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A subpolar front (SPF) generated between the East Korea Warm Current (EKWC)
and the North Korea Cold Current (NKCC) in the western margin of the East/Japan
Sea has shifted northward in recent decades. This study investigated the biomass
and composition of the phytoplankton assemblage in relation to hydrological and
biogeochemical features in the shallow shelf and slope off the Korean coast from
January to June in 2016 and 2017, to determine the mechanistic effects of SPF
on spring—summer phytoplankton bloom dynamics. Monthly average depth-integrated
chlorophyll a (Chl a) levels and the contribution of phytoplankton classes revealed
bimodal diatom blooms in early spring and summer in the frontal zone. Canonical
correspondence analysis showed that the distribution of high Chl a was associated with
cold, low-salinity NKCC water in March 2016. No Chl a peak was observed in March
2017 when the warm saline EKWC water mass invaded. These results suggest that
the NKCC intrusion acts as a forcing mechanism leading to enhanced phytoplankton
biomass in the frontal zone. In contrast, positive correlations of Chl a concentration
with water density and nutrient concentrations suggest that summer blooms were fed
by the subsurface chlorophyll maximum (SCM) driven by shoaling of the pycnocline and
nitracline. Varying water-column stratification determined the thickness of the SCM layer,
driving year-to-year variability in the magnitude of diatom blooms. These findings further
suggest that seasonal/interannual variability in the timing of algal blooms affects regional
trophodynamics and hence could be an important factor in explaining ecosystem
changes in this region.

Keywords: phytoplankton, diatom bloom, photosynthetic pigments, subpolar front, Ulleung Basin, East/Japan
Sea, trophodynamics, ocean currents

INTRODUCTION

Nearshore surface water (<200 m water depth) in the western margin of the East/Japan Sea (E]JS)
is separated by a persistent subpolar front (SPF) into two hydrographically distinct regions: a
relatively cold and fresh subpolar region to the north and a warm and saline subtropical region
to the south (Lee et al., 2009, 2016). The front is formed when the northward-flowing East Korea
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Warm Current (EKWC) encounters the southward-flowing
North Korea Cold Current (NKCC) near the Korean east coast
between 36 and 40°N, and then veers east to the open ocean (Yun
et al., 2004; Kim and Min, 2008; Lee et al., 2016). The intensity
and position of the SPF vary seasonally and interannually, largely
due to a variation of the EKWC and surface forcing (Park et al.,
2007). The SPF is generally stronger and located further south
during winter, but becomes weaker and moves northward during
summer. The position of the SPF also varies at interannual
and longer time scales (Teague et al., 2004; Park et al., 2007),
and this variability appears stronger in the western segment of
the front due to a more direct influence of EKWC variability
(Park et al., 2007).

The narrow shelf region along the mid-eastern Korean coast
(Figure 1), located at the inception of the SPE is highly
dynamic both hydrodynamically and biologically. Regional
physicochemical properties of the water mass and water-column
structure are mainly regulated by the position of the SPF (Park
et al., 2004; Yoo and Kim, 2004). The northward-flowing EKWC
water is warm, more saline and oligotrophic, and tends to
remain above the southward-flowing NKCC, which entrains
cold, nutrient-rich water into the subsurface layer of the shelf.
The confluence of these two water masses induces sharp spatial
gradients in physical and biogeochemical features across the
frontal region (Yun et al., 2004; Kim and Min, 2008; Kwon et al.,
2019). Consequently, a shift of the SPF is expected to affect
the structure and function of the regional ecosystem, including
primary productivity, phytoplankton community composition,
and trophodynamics (Park et al., 1991; Moon et al, 1998;
Tian et al., 2006).

Considerable research has been conducted in the EJS to
understand the biological and physical mechanisms responsible
for regional productivity patterns and their variability. Many
of the studies focus on phytoplankton biomass and primary
productivity in the southwestern EJS, including the Korean
coastal region and the Ulleung Basin (UB) (Hyun et al., 2009;
Kwak et al., 2013a,b, 2017; Ji et al., 2019), while a few studies
directly target the SPE, although mostly in the open ocean (Kang
et al, 2004; Kim et al, 2010). Additionally, most studies on
phytoplankton blooms and productivity in the EJS have analyzed
remote sensing data (Yamada et al., 2004; Joo et al., 2016; Park
et al., 2020), and very few were based on in situ measurements
of multiple physical and biogeochemical variables (Kwak et al.,
2013a,b, 2017). So far, no study has been reported on the
ecological impact of the SPF in the nearshore region based on
a comprehensive in situ observation program.

Consistent with satellite observations (Park et al., 2020),
field measurements in the UB demonstrated that phytoplankton
blooms are closely associated with the shallow surface mixed-
layer depth (due to shoaling of the thermocline) and thereby
nitrate-repletion conditions in the euphotic zone (Kwak et al.,
2013a; Son et al.,, 2014). When the water column is strongly
stratified, primary production peaks at the subsurface chlorophyll
maximum (SCM), reflecting nitrate supply from nutrient-replete
cold water (Kwak et al., 2013b, 2014). In contrast, other studies
showed that once upwelling brings nutrient-replete subsurface
water to the southwest coast of the EJS, the EKWC transports

nutrient-rich coastal water into the northern and then the central
UB, thus expanding the area of high primary productivity and
phytoplankton blooms (Shin et al., 2005; Hyun et al., 2009;
Yoo and Park, 2009). This indicates the importance of nutrient
advection in promoting phytoplankton growth.

