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Abstract: Phytoplankton community structure, which plays an important role in determining pro-
ductivity and food web structure, can provide important information for understanding variations in
marine ecosystems under projected climate change scenarios. Rising temperatures due to climate
change will increase and intensify water stratification. To understand the community composition
and distribution characteristics of phytoplankton under stratified conditions, phytoplankton pig-
ments were analyzed in the Yellow Sea (YS) and East China Sea (ECS) during the late summer season.
In addition, pigment production was measured to estimate the physiological characteristics of phyto-
plankton relating to light, which is an essential element of photosynthesis. During our observation
period, no distinct differences were found in the community composition and pigment production
of phytoplankton in the YS and the ECS, but differences in the vertical distribution were observed.
Overall, the dominant phytoplankton classes at the surface depth were pico-sized cyanobacteria
(46.1%), whereas micro- and nano-sized diatoms (42.9%) were the abundant most classes at a 1%
light depth. The major factors controlling the vertical distributions of the phytoplankton community
were temperature and nutrients (i.e., nitrate and ammonium). Cyanobacteria were positively corre-
lated with water temperature and ammonium, whereas diatoms were negatively related to water
temperature and positively correlated with nitrates. Based on the pigment production, it was found
that cyanobacteria at the surface layer encountered excessive irradiance conditions during the study
period. The productivity of the cyanobacterial community could be decreased under high-light and
high-temperature conditions. This means that cyanobacteria could have a negative influence on the
quantity and quality of food available to upper trophic organisms under warmer conditions.

Keywords: Yellow Sea; East China Sea; stratification; HPLC (high performance liquid chromatography);
phytoplankton; community structure; pigment production

1. Introduction

Phytoplankton, one of the main primary producers, plays a key role in the aquatic
food web and the biogeochemical cycle. Since the biomass and community structure of
phytoplankton are directly affected by the physical and chemical properties of ambient
water [1,2], future scenarios for phytoplankton change in marine ecosystems are matters
of great concern under the ongoing conditions of climate change [3–5]. Increasing water
stratification in the oceans is likely to lead to nutrient-deficient conditions, decreased
biomass, and selection for smaller cells [3,6,7]. These environmental variations, especially in
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cell size, largely affect the quantity and quality of food sources [8]. In addition, completely
different food web structures can be found by dominant species compositions and groups
even among phytoplankton species of similar sizes [9]. Thus, studying the phytoplankton
community structure is important in order to understand potential ecosystem responses to
global climate change.

Light, which is essential for photosynthetic activity, is one of the main environmental
variables affected by water stratification. Phytoplankton change their pigment pool to cope
with fluctuating light conditions. In general, smaller phytoplankton species tend to have
higher intracellular pigments than larger species, which enables smaller phytoplankton
to grow better under low-light conditions [10,11]. When phytoplankton are exposed
to strong light and ultraviolet radiation, they produce and accumulate photoprotective
pigments [12,13]. Therefore, phytoplankton pigments are believed to provide important
clues about the physiological status of each phytoplankton species through the different
light regimes that are closely related to photosynthesis.

The Yellow Sea (YS) is a shallow semi-enclosed marginal sea (20–90 m) in the western
Pacific Ocean surrounded by Korea and China. There is a strong water stratification in the
central YS due to a combination of weak winds and strong solar irradiance during the late
spring-early autumn period [14]. As a result, distinct distribution characteristics in terms
of nutrients, phytoplankton biomass, and size-fraction structure have been observed in
the central YS [15,16]. The East China Sea (ECS) is the largest marginal sea with a wide
continental shelf that is affected by the nutrient-sufficient freshwater of the Changjiang
River and the subtropical open-ocean waters of the Kuroshio Current [17]. The different en-
vironmental dynamics of the ECS over the seasons result in high variations in the biomass,
community structure, and primary production of phytoplankton [18]. Thus, studies on
the spatial characteristics of phytoplankton with regard to community compositions and
pigment production were carried out based on the unique environmental properties of the
YS and ECS, especially in the summer season. In this study, our primary objective was
to identify the major factors that influence the vertical distribution of the phytoplankton
community in the study area. Our other objective was to identify the photophysiological
traits of phytoplankton in the YS and ECS.

2. Materials and Methods
2.1. Sample Collection and Environmental Data

Sampling was carried out at seven stations in the YS (four stations) and ECS (three
stations) during late summer (9–13 September) 2020 on board the R/V Onnuri (Figure 1
and Table 1). Physical data were obtained using a CTD (SBE 911 plus, Seabird Electronics
Inc., Bellevue, WA). The mixed layer depth (MLD) was determined at each station based
on a density difference of 0.125 σt from the surface layer [19,20], while the stability index
of the euphotic zone was calculated based on [21]. Seawater samples were obtained from
Niskin bottles attached to a CTD/rosette sampler to assess nitrogen sources (nitrate, NO3;
ammonium, NH4) at two light depths (100% and 1% penetration depths of photosynthet-
ically active radiation, PAR, at the surface). The samples were filtered through 0.7 µm
GF/F filters (Whatman) for nutrient analysis and the filtered water samples were put into
high-density polyethylene bottles (50 mL) that were stored at −20 ◦C for further analysis.
In the home laboratory in Pusan National University, South Korea, the concentrations of
nitrate and ammonium were analyzed using standard spectrophotometric methods [22].
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Figure 1. Overview of the study region with water sampling locations in the YS (4 stations) and the
ECS (3 stations) during the late summer (9–13 September) of 2020.

