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Abstract

Understanding the dynamics of phytoplankton communities in coastal zones is crucial for the management and
conservation of coastal ecosystems. Previous research indicated that the phytoplankton community structure and
dominant taxa in the Bohai Sea (BHS) have exhibited significant shifts from the 1990s to the early 2010s in
response to environmental changes, especially the change in nutrient structure. This study comprehensively
investigated the variations in net-collected phytoplankton (>76 pm) community structure, diversity, and
environmental factors in the BHS during the late summers of 2011-2020, aiming to understand the recent trend in
phytoplankton community structure and to explore the interactions between the communities and the
environment. During the study period, the nutrient status in the BHS was characterized by a decrease in dissolved
inorganic nitrogen (DIN) concentration, an increase in dissolved inorganic phosphorus (DIP) concentration, and
areturn of the nitrogen-to-phosphorus (N/P) molar ratio (hereinafter referred to as N/P ratio) to the Redfield ratio
since 2016. The eutrophication index (EI) in the BHS remained stable and was generally at a low level (<1). The
Dia/Dino index fluctuated but did not show an obvious trend. Overall, the eutrophication, the imbalance in
nutrient ratio, and the shift in phytoplankton community structure did not continue during the study period. The
increased abundance of phytoplankton was strongly associated with elevated concentrations of DIN, as well as
higher N/P and nitrogen-to-silicon (N/Si) ratios, whereas the greater diversity was strongly linked to higher
concentrations of DIP. Diatoms and dinoflagellates showed significant differences in their interactions with the
environment, and their relative dominance was related to water column depth and stratification intensity; their
impacts on the phytoplankton community diversity were also significantly different. The variations of certain
dominant species, i.e., Skeletonema costatum, Paralia sulcata, and Tripos longipes, exhibited strong links to the
changes in nutrient structure in the BHS. The findings of this study contribute to understanding the regional
environmental changes and provide insights into the adaptive strategies of coastal ecosystems in response to
environmental shifts and fluctuations.
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1 Introduction

Phytoplankton, accounting for nearly half of global primary
production, are the foundation of the oceanic food web and key
players in the global carbon cycle (Falkowski and Woodhead
et al,, 1992; Field et al., 1998). The variability in the abundance/
biomass and taxonomic composition of phytoplankton is a critic-
al aspect of studying global biochemical cycles and evaluating
ecosystem functions (Pan et al., 2020). The abundance/biomass
and distribution of phytoplankton in the natural environment are
regulated by various environmental factors such as light, temper-

ature, and nutrients (Rhee, 1982). Anthropogenic activities such
as nutrient inputs from agricultural and urban runoff, along with
climate change, can significantly impact phytoplankton dynam-
ics and community structure (Raitsos et al., 2015; Richardson and
Schoeman, 2004). Phytoplankton are usually spatially and tem-
porally dynamic in biomass and community structure in coastal
zones, where strong interaction between land and ocean yields
highly variable physical and chemical gradients (Sun et al.,
2019a; Zhu et al., 2009). A better understanding of the dynamics
and variability of phytoplankton in coastal zones is crucial for the
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effective management and conservation of marine ecosystems.

The Bohai Sea (BHS) is China’s largest inland sea, covering
approximately 77 000 km? and having an average depth of 18 m
(Liu et al., 2015b; Zhai et al., 2012). The BHS consists of three
bays: Liaodong Bay (LDB), Bohai Bay (BHB), and Laizhou Bay
(LZB), as well as the central Bohai Sea (CB), and is connected to
the Yellow Sea via the Bohai Strait (Wang et al., 2009). Approxim-
ately 40 rivers, such as the Huanghe River, Liaohe River, and
Luanhe River, flow into the BHS and transport large amounts of
nutrients (Wang et al., 2019b). The BHS is a relatively closed en-
vironment with low self-purification capacity and is susceptible
to human pressure (Wang et al., 2019b; Zhou et al., 2021). The
BHS has a complex and changeable ocean circulation system,
which exhibits a remarkable seasonal variation. The winter cur-
rent field consists of cyclonic gyres in the southern BHS and off
Qinhuangdao and anticyclonic gyres in the LDB and the central
Bohai Sea. The summer current field is characterized by an anti-
cyclonic gyre over the central shoal and two-layer overturning
circulations in the coastal bays. The summer circulation is typic-
ally more complex due to the presence of stratification and the
remarkable intraseasonal variability (Huang et al., 1999; Wu
et al., 2023). In early summer, due to stronger southerly winds, a
weak thermal gradient, and reduced intrusion of water from the
North Yellow Sea (NYS), the BHS circulation is largely isolated
within the basin, resulting in poor water exchange with the NYS.
In late summer, the water from the NYS intrudes into the BHS,
greatly altering the water supply in the BHS, especially in the
southern regions (Wu et al., 2023). In the phytoplankton com-
munities in the BHS, diatoms account for the highest proportion
(65.3%-99.8%) of the annual average phytoplankton abundance,
and the proportion in winter is up to 99.0% (Luan et al., 2018).
The abundance of dinoflagellates in the BHS is much lower than
that of diatoms during most of the year, but a higher value ap-
pears in summer or autumn, which can be several times that of
diatoms (e.g., 4.65 times in the summer of 2000) (Luan et al.,
2018).

