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Scenarios of temporal
environmental alterations
and phytoplankton diversity
in a changing bay in the
East China Sea

Yu Wang †, Weibo Wang †, Yaqin Huang, Lin Chang,
Xiaoming Tang, Xuebao He* and Hui Lin*

Third Institute of Oceanography, Ministry of Natural Resources, Xiamen, China
In the context of global change, the stressors of warming and eutrophication

have significant ecological implications in coastal waters. In order to examine the

diversity of phytoplankton and its relationship with water quality, we conducted a

survey of phytoplankton community compositions and their correlation with

environmental changes over four seasons in a eutrophic bay located in the East

China Sea. Through a systematic analysis, we identified diatoms and

dinoflagellates as the primary dominant groups, with the species Skeletonema

costatum, Skeletonema marinoi, Biddulphia sinensis, Thalassiosira eccentrica,

Leptocylindrus danicus, Coscinodiscus oculus-iridis, Coscinodiscus jonesianus,

and Chaetoceros knipowitschi as the most abundant species in all seasons.

Significant seasonal alterations were observed in both environmental settings

and phytoplankton species richness, dominance, and abundance. The

phytoplankton community varied in its response to diverse aquatic

environments and was principally affected by temperature, silicic acid

concentrations, and suspended solids. Elevated temperatures were found to

promote an increase in phytoplankton abundance. However, no clear evidence

of diatom and dinoflagellate succession in relation to N:P ratio was observed

across seasons. Water quality analysis illustrated that the majority of the study

area exhibited a mid-eutrophic with severe organic pollution. The abundance of

phytoplankton was significantly influenced by eutrophication and organic

pollution. The accelerated warming process related to coastal nuclear power

plants and nutrient regime alterations significantly affect the temporal shift of the

phytoplankton community. These findings contribute valuable insights into the

effects of eutrophic environments on the structure of phytoplankton

communities in coastal aquatic systems.

KEYWORDS
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1 Introduction

Coastal aquatic ecosystems possess significant global

socioeconomic importance (Martıńez et al., 2007), and are subject

to substantial impacts from human activities and land–ocean

interactions (Tagliani et al., 2003; Zhao et al., 2005). The

introduction of terrestrial nutrients into coastal waters and the

release of greenhouse gases have been expedited by various

anthropogenic factors, including port services and shipping,

aquaculture, urban domestic sewage, and industrial and

agricultural wastewater, as well as agricultural nonpoint source

pollution. Consequently, these human-induced activities have

resulted in eutrophication and water warming (Cloern, 2001; Rice

et al., 2015; Wang et al., 2018). The subsequent negative impacts,

including algal blooms, organic pollution, hypoxia, and

stratification, pose significant threats to the marine environment

and ecosystem health (Meyer-Reil and Köster, 2000; Marcus, 2004).

Within the context of global climatic change, the combined effects

of rising temperatures and increased nutrient levels from

eutrophication serve as prominent stressors with interconnected

ecological implications in coastal waters (Miyamoto et al., 2019;

Cheung et al., 2021; Wei et al., 2022), ultimately influencing the

physicochemical processes of aquatic systems (Xia et al., 2016;

Freeman et al., 2019; Song et al., 2022).

Phytoplankton, as the primary producer in aquatic ecosystems,

play a crucial role in the microbial food web due to their ability to

utilize nutrients and fix carbon (Cloern and Dufford, 2005; Zhou

et al., 2008; Garmendia et al., 2011). The impact of anthropogenic

nutrient inputs and global warming on marine phytoplankton has

been significant (Novak et al., 2019; Wu et al., 2021). In coastal

ecosystems across the globe, such as the East China Sea, the

discharge of wastewater from tributaries has resulted in frequent

harmful algal blooms (HABs) and subsequent fish mortality. This is

primarily attributed to the increased availability of nitrogen and

phosphate compared to silicon (Carstensen et al., 2007; Wang et al.,

2019; Xin et al., 2019). Frequent HABs are increasingly associated

with the eutrophication of coastal waters (Carstensen et al., 2007).

The nutrient regime shifts have been found to impact the diversity

and complexity of phytoplankton composition and biomass (Song

et al., 2016; Xin et al., 2019), resulting in an increase in HAB

phytoplankton species (Carstensen et al., 2007; Wells et al., 2015;

Song et al., 2016) and a shift in dominant phytoplankton groups

from primarily diatoms to a more balanced presence of diatoms and

dinoflagellates (Wells et al., 2015; Xin et al., 2019; Song et al., 2022).

Long-term studies conducted in coastal East China Sea, using

extensive datasets, have revealed a decrease in diatom abundance

and an increase in dinoflagellate abundance in response to higher

temperatures and eutrophication. This suggests that diatoms and

dinoflagellates exhibit distinct responses to warming and

eutrophication (Chen et al., 2017; Xiao et al., 2018; Gao et al., 2022).

Located in the heart of China’s coastal region, Sanmen Bay

serves as the primary access point to eastern Zhejiang. The region’s

copious marine resources have played a pivotal role in fostering

regional economic and social progress. However, the excessive

exploitation of these resources, coupled with the haphazard

allocation of marine territories and the extensive reclamation of
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land, have exerted significant strain on the natural environment and

delicate ecosystems. Existing scholarly research on Sanmen Bay has

primarily examined its structural density and the biodiversity of

macrobenthos and fishery resources, along with their temporal and

spatial distribution patterns (Yan et al., 2020; Qiu et al., 2022).

