Marine Pollution Bulletin 201 (2024) 116179

FI. SEVIER

Contents lists available at ScienceDirect
Marine Pollution Bulletin

journal homepage: www.elsevier.com/locate/marpolbul

E MARINE
POLLUTION
BULLETIN

Check for

Unveiling the evolution of phytoplankton communities: Decades-long e
insights into the southern Yellow Sea, China (1959-2023)

Shujin Guo *™¢, Xiaoxia Sun*"> %"

Feng Wang **

, Jian Zhang ¢, Qingzhen Yao ', Chuanjie Wei *-%,

& Jiaozhou Bay National Marine Ecosystem Research Station, Institute of Oceanology, Chinese Academy of Sciences, Qingdao 266071, PR China
Y Laboratory for Marine Ecology and Environmental Science, Qingdao Marine Science and Technology Center, Qingdao 266237, PR China

¢ National Marine Data and Information Service, Tianjin 300171, PR China
d Center for Ocean Mega-Science, Chinese Academy of Sciences, Qingdao 266071, PR China
€ University of Chinese Academy of Sciences, Beijing 100049, PR China

f Frontiers Science Center for Deep Ocean Multispheres and Earth System, and Key Laboratory of Marine Chemistry Theory and Technology, Ministry of Education, Ocean

University of China, Qingdao 266100, PR China
8 Institute of Oceanology, Chinese Academy of Sciences, Qingdao 266071, PR China

ARTICLE INFO ABSTRACT

Keywords:
Phytoplankton
Long-term variation
Environmental changes
Diatoms
Dinoflagellates
Southern Yellow Sea

We obtained historical and observational data on phytoplankton communities from 1959 to 2023 to explore the
responses of the phytoplankton community structure to long-term environmental changes in the southern Yellow
Sea (SYS), China. The results revealed a decrease in the proportions of diatom cell abundance within the
phytoplankton community by 8 %, accompanied by a corresponding increase in that of dinoflagellates. Dominant
phytoplankton species were mainly chain-forming diatoms before 2000, and large dinoflagellate species from the
genera Tripos and Noctiluca increased their dominance after 2000. Warm-water phytoplankton species have

increased in dominance over the study period. Correlation analysis revealed that the ocean warming and al-
terations in nutrient structure (N/P and Si/N ratios) were mostly responsible for the long-term evolution trend,
and these changes may result in an increase in dinoflagellate harmful algal blooms, reduced efficiency of the
biological carbon pump, and heightened hypoxia in the future, which should draw our attention.

1. Introduction

Phytoplankton plays an important role as the foundation of the
marine food web in the ocean. It can perform photosynthesis and serve
as a vital food source for a diverse array of marine organisms. When
nutrients are sufficient and other environmental conditions are suitable,
it can form harmful algal blooms (HABs) and threaten marine life and
ecological health. Additionally, phytoplankton is deeply involved in
biogeochemical cycles and contributes significantly to nutrient cycling
and carbon cycle in the marine environment (Beaugrand and Reid,
2003). Therefore, it plays a crucial role in maintaining the structure and
function of aquatic ecosystems (Lehtinen et al., 2017). Influenced by
intensive land-ocean interactions, coastal seas exhibit intricate charac-
teristics and are more susceptible to human activities compared to open
oceans (Strokal et al., 2014). Climate change and human activities have
significantly altered marine environments in the coastal sea, with

ongoing global warming leading to elevated seawater temperatures and
the anthropogenic discharge of nutrients into coastal areas experiencing
a rapid increase in recent decades (Wahlstrom et al., 2020). As a kind of
rapidly reproducing and environmentally sensitive organism, how
phytoplankton responds to these environmental changes would have a
significant impact on the aquatic ecosystem stability and functionality in
the coastal sea.

To gain a comprehensive understanding of the impact of environ-
mental changes on phytoplankton communities, it is necessary to
analyze long-term ecological monitoring data. Numerous studies have
illustrated that climate change, nutrient enrichment, and other envi-
ronmental changes can significantly influence phytoplankton commu-
nities. For instance, Jiang et al. (2014) conducted a study analyzing
historical data on phytoplankton communities from 1959 to 2009 in the
Changjiang (Yangtze River) estuary, China, and they observed a striking
decrease in the diatom-dinoflagellate ratio and an escalation of HABs
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over the studied period. Godhe et al. (2015) studied phytoplankton and
environmental data in the coastal southeast Arabian Sea from 1990 to
2010, and they discovered a shift in the phytoplankton community to-
wards higher genus richness and diatom abundance. Wang et al. (2020)
examined the response of the phytoplankton community to changes in
environmental factors in Deep Bay and Mirs Bay in southern China from
1994 to 2016, and they found that the high level of nutrients resulting
from urbanization provided a nutrient base for phytoplankton blooms.
These studies mentioned above emphasize the significance of long-term
ecological study and highlight the diverse ways in which environmental
change can influence phytoplankton communities in coastal areas. Un-
derstanding these dynamics is crucial for the assessment and manage-
ment of coastal marine ecosystems in the future.

The southern Yellow Sea (SYS) is a semi-closed marginal sea of the
Northwest Pacific Ocean, situated between the mainland of China and
the Korea Peninsula. It provides important ecosystem services for
adjacent provinces and regions due to its unique ecological, environ-
mental, and biological resources (Song et al., 2021). Characterized by its
relatively shallow depth, the SYS exhibits a remarkable capacity to
respond rapidly to atmospheric climate changes. Global warming has
induced a noteworthy rise in sea temperature within the SYS, with the
warming trend being four-to-six times higher than the global average
(Xu and Xu, 2022). Besides the rising temperature, nutrient over-
enrichment is another paramount environmental issue in this area
(Chen et al., 2023). The coastal regions on both sides of the SYS are
densely populated, with high levels of socio-economic development. The
intensive land-ocean interactions in the region result in the direct or
indirect input of substantial nutrients loads from rivers, particularly the
Changjiang (Yangtze) River and Yellow River (Liu et al., 2021). Lin et al.
(2005) found that the concentration of dissolved inorganic nitrogen had
increased, and the concentrations of dissolved inorganic phosphate and
dissolved silicate exhibited an overall decreasing trend from 1976 to
2000. Wei et al. (2015) also revealed an increase in dissolved inorganic
nitrogen concentrations during the 1990s compared to the 1950s. The
combined impacts of climate change and human activities have notably
affected the ecosystem of the SYS, leading to evolutionary changes in the
environmental conditions (Xu and Xu, 2022). How these long-term
changes in environmental factors affect the phytoplankton community
is a question worth exploring, which could provide useful information
for the conservation and sustainable management of the marine eco-
systems in this region.

