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Marine phytoplankton play crucial roles in the ocean’s biological pump and

have great impacts on global biogeochemical cycles, yet the knowledge of

environmental variables controlling their seasonal dynamics needs to be

improved further, especially in the coastal ecosystems. In order to explore

the determinants affecting the seasonal variation of phytoplankton, here we

conducted three surveys during spring, summer and autumn along the coastal

Yellow Sea. Among the phytoplankton community, 49 species of diatoms and 9

species of dinoflagellates were observed in spring, 63 species of diatoms and

10 species of dinoflagellates in summer, and 62 species of diatoms and 11

species of dinoflagellates in autumn. These results thus suggested that there

were obvious differences in the number of species across the three seasons, of

which diatoms were the most diverse group, followed by dinoflagellates.

Additionally, diatoms were the most dominant species of the phytoplankton

community and varied largely during different seasons. According to the

redundancy analysis, the abundance of phytoplankton community was

mainly related to water temperature and dissolved inorganic nitrogen (DIN)

during the three seasons, indicating that water temperature and DIN could be

the key factors controlling the seasonal variability of phytoplankton community

along the coastal Yellow Sea. Also, significant correlations were observed

between phytoplankton abundance and heavy metals Zn, As, and Hg during

the three seasons, suggesting that these metals also had potential influences

on the seasonal dynamics of phytoplankton community in the coastal

Yellow Sea.
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Introduction

Marine phytoplankton account for only 0.2% of primary

producer biomass in the biosphere, but contribute about 50% of

global net primary production (Longhurst et al., 1995; Field

et al., 1998; Agawin et al., 2000) and are important food sources

for zooplankton as well as marine fisheries (Schloss et al., 2012;

Barton et al., 2013; Johnson et al., 2013). Hence, by using light as

a primary source of energy, the growth of marine phytoplankton

meets the energy demand of higher trophic levels and

supports the normal operation of marine ecosystems. Also,

phytoplankton diversity is a best predictor of resource use

efficiency in ecosystems and has a stabilizing effect on

ecosystem functioning over considerable environmental

gradients (Ptacnik et al., 2008; Wei et al., 2020). Therefore,

phytoplankton, as the main primary producers in marine

ecosystems, play crucial roles in food chains, energy supply,

element cycling, ecosystem functioning as well as the global

biogeochemical cycles (Irigoien et al., 2004; Barton et al., 2010;

Acevedo-Trejos et al., 2014; Litchman et al., 2015). However,

marine phytoplankton have the characteristics of short

reproductive cycle and sensitivity to environmental changes

(Niehoff et al., 2002; Riebesell, 2004; Rost et al., 2008).

Generally, changes in environmental conditions can directly

affect the phytoplankton community structure and diversity,

which can indirectly reflect the combined effects of habitats

(Findlay et al., 2006; Staehr and Sand-Jensen, 2006; Thomas

et al., 2017; Xiao et al., 2018). For example, Staehr and Sand-

Jensen (2006) have demonstrated that seasonal variations in

temperature and nutrients can affect the photosynthesis,

structure, and diversity of natural phytoplankton community.

Thomas et al. (2017) have suggested that the interactions of

temperature and nutrients could exacerbate the sensitivity of

phytoplankton to ocean warming. Xiao et al. (2018) have

documented that warming and eutrophication combine to

restructure diatoms and dinoflagellates in the East China Sea.

Overall, the characteristics of phytoplankton community

structure and diversity are important indicators for evaluating

the nutrient level, pollution status, resource status, production

potential and stability of marine ecosystems. Assessing their

community structure and diversity is, therefore, of great

significance for understanding changes in the marine

environments as well as the structure and function of marine

ecosystems (Guo et al., 2014; Liu et al., 2015; Wei et al., 2020).

The Yellow Sea, which has an average water depth of 44

meters and an area of 40 × 104 km2, is one of the largest shallow

continental shelf areas in China seas, and is also a typical coastal

sea affected by the terrigenous diluted waters (Teng et al., 2012;