Additional investigations have focused on environmental quality,

interannual variation, and the correlation with macrobenthic

communities (Liang et al., 2020; Meng et al., 2022). Furthermore,

certain studies have explored the response of Sanmen Bay to

alterations in water nutrients, wetland areas, and vegetation

resulting from human activities, utilizing remote sensing and

geographic information systems (Chen et al., 2015; Liu et al.,

2021) . In addit ion, previous research has examined

phytoplankton extensively (Zhu et al., 2012; Liu et al., 2015; Xie

et al., 2015; Chen et al., 2017). However, these studies have been

constrained by the utilization of the net collection method, which

proves inadequate in capturing a multitude of noncolonial small-

celled (<76 mm) phytoplankton species. Consequently, this method

leads to an underestimation of depth-averaged phytoplankton

abundance by one to two orders of magnitude when compared to

the water collection method (Jiang et al., 2020). Notably, certain

investigations employing the water collection method have revealed

significant heterogeneity in community composition across three

distinct subregions within Sanmen Bay (Gao et al., 2022). Typically,

Sanmen Bay is characterized as a partially enclosed harbor with an

exposed entrance adjacent to the East China Sea. The bay’s

ecological dynamics are primarily influenced by the confluence of

riverine influxes, the Zhemin Coastal Current, and the Taiwan

Warm Current (Zhu et al., 2012), potentially impacting the diversity

and intricacy of phytoplankton composition (Xie et al., 2015; Chen

et al., 2017; Jiang et al., 2020; Gao et al., 2022). Consequently, the

phytoplankton composition in the bay consists of both freshwater

or brackish species originating from tributaries, such as Pediastrum

simplex, Phormidium tenesmue, and Melosira granulata v.

austissima. Additionally, the presence of neritic eurytopic and

low-salinity species, including Coscinodiscus jonesianus, Ditylum

brightwellii, Synedra ulna and Prorocentrum minimum, can be

attributed to the Zhemin Coastal Current (Jiang et al., 2012; Jiang

et al., 2014; Gao et al., 2022). These species are the primary

dominant organisms during the spring, autumn, and winter

seasons (Jiang et al., 2012; Jiang et al., 2014; Gao et al., 2022).

Furthermore, the presence of warm-water and high-salinity species,

namely Cerataulina pelagica, Chaetoceros pseudocurvisetus, and

Chaetoceros lorenzianus, has experienced a notable surge during

the summer season, primarily attributed to the influence of the

Taiwan Warm Current (Jiang et al., 2012; Chen et al., 2017; Gao

et al., 2022). Recently, the degradation of the aquatic environment

in Sanmen Bay has exerted significant strain on its natural resources

and ecosystems. The ecological alterations resulting from

eutrophication and escalating water temperature in the coastal

region are believed to be the primary catalysts for the

augmentation of phytoplankton abundance and shifts in

dominant species composition (Xiao et al., 2018; Xin et al., 2019;

Gao et al., 2022; Song et al., 2022).

Coastal waters exhibit the greatest susceptibility to the impacts

of human activities. Given the intricate and diverse nature of
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anthropogenic pressure (Borja et al., 2015), the manifestations and

magnitude of these effects can differ significantly across

geographical locations, and even within the same area over time

(Wu et al., 2021; Gao et al., 2022; Wei et al, 2022). Hence, this study

uses a systematic analysis treating the temporal data as various

groups to describe the shift in phytoplankton composition,

abundance, and response to environmental changes in four

continuous seasons in Sanmen Bay. Our objective was to examine

the influence of physiochemical factors, specifically eutrophication

and warming, on seasonal biotic assemblages in relation to the

various sources of pollution.

2 Materials and methods

2.1 Study area

Sanmen Bay (SMB) is located on the coast of the East China Sea

(Figure 1). It is a macro-tidal turbid estuary, with four tributaries

and a maximum tidal range of approximately 2 m at the bay mouth

and suspended sediment concentration of 1.192 kg/m3 in the

middle of the bay (Shou and Zeng, 2015). Stratification in the bay

is negligible due to the strong physical mixing and relatively modest

freshwater input. Tidal current velocities in the bay exceed 30 cm/s

at spring tide and 20 cm/s at neap tide. These velocities are greater

than the critical velocity for sediment motion; therefore, turbidity in

the bay is high, with average annual suspended solids (SS) of 367

mg/L (Editorial Committee of the Bay Chorography in China

(ECBCC), 1992). With the rapid development of human

activities, pollution in the bay is increasing, with ecological

consequences (Shi, 2013; Chen et al., 2017).
2.2 Sample collection

Four survey cruises were conducted in the SMB over the spring

(April), summer (July), autumn (November), and winter (January)
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periods from January 2020 to November 2020, at 30 sampling

stations (Figure 1). Surface seawater samples from each station were

collected with 5 L Niskin bottles at 0.5 m depth. Temperature and

salinity were measured in situ using a YSI salinity meter (model 30).

Water samples for dissolved inorganic nutrient (nitrogen,

phosphate, and silicon) analysis were filtered through a 0.45 mm
cellulose acetate filter and then measured by colorimetric methods

according to The Specification for Marine Monitoring (General

Administration of Quality Supervision, Inspection and Quarantine

(GAQSIQ, 2007a). SS samples were filtered through preweighed

GF/C filters dried to a constant mass at 105°C and weighed. The dry

mass of particles retained on each filter was calculated by

subtracting the filter mass from the dried mass. The chemical

oxygen demand (COD) was measured using alkalic potassium

permanganate according to the specification of standard GB

17378.7–2007 (GAQSIQ, 2007b). The pH values of the seawater

were manually measured using a pH meter (NBS scale, Mettler-

Toledo, S210-k). Dissolved oxygen (DO) levels were determined via

the Winkler titration method (Strickland and Parsons, 1968).
2.3 Eutrophication and organic
pollution assessment

The eutrophication index (Ei) was calculated based on

nutrients, using the following equation (Zhu et al., 2020).