In recent decades, the BHS has been experiencing environ-
mental threats such as offshore oil and gas pollution, discharge of
urban wastewater and sewage, and inputs of terrestrial pollut-
ants and nutrients (Yu et al., 2021). The nutrient structure in the
BHS has evolved from a low-nitrogen oligotrophic state (nitro-
gen limitation) before the 1990s to a low phosphorus eutrophica-
tion state (phosphorus and silicon limitations) (Wang et al.,
2019b; Xin et al., 2019). The nitrogen-to-phosphorous molar ra-
tio (hereinafter referred to as N/P ratio) exceeded the Redfield ra-
tio of 16:1 since the 1990s and increased more rapidly after the
year 2000 (Wang et al., 2019b). Many studies have reported a shift
in the phytoplankton communities in the BHS from diatom dom-
inance to a co-dominance of diatoms and dinoflagellates over the
past few decades, concluding that this change is driven by long-
term changes in nutrient structure (Sun et al., 2002; Xu et al.,
2010). The abundance ratio of dinoflagellates to diatoms in the
first 15 years of the 21st century was approximately 2.82 times
that in the 20th century (Luan et al., 2018). The chlorophyll a
concentration in the BHS showed an overall increasing trend in
the past 20 years (1998-2018), and that in summer (June-August)
increased the most, as high as 44.8% (Tian et al., 2019). Moreover,
the phytoplankton communities in the BHS exhibited a trend of
miniaturization, as evidenced by the shift towards nano- and
pico-phytoplankton (Wang et al., 2018; Wei et al., 2021). Sun et al.
(2019b) suggested that the shift in phytoplankton size structure
was linked not only to the change in nutrient structure but also to
climate change. Besides, changes have also been observed in the
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dominant species composition, diversity, and ecological charac-
teristics of phytoplankton in the BHS since the 1990s. In the 20th
century, large-sized centric diatoms (e.g., Chaetoceros spp. and
Coscinodiscus spp.) were dominant, while after 2000, other cent-
ric diatoms (e.g., Paralia sulcata), pennate diatoms (e.g., Thalas-
sionema spp. and Navicula spp.), and dinoflagellates (e.g.,
Noctiluca scintillans and Tripos spp.) emerged as dominant spe-
cies (Luan et al., 2018). From the standpoint of nutrient limita-
tion, the phosphorus-limited phytoplankton species declined
while the nitrogen-limited species increased in the BHS (Xu et al.,
2010). The Margalef’s species richness and Shannon-Weiner di-
versity in the BHS declined sharply from the 1960s to the 2000s
but recovered from the 2000s to the 2010s, while Pielou’s even-
ness remained stable from the 1960s to the 2000s and dropped by
23% from the 2000s to the 2010s (Luan et al., 2018). The changes
in phytoplankton biomass as well as in taxonomic composition in
the BHS have resulted in a series of ecosystem problems, such as
harmful algal blooms, oxygen depletion, and loss of zoobenthos
(Song et al., 2016; Wang et al., 2018).

As described above, the phytoplankton community structure
and diversity in the BHS underwent significant changes from the
1990s to the early 2010s in response to the drastic environmental
changes. However, it remains unclear whether these historical
trends in environmental conditions and phytoplankton com-
munity structure and diversity persisted, and further investiga-
tion is necessary. This study aims to analyze the temporal trends
in the community structure and diversity of net-collected phyto-
plankton in the BHS and to investigate the relationship between
these trends and environmental changes. The findings of this
study will provide perspectives into the adaptive strategies of
coastal ecosystems in response to environmental changes, and
will also provide a scientific basis for the ecological protection of
the BHS.

2 Materials and methods

2.1 Study area and sampling

The data for the present study are derived from 9 cruises in
the BHS in August from 2011 to 2020. A total of 27 sites were set
up covering the entire BHS, including LDB, BHB, LZB, and the
CB, except for those in 2019, which only covered part of the BHS,
primarily focusing on LDB and LZB. The sampling sites were not
completely the same among years (Fig. 1, Table S1).

Observations and samplings of the physical and chemical
factors were synchronously carried out with the biological
sampling on the same vessel each year. Temperature, salinity,
depth, and pH were measured in situ using a Conductivity-Tem-
perature-Depth (CTD) system (SeaBird, USA), while water
samples were obtained at different depths utilizing a multi-
bottled water sampler. The depth layers for the observations of
physical and chemical factors were selected by the criteria in Ta-
ble S2. Dissolved oxygen (DO) was determined onboard using
iodometric titration according to the National Standard of China
(GB/T 17378.4-2007). A seawater subsample (500 mL each) from
each depth layer was filtered through a 0.7 pm GF/F filter (What-
man, UK) under a vacuum pressure of less than 50 kPa for the
measurement of chlorophyll a (Chl a). The filtered seawater was
then collected into 100 mL polyethylene terephthalate (PET)
bottles and frozen at -20°C for quantitative analysis of nutrients.

The phytoplankton sample at each site was collected by tow-
ing a plankton net (76 pm mesh size, 37 cm mouth diameter) ver-
tically from 2 m above the seafloor to the surface at a speed of
0.5 m/s. The volume of filtered water was determined by mul-
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Fig. 1. The geographic location of the study area and sampling sites. The sites belonging to different regions of the BHS, namely
Liaodong Bay, Bohai Bay, Laizhou Bay, and the central Bohai Sea, are separated by dashed lines.

tiplying the rope length by the mouth area. The phytoplankton
samples were placed in 1 L polyethylene bottles and preserved by
adding formaldehyde (final concentration 5%) before being
transported to the laboratory for subsequent analysis. The phyto-
plankton species that were expected to be captured belonged to
the micro-phytoplankton category. Zooplankton samples at each
site were collected by vertically trawling plankton Net [ (505 pm
mesh size, 50 cm mouth diameter) and Net I (160 pm mesh size,
32 cm mouth diameter), respectively, which were then kept in
500 mL polyethylene bottles and fixed with a formaldehyde solu-
tion (final concentration 5%). The phytoplankton and zooplank-
ton samplings were referred to the National Standard of China
(GB/T 12763.6-2007).