Numerous phytoplankton studies have been conducted in the SYS
since the 1950s (Qian and Chen, 1986; Yu and Li, 1993; Wang, 2003; Fu
et al., 2012; Yang et al., 2016; Luan et al., 2020), primarily employing
plankton nets with a 76 pm mesh size. Early phytoplankton samples
were predominantly collected using this type of net due to Chinese
marine monitoring specifications, while water sampling has been
employed since 2009 (Tian and Sun, 2011; Liu et al., 2015; Lii et al.,
2016; Jiang et al., 2019; Guo et al., 2020a, b). These studies have pro-
vided valuable information for the phytoplankton community structure
and its ecological characteristics such as species composition, cell
abundance, spatial distribution and so on. However, most of these
studies are short-term phytoplankton investigations, and there have
been few studies on phytoplankton community structure over long time
periods in the SYS (Wang et al., 2022), which is not conducive to our
understanding of the long-term changes in the ecosystem of the SYS. In
this study, we focus on phytoplankton data obtained through net- and
water-collection, considering the influence of environmental factors in
the SYS over a period spanning from 1959 to the present. Our primary
objective is to investigate the long-term changes in phytoplankton
communities in response to environmental shifts in the SYS. To
accomplish this, we analyze variations in phytoplankton abundance,
composition, species diversity, and the succession of red tide species.
Additionally, we examine the relationship between phytoplankton data
and environmental parameters. By offering a comprehensive perspective
on the historical and current status of phytoplankton communities in the
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SYS, this study aims to provide useful insights for predicting future re-
sponses to environmental changes and effectively managing the ongoing
anthropogenic pressures in the SYS.

2. Materials and methods
2.1. Study area

The research area under investigation is situated between approxi-
mately 120°E to 124°E and 33°N to 36°N latitude, encompassing a
significant portion of the SYS (Fig. 1).

2.2. Samples collection, analysis and data sources

The data used in the present study are derived from previously
published studies and our own observations conducted during 21 cruises
from 1959 to 2023 in the SYS. The field data for the phytoplankton
survey in this study are elaborated in Table 1. The phytoplankton survey
data incorporated in this research originate from the following sources:
(1) Data of the Yellow Sea from the comprehensive national marine
survey in 1959 (specifically, May, August and November 1959) (Office
of Integrated Oceanographic Survey of China, 1961); (2) Survey data of
the SYS in the spring of 2001 from the 973 project “Ecosystem dynamics
and sustainable utilization of biological resources in the East China Sea
and Yellow Sea”; (3) Survey data of the SYS in the spring of 2009, spring
and fall of 2011, and fall of 2012 from the open voyages of National
Natural Science Foundation of China; (4) Survey data of the SYS in the
summer of 2016, spring and summer of 2017 from the special project of
the Chinese Academy of Sciences “Occurrence mechanism and preven-
tion/control strategies of coastal ecological disasters”; (5) Survey data of
the SYS in the spring, summer, and fall of 2018 from the open voyages of
the Pilot National Laboratory for Marine Science and Technology
(Qingdao), (6) Survey data of the SYS in the spring of 2023 from the
project “Monitoring and enhancement of carbon sink in the coastal sea”.
The sources of other data from published studies are also listed in
Table 1.

Consistent sample collection and analysis methods were applied
throughout each voyage. For net-collected phytoplankton, a standard
shallow-water Net-III (length = 140 cm, diameter = 37 cm, mesh size =
76 pm) was employed. At each station, the net was lowered vertically to
2 m above the seabed at a controlled rate of 0.5 m/s and then drawn to
the surface at 0.1 m/s. The collected phytoplankton samples were placed
into 1 L opaque polyethylene (PE) bottles and preserved using 2 %
buffered formaldehyde. For water-collected phytoplankton, seawater
samples were collected from the surface using 12-L Niskin bottles. 1 L
samples were fixed with 1 % buffered formaldehyde in situ and stored in
PE bottles. Regarding dissolved inorganic nutrients samples, water
samples were initially filtered through 0.7 pm pore size Whatman GF/F
membranes (precombusted at 450 °C for 5 h). The filtrate was then
collected in acid-cleaned 60-mL high-density polyethylene bottles and
stored at —20 °C for subsequent analysis. Samples for chlorophyll a (Chl
a) underwent filtration through cellulose acetate fiber filters (0.45 pm
pore size; Whatman), and 250-500 mL seawater sample was processed
according to the turbidity. Chl a samples were stored in the dark at
—20 °C for further analysis in the laboratory.

In the laboratory, the net-phytoplankton samples underwent thor-
ough mixing, and then 1 mL of the sub-sample was introduced into a
Kolk-witz counting chamber (HYDRO-BIOS, Germany). Identification
and quantification of cells were carried out using an Olympus micro-
scope at x 200 or x 400 magnification. For water-phytoplankton sam-
ples, the samples were meticulously mixed, and a 25 mL sub-sample was
introduced into a Utermohl chamber, then allowed to settle undisturbed
for 24 h. The enumeration of phytoplankton taxa was conducted using
an inverted Olympus microscope at magnifications of x 200 or x 400
(Paxinos and Mitchell, 2000). The Chl a substance retained on filters
underwent analysis using a Turner Design Fluorometer. Prior to
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Fig. 1. Maps of the study area and sampling stations. a) Map of the Chinese seas, including the entire SYS (the dashed rectangle indicates the study area); b) II-
lustrates ocean currents in the SYS (Note: LCC, Lubei Coastal Current; YSCC: Yellow Sea Coastal Current; CDW, Changjiang Diluted Water; YSWC, Yellow Sea Warm
Current); c-e) Depict the locations of survey stations during different time periods, c: Sampling stations from the comprehensive national marine survey in 1959
(Office of Integrated Oceanographic Survey of China, 1961); d: Sampling stations of cruises conducted between 2001 and 2012; e: Sampling stations of cruises
conducted between 2016 and 2023 (detailed information for these cruises is described below).

