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The spatial and temporal environmental conditions in the southern coastal

waters of Korea (SCWK) as a complex area, which is influenced by both ocean

currents and anthropogenic nutrient inputs, are highly variable. The impacts of

environmental factors on the distribution of phytoplankton community

structure in the SCWK remain unclear. Based on high-performance liquid

chromatography (HPLC) analysis of a variety of photosynthetic pigments,

spatial and temporal variations in phytoplankton community compositions

were investigated in the SCWK. Cluster analysis, correlation analysis, and

generalized additive models (GAMs) were used to explore the major

phytoplankton groups and their response patterns to temperature, salinity,

depth, and macronutrients. The results indicated that diatoms were the

absolute dominant groups in the SCWK for all seasons, especially in cold

seasons. Diatoms mainly concentrated at 1% light depths, while high

chlorophyll-a concentrations (>3 µg/L) occurred at 100% and 30% light

depths with good light conditions. Both clustering and correlation analyses

showed that diatoms had a strong positive correlation with macronutrients

such as dissolved inorganic nitrogen (DIN), dissolved inorganic phosphate

(DIP), and dissolved silica (DSi). The temperature and salinity discrepancy

between surface and bottom layers in summer caused a strong water

stratification resulting in blocking nutrient-rich bottom water upwelling and

leading cyanobacteria to become the dominant groups at 100% and 30% light

depths in summer. Consistently, the cyanobacteria were highly associated with

high temperature and low salinity in the correlation analysis and GAM results.

Compared with diatom-predominant sites, cryptophytes and diatom-

dominated sites are characterized by higher average excess nitrate (ExN).

Further research on the responses of small-sized prokaryotic phytoplankton
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especially cyanobacteria to environmental variations and their primary

production contributions would warrant a better understanding of the

SCWK ecosystem.
KEYWORDS

phytoplankton community, HPLC, generalized additive models, cyanobacteria,
diatom, southern coastal waters of Korea
Introduction

Phytoplankton as primary producers contribute

approximately 50% of the global primary production and play

a pivotal role in marine food webs as well as in the

biogeochemical cycling of aquatic ecosystems (Fehling et al.,

2012; Falkowski and Raven, 2013). The distribution of

environmental factors has a major impact on phytoplankton

composition and abundance (Eppley et al., 1969; Kilham and

Hecky, 1988). The growth of phytoplankton is often limited by

one or more environmental factors, which has been well

established in previous studies (Sommer, 1994; Smayda, 1997;

Olsen et al., 2001). One of the research hotspots of

phytoplankton is to use the phytoplankton community as a

useful indicator to investigate the long-term impact of global

warming and the anthropogenic impacts on the marine

ecosystem (Boyce et al., 2010; Salmaso et al., 2012; Barton

et al., 2016; Ajani et al., 2020).

The southern coastal waters of Korea (SCWK) is a complex

system influenced by both ocean currents and anthropogenic

nutrient inputs. Nutrients derived from the ocean are mainly

inflowed by water masses in different directions, represented by

Changjiang diluted water (CDW) from the world’s second

largest Changjiang (or Yangtze) river from the south, Yellow

Sea Cold Water (YSCW) from the west, and the Kuroshio Water

(KW) from the east (Jeong et al., 2001; Affan and Lee, 2004; Min

et al., 2012). The Nakdong and Seomjin rivers are the main rivers

in the southern coastal area of the Korean Peninsula. Through

those rivers, agricultural and industrial water discharged by

human activities is also an important source of nutrient inputs

for the SCWK (Lee et al., 2018; Baek et al., 2019). In addition,

bivalve mollusks (oysters and ark shells) and fish farms in the

Nakdong River estuary lead to the accumulation of organic

matter in sediments which is also one of the major nutrient

sources in the eastern SCWK waters (Baek et al., 2020).

Generally, the environmental conditions vary from the eastern

part to the western part and from the surface layer to the bottom

layer in the SCWK. These various water masses cause

heterogeneous and complex environmental characteristics

temporally and spatially (Zhang et al., 1996; Baek et al., 2020).
02
Previous studies on the phytoplankton community usually

divided geographically SCWK into the southern waters of the

Korean Peninsula (Kang et al., 1999; Baek et al., 2020) and the

adjacent waters of Jeju Island (Yoon, 2003; Affan and Lee, 2004;

Boopathi et al., 2015; Kim et al., 2019) for a regional comparison.

These studies used microscopic methods to mainly analyze the

large-cell phytoplankton groups (e.g., diatoms), but small-cell

phytoplankton (e.g., cyanobacteria) are usually ignored because

it is difficult to fix these cells with standard methods (Mackey

et al., 1996). These traditional approaches resulted in the lack of

overall understanding of the phytoplankton community and

abundance in the SCWK, both in terms of spatial distribution

and groups. In terms of time, most previous studies on

phytoplankton community structure in the SCWK focused

primarily on short-term seasonal variations at the surface layer

(Yoon, 2003; Affan and Lee, 2004; Boopathi et al., 2015). To date,

no studies have been performed on phytoplankton communities

encompassing the entire euphotic zone for all seasons in

the SCWK.

Based on pigment analysis through high-performance liquid

chromatography (HPLC), this study adopted a new analysis

method, 1) investigated four typical phytoplankton groups and

their different environmental characteristics in the SCWK by

cluster analysis, and then 2) explored how environmental factors

influence major phytoplankton distributions by correlation

analysis and generalized additive models (GAMs). The major

aims of this study were to comprehensively understand the

distribution of phytoplankton communities in the SCWK from

the temporal and spatial dimensions and to explain

mechanistically how seasonal variability in environmental

factors impacts phytoplankton community structure in the

SCWK ecosystem.
Materials and methods

Sampling sites and water samplings

Twelve cruises were seasonally conducted in the SCWK for

four seasons from 2018 to 2020 (Table 1). The sampling sites for
frontiersin.org
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these cruises are shown in Figure 1, which cover the southern

waters of the Korean Peninsula and the waters around Jeju Island.