2.2 Laboratory analysis

In the laboratory, Chl a extraction was carried out in 5 mL
90% acetone (4°C for 24 h in the dark). After removing the filters,
Chl a concentration was measured on a fluorometer (Turner
Designs, USA) following the method of Welschmeyer (1994). The
water samples for nitrate (NO3 -N), nitrite (NO, -N), ammoni-
um (NH;, -N), phosphate (PO; ™~ -P), and silicate (SiO2™ -Si) were
measured by continuous flow analyzer (AA3, Seal Analytical,
Germany). N/P ratio was calculated by dividing the molar con-
centration of dissolved inorganic nitrogen (DIN: NOj -N, NO; -
N, and NH; -N) by the molar concentration of dissolved inorgan-
ic phosphorus (DIP: PO3™ -P). Nitrogen-to-silicon molar ratio
(hereinafter referred to as N/Si ratio) was calculated by dividing
the molar concentration of DIN by the molar concentration of
dissolved silica (DSi: SiO3~ -Si).

For enumeration and identification of phytoplankton cells, an
aliquot with a certain volume (ensuring that no less than 200 cells
were observed) from each phytoplankton sample was examined
in an Utermohl chamber. All samples were examined using an
Olympus CKX53 inverted microscope (Olympus, Tokyo, Japan).
Each species was identified to the lowest possible taxonomic
level. The validity of taxonomic names and synonyms was
checked with the website AlgaeBase (http://www.algaebase.org).
Zooplankton samples were manually identified to the species
level based on expert knowledge and were counted under a dis-
secting microscope (Leica, Germany). The abundance of phyto-
plankton/zooplankton for each sample was obtained by dividing
the number of phytoplankton/zooplankton individuals by the
volume of filtered water.

2.3 Data analysis

The vertical temperature gradient (hereinafter referred to as
gradient) was calculated by Eq. (1) to characterize the thermo-
cline intensity (Zhou et al., 2009):

Gradient = (T, — T5)/Depth, (1)

where T} is bottom temperature; T, is surface temperature; and
Depth is water column depth.
The eutrophication index (EI) was calculated by Eq. (2):

EI = (Ccop x Cn x Cp x 10°/4 500), )

where Cqp, is the concentration (mg/L) of chemical oxygen de-
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mand (COD), Cy is DIN concentration (mg/L), and C; is DIP con-
centration (mg/L).

The mean values of the environmental variables across layers
were calculated for each site and were used in subsequent ana-
lyses. Local regression (LOESS), known for its unique ability to
reveal complex patterns and non-linear trends, was employed to
assess the trends in environmental variables and the relation-
ships between phytoplankton taxa and key environmental
factors. The regression analysis was visualized with R (R Core
Team, 2018).

To describe the phytoplankton community structure, the di-
versity indices including Margalef’s richness (D) (Margalef,
1968), Shannon-Wiener diversity (H') (Shannon and Weaver,
1949), and Pielou’s evenness (J) (Pielou, 1966) were calculated
using the Vegan Package according to Eqs (3)-(5). The domin-
ance (Y) index of species (Sun et al., 2004b) was calculated ac-
cording to Eq. (6):

D = (S —1)/log,N, ®)
N
H = =3 (n/N)log,(n/N) @
i=1
H/
- s 6]
n;
v="ip, Q]

where S is total number of species, N is total number of individu-
als, n; is abundance of the ith species, and f; is occurrence of the
ith species. Species with Y = 0.02 were considered as dominant
species in the studied area (Sun et al., 2004b).

The Dia/Dino index, which reflects the dominance pattern in
the phytoplankton composition, was calculated by Eq. (7)
(Mokrane et al., 2019):

Dia/Dino index = Abpja/(Abpia + Abpino) (7

where Aby,, is diatom abundance and Aby;,, is dinoflagellate
abundance. The Dia/Dino index values range from 0 to 1.

The multiple comparisons of phytoplankton abundance and
diversity indices among years were conducted using R. Firstly,
the Shapiro-Wilk and Levene's tests were performed to assess the
normality and homogeneity of variance using the Stats and Car
packages, respectively. Subsequently, the Kruskal-Wallis test was
employed to determine significant differences among years us-
ing the Stats Package. A post-hoc Nemenyi test was then per-
formed using the PMCMRplus Package with a Benjamini-Hoch-
berg P-value adjustment to make pairwise comparisons. The
statistical significance level for hypothesis testing of differences
was set at p < 0.05.

Redundancy analysis (RDA) was carried out using the Vegan
Package based on square root-transformed phytoplankton com-
position data and log,, (X + 1)-transformed environmental data
(pH data were not transformed) since the Shapiro-Wilk test
showed nonnormal distributions of phytoplankton abundance
and environmental variables. First, variance inflation factors
(VIFs) of variables were calculated, and variables with VIF > 10
were excluded from RDA to avoid the collinearity problem. Then,

the significant explanatory variables (p < 0.05) were determined
by forward selection (FS) using the Packfor Package (Blanchet
et al.,, 2008). Spearman correlation analysis was performed using
the Hmisc Package to assess the relationship between phyto-
plankton taxa and diversity indices/environmental variables. The
statistical significance level for correlation analysis was set at p <
0.05.