Table 1. Station information and environmental condition in the YS and the ECS during the late summer of 2020.

Region Station Date
(2020)

Latitude
(◦N)

Longitude
(◦E)

Mixed Layer
Depth (m)

Stability
Index

Light
Depth (%)

Depth
(m)

T
(◦C)

S
(psu)

NO3
(µM)

NH4
(µM)

Yellow Sea
(YS)

SC01 13-Sep 31.400 125.330 21 0.068
100 0 21.7 31.2 0.18 1.00
1 30 16.0 31.9 5.12 0.96

YG02 12-Sep 32.175 124.510 10 0.055
100 0 24.2 31.5 1.05 0.83
1 27 21.0 32.2 5.53 1.00

YG04 12-Sep 32.771 125.108 15 0.096
100 0 23.2 30.8 3.76 1.45
1 33 16.6 32.5 11.35 0.71

GC01 12-Sep 33.565 124.353 13 0.094
100 0 23.4 30.9 2.06 1.54
1 51 11.8 33.3 13.42 1.00

East China
Sea

(ECS)

IE06 11-Sep 34.195 124.352 12 0.025
100 0 24.8 30.5 2.33 1.29
1 19 23.8 30.6 5.90 1.08

ECS13 10-Sep 35.556 124.349 12 0.065
100 0 25.9 30.2 0.80 0.79
1 19 24.0 31.0 5.31 0.87

ECS22 09-Sep 37.254 124.449 12 0.044
100 0 26.2 32.0 1.51 1.37
1 41 24.6 33.5 6.33 1.04

2.2. Size-Fractionated Chlorophyll-a Measurement

Seawater samples of size-fractionated chlorophyll-a were collected at the two light
depths (100% and 1% PAR penetration) at all the stations (total number of samples: 14).
Each water sample (0.5 L) was passed sequentially through 20, 2, and then 0.7 µm filters to
separate out micro- (>20 µm), nano- (2–20 µm), and pico-size (0.7–2 µm) phytoplankton,
respectively [23,24]. The filters were wrapped in aluminum foil to prevent photolysis and
stored in a freezer (−20 ◦C) in the laboratory for further analysis. The concentrations of the
size-fractionated chlorophyll-a were analyzed using a precalibrated fluorometer (Turner
Designs model 10-AU) based on the procedure of [25].

2.3. In Situ Culture Experiment for Photosynthetic Pigment Production

Seawater samples (4–5 L) used to assess the natural carbon-13 (13C) value of each
photosynthetic pigment were filtered through 0.7 µm Whatman GF/F filter paper (47 mm)
before the in situ culture experiments. The seawater samples (9 L) used for incubation were
filtered through a 300 µm filter to eliminate zooplankton and detritus. The filtered water
samples were transferred into large polycarbonate incubation bottles (9 L) covered with
screens (LEE Filters, Andover, UK) corresponding to each light depth, then a labeled carbon
(NaH13CO3, 99%) solution was added as a tracer [26,27]. The amount of 13C injected into
the incubation bottle was determined by 10–15% of the total dissolved inorganic carbon
concentration in the water sample [26,27]. The bottles were incubated in an acrylic incubator
on deck that was cooled by circulating surface seawater under natural light conditions for
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4 h [26,27]. After incubation, water samples from each bottle were filtered (>4 L) through
GF/F filter papers (47 mm). The filters were wrapped with aluminum foil to prevent
photolysis and kept frozen (−20 ◦C) until further analysis could take place.