Water samples (sampling points) for measurements of

phytoplankton pigments and physicochemical parameters

(temperature, salinity, and major nutrients; DIN, DIP, and DSi)

were obtained from three light depths (100%, 30%, and 1%

penetration of surface irradiance, PAR), using a CTD/rosette
Frontiers in Marine Science 03
sampler fitted with Niskin bottles. The light depths were

determined at each station based on Lambert–Beer’s law. Light

depths (30% and 1%) were calculated by a Secchi disk using a

vertical attenuation coefficient (Kd = 1.7/Secchi depth) described

in Poole and Atkins (1929). The vertical hydrographic

measurements (temperature and salinity) were collected using

SBE9/11 CTD (Sea-Bird Electronics, Bellevue, WA, USA) sensors.
TABLE 1 Summary of samples collected during each cruise period, 2018–2020.

Season Year Dates Stations Samples Average euphotic depth (m) Average mixed layer depth (m)

Winter 2018 22 February–3 March 10 29 27.1 ± 5.6 41.3 ± 29.2

2019 12 February–20 February 7 21 25.6 ± 11.4 44.7 ± 33.8

2020 19 February–24 February 7 21 24.3 ± 14.4 86.6 ± 25.1

Spring 2018 19 April–27 April 10 30 24.4 ± 4.6 17.4 ± 8.8

2019 18 April–29 April 7 21 21.3 ± 8.7 28.7 ± 19.2

2020 21 April–28 April 7 20 28.7 ± 10.0 36.9 ± 33.4

Summer 2018 14 August–5 September 10 29 52.2 ± 9.7 16.7 ± 5.1

2019 2 August–8 August 7 21 33 ± 6.7 11.1 ± 1.4

2020 12 August–20 August 7 21 42 ± 14.1 11.4 ± 0.5

Autumn 2018 21 October–30 October 10 30 34.7 ± 12.0 29.8 ± 17.2

2019 19 October–29 October 6 18 31.4 ± 12.0 36.4 ± 13.3

2020 19 October–28 October 8 24 31.6 ± 7.8 33.9 ± 22.0
FIGURE 1

Sampling stations in the southern coastal waters of Korea (SCWK), 2018–2020. The annual sampling sites (right images) were the sum of four
cruises in that year. The colors of the sites represented the sampling seasons of that year. Blank indicated missing data.
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Water samples for dissolved inorganic nutrients including

ammonium (NH4
+), nitrate (NOx = NO2

− + NO3
−), phosphate

and silica at the three light depths were obtained from Niskin

bottles at all the sampling sites. After the seawater samples were

filtered through GF/F filters (Whatman, Maidstone, United

Kingdom; 0.7 mm pore), the filtrated samples were transferred

into polyethylene bottles which were kept under frozen

cond i t i ons (−80 °C) un t i l ana l y s i s . The nu t r i en t

concentrations were determined using an automatic analyzer

(QuAAtro, Bran+Luebbe, Germany) at the National Institute

of Fisheries Science (NIFS), Korea. Dissolved inorganic

phosphate (DIP) was PO4
3-, dissolved silica (DSi) was Si

(OH) 4 , and d i s so l v ed inorgan i c n i t rogen (DIN)

concentrations were calculated as the sum of NH4
+, NO2

−,

and NO3
−. Excess nitrate (ExN) in nutrient samples was

calculated using the formula: ExN = DIN − (DIP * R) (Wong

et al., 1998), where R is the Redfield N:P ratio of 16 (Redfield,

1934). Density-mixed layer depth (or isopycnal layer depth,

MLD) was calculated by a formula described in de Boyer

Montégut et al. (2004).

In addition, because water samples were collected from

100%, 30%, and 1% light depths, the average values of

environmental parameters and all the nutrients derived from

the three different light depths were used in this study for the

statistical analysis (Table 3).
Pigment concentrations and
CHEMTAX analysis

Samples for phytoplankton pigment concentrations were

filtered through 47-mm GF/F filters, stored in a deep freezer

(−80°C), and transferred to the home laboratory at Pusan

National University, Busan, Korea, immediately after the

cruise. Pigments were extracted in 100% acetone (5 ml) with

canthaxanthin (100 µl) as an internal standard, and the specific

pigment methods are described in Kang et al. (2018) and Kim

et al. (2020). Quantification was performed using standards from

DHI water (Denmark), and the following pigments were

detected and quantified: chlorophyll-a, peridinin (perid), 19′-
Frontiers in Marine Science 04
butanoyloxy-fucoxanthin (19but), fucoxanthin (fuco), 19′-
hexanoyloxy-fucoxanthin (19hex), neoxanthin (neo),

prasinoxanthin (prasin), violaxanthin (viola), alloxanthin

(allo), lutein, zeaxanthin (zea), and chlorophyll-b (chl_b). The

concentrations of pigments in the samples were calculated as

follows: Concentration = Area × Rf × (Ve/Vs) [µg L−1], where Rf

(standard response factor) was calculated based on the standard

pigment and dividing the concentration of the standard by the

measured peak area [µg L−1 area−1], Area is the area of the peak

[area], Ve is AIS/(peak area of IS added to sample) × (Volume of

IS added to sample) [L], Vs is the volume of the filtered water

sample [L], AIS is the peak area of IS when 1 ml of IS is mixed

with 300 µl of H2O, and IS is the internal standard

(canthaxanthin) (Lee et al., 2011).