This study examined the spring-summer dynamics of
phytoplankton blooms and their taxonomic composition to
improve our understanding of frontal ecosystem function in the
mid-west shelf of the EJS. Nutrient availability in association
with water-column stability is known to alter the composition
of phytoplankton communities (Chang et al., 2003; Bel Hassen
et al., 2009a,b; Kwak et al., 2017). We thus hypothesized that
the NKCC intrusion beneath an oligotrophic surface layer would
strengthen stratification, enrich nitrate (NO37) in the euphotic
layer, and finally promote chlorophyll a (Chl a) standing stock
on the Korean mid-east continental shelf. To test this hypothesis,
monthly field measurements of physical and biogeochemical
variables and determination of phytoplankton biomass and
community composition were conducted over two consecutive
annual cycles. To our knowledge, it is the first time that we have a
comprehensive study in the region because a less accessibility due
to its proximity to the coastal area of North Korea has prevented
data collection.

MATERIALS AND METHODS
Study Site and Hydrographic Sampling

Sampling and field observations were conducted monthly from
January to June in 2016 and 2017 on board the R/V Tamgu 12
at a total of 30 stations along five cross-shelf transects across
the narrow continental shelf and slope (37-38°N to 128-129°E)
off the east coast of the Korean Peninsula (Figure 1). At each
station, a conductivity/temperature/depth, CTD, sensor (SBE 911
Plus CTD, Seabird Electronics Inc., Bellevue, WA), mounted on a
SBE 32 Carousel water sampler supporting 12 Niskin (5 1) bottles,
was deployed to record vertical profiles of temperature and
conductivity. Water samples for dissolved inorganic nutrients,
particulate organic matter, and photopigment analysis were
collected from four depths (0, 20, 50, and 100 m) selected
based on the water-column density structure. Water samples
for nutrient analysis were filtered under low vacuum through
25-mm diameter, precombusted (450°C, 2 h) Whatman GF/F
glass-fiber filters (0.7-1 wm nominal pore size), and the filtrate
was transferred to 30-ml, acid-washed, polypropylene screw-
capped centrifuge tubes and immediately stored at -20°C until
laboratory analysis. Water samples (500 ml) for particulate
organic carbon and nitrogen (POC and PON, respectively)
measurements and for photopigment analysis (1-2 1) were filtered
under low vacuum onto precombusted (450°C for 2 h) Whatman
GF/F filters (25 and 47 mm in diameter, respectively). Filters were
wrapped in aluminum foil and frozen immediately (-20°C) for
subsequent laboratory analysis.

Nutrient Analysis
In the laboratory, water samples were thawed overnight at
low temperature (2°C) and brought to room temperature prior
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FIGURE 1 | Map showing the study area in the East/Japan Sea. (A) Sampling location marked by the red square (left) and five observation transects (right). NKCC,
North Korean Cold Current; EKWC, East Korean Warm Current; SPF, Subpolar front; JB, Japan Basin; UB, Ulleung Basin. (B) Horizontal distribution of sea surface
temperature (SST) during winter-summer 2016. A sharp longitudinal SST gradient indicates that SPFs were formed in January-March 2016. Areas enclosed in the
red-dotted lines represent the locations of SPFs.

to analysis. Concentrations of phosphate (PO4~), ammonium
(NH4 ™), nitrite (NO, ™), nitrate (NO3 ™), and silicate [Si(OH)4]
were determined colorimetrically using a QuAAtro nutrient
analyzer (SEAL Analytical GmbH, Norderstedt, Germany).
Measurements were made according to practical manuals for use
of the Autoanalyzer: PO~ (Murphy and Riley, 1962), NO,~,
NO;3;~, and Si(OH)4 (Hansen and Grasshoff, 1983), and NH4 T
(Helder and de Vries, 1979).

Photosynthetic Pigment Analysis by
High-Performance Liquid

Chromatography
To extract photosynthetic pigments, the 47-mm Whatman GF/F
filters were soaked in 95% methanol (5 ml) at -4°C for 12 h

