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Abstract: Phytoplankton communities, showing significant spatiotemporal variation within bay
areas, play an important role in the structure and function of nearshore marine ecosystems. However,
the absence of long-term high-resolution datasets has hindered our understanding of the effect of
ENSO-driven environmental changes on phytoplankton communities in coastal ecosystems. Herein,
by performing biomarker inversion analyses on two centuries’ worth of sedimentary organisms in
the Sanmen Bay area, we observed a marked El Nifio/La Nifia-related succession; specifically, that El
Nifio-induced warming had increased the biomass of phytoplankton by 57.89%, while also increasing
the proportion of diatoms by 76.40%. In contrast, La Nifia years exhibited a decrease in the biomass
of phytoplankton by 54.23%. Further, over three decades of observational data from the Sanmen
Bay suggest that La Nifia years can promote occasional blooms through monsoonal mixing and
land-based inputs. Consequently, the nearshore marine ecosystem of the bay area, being subject to
intense anthropogenic activity and land-sea interactions, can be said to be influenced by global-scale
ocean—atmosphere processes. Going forward, the connection between short-term extreme events and
long-term changes in the nearshore marine ecosystem should receive greater attention.
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1. Introduction

El Nifio-Southern Oscillation (ENSO) is a prominent global-scale climate anomaly
which occurs on an interannual basis, comprising a so-called ‘El Nifio” phase, which refers
to a widespread anomalous warming of sea surface temperatures (55T) in the equatorial
Central/East Pacific, and a ‘La Nifia’ phase, referring to the opposite [1-3]. Phytoplankton
are the primary constituent of marine ecosystems and have a diverse and complex commu-
nity structure, which makes them sensitive to changes in environmental factors such as
temperature, light, and nutrients [4,5]. Previous studies have shown that the changes in
environmental factors that ENSO-driven events have upon the marine environment can
affect the phytoplankton’s biomass, productivity, and community structure; this, in turn,
impacts the structure and function of the entire ecosystem. Understanding those changes
in the structure and function of the phytoplankton community caused by these interannual
variations in natural variability is crucial for identifying which long-term changes are
caused by human activities such as global warming.

During non-ENSO years, the south-east Pacific trade winds generate an upwelling
bringing with it the cooler, nutrient-rich waters that can support phytoplankton growth. In
contrast, El Nifio events result in a weaker upwelling, increasing stratification and nutrient
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restriction in the eastern Pacific; this leads to a decline in phytoplankton biomass [6-8].
However, the extent of ENSO warm and cold events varies from region to region, and
the degree of impact on the regional environment varies. Together with the already
significantly different biological community characteristics, this has led to great uncertainty
over the impact of ENSO events on phytoplankton communities [8,9]. Importantly, our
understanding of how ENSO events regulate phytoplankton communities is still limited,
due to the lack of long-term observations.

Sediment provides an excellent tool for revealing the long-term record of natural and
anthropogenic influence on changes in phytoplankton sources. Lipid biomarkers are useful
indicators for studying the evolution of plankton in nearshore ecosystems, due to their
good stability and source characteristics [10-12]. The content of various phytoplankton
biomarkers, such as brassicasterol, dinosterol, and C3; alkenones, indicate the biomass
of diatoms, dinoflagellates, and coccolithophores; they can also be used to reconstruct
the primary productivity of phytoplankton (SUM = brassicasterol + dinosterol + Cs;
alkenones). Likewise, the ratios between these biomarkers can indicate changes in the
phytoplankton community structure [13,14]. Cholesterol is mainly derived from various
marine zooplankton [15] and can be used similarly to reconstruct changes in zooplankton
biomass. Although there are still uncertainties regarding absolute quantification [16],
this biomarker-based relative abundance determination method provides a good way to
reconstruct the long-term sequence results of the structure of key plankton taxa.

The East China Sea (ECS) is significantly impacted by ENSO, resulting in changes to
community structure and to the productivity of phytoplankton lipid biomarkers [17,18]. Re-
cent studies have shown that human activities and upwelling processes have transformed the
dominant marine phytoplankton species in the sediment near the mouth of the Yangtze River
in the ECS from temperate—subtropical/eurythermal to subtropical-tropical /eurythermal [19].
The overall biomass of marine phytoplankton is on the rise [20-22], but frequent harmful
algal blooms (HABs) of diatoms and dinoflagellates have been observed in the area in
recent decades, ascribed to both warming and terrestrial source input [23]. ENSO events
could further impact the phytoplankton community structure by promoting nearshore
phytoplankton blooms through the regulation of terrestrial inputs, or by exacerbating warm
water intrusion [24-26]. However, the impact of ENSO-driven environmental changes on
the nearshore phytoplankton ecosystem in the ECS is still unknown, due to the lack of
long-term field survey data.