The input pigment ratio matrix (Table 2) used in the

CHEMTAX calculation was based on the Korean Peninsula

pigment ratio (Lee et al., 2011). CHEMTAX used an iteration

and steepest descent algorithm to find the best fit (minimum

residual) of the data to an initial pigment ratio matrix of

chlorophyll-a ratios for each phytoplankton community

(Mackey et al., 1997). More details on deriving the appropriate

proportions of phytoplankton groups from chlorophyll-a, using

the CHEMTAX program, are described in detail in our earlier

work (Sun et al., 2022).
Statistical analysis

The relative contributions of each phytoplankton group to

the total chlorophyll-a in the euphotic zone from 2018 to 2020

were classified by cluster analysis using SPSS (version 24.0). All

285 sampling points were divided into four clusters by k-means

cluster iterative algorithm (Pham et al., 2005). After the cluster

analysis, we used the average chlorophyll-a concentrations at

that site if there were chlorophyll-a concentration data at

different times at the same site. Environmental factors

(temperature, salinity, depth, DIN, DIP, Si(OH)4, and ExN)

and chlorophyll-a concentrations of the four clusters were

visualized as raincloud plots (Allen et al., 2021). A correlation

matrix (based on Pearson correlation) was also produced
TABLE 2 Initial pigment ratios to the total chlorophyll-a for eight taxonomic groups based on CHEMTAX analysis.

Class/pigment Perid 19but Fuco 19hex Neo Prasin Viola Allo Lutein Zea Chl_b

Prasinophyte 0 0 0 0 0.3768 0.1413 0.2165 0 0.0843 0 0.2807

Dinoflagellate 0.7527 0 0 0 0 0 0 0 0 0 0

Cryptophyte 0 0 0 0 0 0 0 0.1927 0 0 0

Prymnesiophyte 0 0 0 1.7139 0 0 0 0 0 0 0

Chrysophyte 0 0.5076 0.8354 0.2225 0 0 0 0 0 0 0

Chlorophyte 0 0 0 0 0.0756 0 0.0457 0 0.2253 0.0063 0.4255

Cyanobacteria 0 0 0 0 0 0 0 0 0 0.1418 0

Diatom 0 0 0.5464 0 0 0 0 0 0 0 0
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between environmental factors and phytoplankton community

structure and visualized as a heatmap. The correlation

coefficients were divided into three clusters according to

hierarchical clustering, and the methods are described in

Stefanescu et al. (2021). All statistical analyses were performed

using the function “corrplot” in R (Wei, 2016). To determine the

effectiveness in addressing the non-linear relationship between

response variables (phytoplankton group contributions) and

explanatory variables (environmental factors), response curves

for GAMs with Gaussian distributions were generated (Hastie

and Tibshirani, 1986). The GAM formations were as follows: Y =

a + s(X), where Y represents the contribution of three dominant

phytoplankton groups, namely, diatoms, cryptophytes, and

cyanobacteria, to the total chlorophyll-a; X represents

environmental factors; a is the grand mean of dominant

phytoplankton group contribution; and s is the smooth

function of each parameter. To avoid overfitting, the

maximum of basic dimension (k) was constrained within 5.

The details of GAMs are described in Sun et al. (2022). The

GAM modeling function from the “mgcv” package was used in

this study (Wood and Wood, 2015).
Results

Variations of environment factors,
phytoplankton biomass, and
community structure

The average temperature in the SCWK from 2018 to 2020

was the highest in summer and the lowest in winter and ranged

from 23.56°C ± 4.98°C to 23.86°C ± 5.74°C and from 13.68°

C ± 1.62°C to 15.40°C ± 1.71°C, respectively. The average

salinity was the highest in winter and spring (>34) and the
Frontiers in Marine Science 05
lowest in summer (<33) from 2018 to 2020. Nutrient

concentrations showed obviously annual and seasonal

differences from 2018 to 2020 for all seasons. DIN and DIP

concentrations in winter were higher than those in other

seasons, and the average concentrations were over 5 and

0.3 µM, respectively, for DIN and DIP. DIN concentrations in

spring 2018 and summer 2019 at 2.56 ± 1.06 and 2.08 ± 1.88 µM,

respectively, were lower than those in the same periods of the

other 2 years. DIP concentrations were 0.57 ± 0.28 µM in

summer 2019, which were significantly (p < 0.05, t-test) higher

than those in 2018 and 2020. DSi concentrations in winter and

summer were higher than those in spring and autumn, and the

average concentrations in winter and summer were all over 7 µM

in these 3 years. The average ExN values were all higher than

0 µM except for winter 2018 and summer 2019. The most

obvious ExN difference was in the summer periods among the

seasons, which were at 1.13 ± 1.06, −7.01 ± 3.82, and

0.84 ± 0.85 µM in 2018, 2019, and 2020, respectively (Table 3).

From 2018 to 2020, the monthly average chlorophyll-a

concentrations from 100% to 1% light depths were the highest

(>0.9 µg/L) in spring and autumn except spring 2020 and the

lowest (<0.5 µg/L) in summer (Figure 2A).

In terms of average (2018–2020) relative contributions to

total chlorophyll-a, diatoms (37.9%), cryptophytes (16.2%), and

cyanobacteria (15.2%) were the major taxa. On the other hand,

the remaining phytoplankton groups (prasinophytes,

chlorophytes , prymnesiophytes , chrysophytes , and

dinoflagellates) contributed less than 10% each to total biomass.

Considerable variabilities were found in absolute

chlorophyll-a concentrations among seasons throughout the

3 years (Figure 2A). Diatoms were the main dominant groups

in all seasons except summer (Figures 2A, B). High chlorophyll-

a concentrations (>1.0 µg/L) were observed in winter 2020, and

diatom contributions were over 70% (Figures 2A, B). Although
TABLE 3 Temperature, salinity, and dissolved inorganic nutrient concentrations at the euphotic depths (100%, 30%, and 1%) of the water column
in the SCWK, 2018–2020.