2.4. Extraction and Analysis for Photosynthetic Pigment Production

The filter paper used for the pigment production was cut into small pieces to enhance
the extraction efficiency [28], then small pieces of the filter were transferred to centrifuge
tubes containing 100% acetone (3.5 mL) and canthaxanthin (100 µL; internal standard).
Photosynthetic pigments from the sample in the centrifuge tube were extracted for 24 h
in cool (4 ◦C) and dark conditions after sonification [29]. The extract was centrifuged
and then the supernatant was passed through a 0.2 µm syringe filter (Advantec, Tokyo,
Japan) for purification. The 3 mL purified extract was mixed with 0.9 mL of deionized
water (1 mL sample: 0.3 mL deionized water, v:v). A further analysis of the extracted
pigments was performed using high-performance liquid chromatography (HPLC) based
on the method of [30]. Analyses were conducted on an Agilent Infinite 1260 HPLC system
equipped with a Zobrax Eclipse XDB C8 (250 × 4.6 mm, 5 µm) column. Eluent A was a
mixture of methanol:acetonitrile:aqueous pyridine (0.25 M pyridine) (50:25:25, v:v:v), while
eluent B was a mixture of methanol:acetonitrile:acetone (20:60:20, v:v:v). The binary linear
gradient profiles were adapted to separate pigments: 100:0 (A:B), 0 min; 60:40, 21 min;
5:95, 27 min; 5:95, 37 min; and 100:0, 45 min. Photosynthetic pigments were detected and
quantified at 430 nm. The identification of each pigment was based on the retention time
of authentic standards (DHI Water & Environment, Hørsholm, Denmark). The separated
pigments were collected based on the retention time of each pigment using a HPLC fraction
collector with a transparent glass vial (5 mL), including half of the Whatman GF/F filter
paper (25 mm). The eluents from each collected photosynthetic pigment were removed
by a nitrogen purge equipment and then the filter within the collection vial was wrapped
with a tin cap to analyze the delta 13C value of each pigment at the University of Alaska
Fairbanks, USA.

2.5. Calculation of the Pigment Concentration and Production Rate

The calculation of the photosynthetic pigment concentrations was based on chromato-
graphic peak areas in compliance with the method developed by [31].

C = Area × Rf × Ve
Vs

(1)

where C = pigment concentration (µg L–1); Area = area of the peak (area); Rf = standard
response factor (µg L–1 area–1); Ve = {AIS × volume of internal standard (I.S.) added to
sample} ÷ peak area of the I.S. added to sample (L); AIS = peak area of the I.S. when
1 mL of I.S. is mixed with 300 µL of deionized water (area); Vs = volume of filtered water
sample (L).

The equation used to calculate the pigment production rate was based on the method
proposed by [27].

∆PPR (t) = PPR × ais − ans

aic − ans
(2)

where ∆PPR = amount of each pigment carbon photosynthetically produced during
the incubation; ais = 13C atom % in each pigment compound of the incubated sample;
ans = 13C atom % in each pigment compound of the natural sample; aic = 13C atom % in
the 13C enriched inorganic carbon; PPR = carbon concentration of each pigment at the end
of incubation.

2.6. Chemotaxonomic Analysis

The contributions of different phytoplankton classes to the total chlorophyll-a were
calculated using the CHEMTAX software [32–34]. Eight phytoplankton groups were
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functionally defined according to their pigment contents: dinoflagellates, diatoms, chryso-
phytes, prymnesiophytes, chlorophytes, cryptophytes, prasinophytes, and cyanobacteria.
The input pigment ratios matrix used in the CHEMTAX program were based on the
pigment relationships of common phytoplankton groups adjacent to our study area [18,35].

3. Results
3.1. Environmental Conditions

The hydrographic conditions in the YS and the ECS are shown in Figure 2 and Table 1.
The MLD at the YS stations ranged from 10 to 21 m with a mean of 15 m (S.D. = ±5 m),
whereas all the ECS stations had identical MLDs (12 m). The average euphotic depth (i.e.,
the depth receiving 1% of the surface PAR) was 35 ± 11 m (mean ± S.D.; range = 27–51 m)
and 26 ± 13 m (mean ± S.D.; range = 19–41 m) in the YS and the ECS, respectively.
During our study period, the euphotic depths were relatively deeper than the MLDs
at all stations (Table 1), which means that the water column in this study area was
stratified by the density difference. The stratification intensity estimated from the sta-
bility index was relatively higher in the YS (mean ± S.D. = 0.078 ± 0.020) than in the ECS
(mean ± S.D. = 0.044 ± 0.020) (Table 1). The water temperatures at the surface and bottom
of the euphotic depth in the YS ranged from 21.7 to 24.2 ◦C (mean ± S.D. = 23.1 ± 1.0 ◦C)
and 11.8 to 21.0 ◦C (mean ± S.D. = 16.3 ± 3.7 ◦C), respectively, whereas those of the ECS
ranged from 21.7 to 24.2 ◦C (mean ± S.D. = 23.1 ± 1.0 ◦C) and 11.8 to 21.0 ◦C
(mean ± S.D. = 16.3 ± 3.7 ◦C), respectively. The salinity of the YS at 100 and 1% light
depths ranged from 30.8 to 31.5 psu (mean ± S.D. = 31.1 ± 0.4 psu) and 31.9 to 33.3 psu
(mean ± S.D. = 32.4 ± 0.6 psu), respectively, whereas that of the ECS ranged from 30.2 to
32.0 psu (mean ± S.D. = 30.9 ± 1.0 psu) and 30.6 to 33.5 psu (mean ± S.D. = 31.7 ± 1.6 psu),
respectively. Significant differences in water temperature (t-test, p < 0.05) and salinity (t-test,
p < 0.01) between the surface layer and the 1% light depth were observed at the YS station,
whereas the ECS only showed a significant difference in water temperature (t-test, p < 0.05)
(Table 1).