in the dark. They were cut into small pieces, ground, and then
sonicated for 5 min to disrupt the cells. The extracted solution
was centrifuged to eliminate cellular and suspended filter debris.
Aliquots (1 ml) of the supernatants were filtered through 0.45-
pwm polytetrafluoroethylene syringe filters and mixed with 300 pl
of water before analysis. A Shimadzu LC-20A HPLC system
(Shimadzu, Kyoto, Japan) equipped with a Waters Symmetry
C8 (4.6 mm x 150 mm; 3.5 wm particle size; 100 A pore
size) column (Waters, Milford, MA, United States) was used to
determine photosynthetic pigments according to Zapata et al.
(2000). Canthaxanthin was used as an internal standard during
analysis. To avoid chemical decomposition of pigments, the
autosampler was cooled down to 5°C. Linear and step binary
gradient profiles were adjusted to separate pigments; the flow
rate was held constant at 1 ml min~—!. Photosynthetic pigments
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were detected and quantified at an absorbance of 436 nm
wavelength and/or fluorescence detection (excitation, 432 nm;
emission, 650 nm). Commercially available external standards
acquired from Sigma-Aldrich Ltd., (St Louis, MO, United States)
and the Danish Hydraulic Institute (DHI, Horsholm, Denmark)
were used for peak identification and quantification. Sample
peaks were identified based on their retention times compared
with those of standards and used for CHEMTAX (CHEMical
TAXonomy) analysis. The concentrations of standard pigments
were obtained by spectrophotometry using known specific
extinction coefficients (Jeffrey, 1997). More detailed procedures
on the use of organic solvents for optimal separation of
all pigments, their calibration, and subsequent quantification
followed the study by Kwak et al. (2017).

Chemotaxonomic Identification of
Phytoplankton Groups

The abundance of individual phytoplankton classes relative to
total Chl a in a water sample was calculated using CHEMTAX (v.
1.95"), which allows estimating phytoplankton composition from
HPLC pigment data (Mackey et al., 1996; Wright et al., 1996).
A steepest descent algorithm is employed to optimize the ratios
of biomarker pigments to Chl a to calculate the proportion of
Chl a concentration attributed to each class in the phytoplankton
community. Previously published marker pigment: Chl a ratios
for phytoplankton classes collected around the Korean peninsula
were applied to initial pigment ratio matrices (Supplementary
Table 1) and modified iteratively using CHEMTAX to minimize
the sums of squares of differences between observed and
calculated pigment concentrations (Lee et al, 2011). Eight
different phytoplankton classes were uploaded for an initial
CHEMTAX  configuration:  prasinophytes, chlorophytes,
prymnesiophytes (typically coccolithophores), pelagophytes,
dinoflagellates, cryptophytes, cyanobacteria, and diatoms. The
data matrix included concentrations of diagnostic biomarker
pigments: peridinin, 19'-butanoyloxy-fucoxanthin, fucoxanthin,
19’-hexanoyloxy-fucoxanthin, neoxanthin, prasinoxanthin,
violaxanthin, alloxanthin, lutein, zeaxanthin, and Chl b. Final
results are presented in terms of the absolute concentrations (j1g
171) of Chl a attributed to each phytoplankton class in a sample.

Statistical Analysis

Prior to performing statistical analyses, the normality of the data
was evaluated using the Shapiro-Wilk test and homogeneity of
variance was tested using Levene’s procedure. Depth-integrated
Chl a concentrations were log-transformed to meet normality
criteria. Because this transformation did not satisfy subsequent
homogeneity of variance, a Kruskal-Wallis non-parametric
test was used to test for significant differences in the monthly
Chl a concentration, followed by a Dunn’s post hoc multiple
comparison test. These tests were performed using IBM
SPSS statistics software (v. 22.0, IBM Corp., Armonk, NY,
United States). Canonical correspondence analysis (CCA)
was employed to evaluate plausible relationships between the
variability of phytoplankton classes (expressed in terms of

Uhttps://cmr.earthdata.nasa.gov/search/concepts/C1214308429- AU_AADC

Chl a concentration) and hydrological and biogeochemical
parameters (temperature, salinity, density, NO3~, Si(OH)4,
PO4*~ concentrations, and nitrogen:phosphorus, N:P, ratio).
A subsequent Monte Carlo permutation test was used to
assess the statistical significance of CCA results. CCA
was performed using CANOCO statistical software (v. 4.5)
(Ter Braak and Smilauer, 2002).

RESULTS

Phytoplankton Bloom Dynamics

Monthly mean values of depth-integrated Chl a concentration
during the study period displayed bimodal peaks in March
(63.7 & 39.3 mg m~2, mean %+ 1SD) and June (105.9 + 66.8 mg
m™2) 2016, whereas no conspicuous peaks were observed in 2017
(Kruskal-Wallis test, P < 0.001; Dunn’s multiple comparison
test, P < 0.05; Figure 2). The high coefficients of variation
(62.1% in March and 63.1% in June 2016) during the blooms
also showed a wide spatial variation, as indicated in cross-shelf
transects (Supplementary Figure 1A). Variation in the spatial
distribution of depth-integrated Chl a concentration was limited
in March and June 2017, as was that in the remaining months
of 2016 and 2017 (Supplementary Figure 1B). Chlorophyll
a concentrations peaked in the surface layer (0-20 m) along
nearshore, shallow stations parallel to the coastline in March 2016
and in the subsurface layer (20-50 m) across cross-shelf transects
in June 2016. To relate the observed phytoplankton blooms to
oceanographic conditions with and without SPE hydrological
and biogeochemical features in association with biomass (Chl a)
and chemotaxonomic composition of phytoplankton in March
and June 2016 were compared with those in both months of 2017
when equivalent blooms were not detected.