Season Year Temperature (℃)
Mean ± SD

Salinity
Mean ± SD

DIN (mM)
Mean ± SD

DIP (mM)
Mean ± SD

DSi (mM)
Mean ± SD

ExN (mM)
Mean ± SD

Winter 2018 13.68 ± 1.62 34.55 ± 0.09 5.54 ± 1.29 0.35 ± 0.07 8.39 ± 1.66 −0.06 ± 0.83

2019 14.80 ± 1.99 34.43 ± 0.37 6.39 ± 1.39 0.37 ± 0.10 8.51 ± 1.73 0.54 ± 0.74

2020 15.40 ± 1.71 34.43 ± 0.26 5.38 ± 1.92 0.31 ± 0.15 7.62 ± 3.00 0.41 ± 0.55

Spring 2018 15.06 ± 1.61 34.33 ± 0.40 2.56 ± 1.06 0.09 ± 0.06 5.43 ± 2.64 1.20 ± 0.67

2019 16.66 ± 1.44 34.46 ± 0.17 4.81 ± 1.65 0.12 ± 0.09 5.36 ± 1.31 2.84 ± 1.53

2020 15.70 ± 1.25 34.32 ± 0.26 5.37 ± 1.97 0.31 ± 0.15 7.60 ± 3.08 0.42 ± 0.56

Summer 2018 23.86 ± 5.74 32.98 ± 0.86 4.26 ± 3.46 0.20 ± 0.22 7.15 ± 2.81 1.13 ± 1.06

2019 23.86 ± 4.28 32.25 ± 0.95 2.08 ± 1.88 0.57 ± 0.28 7.28 ± 2.63 −7.01 ± 3.82

2020 23.56 ± 4.98 32.21 ± 1.10 3.68 ± 3.77 0.18 ± 0.27 8.50 ± 3.56 0.84 ± 0.85

Autumn 2018 20.51 ± 1.49 33.39 ± 0.49 3.19 ± 2.94 0.18 ± 0.15 4.87 ± 3.12 0.30 ± 2.16

2019 21.25 ± 2.42 33.17 ± 0.90 3.27 ± 4.05 0.17 ± 0.26 6.62 ± 5.30 0.55 ± 0.82

2020 21.51 ± 0.64 32.88 ± 0.83 2.80 ± 0.93 0.09 ± 0.05 4.73 ± 0.85 1.42 ± 0.61
f
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diatoms still maintained certain contributions, cyanobacteria

replaced diatoms as the dominant groups in the summer of

2018 (45.5% ± 32.2%), 2019 (33.3% ± 25.0%), and 2020

(50.8% ± 35.1%) (Figure 2B). Cryptophytes as one of the main

dominant groups were observed in all seasons, and their average

contributions in cold winter (averaged 18%) and autumn

(averaged 25%) were higher than in summer (averaged 5%)

from 2018 to 2020 (Figure 2B). Other phytoplankton groups

represented by chlorophytes, chrysophytes, prymnesiophytes,

and prasinophytes were not the main dominant groups in

SCWK, but they also had considerable contributions to the

total chlorophyll-a at some times from 2018 to 2020. The

contributions of chlorophytes were 23.0% ± 10.1% in winter

2018 and 17.5% ± 7.5% in summer 2019. Chrysophytes and

prasinophytes contributed 17.3% ± 11.2% in winter 2018 and

22.8% ± 2.9% in spring 2020, respectively (Figure 2B).

Prymnesiophytes were observed in all seasons and showed a

trend of high concentration (averaged 0.09 µg/L) in spring and

low concentration (averaged 0.02 µg/L) in winter (Figure 2A).
Relationship between phytoplankton
community structure and
environmental factors

Cluster I (n = 38) assembled those sampling points where

cyanobacteria (69.6% ± 17.0%) were the major contributors to

chlorophyll-a, mainly during summertime (Figures 3A, C).
Frontiers in Marine Science 06
Cluster I chlorophyll-a concentrations at the westernmost

points (<0.1 µg/L) were relatively lower than those of other

points both at 100% and 30% light depths. The average

chlorophyll-a concentrations at 30% light depths were higher

than those at 100% light depths, and the highest concentrations

(>0.3 µg/L) were observed around Jeju Island areas (Figure 3B).

From the light depth distribution, cyanobacteria were mainly

distributed at 100% light depths (n = 22) and 30% light depths

(n = 15) (Figure 3D).

Cluster II (n = 83) assembled those sampling points where

cryptophytes (30.2% ± 7.9%) and diatoms (28.7% ± 13.4%) were

the major contributors to chlorophyll-a. More than half of these

points in cluster II were in autumn (Figures 4A, C). No distinct

vertical difference was observed at the three light depths in

cluster II points (Figure 4D), but chlorophyll-a concentrations in

the eastern and western waters of Jeju Island were higher than

those in the northern and southern waters at 100% and 30% light

depths. The highest concentrations (>2.5 µg/L) of cluster II were

observed in site 313-03 (Figure 4B). The second-highest

chlorophyll-a concentrations (>2 µg/L) were in site 205-05 in

all three light depths, close to the Kyushu Island of Japan in our

study area.