3 Results

3.1 Variations in environmental factors

The temperature (range 22.19-25.03°C), salinity (range
29.07-31.51), and PO; ™~ -P concentration (range 0.08-0.35 pmol/L)
in the BHS during August 2011-2020 generally showed upward
trends, while the pH (range 8.05-8.28), gradient (0.07-0.35°C /m),
DIN concentration (range 4.01-12.81 pmol/L), N/P ratio (range
14.07-138.35), and N/Si ratio (range 0.38-1.16, no data for
2011-2013) exhibited downward trends (Fig. 2). Both temperat-
ure and salinity reached their highest levels in August 2017 (Fig.
2a and b). gradient reached its highest in August 2013 (Fig. 2e).
The Chl a concentration (range 1.03-4.57 pg/L, no data for 2011)
decreased first and then increased in 2020 (Fig. 21). No obvious
trends were observed in DO concentration (range 6.24-7.79
mg/L), SiO3™ -Si concentration (range 5.94-17.07 umol/L, no
data for 2011-2013), EI (range 0.07-0.26), Net [ zooplankton
abundance (range 0.15-0.46 ind./L, no data for 2016) , and Net Il
zooplankton abundance (range 7.27-27.88 ind./L, no data for
2016) over the monitoring period (Fig. 2).

We noticed that the N/P ratio was highly variable during the
monitoring period (Fig. 3). Before 2016, the N/P ratio in the BHS
ranged from 14.1 to 686.6, with a median of 55.9, and more than
98% of the observed values were higher than the Redfield ratio of
16:1 (values lower than 16:1 were observed only at Site BH14 in
the CB). The N/P ratio in the BHS in late summer has decreased
markedly since 2016, ranging from 3.3 to 83.2 with a median
value of 17.2, which was closer to 16:1 compared to the period be-
fore 2016.

3.2 Variations in phytoplankton communities

3.2.1 Community composition and abundance

A total of 152 phytoplankton taxa (including unidentified spe-
cies) were identified from all the phytoplankton samples, belong-
ing to three phyla, i.e., Bacillariophyta (109 species, 48 genera),
Dinoflagellata (41 species, 10 genera) and Ochrophyta (2 species,
2 genera) (Table S3). At the genus level, Chaetoceros had the
highest richness (26 species), followed by Protoperidinium (15
species), Coscinodiscus (12 species), and Tripos (10 species).

The total phytoplankton abundance peaked in 2019 (32 342
cells/L) mainly due to the extremely high abundance in the LDB,
while the total abundance was the lowest in 2020 (273 cells/L)
due to the low values throughout the BHS (Fig. 4d, g and 5, Table
S4). At the phylum level, the abundance of Bacillariophyta ac-
counted for the highest proportion of the total abundance during
the study period, ranging from 53.2% to 99.5%. The abundance of
Bacillariophyta exhibited a similar trend with the total abund-
ance, peaking in 2019 (32 156 cells/L), primarily driven by a not-
ably high abundance in the LDB, and reaching a minimum in
2020 (216 cells/L) (Fig. 4a). Dinoflagellata accounted for less than
10% of the total abundance except for the late summers of 2016
(46.8%) and 2017 (27.5%) (Fig. 4b). The abundance of Dinoflagel-
lata peaked in 2016 (674 cells/L), followed by 2017 (474 cells/L),
and was the lowest in 2018 (41 cells/L) and 2020 (57 cells/L). The
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highest abundances of Dinoflagellata were recorded in the BHB
in 2016 and in the CB in 2017, respectively (Fig. 4g). Ochrophyta
accounted for only 0-0.07% of the total phytoplankton abund-
ance across years, and its abundance ranged from 0.2 cells/L
(2020) to 4 cells/L (2012) (Fig. 4c). Due to the extremely low relat-
ive abundance of Ochrophyta in the BHS, the subsequent ana-
lyses focused on the dominant groups Bacillariophyta and
Dinoflagellata rather than Ochrophyta. The average Dia/Dino in-
dex peaked in 2019 (0.94) and reached its lowest point in 2013

(0.62) (Fig. 4€). The lower average Dia/Dino index in 2013 was
due to the lower Dia/Dino indices in the LZB and the CB, how-
ever, no significant differences were found among years in the
entire BHS, as well as in each specific region of the BHS (Fig. 4g).
The average Dia/Dino index in the CB (0.69) was lower than that
in the LDB (0.83), BHB (0.80), and LZB (0.89) (Table S4). At the
genus level, Skeletonema (absolute abundance: 2-25 124 cells/L,
relative abundance: 0.07%-77.68%), Chaetoceros (absolute
abundance: 59-5 038 cells/L, relative abundance: 8.73%—
79.38%), Pseudo-nitzschia (absolute abundance: 11-1 036 cells/L,
relative abundance: 0.59%-21.07%), Eucampia (absolute abund-
ance: 0.2-2 309 cells/L, relative abundance: 0.004 5%-29.76%),
and Tripos (absolute abundance: 38-645 cells/L, relative abund-
ance: 0.41%-44.75%) had higher abundances. It was noteworthy
that the genera Skeletonema and Eucampia each consisted of
only one species, i.e., Skeletonema costatum and Eucampia
zoodiacus, respectively.

3.2.2 Diversity

The diversity indices (total species number, Margalef’s rich-
ness, Shannon diversity, and Pielou’s evenness) fluctuated dur-
ing the study period, and the median values of all four indices
were at their lowest in the late summer of 2015 (Fig. 6a, Table S5).
Kruskal-Wallis nonparametric test showed that total species
number, richness, and evenness were significantly different
among years (Fig. 6a). Total species number in 2012 was signific-
antly greater than that in 2013, 2015, and 2020. Margalef’s rich-
ness in 2012 was significantly greater than that in 2015. Evenness
in 2020 was significantly greater than that in 2015. No significant
difference was found in Shannon diversity among years. Spear-
man correlation analysis indicated that the total phytoplankton
abundance, the absolute/relative abundances of Bacillariophyta,
and the Dia/Dino index were positively correlated with total spe-
cies number but were negatively correlated with evenness
(Fig. 6b). The relative abundance of Dinoflagellata, in contrast,
had a negative correlation with total species number and a posit-
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Fig. 5. Distributions of phytoplankton abundance in the BHS
during August 2011-2020.

ive correlation with evenness (Fig. 6b).