March 2016 and 2017

In March 2016, vertical profiles of physical variables (i.e.,
temperature, salinity, and density, o) across the north-south
transect indicated that the SPF formed between stations Bl and
D1 (Figures 3A-C). The water column was well mixed at the
northern stations, but was stratified with a distinct thermocline
at a depth of 30 m at the southern stations. Spatial variation
in salinity was more pronounced, ranging from < 33.9 at the
northern stations to > 34 at the shallow (< 30 m depth) southern
stations. Salinity below the thermocline at the latter stations was
very similar to that (~33.9) at the former stations. Accordingly,
isopycnal lines were tilted from the surface to deep layers toward
the south along the north-south transects.

In March 2017, the water column was well mixed, with
warmer water (>10°C) than in March 2016 throughout the
nearshore transect, and the thermocline was established at a
depth of 40-50 m throughout the offshore transect. Relatively
high salinity (>34.3), compared to that below the thermocline
(~34.0), occurred throughout the water column across the
nearshore transect and above the thermocline across the offshore
transect. Isopycnal lines paralleled the isotherms with no
clear hydrographic discontinuity in the surface layer (<50 m)
across transects.
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FIGURE 2 | Seasonal and interannual variability in depth-integrated chlorophyll a (Chl a) concentrations. The box and whisker plots represent the median values
(horizontal line in the boxes) and the smallest (10%) and largest (90%) values. The same letters indicate no significant difference among medians as determined by a
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Chlorophyll a concentrations across the nearshore transect
were relatively high (0.23-6.49 g 17!) forming tongues that
sloped down from the surface to the subsurface layer (<50 m)
in March 2016, whereas this pattern was not observed in
March 2017 (Figure 3D). Vertical profiles of the ratio of
diatoms to small-sized phytoplankton showed a clear spatial
shift in community composition (Figure 3E), indicating a
predominance of diatoms (>20 pm size fraction) at the northern
Chl a bloom stations, compared to the dominance of small-
sized phytoplankton (<20 pm cells comprising prasinophytes,
chlorophytes, cryptophytes, prymnesiophytes, pelagophytes, and
cyanobacteria) at the southern non-bloom stations. Diatoms
were dominant at the northern stations of the nearshore transect
in March 2016, and from surface to subsurface layers throughout
the study area except at the southernmost sites (stations E1 and
E3) in March 2017.

During  phytoplankton  bloom  development, the
concentrations of dissolved inorganic nutrients [PO4’,
Si(OH)4, and NO3;~] were vertically homogeneous across
nearshore and offshore transects in March 2016 (Figures 4A-C).
In contrast, they exhibited a strong nutricline from the surface
to 100 m depth across the offshore transect in March 2017. All
nutrients exhibited low concentrations at the northern stations
where Chl a concentrations were highest. The N:P ratio showed
values < 15 at the SCM of northern stations in March 2016
(Figure 4D). Because NH;* and NO,™ concentrations were
extremely low during the sampling period, they were excluded
from our description.

Contour plots of the percent contributions of individual
phytoplankton groups to total Chl a reflect their distributional
patterns (Figure 5). Out of eight phytoplankton groups, four
(diatoms, cryptophytes, prymnesiophytes, and prasinophytes)
were dominant, contributing > 10% to the total Chl a across
March 2016 and 2017 transects. Diatoms tended to make the
major contribution to total Chl a, with the highest percentages

in the northern part of the nearshore transect in March
2016 and March 2017. Cryptophytes made relatively high
contributions across the offshore transect in March 2016, but
were reduced to < 10% in March 2017. The contribution of
both prymnesiophytes and prasinophytes increased gradually
from ~10% in the surface layer to 20% in the subsurface layer
(<20 m depth) throughout March 2016 transects. Their highest
percentages were found at southernmost stations of the offshore
transect in March 2017.

June 2016 and 2017

In June of both years, strong thermoclines were established at
10-20 m depth that resulted in a well-stratified water column
and shoaling of isotherms compared with March (Figure 6A).
The temperature gradient with depth was more pronounced
in 2016 than in 2017. In June 2016, salinity exhibited a local
minimum of < 33.5 at the surface (<20 m, coinciding with
the thermocline depth) at the northern stations, and increased
toward the south (Figure 6B). In June 2017, vertical salinity
profiles were characterized by low values (<33.9) in the surface
layer (>10 m depth) and high values (>34.1) in the subsurface
layer throughout all transects. Colder (14-15°C) and more saline
(34.3-34.5) water compared with surface water appeared at a
20 to 70 m depth during this period. Strong pycnoclines were
established around 20 and 10 m depths in 2016 and 2017,
respectively (Figure 6C).

High Chl a concentrations (> 1.0 pg 171) were observed
below the surface layer across transects in June of both years
(Figure 6D). The SCM occurred at 100 m depth in 2016, but was
detected above 40 m in 2017. Unlike the March 2016 distribution,
there was no clear spatial difference in Chl a concentrations
between nearshore and offshore transects at this time. The ratio of
diatoms to small-sized (<20 pwm) phytoplankton indicated that
the latter dominated from the surface to the subsurface layer
of most the study area except at some of the northern stations,
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compared with diatom dominance of phytoplankton blooms in
March (Figure 6E).