Cluster III (n = 81) assembled those sampling points where

diatoms (71.59% ± 14.44%) were the major contributors to

chlorophyll-a, mainly during winter and autumn (Figures 5A,

C). High chlorophyll-a concentrations were mainly distributed

in the southern coastal water of the Korean Peninsula at 100%

and 30% light depths, and the highest concentrations (>4 µg/L)
A B

FIGURE 2

Seasonal phytoplankton groups and chlorophyll-a concentrations (mg/L) (A) and contributions of phytoplankton groups to total chlorophyll-a
concentrations (B) averaged from all the stations for each cruise period in the SCWK, 2018–2020.
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in the SCWK from 2018 to 2020 were observed in site 400-14.

Meanwhile, the chlorophyll-a concentrations in the

southwestern waters of Jeju Island were much lower (p < 0.05,

t-test) than those at other points which were all less than 0.5 µg/

L. The average concentrations of 1% light depths were lower

than those of 100% and 30% light depths (Figure 5B).

Cluster IV (n = 83) was also predominated by diatoms

(24.02% ± 13.35%), but compared to other clusters, relatively

higher contributions of chlorophytes, chrysophytes,

prasinophytes, and prymnesiophytes were observed in cluster

IV, mainly during spring and wintertime (Figures 6A, C). No

obvious difference was observed at the three light depths in
Frontiers in Marine Science 07
cluster IV points (Figure 6D). Relatively higher chlorophyll-a

concentrations (>1.75 µg/L) were observed at the southwestern

and northeastern points of our study area. Meanwhile, the

chlorophyll-a concentrations in the waters around Tsushima

Island were also higher (>1.5 µg/L) than those of other

areas (Figure 6B).

Figure 7 shows the difference in environmental factor data

distributions for the four different clusters. Cluster I showed the

highest average temperature (26.80°C ± 2.23°C) and the lowest

average salinity (32.15 ± 0.88) among the four clusters

(Figures 7A, B). Compared to the other three clusters, cluster I

showed the lowest average concentrations in DIN
A

B

D

C

FIGURE 3

Cluster I points’ phytoplankton community structure (%) (A) and season distributions (C), light depth distributions (D), and horizontal distributions
of chlorophyll-a concentrations (mg/L) (B) averaged from three light depths in the SCWK, 2018–2020.
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(1.97 ± 0.74 µM), DIP (0.13 ± 0.19 µM), and ExN (−0.12 ± 3.25

µM) (Figures 7C, D, F). The average depth of cluster I points was

5.76 ± 8.21 m, and the average chlorophyll-a concentration was

0.22 ± 0.11 µg/L, which was also the lowest among the four

clusters (Figures 7G, H). Cluster II showed the second-highest

average temperature (19.36°C ± 3.43°C) and the second-lowest

average salinity (33.51 ± 0.99) among the four clusters

(Figures 7A, B). The chemical factors in cluster II showed the

second-lowest average concentrations in DIN (3.31 ± 2.66 µM)

and DIP (0.16 ± 0.19 µM), the lowest average concentrations in

DSi (5.75 ± 3.18 µM), and the highest ExN (0.70 ± 2.32 µM)

(Figures 7C-F). The average depths of cluster II points were
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13.53 ± 15.36 m, and the average chlorophyll-a concentrations

were 1.02 ± 0.6 µg/L, which were also the second highest among

the four clusters (Figures 7G, H). Cluster III showed the second-

lowest average temperature (16.87°C ± 3.00°C) and the second-

highest average salinity (34.0 ± 0.63) among the four clusters

(Figures 7A, B). For chemical factors, cluster III showed the

highest average concentrations in all nutrients including DIN

(5.44 ± 3.04 µM), DIP (0.32 ± 0.24 µM), and DSi

(7.30 ± 3.76 µM) (Figures 7C-E). The average depth of cluster

III points was 17.20 ± 18.94 m, and the average chlorophyll-a

concentration was 1.13 ± 1.07 µg/L, showing the highest value

among the four clusters (Figures 7G, H). Cluster IV showed the
A

B

D

C

FIGURE 4

Cluster II points’ phytoplankton community structure (%) (A) and season distributions (C), light depth distributions (D), and horizontal
distributions of chlorophyll-a concentrations (mg/L) (B) averaged from three light depths in the SCWK, 2018–2020.
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lowest average temperature (16.34°C ± 4.08°C) and the highest

average salinity (34.09 ± 0.87) among the four clusters

(Figures 7A, B). The chemical factors in cluster IV showed the

second-highest concentrations in DIN (4.27 ± 2.05 µM), DIP

(0.26 ± 0.18 µM), DSi (7.31 ± 2.21 µM), and ExN

(0.14 ± 2.58 µM) (Figures 7C-F). The average depth of the

cluster IV points was 12.47 ± 13.22 m, and the average

chlorophyll-a concentration was 0.85 ± 0.67 µg/L, which was

also the second lowest among the four clusters (Figures 7G, H).

The corre lat ion coefficients between the major

phytoplankton groups and environmental drivers for each

season from 2018 to 2020 are presented in Figure 8. All
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correlation coefficients were divided into three clusters

according to hierarchical c lustering. Temperature ,

cyanobacteria, dinoflagellates, NH4, cryptophytes, and ExN

were divided into one cluster. Cyanobacteria had a strong

positive correlation with temperature (r = 0.75, p < 0.001,

n = 285) and a negative correlation with cryptophytes

(r = −0.31, p < 0.001, n = 285). Dinoflagellates had a weak

negative correlation with temperature (r = −0.17, p < 0.001,

n = 285) and a weak positive correlation with NH4 (r = 0.14,

p < 0.05, n = 285). Cryptophytes had a negative correlation with

temperature (r = −0.24, p < 0.05, n = 285). Diatoms, depths,

NOx, DIN, DIP, and DSi were divided in the second cluster.
A

B

D

C

FIGURE 5

Cluster III points’ phytoplankton community structure (%) (A) and season distributions (C), light depth distributions (D), and horizontal
distributions of chlorophyll-a concentrations (mg/L) (B) averaged from three light depths in the SCWK, 2018–2020.
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Diatoms had positive correlations with all environmental factors