Hwang et al., 2014). Along with population growth and rapid

economic development, environmental pollution (e.g.,

eutrophication and toxic metal pollution) in the coastal Yellow
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Sea has become increasingly prominent in recent years, which

also alters the physicochemical and biological characteristics in

the region over time (Xu et al., 2011; Xiao et al., 2017; Wang

et al., 2018). As such, the community structure and diversity of

phytoplankton along the coastal Yellow Sea are inevitably

affected by its changing marine environment, especially

eutrophication (Lin et al., 2005; Wei et al., 2017; Kong et al.,

2018; Wei et al., 2022a; Pujari et al., 2022). For instance, Kong

et al. (2018) have observed the simultaneous occurrence of green

tide, golden tide and red tide along the coastal Yellow Sea during

the spring and summer, as a result of the excessive nutrient

loads. Also, Keesing et al. (2011) and Ye et al. (2011) have

observed large-scale green tides along the coastal Yellow Sea in

spring and summer, respectively. In the past decades, major

progress has been made in the study of phytoplankton dynamics

in the Yellow Sea, and various theoretical arguments have

suggested that their variability and habitat preferences there

can be described in terms of environmental variables, such as

temperature, nutrient availability, degree of mixing and so forth

(Wei et al., 2017; Wang et al., 2018; Sun et al., 2019).

Nevertheless, more studies are needed to further increase the

knowledge of the processes for marine environments controlling

the phytoplankton dynamics (including community structure

and diversity), especially in coastal areas where environmental

variables are comparatively complex (Guo et al, 2014; Wei

et al., 2020).

Previous studies have demonstrated that diatoms are

dominant during much of the year along the coastal waters of

the Yellow Sea, but their seasonal dynamics have been confirmed

to be relevant to physical processes (Liu et al., 2015).

Furthermore, Zhang et al. (2016) and Wei et al. (2017) have

revealed the community composition of phytoplankton in the

coastal Yellow Sea, and suggested that nutrients (especially N

and P) are the key environmental factors affecting their

community composition and distribution. However, a caveat is

that those previous studies regarding the effects of

environmental factors on phytoplankton community in the

coastal Yellow Sea focused on only one season, i.e., there are

few studies which assessed the key environmental factors

responsible for affecting the seasonal shift in the community of

phytoplankton. In the present study, we conducted 3 cruises in

three seasons along the coastal Yellow Sea to explore the seasonal

variation of phytoplankton in relation to environmental

parameters, and to address the following questions: (i) what

are the community structure and abundance of phytoplankton

along the coastal Yellow Sea? (ii) what are key determinants for

the seasonal dynamics of phytoplankton abundance? (iii) how

do the key determinants affect their abundance variance in the

study region? We hope that this study could provide a more

comprehensive picture of seasonal variability of phytoplankton,

especially in highly anthropogenic influenced coastal waters.
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2 Materials and methods

2.1 Study area and sampling stations

Three oceanographic cruises in the coastal Yellow Sea, China

(35.67°-36.34°N, 120.38°-121.25°E) were conducted in March,

August, and October 2021, representing spring, summer, and

fall, respectively (Figure 1). A total of 78 samples from 26

stations were investigated, and all the locations of the

sampling stations were consistent in each season.
2.2 Sample collection and analysis

2.2.1 Environmental parameters
Seawater samples were collected in the surface layer (~2 m)

using 10 L Niskin bottles. The in situ measurements of water

temperature, salinity, dissolved oxygen (DO), and pH were

determined using a YSI multiparameter water quality meter

(ProDSS, USA). Those parameters were calibrated according to

the standard method of Wei et al. (2022b). Samples for nutrients

were filtered through a 0.45 µm cellulose acetate membrane filter

to remove large particles, then immediately frozen at -20°C and

analyzed as soon as possible. Nutrient concentrations, including

nitrate (NO3
–N), nitrite (NO2

–N), ammonia (NH4
+-N), and

phosphate (PO4
–P), were determined using a Technicon AA3

Auto-Analyzer (Bran + Luebbe, Norderstedt, Germany) based

on the methods described by Crouch and Malmstadt (1967) and

Verdouw et al. (1978). The concentration of dissolved inorganic

nitrogen (DIN) was calculated as the sum of the concentrations

of NO3
-, NO2

-, and NH4
+ (Wei et al., 2017; Wei et al.,

2022a).The dissolved inorganic phosphorus (DIP) was

generalized as PO4
-. Besides, we set a minimum nutrient

concentration of 0.001 mg L-1 to avoid detection limit issues.

For heavy metal analysis, the Cu, Zn, Pb, and Cd samples (~500

mL) were collected in PE bottles, filtered and acidified with nitric

acid solution (HNO3). Differently, the Hg and As samples (~500
Frontiers in Marine Science 03
mL) were collected in glass bottles and acidified with sulfuric

acid (H2SO4). The analytical methods for all heavy metals were

described by Zhu et al. (2020) and Wei et al. (2022a).