Dissolved inorganic nutrient concentrations were consistently
low throughout the water column at > 100 m depths across June
2016 transects (Figure 7). Phosphate and silicate concentrations
of < 0.15 and 5 pM, respectively, were recorded in the
surface layer above the pycnocline where a nutricline formed
(Figures 7A,B). Extremely low NO3~ concentrations extended
down to the SCM below the pycnocline (Figure 7C). In contrast,
a prominent nutricline was observed immediately below the
surface layer across June 2017 transects, corresponding to
shoaling of the pycnocline. Indeed, replete nutrients [PO4>~,
Si(OH)4, and NO3; ] were observed beneath the thin surface
layer across transects. The N:P ratios fell below the Redfield ratio

of 16 at the surface across the nearshore transect and at the SCM
across the offshore transect in June 2016 (Figure 7D). In contrast,
N:P ratios were relatively constant (~16) in the surface layer
(with the exception of the northernmost stations) across both
transects in June 2017 but slightly increased above the Redfield
ratio in the subsurface layer.

In June of both study years, phytoplankton distributions
showed that the predominant small-sized taxa were more
diverse, as evidenced by higher percentages of cyanobacteria and
chlorophytes compared with those in March (Figure 8). Diatoms
were the dominant group throughout almost all the survey area
in June 2016, except in the surface layer of mid-portions of
the transects, where cyanobacteria were dominant, contributing
up to 40% to total Chl a. At this time, chlorophytes tended to
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show relatively high% contributions in the southern area of both
transects, coinciding with high salinities. In June 2017, diatom
dominance was restricted to the subsurface layer across transects,
with maximum percent values observed below the strong surface
thermocline. While high percentages of cryptophytes were
generally consistent with those of diatoms, the% contribution of
prymnesiophytes increased in the low-salinity zone of surface
and deep layers. A high relative abundance of prasinophytes
marked the cold, low-salinity deeper layer of offshore transects.
Chlorophytes were dominant in June 2016 and 2017, switching
their distributions with prymnesiophytes and prasinophytes.

Association of Phytoplankton Classes
With Environmental Factors in 2016 and

2017

Plots of CCA show the relationship between phytoplankton
bloom dynamics and environmental factors that contributed to
structuring the phytoplankton community in both study years
(Figure 9). On the CCA ordination diagrams, the first two
axes (1 and 2) explained 77.4 and 10.6%, respectively, of the
total variance of phytoplankton taxa related to environmental
factors in March (Figure 9A and Supplementary Table 2) and
43.2 and 26.6%, respectively, in June (Figure 9B). The arrows

in the CCA plots indicate that water temperature correlated
negatively with Chl a concentration and o in March and June
of both study years. In contrast, the correlation between water
temperature and dissolved inorganic nutrient concentrations
differed between March and June in both years. The CCA arrow
indicates that water temperature showed a positive correlation
with nutrient concentrations in March but a negative correlation
in June. The symbols representing phytoplankton community
composition at each station-depth combination are widely
scattered on the plane. Diatoms are located solely to the far
left of the plots, denoting a positive correlation with Chl a and
ot in both March and June of both years. Their correlation
with nutrient concentrations alternated from negative values in
March to positive values in June. Other phytoplankton taxa
are clearly separated between prymnesiophyte/cyanobacteria and
pelagophyte/chlorophyte/dinoflagellate groups based on their
correlation with temperature along CCA axis 2 in both months.

DISCUSSION

The UB in the southwestern EJS is characterized by a unimodal
seasonal phytoplankton bloom in spring (April to May) (Son
et al., 2014; Joo et al., 2016; Ji et al., 2019; Park et al., 2020). This
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bloom is associated with favorable conditions for phytoplankton
growth, combined with seasonally increasing light availability
and the presence of nutrient-rich water within the euphotic zone
due to shoaling of isotherms. Other studies based on monthly
field measurements also reported a SCM layer in summer (June
and August) in association with shallowing of the pycnocline
and nitracline, and marked stability of the water column (Kwak
et al, 2013a,b). Contrasting with this consensus, shipboard
observations in the present study reveal bimodal blooms in the
frontal zone in both years: early spring (March) and summer
(June). The spatial pattern and magnitude of algal blooms showed
distinct interannual variation based on hydrologic conditions
driven by the prevalence of two contrasting water masses, i.e., the

NKCC and EKWC. In addition, the blooms coincided with high
relative abundance of diatoms both in March and June. Thus,
both seasonal/interannual variability and the diatom dominance
of phytoplankton blooms are of significance in explaining
ecosystem changes in the mid-west shelf and slope of the EJS.

Seasonal/2-Year Differences of
Phytoplankton Blooms

One of the most prominent features of phytoplankton blooms in
the present study was that Chl a concentrations showed opposite
correlation with those of dissolved inorganic nutrients during
early spring and summer blooms. A positive correlation between
Chl a concentration and density during both bloom periods
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indicated that phytoplankton blooms occurred in relatively
cold water. A contrasting distribution pattern in temperature
as well as nutrient concentrations between the early spring
(March) and summer (June) bloom periods suggests that
different hydrologic mechanisms underlie the blooms’ spatial and
temporal variability.