(0.21 < r < 0.35, p < 0.01, n = 285) except DSi. Meanwhile, depths

had positive correlations with other environmental factors

(0.26 < r < 0.39, p < 0.001, n = 285) and diatoms (r = 0.21,

p < 0.001, n = 285). The third cluster included prasinophytes,

prymnesiophytes, chrysophytes, chlorophytes, and salinity. The

phytoplankton groups in this cluster all had positive correlations

with salinity (0.18 < r < 0.54, p < 0.01, n = 285) except

prymnesiophytes (r = −0.15, p < 0.01, n = 285). Meanwhile,

these four phytoplankton groups also had positive correlations

with each other (0.14 < r < 0.31, p < 0.05, n = 285) except

prasinophytes showing a negative correlation with chlorophytes

(r = −0.16, p < 0.05, n = 285).
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Three main phytoplankton groups responding differently to

environmental factors in the SCWK from 2018 to 2020 in all four

seasons were compared in GAMs. Only data with significant

differences (p < 0.01, t-test) after fitting with GAMs were used to

ensure high accuracy of the comparison between phytoplankton

groups and environmental factors. The results indicated that the

contribution of diatoms to chlorophyll-a concentrations

decreased when the temperature was between 20°C and 26°C,

and the contribution of cryptophytes decreased starting at 22°C.

Cyanobacteria increased with temperature increasing especially

when the temperature was higher than 20°C (Figure 9A). In

salinity GAMs, cyanobacteria contribution showed negative

correlations with salinity, and diatoms increased significantly in
A

B

D

C

FIGURE 6

Cluster IV points’ phytoplankton community structure (%) (A) and season distributions (C), light depth distributions (D), and horizontal
distributions of chlorophyll-a concentrations (mg/L) (B) averaged from three light depths in the SCWK, 2018–2020.
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the salinity range between 30 and 33 (Figure 9B). Although the

contribution of diatoms fluctuated greatly in DIN GAMs, it

showed an increasing trend when DIN concentrations were

between 0 and 13 µM. Cyanobacteria decreased significantly

(p < 0.01, t-test) when DIN was lower than 6 µM, and the

intersection of the diatom and cyanobacteria contribution

curves was at 3 µM (Figure 9C). The contribution of diatoms
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generally increased with the increase of DIP, but the contribution

decreased obviously when the concentrations of DIP were

between 0.2 and 0.35 µM and increased when the concentration

of DIP was greater than 0.35 µM. Cyanobacteria contribution

decreased when DIP concentration was <0.3 µM, and the

intersection of the contribution curves of diatoms and

cyanobacteria was at 0.1–0.2 µM (Figure 9D).
A B

D

E F

G H

C

FIGURE 7

Raincloud plots of the four clusters (clusters I, II, III, and IV) concerning temperature (A), salinity (B), dissolved inorganic nitrogen (DIN) (C),
dissolved inorganic phosphorus (DIP) (D), dissolved silica (DSi) (E), excess nitrate (ExN) (F), average euphotic depth (the average value of 100%,
30%, and 1% light depths) (G), and average total chlorophyll-a concentrations (H), illustrating data probability distribution (the “cloud”), with
jittered raw data (the “rain”) supplemented by a boxplot in the middle. The dots and error bar next to the “cloud” represent the mean and mean
range for each cluster.
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Discussion

One of the major phytoplankton groups in the SCWK was

cyanobacteria which were predominant at 100% (0 m) and 30%

(5–19 m) light depths in summer (Figures 3C, D). Generally,

cyanobacteria in the SCWK were hardly observed at 1% light

depths. The high cyanobacteria concentrations were in the

northern and southern waters of Jeju Islands. The temperature

and salinity discrepancy between surface and bottom layers in

summer caused a strong water stratification resulting in blocking

nutrient-rich bottom water upwelling (Lee et al., 2016; Xu et al.,

2019). The nutrient-limited conditions at the surface layer cause

larger phytoplankton groups to be at a disadvantage in terms of

competition, whereas these conditions induce small

phytoplankton to be favored because of their higher nutrient

affinity associated with their small size (Tilman, 1982).

Compared with nutrients, temperature was the decisive

environmental factor that determines the distribution of

cyanobacteria in this study, based on the results of the

correlation heatmap and GAMs (Figures 8, 9). In cluster I

dominated by cyanobacteria, the average temperature was

considerably higher than those of other clusters by more than
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6°C (Figure 7A). The GAM results indicated that the

contribution of cyanobacteria to the total chlorophyll-a

concentrations begins to increase sharply when the

temperature is above 20°C (Figure 9A). The DIN and DIP

models showed a sharp decrease in cyanobacterial

contribution at low concentrations, but these changes were not

obvious over the concentrations of 7.0 and 0.4 µM, respectively

(Figures 9C, D). The distribution of ExN, which reflects the

nutrient limitation conditions (Wong et al., 1998), showed a

wide range from −3.52 to 2.98 µM in cluster I (Figure 7F).