To address this knowledge gap, we conducted a study on Sanmen Bay; a silty, low-
disturbance, semi-enclosed nearshore bay on the southerly side of the Yangtze River estuary
in the ECS, representative of many offshore bays in the coastal regions of eastern Asia [27].
We selected Sanmen Bay for sediment sampling and used simultaneous analysis of the
seawater phytoplankton’s biomass, community composition, in addition to the sediment
biomarker concentrations of major phytoplankton taxa; in this way, we reconstructed
the phytoplankton community succession and biomass changes in the bay over the last
200 years. Our study primarily focused on the long-term ecological response and mech-
anism of phytoplankton to climate anomalies caused by ENSO events in Sanmen Bay,
addressing key scientific questions such as the effect of ENSO events on phytoplankton
productivity and community diversity, and the impact of ENSO on blooms. By elucidating
the phytoplankton’s response to temperature in the Gulf region, which is closely associated
with human activities, our study can provide a basis for future predictions of phytoplankton
changes on a global scale in the face of increasingly frequent global climate anomalies.

2. Materials and Methods
2.1. Study Area

Sanmen Bay, located in the center of the eastern coast of China, covers an area of
approximately 775 km?. Sanmen Bay is situated in the temperate monsoon zone, boasting
an average surface water temperature of 18.3 °C year-round. However, there are discernible
fluctuations in water temperature throughout the seasons, with an average water temper-
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ature of 8.2 °C in February and 29.6 °C in August. The water depth in Sanmen Bay is
relatively shallow, ranging from 3.8 to 31 m, and the water column stratification in the
bay can be ignored due to strong physical mixing. Sanmen Bay is influenced by both the
southward discharge of the Yangtze River and the invasion of the Taiwan warm current.

2.2. Phytoplankton Sample Collection

In 2016 and 2017, extensive surface observations were conducted at 14 Grid stations
within Sanmen Bay, covering four seasons including summer, winter, spring, and autumn
(Table 1). Additionally, continuous observations were conducted every three hours at
station A (Figure 1). Samples were collected using a 0.1 m? small plankton net, fitted with a
77 pm mesh, and trawled vertically (0.5 m/s) from the bottom to the surface. Filtered water
was recorded using a flowmeter (HYDRO-BIOS, Kiel, Germany). The collected samples
were promptly preserved in a neutral formaldehyde solution and stored in the dark before
being transported to the laboratory for microscopic analysis, observation, identification, and
cell counting. The analysis was performed using a universal light microscope (Olympus,
Tokyo, Japan), wherein 25 mL phytoplankton subsamples were deposited in Hydro-bios
Utermohl counter frames for several hours, and then species identification and counting
were performed with an AO inverted microscope at 200-or 400-times magnification.

Table 1. Location parameters of phytoplankton net sampling stations in Sanmen Bay from 2016
to 2017.

Sample Number

Station Latitude (°N) Longitude (°E) Type Spring Summer Autumn Winter
S1 29.130 121.579 Grid station 1 2 1 2
S4 29.124 121.625 Grid station 1 2 1 2
S6 29.155 121.664 Grid station 1 2 1 2
S8 29.117 121.653 Grid station 1 2 1 2
S9 29.122 121.659 Grid station 1 2 1 2
S11 29.112 121.662 Grid station 1 2 1 2
S12 29.096 121.656 Grid station 1 2 1 2
S13 29.102 121.663 Grid station 1 2 1 2
S14 29.108 121.672 Grid station 1 2 1 2
S16 29.093 121.672 Grid station 1 2 1 2
S18 29.086 121.686 Grid station 1 2 1 2
S19 29.111 121.717 Grid station 1 2 1 2
S21 29.039 121.704 Grid station 1 2 1 2
S25 29.034 121.785 Grid station 1 2 1 2

A 29.109 121.651 Time serials 9 18 9 18

station

Notes: The water depth of the sampling station is 3.8-31 m. The six expeditions were carried out in January
(twice), April, July (twice) and October respectively.

Previously published comparative data from the same sea area were collected during
four surveys across different seasons for the years spanning 2005-2006 [28]; the observa-
tional stations and time for these surveys were the basis for those used in the 20162017
surveys of this study, with our locations and research times set up to match them (Table 1).
In addition, we compiled a measured dataset of phytoplankton for the period spanning
1982-2015 using 8 years of historical records in the study area (Table 2).
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Figure 1. Location of Sampling stations in Sanmen Bay (red, grid station; blue, time serials station;
green, sediment sampling station).

Table 2. Historical phytoplankton data from Sanmen Bay.

Phytoplankton Abundance (Cells m—3)

Dat ENSO Dominant Species Ref
ate Spring Summer Autumn Winter P eterences
December 1981, May Coscinodiscuis spp,
1982, EI Nifio-EP 335x 10°  1.04 x 10° 393 x 10°  2.34 x 108 Skeletonema spp., Ditylun [28]
July 1982, October 1982 brightwelli, Chaetoceros spp.
Calanus sinicus, Labidocera
August 2002, euchaeta, Tortanus derjugini,
November 2002, . 6 9 6 7 Acartia clause,
February 2003, EI Nifio—CP 7.88 x 10 1.52 x 10 9.11 x 10 1.60 x 10 Pseudeuphausia sinica, [29]
May2003 Zonosagitta bedoti,
Zonosagitta nagae
May 2015, August 2015, EI ﬁiﬁ;;:?jéizl;}fgpf:;jfgﬁ;
November 2015, Nifio-CP-EP 531 x 10° 555 x 107 7.81 x 10°®  5.81 x 10° ’ [30]
. Skeletonema spp., Chaetoceros
January 2016 (mixed) .
pseudocurvisetus
Chaetoceros danicus,
February 1985, August Coscinodiscus jonesianus,
1985, December 1985, La Nifa-EP 215 x 10° 150 x 10° 514 x 10*  2.40 x 108 Coscinodiscus spinosus, [31]
February 1986 Coscinodiscus asterromphalus,
Skeletonema costatum
Skeletonema costatum,
April 2005, Coscinodiscus jonesianus,
July 2005, October 2005, Normal 1.63 x 107 251 x 10° 472 x 107 127 x 108 Chaetoceros affinis, Melosira [32]
January 2006 discigera, Ceratium furca,
Planktoniella sol
October 2006, January Cosglg;i;z;b;j;zesmnus,
2007, April 2007, Normal 1.30 x 106 830 x 10° 159 x 10°  1.44 x 10° ; PP [33]
Paralia sulcata, Tripos
July 2007 !
muelleri
February 2012, My Sl it
2012, August 2012, Normal 297 x 105 372 x10° 177 x10° 143 x 10° Ladip . [34]
November 2012 Coscinodiscus oculus-iridis,