3.2.3 Dominant species

A total of 21 phytoplankton species dominated the phyto-
plankton communities in the late summers of 2011-2020 (Fig. 7,
Table S6). Among these, 11 species emerged as dominant spe-
cies for more than 2 years, i.e., Skeletonema costatum, Chaetocer-
os pseudocurvisetus, Chaetoceros lorenzianus, Chaetoceros curvis-
etus, Tripos muelleri, Paralia sulcata, Thalassionema frauenfeldii,
Pseudo-nitzschia pungens, Eucampia zoodiacus, Ditylum bright-
wellii, and Chaetoceros compressus, exhibiting different patterns
in abundance and dominance over the 10 years (Fig. 7, Table S6).
For example, Skeletonema costatum dominated the phytoplank-
ton communities for 6 years, and its dominance was especially
great in 2017-2019 (Fig. 7). Skeletonema costatum was recorded
at a higher proportion of sites in the late summers of 2017-2019
and with higher abundances at specific nearshore sites in the late
summers of 2018 and 2019 (Fig. S1). Paralia sulcata was domin-
ant with higher abundances in the late summers of 2012, 2013,
and 2015, and was no longer prevailing since 2016 (Figs 7, S2).

3.3 Relationship between phytoplankton communities and envir-
onmental factors

3.3.1 Relationship between phytoplankton community composi-
tion/diversity and environmental factors

According to the VIF values of the explanatory variables, the
N/P ratio was excluded from the RDA models. FS determined
that the variations in the absolute abundance of species were sig-
nificantly correlated with DO, POi_ -P, and DIN (Figs 8a and b),
while the variations in the relative abundance of species were
also significantly correlated with gradient, salinity, depth, DO,
PO}~ -P, DIN, and pH (Figs 8c and d). The variations in absolute
abundance of different phyla were significantly correlated with
DO, DIN, Chl g, and PO?~ -P (Figs 8e and f), while the variations
in relative abundance of different phyla were significantly correl-
ated with gradient and DO (Figs 8g and h). The variation in di-

versity indices (total species number, Margalef’s richness, Shan-
non diversity, Pielou’s evenness) exhibited a significant positive
correlation with temperature and PO}~ -P and a negative correla-
tion with gradient (Fig. 8i).

3.3.2 Relationship between phytoplankton groups/dominant spe-
cies and environmental factors

The Dia/Dino index and the absolute/relative abundances of
Bacillariophyta exhibited a significant negative correlation with
gradient and depth and a significant positive correlation with DO
concentration and temperature (Figs 8f, i, S3). The absolute
abundance of Dinoflagellata showed a significant positive correl-
ation with the N/Si ratio and pH. The relative abundance of
Dinoflagellata exhibited a positive correlation with gradient and
depth and a significant negative correlation with DO and temper-
ature (Figs 8f, h and i, and S3). Notably, the relative abundances
of Bacillariophyta and Dinoflagellata were inversely related to
depth, temperature, gradient, and DO concentration. In addition,
both the Dia/Dino index and the relative abundance of Bacil-
lariophyta showed a positive correlation with Net [ zooplank-
ton abundance, while the absolute/relative abundances of Dino-
flagellata exhibited a negative correlation with it (Fig. 8i). The ab-
solute/relative abundances of Ochrophyta were positively correl-
ated with N/P ratio and DIN and were negatively correlated with
salinity and PO3~ -P concentration (Figs 8i, $3). Like Bacillario-
phyta, the absolute/relative abundances of the abundant genera
within Bacillariophyta, including Skeletonema, Pseudo-nitzschia,
and Eucampia, exhibited a significant negative correlation with
gradient (Figs 8i, S4). The genus Skeletonema also exhibited a sig-
nificant positive correlation with temperature and PO3~ -P con-
centration (Figs 8i, S4). The relative abundance of Tripos exhib-
ited a significant positive correlation with depth and salinity and
a negative correlation with DO and Chl a concentrations (Figs 8i,
S4).

The absolute/relative abundances of Skeletonema costatum
had a positive correlation with temperature, PO~ -P and El and a
negative correlation with gradient (Fig. 8i). The absolute/relative
abundances of Paralia sulcata were significantly and positively
correlated with depth, gradient, and N/P ratio and were negat-
ively correlated with temperature and PO, -P concentration
(Fig. 8i). The absolute/relative abundances of Tripos longipes
were strongly and positively correlated with salinity, PO~ -P and
depth, and were negatively correlated with N/P ratio, Chl a con-
centration and pH (Fig. 8b, d, and i). Remarkably, this species
started to occur in the studied area since 2016 and was dominant
in the late summer of 2017 (Fig. S5).

4 Discussion

4.1 The relationship between phytoplankton groups and environ-
ment

The relationship between phytoplankton communities and
environmental factors in the BHS was studied using nonlinear
(Spearman) and linear (RDA) correlations. Correlations may not
reveal cause-and-effect relationships directly, but parsing correl-
ation results based on relevant knowledge can help speculate
and understand potential relationships.