2.2.2 Biological parameters
Samples for phytoplankton analysis were collected by

vertical trawl using a shallow water Type III plankton net (~20

µm mesh size), then fixed with 2% buffered formalin and stored

in darkness (Guo et al., 2014; Wei et al., 2017). Thereafter, the

preserved samples were concentrated in laboratory using a 100

mL settlement column for 24-48 hours. Phytoplankton taxa (> 5

mm) were then identified and counted under an inverted

microscope at 400× and/or 200× magnification (Motic

AE2000, China) according to the method described by

Utermöhl (1931). Samples (~500 mL) for chlorophyll a (Chl

a) extraction and quantification were filtered using a Whatman

GF/F filter (25 mm) under low vacuum pressure (<0.04 MPa),

and then quickly frozen at -20°C (Guo et al., 2014). The Chl a

extraction was carried out in 5 mL 90% acetone (4°C for 24 h in

the dark). After removing the filters, the Chl a concentrations

were quantified on a Turner designs fluorometer following the

fluormetric method of Welschmeyer (1994). All the biological

and environmental parameters were measured on water

collected from the same Niskin bottles.
2.3 Statistical analysis

The diversity, evenness, and dominance of phytoplankton

community along the coastal Yellow Sea were calculated

according to the Shannon-Wiener diversity index (H’), the

Pielou’s evenness index (J), and the dominance index (Yi),

respectively (Fu et al., 2021). In the present study, we took the

top five species as the dominant species.

H 0 = �o
s

i=1
Pi log2 Pi (1)
FIGURE 1

Study area and sampling stations along the coastal Yellow Sea.
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J =
H 0

log2 S
(2)

Y =
ni
N
fi (3)

where S represents the total number of phytoplankton

species in the collected samples, i represents the species

number, Pi represents the relative cell abundance of a species,

ni is the cell number of species i,N represents the total number of

individual cells in the samples, i is the frequency of occurrence of

species i in each sample.

All data are given as values ± standard deviation. Box plots of

seasonal changes of environmental parameters, line graphs of

heavy metal concentration levels in each season, and bar charts

of abundance distribution of dominant species in each season

were made by software Origin (v. 2021). Horizontal distributions

of environmental parameters, diversity index and evenness

index in each season were performed by Ocean Data View (v.

5.6.2). Spatial distributions of phytoplankton dominant species

abundance in each season was made by ArcMap (v. 10.7).

Redundancy analysis (RDA) correlation analysis was used to

assess the relationship between dominant species and

environmental parameters (Canoco v. 5).
3 Results

3.1 Environmental parameters

The measured environmental parameters in surface seawater

are illustrated in Figure 2, and the horizontal distributions of these

environmental parameters in the study area can be found in the
Frontiers in Marine Science 04
Supplementary Materials. The range of water temperature in this

study region was between 14.70 and 28.30°C, with the highest in

summer and the lowest in spring (Figure 2 and Table 1). The

temperature in coastal water was much lower than that of the

offshore water in three seasons, which may be driven by the inputs

of coastal runoffs. The salinity of this region decreased gradually

from spring to autumn (Figure 2), and the salinity was lower in

coastal water than offshore water, which may be related to the

encroachment of the diluted waters. Similarly, the dissolved oxygen

(DO) content (6.21-7.87 mg L-1; Table 1) showed a temporally

decreasing trend in the three seasons (Figure 2). The horizontal

distribution of DO content was generally higher in the coastal water

than the offshore water, but there were low values at stations 4 and 5

in summer, which may be related to the phytoplankton bloom. The

pH in this region varied between 7.96 and 8.36, whereas the pH in

spring was significantly higher than that in summer and autumn

(Table 1). Chl a content in summer was higher than those in spring

and autumn (Figure 2), and high values also appeared at stations 4

and 5 in summer, corresponding to the low value of DO content

there. The DIN and DIP concentrations increased gradually with

the three seasons, ranging 7.95-139.31 and 1.90-24.38 µg L-1,

respectively (Figure 2 and Table 1).

