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Abstract: The seasonal dynamics of phytoplankton communities in Korean coastal waters (KCWs)
are influenced by complex interactions between ocean currents and nearshore human activities. De-
spite these influences, the understanding of seasonal phytoplankton changes and their environmen-
tal relationships in KCWs remains limited. We investigate the influence of the distinct characteristics
of the three seas surrounding the KCWs (the Yellow Sea, the South Sea, and the East Sea) on seasonal
phytoplankton communities based on field surveys conducted at 23 stations between 2020 and 2021.
The East Sea exhibited higher winter temperatures due to the Jeju and Tsushima warm currents,
while summer temperatures were lower compared to the other regions, highlighting the role of cur-
rents and deeper oceanic waters. The Yellow Sea showed significant freshwater influence with low
salinity levels from major rivers, contrasting with the higher salinity in the East Sea. These differ-
ences led to a disparity in the productivity of the two regions: the highest value of Chl. 2 was ob-
served to be 6.05 pug L in the Yellow Sea in summer. Diatoms dominated in nutrient-rich conditions,
particularly in the Yellow Sea, where they comprised up to 80-100% of the phytoplankton commu-
nity in summer, winter, and spring. PCA analysis revealed positive correlations between diatoms
and Chl. g, while cryptophytes, which thrive in the absence of diatom proliferation, showed no such
correlation, indicating their opportunistic growth in nutrient-limited conditions. This study high-
lights the significant impact of region-specific hydrographic factors on phytoplankton communities
in KCWs, with diatoms dominating in summer and cryptophytes and dinoflagellates showing sea-
sonal and regional variations. Understanding these dynamics is crucial for predicting phytoplank-
ton bloom dynamics and their ecological implications in coastal ecosystems.

Keywords: Korean coastal waters; regional differences; seasonality; phytoplankton community;
ocean current

1. Introduction

Phytoplankton comprise a highly diverse group of microorganisms, distributed in
nutrient-rich areas of the world’s oceans, and contribute to more than 50% of the global
net primary production, particularly notable in coastal regions [1]. Primarily autotrophic,
phytoplankton provide various ecosystem services such as oxygen release and carbon di-
oxide sequestration [2]. Through the process of photosynthesis, they form the foundation
of marine food webs, supporting the production of numerous species, including those at
higher trophic levels with significant commercial value. In coastal waters, ecologically and
economically valuable marine species (e.g., fish, crabs, shrimp) are closely linked to the
productivity and biomass of phytoplankton, the base of the food web [3]. In particular,
coastal zones are highly sensitive and vulnerable to environmental change due to high
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human population density and complex interactions between land and ocean [4,5]. Tem-
perate coastal waters are recognized as global hotspots of marine diversity. Conversely,
poor seawater circulation in inland bays and estuaries can result in nutrient overloading,
leading to negative impacts on ecosystems through extensive phytoplankton blooms [6].

Phytoplankton can respond quickly to environmental change, and their seasonal cy-
cles and succession are influenced by both bottom-up factors, such as water temperature
and nutrient availability, and top-down factors, such as zooplankton feeding interactions
[7-9]. In particular, change of water temperature and anthropogenic nutrient load are im-
portant environmental factors in determining seasonal changes in phytoplankton compo-
sition. In addition, seasonal patterns in phytoplankton can be partially understood by con-
sidering functional differences between phytoplankton groups [10,11], which are associ-
ated with species-specific ecological and physiological characteristics [12,13]. Therefore,
species-specific characteristics of phytoplankton based on functional groups may provide
important clues for effective resource utilization during seasonal succession and compet-
itive relationships among dominant phytoplankton [11,14].

The Korean Peninsula is bordered by the Yellow Sea to the west, the South Sea (con-
necting to the East China Sea) to the south, and the East Sea (Sea of Japan) to the east
(Figure 1). The Yellow Sea is a shallow, semi-enclosed area with a depth of about 50-100
m, bordering Korea and China [15]. The coastal region in the Yellow Sea is known for its
low water depth, large tidal range, and rapid ocean circulation, making it an important
area for marine fisheries production related with high primary productivity [16,17]. The
coastal waters of the South Sea, with a depth of about 100 m, are strongly influenced by
the Kuroshio warm current, especially the Jeju warm current (JWC) and the Tsushima
warm current (TWC), which are tributaries of the Kuroshio Current and are characterized
by high salinity and water temperature [15]. Especially during the autumn and winter
months, the TWC strongly influences the water-quality characteristics of the South Sea
and East Sea regions of Korea. The East Sea is a large body of water with an average depth
of 1800 m located between the Eurasian continent and Japan. The East Sea interacts with
the TWC of the Kuroshio turbulence and the North Korean cold current (NKCC) of the
cold Riemannian turbulence. These dynamics lead to the formation of a distinct subpolar
front near 3840 °N, where the warm-water mass of the East Korean warm current
(EKWC) meets the cold-water mass of the North Korean cold current (NKCC) [18-21].