Coscinodiscus jonesianus

Coscinodiscus jonesianus,
Coscinodiscus oculus-iridis,
May 2014, August 2014 Normal 220 x 105 1.88. x 10° - - i [35]
Nitzschia lorenziana,
Coscinodiscus centralis,

Ditylun brightwellii
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Our study employed the use of plankton net sampling rather than bottle sampling.
This was primarily because the comparison of historical data needs to use a unified method.
On the other hand, the sources of biomarkers in sedimentary deposits were predominantly
large-sized phytoplankton. Additionally, we sought to avoid the patchy distribution of
nearshore phytoplankton by collecting sufficient samples over a larger spatial scale to
identify the dominant species composition.

2.3. Sediment and Core Sample Collection

Between 1995 and 2015, surface sediment and sediment core samples were collected
five times within Sanmen Bay. In April 1995, approximately 160 cm of H30 sediment core
samples were obtained using a gravity piston sampler during the Sanmen Bay nuclear
power environmental survey. Surface sediment samples were collected from station H26 in
November 1997, station H14 in November 2002, station H5 in January 2006, and station H4
in August 2015 (Figure 1). All samples were stored at —20 °C until laboratory analysis.

2.4. Pretreatment and Analysis of Sediment Samples

Five grams of freeze-dried sediment sample were extracted using an accelerated sol-
vent extractor (ASE-350) (Thermo Fisher, MA, USA), with deuterated nCy4Dsy and Cyg al-
cohol (19-OH) as internal standards. The extraction was carried out using dichloromethane
and methanol (v/v = 9:1) for 10 min, then raised to a temperature of 100 °C for 5 min;
this process was repeated three times to obtain the organic matter. The extract was then
air-dried with Ny, after which a 6% KOH-methanol solution added to it prior to undergoing
ultrasonication, before finally being placed in a desiccator for 12 h. The hydrolysate was
then removed, and hexane was added to facilitate centrifugation and re-extraction; a step
that was repeated four times. The non-polar fraction was obtained using n-hexane elution,
and the polar fraction was obtained using dichloromethane/methanol (v/v = 1:1) elution.
Sterols and ketenes were separated using hexane/isopropanol (v/v = 95:5) solution and
analyzed using gas chromatography (GC) (Agilent 6890N) (Agilent, California, USA) with
a column of HP-1Methy1Siloxane (50 m x 0.32 mm X 0.17 um) and a flame ionization
detector (FID). The injection temperature was 310 °C, and FID detector temperature was
320 °C. N was employed as carrier gas, with a flow velocity of 1.2 mL/min. The tempera-
ture procedure had an initial temperature of 80 °C, which was held for 1 min, before being
ramped up to 200 °C at a rate of 25 °C/min, then to 250 °C at a rate of 3 °C/min, then to
300 °C at a rate of 1.8 °C/min, which was held for 8 min, and finally to 310 °C at a rate of
5 °C/min, which was held for 5 min.

The biomarkers of the polar components were determined using the characteristic ion
peaks and retention times of GC and LC-MS under the same conditions, and the content of
each target compound was determined using the internal standard method for quantitative
analysis, with 19-OH as the internal standard.

2.5. Sediment Chronology

The dating was performed using the 2!°Pb method, and the deposition rate was
calculated using the following equation:

S =M1 x Z/In(Co/Cz), )

where: S is the deposition rate (cm/a); Al is the 210Pp radioactive decay constant of
0.03114/a; Z is the depth (cm); Co and Cz are the surface and depth Z layers, respectively;
and the deposition rate is 1.0 cm/a for most of the layers.

In this study, we employed the >!°Pb method for dating purposes. Specifically, the
H30 core sample’s 21Pb residual specific activity collected in 1995 provided a time frame
spanning from 1822 to 1995. Additionally, four surface sediment samples (stations H26,
H14, H5, and H4) were collected in 1997, 2002, 2005, and 2015, respectively, and dated
based on the respective collection year, thereby extending the temporal scope of this study
to 2015 (Table 3).
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Table 3. Geological age of Sanmen Bay sedimentary column sample H30 measured by >!°Pb.