Ei = COD × DIN × DIP × Sc, where Sc (106/4500) is the mean

product of the standard concentrations of COD, dissolved inorganic

nitrogen (DIN), and dissolved inorganic phosphorous (DIP). Ei < 1:

no eutrophication; 1 < Ei ≤ 3: low eutrophication; 3 < Ei ≤ 9: mid-

eutrophication; Ei > 9: heavy eutrophication.

The degree of organic pollution assessment was assessed using

four indicators: COD, DIN, DIP, and DO (Liu et al., 2011).

Ci = CODi/CODs + DINi/DINs + DIPi/DIPs − DOi/DOs, where

Ci is the organic pollution index; CODi, DINi, DIPi, and DOi are the

measured values; and CODs, DINs, DIPs, and DOs are the standard
FIGURE 1

Location of the study area and sampling sites over four seasons in the coastal waters of Sanmen Bay, East China Sea. Red dot represents the nuclear
power plant (NPP). Green rectangle represents a total of 30 stations for water sampling.
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type I seawater quality values of 2, 0.2, 0.015, and 6 (mg/L),

respectively. For Ci, if 1 ≤ Ci ≤ 3, organic pollution is low; if Ci >

3, organic pollution is severe.
2.4 Phytoplankton identification
and abundance

To determine phytoplankton composition and abundance, 500

mL of seawater was collected and preserved in formalin solution at a

final concentration of 2%. In the laboratory, a 100 mL subsample

was used for phytoplankton cell identification and enumeration

using an inverted microscope (Zeiss Imager Z1) at 400× or 200×

magnification, following previously described methods (Utermöhl,

1958). Microscopic observations were conducted according to a

previous study (Fukuyo et al., 1990; Tomas, 1997; Sun and Liu,

2002). A quantitative list of dominant species was established based

on the dominance index according to Tsirtsis and Karydis, 1998.
2.5 Statistical analysis

Data are given as mean values ± standard deviation (SD). One-

way analysis of variance (ANOVA) and significance testing were

used to compare differences among phytoplankton groups using

SPSS 20.0 software (SPSS Inc., Chicago, USA). Prior to conducting

the ANOVA, a normal distribution test was executed. In the event

that the dataset satisfied the criteria for normal distribution

(p>0.05), a T-test was employed. Conversely, if the dataset did

not meet the normal distribution requirements (p<0.05), a non-

parametric Wilcoxon-test was utilized for significance testing.

Linear regression models and t-tests were used to explore the

dynamic trends in various biological and environmental

parameters. Spearman correlation analysis and least squares

regression (regression variance, R2) were applied to establish

relationships between groups of data, such as temperature, pH

versus Ei and Ci. Canonical correspondence analysis (CCA) and

aggregated boosted tree (ABT) analyses were performed to assess

the relationships between environmental settings and

phytoplankton communities, and to quantify the effect of key

environmental settings on biological parameters. Structural

equation modeling (SEM) analysis was employed to assess the

relative direct and indirect impact of key explanatory variables on

different phytoplankton groups. The ABT was constructed in R

using the gbmplus package with 500 trees for boosting and the mgcv

package with GCV smoothness estimation (Rv4.0.2). SEM results

were visualized using the semPlot package (Rv4.0.2). Statistical

significance was set at p < 0.05.
3 Results

3.1 Environmental settings in the SMB

Environmental settings differed significantly (p < 0.05) between

seasons in most cases. The temperature in the study region had high
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temporal variability from 12.12 to 31.59°C in the winter and

summer, respectively (Figure 2A). The variation in salinity

(14.86–28.96) was classically driven by land-based influxes, with

the highest in winter and a decrease from spring to autumn

(Figure 2B). The average SS content reached its maximum during

winter (313.74 ± 212.43) and minimum in the summer (37.09 ±

22.20), with no significant difference between spring and autumn

(Figure 2C). The average DO content varied from 5.87 to 8.91 mg/L,

with the highest concentration in winter (Figure 2D). The average

pH varied within the range of 7.91–8.16, and the values in autumn

and winter were generally higher than those in spring and summer.

Nevertheless, there was no significant difference in pH between

spring and summer (Figure 2E). In contrast, COD (0.31–2.94 mg/L)

showed a temporally increasing trend but no significant seasonal

difference from summer to winter (Figure 2F). Analogously,

nutrient concentrations (i.e., DIN, DIP, and SiO3) showed explicit

seasonal patterns (Figures 2G–I); especially DIN and DIP (0.20–

0.85 and 0.018–0.038 mg/L, respectively), increased in the autumn.
3.2 Eutrophication and organic pollution in
the SMB

The average Ei index ranged between 0.90 and 21.9, with higher

values during autumn and winter (Figure 3A). According to the Ei,

sea areas (>20% coverage) were defined as heavily eutrophic areas

year round (Ei > 9), while mid-eutrophic areas (3 < Ei ≤ 9) covered

>30%, indicating a eutrophic in the entire surveyed area. In most

cases, the average Ci index ranged from 2.20 to 7.43, indicating

severe organic pollution. Overall, the organic pollution status in

autumn was worse than in other seasons (Figure 3B). Furthermore,

the temporal trends for the Ei and Ci indices were broadly similar.

pH was positively correlated with both Ei and Ci indices (p < 0.001)

(Figure 3C), suggesting that variation in pH has a large impact on

the level of eutrophication and organic pollution. It is possible that

water acidification owing to reduced pH gradually would alleviate

this eutrophication and organic pollution. Both Ei and Ci indices

were correlated with water temperature, but with different

interactions (Figure 3D): the Ei index was positively correlated

with temperature, implying that elevated temperatures (i.e., ocean

warming) would intensify coastal eutrophication, in comparison,

the Ci index was negatively correlated with temperature, suggesting

that ocean warming would mitigate organic pollution.
3.3 Phytoplankton community structure

A total of 118 taxa were identified over all seasons (including

species, varieties, and forms), comprising 84 diatoms, 28

dinoflagellates, 1 euglenophyte, 3 cyanobacteria, and 2 chrysophytes.