The winter monsoon season, in particular, exerts a significant influence on coastal
waters by reducing water temperatures and intensifying water mixing [22]. Although nu-
trient inputs from land are typically reduced during the winter due to lower rainfall, water
mixing in winter promotes nutrient transport from the bottom to the surface euphotic
layer, resulting in high nutrients in the whole water column [23,24]. Conversely, summers
are characterized by hot and humid conditions, with freshwater runoff carrying land-de-
rived nutrients into coastal waters due to heavy rainfall, leading to low salinity. During
spring and autumn, consistent water column mixing maintains moderate nutrient levels,
triggering substantial phytoplankton blooms. These changes in environmental factors are
expected to result in changes in the composition of phytoplankton communities, espe-
cially in warmer waters. In particular, our previous study demonstrated the characteristics
of environmental factors related with winter phytoplankton and bacterial population dy-
namics [25]. However, there remains a knowledge gap regarding the interactions between
phytoplankton community structure characteristics and geographically based environ-
mental factors across the coastal waters of the Korean Peninsula throughout four seasons.
This study aims to establish baseline data to assess how region-specific environmental
factors influence phytoplankton communities in coastal waters across three geographical
regions of the Korean Peninsula, seasonally.
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Figure 1. Sampling stations (circles) and ocean currents (red arrows: warm currents, blue arrows:
cold currents), including Tsushima warm current (TWC), Jeju warm current (JWC), East Korean
warm current (EKWC), West Korean current (WKC), China cold current (CCC), North Korean cold
current (NKCCQ).

2. Materials and Methods
2.1. Field Sampling

Field sampling was conducted at eight stations (Y1-Y8) in the Yellow Sea, eight sta-
tions (51-S8) in the South Sea, and seven stations (E1-E7) in the East Sea along the Korean
coastal waters (KCWs) in August 2020, November 2020, February 2021, and April 2021
(Figure 1; the depths at the survey stations were less than 50 m). In situ measurements of
water quality parameters, including temperature, salinity, pH, and dissolved oxygen
(DO), were performed at the surface using YSI EXO2 Sonde probes (Yellow Springs, OH,
USA). Surface water samples were collected with a bucket at all stations. For chlorophyll
a (Chl. a) measurements, 100-300 mL (depended on seasonality) of water was collected,
immediately filtered through a 47 mm diameter GF/F filter with a pore size of 0.45 um
(Whatman), and processed on site. The filtrates were transferred to acid-cleaned 15-mL
conical tubes (SPL Life Sciences, Pocheon, Republic of Korea), and HgCl> was added to a
final concentration of 0.1% to inhibit biological activity. Both filters and filtrates were
stored in a dry ice box at =20 °C in the dark until laboratory analysis. Phytoplankton sam-
ples, consisting of 500 mL of surface water, were preserved immediately in polyethylene
bottles with Lugol’s solution at a final concentration of 3% and stored at room temperature
in the dark until analysis. Focusing on identifying seasonality, we conducted an analysis
that included the winter data from February 2021 used by Lim et al. [25].

2.2. Sample Analyses

For laboratory analysis of field samples, chlorophyll a (Chl. 4) was measured in the
laboratory using a fluorometer (Turner BioSystems, Sunnyvale, CA, USA) calibrated with
a Chl. a standard (SKU: 10-850; Turner Design, San Jose, CA, USA) and installed with an
optical filter (10-037R; Turner Design, San Jose, CA, USA) for measuring extractive and in
vivo chlorophyll (Turner Design, San Jose, CA, USA). The fluorometer was periodically
validated for Chl. a with a solid secondary standard (10-AU-904; Turner Design, San Jose,
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CA, USA). The extraction of filtered material was performed with 90% acetone at room
temperature for 24 h in darkness. The concentrations of inorganic nutrients (ammonia,
nitrate, nitrite, phosphate, and silicate) were measured using a flow injection autoanalyzer
(QuikChem 8000; Lachat Instruments, Loveland, CO, USA), which was calibrated using
Reference Materials for Nutrients in Seawater (RMNS, KANSO Technos Co., Ltd., Osaka,
Japan). For counting and identifying phytoplankton, each 0.5 L Lugol’s fixed sample was
concentrated to approximately 50 mL by decanting the supernatant, as described in Sour-
nia [26]. The concentrated subsamples were loaded onto a Sedgewick—Rafter counting
chamber after gentle mixing, and phytoplankton were counted using a light microscope
(Carl Zeiss; Gottingen, Germany) at 200x magnification. The identification of phytoplank-
ton was performed based on their morphological features under a light microscope at 400x
magnification, referring to phytoplankton identification guides by Omura et al. [27].

2.3. Remote Sensing Analyses

Satellite-derived data on surface temperature, salinity, and chlorophyll a concentra-
tions were provided by the Japan Aerospace Exploration Agency (JAXA) in this study.
These images were based on the JAXA remote sensing reflectance data and taken in sum-
mer on 14 August and in autumn on 17 November, both seasons observed in 2020, and in
winter on 2 February and in spring on 19 April, both seasons observed in 2021. These dates
were chosen based on field sampling dates.

2.4. Statistical Analysis

Variations in phytoplankton abundance, environmental factors, and nutrient concen-
trations across KCWs including the Yellow Sea, South Sea, and East Sea did not consist-
ently meet the assumptions of normality and equality of variances required for one-way
analysis of variance (ANOVA). Consequently, the non-parametric Kruskal-Wallis test was
applied, followed by the Mann-Whitney U-test for post hoc pairwise comparisons, with
a Bonferroni correction set at p = 0.017 (equivalent to p < 0.05/3), using SPSS version 25
(Chicago, IL, USA). Principal component analysis (PCA) was utilized to explore the asso-
ciations among predominant phytoplankton (maximum composition >50%), environmen-
tal factors (temperature, dissolved oxygen, salinity, pH, and chlorophyll 4), and nutrient
concentrations (nitrite+nitrate, ammonium, phosphate, and silicate), and to identify the
variables exerting the most significant influences at different stations in Korean coastal
waters, this was performed in R version 4.2.1. Additionally, in the PCA analysis, the
boundary represents the 95% confidence interval, which was obtained using the R pack-
age ‘ellipse’.