analysis, Chl a was extracted by incubating the filters in 90 % acetone for
24 h at —20 °C (Trees et al., 2022). Temperature and salinity were
measured in situ using a CTD (SBE 917 Plus). For nutrient analysis, ni-
trate (NO3-N), nitrite (NO3-N), ammonium (NH4-N), phosphate (PO%’-
P), and silicate (SiO%-Si) concentrations were analyzed using a Bran-
Lubbe Quaatro-SFA autoanalyzer according to Aydin-Onen et al.
(2012). The limits of quantification were 0.02, 0.02, 0.03, 0.04, and
0.01 pmol/L for NO3-N, NO3-N, NHZ-N, PO} -P and SiO%-Si, respec-
tively. The sum of NO3-N, NO3-N and NHj-N concentrations was
defined as dissolved inorganic nitrogen (DIN).

To unveil the long-term variation trends of physicochemical pa-
rameters in the SYS, historical data were collected and combined with
our observational data to reflect the long-term variation trends of
environmental parameters. Given that the majority of historical surveys
(predating 2000) in the SYS were primarily concentrated along the 35°N
transect managed by the State Oceanic Administration (SOA) of China,
spanning a radial range of 120.0°E — 124.5°E (Wang, 2020), efforts
were made to ensure the comparability and temporal coherence of the
data. Consequently, data of temperature, salinity, and nutrients per-
taining to the summer (August/July) along 35°N transect in the SYS
were meticulously curated from historical investigations as well as our
own observational data. This comprehensive approach aimed to unveil
the long-term trends in environmental variations in the study area. The
temperature and salinity data encompassed in this study were sourced
from various surveys: those conducted between 1960 and 1998 were
obtained from the SOA of China; those from 2010 to 2011 and 2014 to
2015 were obtained from National Marine Data Information Service
(NMDIS) of China; the other data spanning from 2012 to 2018 were
acquired through our own observations (refer to Table S1). For the

nutrients data, the data for the years 1960, 1992, and 2010 were ob-
tained from the National Marine Data Information Service (NMDIS) of
China; the data from 1977 to 1987, 1998, 2011, and 2015 were derived
from the SOA, and the data from 2012 to 2013 and 2016 to 2017 were
from our own observations (refer to Table S2). Since China only started
monitoring NH7-N from 1985, data for DIN only became available from
1985, and data for PO3~-P and SiO3~-Si have been available since 1960.

To unveil the long-term variations in phytoplankton HABs occur-
rences, this study collected and complied a comprehensive dataset
covering HABs events in the SYS from 1972 to 2022. Information was
sourced from various references, including the book “Investigation and
Assessment of Red Tides (1933-2017) in China” by Liang (2012), the
annual reports such as the “Bulletins of Marine Disasters in China (2009-
2022)”, “Bulletins of Marine Environment Status in China (2009-2022)”,
“Bulletins of Marine Environment Status from the Provinces of Shan-
dong and Jiangsu (2009-2022)” issued by the SOA of China, and Li et al.
(2021).

2.3. Data analysis

To assess phytoplankton community diversity, the Shannon-Wiener
diversity index (H") (Strong, 2016) and Pielou's evenness index (J)
(Lehtinen et al., 2017) were employed. They were calculated using the
following formulas:

N
H = = PilogPi
i=1
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Table 1
Field data for SYS cruises and historical data sources.
Sampling Period No. of Longitude References
method stations and latitude
Net- 1959 (Spring, 21 120°-124°E, Office of Integrated
collected  summer and 33°-36°N Oceanographic
Fall) Survey of China, 1961
1980 9 120°-122°E, Qin et al., 2011
(Summer) 34°-35°N
1986 (Spring) — 120°-125°E, Luan et al., 2020
32°-37°N
2001 (Spring) 27 120°-124°E, Present study
33°-36°N
2002 9 120°-122°E, Qin et al., 2011
(Summer) 48 34°-35°N; Wang, 2003
2002 121°-125°E,
(Winter) 32°-37°N
2005 (Spring) — 120°-125°E, Luan et al., 2020
32°-37°N
2008 9 120°-122°E, Qin et al.,, 2011
(Summer) 34°-35°N
2009 (Spring) 27 120°-124°E, Present study
33°-36°N
2011 (Spring, 27 120°-124°E, Present study

Fall) 33°-36°N

2012 (Fall) 27 120°-124°E, Present study
33°-36°N
2015 (Spring) — 120°-125°E, Luan et al., 2020
32°-37°N
2016 25 120.5°- Present study
(Summer) 124°E, 33°-
36°N
2017 (Spring, 25 120.5°- Present study
Summer) 124°E, 33°-
36°N
2018 25 120.5°- Present study
(Summer, 124°E, 33°-
Fall) 36°N
2023 (Spring) 25 120.5°- Present study
124°E, 33°-
36°N
Water- 2009 (Spring) 30 121°- Tian and Sun, 2011
collected 124.5°E,
33°-37°N
2011 (Spring, 28 121°- Jiang et al., 2019
summer, fall) 125.5°E,
31.5°-36°N
2014 (Spring) 22 121°-124°E, Zhang et al., 2016
32°-36°N
2016 25 120.5°- Present study
(Summer) 124°E, 33°-
36°N
2017 (Spring 25 120.5°- Present study
and summer) 124°E, 33°-
36°N
2018 (Spring, 25 120.5°- Present study
summer, and 124°E, 33°-
fall) 36°N
2023 (Spring) 25 120.5°- Present study
124°E, 33°-
36°N
Note: “—” indicates that the station numbers cannot be obtained.
J "
log,S

where P; represents the proportion of the cell abundance of species i in
the total cell abundance within a sample, and S denotes the species
richness in that sample. The Dominance index (Y) was calculated to
identify the dominant phytoplankton species during each cruise, with
the formula provided below:

y =Dy,
N

where n; represents the sum of cell abundances for species i across all
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samples; N is the sum of cell abundances for all species; and f; is the
frequency of occurrence for species i across all samples.