In addition, a seasonal comparison of heavy metal

concentrations (i.e., Cu, Zn, Pb, Cd, Hg, As) at each station

were conducted, and the results are shown in Figure 3. Generally,

the concentration of Cu was the highest in spring and the lowest

in summer, with relatively high values at stations 4, 5, and 6 near

the shore. For the concentration of Zn, it was higher in autumn,

followed by spring and summer. The highest Pb concentration

occurred in spring. In terms of regional distribution, the

concentration of Pb in the northeastern part of the survey area

was higher in summer than in autumn. The Cd concentration
F G

B C D

E

A

FIGURE 2

Seasonal variations of various environmental parameters in the coastal Yellow Sea. (A) temperature (°C), (B) salinity, (C) DO (mg L-1), (D) pH, (E)
Chl a (µg L-1), (F) DIN (µg L-1), and (G) DIP (µg L-1).
frontiersin.org

https://doi.org/10.3389/fmars.2022.1076975
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wang et al. 10.3389/fmars.2022.1076975
fluctuated greatly in each season, but the seasonal difference was

not obvious. In terms of regional distribution, however, the

concentration in the northeastern part of the survey area during

spring was lower than that during summer and autumn. Hg

concentration showed no significant fluctuation in autumn,

except for stations 3 and 4, and in general, the concentration

in summer was higher than those in spring and fall. The

concentration of As was extremely low during spring, and the

concentration in autumn was higher than that in summer except

for the northeastern part of the study area.
Frontiers in Marine Science 05
3.2 Phytoplankton community
composition

During the study interval, a total of 115 phytoplankton taxa (>

5 mm) belonging to 3 phyla (i.e., Bacillariophyta, Dinophyta, and

Chrysophyta) were identified in the coastal Yellow Sea (Table 2).

95 diatom species were accurately differentiated in the three

seasons, accounting for 82.60% of the total phytoplankton taxa.

Dinoflagellates were the second diverse group (19 species),

representing 16.52% of the total species. Species in other groups
TABLE 1 Range and mean values of environmental parameters in spring, summer and autumn.

Factors Range and Mean Spring Summer Autumn

Temperature (°C) Range 14.70-16.40 23.00-28.30 19.20-20.40

Mean 15.76 ± 0.49 26.01 ± 1.60 19.85 ± 0.41

Salinity Range 31.52-31.68 31.01-31.21 30.20-30.53

Mean 31.61 ± 0.06 31.13 ± 0.05 30.40 ± 0.12

DO (mg L-1) Range 7.23-7.87 6.21-6.99 6.37-6.99

Mean 7.57 ± 0.18 6.81 ± 0.18 6.65 ± 0.17

pH Range 8.30-8.36 7.96-8.21 8.02-8.14

Mean 8.33 ± 0.02 8.08 ± 0.07 8.08 ± 0.03

Chl a (µg L-1) Range 4.42-27.16 22.21-23.10 17.91-21.91

Mean 12.53 ± 6.04 22.61 ± 0.27 19.91 ± 0.96

DIN (µg L-1) Range 7.95-36.93 17.93-139.31 72.24-129.28

Mean 19.85 ± 6.42 67.21 ± 31.05 101.28 ± 17.96

DIP (µg L-1) Range 1.90-8.01 2.91-22.05 9.52-24.38

Mean 3.68 ± 1.45 10.76 ± 5.52 14.88 ± 3.25
f

FIGURE 3

Heavy metal concentrations in different stations during spring, summer and autumn. (A) Cu (µg L-1), (B) Zn (µg L-1), (C) Pb (µg L-1), (D) Cd (µg L-1), (E) Hg
(µg L-1), and (F) As (µg L-1).
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were recorded more sparsely (<1%), including 1 taxon in 1 genus

of Chrysophyta (i.e., Dictyocha fibula) during the three seasons.

These results thus suggested that phytoplankton community were

mainly composed of diatoms and dinoflagellates, but dominated

primarily by diatoms along the coastal Yellow Sea. The specific

classification of phytoplankton taxa in each season is shown

in Table 2.
3.3 Phytoplankton diversity, abundance,
and distribution

3.3.1 Species diversity
The H’ and J indices were applied to evaluate the complexity

of the community structure and, to estimate whether the

community is stable, respectively (Equations 1 and 2). In the

study region, The H’ and J indices showed a similar distribution

pattern in each season along the coastal Yellow Sea (Figure 4).

The lower values were mainly observed in the coastal water,

while the higher values were primarily found in the offshore

water during the three seasons. These results indicated that the
Frontiers in Marine Science 06
coastal region exhibited lower biodiversity and more uneven

species distribution patterns in the three seasons. In terms of

seasonal variation, theH’ index was highest in summer, followed

by autumn and spring, indicating that the biodiversity is highest

in summer. However, there was no significant difference in J

index among the three seasons.