Figure 2. Vertical profiles of (a) temperature, (b) salinity, and (c) density at all the experimental stations of the YS and ECS
for late summer of 2020.

The two nitrogen sources (NO3 and NH4) had different distribution patterns at 100
and 1% light depths during this study period. The NO3 concentrations at all stations of the
YS and the ECS were significantly higher at a 1% light depth (YS: range = 5.12–13.42 µM.
mean ± S.D. = 8.85 ± 4.16 µM; ECS: range = 5.31–6.33 µM, mean ± S.D. = 5.85 ± 0.51 µM)
than at the surface layer (YS: range = 0.18–3.76 µM, mean ± S.D. = 1.76 ± 1.54 µM; ECS:
range = 0.80–2.33 µM, mean ± S.D. = 1.55 ± 0.76 µM), whereas no noticeable differ-
ences in NH4 concentrations were found at both euphotic depths in the YS (100% light
depth: range = 0.83–1.54 µM, mean ± S.D. = 1.21 ± 0.34 µM; 1% light depth:
range = 0.71–1.00 µM, mean ± S.D. = 0.92 ± 0.14 µM) and the ECS (100% light depth:
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range = 0.79–1.37 µM, mean ± S.D. = 1.15 ± 0.31 µM; 1% light depth: range = 0.87–1.08 µM,
mean ± S.D. = 1.00 ± 0.11 µM) (Table 1).

3.2. Total and Size-Fractionated Chlorophyll-a Concentration in the YS and the ECS

No distinct distribution patterns according to latitude were found for the total
chlorophyll-a concentrations (sum of micro, nano, and pico-sized chlorophyll-a concen-
trations) at each light depth during our observation period (Figure 3). The average total
chlorophyll-a concentration at the YS stations was 0.56 ± 0.25 mg m−3 (mean ± S.D.;
range = 0.30–0.88 mg m−3) at a 100% light depth and 0.23 ± 0.13 mg m−3 (mean ± S.D.;
range = 0.10–0.35 mg m−3) at a 1% light depth, whereas that of the ECS stations was
0.62 ± 0.25 mg m−3 (mean ± S.D.; range = 0.35–0.83 mg m−3) and 0.51 ± 0.31 mg m−3

(mean ± S.D.; range = 0.20–0.82 mg m−3) at a 100 and 1% light depth, respectively
(Figure 3).

Figure 3. Total (sum of micro-, nano-, and pico-size chlorophyll-a) and size-fractionated chlorophyll-a concentrations at
(a) 100% and (b) 1% light depths in the YS and the ECS during the study period.

Overall, the phytoplankton size structure of both study regions at the surface layer
was dominated by pico-sized phytoplankton, except for at two stations (SC01 and ECS13),
which were dominated by micro-sized phytoplankton, whereas nano-sized phytoplank-
ton had a relatively high biomass at a 1% light depth of the YS and the ECS (except
for stations IE06 and ECS 13, where pico-sized phytoplankton were the dominant class)
during late summer of 2020 (Figure 3). The average chlorophyll-a concentrations for
micro-, nano-, and pico-sized phytoplankton at the surface layer of the YS stations were
0.17 ± 0.25 mg m−3 (mean ± S.D.; range = 0.01–0.55 mg m−3), 0.09 ± 0.05 mg m−3

(mean ± S.D.; range = 0.03–0.15 mg m−3), and 0.30 ± 0.14 mg m−3 (mean ± S.D.;
0.18–0.47 mg m−3), respectively, whereas those of the ECS stations were 0.18 ± 0.18 mg m−3

(mean ± S.D.; range = 0.03–0.37 mg m−3), 0.12 ± 0.06 mg m−3 (mean ± S.D.;
range = 0.05–0.17 mg m−3), and 0.31 ± 0.05 mg m−3 (mean ± S.D.; 0.26–0.37 mg m−3),
respectively (Figure 3a). The different size chlorophyll-a concentrations (micro-, nano-,
and pico-size) averaged from the 1% light depth of the YS stations were 0.05 ± 0.05 mg m−3

(mean ± S.D.; range = 0.02–0.12 mg m−3), 0.11 ± 0.05 mg m−3 (mean ± S.D.;
range = 0.06–0.16 mg m−3), and 0.07 ± 0.06 mg m−3 (mean ± S.D.; 0.02–0.16 mg m−3),
respectively, whereas those of the ECS stations were 0.10 ± 0.09 mg m−3 (mean ± S.D.;
range = 0.02–0.20 mg m−3), 0.15 ± 0.04 mg m−3 (mean ± S.D.; range = 0.12–0.20 mg m−3),
and 0.25 ± 0.18 mg m−3 (mean ± S.D.; 0.20–0.82 mg m−3), respectively (Figure 3b).
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3.3. Phytoplankton Community Structure