Diatoms were the dominant group, accounting for approximately

71.2% of the taxa and 82.6% of phytoplankton abundance on

average, while dinoflagellates accounted for 23.7% of the taxa and

10.8% of phytoplankton abundance on average. There were remarkable

seasonal variations in phytoplankton compositions (Figure 4), with

species richness increasing from spring to summer and decreasing in
frontiersin.org
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cold seasons (Figure 4A). Phytoplankton abundance was also markedly

higher in summer (80.04 ± 53.14 × 103 cells/L on average with a

maximum of 213.8 × 103 cells/L) than in other seasons, with a

nonsignificant difference between spring and autumn (Figure 4B).

The abundance of the diatoms (from 4.2 to 205.8 × 103 cells/L)

followed the same seasonal trend, with a nonsignificant difference

between spring and autumn (Figure 4C), and the abundance of

dinoflagellates in summer (3.83 ± 2.55 × 103 cells/L) was slightly

greater than in other seasons, with a significant temporal difference

across the four seasons (Figure 4D).

The dominant species were mainly colonial diatoms of either

single-celled or multicellular cells (Figure 5). The chain-forming

diatoms Skeletonema spp. and Paralia sulcata dominated in all

seasons (Y > 0.20). The chain-forming Skeletonema. spp. was the
Frontiers in Marine Science 05
most abundant species in all seasons (Y > 0.15) except in summer,

when the dominance of Skeletonema marinoi was 0.095. The most

abundant chain-forming P. sulcata and Skeletonema costatum in

spring had the greatest dominances, which matched their large

proportions in total phytoplankton abundance. The most dominant

species in summer was small single-celled Ditylum brightwellii with

a dominance of 0.218, followed by chain-forming Leptocylindrus

danicus (0.196) and large single-celled Biddulphia sinensis (0.158).

Some chain-forming diatoms, such as Chaetoceros lorenzianus and

Chaetoceros knipowitschi, were dominant in the summer. In

autumn, the predominant species were largely chain-forming

Thalassionema nitzschioides, with a dominance index of up to

0.16. Colonial Thalassiosira subtilis had its highest dominance

(0.083) in autumn. In winter, the maximum dominance value
A B

D E F

G IH

C

FIGURE 2

Alternations of environmental parameters in different seasons. (A) temperature, (B) salinity, (C) suspended solids, (D) DO, (E) pH, (F) COD, (G) DIN,
(H) DIP, (I) SiO3. Different colored boxes represent four different seasons. For boxplot figures, the box border: the interquartile range; the horizontal
line in the box: average value; the upper and lower vibrissae: range beyond the upper and lower quartiles, respectively; grey dots: outliers.
Significance indicated by the asterisks (p-value: * <0.05, *** <0.001, **** <0.0001). ns indicates nonsignificance.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1303497
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wang et al. 10.3389/fmars.2023.1303497
(0.114) was attributed to small single-celled Coscinodiscus radiates.

Some large single-celled diatoms, such as Coscinodiscus oculus-

iridis, Coscinodiscus jonesianus, and Coscinodiscus subtilis, were also

dominant in winter. Consequently, phytoplankton community was

primarily dominated by diatoms. Skeletonema marinoi, S. costatum,

P. sulcata, B. sinensis, and C. oculus-iridis always dominated in this

region, even though the top eight dominant species varied widely

with season. These results suggest that environmental changes

could affect the phytoplankton community, but that some

dominant diatoms have a strong adaptability or tolerance to

these changes.
3.4 Relationships between phytoplankton
and water quality indicators

A CCA (Figure 6) and Spearman matrix (Figure 7A) were

performed to examine the relationships between phytoplankton

communities and environmental settings. Nutrients, temperature,

and SS were the major variables associated with phytoplankton

abundance throughout the year. Weak correlations between
Frontiers in Marine Science 06
phytoplankton abundance and the N:P ratio were found in all

seasons. The common HAB species, Skeletonema spp., was

positively correlated with nutrients and the N:P ratio in spring and

summer, and positively correlated with salinity and DO in autumn

and winter. The chain-forming diatoms (e.g., genus Chaetoceros, P.

sulcata, T. nitzschioides, and genus Thalassiosira) were highly

correlated with SS and salinity. Small single-celled diatoms (e.g.,

Cyclotella striata, Nitzschia clostrium, and D. brightwellii) showed less

correlation with environmental settings, but large single-celled

diatoms (genus Coscinodiscus and B. sinensis) were correlated with

high nutrients and high SS concentrations. These findings suggest

that the temporal variation in dominant phytoplankton species was

largely influenced by SS concentrations and N:P ratio in spring,

nutrients and salinity in summer, nutrients and temperature and

autumn, and nutrients in winter, respectively.