3. Results
3.1. Environmental Factors in Three Geographical Regions

The highest water temperatures were recorded during summer, while the lowest oc-
curred in winter. Seasonal averaged temperatures changed to 25.7 + 2.6 °C in summer,
16.2 + 1.0 °C in autumn, 7.2 = 3.2 °C in winter, and 13.7 + 2.0 °C in spring (Figure 2a).
Although there was a significant difference between spring and summer seasons (p <
0.001), similar trends were observed between spring and autumn. Notably, in autumn
2020, water temperatures in the East Sea, which influence the warm current, were higher
than to the other two regions. On the other hand, in spring and summer, the temperatures
in the East Sea were relatively lower than those in the Yellow Sea and South Sea. Con-
versely, in winter, water temperatures in the Yellow Sea (Sites Y1-Y7) at shallow depths
significantly dropped to 4 °C, consistently lower than those at the South Sea and East Sea
sites of the Korean Peninsula (Kruskal-Wallis test; p < 0.05). The average salinity in each
geographical region ranged from 26.5 in the Yellow Sea in summer to >34 during winter
and spring. Seasonally, surface salinity was relatively low in summer and high in winter,
autumn, and spring. Overall, salinity levels in the Yellow Sea were generally lower than
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those in the South Sea and East Sea (Figure 2b). On the other hand, pH levels were lower
in autumn and spring and higher in summer and winter (Figure 2c). Overall, pH levels in
the East Sea were higher than those in the South Sea and Yellow Sea during all seasons.
Dissolved oxygen (DO) levels were lower in summer and autumn and higher in winter
and spring (Figure 2d). The highest DO levels were recorded during spring in the East
Sea, while the lowest occurred in autumn in the South Sea. DO levels did not significantly
differ among geographical regions, but the variations were distinct based on the season.
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Figure 2. Values of environmental factors including temperature (a), salinity (b), pH (c), and dis-
solved oxygen (DO; d) at each station (bar graphs) and in three Korean coastal waters (boxplots).
The letters represent the mean, and the color of the histogram indicates the season (red = summer,
brown = autumn, blue = winter, green = spring).

Figure 3 illustrates the seasonal variations in dissolved inorganic nutrient concentra-
tions at different locations, which exhibited large differences among stations. Silicate con-
centrations ranged from 0.80 uM at St. S3 in winter to 144 uM at St. Y6 in summer (Figure
3a). The average silicate concentrations were 29 + 31 uM in summer, 11 * 6.7 uM in au-
tumn, 10 £ 6.0 uM in winter, and 11 + 8.1 pM in spring. Nitrate + nitrite concentration was
high in the East Sea in summer and remained at low levels in the spring in the South Sea.
Seasonally, the average nitrite + nitrate concentrations were 17.0 + 19.0 pM in summer, 7.8
+7.1 pM in autumn, 10.4 = 6.1 uM in winter, and 8.3 + 8.5 uM in spring (Figure 3b). Am-
monia concentrations varied from 0.33 uM at St. Y5 in autumn to 66.3 uM at St. E7 in
summer. The ammonia concentrations during autumn and winter were notably higher in
the Yellow Sea and South Sea compared to those in the East Sea (Figure 3c) and maintained
low levels in spring. The mean ammonia concentrations were 3.8 + 4.6 uM in summer, 4.8
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*3.9 uM in autumn, 6.4 + 5.5 uM in winter, and 3.6 + 3.0 uM in spring. Overall, phosphate
levels were detected at low levels (Figure 3d). The mean phosphate concentrations were
0.5+ 0.3 uM in winter, 0.4 + 0.2 uM in spring, 0.6 + 0.8 uM in summer, and 0.4 + 0.2 pM in
autumn, ranging from 0.03 uM at St. Y1 in summer to 3.71 uM at St. E7 in summer. There
were no significant seasonal profile differences among the three geographical regions dur-
ing all four seasons (p > 0.05).
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Figure 3. Concentrations of nutrients including silicate (a), nitrite + nitrate (b), ammonium (c), and
phosphate (d) at each station (bar graphs) and in three Korean coastal waters (boxplots). The letters
represent the mean, and the color of the histogram indicates the season (red = summer, brown =
autumn, blue = winter, green = spring).

3.2. Biological Factors and Phytoplankton Community in Each Coastal Region

Table 1 shows the seasonal and spatial variations in Chl. 2 concentrations and phyto-
plankton abundance at each station and the differences among geographical regions.
Overall, in summer, Chl. a2 was relatively higher than in other seasons (Kruskal-Wallis
test; p < 0.05), with a mean concentration of 2.38 + 1.69 ug L-'. On the other hand, Chl. a
was relatively low in autumn, with a mean concentration of 0.51 + 0.65 pug L-1. The highest
value of Chl. 2 was observed to be 6.05 ug L at St. Y1 in summer, while the lowest value
was observed to be 0.06 pg L' at St. 54 in winter. In particular, a relatively low value of
Chl. a in East Sea was recorded in winter season, which was observed to be <0.3 ug L.
Even in the winter season, the mean Chl. a concentrations in the Yellow Sea (0.85 +0.34 ug
L-1) and South Sea (0.76 + 0.32 ug L) remained at a similar level compared to that in the
East Sea (Kruskal-Wallis test; p < 0.05). Similar to Chl. a concentrations, total phytoplank-
ton abundance was high in the summer (Kruskal-Wallis test; p < 0.05), which was
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observed to be 59.7 x 105 cells L at St. 57. Seasonal average total phytoplankton abun-
dances were high in summer (9.9 + 14.6 x 105 cells L), followed by spring (2.4 + 3.3 x 105
cells L), winter (0.7 + 1.2 x 10° cells L-?), and autumn (0.6 + 1.4 x 105 cells L-). The highest
value of total phytoplankton was observed to be 59.7 x 105 cells L at St. S7 in summer. On
the other hand, the lowest total phytoplankton was observed to be 927 cells L-! at 5t. Y7 in
autumn. In the winter season, mean phytoplankton abundance levels in the Yellow Sea
(1.50 £ 1.41 x 105 cells L) and East Sea (1.31 + 1.58 x 10° cells L) were similar, but that in
the South Sea (4.61 + 5.47 x 105 cells L-') was higher than in the other two coastal regions.