The results indicated a close association between the phyto-
plankton communities and nutrient structure in late summer.
Specifically, the higher phytoplankton abundance was associ-
ated with higher DIN concentration, N/P ratio, and N/Si ratio,
while the greater diversity was associated with a higher PO}~ -P
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concentration. This reflects the positive effects of nutrient levels
on phytoplankton growth and diversification. The relative
abundance of Bacillariophyta was found to be positively correl-
ated with total species number and negatively correlated with
evenness, while the relative abundance of Dinoflagellata showed
the opposite pattern, suggesting the different effects of diatoms
and dinoflagellates on phytoplankton diversity in the BHS during
the study period. Diatom dominance tended to increase the total
species number and resulted in a non-equilibrium abundance
distribution among species, characterized by a few diatom spe-
cies exhibiting extremely high abundances, while the majority of
species showed relatively low abundances. In contrast, dinofla-
gellate dominance tended to promote a more balanced distribu-
tion of abundances among species, resulting in less disparity in
abundance across the various species. This was mainly due to the
different survival strategies of diatoms and dinoflagellates, which
are reflected in different growth rates, nutrient absorption rates,
and migration capabilities (Smayda, 2002; Wasmund et al., 2017).

The results also showed that the correlations between the
Dia/Dino index and nutrient concentrations (DIN, POZ* -P,
Si03~ -Si) or element ratios (N/P ratio, N/Si ratio) were weak. In-
stead, the Dia/Dino index was negatively correlated with water
column depth and gradient (representing thermocline intensity),
while it exhibited positive correlations with temperature, DO
concentration, and Net [ zooplankton abundance. Moreover,
the lowest value of the Dia/Dino index and the highest gradient
occurred simultaneously in the late summer of 2013. The correla-
tion of the Dia/Dino index with depth and gradient aligns with
previous knowledge about the ecological niches of diatoms and
dinoflagellates; specifically, diatoms are better adapted to well-
mixed water columns, whereas dinoflagellates are adapted to
stratified waters with low turbulence (Smayda, 2002; Xiao et al.,
2018). In August, the thermocline thickness and gradient in the

BHS are reducing but still relatively strong, and the gradient cor-
relates with water column depth (Zhou et al., 2009). Therefore,
the Dia/Dino index exhibited a negative correlation with both
depth and gradient. The lower Dia/Dino ratio in the CB than in
the three bays was also due to the greater water column depth
and stronger stratification in the CB. However, contrary to the
previous view that diatoms prefer low-temperature water while
dinoflagellates are insensitive to temperature (Alexander, 2016),
the Dia/Dino index was positively correlated with temperature in
the BHS. This was due to the strong correlation between the
mean water column temperature and the gradient/depth (Fig.
$6), indicating that stratification played a more significant role
than temperature in determining the relative dominance of diat-
oms and dinoflagellates.

The correlation between the Dia/Dino index and DO concen-
tration reflected the different effects of diatoms and dinoflagel-
lates on the environment rather than responses to the environ-
mental changes. DO concentration is largely determined by ver-
tical mixing (Obenour et al., 2012), temperature (Carstensen
et al.,, 2014), and biological factors (Rabalais et al., 2014). Phyto-
plankton can contribute to DO, but DO has relatively weak ef-
fects on phytoplankton. Both diatoms and dinoflagellates pro-
duce oxygen through photosynthesis, but diatoms have a higher
photosynthetic rate per unit carbon compared to dinoflagellates
(Chan, 1980). The heterotrophic and mixotrophic groups of dino-
flagellates do not produce oxygen during their heterotrophic life
stage, also resulting in a lower oxygen production rate of dinofla-
gellates than diatoms. Certain taxa that occurred at high abund-
ances or formed blooms can lead to increased oxygen produc-
tion. For example, Skeletonema costatum bloomed (abundance 120 851
cells/L) and Chaetoceros pseudocurvisetus occurred with a high
abundance (25 510 cells/L) at Site BHO7 in August 2019, which
corresponded with an elevated DO concentration (8.48 mg/L).
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Fig. 7. Variations in dominant phytoplankton species in the BHS during August 2011-2020. a. Bars indicate the number of years in
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The significant correlation of pH with the community composi-
tion, as well as the abundances of certain taxa—such as Dinofla-
gellata, Tripos longipes, and Paralia sulcata—was likely to reflect
the different responses of different taxa to environmental
changes, and some taxa might be more sensitive to pH changes
than others.

The results also suggested that the Net | zooplankton

abundance exhibited a positive correlation with the Dia/Dino in-
dex and a negative correlation with the absolute/relative abund-
ances of dinoflagellates, especially Tripos, which was the most
abundant genus within Dinoflagellata. The zooplankton abund-
ance in this study was obtained based on samples collected by
both Net | and Net I for more comprehensive information, be-
cause Net | is inefficient for collecting smaller individuals (e.g.,
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hydromedusa, copepods, and zooplankton larvae) but is more
advantageous for collecting larger individuals (e.g., mysis, deca-
pods) compared to Net I (Ge et al., 2019). Tripos are considered
as constitutive mixotrophs, meaning that they have the capacity
to acquire energy through photosynthesis but can also consume
other organisms when the macro-nutrients required for photo-
synthesis are depleted (Anderson et al., 2022). The observed rela-
tionship between Net I zooplankton abundance and the
Dia/Dino index, or dinoflagellate abundance, might be due to the
importance of diatom dominance in supporting the growth of
large-sized zooplankton (>505 pm). There might also be antagon-
istic relationships between dinoflagellates and large-sized zo-
oplankton, such as competition for prey. Besides, the RDA res-
ults indicated that the community variation at the phylum level
was primarily associated with factors (e.g., DIN, gradient) other
than zooplankton abundance. The findings above together indic-

ate that the bottom-up effect played a key role in structuring the
phytoplankton communities during the study period. However,
the interactions between phytoplankton and zooplankton are ex-
traordinarily complex (Straile, 1997), and our data can only
provide a glimpse into the net effects of interactions between di-
verse phytoplankton and zooplankton groups.