The apparent spatial distribution pattern in phytoplankton community composition
according to the study regions (i.e., YS and ECS) was not observed during the late summer
of 2020 (Figure 4). The major phytoplankton groups were diatoms and cyanobacteria,
whereas dinoflagellates were not found in this study (Figure 4). Cyanobacteria made
the greatest contribution to the total phytoplankton community at a 100% light depth
(range = 30.5–69.5%; mean ± S.D. = 46.1 ± 14.4%) for all the stations except SC01,
where diatoms (61.3%) were found to be the dominant class and cyanobacteria were
absent (Figure 4a). Diatoms (range = 1.5–31.1%; mean ± S.D. = 14.8 ± 10.8%; except
SC01), prymnesiophytes (range = 6.7–14.9%; mean ± S.D. = 11.2 ± 2.9%), cryptophytes
(range = 4.3–20.1%; mean ± S.D. = 10.0 ± 5.2%), and prasinophytes (range = 6.4–22.4%;
mean ± S.D. = 13.1 ± 5.4%) made medium-level contributions to the total phytoplankton
community at a 100% euphotic depth for all the YS and the ECS stations, whereas chryso-
phytes (range = 2.0–5.7%; mean ± S.D. = 3.4 ± 1.2%) and chlorophytes
(range = 0.0–5.6%; mean ± S.D. = 1.9 ± 2.4%) presented low-level contributions
(Figure 4a). At a 1% light depth in the study area, the main species that made up the entire
phytoplankton community were diatoms (range = 27.2–57.2%; mean ± S.D. = 42.9 ± 13.3%)
(Figure 4b). Cyanobacteria (range = 0.0–37.1%; mean ± S.D. = 18.5± 12.8%), prasinophytes
(range = 2.2–17.4%; mean ± S.D. = 12.7 ± 5.3%), and cryptophytes (range = 5.1–24.1%;
mean ± S.D. = 11.9 ± 6.7%) were the ancillary groups in the phytoplankton commu-
nity composition, whereas the contributions of prymnesiophytes (range = 1.6–22.9%;
mean ± S.D. = 7.7 ± 7.0%), chrysophytes (range = 0.0–12.1%; mean ± S.D. = 6.1 ± 4.5%),
and chlorophytes (range = 0.0–0.6%; mean ± S.D. = 0.1 ± 0.2%) to the total phytoplankton
community were low (Figure 4b).

Figure 4. Relative contributions of different phytoplankton groups to total phytoplankton biomass at (a) 100% and (b) 1%
light depths in the YS and ECS during the study period.

3.4. Relationships between Phytoplankton Groups and Different Environmental Factors

A principal component analysis (PCA; SPSS 12.0) was performed in order to examine
the relationships between the phytoplankton groups and different environmental variables
(physical factors: temperature and salinity; chemical factors: nitrate and ammonium;
biological factors: size-fractionated chlorophyll-a) (Figure 5). The first two ordination axes
of the PCA explained 63.8% of the variance in phytoplankton groups in the late summer
of 2020 with respect to various environmental factors (Figure 5). The size-fractionated
chlorophyll-a data used in the PCA were the ratio of each chlorophyll-a concentration to
the total chlorophyll-a concentration in order to match the data for the phytoplankton
group calculated from the CHEMTAX analysis. In addition, since the distribution ratio of
diatoms had positive correlations with the ratio of micro- (Pearson’s r = 0.56, p < 0.05) and
nano-sized (Pearson’s r = 0.67, p < 0.01) chlorophyll-a, the combined values (i.e., ‘MN chl-a’
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in Figure 5) of the ratio of micro- and nano-sized chlorophyll-a were used in the PCA to
improve the accuracy of the statistical value.
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and ECS during late summer of 2020. Temp: water temperature; Sal: salinity; MN chl-a: sum of the
ratio of micro- and nano-sized chlorophyll-a concentration to total chlorophyll-a concentration; P
chl-a: ratio of pico-sized chlorophyll-a concentration to total chlorophyll-a concentration.

The cyanobacteria, the major dominant phytoplankton group at the surface layer,
were positively correlated with the temperature and pico-sized chlorophyll-a. Ammonium
was also expected to have a positive effect on the cyanobacteria distributions (Figure 5). In
contrast, the distributions of diatoms, the main phytoplankton group at a 1% light depth,
were positively correlated with ‘MN chl-a’ and nitrate and negatively correlated with water
temperature (Figure 5).