Table 1. Seasonal changes in chlorophyll a and total phytoplankton abundance at each sampling

station.
August 2020 November 2020 February 2021 April 2021
CoastalRe-  Station , )/ «pa ChLa  PA.  Chla  PA.  Chla  PA
gion Number

Y1 6.05 11.26 0.22 0.05 0.49 0.27 0.99 1.42

Y2 3.86 4.02 0.36 0.19 3.69 5.58 0.56 1.09

Y3 2.33 12.90 0.23 0.07 0.44 0.35 1.02 0.78

Yellow Sea Y4 0.54 0.86 0.29 0.28 1.08 0.33 1.58 0.86
Y5 1.80 0.61 0.64 0.31 2.01 0.75 0.71 0.09

Y6 1.01 0.48 0.84 0.38 0.93 0.22 0.66 0.77

Y7 2.20 1.58 0.46 0.01 0.26 0.24 0.53 4.57

Y8 2.62 1.09 0.38 0.05 0.36 0.11 0.74 2.46

S1 0.69 0.13 0.27 0.13 0.20 0.05 0.75 0.31

52 5.14 0.87 0.40 0.11 0.84 0.79 0.61 1.21

S3 5.73 24.76 0.82 1.15 1.54 2.51 1.21 4.12
Sglel;h 54 3.59 1.82 0.41 0.14 0.06 213 1.09 13.12
S5 1.88 4.55 0.30 0.11 0.66 0.59 0.85 11.65

56 244 13.61 0.48 0.23 0.12 0.23 0.48 1.28

57 3.83 59.70 0.30 1.13 0.08 0.10 0.33 0.61

El 1.55 10.41 0.11 0.10 0.29 0.12 1.57 3.58

E2 0.37 1.98 0.24 0.41 0.13 0.35 1.40 4.11

E3 0.43 4.61 3.37 7.17 0.06 0.57 0.12 0.78

East E4 1.87 1.75 0.48 0.53 0.07 0.21 0.19 0.56
Sea E5 222 10.22 0.16 0.27 0.06 0.17 0.30 0.48
E6 0.12 0.27 0.37 0.28 0.14 0.09 0.32 0.23

E7 1.34 40.41 0.22 0.20 0.12 0.23 0.24 0.52

E8 3.24 19.34 0.36 0.57 0.18 0.07 0.06 0.21

* Chl. a = Chlorophyll a (ug L). * P.A. = Phytoplankton abundance (x105 cells L).

Figure 4 shows the seasonal variations in phytoplankton abundances of each group
at each station. Overall, Bacillariophyceae (=diatoms) exhibited high cell density in sum-
mer, reaching 8.2 + 14.1 x 105 cells L, particularly at St. 57 in South Sea. Similarly, the
Dinophyceae density was observed to be 1.57 + 3.8 x 10° cells L-! on average in summer in
the South Sea. Also, the dinoflagellates peaked at 10.3 x 105 cells L at St. S3 in the South
Sea. Cryptomonas spp. peaked in spring, with a highest density of 0.64 + 0.75 x 10° cells L~
1, recorded at St. E7 in the East Sea (3.5 x 105 cells L-1). Three major groups contributed to
the annual phytoplankton community. Of these, Bacillariophyceae significantly domi-
nated at 60%, followed by Cryptophyceae (ave. 29%) and Dinophyceae (ave. 11%). Sea-
sonally, diatoms were found in the highest proportion in summer, at 80%, followed by
60% in winter, 49% in spring, and 50% in autumn. The seasonal composition of Crypto-
phyceae was high in spring, followed by in winter, autumn, and summer. Dinophyceae
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were observed at 54% in autumn but remained at <5% in the other seasons. Dinophyceae
had an extremely low proportion in winter in the Yellow Sea, whereas they were recorded
at a high of 77% in autumn in the East Sea (total: 7.2 x 105 cells L) (Figure 4).

Aug. 2020 Nov. 2020 Feb. 2021 Apr. 2021

I . I
Y1——Y8 Et—E8 S1—>§7 Y1 — Y8

12345678 12345878 1234567 12345678

Relative abundace (%)

12345867 12345678 12345678

81— 87 Y1——Y8 E1——ES8
Station
| w= Bacilariophyceae mm Dinophyceae Cryptophyceae ‘

Figure 4. Composition of the major phytoplankton groups including Bacillariophyceae, Di-
nophyceae, and Cryptophyceae at each station in the three Korean coastal waters. The color of the
histogram indicates the major phytoplankton groups (bar graph; blue = Bacillariophyceae, red =
Dinophyceae, yellow = Cryptophyceae).