The spatial distribution of physicochemical parameters in
March 2016 indicated that the early spring bloom was associated
with intrusion of southward-flowing NKCC along the east coast
of the Korean peninsula (see also Supplementary Figures 2-
4). As indicated by the negative correlation of Chl a vs.
temperature, salinity, and nutrient concentrations, these high
Chl a concentrations were clearly associated with cold, low-
salinity water off the northern coast (Kim and Min, 2008),
indicating that the NKCC is the source of these high values. Low
nutrient concentrations in the low-salinity water mass compared
with offshore, deeper water generated negative correlations of
these parameters with Chl a (see also distributions across cross-
shelf transection, Supplementary Figures 1A, 5-7). Additionally,
lower N:P ratios (<15) compared with those in southern and
offshore areas suggest advection of nitrate-rich NKCC water

rather than the upward flux of deep water. The composition of
the phytoplankton community supports this interpretation, with
diatom dominance at bloom locations compared with non-bloom
areas, as discussed below.

Satellite image analysis has also shown high Chl a
concentrations in March off the coast of North Korea (north of
the SPF), providing evidence of an early spring bloom associated
with the NKCC in the study area (Kim et al., 2000; Joo et al.,
2016; Park et al., 2020). In contrast to the region north of the
UB, a similar phenomenon has been reported off the southern
UB coast where the northward-flowing EKWC is associated
with the seasonal occurrence of coastal upwelling (Yoo and
Kim, 2004; Hyun et al., 2009). These authors reported that high,
diatom-dominated phytoplankton biomass originating from
highly productive coastal upwelling water can be entrained into
the anticyclonic warm eddy (i.e., EKWC) of the UB after passing
the Korean strait in spring.

In contrast, warm and saline EKWC water covered the entire
study area with no signature of the SPF (i.e., a lack of sharp
horizontal gradients in temperature or salinity) in March 2017.
At this time, the Chl a distribution was characterized by the
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FIGURE 8 | Relative contribution (%) of different phytoplankton classes to total chlorophyll a as calculated by CHEMTAX across north—-south longitudinal transects of
nearshore (left) and offshore (right) stations (see Figure 1) in June 2016 and 2017. (A) diatoms, (B) cryptophytes, (C) prymnesiophytes, (D) prasinophytes, (E)
cyanobacteria, (F) chlorophytes, (G) pelagophytes, and (H) dinoflagellates.
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at this time (Kwon et al., 2019). As a result, the observed 2-
year difference in hydrologic conditions and biogeochemical
parameters suggests that NKCC intrusion may serve as a
forcing mechanism to enhance and/or accumulate phytoplankton
biomass in the frontal zone north of the UB.

Chlorophyll a concentrations observed in June of both years
indicated that summer phytoplankton blooms were fed by
the SCM, an established and prominent summer feature in
the UB (Kwak et al., 2013a,b). These authors attributed the
mechanism promoting the summer SCM to shoaling of the
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pycnocline and nitracline due to strong stratification in the
shallow subsurface layer. Due to the subduction of the denser
water mass of the NKCC underneath the EKWC, the pycnocline
was formed in shallow depth. As a result, stratification was
strengthened and replete nutrients below the pycnocline is
supplied into the surface layer, enhancing the availability of
nutrients. A positive correlation of Chl a concentration with
both o¢ and dissolved inorganic nutrients in this study provide
clear evidence supporting this explanation. The formation of the
SCM varied between deeper layers in 2016 and shallower waters
in 2017 depending on water-column stratification. Indeed, the
sharp horizontal salinity gradient observed at the northernmost
reaches of the study area in June 2016 indicates weakened
NKCC advection. Moreover, a thick layer of warmer (14-
15°C) and more saline (> 34.0) water observed beneath the
surface mixed layer in June 2017—possibly corresponding to
subduction of the anticyclonic intrathermocline eddy by the
northward-flowing EKWC (Son et al,, 2014; Lee, 2018)—also
indicates that the northward path of the EKWC covered
the upper layer of the water-column offshore of the study
area. In both summers, water-column stratification led to
the development of a steep vertical gradient in nutrients.
However, different hydrologic conditions (vertical water-column
structure) and thereby a shift of the pycnocline depth determined
the formation (and location) of the SCMs in coincidence
with the nutrient-rich layer. Our finding is consistent with
a prior study in which a thin SCM was found immediately
beneath the surface mixed layer (i.e., above a thick lens of
homogeneous subsurface water), caused by the upward flux
of deep nutrient-replete water in the summer intrathermocline
eddy in the UB (Kim et al, 2012). Therefore, in our study,
a thinner SCM layer in June 2017 than in 2016 resulted in
a reduction of depth-integrated Chl a concentrations, thus
driving the wide interannual variability in the magnitude of the
phytoplankton bloom.