An ABT analysis was ran to further quantify the effects of

environmental settings on major phytoplankton populations

(Figure 7B), which revealed that the major predictors were

population specific. Specifically, SiO3 was the major predictor of

diatom abundance. In contrast, Gymnodinium catenatum and

Akashiwo sanguinea, which are dinoflagellates, experienced
A B

DC

FIGURE 3

Alternations of eutrophication index (Ei), and organic pollution comprehensive index (Ci) in different seasons. (A) Ei, (B) Ci. (C) significant relationships
between pH and Ei and Ci, (D) significant relationships between temperature and Ei and Ci. Colored lines in panels (C, D) represent the least squares
regression, which shows statistically significant for both cases (R2 and p-value). Shaded areas are 95% confidence bands. Significance indicated by
the asterisks (p-value: *** <0.001, **** <0.0001). ns indicates nonsignificance.
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favorable conditions in the form of warm temperatures, low salinity,

and low DIP concentrations. Thus, temperature emerged as the

primary determinant of dinoflagellate abundance, and temperature,

SiO3, and SS were identified as the primary predictors of overall

phytoplankton, diatoms, and dinoflagellates. The relative influence

of each factor was not high (<20%), except for temperature (>30%).
Frontiers in Marine Science 07
Consequently, the causal relationships between phytoplankton

abundance and relevant environmental parameters were examined

using SEM (Figure 8). We focused on interactions between

temperature, salinity, N:P ratio, SiO3, Ei and Ci index (water

quality assessment indices) as the importance of these variables

was indicated in the above mentioned analysis (Figures 6 and 7).
A B

DC

FIGURE 4

Alternations of phytoplankton community in different seasons. (A) species richness, (B) phytoplankton abundance, (C) diatom abundance, (D)
dinoflagellate abundance. For boxplot figures, the box border: the interquartile range; the horizontal line in the box: average value; the upper and
lower vibrissae: range beyond the upper and lower quartiles, respectively; grey dots: outliers. Significance indicated by the asterisks (p-value: *
<0.05, ** <0.01, *** <0.001, **** <0.0001).
FIGURE 5

Alternations of phytoplankton dominant species in different seasons. The magnitude of dominance index (Y) for phytoplankton species is indicated
by color intensity changing from light blue to dark blue.
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The model results showed that both Ei and Ci indices had a

significant direct effect on phytoplankton abundance. Ei had a

significant positive effect on phytoplankton abundance but a

nonsignificant negative effect on diatom abundance. The Ci index

had a nonsignificant negative effect on both diatom and

dinoflagellate abundance. The Ei and Ci indices exhibited a

positive interaction with each other. Temperature and SiO3 had

positive direct effects on phytoplankton and diatom abundance,

while salinity and N:P ratio had negative direct effects on

phytoplankton and diatom abundance. Temperature, and N:P

ration demonstrated positive direct effects on dinoflagellates,

while salinity had a negative direct effect. An indirect effect of

SiO3 on dinoflagellates was also indicated. Overall, temperature had

the greatest total positive effect and salinity had the greatest total

negative effect (Figure 8).
4 Discussion

4.1 Nutrient regime and water temperature
dynamics in the SMB

SMB has demonstrated a longstanding commitment to

mariculture and related industries since the 1980s (Chen et al.,
Frontiers in Marine Science 08
2015; Liu et al., 2021). The expansion of these activities has been

extensively expanded (Jiang et al., 2012; Ye et al., 2017). The

ecological integrity of the area has been persistently jeopardized

by thermal discharges originating from a coastal power plant. in this

area have also threatened the ecological status for a long time (Liang

et al., 2021; Wang et al., 2022). Consequently, these anthropogenic

activities have resulted in the excessive introduction of pollutants

and nutrients, particularly nitrogen (N) and phosphorus (P), into

the nearshore marine environment. This influx has not only

disrupted the composition of phytoplankton communities but has

also accelerated their growth. In this study, it was observed that

environmental factors and water quality in the SMB exhibited

noteworthy significant seasonal variation (Figures 2 and 3).

Furthermore, the phytoplankton displayed distinct responses to

these temporal alternations (Figures 5–8).

Eutrophication and surface warming pose significant threats to

marine ecosystems, as evidenced by multiple studies (Laurent et al.,

2018; Deininger and Frigstad, 2019; Freeman et al., 2019; Wei et al.,

2022). The influence of nutrients on the phytoplankton community

is widely acknowledged (Irwin et al., 2006; Song et al., 2016; Cloern,

2018; Lee et al., 2021). The findings from the CCA and ABT

analyses provide further confirmation that seasonal variation in

the phytoplankton community are primarily driven by nutrient

levels (Figures 6 and 7B). Table 1 presents a comprehensive
A B

DC

FIGURE 6

The CCA ordination biplots of phytoplankton abundance and environmental settings in different seasons. (A) spring, (B) summer, (C) autumn, and (D) winter.
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depiction of the prolonged fluctuations in averaged DIN, DIP, N/P,

Ei (the eutrophication index), and dominant phytoplankton species

from the 1980s to 2020. Over the course of the past five decades,

there has been a discernible upward trajectory in nutrient content

and N/P ratio. In comparison to the 1980s, the annual average DIN

content in this investigation has experienced an approximate

threefold increase, while the N/P ratio has doubled. Specifically,

the N:P ratio has increased from 13.3 to 28.6 in the SMB (Gao et al.,

2022), and showed an increasing trend from the 1980s to 2015

(Table 1). It was generally higher than the Redfield ratio of 16

(Redfield, 1958), with an average N:P ratio as high as 22 in spring in
Frontiers in Marine Science 09
this study. The strong negative association between most of the