In the Yellow Sea, diatoms such as Thalassiosira rotula, Skeletonema spp., Paralia sulcate,
Eucampia zodiacus, and Cerataulina pelagica prevailed in different seasons, while the dino-
flagellates Gonyaulax polygramma and Gyrodinium spirale peaked in autumn at several sta-
tions (Figure 5). In summer, although the dominant diatoms varied geographically, Skele-
tonema spp. was prevalent between Stns. Y1-Y3. Additionally, E. zodiacus and C. pelagica
were relatively abundant at Stns. Y4-Y5 and Y6-Y8, respectively. In autumn, there was an
increase in dinoflagellates such as G. polygramma (Y4 = 34%, Y5 = 17%, Y6 = 63%) and G.
spirale (Y7 =50%), while some stations were dominated by Cryptomonas spp. and P. sulcata.
During winter, T. rotula dominated at Station Y2, while P. sulcata was observed at most
stations. In particular, Cryptomonas spp. exhibited region-specific dominance at Stns. Y7
and Y8, which are located in the lower latitudes of the Yellow Sea. In spring, Cryptomonas
spp. was the dominant species overall, with notable peaks of Rhizosolenia rotula, Guinardia
striata, and Dactyliosolen fragilissimus.
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Figure 5. Changes in phytoplankton composition over seasons at each station in the Yellow Sea.
Dominant species cut-off at 50% or more of the highest dominance rate at the station.

In the South Sea, Cryptomonas spp. (mean: 25%) and pennate diatoms of the Pseudo-
nitzschia spp., including P. delicatissima, P. subpacifica, and P. californica, consistently dom-
inated. Also, seasonally, diatoms such as Chaetoceros pseudocurvisetus, Talassiosira pseu-
donana, and Leptocylindrus danicus appeared as dominant species. (Figure 6). In summer,
Cryptomonas spp. dominated, comprising 71% at St. S1. Additionally, the distribution of
the Pseudo-nitzschia genus expanded, and T. pseudonana dominated at Stns. S6 and S7. Dur-
ing autumn, notable dominance of Cryptomonas spp. occurred at Stns. S3, S4, and S5.
Meanwhile, P. sulcata and P. subpacifica prevailed in the western area of the region, and
Coscinodiscus granii and Pyrophacus steinii dominated in the eastern area. During winter,
various diatoms such as Nitzschia sp., P. subpacifica, C. pseudocurvisetus, and E. zodiacus
were prevalent. Additionally, Cryptomonas spp. was relatively abundant between Stns. S5
and S7. In spring, L. danicus was abundant at Stns. S5-57, while Cryptomonas spp. was
relatively prevalent at most stations.
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Figure 6. Changes in phytoplankton composition over seasons at each station in the
South Sea. Dominant species cut-off at 50% or more of the highest dominance rate at the
station.
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In the East Sea, the dominant species was Crypfomonas spp., peaking in winter and
spring (Figure 7). In the East Sea, seasonal dominant diatom species were clearly distin-
guished, with Thalassiosira rotula, Coscinodiscus granii, Paralia sulcata, and Chaetoceros spp.
dominating in different seasons. During summer, Cryptomonas spp. declined sharply,
with T. pseudonana becoming relatively abundant at most stations, except for Stns. E3-E5.
Notably, at St. E5, the Euglonophyceae Eutreptiella gymnastica appeared and dominated
with 86% abundance. In autumn, C. granii dominated overall, followed by Cryptomonas
spp. and the dinoflagellate Akashiwo sanguinea. In winter, Cryptomonas spp. prevailed be-
tween Stations E1 and E5, while P. sulcata was dominant between Stations E3 and E8. In
spring, an increase in Chaetoceros spp. was observed at Stns. E1 and E2, whereas high
abundances of Cryptomonas spp. were recorded between Stns. E3 and ES.
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Figure 7. Changes in phytoplankton composition over seasons at each station in the East Sea. Dom-
inant species cut-off at 50% or more of the highest dominance rate at the station.

3.3. Seasonality of Abiotic and Biotic Factors in Korean Coastal Waters

Our satellite model data indicate that during winter and spring, water temperatures
are higher in the eastern area compared to the western area due to the Tsushima warm
current (TWC) (Figure 8a). Particularly in summer, low-salinity water from the
Changjiang River in East China Sea was introduced into the South Sea (Figure 8b). In ad-
dition, there was a clear temperature difference between the upper and lower regions of
the East Sea, and it was observed that Chl. a concentrations were continuously maintained
at a certain level (Figure 8c).



J. Mar. Sci. Eng. 2024, 12, 1008

12 of 20

_—
Y
=

18. Aug. 2020 17. Nov. 2020 02. Feb. 2021 19. Apr. 2021

35.00

26.25

17.50

Temperature

(

T
~—

Salinity

—_
[z)
~—

]
>
£
[-}
2
o
=
(5]

Figure 8. Satellite data provided by Japan Aerospace Exploration Agency (JAXA) at the time of the
field survey. The data include sea surface temperature (a), salinity (b), and chlorophyll a (c).