Diatom Dominance of Phytoplankton

Blooms

Another noteworthy result of this study was the dominance of
diatoms (> 40% total Chl a) during phytoplankton blooms.
Results were consistent with those previously reported north of
the SPF (off the Shinpo district of North Korea) in February
(Kang et al., 2006) and in the SCM of the UB in spring
and summer (Kwak et al, 2014, 2017). The abundance of
diatoms showed an inverse relationship with that of small
flagellates (i.e., cryptophytes, prasinophytes, and chlorophytes)
and non-flagellated taxa (prymnesiophytes, cyanobacteria, and
pelagophytes) during both blooms (Figures 5, 8, 9). However,
diatom dominance exhibited different spatial patterns between
early spring and summer. In March 2016, when the surface mixed
layer was much deeper than in June, diatoms dominated the
phytoplankton community in the NKCC. A considerable (20—
40%) contribution of small flagellates (cryptophytes in 2016;
prasinophytes in 2017) along with diatom dominance occurred
in typical EKWC water, but did not lead to an increase in
depth-integrated biomass (Kwak et al., 2013b). At this time,

no marked depletion of nutrients compared to that in June
was observed in the surface mixed layer of the study area
(Figures 4, 6). These results suggest that two contrasting water
masses established the spatial distribution of the phytoplankton
community (Park et al., 1991; Hyun et al, 2009; Kim et al,
2010), emphasizing the role of advection of the NKCC rather
than water-column stability and nutrient availability during
early-spring, diatom-dominated blooms. A similar result was
reported for the North Pacific Ocean Oyashio area, where low-
salinity coastal Oyashio water regulates the generation and
spatial extent of massive spring diatom blooms (Kuroda et al.,
2019).

Consistent with prior findings (Kim et al, 2010; Kwak
et al., 2013a, 2017), our CCA analysis supports the view that
the phytoplankton community responsible for summer (June)
blooms may be determined by seasonal hydrographic factors.
Indeed, a positive correlation between oy and nutrient levels
reflected the vertical structure in water-column properties during
periods of strong stratification. A low N:P ratio (< 13 compared
with the Redfield ratio of 16) has been generally reported in
the EJS, including the UB (Talley et al, 2004; Kim et al,
2010), indicative of N deficiency in the surface layer. Here,
the absolute abundance of some important groups (mainly
small phytoplanktons, such as prymnesiophytes, prasinophytes,
cyanobacteria, and chlorophytes) was negatively correlated with
ot and nutrient concentrations. An increased% contribution of
cyanobacteria (at the optimum temperature of the surface layer
in June 2016) and prymnesiophytes (in the subsurface layer in
June 2017) at lower N:P ratios has been previously reported
in the EJS (Kim et al., 2010; Kwak et al., 2017). Prasinophytes
and chlorophytes are known to be distributed homogeneously
with depth in oligotrophic waters (Bel Hassen et al., 2009a,b).
In contrast, diatom dominance is closely related to oy and
nutrient concentrations that determine the depths of the mixed
layer and nitracline. Silicate concentration showed a similar
distribution pattern to that of nitrate. Strong stratification in
the UB leads to a reduction in the depths of the pycnocline
and nitracline and pushes the cold, nutrient-rich water up
to the euphotic zone (Kwak et al., 2013a, 2017). Diatoms,
as a highly opportunistic group, can rapidly take advantage
of favorable nutrient conditions (Fogg, 1991; Cermeno et al.,
2008). This characteristic facilitates their biomass accumulation
under nutrient-replete conditions, whereas small, flagellates
(cyanobacteria, cryptophytes, and chlorophytes) are favored
under conditions of low N availability (Tilman et al., 1986;
Orndlfsdottir et al., 2004). As a result, the physicochemical
mechanisms (i.e., shallowing of the pycnocline and enhanced
nutrient availability) contributing to the formation of the
SCM allow dominance of the depth-integrated Chl a biomass
during the stratified period, as previously observed in the UB
(Kwak et al., 2014, 2017).

Ecological Implications for the Regional

Fisheries
The EJS has recently undergone pronounced climate-associated
changes in environmental conditions. Sea surface temperature
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has increased rapidly over several decades (Kim et al.,, 2001;
Kang et al., 2003; Belkin, 2009), leading to long-term shifts
in the phenology and community structure of phytoplankton
and mesozooplankton (Chiba and Saino, 2003; Rebstock and
Kang, 2003; Chiba et al, 2008; Joo et al., 2016). Recent
studies also reported significant year-to-year changes in the
duration and intensity of the spring phytoplankton bloom
in the EJS, showing a decreasing trend in annual primary
production in the UB (Joo et al, 2014, 2016; Lee et al,
2014). Higher trophic levels have also been impacted by
these changes; thus, recent winter sea surface warming in
the northern EJS has led to earlier spawning and hatching
of winter-spawning fish (Hiyama et al.,, 1995; Zuenko, 2011).
Additionally, a northward shift of some exploited fish stocks
has been reported in Korean waters (e.g., Zhang et al., 2004;
Jung, 2014). Indeed, fishing ground of the warm-water common
squid Todarodes pacificus has shifted to the north of the EJS (C.
I. Lee unpubl.).