dominant phytoplankton species and N:P ratio, and the positive

relationship with SS, supports the inference that phytoplankton

distribution in spring was principally controlled by lower SS and a

higher N:P ratio (Figure 6). In addition, the SMB has experienced

prolonged eutrophication as a result of its limited water exchange

capacity and excessive input from tributaries. Consequently, the

level of eutrophication (Ei) has significantly escalated (Table 1),

leading to an increase in HAB occurrences and alterations in species

composition caused by human activities (Jiang et al., 2012; Chen

et al., 2017; Gao et al., 2022).
A B

FIGURE 7

(A) Correlation matrix among the various environmental parameters and major phytoplankton groups over all seasons. Spearman correlation
coefficients ranged from negative to positive and are indicated by color intensity changing from blue to red, respectively. Significance indicated by
the asterisks (p-value: * <0.05, ** <0.01, *** <0.001). (B) ABT analysis for the relative effects of environmental settings on abundance of major
phytoplankton groups over all seasons. The blue, green, and red bars represent the ranges of relative effect in >10%, 2–10%, and <2%, respectively.
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TABLE 1 Long-term variation in SMB in averaged nutrient concentration, N/P ratio, eutrophication index and dominant species of phytoplankton in
all seasons.

Time

Nutrient
concentration

(mg/L)
N/
P

ratio

Ei
index

Phytoplankton dominant species in
all seasons

Reference

DIN DIP

The 1980s 0.26 0.032 17.80 4.59 Coscinodiscus spp., D. brightwellii, and Nitzschia spp.
Committee of Chronicles in China

Gulf, 1992

Year 2002-2003 0.49 0.026 42.35 2.35
S. costatum, P. punges, C. pseudocurvisetus, and

D. brightwellii
Ning, 2005

Year 2006-2007 0.62 0.033 41.90 4.18
Coscinodiscus spp., C. lorenzianus, C. pseudocurvisetus,

and C. fusus

Committee of Zhejiang Coastal
Ecology and Environmental

Capacity, 2015

Year 2015-2016 0.63 0.036 39.18 6.57
C. jonesianus, C. oculus-iridis, C. pseudocurvisetus,

Skeletonema spp., and T. frauenfeldii
Chen et al., 2017

Year 2020
0.57
± 0.18

0.038
± 0.010

21.73
± 9.30

5.95±
3.95

S. costatum, S. marinoi, B. sinensis, T. eccentrica, L.
danicus, C. oculus-iridis, C. jonesianus, and

C. knipowitschi
This study
F
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Phytoplankton

Diatom

Dino

Ei
Ci

Temp

Salinity

Si

N:P

positive

0.51 0.23

negative

0.22

Chisq=13.798, p=0.055, GFI=0.965, CFI=0.987

0.01
0.01

0.79

0.43

-0.01
0.72

0.90

-0.21
-0.02

-0.23

-0.02

-0.02

-0.14

0.90

0.49

-0.13
-0.14

0.29

-0.12

FIGURE 8

Structural equation model (SEM) analysis examining the effects of relevant environmental parameters (temperature, salinity, N:P ratio, SiO3) and water
quality assessment indices (Ei and Ci index) on major phytoplankton groups over all seasons. Solid blue and red lines indicate significant positive and
negative effects at p < 0.05, respectively, and dashed blue and red lines indicate nonsignificant positive and negative effects, respectively. Values
associated with arrows represent standardized path coefficients.
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In the past 50 years, the composition of dominant species in the

SMB has been influenced by the presence of chain-forming diatoms,

which have partially constrained the dominance of large single-

celled diatoms (Table 1). The proliferation of chain-forming

diatoms has been observed to occur at a faster rate under

conditions of high nutrient content, as supported by studies

conducted by Finkel et al. (2010); Wang et al. (2019), and Song

et al. (2016). Furthermore, there has been a significant increase in

the N/P ratio in the SMB over time. This increase has created a

favorable environment for the growth of small-celled chain-forming

diatoms, which have a lower demand for DIP compared to large

single-celled diatoms and dinoflagellates. (Glibert and Burkholder,

2011; Xiao et al., 2018; Xin et al., 2019). Hence, the increasing

prevalence of chain-forming diatoms surpassing large-cell

dinoflagellates, such as genera Ceratium and Prorocentrum, may

have contributed to the disappearance of dinoflagellates as the

dominant species in this study (Figure 5). Throughout the entire

duration of the study, the succession of diatoms and dinoflagellates

in relation to N:P ratios did not exhibit seasonal variation (Figures 5

and 6). Correlation and ABT analysis (Figure 7) indicated that

dinoflagellates possessed a stronger competitive advantage over

diatoms in environments with limited biogenic factors.

Furthermore, the presence of silicates exerted a substantial impact

on diatoms, in addition to their utilization of nitrogen.

Phytoplankton experiencing nutrient limitations are compelled

to adapt to the warming of seawater. The increase in temperatures

has the potential to expedite the absorption of nutrients by

phytoplankton, as evidenced by studies conducted by Berges

et al., 2002; Wu et al., 2021 and Wei et al., 2022. The presence of

the coastal nuclear power plant (NPP) in SMB plays a significant

role in this phenomenon, as NPPs produce substantial quantities of

warm water effluent (Hu, 2004), thereby substantially raising the

temperature of the surrounding aquatic environment (Langford,

1990; Krishnakumar et al., 1991; Zhang et al., 2023). The thermal

discharge from NPPs has the potential to affect phytoplankton

survival, growth, and reproduction (Langford, 1990; Lo et al., 2004;

Poornima et al., 2006; Zhang et al., 2023), resulting in changes to the

upper trophic levels and modification of the ecosystem. The study

observed a clear seasonal fluctuation in temperature, which, in

conjunction with salinity, had a significant impact on the temporal

distribution of phytoplankton (Figure 6) (e.g., Jiang et al., 2014;