3.5. Photosynthetic Pigment Production Rates

Pigment production rates of the phytoplankton at 100% and 1% light depths in the YS
and the ECS are presented in Table 2. Overall, the photosynthetic pigment production rates
at the 1% light depth were relatively lower than those of the surface layer in both study
regions during this observation period (Table 2). No evident spatial distribution pattern of
the pigment production rates was found at the surface layer (Table 2). Most carotenoids
(i.e., 19′-butanoyloxyfucoxanthin, 19′-hexanoyloxyfucoxanthin, neoxanthin, and prasinox-
anthin) at the 100% light depth had low production rates (<4.52 pg C m−3 h−1), whereas
fucoxanthin (range = 0.03–48.35 pg C m−3 h−1) and alloxanthin (0.53–28.86 pg C m−3 h−1)
showed slightly higher production rates compared to those of other carotenoids
(Table 2). At the surface layer of each station, the production rates of chlorophyll-b
(range = 8.71–332.90 pg C m−3 h−1) were approximately one tenth those of chlorophyll-a
(range = 119.14–3052.47 pg C m−3 h−1). In general, the carotenoid xanthophyll (photo-
protective pigment) production at the 100% light depth in the YS and ECS was rela-
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tively higher in the diadinoxanthin (range = 0.00–165.75 pg C m−3 h−1) and zeaxanthin
(range = 14.62–336.39 pg C m−3 h−1) than in the diatoxanthin (range = 0.00–15.70 pg C m−3 h−1)
and violaxanthin (range = 0.00–6.03 pg C m−3 h−1) (Table 2). All pigment production
(carotenoid, chlorophyll, and carotenoid xanthophyll) at the 1% light depth had extremely
low values compared to those at the surface layer (Table 2).

Table 2. Pigment production rates at 100% and 1% light depths in the study area during late summer of 2020.

* Unit: pg C m−3 h−1 Carotenoid Chlorophyll Carotenoid Xanthophyll
(Photoprotective Pigment)

Region Station But-fuco Fuco Hex-fuco Neo Pras Allo Chl-b Chl-a Diadino Diato Viola Zea

100%
light

depth

Yellow
Sea (YS)

SC01 0.00 48.35 2.34 1.42 1.81 28.86 79.38 719.93 165.75 0.00 6.03 14.62
YG02 0.00 0.03 0.16 0.00 0.00 7.25 8.71 119.14 0.40 0.53 0.00 52.90
YG04 0.22 15.56 2.70 4.52 1.44 17.61 332.90 3052.47 52.82 15.70 0.74 336.39
GC01 0.10 2.03 0.00 0.34 0.03 8.32 32.32 423.36 10.10 4.97 0.00 44.27

East
China Sea

(ECS)

IE06 0.00 1.52 0.64 0.27 0.00 1.50 11.54 187.42 1.38 1.78 0.00 27.37
ECS13 0.16 20.35 1.32 0.16 0.19 3.82 119.26 1008.49 34.34 8.12 0.56 109.18
ECS22 0.36 1.26 0.00 0.23 0.00 0.53 47.19 367.08 0.00 1.10 0.35 63.84

1%
Light
depth

Yellow
Sea (YS)

SC01 0.00 1.72 0.00 0.02 0.00 0.11 4.16 103.83 0.00 0.00 0.00 0.42
YG02 0.03 0.00 0.00 0.00 0.00 0.19 3.03 39.46 0.00 0.01 0.00 0.94
YG04 0.00 0.71 0.00 0.00 0.00 0.16 3.75 24.64 0.00 0.06 0.00 1.52
GC01 0.00 1.89 1.02 0.00 0.15 0.06 0.00 0.00 0.03 0.00 0.00 0.34

East
China Sea

(ECS)

IE06 0.00 1.89 0.02 0.03 0.00 0.00 2.11 6.21 0.00 0.00 0.00 0.38
ECS13 0.00 5.38 0.12 0.06 0.55 0.20 4.51 107.54 0.06 0.04 0.06 0.22
ECS22 0.00 3.57 0.63 0.00 0.00 0.65 0.00 0.00 0.12 0.07 0.00 0.00

* But-fuco: 19′-butanoyloxfucoxanthin; Fuco: fucoxanthin; Hex-fuco: 19′-hexanoyloxfucoxanthin; Neo: neoxanthin; Pras: prasinoxan-
thin; Allo: alloxanthin; Chl-b: chlorophyll-b; Chl-a: chlorophyll-a; Diadino: diadinoxanthin; Diato: diatoxanthin; Viola: violaxanthin;
Zea: zeaxanthin.

4. Discussion

During the study period, no noticeable differences were found in the community
composition and pigment production of phytoplankton between the YS and the ECS, but
differences in the vertical distribution were observed. Thus, we focused on understanding
these vertical distribution characteristics in this study.