Radioactive Specific

Sedim(ent)Depth Activity Year Nifo (221: )Index
cm (dpm/g)
0~0.5 Based on sampling time 2015 1.47
0~0.5 Based on sampling time 2005 0.04
0~0.5 Based on sampling time 2002 0.59
0~0.5 Based on sampling time 1997 1.19
0~0.5 2.95+0.13 1995 —0.03
11~11.5 3.96 £0.25 1982 0.92
15.0~15.5 2.12 £0.09 1978 —0.18
19.0~19.5 2.44 £0.12 1974 —0.95
30.0~30.5 3.15+£0.14 1961 —0.19
40.0~40.5 2.87 £0.14 1950 —1.06
50.0~50.5 1.49 + 0.06 1939 —0.19
70.0~70.5 217 £0.12 1917 —0.42
90.0~90.5 1.24 +0.05 1894 —0.92
110.0~110.5 1.27 £ 0.05 1872 —0.71
135.0~135.5 1.12 £ 0.05 1844 -
155.0~155.5 1.00 £ 0.05 1822 -

2.6. Nifio Index

The Nifio 3.4 index is defined as the number of SST anomalies averaged over the
region of 170° W-120° W and 5° 5-5° N. We used 30-year moving climatology based on
the international climate standard to calculate SST anomalies (Table 3). An El Nifio event
is considered to have occurred when the 5-month moving average of the Nifio 3.4 SST
anomaly was >0.5 °C. A La Nifia event is considered to have occurred when the Nifio
3.4 index was <—0.5 °C for five consecutive months.

2.7. Data Analysis

The rendering was completed using Ocean Data View (5.3.0) software. Other mappings
were performed using R4.2.2. We employed the Wilcoxon signed-rank test to examine
the difference in phytoplankton abundance between 2005 and 2016 in Sanmen Bay. The
Kruskal-Wallis test was utilized to determine the difference in various seasons between
the two years, followed by post hoc multiple comparisons using the Steel-Dwass test.
Additionally, we used one-way ANOVA to investigate whether there were differences in
the effects of different types of ENSO on phytoplankton biomarkers, followed by post hoc
comparisons using the Tukey HSD test. We used Pearson Correlation Analysis to test the
relationship between lipid biomarker concentrations and Cholesterol concentration.

We used generalized additive models (GAMs) to investigate how phytoplankton
changes were affected by the thermotropic effect of ENSO events. We used the function
‘gam’ in the R package ‘mgcv’ to model the functional response of phytoplankton biomarker
concentrations to Nifio 3.4 index.

3. Results
3.1. Phytoplankton Community Structure of the Field Survey in Sanmen Bay

In 2005-2006, the phytoplankton cell abundance in the field ranged from 0.72 x 10° to
1.3 x 10? cells/m3, with an average of 5.13 £ 6.34 X 107cells/m?3 and a total of 146 species
across six phyla, including 38 genera and 115 species of diatoms (78.8%) and 12 genera
and 25 species of dinoflagellates (17.1%). The dominant species in the phytoplankton
community across all seasons was Skeletonema costatum (Table 2).

Meanwhile, the phytoplankton abundance measured in the field in 2016-2017 ranged
from 7.80 x 10* to 1.47 x 107 cells/mS3, with an average of 2.13 £ 2.47 x 106 cells/m? and a
total of 129 species across five phyla. Among these species, diatoms accounted for 80.6%
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(104 species) and dinoflagellates 14.7% (19 species), with Coscinodiscus jonesianus being the
dominant species in summer and Skeletonema costatum in all other seasons.

The Sanmen Bay marine area has long been dominated by widespread taxa in the
coastal inlet. While there were no marked shifts in species composition in 2016 compared
to 2005 (Table 2), the abundance declined by one order of magnitude. The abundance of
phytoplankton in Sanmen Bay was significantly higher in 2005 than in 2016, and there were
distinct seasonal differences observed in both years (p < 0.001). In 2005, the abundance of
phytoplankton in winter was significantly higher than in spring and autumn (p < 0.001),
while in 2016, the abundance in spring was significantly higher than in other seasons
(p < 0.001). Moreover, the data demonstrated a pattern of high abundance in the middle
and bottom of the bay and low abundance in the bay mouth (Figure 2).

Phytoplankton
29.2°N abundance
[log,,(cells/m?)]
7
29.1°N
6.5
29°N

121.5°E 121.6°E 121.7°E 121.8°E121.5°E 121.6°E 121.7°E 121.8°E

29.2°N

29.1°N
5.5

29°N

Ocean Data View

Figure 2. Spatial and temporal distribution of phytoplankton abundance in Sanmen Bay in 2016.

3.2. Comparison of Site Survey and Biomarker Reconstruction in Sanmen Bay

By reconstructing biomass ratios of surface sediments, we discovered that the ratio of
brassicasterol/SUM (total phytoplankton biomarkers) ranged from 72.60 to 87.30 (average
81.26%), the ratio of dinosterol/SUM ranged from 12.20 to 26.40 (average 18.00%), and the
ratio of Cs7 long-chain alkenone/SUM ranged from 0.50 to 1.00 (average 0.74%). Moreover,
comparing these ratios to biological measurements, we found that the reconstructed ratios
of diatoms and dinoflagellates (%) closely matched the values of diatoms, dinoflagellates
and coccolithophores in the phytoplankton observed across cruises in Sanmen Bay waters
in 2005/2006 and 2016/2017 [32].