3.3.2 Dominant species and distribution
The top five dominant species selected in each season in the

present study are shown in Table 3. Among the dominant

species, most of which were diatoms in the three season,

except for Noctiluca scintillans which mainly occurred in the

spring. These results further confirmed that the phytoplankton

community along the coastal Yellow Sea was dominated by

diatoms. As shown in Figure 5, the species richness was the

highest in autumn, followed by summer, and the lowest in

spring. It is evident that there was an algal bloom

phenomenon in the coastal water in autumn. The horizontal

distribution of phytoplankton abundance is shown in Figure 6.

The high abundance zones of phytoplankton were found in the

nearshore water during the three seasons. In addition, in
FIGURE 4

Spatial distributions of Shannon-Wiener diversity index (H’) and Pielou’s evenness index (J) during the three seasons along the coastal Yellow
Sea. (a1), (a2) and (a3) represent the H’ index in spring, summer and autumn, respectively. (b1), (b2) and (b3) represent the J index in spring,
summer and autumn, respectively.
TABLE 2 Classification of phytoplankton taxa in each season.

Seasons Spring Summer Autumn

Factors Species number Proportion Species number Proportion Species number Proportion

Bacillariophyta 49 83.05% 63 85.13% 62 83.78%

Dinophyta 9 15.25% 10 13.51% 11 14.86%

Chrysophyta 1 1.69% 1 1.35% 1 1.35%

Total species 59 74 74
f
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autumn, the diversity of dominant species in nearshore waters

declined, and Coscinodiscus granii blooms occurred (Figure 6).
3.4 Relationships between abundance
and environmental parameters

The Redundancy analysis (RDA) was conducted to identify

which environmental variables affected the seasonal variation of

phytoplankton and to gain some insights into the determinants

controlling the seasonal dynamics of phytoplankton abundance

along the coastal Yellow Sea (Figure 7). According to our RDA

analysis, the abundance of dominant species in spring was

positively correlated with DIN and DO content, but negatively

correlated with water temperature (Figure 7A). Similarly, the

abundance of dominant species showed a positive correlation

with DIN during summer (Figure 7B). In contrast, significant
Frontiers in Marine Science 07
positive correlation was observed between the abundance of most

dominant species and water temperature, but the effect of DIN

concentration on their abundance was significantly negative in

autumn (Figure 7C). These results thus indicated that water

temperature and DIN may be the key environmental variables

affecting the seasonal dynamics of phytoplankton abundance in

the coastal Yellow Sea. In addition, our RDA analysis

demonstrated that heavy metals also had significant influences

on the seasonal dynamics of phytoplankton abundance along the

coastal Yellow Sea (Figures 7D–F). During the three seasons, there

were significant correlations between Zn, As, and Hg and

phytoplankton abundance, the implication is that Zn, As, and

Hg were the potential metals that affected the seasonal dynamics

of phytoplankton community. However, this result was in line

with a previous study that heavy metals Hg, Zn, and As had more

or less diverse consequences for the dynamics of phytoplankton in

the Bohai Sea (Wei et al., 2022a), a region that is adjacent to the
A B C

FIGURE 5

Species richness distribution of dominant species in different stations during the three seasons. (A) spring, (B) summer, and (C) autumn.
TABLE 3 The abundance, frequency of occurrence, and dominance index of dominant species among the phytoplankton community in spring,
summer, and autumn along the coastal Yellow Sea.

Seasons Dominant species Abundance (×105 cells L-1) Frequency of occurrence (%) Dominance index

Spring Bacillaria paradoxa 0.53 92.31 0.2436

Noctiluca scintillans 0.48 100.00 0.2353

Nitzschia closterium 0.17 92.31 0.0764

Skeletonema costatum 0.21 65.38 0.0678

Navicula spp. 0.06 84.62 0.0278

Summer Chaetoceros pseudocurvisetus 2.82 100.00 0.3969

Chaetoceros teres 0.52 92.31 0.0685

Chaetoceros lorenzianus 0.46 100.00 0.0663

Chaetoceros affinis 0.43 96.15 0.0598

Bacteriastrum hyalinum 0.30 100.00 0.0451

Autumn Coscinodiscus granii 3.84 96.15 0.4681

Skeletonema costatum 1.06 96.15 0.1234

Thalassiosira spp. 0.99 96.15 0.1161

Coscinodiscus asteromphalus 0.28 100.00 0.0351

Coscinodiscus argus 0.16 100.00 0.0193
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A B