However, neither the cyanobacteria concentrations (Figure 2A)

nor their contributions to the total chlorophyll-a concentrations

(Figure 2B) changed greatly under DIN or DIP limitation

conditions in summer from 2018 to 2020. This also proves

that nutrient limitation is not the decisive factor for

cyanobacteria in the SCWK. The relatively low cyanobacteria

concentrations at the westernmost points in the present study

area were probably related to the strong stratification caused by

the bottom water mass affected by the YSCW, which is also

consistent with previous studies indicating that cyanobacteria

are the dominant groups in the southern Yellow Sea in summer

(Le et al., 2010; Lee et al., 2012). Kang (2000) and Kim et al.
FIGURE 8

Heatmap of the correlation coefficients between the major phytoplankton communities and environmental drivers of each cruise period in the
SCWK, 2018∼2020. Only significant coefficients and absolute correlation coefficients (if >0.10) are indicated. The size of a circle indicates the
absolute correlation coefficient.
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(2011) indicated that the sea surface temperature (SST) in the

SCWK has been continuously increasing mainly due to global

warming. Therefore, we could predict that the cyanobacteria will

gradually become mostly the predominant groups at the 100%

and 30% light depths of the SCWK in summer. The

cyanobacteria species (marker pigment: zeaxanthin) that can

be discr iminated by pigment analys is are mainly

Prochlorococcus, Synechococcus, and Trichodesmium (Morel

et al., 1993; Liu et al., 2016; Dupouy et al., 2018; Xu et al.,

2019). The divinyl chlorophyll-a as a characteristic pigment for

Prochlorococcus was not found in this study, so we concluded

that the main cyanobacteria dominant species in the SCWK

were Synechococcus or Trichodesmium. Consistently, Lee et al.

(2014) and Choi et al. (2016) observed that the dominant

cyanobacteria were in the northern part of the East China Sea

(ECS). Lee et al. (2014) and Xu et al. (2022) indicated that

Prochlorococcus is the dominant species in Kuroshio Current-

influenced regions. The different dominant species of

cyanobacteria between adjacent sea areas should be verified in

further research.

Cryptophytes and diatoms as the other major phytoplankton

groups in the SCWK were classified into cluster II and cluster III.
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Cluster II was predominated by cryptophytes (30.2% ± 7.9%)

and diatoms (28.7% ± 13.4%), and cluster III was predominated

mostly by diatoms (71.6% ± 14.4%) only. Relatively high

concentrations of cryptophytes and diatoms were observed in

autumn, and no obvious vertical distribution was found among

the three light depths (Figures 4C, D), while diatom-dominated

waters were detected mainly at 1% light depths, especially in

autumn and winter (Figures 5C, D). From the spatial

distributions of these two phytoplankton groups, high

concentrations of diatoms were mainly observed in the

southern water of the Korean Peninsula where the total

chlorophyll-a concentrations were significantly (p < 0.05, t-

test) lower at 1% light depths than at the surface layer. The

chlorophyll-a concentrations in the southwestern water of Jeju

Island were extremely low (Figure 5B). The high concentrations

of cryptophytes and diatoms were observed in the east and west

waters of Jeju Island (Figure 4B). The average salinity of waters

dominated by cryptophytes and diatoms was relatively lower

than that of waters dominated by diatoms (Figure 7B), but all

nutrients including DIN, DIP, and DSi were higher (but not

significant) in diatom-dominated waters than in the waters

dominated by cryptophytes and diatoms (Figures 7C-E). The
FIGURE 9

Results of the generalized additive models (GAMs) describing the contributions of major phytoplankton to chlorophyll-a with environmental
factors in the SCWK from 2018 to 2020. (A) Changes in the contributions of cyanobacteria, diatoms, and cryptophytes with temperature.
Changes in the contributions of cyanobacteria and diatoms with (B) salinity, (C) dissolved inorganic nitrogen (DIN), and (D) dissolved inorganic
phosphorus (DIP). The contributions of different phytoplankton groups to chlorophyll-a are plotted as differences between concentrations and
mean values (Y-axis). Solid lines with significant relationships (asterisks on the phytoplankton group legends, p < 0.001) represent smoothing
lines from GAMs, and shaded areas indicate 95% confidence intervals. The inward tick marks on the X-axis show data distributions.
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average ExN in the diatom-dominated waters was

0.38 ± 2.59 µM (Figure 7F), which is nearly identical to the

Redfield N:P ratios of 16 in the four clusters. The average total

chlorophyll-a concentrations in the diatom-dominated waters

were the highest among the other phytoplankton groups

(Figure 7H). Wong et al. (1998) observed that the effects of

the limitations of macronutrients N, P, and Si on diatoms were

particularly obvious. They also found that diatoms have

significantly higher absolute nutrient requirements than other

phytoplankton groups and that their N and P requirements are

closest to the Redfield ratio of 16 (Wong et al., 1998), which is

consistent with the results in this study (Figure 7F). The great

diversity of diatoms encompasses many ecological strategies

such as colonist, stress-tolerant, and ruderal species, and the

latter ones tend to have high maximum carbon-specific nutrient

uptake rates (Alves-De-Souza et al., 2008; Edwards et al., 2012;

Xiao et al., 2018). It may make the growth of diatoms largely

limited under conditions of nutrient deficiency (Smayda and

Reynolds, 2001) and also makes diatoms more tolerant to other

environmental constraints (such as temperature and light

conditions) than other phytoplankton groups (Malviya et al.,

2016). In this study, diatom-dominated points were mostly

found at 1% light depths in winter with low temperature and

weak light conditions but sufficient nutrients. According to Ahn

et al. (1999) and Baek et al. (2020), the southern water of the

Korean Peninsula has regional characteristics of nutrient-

enriched and low turbidity conditions, which is consistent

with the highest chlorophyll-a concentrations (>3.5 µg/L) in

this study (Figure 5B). Meanwhile, diatoms also require enough

DSi to build intricate and hard but porous cell walls called

frustules (Wikfors, 2003), which is consistent with our results of

the correlation heatmap (Figure 8). Generally, diatoms, being

one of the most important contributors to the total chlorophyll-a

concentration in the phytoplankton community, account for

about 40% of the total oceanic primary production (Wetz and

Wheeler, 2007), making them a significant component of marine

food webs (Sarthou et al., 2005; Amin et al., 2012). We also

found that diatoms were the highest contributor to the total

chlorophyll-a concentrations in this study. Previous studies in

the SCWK indicated that the dominant diatom species

associated with summer blooms were Chaetoceros didymus

and Skeletonema costatum, and the dominant species of

diatoms were Eucampia zodiacus and Thalassiosira

curviseriata in winter (Yoon, 2003). Cryptophytes were also

one of the dominant groups in autumn, and their ExN average

concentration was higher than that of diatoms in this study,

which is consistent with the results of the different response

patterns of these two phytoplankton groups to ExN in other

studies (Kang et al., 2021; Sun et al., 2022). Meanwhile, although

no relationship between cryptophytes and NH4
+ or NOx was

found via correlation analysis, hierarchical clustering grouped
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cryptophytes and NH4
+ into one cluster (Figure 8), which is also