The sediment samples’ cholesterol biomarkers exhibited significant positive correla-
tions with various phytoplankton biomasses (R1 = 0.89; R2 = 0.877; R3 = 0.74; R4 = 0.79,
p <0.01, n = 16) (Figure 3). Therefore, we observed higher zooplankton biomass in regions
with greater phytoplankton biomass.
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Figure 3. Linear relationship between phytoplankton biomarker and zooplankton biomarker concen-
trations (SUM = brassicasterol + dinosterol + C37 alkenones).

3.3. Interannual Variation in Plankton Community Biomass, Reconstructed from Sediment
Biomarkers

Biomarker reconstructions from Sanmen Bay data revealed that the biomass trends of
different taxa of phytoplankton and zooplankton were highly similar from 1922 to 2015,
indicating clear interannual variation and temperature response (Figure 4). Notably, the
biomass of zooplankton, phytoplankton, and the diatom/dinoflagellate ratio exhibited an
increasing trend, with a more significant increase observed after 1974 (Figure 4).

Specifically, the biomass of individual phytoplankton biomarkers such as brassicast-
erol (diatoms), dinosterol (dinoflagellates), and Cs; alkenone (coccolithophores) ranged
from 523 to 5956 ng/g, 180 to 1133 ng/g, and 6 to 44 ng/g, respectively (Figure 4). The
reconstructed phytoplankton biomass was ranked as diatoms > dinoflagellates > coccol-
ithophores. Likewise, a strong correlation was observed between brassicasterol and both
dinosterol and Csy alkenones (R1 = 0.68, R2 = 0.73, p < 0.01, n = 16), with their total content
serving as an indicator of phytoplankton primary productivity.
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Figure 4. Changes in plankton biomarker concentrations and ratios of brassicasterol to dinosterol
from 1822 to 2015 (Red, El Nifio years; blue, La Nifia years; gray, normal years).

Overall, the reconstructed results indicated that diatoms have dominated the phyto-
plankton in Sanmen Bay for over 200 years, although their proportion fluctuated signifi-
cantly due to changes in the relative proportions of diatoms and dinoflagellates. Moreover,
the brassicasterol/dinosterol ratio ranged between 2.13 and 7.15, with an overall decreasing
trend (Figure 4).

3.4. Sediment Reconstruction of Phytoplankton Response to ENSO

The sedimentary stratigraphy of Sanmen Bay revealed significant interannual vari-
ations in zooplankton and phytoplankton biomass and community structure between
normal years, and years impacted by El Nifio and La Nifia events, respectively (Figure 4).

(1) During six normal years, the mean concentration of zooplankton biomarkers
was 2781 + 1174 ng/g, and the mean concentration of total phytoplankton biomarkers
was 3697 £ 522 ng/g. The diatom biomass, indicated by brassicasterol concentration
(2754 £ 319 ng/g), accounted for 74.51 & 2.62% of total phytoplankton biomass. The di-
noflagellate biomass, indicated by dinosterol concentration (913 + 212 ng/g), accounted for
24.70 £ 2.65%. The reconstructed diatom/dinoflagellate biomass ratio was 3.10 & 0.46%.
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(2) During four La Nifia event impact years, the mean concentration of zooplankton
biomarkers decreased to 1480 + 1074 ng/g, and the mean concentration of total phyto-
plankton biomarkers decreased to 1692 £ 1362 ng/g. The diatom biomass, indicated by
brassicasterol concentration (1293 + 1163 ng/g), accounted for 76.42 + 6.24% of total
phytoplankton biomass. The dinoflagellate biomass, indicated by dinosterol concentration
(380 & 19 ng/g), accounted for 22.44 + 6.38%. The reconstructed diatom/dinoflagellate
biomass ratio was 3.06 &= 1.21%.

(3) During six El Nifio event impact years, including the following year (2005), the
mean concentration of zooplankton biomarkers increased to 4229 + 433 ng/g, and the
mean concentration of total phytoplankton biomarkers increased to 5837 & 1003 ng/g. The
diatom biomass, indicated by brassicasterol concentration (4897 & 1004 ng/g), accounted
for 83.90 £ 3.28% of total phytoplankton biomass. The dinoflagellate biomass, indicated by
dinosterol concentration (902 & 76 ng/g), accounted for 15.46 £ 3.17%. The reconstructed
diatom/dinoflagellate biomass ratio was 5.47 £ 1.26%.

Biomarker concentrations increased significantly by approximately 57.89% in El Nifio
years and the following year (p < 0.01), while decreasing significantly by approximately
54.23% in La Nifa years (p < 0.05). The reconstructed diatom/dinoflagellate biomass ratio
did not differ significantly in normal and La Nifia years, but it increased by approximately
76.40% in El Nifio years, which indicated a significantly higher proportion of diatoms
(Figure 4). In normal years, the biomass of each phytoplankton taxon increased with
temperature, with the warming effect more pronounced in El Nifio years, leading to a
higher biomass of diatoms, while dinoflagellates and coccolithophores remained relatively
stable. In La Nifia years, an increase in biomass with lower temperature was also observed
(Figure 5).
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4. Discussion
4.1. Response of Phytoplankton Community Changes to ENSO Signals in Sanmen Bay