Song et al., 2016; Wei et al., 2022). Our findings suggest that

temperature was significantly positively correlated with

phytoplankton abundance, and thus ocean warming would favor

high phytoplankton populations (Figures 7 and 8). Further, elevated

temperatures would intensify the progress of coastal eutrophication

(Figure 3D). Numerous studies have demonstrated that the

concurrent effects of warming and eutrophication have the

potential to amplify the growth and metabolic rates of

phytoplankton, consequently leading to an increase in both the

magnitude and occurrence of phytoplankton blooms, including

HABs (Winder and Sommer, 2012; Xiao et al., 2018; Lee et al.,

2019). Specifically, the occurrence and duration of algal blooms in

subtropical eutrophic waters are frequently linked to thermal

discharge from power plants (Yu et al., 2007; Jiang et al., 2019a;

Jiang et al., 2019b). Nevertheless, this study did not observe any
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blooms throughout the four seasons (Figures 4 and 5). Previous

research has shown that under eutrophic conditions, an increase in

temperature resulting from thermal discharge has led to an

augmentation in phytoplankton abundance in the SMB (Chen

et al., 2017; Gao et al., 2022). The sequence of prevailing species

in the local area was significantly influenced by the thermal

discharge originating from the NPP in SMB. This discharge

facilitated the growth and reproductive activities of C. jonesianus

(Yang et al., 2013), ultimately resulting in the prevalence of

Coscinodiscus during the winter and spring seasons, as depicted

in Figures 5 and 6 of this study.
4.2 Phytoplankton community shift in
the SMB

Phytoplankton, as a primary producer in aquatic ecosystems,

experiences alterations in its community structure due to nutrient

load and hydrologic regimes (Hart et al., 2015; Song et al., 2022).

The present study reveals noteworthy seasonal fluctuations in the

phytoplankton community (Figures 4–6). Additionally, the

hydrologic conditions exhibited temporal variability, thereby

inducing dynamic fluctuations in the phytoplankton community

(Figures 4–6). In particular in spring, the low concentration of

suspended solids and high transparency of the water facilitated the

growth of phytoplankton, leading to an increase in both abundance

and species richness (Cloern and Dufford, 2005; Jiang et al., 2019b)

as depicted in Figures 2C and 4. During the summer, the Taiwan

Warm Current intensified, causing a significant influx of neritic

warm-water species into the bay (Zhu et al., 2012; Jiang et al., 2014).

Concurrently, the intrusion of oligotrophic and highly transparent

seawater resulted in reduced levels of suspended solids and

nutrients (Figure 2). However, the highest abundance and species

richness were found in summer accordingly (Figure 4). A previous

study in the Atlantic coast of the Brazil, which had lower nutrient

loads but greater light availability, also suggested a stimulated

phytoplankton abundance (Cavalcanti et al., 2020). In autumn,

the Zhemin Coast Current, characterized by low salinity and high

nutrient content, exerted control over the system (Zhu et al., 2012;

Jiang et al., 2014). This resulted in an increase in suspended solids

concentration and a decrease in transparency, which disrupted the

water environment (Figure 2C). Consequently, the growth of

phytoplankton species was constrained, leading to a significant

decline in abundance and species richness compared to the

summer season (Figure 4) (Chen et al., 2017; Gao et al., 2022).

However, due to the persistence of warmer water temperatures, a

certain abundance of warm-water species managed to survive (Shou

and Zeng, 2015; Gao et al., 2022). During the winter season, the bay

experienced elevated levels of suspended solids primarily attributed

to the intensified hydrodynamic forces. Additionally, the

suboptimal temperature conditions hindered the growth of

phytoplankton, resulting in diminished abundance and species

diversity. Furthermore, phytoplankton species richness index

exhibited a value of 19 across the four seasons, signifying a

notable seasonal change in species composition. This occurrence

has been previously recorded, as a study by Tang et al. (2018)
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reported a total of 12 shared species annually in the vicinity of

Zhoushan Island in the East China Sea. The presence of a relatively

diverse local community plays a crucial role in stabilizing the

ecosystem by preserving the proportional abundance of certain

species (Carr et al., 2002). Generally, coastal eutrophication had

profound effects on the diversity and complexity of phytoplankton

composition and biomass. Specifically, it enhanced the frequency of

HAB events accompanied by severe Si limitation (Lin et al., 2001;

Carstensen et al., 2007; Wang et al., 2019; Xin et al., 2019). The ABT

revealed that Si was a major predictor of total phytoplankton,

diatoms, and dinoflagellates (Figure 7B), indicating that the Si

concentration had a significant impact on the relative proportion

of dinoflagellates to diatoms. The significant impact of Si on

dinoflagellates in SMB may be attributed to the presence of a

widely distributed harmful algal bloom specie, A. sanguinea,

which showed substantial abundance during the summer and

autumn in this study. Prior research has indicated that A.

sanguinea may have a preference for nitrate uptake over silicon,

as evidenced by the low nitrate concentration observed (Du et al.,

2011). This finding aligns with the observed negative correlation

between dinoflagellates and DIN concentration throughout the

present study (Figure 7A). The prevalence of A. sanguinea was

observed to be prominent along the coast of Korea, resulting in

blooms in autumn (Kim et al., 2019). Conversely, during the spring

and summer seasons, while interspecific interactions, such

asallelopathy exhibited by centric diatoms, were found to hinder

the formation of these blooms (Figure 5) (e.g. Matsubara et al.,

2008). This dominance of A. sanguinea aligns with the P–Si

limitation observed in recent decades (Wang et al., 2019; Xin

et al., 2019; Song et al., 2022).