The increasing or decreasing trends in phytoplankton and environ-
mental parameters data were analyzed using the non-parametric Mann-
Kendall (MK) test in SPSS 26.0 software. The MK test is widely employed
for detecting both ascending and descending trends (Yue et al., 2002). In
this study, statistical significance was acknowledged when p < 0.05.
Notably, the non-parametric MK test offers the advantage of not
requiring adherence to any specific distribution pattern, and it accom-
modates the presence of missing data points. In other data analyses,
instances of missing yearly data were disregarded, and the statistical
evaluations were conducted exclusively on the available dataset. To
explore the relationship between phytoplankton data and environ-
mental factors, Pearson's rank correlations between phytoplankton data
and environmental variables from water samples of all sampling cruises
were calculated using the “ggcorrplot” package and visualized with the
“ggplot2” packages in R software (version 3.6.2) (McKenna et al., 2016).
Statistical significance was defined as p < 0.05.

3. Results
3.1. Long-term variations in environmental parameters

From 1960 to 2018, the sea surface temperature (SST) in the SYS
exhibited a range of 21.51 to 27.49 °C during the summer along the
35°N section. The SST displayed discernible temporal variations, with
an initial increase from 1960 to 1987. Subsequently, a decline occurred
until 1998, followed by a subsequent rise that persisted until 2018.
Notably, temperatures exhibited a consistent upward trajectory
throughout the study period (MK-test, p < 0.05), indicating a warming
rate of 0.61 °C per decade (Fig. 2a). The sea surface salinity (SSS) ranged
from 29.98 to 31.56. Although the SSS exhibited a slightly declining
trend over the study duration (Fig. 2b), statistical analysis indicated that
this trend was not statistically significant (MK-test, p > 0.05).

The long-term variations in nutrient concentrations and ratios within
the surface layer in the SYS are illustrated in Fig. 3. The concentration of
DIN at the surface layer ranged from 1.23 to 3.76 pmol/L, indicating an
ascending trend from 1985 to 2017 (Fig. 3a). Meanwhile, the concen-
tration of PO3 -P fluctuated within a range of 0.06 to 0.27 pmol/L
(Fig. 3b). In general, the PO -P and SiO%’-Si concentrations exhibited a
declining trend from 1960 to 2017. Upon analyzing the long-term trends
of nutrient ratios, it becomes evident that the nitrogen-to-phosphorus
(N/P) ratio has experienced a fluctuating but overall increasing trend
since 1985 (Fig. 3d). This ratio consistently remained above 16:1,
especially after the year 2000. Conversely, the silicon-to-nitrogen (Si/N)
ratio demonstrated a fluctuating yet decreasing trend (Fig. 3e), while
consistently maintaining a value higher than 1:1.

3.2. Long-term variations in phytoplankton community structure

3.2.1. Species number and composition

In total, 424 phytoplankton species, comprising 264 diatoms, 127
dinoflagellates, 15 haptophytes, and 18 other taxonomic species, were
identified with net and water-collected samples in the study area. Di-
atoms and dinoflagellates were the most dominant phytoplankton
groups. For net-phytoplankton samples, the species richness exhibited a
high fluctuating pattern in the SYS (Fig. 4a). The percentage of diatom
species within the overall phytoplankton community showed a gradual
decline from 1959 to 2023 (MK-test, p < 0.05) (Fig. 4c), while that of
dinoflagellate exhibited an increase (MK-test, p < 0.05) (Fig. 4e). For
water-phytoplankton samples, the species richness of phytoplankton
increased from 2009 to 2011, and then displayed a slight fluctuation
trend from 2011 to 2023 (Fig. 4b). Both diatoms and dinoflagellates
demonstrated non-significant increasing/decreasing trends in the pro-
portion of species richness (Fig. 4d, f).
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3.2.2. Phytoplankton biomass (Chl a and cell abundance)

Long-term variations in mean surface Chl a and the maximum sur-
face Chl a value in the SYS are presented in Fig. 5. The mean surface Chl
a concentration ranged from 0.27 to 3.20 pg/L, with an average value of
0.96 pg/L. The lowest value appeared in fall 1996, and the highest value
appeared in summer 2015 (Fig. 5a). Generally, the surface mean Chl a
concentration showed an overall increasing trend from 1996 to 2023
(MK-test, p < 0.05) (Fig. 5a). The surface maximum Chl a concentration
exhibited a similar variation trend to that of the surface mean Chl a
concentration (Fig. 5b).

Long-term variations in the cell abundance of phytoplankton are
depicted in Fig. 6. For net-phytoplankton, cell abundance increased

from 1959 to 2023, despite high variation during this period (MK-test, p
< 0.05) (Fig. 6a). The variation of diatom cell abundance was similar to
that of total phytoplankton abundance (Fig. 6¢), and that of dinofla-
gellate showed a gradually increasing trend (MK-test, p < 0.05) (Fig. 6e).
For water-phytoplankton, cell abundance increased from 2011 to 2023
(MK-test, p < 0.05) (Fig. 6b), and both diatom and dinoflagellate cell
abundance showed a similar variation trend (Fig. 6d, f). From 1959 to
2023, the proportions of diatom cell abundance within the whole
phytoplankton community decreased by 8 % (Fig. 7a), while that of
dinoflagellates increased with a comparable magnitude (Fig. 7c).
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Fig. 4. Long-term variations in the total phytoplankton species number and proportions of diatoms and dinoflagellates species number in the total phytoplankton
community for net- and water-collected samples in the SYS (data source are shown in Table S3).

3.2.3. Variation in dominant phytoplankton species

For net-phytoplankton, the dominant species mainly consisted of
chain-forming diatoms before 2000, such as the genera Chaetoceros,
Thalassiosira, Paralia, Rhizosolenia, and Pseudo-nitzschia (Table 2). After
2000, large dinoflagellates species appeared among the dominant spe-
cies in the SYS, such as the Tripos spp. and Noctiluca scintillans. For
water-phytoplankton, dominant species were mainly composed of
diatom species from 2009 to 2023, and several small dinoflagellate
species also appeared among the dominant species (e.g. Prorocentrum
cordatum and Scrippsiella trochoidea) (Table 2). Generally, the dominant
species shifted from a diatom-dominated community to a diatom-
dinoflagellate co-dominated community in the SYS. In terms of ecolog-
ical habits, the dominant species were mostly eurythermal and
temperate species before 2000 (Table 2). After 2000, subtropical-
tropical phytoplankton species appeared as dominant species more
frequently in both net- and water-collected samples.