Environmental factors such as nutrient concentration, temperature, and salinity are
closely related to the ENSO phenomenon, leading to changes in phytoplankton taxa and
distribution. The warming effects of El Nifio can be transmitted from the Pacific to the
southeastern coast of China, thereby increasing SST. In contrast, La Nifia brings cooling
effects and strong upwelling, which enhances nutrient supply. Furthermore, the strong
monsoon associated with La Nifia increases the terrestrial freshwater input, resulting in
decreased salinity. Numerous studies have demonstrated a strong correlation between
phytoplankton response and ENSO index during ENSO events [36-39]. Phytoplankton
biomarker reconstruction techniques based on phytoplankton lipids have been successfully
utilized in climate change research to assess the impact on paleoproductivity and phyto-
plankton community [13,40—42]. The reconstructed phytoplankton community structure
and biomass in Sanmen Bay agree with the field measurements [32], indicating the effective-
ness of the lipid biomarkers in sediment preservation for interannual scale phytoplankton
community reconstructions.

During the observation period from 1982 to 2015, Sanmen Bay experienced three El
Nifio-influenced years and one La Nifia-influenced year (Table 2). Previous studies on the
ENSO effect on seasonal temperature only considered contemporaneous relationships, but
due to the lag in the global climate impact of SST anomalies in the eastern Pacific Ocean, it
is more reasonable to define not only the current year of ENSO but both the winter before
the outbreak and the following year as constituting ENSO-influenced years. Interannual
variation of phytoplankton biomarkers provides a reliable approach to investigating the
impact of ENSO events on phytoplankton in Sanmen Bay.

4.1.1. EI Nifio Impact Year

The ENSO signal can be transmitted across the ECS, affecting the ecological structure
of the Sanmen Bay area by altering its SST. Although the ecosystem response in Sanmen
Bay may lag, it is still evident, as reflected in changes in biomass and community structure.
El Nifio warming promotes phytoplankton biomass and species diversity, which in turn
favor algal blooms by suppressing sensitive diatom species (Figure 4).

The type and intensity of EI Nifio events can alter the phytoplankton community struc-
ture in bay areas. We classified ENSO events into two categories: the eastern type, labeled
EI Nifio-EP, where warming starts mainly in the equatorial eastern Pacific; and the central
type, labeled EI Nino—CP, where warming starts mainly in the equatorial central Pacific [43].
The SST warming zones and atmospheric circulation conditions of these two types of events
differ significantly, resulting in different climate impacts and ecological effects [3]. Biolog-
ical measurements during the mixed EI Nifio-CP-EP (2015/3-2016/6) and CP-EI Nifio
(2002/4-2003/6) events showed significant annual differences in phytoplankton cell abun-
dance, population numbers, and dominant species (Table 2). The reconstructed biomass
indicated that super EI Nifio events (2015/2016, 1997 /1998, 1982/1983) had a significantly
greater impact on phytoplankton productivity than the other two recorded EI Nifio events,
and that both the primary productivity and the diatom/dinoflagellate ratios increased with
EI Nifio intensity (Figure 4). Therefore, the change in marine ecological response is not only
related to the type of EI Nifio event, but also closely related to its intensity.

During the medium EI Nifio—CP event (2002/5-2003/3), phytoplankton cell abun-
dance averaged 3.87 x 108 cells/m? across four seasons, with the highest values occurring
in summer. The number of other phytoplankton, such as Cyanophyta, Phaeophyta, and
Chrysophyta, also increased, with a higher species richness (Table 2).

In the super-intense EI Nifio-CP-EP (mixed) event (2015/3-2016/6), which contained
features of both central and eastern EI Nifio events, the overall development pattern was
more similar to that of the central type, showing eastward transmission characteristics in
the early stage and westward transmission characteristics in the later stage, in contrast to
the 1997/1998 and 1982 /1983 EI Nifio events [44]. The mean phytoplankton cell abundance
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across the four seasons during the 2015-2016 super EI Nifio was 1.63 x 107 cells/m3, with
high values also occurring in summer. The number of other phytoplankton species also
increased dramatically (Table 2), indicating that the type and intensity of EI Nifio events
have significant impacts on the marine ecosystem.

During biological surveys from December 1981 to October 1982, the highest phy-
toplankton cell abundance in Sanmen Bay occurred during the winter, with a mean of
2.34 x 108 cells/m?, and even reached the magnitude of HABs occurrence; this was signifi-
cantly different from other EI Nifio years, where the peak was in summer (Table 2). This
could be due to the fact that December 1981 coincided with the winter before the outbreak
of the super EI Nino-EP type event (1982/4-1983/7), which started in the fall, reached its
peak in the winter, and had the most significant climatic impact on the winter season [45].

Although both events occurred during the context of a super EI Nifio, there were
significant differences between the winter climates of Sanmen Bay in 1982/1983 and
2015/2016 [46]. The ecological response to EI Nifio was reflected not only in biomass but
also in changes in community structure, with the number of phytoplankton species increas-
ing to 199 during the super EI Nifio (2015/3-2016/6) impact years, including 149 diatom-
dominated species, 27 dinoflagellate species, and a dramatic increase observed in 23 species
of other phytoplankton [30].