Walleye pollock (Theragra chalcogrammus) was one of the
most economically important fishery species in Korean waters.
Its catch in South Korea has been recorded only in the mid-
west frontal area of the EJS (east coast of Korea), where it
peaked in the 1970s-1980s, declined in the 1990s, and suffered
complete collapse in the 2000s (Kang and Kim, 2015). These
authors proposed three plausible hypotheses for this collapse:
overfishing, warming of seawater, and changes in ecosystem
structure and function. Indeed, pollock larvae move southward
(i.e., to the western boundary of the SPF) in the NKCC after
spawning in ]anuary—March in East Korea Bay (Kim and Kang,
1998; Kang et al, 2013). The spring phytoplankton bloom
is likely accompanied by mass proliferation of copepods that
subsequently provide food for pollock larvae, thus controlling
this fish species’ population dynamics (Kang et al., 2004; Lee
et al,, 2009). These recent studies emphasize the importance
of spring phytoplankton bloom dynamics in regulating overall
biological processes in the mid-west shelf and slope frontal area
of the EJS in conjunction with global and local variation in
oceanographic conditions.

Results of the present study reveal seasonal and interannual
shifts in hydrological conditions, from NKCC intrusion into
coastal subsurface water to cap of the EKWC throughout the
study area. Additionally, asynchronous long-term changes in
temperature between upper and deep layers have been observed
in the UB, ie, warming of the upper layer and cooling
(or a consistently low temperature) of deep water (Chung
et al,, 2013; Jung, 2014; Kang and Kim, 2015). Consequently,
the unexpected increase in the catch of cold-water species
(e.g., cod Gadus macrocephalus and herring Clupea pallasii)
has replaced the decreasing warm-water species (e.g., filefish
Thamnaconus modestus) during this period of unprecedented
environmental change (Jung, 2014). Cold water is found at
100 m depth where pollock reside and are fished (Figures 3, 6).
This suggests that the increasing annual mean temperature of
the surface mixed layer is not the only factor responsible for
the collapse of local stocks of T. chalcogrammus, a cold-water
demersal species.

Combined with warming of the surface layer, the timing,
duration, and magnitude of spring phytoplankton blooms
may be critically important for the schooling of winter- and
spring-spawning fish in the EJS (Platt et al, 2003; Zhang
et al, 2004; Zuenko, 2011). These authors showed that the
overlap between larval hatching of winter-spawning fish and
the spring phytoplankton bloom guarantees their successful
reproduction and thus recruitment. While earlier spawning of
winter-spawning species caused by sea surface warming can
lead to a mismatch between spawning and algal blooms, the
timing of the bloom could also determine the above mismatch.
In this context, results of this study highlight that a variation
in hydrological conditions, driven by the NKCC and EKWC,
can result in seasonal/interannual fluctuations in the timing of
the spring phytoplankton bloom. While the early spring bloom
induced by NKCC intrusion may be favorable in terms of prey
abundance, late spring (or summer) blooms, resulting from the
capping of the EKWC and thereby shoaling of the pycnocline,
result in a large temporal mismatch between spawning and
bloom occurrence. Thus, Park et al. (2020), using 2003-2015
satellite data, reported low interannual variability in Chl a
concentrations and a decreasing trend in spring in coastal waters
off Korea compared with high variability and an increasing
trend off the Japanese coast. They also reported increasing
Chl a concentration in summer in coastal waters off Korea in
association with increasing upwelling. This suggests that the
present frontal area may be subject to multiple consecutive years
of spawning-bloom mismatch. Therefore, the absence of a spring
phytoplankton bloom caused by interannual variability and the
gradual northward shift of the SPF (Supplementary Figure 8) as
well as warming of the surface layer can provide a mechanism
explaining the collapse of the walleye pollock stock in this region.

CONCLUSION

A conceptual paradigm that explains the seasonal variability
of primary production and phytoplankton biomass in the
UB has been proposed based on water-column stability and
its direct link to biogeochemical and phytoplankton-bloom
dynamics (Kwak et al., 2013b). Indeed, local forcing processes,
such as the strong inflow of the Tsushima Warm Current
(Ji et al, 2019), the anticyclonic intrathermocline eddy (Kim
et al, 2012; Lee, 2018), and upwelling along the SE coast
of Korea (Yoo and Kim, 2004) and transport of upwelled
water by the EKWC (Hyun et al, 2009), are known to
drive episodic blooms. In the present study, we found early
spring and summer phytoplankton blooms in the northern
UB and identify the main forcing processes driving these
blooms. These were linked to the formation of a SPE in
which summer blooms were fed by the SCM and seasonally
strong water-column stability. Specifically, we show that the
southward intrusion of the NKCC along the east coast of the
Korean peninsula might serve as a key driver of early spring
blooms. These were dominantly sustained by diatoms and high
nutrient availability. Furthermore, we suggest that the absence of
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spring blooms caused by long-term variability of the SPF could be
an important factor explaining ecosystem changes in this region.
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