3.2.4. Community diversity

For net-phytoplankton, the Shannon-Wiener diversity index (H) of
the phytoplankton community ranged from 1.91 to 2.76 (mean = 2.18
=+ 0.22), and it showed a gradually decreasing trend (MK-test, p < 0.05)
(Fig. 8a). For water-phytoplankton, Hranged from 1.98 to 3.10 (mean =
2.43 £+ 0.30), and no significant increasing/decreasing trend was
observed from 2009 to 2023 (Fig. 8b). For net-phytoplankton, Pielou's
evenness (J) indices ranged from 0.52 to 0.79 (mean = 0.63 + 0.07), and
it showed a gradually decreasing trend over the study period (MK-test, p
< 0.05) (Fig. 8c). For water-phytoplankton, J ranged from 0.58 to 0.77

(mean = 0.65 + 0.05), and no significant increasing/decreasing trend
was observed (Fig. 8d).

3.3. Long-term trends in HABs

The frequency and types of HABs in the SYS are shown in Fig. 9. The
main causative species of HABs have notably changed over the past
several decades. Before 2000, HABs were mainly caused by diatoms,
with only two HAB events caused by dinoflagellates. The dominant HAB
species were mainly Skeletonema spp. and N. scintillans (Table S7). After
2000, the number of HABs caused by dinoflagellates increased
remarkably, accounting for more than half of the total HAB events in the
SYS. Several dinoflagellate species have become the new causative
species of HABs, such as Karenia spp., Gonyaulax spp., Heterosigma spp.
and Akashiwo spp. (Table S7).

3.4. Correlation analysis

The correlation between phytoplankton data and environmental
parameters is depicted in Fig. 10. The phytoplankton cell abundance
exhibited a negative correlation with salinity, while displaying positive
correlations with silicate concentration and the Si/N ratio (Fig. 10a).
Diatom cell abundance showed significant positive correlations with
silicate concentration and the Si/N ratio, along with a significant
negative correlation with salinity and the N/P ratio. For dinoflagellates,
cell abundance exhibited a significant negative correlation with nitrite,
nitrate, DIN, and phosphate concentration. The percentage of diatoms in
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Fig. 5. Long-term changes in mean surface Chl a (a, pg/L) and maximum surface Chl a (b, pg/L) in the SYS (data source is shown in Table S4).

the total cell abundance (diatom%) displayed a significant positive
correlation with phosphate concentration and a negative correlation
with the N/P ratio. Conversely, the percentage of dinoflagellates (%)
demonstrated a significant positive correlation with the N/P ratio and a
negative correlation with the Si/N ratio. As the N/P ratio increases, the
relative abundance of diatoms in the total phytoplankton cell abundance
gradually diminishes, and the lower values of diatom proportion coin-
cide with regions characterized by elevated N/P ratios and diminished
Si/N ratios (Fig. 10b). Conversely, the proportion of dinoflagellates in
total phytoplankton cell abundance shows an increase with the elevation
of the N/P ratio.

4. Discussion
4.1. The increase in warm-water phytoplankton species

Due to their abbreviated generation times, phytoplankton can
exhibit significant sensitivity to climate change (Neukermans et al.,
2018). Warm-water phytoplankton species tend to be more adaptable
than their cold-water counterparts, potentially benefiting from ocean
warming and elevated growth rates (Huertas et al., 2011). Therefore, the
rising sea temperatures accompanying climate change could have pro-
nounced effects on phytoplankton ecological habitats. In this study, the
dominant phytoplankton species in the SYS exhibited a prevalence of
mainly eurythermal and temperate species before 2000 (Table 2).
However, after 2000, there was a discernible shift towards subtropical-
tropical phytoplankton species, exemplified by Guinardia flaccid, Bid-
duphia regia, Rhizosolenia imbricate and Chaetoceros pseudo-curvisetus.
This alteration signifies an increased dominance of warm-water phyto-
plankton species within the study area. The SST in the SYS exhibited a
noteworthy increasing trend over the past decades in this study
(Table 2a), which was consistent with other studies (Park et al., 2015; Li
et al., 2017), providing clear evidence of a warming trend in the SYS.
The elevated temperatures may facilitate the expansion of the

biogeographic ranges of warm-water phytoplankton species, conse-
quently influencing their geographical distribution patterns. Warm-
water species originally confined to lower latitudes seas may extend
their range northward, thereby occupying ecological niches within the
SYS.

The increase in dominance of warm-water species in this study un-
derscores a notable shift in phytoplankton phenology attributed to
regional warming in the SYS. Similar trends have been observed in other
coastal seas, including the Mediterranean Sea (Raitsos et al., 2010),
Baltic Sea (Wasmund et al., 2008), and coastal seas around Australia
(Ajani et al., 2020), where an increasing dominance of warm-water
phytoplankton species has been reported. Chen et al. (2023) studied
phytoplankton community in the Jiaozhou Bay, China, and they found
that cold-water species of phytoplankton decreased during 2020-2021
compared with 2004-2005 (Chen et al., 2023). Beyond phytoplankton,
an increase in warm-water copepod species and warm-water fish has
also been observed in the SYS in recent decades (Liang et al., 2018; Shi
et al., 2020). The results from this study and other studies suggest a
transformative shift of marine ecosystems towards a warmer dynamic
regime in this region.