While the abundance of phytoplankton during El Nifio years is similar to that of
non-ENSO years in the summer months, there is a marked difference in the magnitude of
their respective abundances. In fact, during El Nifio years, the abundance of phytoplankton
is significantly higher, often differing by several orders of magnitude when compared with
non-ENSO years (Table 2). The ecological response of the phytoplankton community in
the EI Nifio impact year was rapid, and the number of species was greater than in the
non-ENSO year. Likewise, the composition of dominant species was different, which may
have persistent impacts in the future. This is because after the end of the stronger ENSO, the
ecology will continue to be affected by this lag effect, given that the atmospheric response
to the ocean will continue for some time.

4.1.2. La Nifia Impact Year

During the transition from El Nifio to La Nifia in the open ocean, the surface layer’s
chlorophyll concentration increases significantly, sometimes even exceeding three times
the interannual amplitude. The mixing layer deepens, and the nutrient halocline uplifts,
leading to the involvement of nutrient-rich cold water in the mixing layer. Additionally,
factors such as the reduced feeding pressure that follows El Nifio events contribute to
algal blooms during La Nifia years [47]. In the South China Sea, La Nifia-influenced years
experience an earlier and more intense summer monsoon, leading to low sea temperatures,
heavy precipitation, and strong upwelling, all of which promote the transport of nutrients
to the surface, in addition to rapid phytoplankton growth [48]. Thus, the regulation
mechanism of La Nifia on phytoplankton differs between marine environments.

La Nifia events mainly begin in summer, being their strongest by winter [49], and the
East Asian monsoon also tends to be stronger [45]. Biological surveys during the La Nifia
impact years (1985/8~1986/2) showed anomalous winter abundance much higher than
the other three seasons (Table 2). The amount of Chaetoceros danicus Cleve and Skeletonema
costatum (Crev.) Cleve dramatically increased during winter, with a mean total phytoplank-
ton abundance of 2.40 x 10® cells/m? (Table 2). The primary reason for this could be that
during La Nifia, the study area’s salinity decreased by 2%. from August to December due
to increased continental runoff, which brought a large amount of terrestrial phosphate and
silicate, thus promoting rapid diatom bloom [50]. The abundance of Chaetoceros danicus
Cleve reached 1.7 x 108 cells/m? (70.8% of total phytoplankton) during winter, with a
change in number from autumn to winter of more than 4000 times. Abundance increased
from the mouth of the bay to its bottom, and dominant species” phase succession was
particularly apparent. Phytoplankton communities in the water column simplified, with
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the number of species reducing to 66, and the dominant species shifted to diatoms and
warm water species [31].

When analyzing the sediment and the measured data from Sanmen Bay, we observed
that the phytoplankton’s response to ENSO signals during La Nifia years was less regular
than during El Nifio years, with low sediment inversion and high measured data (Figure 4).
Therefore, the response mechanism of phytoplankton in Sanmen Bay to La Nifia may differ
from that in the open ocean. Due to Sanmen Bay’s shallow depth, the nutrient restriction is
weak. However, under the influence of a strong La Nifia, the southeast monsoon intensifies,
and sea water mixing increases. At the same time, increased precipitation regulates surface
runoff and nutrient input, resulting in bloom formations.

4.2. Regulation of Phytoplankton by Other Physical Processes in Sanmen Bay

The sediment column samples from Sanmen Bay revealed an increasing trend in both
zooplankton and phytoplankton biomarkers over the past 200 years, particularly after
1974, which may be attributed to the climate having warmed since the late 1970s (Figure 4).
The rise in temperature in Sanmen Bay has had adverse effects on temperature-sensitive
diatom species, leading to their gradual replacement by chain diatoms, and facilitating the
proliferation of other types of phytoplankton [30].

Between 1982 and 2015, the abundance, population number, community structure,
and dominant species composition of phytoplankton in the Sanmen Bay sea area showed
significant spatial and temporal differences (Table 2). The distribution of phytoplankton
cell abundance varied considerably across different years and seasons, neither consistently
high in summer nor low in winter. Additionally, significant differences were observed in
the number of phytoplankton species (Table 2).

In Sanmen Bay, the mean values for the number of phytoplankton species, level of
biomass, and population abundance were highest in summer during normal years without
ENSO, specifically in 2007, 2012, and 2014. The abundance exhibited a decreasing trend in
winter during these years (Table 2). Diatoms were the dominant taxa, accounting for more
than 80% of the community, while dinoflagellates were relatively low. In 2005, also a non-
ENSO year, the abundance was higher compared to other years, and the seasonal variation
was opposite to that of the rest of the years, having no marked difference in abundance
between summer and other non-ENSO years, but a higher abundance occurring in other
seasons, especially winter (Table 2). During the La Nifa-affected years of 1985-1986, field
surveys revealed anomalously higher levels of both abundance and biomass of phytoplank-
ton in winter (Table 2). In the biomarker reconstruction, we found that the recorded role of
La Nifa impact years on sedimentary stratigraphy was generally smaller than that of El
Nifio impact years, with its regularity likewise less pronounced than the response of the
phytoplankton’s primary productivity during El Nifio events (Figure 4). The effect of these
few La Nifa events on the increase or decrease in zooplankton and phytoplankton effects
recorded in the sedimentary stratigraphy was asymmetric. These anomalies suggested that
there may have been other factors besides ENSO influencing phytoplankton community
changes in the Sanmen Bay area.