The noticeable physical characteristic in this study area was the water column strat-
ification within the euphotic depth (Figure 2). The stratification of the ocean results in
diverse environmental conditions, especially in vertical variations in the availability of
light and nutrients [36,37]. In other words, sufficient light and poor nutrient conditions
can be provided to the upper euphotic zone under stratified conditions, while the opposite
conditions appear in deeper zones [29]. The concentrations of nitrate, as one of the most
important nutrients for phytoplankton growth [38], were found to be significantly lower
(t-test, p < 0.01) at a 100% light depth than at a 1% light depth (Table 1) in this study. The
water column during August 2018 [39] was found to be more strongly stratified compared
to that observed in our study period. Based on the results of another study, the surface
water temperature (mean ± S.D. = 29.1 ± 3.1 ◦C) for summer 2018 was significantly higher
(t-test, p < 0.01) than that found in our study (mean ± S.D. = 24.2 ± 1.6 ◦C), whereas the
temperature at the 1% light depth (mean ± S.D. = 11.2 ± 5.1 ◦C) during August 2018 was
significantly lower (t-test, p < 0.01) than that found in this study (mean ± S.D. = 19.7 ± 4.9 ◦C).
The salinity and ammonium levels were found to be similar between summer 2018 [39]
and the timeframe of this study. No difference was found in the nitrate concentration at
the surface layer, while the concentration of nitrate at the 1% light depth was found to be
two times higher in our observation period (mean ± S.D. = 7.6 ± 3.4 µM) than in summer
2018 (mean ± S.D. = 3.4 ± 1.8 µM) [39]. These different environmental properties of water
masses (e.g., temperature, water column stability, nutrient availability, and light intensity)
have direct effects on phytoplankton biomass and community composition [29]. Indeed,
vertical differences in phytoplankton community structure were observed at each station of
this study region (Figures 3 and 4). The main components of the phytoplankton community
composition at the 100% light depth were pico-sized phytoplankton (Figure 3a), which
were represented by cyanobacteria based on the PCA (Figures 4a and 5), whereas the domi-
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nant representative of the phytoplankton group at the 1% light depth (Figure 3b) was large
phytoplankton (sum of micro- and nano-sized phytoplankton), which were considered
as diatoms on the basis of the PCA (Figures 4b and 5). This vertical distribution charac-
teristic of the phytoplankton community was generally seen in the stratified water mass
of the summer season [20,40–43]. Previous studies conducted in similar regions (YS: [41];
ECS: [40,43]) and periods (i.e., summer seasons) to those used in this study also observed
that cyanobacteria dominated at the surface layer (which has a warm temperature and is
nutrient-poor), while diatoms were abundant at the deeper layer (with low-temperature
and eutrophic conditions). When the water temperature exceeds 20 ◦C, many cyanobacteria
species have relatively high growth rates due to their competitive advantage at warm tem-
peratures, while eukaryotic phytoplankton generally show a stabilization or reduction in
their growth rates [44–46]. In addition, pico-sized phytoplankton are preferred over larger
phytoplankton under nutrient-deficient conditions due to their high nutritional affinity
associated with their small cell size [47–49], while cyanobacteria appear to have a high
preference for ammonium and diatoms preferentially utilize nitrate [38,50,51]. Therefore,
the water temperature and nutrient (i.e., nitrate and ammonium) distribution had profound
effects on the vertical distributions of phytoplankton communities during our observation
period (Figure 5). In addition, the measurement of dissolved organic nitrogen (DON) as
one of the important nitrogen sources can be helpful in order to better understand the
physiological status of the phytoplankton community within the euphotic zone, although
we could not analyze the DON in this study. The DON released by the phytoplankton was
an average of 25 to 41% of the uptake nitrogen sources (ammonium or nitrate) [52]. This
organic material is assimilated by bacteria and can then be released as ammonium and/or
nitrate, and some phytoplankton with cell-surface enzymes can directly take up and utilize
DON [52,53]. In [53], the authors observed a relatively higher nitrogen content in DON
(mean ± S.D. = 11.9 ± 2.2 µM) than in other types (ammonium: mean ± S.D. = 2.8 ± 4.8 µM;
nitrate: mean ± S.D. = 10.5 ± 3.4 µM).