The seasonal variations of abiotic factors, including temperature, salinity, pH, DO,
and nutrients, and biotic factors commonly exhibited high variability during the summer
season. Specifically, temperatures reached their annual maximum during summer and
minimum during winter (Kruskal-Wallis test; p < 0.05) (Figure 9a). In contrast, salinity
was lowest during the summer rainy season (p < 0.05) (Figure 9b). The pH was higher in
summer and winter but lower in autumn and spring (p < 0.05) (Figure 9c). The DO con-
centrations peaked in winter (p < 0.05) (Figure 9d). Meanwhile, although the mean nutri-
ent concentrations were higher in summer, with substantial spatial fluctuations, there
were no significant differences (p > 0.05) (Figure 9e-h). On the other hand, both cell density
and Chl. a levels were significantly higher during summer (p < 0.05) (Figure 9i,j).
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Figure 9. Box plots of seasonal variations in environmental factors including temperature (a), salin-
ity (b), pH (c), dissolved oxygen (d); nutrients including silicate (e), nitrite+nitrate (f), ammonium
(8), phosphate (h); and biological factors including cell density (i) and chlorophyll a (j). Letters in-
dicate significant differences between the four seasons (p < 0.05; Mann-Whitney post hoc test).
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Our PCA analysis showed that in the Yellow Sea (Figure 10a), the eigenvalues of Axis
1 and Axis 2 were 4.58 and 2.60, respectively. Axis 1 was influenced by water temperature,
nutrients (nitrate+nitrite, phosphate, silicate) and Skeletonema spp., while Cryptomonas
spp., E. zodiacus and water temperature played an important factor in the ordination of
Axis 2. In the South Sea (Figure 10b), the eigenvalues of Axis 1 and Axis 2 were 4.35 and
2.37, respectively. Water temperature, Chl. g, nitrate+nitrite, silicate and L. danicus were
the most important variables for Axis 1, whereas Axis 2 was influenced by phosphate,
ammonium, and Chaetoceros spp. The East Sea (Figure 10c) exhibited eigenvalues of 4.27
and 2.32 for Axis 1 and Axis 2, respectively. Water temperature, salinity, Chl. a, T. pseu-
donana, and Cryptomonas spp. significantly shaped Axis 1, while nitrate+nitrite and C.
granii were the major contributors to Axis 2. In the entire regions (Figure 10d), the eigen-
values of Axis 1 and Axis 2 were 2.76 and 2.13, respectively. Axis 1 was predominantly
influenced by temperature, salinity, Chl. a4, and silicate with Bacillariophyceae and Di-

nophyceae, while Axis 2 was primarily determined by nitrite+nitrate and phosphate with
Bacillariophyceae.
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Figure 10. PCA analysis between dominant species and environmental factors in the Yellow Sea (a),

South Sea (b), East Sea (c), and major phytoplankton groups (d). Ellipses indicates the 95% confi-
dence interval for each season.

According to the seasonal relative abundance of major phytoplankton groups such
as Bacillariophyceae, Cryptophyceae, and Dinophyceae (Figure 11), diatom dominance
increased to 80-100% during the summer, winter, and spring seasons. On the other hand,
cryptophyte dominance declined sharply from 62% to 2% when diatoms were dominant.
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In particular, dinoflagellate dominance slightly increased from 30% to 80% during the au-
tumn period, whereas diatom dominance decreased from 20% to 70% during the same
period.
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Figure 11. Seasonal relative abundance of the major phytoplankton groups including Bacillari-
ophyceae, Dinophyceae, and Cryptophyceae in the three Korean coastal waters. The shapes of the
symbols represent the coastal regions (ES = square, SS = triangle, YS = circle), and the colors of the
symbols represent the seasons (winter = blue, spring = green, summer = red, autumn = brown).

4. Discussion

It is well known that the winter dry season in temperate areas is characterized by
strong winds and low water temperatures, while the summer rainy season features weak
winds and high water temperatures [24,28]. During spring and autumn, moderate water
temperatures promote phytoplankton growth, resulting in blooms during both seasons.
In the present study, there was a typical temperate seasonality pattern. Winter water tem-
peratures in the East Sea were notably higher than in the Yellow Sea due to the influence
of the Jeju warm current (JWC) and the Tsushima warm current (TWC), both branches of
the Kuroshio Current [18]. In contrast, summer water temperatures in the East Sea were
notably lower compared to the other two regions, highlighting the importance of deeper
oceanic waters and currents in determining region-specific seasonal water temperatures.
On the other hand, throughout all seasons, based on field and satellite model data, the
Yellow Sea exhibited a noticeable freshwater influence from major Chinese rivers such as
the Changjiang and Yellow Rivers, as well as from South Korean rivers such as the Han,
Geum, and Yeongsan, resulting in low salinity levels. Conversely, the East Sea maintained
higher salinity due to the influence of the TWC, particularly during all seasons except
summer. Mitchell et al. [19] also demonstrated the existence of a subpolar front between
latitudes 36 and 40 degrees, influenced by the East Korean warm current (EKWC) and the
North Korean cold current (NKCC). These seasonal environmental characteristics signifi-
cantly impact on phytoplankton population dynamics, as described below.

It is widely acknowledged that nutrient and water temperature significantly impact
phytoplankton growth and seasonal species succession in coastal waters [22,24,29,30].
Moreover, light conditions, coastal currents, and grazing patterns can potentially be fac-
tors influencing the seasonal dynamics of phytoplankton [31-33]. Nutrients are primarily
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introduced into these coastal waters through water mixing, upwelling events, and river
runoff [22,28,34]. In particular, river discharge can typically cause high nutrient levels [28],
especially during rainy seasons in temperate regions. Although a decrease in river dis-
charge during the winter dry season often results in reduced nutrient input to coastal wa-
ter [35], water mixing can compensate the euphotic layer by providing sufficient nutrients.
However, in this study, nutrient levels have remained relatively consistent during the
winter season, suggesting that phytoplankton might not have utilized them effectively,
particularly in the East Sea (winter mean Chl. a: 0.13 pug L). As a consequence, the ele-
vated introduction of nutrients into coastal waters during periods of high water tempera-
tures stimulated the proliferation of phytoplankton, resulting in an increased Chl. a con-
centration.