4.2. Shift from diatom-dominated to diatom-dinoflagellate co-dominated
phytoplankton community structure

In this study, there was a significant decrease in the proportions of
diatom cell abundance within the phytoplankton community in the SYS
(Fig. 7a), accompanied by a notable increase in that of dinoflagellates
(Fig. 7c). The variation of dominant species composition also suggests
that the phytoplankton community structure has evolved from a diatom-
dominated state (before 2000) to a diatom-dinoflagellate co-dominated
state (after 2000) (Table 2). The decline in diatoms proportions and the
concurrent increase in dinoflagellates proportions have also been
documented in other coastal seas worldwide. For instance, Widdicombe
et al. (2010) observed that diatoms decreased while dinoflagellates
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Fig. 6. Long-term changes in net- (cells/L) and water-collected (cells/mL) phytoplankton abundance in the SYS (data source is shown in Table S5).

increased in cell abundance in the Western English Channel from 1992
to 2007. Wasmund et al. (2011) investigated the long-term variation in
phytoplankton communities in the central Baltic Sea from 1979 to 2005,
noting a shift towards higher dinoflagellate abundance and dominance
during this period. Yang et al. (2020) reported substantial increases in
dinoflagellate relative abundance in Daya Bay from 1991 to 2017, and
the frequency of dinoflagellate blooms rising rapidly since the 2000s.
Therefore, this evolution trend of phytoplankton communities is not
only a problem faced by the SYS, but also a problem in several other
coastal seas.

Prior research has demonstrated that alterations in nutrient con-
centrations and composition can exert profound effects on phyto-
plankton community, and diatoms and dinoflagellates exhibit divergent
adaptive strategies in response to nutrient conditions (Fu et al., 2012). In
this study, DIN concentration exhibited an increasing trend, whereas
PO3™-P and SiO3-Si concentrations displayed an overall declining trend
in the SYS (Fig. 3a-c). The trends in N/P and Si/N ratios (Fig. 3d, e)
suggested a transition in the SYS from a N-limited state to a P-limited
and potential Si-limited state according to the Redfield ratio (Ptacnik
et al., 2010). The shift in inorganic nutrient supplies and their ratios
would play a pivotal role in shaping the phytoplankton community
structure. Diatoms, as a wholly autotrophic phytoplankton group, al-
ways exhibit rapid growth and gain dominance under conditions with
sufficient nutrients (Guo et al., 2014; Zhou et al., 2017). The significant

positive correlation between diatom cell abundance and nutrient con-
centrations in this study (Fig. 10a) also verified this view. However, the
growth of diatoms cells is easily inhibited under nutrients limited con-
dition, particularly under phosphorus limitation (Xiao et al., 2018).
Mesocosm experiments conducted in the North Sea and northern Yellow
Sea demonstrated that diatoms struggle to compete at low phosphate
concentrations (Egge, 1998; Liang et al., 2019). The significant negative
correlation between the relative abundance of diatoms and N/P ratios
(Fig. 10a) in this study further supports this observation. In contrast to
diatoms, many dinoflagellate species possess the ability to utilize dis-
solved organic phosphate (DOP) with alkaline phosphatase enzymes
under phosphorus limitation (Lin et al., 2012). Furthermore, many di-
noflagellates species exhibit mixotrophic/heterotrophic modes, such as
direct engulfment of prey, peduncle feeding, and pallium feeding (Jeong
et al., 2010; Sherr and Sherr, 2007). Field studies have revealed that
phosphorus limitation commonly stimulates dinoflagellates to ingest
particulate nutrients (Stoecker, 1999), potentially contributing to their
survival advantage over diatoms in phosphorus-limited condition.
Therefore, the observed decline in diatom proportions and the concur-
rent rise in dinoflagellate proportions can be attributed to variations in
nutrients ratios in the SYS. This aligns with the findings of Xiao et al.
(2018) in the coastal East China Sea, where they predicted a 19 %
decrease in diatoms and a 60 % increase in dinoflagellates by the year
2100 in response to increasing N/P ratios and decreasing Si/N ratios.
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Fig. 7. Long-term changes in the proportion of diatoms and dinoflagellates in total phytoplankton cell abundance for net- (a, ¢) and water-collected (b, d)

phytoplankton in the SYS (data source is shown in Table S5).

It should be noted that several studies present different results on the
long-term variation trend in phytoplankton community in the coastal
sea. Hinder et al. (2012) monitored diatom and dinoflagellate abun-
dance in the northeast Atlantic and North Sea from 1960 to 2009,
discovering a decline in dinoflagellate abundance, accompanied by an
increase in diatom abundance. Godhe et al. (2015) analyzed the long-
term trends in the phytoplankton community in the coastal south-
eastern Arabian Sea between 1990 and 2010, founding an increase in
diatom abundances. Totti et al. (2019) explored the interannual vari-
ability of phytoplankton from 1988 to 2016 in the coastal Adriatic Sea,
observing a decrease in dinoflagellate abundance and an increase in the
frequency of diatom blooms. These divergent trends in diatom/dino-
flagellate proportion variations underscore the non-uniformity of re-
sponses across different coastal seas. Such variations may be linked to
the distinctive environmental conditions characterizing each specific
region.

4.3. Reduction in phytoplankton diversity

The Shannon-Wiener diversity index (H) is one of the most widely
employed metrics for quantifying species diversity. Its significance lies
in its close association with the trophic state of water bodies, serving as
an indicator of potential ecosystem modifications resulting from the
impacts of climate change and human activities. The changes in
phytoplankton diversity have far-reaching implications for fundamental
ecosystem functions and processes, including biomass production, water
quality maintenance, as well as the entire marine ecosystem structure.
These changes, in turn, can have consequences for the ocean's capacity
for food production and climate regulation (Vallina et al., 2014). In the
present study, the H for the net-phytoplankton community exhibited a
range from 1.91 to 2.76 in the SYS (Fig. 8a). This range was notably
lower than those reported in the Mediterranean Sea (2.4-3, Ignatiades
et al., 2009) and the southeastern Arabian Sea (2.30-4.59, Minu et al.,

2014), but comparable to values documented in other coastal seas, such
as the Bohai Sea (1.67-2.47, Wang et al., 2019) and the East China Sea
(0.64-3.10, Noman et al., 2019). Compared with 1959, there was a
substantial decrease by 27 % in the H in 2023 in the SYS (from 2.76 to
2.01) (Fig. 8a). Simultaneously, Pielou's evenness (J) indices experi-
enced a decline of almost 23 % (from 0.79 to 0.61) during the same
period (Fig. 8c). These observations indicate an evolving trend towards a
more unstable and unbalanced marine ecosystem in the SYS.