4.2 The phytoplankton species strongly associated with environ-

mental changes in the BHS

By analyzing the trends of the dominant phytoplankton spe-
cies and their correlations with the environmental factors in the
BHS, we found that certain species responded sensitively to spe-
cific environmental changes and warrant further attention.

Skeletonema costatum was reported with a decreased domin-
ance from the 20th century to the beginning of the 21st century in
the BHS (Luan et al., 2018), whereas our results showed that the
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dominance of Skeletonema costatum rose in the late summers of
2017-2019. Particularly, the cell density of Skeletonema costatum
in the LDB (at Sites BH05, BHO7, and BH12) in 2019 was above
the cell density threshold for bloom (1 x 10% cells/L). The abso-
lute/relative abundances of Skeletonema costatum were found to
be positively correlated with water temperature, PO3~ -P, and EI,
and its relative abundance was negatively correlated with the N/P
ratio. The optimum N/P ratio of Skeletonema costatum was 16:1
(Liu et al., 2002), and the N/P ratio in the BHS declined to near
this ratio from the year Skeletonema costatum became prevalent.
Therefore, the decrease in the N/P ratio might be the decisive
factor for the increase in the dominance of Skeletonema cost-
atum.

Paralia sulcata is a heavily silicified and small-sized diatom
species, which is frequently observed in both the planktonic and
benthic communities in coastal waters (Gebiihr et al., 2009; Liu
and Glibert, 2018). From the beginning of the 21st century to
2015, there was a noticeable increase in both the abundance and
dominance of Paralia sulcata in the BHS, with a particularly sig-
nificant contribution in the CB (Liu and Glibert, 2018; Luan et al.,
2018). Some studies have linked its predominance in the BHS to
the water-sediment regulation of the primary river, the Huanghe
River (Luan et al., 2018), as well as the influence of the Yellow Sea
Warm Current (YSWC) (Liu et al., 2015b; Wang et al., 2019a). Our
study found an obvious decline in the abundance and domin-
ance of Paralia sulcata after 2015. Its absolute/relative abund-
ances were found to be positively correlated with depth, gradient,
and N/P ratio, while negatively correlated with water temperat-
ure and PO] "~ -P concentration. This is roughly consistent with
the previous reports that Paralia sulcata occurs under condi-
tions of low temperature and N/P ratio, and high N/Si ratio (Liu
and Glibert, 2018). Compared with other diatoms, Paralia sul-
cata has the advantage that it does not suffer from severe phos-
phorus stress in phosphorus-deficient waters (Wang et al., 2014;
Yu et al., 2015), such as high N/P ratio or stratified waters that is
unfavorable for the growth of most diatoms. This may explain
why the abundance and dominance of Paralia sulcata decreased
significantly with the decrease of the N/P ratio in the BHS in late
summer, especially since 2016. Moreover, the decline in temper-
ature was also detrimental to the maintenance of its dominance.

Tripos longipes occurred continuously in the BHS during the
late summers of 2016-2020 and appeared as a dominant species
in the late summer of 2017. This species exhibited significant cor-
relations with multiple environmental factors, especially with sa-
linity, PO3™-P, pH, DIN, and Chl a. Tripos longipes, which is also
recorded as Tripos horridus in some literature, is reported to be
widely distributed in coastal and oceanic, cold to warm temper-
ate waters with its abundance related to greater salinity and
transparency (Burns and Mitchell, 1982; Ke et al., 2014; Liu et al.,
2015a; Zakaria et al., 2016; Luan et al., 2020). Tripos longipes was
rarely reported to occur in the BHS but has been found in the Yel-
low Sea, which is adjacent to the BHS (Li et al., 2015; Liu et al.,
2015a; Luan et al., 2020), and in the Bohai Strait, which is the only
pathway between the BHS and the Yellow Sea (Sun et al., 2004a).
Recent reports suggested that the YSWC, characterized by higher
temperature, salinity, and phosphate concentration, has been in-
creasing in intensity in recent years, particularly in 2017, and
could have an increasing impact on the BHS (Cao and Zhu, 2021;
Yu et al., 2020). In line with this, our data also showed that the
temperature, salinity, and phosphate concentration in the late
summer of 2017 were higher. In addition, the reduced runoff into
the BHS has led to an increase in salinity in the BHS (Shi et al.,

2020). Thus, the increase in Tripos longipes dominance in the
BHS in recent years was mostly related to the increase in salinity
and PO3™-P concentration, which resulted from the changes in
the intrusion intensity of the Yellow Sea waters and the runoff in-
to the BHS. However, this potential correlation requires confirm-
ation through physiological studies on this species.

4.3 Environmental changes and trends in the BHS in late summer

Under the influence of dense human activities combined with
changes in the natural environment, the environmental changes
in the BHS have been attracting considerable attention. Changes
in the balance and stoichiometry of various nutrients are con-
sidered to be one of the most crucial mechanisms for elucidating
shifts in phytoplankton communities in coastal ecosystems (An-
derson et al., 2002; Liu and Glibert, 2018). The N/P ratio in the
BHS has increased markedly from the 1990s to the early 2010s
due to the increased reduced nitrogen (NH4+ -N, terrestrial DON)
input into the BHS (Chen et al., 2022). It is generally believed that
the shift in the N/P ratio is the main reason for the shift from diat-
om dominance to a codominance of diatoms and dinoflagellates
in the BHS (Luan et al., 2018; Xu et al., 2010). This is because diat-
oms and dinoflagellates have different survival strategies in re-
sponse to changes in nutrient structure, that is, dinoflagellates
have an advantage over diatoms in high N/P ratios (or phosphor-
us-limited) environments by hydrolyzing dissolved organic phos-
phorus (DOP) and producing toxins (Frangdépulos et al., 2004;
Glibert et al., 2013; Wang et al., 2014).