Generally, during the summer season, if additional nutrient supply does not follow
the peak bloom of spring phytoplankton in the upper layer of the euphotic zone, a con-
sistently low nutrient level is observed, leading to sustained low productivity of phyto-
plankton. Interestingly, this study observed consistently high levels of Chl. a and phyto-
plankton abundance in summer. Specifically, average Chl. a concentration and total phy-
toplankton abundances in the field were notably high in coastal regions, especially in the
East Sea. This characteristic was also evident in satellite data, confirming the presence of
high Chl. a levels aligned with the flow of ocean currents. Such satellite images closely
matched the Chl. 2 data observed during field surveys. Consequently, the maintenance of
high Chl. a across the Korean Peninsula during the summer season is likely heavily influ-
enced by nutrient supply from rainfall, showing different characteristics from other years
or seasons. According to our satellite image data, the elevated Chl. a was transported into
offshore waters by ocean currents, indicating that the coastal phytoplankton blooms con-
tributed to the primary production of the open ocean, particularly in summer in the East
Sea.

In the Yellow Sea, diatoms predominantly occupied the waters in summer, autumn,
and spring, while dinoflagellates were more prevalent in autumn. During summer, Skele-
tonema spp. and Eucampia zodiacus were the most abundant. E. zodiacus is distributed glob-
ally and sometimes forms dense blooms in Tokyo Bay [36], Harimanada [37], and the
Ariake Sea [38]. E. zodiacus has been observed under high nutrient conditions during win-
ter and spring at the Seomjin River mouth and Gwangyang Bay [28]. Skeletonema spp.
blooms often occur in nutrient-rich conditions in summer in Dokai Bay, one of the most
eutrophic embayments in Japan, as demonstrated by Kaeriyama et al. [39] and Yamada et
al. [40]. In PCA analysis, two diatoms, Skeletonema spp. And E. zodiacus, showed a positive
correlation with water temperature, implying they have an advantage over other algal
species in high water temperatures, even with high nutrient levels. In addition, according
to PCA, G. polygramma and G. spirale have a negative correlation with Chl. 2 and nutrients
such as nitritetnitrate and phosphate, implying that both dinoflagellates have an ad-
vantage in the absence of diatom proliferation. On the other hand, T. rotula (53%) and P.
sulcata (31%) were well maintained under the high nutrient conditions of winter. T. rotula
is known to grow particularly well in low-temperature environments during winter in
temperate regions, as demonstrated by Sin et al. [41], MOnnich et al. [42], and our previous
study [25]. In spring, Cryptomonas spp. (52%) were mainly observed together with Rhi-
zosolenia rotula, Guinardia striata, and Dactyliosolen fragilissimus at several sites, implying
that large-sized diatoms can grow in low water temperatures and exhibit region-specific
responses. As a result, the Yellow Sea, characterized by low salinity, high nutrient levels,
strong tidal mixing, and river discharge, was favorable for diatom growth in nutrient-rich
and turbulent environments. In contrast, dinoflagellates and Cryptomonas spp. had an ad-
vantage in the absence of diatom proliferation.

In the South Sea, groups of phytoplankton were distinguished seasonally. Notably, a
significant diatom bloom was observed in the summer and spring, with an increase in
Chaetoceros spp. during the summer and Pseudo-nitzschia spp. during the spring. Addition-
ally, Leptocylindrus danicus was abundant in the central area of the South Sea in spring.
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The genus Chaetoceros speies is well known as a cosmopolitan species that sometimes forms
dense blooms in coastal waters [43], significantly contributing to phytoplankton commu-
nities worldwide [44]. Moreover, Baek et al. [24] reported that Leptocylindrus danicus, Chae-
toceros spp., and Pseudo-nitzschia spp. accounted for approximately 85% of the total phy-
toplankton in the Nakdong River estuary and Busan coasts during spring, showing a sim-
ilar trend to our study in the South Sea. In particular, Pseudo-nitzschia species and L. dan-
icus showed negative correlations with nitrate+nitrite, while T. pseudonana exhibited a pos-
itive correlation. On the other hand, Chaetoceros spp. had a positive correlation with phos-
phate, implying that taxon-specific responses were influenced by seasonal nutrient levels.
As aresult, the South Sea, characterized by moderate salinity, nutrient levels, tidal mixing,
and river discharge compared to the Yellow Sea, showed a seasonal response to diatom
growth, depending on whether the waters were nutrient-rich or nutrient-poor, influenced
by region-specific characteristics.

In the East Sea, the small diatom Thalassiosira pseudonana maintained notably high
densities during the summer, while the large diatom Coscinodiscus granii showed high
densities at most stations during the autumn. Interestingly, Cryptomonas spp. exhibited
high densities during both winter and spring. Additionally, the euglenophyte Eutreptiella
gymnastica was prevalent in the summer, while the dinoflagellate Akashiwo sanguinea ex-
perienced significant blooms at certain stations in the autumn. Baek et al. [45] demon-
strated in culture experiments that T. pseudonana populations grew significantly with in-
creasing temperatures (10-30 °C) in brackish and marine waters, indicating their adapta-
tion to euryhaline and eurythermal conditions. The negative correlation between salinity
and T. pseudonana in our PCA analysis supports their tolerance to low-salinity conditions.
Cryptomonas spp. showed positive correlations with ammonia but negative associations
with temperature, suggesting a preference for low water temperatures. E. gymnastica ex-
hibited a positive correlation with water temperature, indicating a preference for higher
water temperatures. The large diatom C. granii was influenced by nitrite+nitrate and sili-
cate concentrations, suggesting a requirement for major nutrients to maintain its large cell
size and division. In summary, the East Sea, characterized by its open ocean environment,
exhibited a clear seasonal response of phytoplankton, influenced by the prevalence of
small diatoms in summer, large diatoms in autumn, and Cryptomonas spp. thriving in rel-
atively cold water temperatures during winter and spring. Additionally, the ability of
phytoplankton to adapt to seasonal water temperatures depended on region-specific char-
acteristics such as ocean currents and open ocean environments.