Climate change and anthropogenic impacts are likely to drive
biodiversity loss, leading to a decrease in ecosystem stability, thereby
influencing both the functioning and structure of marine ecosystems
(Henson et al., 2021). The warming of the oceans and alterations in
nutrient supply are anticipated to compel a reorganization of phyto-
plankton communities. The decline observed in the phytoplankton di-
versity index in this study was quite consistent with that of Henson et al.
(2021), in which they predicted that the Shannon-wiener diversity index
and Pielou's evenness indices would decrease at temperate latitudes in
the North Pacific by the end of century. This diminishing trend in
phytoplankton diversity suggests a shift of phytoplankton community
towards a dominance of a fewer specific phytoplankton taxa, rather than
a more ‘balanced’ state. This transformation may pose significant chal-
lenges to the productivity of the entire marine food web, with poten-
tially greater consequences at higher trophic levels compared to the
impact on phytoplankton.

4.4. Potential impacts on the ecosystem of the SYS

In this study, the rise in the prevalence of dinoflagellate HABs, as
illustrated in Fig. 9 and Table S7, constitutes a significant evolutionary
aspect of HABs in the SYS over the past few decades. The dinoflagellate
cysts, potentially serving as a “seed bank” for dinoflagellate HABs, have
also exhibited noteworthy increases in the SYS (Kim et al., 2018; Dai
et al., 2020), providing support in sedimentary records for this trend.
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Long-term changes in dominant species composition of net- and water-collected phytoplankton in the SYS (data source are shown in Table S1). Bold fond represents

dinoflagellate species.

Time Main dominant species Reference
Net-sample Spring, 1959 Rhizosolenia sinensis, Ditylum brightwellii, Navicula spp., Chaetoceros spp., Thalassiosira spp. This study
Summer, Paralia sulcata”, Hemiaulus spp., Rhizosolenia spp., Nitzschia spp., Coscinodiscus spp. This study
1959
Fall, 1958 Hemiaulus spp., Thalassiosira spp., Rhizosolenia spp., Pardlia sulcata’, Nitzschia spp. This study
Summer, Skeletonema costatum”, Dactyliosolen mediterraneus® Qin et al., 2011
1980
Spring, 2001 Chaetoceros spp., Thalassiosira spp., Rhizosolenia spp. This study
Summer, Guinardia flaccida®, Pseudo-nitzschia pungens®, Chaetoceros densus”, Rhizosolenia styliformis”, Bacillaria paradoxa” Qin et al., 2011
2002
Winter, 2002 Coscinodiscus spp., Chaetoceros spp., Achnanthes longipos‘, Biddulphia regia®, Corethron hystrix” Wang, 2003
Summer, Thalassiothrix frauenfeldii®, Eucampia zoodiacus®, Chaetoceros compressus”, Chaetoceros affinis’, Tripos fusus* Qin et al., 2011
2008
Spring, 2009 Skeletonema sp.", Noctiluca scintillans®, Chaetoceros lorenzianus®, Paralia sulcata”, Coscinodiscus radiatus” This study
Spring, 2011 Ditylum brightwellii*, Navicula spp., Chaetoceros spp., Rhizosolenia spp., Thalassiosira spp. This study
Fall, 2011 Chaetoceros spp., Tripos spp., Coscinodiscus spp. This study
Winter, 2011 Paralia sulcata”, Bacillaria paradoxa®, Navicula corymbosa®, Phaeocystis sp.” Gao et al., 2013
Summer, Chaetoceros spp., Tripos breve®, Noctiluca scintillans®, Coscinodiscus spp. This study
2012
Fall, 2012 Pseudo-nitzschia spp., Chaetoceros pseudo-curvisetus®, Rhizosolenia imbricata®, Tripos spp. This study
Summer, Rhizosolenia spp., Pseudo-nitzschia spp., Chaetoceros spp., Tripos spp., Coscinodiscus spp. This study
2013
Spring, 2017 Thalassiosira spp., Chaetoceros femur”, Tripos spp., Paralia sulcata”, Coscinodiscus spp. This study
Summer, Chaetoceros debilis®, Chaetoceros pseudo-curvisetus®, Chaetoceros curvisetus®, Chaetoceros costatus’, Chaetoceros affinis” This study
2017
Fall, 2018 Detonula pumila®, Skeletonema spp.”, Pseudo-nitzschia pungens®, Tripos fusus® This study
Spring, 2023 Chaetoceros spp., Tripos horridum”, Eucampia zoodiacus®, Pseudo-nitzschia delicatissima®, Coscinodiscus Jjanischii’ This study
Water- Spring, 2009 Prorocentrum dentatum®, Pseudo-nitzschia delicatissima®, Paralia sulcata®, Nitzschia sp., Karenia sp. Tian and Sun,
sample 2011

Spring, 2011
Summer,
2011

Fall, 2011
Winter, 2011
Spring, 2014
Summer,
2016
Spring, 2017
Summer,
2018

Fall, 2018
Spring, 2023

Thalassiosira pacifica®, Chaetoceros cinctus®, Pardlia sulcata”, Ditylum brightwellii‘, Prorocentrum cordatum”

Paralia sulcata”, Distephanus speculum var. octonarium®, Heterocapsa cf. circularisquama®, Scrippsciella trochoidea®,
Chaetoceros costatus”

Coccolithophores spp., Rhaphoneis amphiceros’, Paralia sulcata”, Scrippsciella trochoidea®, Thalassionema nitzschioides
Pardlia sulcata®, Rhaphoneis amphiceros®, Cryptophytes spp., Scrippsciella trochoidea®, Thalassionema nitzschioides®
Guinardia delicatula®, Ditylum brightwellii‘, Paralia sulcata®, Chaetoceros spp., Prorocentrum cordatum”

Tripos fusus®, Dictyocha fibula®, Tripos horridum, Paralia sulcata”, Prorocentrum cordatum”

Pardlia sulcata®, Thalassiosira nordenskioldii, Thalassiosira pacifica®, Pseudo-nitzschia delicatissima’, Prorocentrum cordatum”
Nitzschia spp., Guinardia flaccida®, Leptocylindrus danicus‘, Hemiaulus sinensis, Pseudo-nitzschia delicatissima“

Pardlia sulcata®, Chaetoceros curvisetus®, Pseudo-nitzschia delicatissima®, Donkinia recta, Coscinodiscus spp.
Eucampia zoodiacus®, Thalassionema nitzschioides®, Chaetoceros curvisetus®, Pseudo-nitzschia delicatissima‘, Scrippsiella

Jiang et al., 2019
Jiang et al., 2019

Jiang et al., 2019
Jiang et al., 2019
Zhang et al., 2016
This study

This study
This study

This study
This study

trochoidea™

@ Subtropical-tropical species.
b Eurythermal species.
¢ Temperate species.

