also Chl a) were higher, although
the difference was not large (maximum of 415 cells/mL at Sta. 2).

In addition, the species composition of phytoplankton at the CS
area was different than at the OS and IS areas (Fig. 7). Phyto-
plankton at the OS and IS areas might not easily grow because of
low phytoplankton abundances with nutrient-poor conditions in
the oligotrophic offshore waters. All of the results indicated that
the offshore region did not receive enough nutrients and phyto-
plankton biomass to maintain the high primary productivity from
the coastal area in this studied spring. The warm currents were
strong in May 2017; however, due to a northern windstorm event
along the eastern coast of the Korean Peninsula, upwelling did
not occur; coastal phytoplankton abundances may have been
vertically scattered. In addition, all of the biotic and abiotic
factors were not significantly different between the OS and IS
areas (Figs 5a-f, 6e-h and 10b-e), implying that there was no spe-
cial or large island effect near Ulleungdo and Dokdo during the
study period; both zones were strongly characterized by offshore
open water along the U-D line.

4.3 Vertical physicochemical characteristics along the U-D line
According to previous studies along the U-D line (Park, 1979;
Yang et al., 1991; Gong and Park, 1969; Kim and Chung, 1984;
Kim et al., 2007b), although the water mass along the U-D line
changes seasonally, the vertical water mass can be divided into
five different layers, which are formed by the mixing of the TWC
and the NKCC: Type 1: dominant layers of the Tsushima surface
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water (<1 m), Type 2: dominant layers of the Tsushima middle
water (approximately 20 m), Type 3: water mixing layer with the
TWC and NKCC in the upper layer of the thermocline (20-100 m),
Type 4: dominant layers of the North Korea Cold Water (100-300 m),
and Type 5: dominant layers of the East Sea Proper Water
(>300 m). Our vertical profiles showed that the surface layer
(0-50 m) in this study area was dominated by the TWC, and the
middle layer (50-100 m) had a complex water mass that was
mixed with the NKCC (Fig. 8a).

In general, low saline water was maintained in the upper lay-
er and high saline water was maintained in the deeper layer;
however, in the present study, relatively high saline water was
observed in the upper layer, and low saline water was main-
tained in the middle and lower layers. From the water density
results and based on the relation between water temperature and
salinity, the water density was physically dependent on water
temperature rather than on salinity in our survey. Therefore, we
thought that the oligotrophic high saline water origin of the TWC
was dominant in the upper layer, and the expansion of the low
saline water origin of the NKCC could extend into the middle and
low layers, especially near island stations. The “island effect” was
not found in the horizontal analysis; however, the vertical analys-
is implies that strong northerly winds increased the water depth
of the mixing layer, which was caused by the island effect.

In the oceanic environment, the “island effect” can occur, in
which variations in the stratification are created by the winds
(Gilmartin and Revelante, 1974; Herndndez-Le6n, 1991). Along
the U-D line, the upper layer of the water column near Ulleung-
do (Stas 10-12) was well mixed by a strong windstorm event, and

the mixed layer expanded to a depth of 200 m; however, the
mixed water mass of the central area (Stas 14-16) remained at a
depth of approximately 100 m due to the missing island effect.
The mixed water mass deepened gradually to a depth of 150 m
near Dokdo (Stas 18-23). In addition, the concentrations of Chl a
near the island were scattered to the surface from the SCM layer
by strong winds. Therefore, if a detailed vertical investigation that
includes the wind effect is excluded, the primary production may
be underestimated in oceanic environments.

Although the fluorescence values in the waters around
Ulleungdo and Dokdo were consistently low throughout the en-
tire water column, the SCM layer in the central area of the UD
line clearly appeared at depths of 30-50 m. However, the concen-
trations of nitrate+nitrite, phosphate and silicate remained low in
the surface layer of the U-D line, and their concentrations gradu-
ally increased below a depth of 50 m (Fig. 9). Interestingly, phyto-
plankton biomass in the water around the Ulleungdo and Dokdo
was consistently low between 50 m and the surface layer as a res-
ult of water mixing; moreover, the nutrient concentrations also
remained low to a depth of 50 m, indicating that water mixing
was confirmed by both abiotic and biotic evidence. However, the
SCM layer was observed in the central area of the U-D line due to
the absence of water mixing in the upper layer. As a result, be-
cause water mixing caused by the island effect did not signific-
antly appear in the central area of the U-D line, the upper TWC
water mass and the lower NKCC hydrodynamic mass were
clearly distinguished. Redfield (1958) suggested the Redfield ra-
tio (N:P=16:1) as an important indicator for understanding the
properties of aquatic organisms and their environments. In the
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present study, the N:P ratio in the upper layers of the SCM ex-
ceeded 16 and decreased gradually, although it was nearly con-
stant at 15 to depths of 150-200 m (Figs 9z-d’). Specifically, the
phytoplankton biomass gradually decreased, or the SCM layer
may have moved deeper in the water column of the euphotic lay-
er because nitrate+nitrite and phosphate were mostly depleted in
the upper layer of the SCM. According to Lee et al. (2009), the N:P
ratio in the deep region of the East Sea is consistently lower than
16. Lee and Rho (2015) and Baek et al. (2016) also reported that
the average N:P ratio below the thermocline layer of the East Sea
was relatively low compared to the ratio in the upper euphotic
layer, which is similar to our results. However, the reasons ex-
plaining the low N:P ratio in the deep layer are unclear, though
the biological pump hypothesis, decomposition regulation hypo-
thesis, and seawater circulation hypothesis were discussed by
Lee and Rho (2015). Further research is needed to explain the
low N:P ratio observed in the deep layer of the East Sea. Here, we
confirmed movement of the water mass from the vertical physic-
al, biological and chemical profiles at the U-D line, specifically
focusing on the phytoplankton biomass and the nutrient proper-
ties after a strong episodic wind storm in oligotrophic offshore
waters.