Phytoplankton in natural conditions experience rapid changes in light regime. In
order to cope with these dramatic changes in light conditions, phytoplankton can alter
their pigment pool, which mostly consists of two functional categories: (1) light harvesting
under a low light intensity and (2) photoprotection under a high light intensity [12]. Thus,
the pigment production rates were measured in the YS and ECS for the first time to estimate
the photophysiological characteristics of the phytoplankton. The pigment production was
generally found to be much higher at the surface layer than at the 1% light depth during this
study period (Table 2). The main pigment production activity at a 100% light depth during
this study period occurred in chlorophyll-b among the accessory pigment (i.e., carotenoid
and chlorophyll-b) (Table 2). Most of the chlorophyll-b production at the surface depth was
expected to be performed by prasinophytes during our observation period because the
key contributor of chlorophyll-b (marker pigment of chlorophytes and prasinophytes) was
considered to be prasinophytes based on the low contribution of chlorophytes to the entire
phytoplankton community at the 100% light depth (Figure 4a). The authors of [54] reported
that pigment–protein complexes and associated pigments in healthy algae undergoing
nitrogen-sufficient conditions may have turnover rates close to zero. In addition, low
light-acclimated cells generally have a high light-harvesting pigment content and a low
amount of photoprotective carotenoids, whereas an inverse relationship is observed for
high light-acclimated cells [55–58]. Thus, the high rate of production of chlorophyll-b by
prasinophytes at the surface layer might indicate that they encountered nutrient-deficient
and low-light conditions due to their competitive disadvantage compared the major dom-
inant phytoplankton classes, which were mostly cyanobacteria or diatoms. In fact, the
concentration of nitrogen sources (nitrate + ammonium) as well as the production rates of
diatoxanthin, a photoprotective pigment for prasinophytes, were low at the surface layer
of this study region (Table 2). The production rate of chlorophyll-a at the surface layer of
each station had a strong positive correlation (R2 = 0.9972) with the chlorophyll-b produc-
tion rate (Figure 6). Based on this relationship, it seems that chlorophyll-a production at
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the surface depth was also mostly conducted by prasinophytes in order to improve the
utilization efficiency of light energy. In other words, prasinophytes might increase the
amount of chlorophyll-a and -b they produce in order to obtain energy for photosynthesis
from different light wavelengths, thereby avoiding competition with other phytoplankton
classes (i.e., cyanobacteria or diatoms). Carotenoids in this study had maximum levels of
absorption for blue light (430–470 nm), whereas the maximum absorptions of chlorophyll-a
and -b were not only observed for blue light but also for red light (640–660 nm) [59]. The
carotenoid xanthophylls play a necessary role in photoprotection [12]. There are three
types of the xanthophyll cycle: (1) violaxanthin/antheraxanthin/zeaxanthin (chrysophytes,
chlorophytes, and prasinophytes), (2) diadinoxanthin/diatoxanthin (diatoms and prymne-
siophytes), and (3) zeaxanthin accumulation (cryptophytes and cyanobacteria) [12]. When
the irradiance is high, the first group de-epoxidizes violaxanthin into zeaxanthin via anther-
axanthin, the second group production de-epoxidizes x diadinoxanthin into diatoxanthin,
and the third group accumulates zeaxanthin without performing de-epoxidation [12]. At
the surface layer of our study region, the major production of photoprotective pigment
appeared in the zeaxanthin among carotenoid xanthophyll (Table 2). This means that both
groups (1) and (3) or one group suffered from photoinhibition under high light exposure.
Based on the composition of the phytoplankton community at the surface layer (Figure 4),
the cyanobacteria of group (3) were considered to be the main producers of zeaxanthin,
a photoprotective pigment, in order to reduce the cell damage caused by strong light
intensities during this study. Interestingly, the high production of diadinoxanthin observed
at the surface layer of the SC01 station appears to be due to the dominant species in this
area, diatoms (Figure 4). When an alga is exposed to low irradiance, a reverse formation
of diadinoxanthin from diatoxanthin occurs [60]. Thus, these diatoms are thought to be
encountered at times of low light availability, which could result from the self-shading
effect [61] of the micro-size phytoplankton (i.e., diatoms) dominating at the surface layer.
The low pigment production rates at a 1% light depth might be due to small available
amount of light energy reaching this depth.

Figure 6. The correlation between the production rates of chlorophyll-b and chlorophyll-a at the
surface layer of the YS and ECS.

5. Summary and Conclusions

Our research revealed vertical variations in phytoplankton community composition
in the stratified water column during the summer season. The dominant phytoplankton
group at the surface layer was mostly cyanobacteria (pico-size), whereas diatoms (micro-
and nano-size) had a high level of contribution to the entire phytoplankton community
in the deeper layer (1% light depth) in the YS and the ECS during our observation period.
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Based on the PCA, the major factors found to determine the vertical phytoplankton distri-
bution in this study were water temperature and nitrogen sources (nitrate and ammonium).
Cyanobacteria had positive correlations with water temperature and ammonium, while
diatoms had a negative correlation with water temperature and a positive correlation with
nitrate concentration during our observation period. Recent studies have emphasized the
importance of the role of small phytoplankton in a warmer ocean, since the increase in
the contribution of small phytoplankton to the entire phytoplankton community could
have negative effects on the quantity and quality of food available to upper trophic organ-
isms [6,8,62,63]. Therefore, this comprehensive study on phytoplankton concerning their
quantitative and qualitative characteristics as a basic food source as well as their variations
in community structure is expected to lead to a better understanding of their potential
effects on the entire marine ecosystem in the YS and ECS.

The result found for the pigment production in this study indicated that cyanobacteria
encountered excessive irradiance conditions at the surface layer, producing photopro-
tective pigment (i.e., zeaxanthin) during our observation period. This means that the
photosynthetic activity of cyanobacteria, the dominant phytoplankton class at the surface
layer in this study, was not optimal. Indeed, [64] reported that a high-light environment
under warm temperature conditions has negative effects on the primary productivity of
the cyanobacterial community. This research on the pigment production of phytoplankton
is expected to provide important clues relating to the various photosynthetic activities of
diverse photosynthetic phytoplankton communities under an anticipated warming ocean
scenario with a high level of irradiance and warm temperature conditions.
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