Southeast Asia experiences a typical monsoon climate, and the summer monsoon
significantly affects the distribution patterns of major marine phytoplankton [51]. Long-
term low-frequency changes in climate and ocean-ecology in the Sanmen Bay marine area
are also significantly impacted by the East Asian monsoon (comprising north and north-east
winds along the Zhejiang coast) and currents [52]. The seasonal variations of Sanmen Bay
are influenced by the interaction between the southward flowing Yangtze River and the
northward flowing Taiwan warm current, leading to cyclic fluctuations in nitrogen and
phosphorus nutrient levels. The southerly winds in summer increase both the power of
the Zhejiang coastal current and the invasiveness of the Taiwan warm current, which in
turn alters the phytoplankton community composition, with the abundance of warm-water
species increasing in the bay mouth giving dominance to chain diatoms such as Skeletonema
costatum and Chaetoceros. In winter, the strong north wind brings cold water from the bottom
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of the sea to the surface [53], along with nutrient-rich materials from the deeper layers of the
ocean, which can trigger phytoplankton proliferation and accumulation. Human activities,
such as nuclear power plants, introduce waste heat which warms the surrounding waters,
causing temperature rises that may lead to rapid phytoplankton multiplication and an
increase in their overall abundance.

4.3. The Focus of Future Research

Although Sanmen Bay is a representative area of the Gulf, its offshore marine ecology
is highly complex. This study examined such sediment and water samples within the
sampling range that could adequately reflect conditions in the bay, but there are still
limitations in terms of spatial scale. In the future, historical data from several bays in the
ECS could be integrated and analyzed to better understand phytoplankton dynamics and
response mechanisms to large-scale physical processes in the bay area, and do so with
a higher vertical resolution. Additionally, representative systems such as offshore coral
reefs and upwellings have different sensitivities and response levels to their environment.
Therefore, sampling should be increased in these areas, expanding the sampling range and
sample size to better observe the long-term response of different systems to climate change.

Since the measured phytoplankton data used in this paper are mainly from the net
phytoplankton data collected across the Sanmen Bay’s history, in order to explore the
response of phytoplankton to ENSO time on a longer time scale, we also adopted the
paleoproductivity method of sediment inversion. Although net phytoplankton samples
can only collect phytoplankton with large particle sizes, lipid biomarkers in sediments
are also mainly derived from large phytoplankton, so the synchronous analysis of the
two methods is reasonably comparable. Lipid biomarkers in sediment were derived from
phytoplankton deposition in the water column. The preservation of biomarkers mainly
depended on sediment redox conditions and accumulation rates, but different biomarkers
have varying degradation efficiencies, leading to potential uncertainty when reconstructing
the phytoplankton community structure and species [40]. In this study, we selected Sanmen
Bay due to its relatively eutrophic conditions, having both high phytoplankton biomass and
high sedimentation rates. However, the temporal resolution of the sediment column was
insufficient for obtaining the data of all ENSO impact years in the century range, especially
before 1940.

Bivalves in shallow seas can be used to ascertain growth environment information
(such as changes in temperature, salinity, or rainfall flux) by analyzing their oxygen isotopes
or the element ratios in their shells [54,55]. In the future, indicator organisms such as
Tridacna and coral could be used to infer ecological changes of ancient environments and
observe changes in the offshore system over a longer time scale [56].

Due to methodological limitations, this study examined changes in phytoplankton
groups through sediment inversion, which was less clear than high-frequency field obser-
vations, in terms of measuring species composition. High throughput sequencing can be
used to reconstruct past states, dynamics, and ecosystem changes of the plankton in sedi-
ments, as well as interpret their ecosystem responses to environmental disturbances [57].
In the future, environmental chemistry methods and eDNA could be utilized for further
research [58].

The ecological response of the phytoplankton in Sanmen Bay revealed that ocean
changes at different temporal and spatial scales have complex impacts on offshore ecosys-
tems. It is challenging to fully clarify the mechanisms of these events (ENSO, human
activities, monsoon, etc.) under the coupling effect. Predicting the impact of future ocean
warming on biogeochemical cycles critically depends on understanding how existing global
temperature changes affect phytoplankton [59]. Future attention should focus on the evolu-
tion of phytoplankton adaptation mechanisms in response to short-term special events in
the context of long-term changes in global warming and ocean acidification.
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5. Conclusions

In this study, we conducted field observations and analyzed sediment biomarkers in
Sanmen Bay to provide a long-term record of phytoplankton community structure and
biomass. Our results showed that the phytoplankton community in Sanmen Bay responded
significantly to interannual-scale temperature changes caused by ENSO events. El Nifio
years were associated with the highest phytoplankton biomass, primarily driven by an
increase in diatoms and overall species richness due to the corresponding warming. In
contrast, La Nifia years resulted in a reduced phytoplankton biomass, but episodic blooms
occurred due to increased mixing of seawater and terrestrial source input during winter
monsoons. The bay area was strongly influenced by land-sea interaction and human
activities, which, coupled with global climate change over a long-time scale, has led to
a complex ecological response mechanism in the gulf ecosystem. As a high-production
offshore ecosystem, this complexity poses challenges for future predictions. Due to the lack
of high time-resolution methods, this study only focused on interannual-scale changes. In
the future, greater attention should be given to the coupling effects of short-term extreme
events and long-term trends, such as global warming and acidification.
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