We observed that the trend in nutrient structure in the BHS
during the late summers of 2011-2020 was opposite to that ob-
served from the 1990s to the early 2010s. Specifically, the DIN
concentration, N/P ratio, and N/Si ratio showed a downward
trend, while the PO -P concentration showed an upward trend.
In particular, since 2016, the N/P ratio in the BHS has ap-
proached the Redfield ratio, suggesting that Phosphorus limita-
tion has been alleviated. The EI was significantly higher or lower
in specific years, but it did not show an upward or downward
trend. According to the division of eutrophication levels, namely:
mild eutrophication (1 < EI < 3), moderate eutrophication (3 <
EI < 9), and severe eutrophication (EI > 9) (Zhu et al., 2020), the
BHS was not eutrophic during the study period. The Chl a con-
centration, which is an important indicator of phytoplankton bio-
mass (Blondeau-Patissier et al., 2014), exhibited a slight down-
ward trend during the study period, completely different from the
upward trend during 1998-2018 reported by Tian et al. (2019).
Moreover, the Dia/Dino index was found to fluctuate during the
study period but did not show an upward or downward trend.
The Dia/Dino index in this study was calculated based on abund-
ance data and corresponds to that defined by Wasmund et al.
(2017). According to Wasmund et al. (2017), the Dia/Dino index
can indicate the marine environmental status and food web
changes; a high Dia/Dino index indicates stronger sedimenta-
tion and better nutrition of the benthos, while a low Dia/Dino in-
dex indicates better nutrition of the pelagic components of the
food web. Thus, the trend in the Dia/Dino index suggested that
the vertical mass transport and food pathway were generally
stable in the BHS during the study period. As trends in the
Dia/Dino index vary depending on the sea area and the season
(Wasmund et al., 2017), the Dia/Dino index values in this study
were compared with the historical data from the BHS in summer.
According to the data reported by Luan et al. (2018), after conver-
sion, the summer average Dia/Dino index of the BHS over the
past half century (calculated from the averages of the 1960s,
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1980s, 1990s, 2000s, and 2010s) is 0.34, with the value for the year
2000 being as low as 0.18. The Dia/Dino index values (0.62-0.94)
in our study are generally higher than these historical values,
suggesting greater diatom dominance during the study period.
Based on the aforementioned indices, the nutrient status in the
BHS remained stable during the study period, and the trends of
eutrophication, nutrient ratio imbalance, and shifts in phyto-
plankton community structure observed before the early 2010s
did not persist.

We suggest that the N/P ratio, EI, and Dia/Dino index are im-
portant indicators that should be taken into account when as-
sessing the ecological status in the BHS. Moreover, studies on the
biota in the BHS in summer used to be carried out during
June-August; however, the significant intraseasonal variation in
the circulation patterns of the BHS could have significantly differ-
ent impacts on the biota. It is therefore suggested that a compar-
ative study between early summer and late summer in the BHS
should be carried out in the future. Additionally, this study spe-
cifically examines the trends in community composition and di-
versity of larger-sized microphytoplankton (>76 pm) and does
not address trends in other phytoplankton size classes. Con-
sequently, it is unclear whether the trend of phytoplankton mini-
aturization in the BHS is ongoing, which also warrants investiga-
tion in future studies.

5 Conclusions

In this study, we analyzed the dynamics of the net-collected
phytoplankton community structure in the BHS during late sum-
mer using microscopic methods. We further explored the con-
nections between these dynamics and environmental changes
through correlation analysis. During the late summers of
2011-2020, the N/P ratio in the BHS gradually declined, ap-
proaching the Redfield ratio. This indicates a reduction in phos-
phorus limitation in the BHS. The EI values in the BHS did not
display a clear upward or downward trend; instead, they re-
mained low, suggesting that the BHS was not eutrophic during
the study period. The Dia/Dino index fluctuated but showed no
significant trend, reflecting that the earlier shift from diatom
dominance to a codominance of diatoms and dinoflagellates did
not persist during this period. The phytoplankton community
composition and diversity in the BHS exhibited considerable
variations during the late summers of 2011-2020. The species
composition, abundance, and diversity were closely linked to
both physical factors (i.e., depth, gradient, and temperature) and
nutrient factors (i.e., DIN, POi*-P, N/P ratio, and N/Si ratio),
while the relative dominance of phyla or the Dia/Dino index was
primarily associated with physical factors (i.e., depth and gradi-
ent). Interestingly, the relative abundances of diatoms and dino-
flagellates exhibited opposite correlations with depth, gradient,
temperature, and DO concentration, indicating their different in-
teractions with the environment. Diatoms contributed to an in-
crease in total species number and caused a nonequilibrium
abundance distribution among species, whereas dinoflagellates
tended to balance the distribution of abundances. Additionally,
certain dominant species, such as Skeletonema costatum and
Paralia sulcata, exhibited variations closely related to changes in
nutrient structure in the BHS, specifically DIN, DIP, and N/P ra-
tio. Overall, this study elucidates the trend of environmental
changes in BHS in recent years and the responses of different
phytoplankton groups to these changes. The findings provide in-
sights into the adaptive strategies of coastal ecosystems in re-
sponse to environmental fluctuations.
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