C

FIGURE 6

Horizontal distributions for the abundance of dominant species during different seasons along the coastal Yellow Sea. (A) spring, (B) summer
and (C) autumn.
A B C

D E F

FIGURE 7

The RDA analysis for the relationships between phytoplankton abundance and environmental variables as well as heavy metals during the three
seasons along the coastal Yellow Sea. (A–C) show the relationships between phytoplankton abundance and environmental variables in spring,
summer, and autumn, respectively. (D–F) indicate the relationships between phytoplankton abundance and heavy metals in spring, summer, and
autumn, respectively.
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Yellow Sea and that is also highly affected by anthropogenic

activities (Wang et al., 2018; Wei et al., 2022b).
4 Discussion

4.1 Key factors affecting the
phytoplankton community composition

In the present study, the phytoplankton community were

mainly contributed by diatoms and dinoflagellates, but diatoms

absolutely dominated throughout the coastal Yellow Sea

(Tables 2, 3). Among the top five dominant species of each

season, similarly, most of them were also diatoms, except for

Noctiluca scintillans which only occurred in the spring.

However, our results are quite consistent with previous studies

in the China seas (Guo et al., 2014; Wei et al., 2017; Zhong et al.,

2021; Wei et al., 2022a). For example, Guo et al. (2014) have

explored the seasonal variation of phytoplankton in the East

China Sea (ECS), and concluded that the phytoplankton

community in the ECS were mainly composed of diatoms and

dinoflagellates. Wei et al. (2017) have classified the

phytoplankton community into six ecological provinces in the

Bohai Sea and Yellow Sea, where the spatial distribution of

phytoplankton was depicted by diatoms. Zhong et al. (2021)

have examined the phytoplankton assemblages in the Pearl River

estuary of the northern South China Sea, and revealed that

chain-forming diatoms dominated the phytoplankton

community. Moreover, Wei et al. (2022a) have documented

the response of phytoplankton community to current changing

coastal environment in the Bohai Sea, and suggested that

diatoms were the most abundant and diverse group during the

past three years, representing ~78% and ~82% of total

abundance and taxa on average, respectively. Taken together,

these data demonstrate that our results within this study can be

typical of eutrophication conditions in the coastal ecosystems.

Various theoretical arguments based on laboratory

experiments and field studies have suggested that the

community composition of phytoplankton is always correlated

with the fluctuation of physico-chemical environmental

variables (Xiao et al., 2018). Based on the raw data, our RDA

analysis showed that DIN was strongly related to the dominant

species that were mainly composed of diatoms (Figure 7 and

Table 2). This close relationship in fact seems reasonable, as

diatoms tend to have a competitive advantage when nutrient

concentrations are high, compared to dinoflagellates. For

diatoms, they are typically R-strategists and tend to have

higher maximum rates of carbon-specific nutrient uptake

(Alves-de-Souza et al., 2008; Edwards et al., 2012). As a

mixotrophic group, however, dinoflagellates are very

insensitive to high-nutrient conditions. Therefore, the higher

nutrient concentrations (especially DIN) along the coastal

Yellow Sea favored the diatom growth (Figure 2 and Table 1).
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We also found that water temperature had a potential impact on

the dynamics of dominant diatoms (Figure 7). The temperature

sensitivity of diatoms is consistent with a previous found that

diatoms adapt to a wide range of temperatures, i.e., diatoms have

a wide thermal tolerance in the global scenario (Chen, 2015).

Certainly, our RDA analysis showed that both temperature and

DIN had potential effects on the phytoplankton community

composition, indicating that the temperature effect was very

dependent on nutritional status, which can be either the result of

species specific variation or the interaction of temperature and

nutrient on the same dominant species (Anderson, 2000; Xiao

et al., 2018; Wei et al., 2022a). In particular, the RDA results

showed that the phytoplankton abundance dominated by

diatoms had positive correlations with high temperature at

high DIN concentration in summer (Figure 7B). The

implication is that the response of diatoms to high

temperature may not be a result of innate metabolic

intolerance to super-optimal temperatures, as long as

temperature stress is not accompanied by the additional stress

of nutrient limitation. In contrast, dinoflagellate blooms often

occur at temperatures of ~18 °C when nutrient concentrations

are low (Graneli et al., 2011). In the coastal Yellow Sea, however,

there is a continuous input of terrestrial nutrients (especially

DIN), causing eutrophic conditions, which may thus benefit

diatoms and inhibit dinoflagellates. Altogether, the interactions

of temperature and DIN as well as different nutritional strategies

favor the growth of diatoms but have apparent negative effect on

dinoflagellate species along the coastal Yellow Sea.