Diatoms and dinoflagellates are of significant concern in coastal

waters due to their pivotal role in aquatic ecosystems (Agustı ́ et al.,
2015). These groups exacerbate the impacts of eutrophication and

ocean warming. Chen et al. (2017) demonstrated, through net

collection of phytoplankton, that warm-water species such as

Chaetoceros pseudocurvisetus and Palmeria hardmaniana, which

became dominant in SMB in winter, facilitated the dominance of

abundances. This increased dominance of genus Chaetoceros and P.

hardmaniana indicates that warming influences the phytoplankton

composition in SMB. Gao et al. (2022) posited that the community

structure of phytoplankton in SMB was undergoing a transition

towards cell miniaturization, resulting in a shift in the net collection

of phytoplankton dominant species as warm-water species became

more prevalent. However, our findings based on phytoplankton

collected from water samples indicated that the dominance of genus

Chaetoceros only increased in summer in SMB, and this genus was

not dominant in other seasons (Figure 5). The dominance of small-

celled chain-forming diatoms (particularly genera Skeletonema and

Thalassiosira) increased from spring to autumn, while the

dominance of large single-celled diatoms (e.g. , genus

Coscinodiscus and species D. brightwellii) increased in winter,

suggesting that the shifting of phytoplankton composition toward

cell miniaturization was not evident across seasons (Figures 5 and

6). This is in contradiction to reports from Hangzhou Bay in East

China Sea (Zhang et al., 2015) and Daya Bay in south China Sea

(Wu et al., 2017). Large diatoms such as genus Coscinodiscus and
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species D. brightwellii exhibit a notable ability to absorb and

assimilate nutrients, enabling them to sustain a rapid growth rate

(Philippart et al., 2000). This heightened nutrient consumption

results in diminished nutrient levels. Consistent with the presence

of the diatom genus Coscinodiscus, the winter season witnessed the

second lowest nutrient concentrations in this study (Figures 2

and 6).

Dinoflagellates have been observed to dominate in conditions of

lower DIP and are less sensitive to temperature compared to

diatoms (Glibert et al., 2010; Wells et al., 2015). Previous studies

have indicated a decrease in the proportion of diatom species in

waters as the abundance of dinoflagellate species increases (Chen

et al., 2017; Gao et al., 2022). This shift has been attributed to the

competitive advantage of dinoflagellates over diatoms in

environments characterized by higher N:P ratios and elevated

temperatures (Xiao et al., 2018; Zhang et al., 2021; Wei et al.,

2022). The proportions of dinoflagellates to phytoplankton

abundance in the SMB were constrained by the lower

temperature, higher DIP, and lower light availability (high SS)

across the four seasons (Figures 7 and 8). Nitrophilous diatoms,

particularly the overwhelmingly dominant genera Skeletonema,

Thalassiosira and Thalassionema, were present throughout the

year due to their greater tolerance to environmental variability,

including low salinity and abundant nutrients (Figures 2 and 6).

This finding is consistent with previous studies by Philippart et al.,

2000; Shou and Zeng, 2015; Chen et al., 2017; Jiang et al., 2019a;

Cavalcanti et al., 2020; and Song et al., 2022. The most dominant

eurythermal species, Skeletonema spp., shows a high level of

dominance in the coastal waters of the East China Sea,

particularly in areas such as the Changjiang estuary (Jiang et al.,

2014) and Hangzhou Bay (Zhang et al., 2015). This dominance is

attributed to its ability to exploit community competition within

eutrophic, low-salinity, and turbid waters. The restructuring of

diatom and dinoflagellate communities in coastal ecosystems is

observed to be influenced by eutrophication and warming (Glibert

et al., 2010; Wells et al., 2015; Song et al., 2022). This restructuring is

attributed to changes in nutrient ratios, leading to a transition from

siliceous phytoplankton to nonsiliceous phytoplankton and a

reduction in cell size (Liu et al., 2009; Finkel et al., 2010; Gao

et al., 2022). However, further investigation is needed to fully

understand the impact of warming and nutrient ratio dynamics

on the succession of diatoms and dinoflagellates in the SMB,

necessitating the collection of long-term datasets.
5 Conclusions

The main reason for the deterioration of the coastal

environment is that a large number of pollutants produced on

land are discharged into it, including inorganic nitrogen, active

phosphate, and heavy metals, etc. This study conducted a

systematical analysis of phytoplankton diversity in a eutrophic

area of the coastal East China Sea, integrating environmental

changes and water quality. This study employed a high temporal

resolution. Highly significant seasonal variations in the abundance

and community structure of water-collected phytoplankton and
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environmental settings were identified in the SMB. The results

revealed significant seasonal differences in the phytoplankton

community, primarily driven by variations in temperature, Si

concentrations, and SS. The succession of diatoms and

dinoflagellates related to N:P ratio dynamics was not evident

across seasons, requiring more long-term datasets. In addition,

eutrophication and organic pollution had significant direct effects

on phytoplankton abundance. The significance of NPPs should not

be disregarded or undervalued, particularly in relation to their

impact on phytoplankton responses to eutrophication under

thermal stress. As the construction of NPPs persists along China’s

coastline, it is imperative to allocate additional resources towards

the investigation of these responses. Additionally, unreasonable

development and layout of the marine space, as well as high-

intensity land reclamation, have put intense pressure on natural

resources and ecosystems in SMB. These all need to bring to the

attention and worth pondering with the discussion. A preliminary

understanding of the current state of phytoplankton community

structures and their regulation in SMB will facilitate forthcoming

investigations in evaluating changes across broader spatial and

extended temporal dimensions.
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