consistent with the result from Kang et al. (2021) who found that

cryptophytes have a more positive correlation with NH4
+ than

NOx in Yeongil Bay on the southeastern coast of Korea.

According to previous studies, phytoplankton is unable to

directly use NO3
−. NO3

− is firstly reduced to NO2
− by nitrate

reductase (NR) which is converted to NH4
+ by nitrate reductase

(NiR), and finally, NH4
+ was incorporated into amino acid by

glutamine synthetase (GS) and glutamate synthase (GOGAT)

(Glibert et al., 2016; Jo et al., 2021). Differences in NOx and

NH4
+ uptake rates among different phytoplankton groups

require more research in the future.

Chlorophytes , chrysophytes , prasinophytes , and

prymnesiophytes were not the main phytoplankton groups in

the SCWK, but they still had relative contributions to the total

chlorophyll-a in winter and especially in spring during this study

period (Figures 2, 6C). From the spatial distribution of these four

phytoplankton groups, the high concentrations were mainly

observed in the southwestern water of Jeju Island (Figure 6B),

which is greatly influenced by the ECS. The average temperature

was lower at these points than in other phytoplankton group-

dominant points, but the average salinity at these points was

higher than in other points (Figures 7A, B). The average

chlorophyll-a concentrations of these four phytoplankton

groups were relatively lower than those of diatoms and

cryptophytes and diatom-dominated points (Figure 7H). The

correlation heatmap grouped these four phytoplankton groups

into one cluster, and chlorophytes, chrysophytes, and

prasinophytes showed positive correlations with salinity,

whereas only prymnesiophytes showed a negative correlation

with salinity (Figure 8).

Based on cluster analysis, the niche spaces for these groups

are mainly located between (pico)cyanobacteria and large cells of

diatoms and cryptophytes (Figure 7). Therefore, this

taxonomically complex assemblage of pico- and nano-sized

phytoplankton confirms the general perception of a broad

structuring role of cell size in phytoplankton community

composition (Litchman et al., 2007; Liu et al., 2016).

Chlorophytes have been largely observed in the Changjiang

Estuary and in the adjacent coastal waters (Furuya et al., 2003;

Zhu et al., 2009), which is consistent with the high

concentrations of total chlorophyll-a being found in the

southwestern water of Jeju Island (close to the ECS) in this

study (Figure 6B) in which chlorophyll-b (the marker pigment of

chlorophytes) accounted for a large contribution. According to

different CHEMTAX ratios, chrysophytes and prymnesiophytes

are sometimes grouped as haptophytes because both of them

have the characteristic pigment 19′-hexanoyloxy-fucoxanthin
(Latasa, 2007; Pinckney et al., 2015). Chrysophytes,

prymnesiophytes, and prasinophytes, as small-sized eukaryotic

phytoplankton, have been identified as mixotrophs and major
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predators of prokaryote cells (Zubkov and Tarran, 2008; McKie-

Krisberg and Sanders, 2014), which expands their ecological

roles important in pelagic food webs (Mitra et al., 2014; Liu

et al., 2016).
Summary and conclusion

This study is the first to document the spatiotemporal

variations in the phytoplankton biomass and community

structure in relation to the nutrient stoichiometry for the three

light depths in the euphotic zone and four seasons in the SCWK.

The combination of cluster analysis, correlation heatmaps, and

GAMs revealed strong relationships between the phytoplankton

community structure and nutrient stoichiometry. Diatoms were

the dominant groups mainly concentrated at 1% light depths in

the SCWK, while their concentrations were still relatively high

within more illuminated conditions (at 100% and 30% light

depths). Diatoms were highly associated with the total

chlorophyll-a, DIN, DIP, and DSi concentrations based on

cluster analysis. The positive correlations between diatoms and

all macronutrients were also confirmed in correlation heatmaps

and GAMs. Cyanobacteria were the main dominant groups at

the surface layer in summer, and they were highly associated

with low chlorophyll-a and high temperature. Cryptophytes and

diatom-dominated points were mainly concentrated in autumn,

showing the highest average ExN among the four clusters.

Additional groups which included chlorophytes, chrysophytes,

prasinophytes, and prymnesiophytes contributed significantly to

the total biomass of phytoplankton based on their chlorophyll-a

concentrations in the southwestern water of Jeju Island,

especially during spring.

Future studies in the SCWK should closely look at 1) the

different dominant species of cyanobacteria between the SCWK

and the Kuroshio Current-influenced region, 2) the differences

in NOx and NH4 uptake rates between different phytoplankton

groups, and 3) the responses of these small-sized phytoplankton

groups to environmental variations. The limitation of this study

focused on the different phytoplankton groups based on HPLC

pigment analysis. Future research should combine species-

associated primary productivity with observational studies of

specific phytoplankton species through microscopic methods

because different phytoplankton species have their own specific

primary product iv i t ies and respond different ly to

environmental changes.
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