Water turbulence may also have a direct impact on the

community composition of phytoplankton in the coastal Yellow

Sea (Guo et al., 2014; Wei et al., 2017). As a result of the complex

hydrological characteristics of the Yellow Sea, internal waves are

a common phenomenon along the coastal Yellow Sea. For

example, many in situ observations (Liu et al., 2009) and

satellite images (Zhao et al., 2014) have reflected the existence

of internal waves in the Yellow Sea. Numerous studies have

shown that the rupture of internal solitary waves can generate

intensified turbulence within the thermocline (Klymak and

Moum, 2003; Moum et al., 2003; Liu et al., 2009). However,

the integrity and metabolism of dinoflagellate cells are

susceptible to turbulence, such as cell division, morphology,

and the nutrient-retrieval migration, while diatoms can thrive in

strong turbulence due to the protection of their cell walls

(Sullivan et al., 2003; Peters et al., 2006; Clarson et al., 2009;

Guo et al., 2014). This can be further confirmed by previous

studies, which have revealed that changes in ocean circulation

and water masses can affect the composition of phytoplankton

community (Wei et al., 2017; Wei et al., 2020). Also, Eriksen

et al. (2018) have proposed that when turbulence levels increase,

the composition of phytoplankton community changes from

dinoflagellates to diatoms. Taken together, water turbulence may

be another factor responsible for the phytoplankton

community composition.
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4.2 Key factors affecting the seasonal
variation of phytoplankton

Previous studies have demonstrated that the seasonal

variation in phytoplankton abundance is mainly affected by

various environmental parameters such as nutrient,

temperature, salinity, light availability and so forth (Chen

et al., 2003; Edwards et al., 2012; Johnson et al., 2013; Guo

et al., 2014; Eriksen et al., 2018; Wei et al., 2022a). According to

our RDA analysis in this study, the abundance of phytoplankton

across the three seasons was closely related to water temperature

and DIN concentration (Figure 7), indicating that water

temperature and DIN may be the determinants controlling the

seasonal variability of phytoplankton abundance along the

coastal Yellow Sea. This result, however, is quite consistent

with previous studies in the Yellow Sea (Lin et al., 2005; Fu

et al., 2009; Zhang et al., 2016; Wei et al., 2017; Liu et al., 2019).

For instance, Lin et al. (2005) have investigated the ecological

responses of phytoplankton abundance and primary production

to environmental changes in the Yellow Sea during 1976-2000,

and suggested that the seasonal dynamics of phytoplankton

abundance are strongly related to DIN and N:P ratios. Fu

et al. (2009) have reported that temperature is an important

regulation factor for the seasonal variability of phytoplankton

biomass size structure in the Southern Yellow Sea. Zhang et al.

(2016) and Wei et al. (2017) have revealed the different

ecological distribution of phytoplankton abundance during

spring in the Yellow Sea, based on the regional variations of

water temperature and nutrients (especially DIN and DIP).

Based on a time series of satellite data on Chl a concentration,

Liu et al. (2019) have determined the mechanisms of

phytoplankton variation in recent decade in the Yellow Sea

during 2003-2015, and found an intimate relationship between

sea surface temperature and phytoplankton. In addition,

diatoms, as the dominant species of phytoplankton along the

coastal Yellow Sea, are typically R-strategists in nutrient uptake

and have a wide thermal tolerance as discussed above (Alves-de-

Souza et al., 2008; Edwards et al., 2012; Guo et al., 2014; Chen,

2015). For example, diatoms can accelerate N assimilation under

nitrate-rich conditions and thus have inherently high growth

rates (Edwards et al., 2012; Chen, 2015). It is noteworthy that the

effect of DIN concentration on phytoplankton abundance was

significantly negative in autumn (Figure 7C). In fact, the DIN

concentration in the coastal Yellow Sea was much higher in

autumn than in spring and summer (Figure 2). The implication

is that DIN was no longer the potential limiting nutrient for the

growth of phytoplankton in the coastal Yellow Sea, instead of a

inhibited factor. Consequently, the significant correlations

between phytoplankton abundance and temperature and DIN

during the three seasons suggest that the seasonal variation of

phytoplankton is associated with the seasonal differences in

temperature and DIN in the coastal Yellow Sea. Certainly,

some physical processes (e.g., Yellow Sea Warm Current,
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YSWC; Liu et al., 2015) or other environmental factors (e.g.,

light availability; Findlay et al., 2006; Fu et al., 2009; Zhang et al.,

2016) in the Yellow Sea may affect the seasonal variability of

phytoplankton abundance, but those would not be discussed in

detail due to the lack of data within our study.