Therefore, dinoflagellates HABs have been increasing in their domi-
nance in various HAB types in the SYS. HABs can produce algal toxins,
which are responsible for >60,000 intoxication incidents per year
worldwide (Heil and Muni-Morgan, 2021). Besides this, HABs can also
be responsible for the loss of commercial value to coastal communities
through closing of fisheries and decreased tourism (Wells et al., 2020).
The SYS plays a pivotal role in providing a multitude of highly valuable
ecosystem services, encompassing primary and secondary productivity,
and the support of economically significant fisheries and aquaculture
activities (Song et al., 2021). The alterations observed in diatoms and
dinoflagellates HABs in the SYS can have significant implications for
these crucial services, which needs to be carefully monitored in the
future.

Shifts in the phytoplankton community structure can also have
profound impacts on the biological carbon pump (BCP) efficiency in the
ocean. The BCP plays a pivotal role in the transfer of CO, from the at-
mosphere to the oceans and subsequently to the sea bottom. The effi-
ciency of the BCP is significantly influenced by phytoplankton
community structure (Basu and Mackey, 2018). Cai et al. (2015) found a
strong correlation between particulate organic carbon (POC) export flux
and the fraction of diatoms in the coastal South China Sea. Le Moigne
et al. (2015) found that POC export efficiency was higher in blooming

10

diatom dominated areas than that in mixed communities dominated
areas. Different phytoplankton groups exhibit variations in the size and
composition of their cell walls and coverings, which influence their
sinking velocities. Notably, diatoms are highly effective in transporting
carbon to depth by forming rapidly sinking aggregates (Tréguer et al.,
2018). Moreover, diatom cells are inherently heavy among phyto-
plankton groups due to their frustules, which are composed of biogenic
silica and acts as ballast (Durkin et al., 2013). Consequently, diatoms are
highly efficient in transporting carbon to depths within the ocean. Di-
noflagellates, however, usually sink slower than diatoms in the water
column due to the absence of the ‘ballast effect” of silica walls and their
weaker ability to form large-size aggregates (Guo et al., 2016). There-
fore, the relative abundance of diatoms and dinoflagellates, or the
prevalence of either group, becomes a determining factor in the pro-
portion and quality of organic carbon settling to the sea floor and the
degree of disintegration in the upper water column (Siegel et al., 2023).
A diatom-dominated community tends to contribute to a conspicuous
flux of organic matter, while a dinoflagellate-dominated community is
more likely to disintegrate in the upper mixed layer, fueling the mi-
crobial food-web in the productive layer due to their slower sinking
velocities (Guo et al., 2016; Spilling et al., 2018). Therefore, the
increasing dominance in dinoflagellate and the decreasing dominance in
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Fig. 8. Long-term changes in Shannon-Wiener diversity index (H) (a, b) and Pielou's evenness (J) (c, d) of net- and water-collected phytoplankton in the SYS (data

source is shown in Table S6).

Frequency

14 -
12 -
10 -
g |
6 -
4
gl " =
0.

m Diatom H Dinoflagellate

1972-1989 1990-1999  2000-2004

2005-2009

2010-2014 2015-2019 2020-2022
Year

Fig. 9. Long-term variation in frequency of harmful algal blooms (HABs) caused by diatoms and dinoflagellates in the SYS.

diatoms in the SYS (Fig. 7) may lead to a lower BCP efficiency in the
future (Fig. 11).

The rise in dinoflagellate dominance within the phytoplankton
community would result in slower sinking velocities and longer resi-
dence times of phytoplankton organic carbon in the water column,
which would favor more apparent oxygen utilization (AOU) within the
water column, leading to an enhancement of oxygen depletion and a
decrease in dissolved oxygen (DO) concentrations. Wei et al. (2021)
found that hypoxia is primarily attributed to the intensified water col-
umn oxygen consumption by slowly sinking particulate organic carbon
in the central Bohai Sea, which is associated with the shift in phyto-
plankton community structure towards an increase in dinoflagellate
proportion. In the SYS, the DO concentration has also shown a declining
trend over the past several decades (Li et al., 2015; Guo et al., 2020a, b),
and this aligns with the increasing proportion of dinoflagellates in this
area (Fig. 7). Therefore, the effect of the rise in dinoflagellates on the
reduction in DO concentrations in the SYS warrants further attention in
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future investigations. Understanding these dynamics is crucial for
comprehending the potential consequences of shifts in phytoplankton
community structure on oxygen levels within the water column, which
has broader implications for the overall health and functioning of the
marine ecosystems in the SYS.

5. Conclusions

Contemporary marine ecosystems face various global change phe-
nomena, encompassing climate change and shifts in nutrient conditions.
To get a comprehensive understanding and, ultimately, the ability to
predict how these factors influence the structure and functioning of
marine ecosystems require a long-term perspective. In this study, we
combined observational and historical data to confirm that long-term
changes in the phytoplankton community structure in the SYS were
closely related to environmental variations caused by climatic warming
and human activities. The evolving trend of phytoplankton community
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structure over the past several decades was characterized by an increase
in warm-water phytoplankton species, a decrease in the proportion of
diatoms cell abundance and an increase in that of dinoflagellates. The
warming of seawater and changes in nutrients structure (N/P ratio and
Si/N ratio) are the fundamental reasons for this shift. The consequences
of shifts in phytoplankton communities and their impacts on higher
trophic organisms such as zooplankton, fish, and benthos communities
are unknown, which should capture our attention in the future.
Furthermore, other ecological effects resulting from this change, such as
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the increase in dinoflagellates HABs, alterations in the efficiency of the
biological carbon pump, and impacts on the extent of hypoxia, are also
worthy of our attention. This study will be useful for both local and
international environmental managers, given the widespread impact of
climate changes and human activities on coastal seas worldwide.
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