4.4 Phytoplankton response to nutrient addition

To evaluate the potential response of phytoplankton to nutri-
ent inputs in the eutrophic-mesotrophic coastal waters (Stas 1
and 2) and the oligotrophic offshore waters (Stas 8 and 18), we
carried out the nutrient addition bioassay. High initial nutrient
concentrations and phytoplankton abundance were maintained
at Stas 1 and 2, though they were low at Stas 8 and 18. Despite
sufficient nutrients, phytoplankton growth in the +N and +NP
treatments was significantly higher (p<0.05) than that in the con-
trol and +P treatment, implying that the additional nutrient-dos-
ing events contributing to coastal areas by river runoff and rain-
fall can led to accelerated phytoplankton growth, and these addi-
tions play an important role in the outbreak of large algal blooms.
Diatoms, such as Chaetoceros spp., Leptocylindrus spp., and
Pseudo-nitzschia spp., were dominant in the field and grew rap-
idly in the +N and +NP treatment conditions. Rapid phytoplank-
ton responses to additional nutrient supplies in coastal waters
have been reported in the Chesapeake Bay (Fisher et al., 1992)
and Louisiana Bay (Smith and Hitchcock, 1994) in USA and in the
Gwangyang Bay (Baek et al. 2015), which includes the Seomjin
Estuary (Kwon et al., 2002; Lee et al., 2018) in Korea. However,
initial low nutrient concentrations and phytoplankton abund-
ances were maintained in oligotrophic offshore waters. Phyto-
plankton in the nutrient addition experiments responded after 9-
10 d, and there was a time lag before growth occurred, even in
the +N and +NP treatments, implying that phytoplankton growth
may have depended on the initial phytoplankton densities and
species composition. In addition, the growth rates of the phyto-
plankton community remained at approximately one-third the
growth rates in the +N and +NP treatments in the coastal area. In
our previous bioassay reported by Baek et al. (2018), though sim-
ilar nutrient addition experiments were performed in an oligo-
trophic area near Dokdo, phytoplankton growth occurred
quickly. At that time, because initial phytoplankton, such as diat-
oms and Raphidophyta, were dominant during the spring of
2016, the phytoplankton blooms were unlikely to be delayed.
However, even though additional nutrients were supplied to the
treatments with the initial low phytoplankton abundances, there
may still be a time lag before growth responses are observed. Our
experiments support that the spring phytoplankton blooms fol-

lowing strong wind events typically occur after a time lag of one
week in the East Sea. As a result, the coastal upwelling events in
spring can rapidly accelerate the phytoplankton blooms, while
downwelling events cannot easily support spring phytoplankton
blooms, and thus, these blooms have a time lag even after addi-
tional nutrient-dosing events. It is well known that spring phyto-
plankton blooms following large-scale coastal upwelling in the
East Sea are likely to spread out from the coastal area toward the
outside of the continental shelf (Hyun et al., 2009; Yoo and Park,
2009). Additionally, the phytoplankton growth response to the +P
treatment was not clearly demonstrated, which was similar to the
previous study by a combination of field and laboratory experi-
ments (Baek et al., 2018) in the oligotrophic waters of the Ulleun-
gdo and Dokdo. Our bioassays in coastal eutrophic- mesotrophic
and offshore oligotrophic areas have demonstrated a favorable
phytoplankton growth effect in the +N and +NP treatments, sug-
gesting the phytoplankton growth response was greatly depend-
ent on the initial population density in the oligotrophic area and
had a time lag for growth after the nutrient addition. However,
further study focusing on the P availability will be required to re-
veal the cues for spring phytoplankton bloom dynamics in the
oligotrophic waters of the Ulleung Basin.

5 Summary and conclusions

In May 2017, the East Sea was strongly influenced by oligo-
trophic warm currents, and the supplied nutrients were restric-
ted by suppression of upwelling after a strong northwest wind-
storm event. Overall, the nutrient and Chl a concentrations and
the phytoplankton biomass were low in the East Sea, including
the southeastern Korean coasts and the Ulleung Basin. In the
bioassayj, little or no prosperity of phytoplankton was observed in
the offshore water samples despite the injection of sufficient nu-
trients. The growth responses of phytoplankton depended on the
initial cell density. The bioassay results indicated that both sup-
plying nutrients and introducing enough phytoplankton through
the warm currents are critical to maintain the high productivity
of the East Sea area. Therefore, an ocean physical, chemical, and
biological survey must be performed, including currents and
weather information, for a specific and detailed understanding of
the production and extinction of primary productivity in this
area. In addition, long-term monitoring is needed to evaluate the
seasonal fluctuations and to understand the effects of oceano-
graphic events on the primary production in the East Sea.
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