Marshall and Lacouture [46] reported seasonal fluctuations in the biomass of Crypto-
monas spp., with higher biomass in the summer and autumn and lower biomass in the
winter. In the present study, however, Cryptomonas spp. tended to be relatively dominant
in environments with low temperatures, such as during winter and spring, and in condi-
tions with low Chl. a concentrations, which contrasts with the findings of Marshall and
Lacouture [46]. On the other hand, cryptophytes acquire nutrients via a mixotrophic
mode, switching from utilizing dissolved nutrients to feeding [47,48], which can give them
an advantage over other diatom species under nutrient-limited conditions. Additionally,
Cryptomonas spp. are characterized by opportunistic dominance in nutrient-limited envi-
ronments with relatively few competitors [24,49,50]. In the present study, Cryptomonas
spp. were well adapted to low water-temperature conditions and the absence of diatoms
along the Korean coasts. Clay et al. [51] demonstrated that cryptophytes are a cosmopoli-
tan phytoplankton group found under a wide range of environmental conditions. Our
PCA analysis showed a positive association between Bacillariophyceae and chlorophyll a
levels, whereas Cryptophyceae exhibited an inverse relationship, suggesting their pro-
pensity to thrive when diatom proliferation is suppressed. Based on our results and pre-
vious reports, cryptophytes may be more influenced by the presence of diatoms rather
than by nutrient levels and water temperature alone. In other words, temperature affects
nutrient consumption by phytoplankton, and lower-temperature seasons can slightly
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delay the proliferation of phytoplankton. In the absence of diatom proliferation, Crypto-
monas spp. may exhibit opportunistic dominance in the coastal microalga ecosystem.

It is important to understand how the dominant group within a phytoplankton niche
changes with variations in environmental conditions because it reveals the underlying
mechanisms of phytoplankton bloom dynamics associated with group-specific or species-
specific ecological and physiological features. Our results showed distinct seasonal shifts
in the three major phytoplankton groups in Korean coastal waters: diatoms sharply in-
creased in the three geographical regions during summer (80-100%), and dinoflagellates
remained high in autumn, particularly in the East Sea. Cryptophyceae moderately in-
creased in the Yellow Sea in spring, the East Sea in winter, and the South Sea in autumn,
depending on region- and season-specific characteristics. Our results imply that Crypto-
phyceae moderately increased in abundance when diatoms were not dominant, occurring
in spring in the Yellow Sea, winter in the East Sea, and autumn in the South Sea. This
implies that cryptophytes play an important role as opportunistic species in Korean
coastal waters, as described above. Consequently, the seasonal succession from diatoms
to cryptophytes or dinoflagellates has been confirmed, and this understanding is crucial
for determining the succession of phytoplankton group levels.

Our findings demonstrate distinct differences in phytoplankton community and bi-
omass based on seasonal physicochemical features in three coastal waters of Korea. The
Yellow Sea, characterized by low salinity, high nutrient levels, strong tidal mixing, and
river discharge, favored diatom growth in nutrient-rich and turbulent conditions. The
South Sea, with its moderate salinity, nutrient levels, and tidal mixing, exhibited seasonal
variations in diatom growth depending on nutrient availability, influenced by local envi-
ronmental characteristics. The East Sea, an open ocean environment, displayed distinct
seasonal phytoplankton patterns: small diatoms in summer, large diatoms in autumn, and
Cryptomonas spp. in the colder waters of winter and spring. This region-specific infor-
mation on phytoplankton, the basis of the marine food web, is expected to serve as foun-
dational data for various marine industries, including the selection of optimal sites for
aquaculture of commercial marcoalgae and fish.

5. Summaries and Conclusions

Our key findings highlight the complex interactions between seasonal water temper-
ature, salinity, nutrient, and phytoplankton community structure in the coastal waters of
the Yellow Sea, South Sea, and East Sea of Korea. The distinct environmental characteris-
tics such as ocean currents, freshwater input, and tidal mixing in each region highlight the
unique ecological dynamics of each marine environment. Ocean currents were a major
factor leading to a warm winter in the East Sea, as well as seasonal temperature differ-
ences. The nutrient-rich environment facilitated significant phytoplankton growth. Addi-
tionally, the high summer chlorophyll a concentrations observed in satellite data indicate
the influence of coastal blooms on marine primary production. In particular, Bacillari-
ophyceae emerged as significant contributors to phytoplankton biomass in all regions,
despite seasonal environmental changes. Interestingly, despite the dominance of these di-
atoms, seasonal fluctuations in phytoplankton groups such as Crpytophyceae and Di-
nophyceae suggest that their ability to adapt to different environmental conditions may
allow them to opportunistically exploit ecological niches. Our findings, which shed light
on the regional and seasonal variability in phytoplankton dynamics, suggest that micro-
ecosystem monitoring is necessary in various coastal waters of the Korean Peninsula for
effective management and conservation of coastal ecosystems, and are of important value
as fundamental data.
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