According to the RDA analysis (Figure 7), we also observed

that the phytoplankton abundance was strongly correlated with

heavy metals (especially Zn, As, and Hg) during the three

seasons, indicating that heavy metals also had significant

influences on the seasonal dynamics of phytoplankton. In

other words, Zn, As, and Hg were the main possible metals

that affected the seasonal dynamics of phytoplankton along the

coastal Yellow Sea. This result, however, is in line with a previous

study that metals Zn, As, and Hg have diverse consequences for

the dynamics of phytoplankton in the Bohai Sea (Wei et al.,

2022a). It is well known that some heavy metals are essential

micronutrients but some have no known metabolic function for

phytoplankton growth (Abdou and Tercier-Waeber, 2022; Wei

et al., 2022a). For instance, Zn is an essential element in key

phytoplankton biochemical functions within an optimal

concentration range. Recent studies have also suggested that

Zn may be involved in the biological function and adaptive

evolution of phytoplankton (Mikhaylina et al., 2022; Ye et al.,

2022). In contrast, Hg is thought to be a hazardous metal that

can be accumulated by phytoplankton as well as zooplankton,

but zooplankton are much more sensitive to Hg than

phytoplankton (Zhu et al., 2020; Abdou and Tercier-Waeber,

2022). The positive correlation between phytoplankton

abundance and metal Hg in fall may be a result of the harmful

effect of Hg on zooplankton, which thus reduces the predation

pressure of zooplankton on phytoplankton. Although As was

also related to the phytoplankton dynamic in summer

(Figure 7E), it is generally considered as a non-essential toxic

metal with no knownmetabolic function, and thus more data are

required for future work. Overall, heavy metals can impact the

seasonal dynamics of phytoplankton along the coastal Yellow

Sea with effects that may differ physiologically and functionally.

Additionally, Coscinodiscus granii bloom was observed at

several stations along the coastal Yellow Sea during the autumn

(Figure 5). Analogously, the autumnal blooms in phytoplankton

have also been observed in many eutrophic ecosystems around

the world (Song et al., 2010). The classic theory suggests that

phytoplankton blooms in autumn are related to the vertical

mixing in autumn (Chen et al., 2003; Findlay et al., 2006). This is

because the increased vertical mixing and subsequent

decomposition of stratification in autumn can lead to the

inflow of nutrients into the upper layers of the ocean. The

ocean surface has sufficient light to support photosynthesis,

which is a key for the massive growth of phytoplankton. In

addition, the grazing of zooplankton is affected by the increase of

vertical mixing, it may further promote the growth and

proliferation of phytoplankton (Irigoien et al., 2004; Findlay

et al., 2006; Song et al., 2010). In theory, the combination of the
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above factors can thus initiate a bloom of phytoplankton

in autumn.
5 Conclusions

Marine phytoplankton, as primary producers in marine

ecosystems, play crucial roles in food chains, energy supply,

element cycling, ecosystem functioning as well as the global

biogeochemical cycles. The characteristics of phytoplankton

community and diversity are thus important indicators for

evaluating the nutrient level, pollution status, resource status,

production potential and stability of marine ecosystems. Major

progress has been made in the study of phytoplankton dynamics

in the past decades. However, more studies are needed to

further increase the knowledge of the processes for marine

environments affecting the phytoplankton dynamics, especially

in coastal regions where environmental variables are

comparatively complex. In this study, we conducted 3 cruises

during three different seasons in the coastal Yellow Sea to suggest

that temperature and DIN may be the determinants controlling

the seasonal variability of phytoplankton abundance in this

coastal region. We also found that metals Zn, As, and Hg had

potential affects on the seasonal dynamics of phytoplankton

community along the coastal Yellow Sea. Accordingly, we

suggested that the interaction of water temperature, DIN, and

metals Zn, As, and Hg might be key in driving the seasonal

variation of phytoplankton community that was dominated

by diatoms.
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