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Abstract

The biological pump, driven by phytoplankton production and death, plays a crucial role in the ocean’s
sequestration of atmospheric CO,. In particular, marginal seas with high primary productivity show a significant
capacity for carbon fixation. Variations in phytoplankton biomass and community structure are key factors
influencing the efficiency of the marine biological pump. The Taiwan Strait (TS) is a unique shallow conduit that
connects the East China Sea (ECS) and the South China Sea (SCS), which are subject to seasonal monsoons and
episodic events (e.g., typhoons and floods). Thus, its planktonic ecosystem is significantly influenced by physical
processes such as strong ocean currents, coastal upwelling and river discharge, resulting in noticeable seasonal
variability. In this study, we examined spatiotemporal patterns of phytoplankton biomass and community
structure using phytoplankton-sourced biomarkers from suspended particles in surface waters across all four
seasons from 2019 to 2020 in the TS. The findings highlight notable seasonal disparities in phytoplankton
biomass, with spring and summer exhibiting significantly higher levels compared to autumn and winter. In order
to determine phytoplankton ecosystem responses to various physical and biological processes on a seasonal
scale, we used Empirical Orthogonal/Eigen Function (EOF) analysis to investigate the covarying spatiotemporal
patterns of: marine-sourced biomarkers and terrestrial-sourced biomarkers in surface suspended particles, a
biomass indicator (Chl a), water-mass indicators [sea surface temperature (SST), sea surface salinity (SSS),
nutrients], and a hydrodynamic indicator [total suspended solids at surface/bottom water, (TSS_S and TSS_B)].
The results identified six physical-biological coupling modes that influence seasonal variations in marine
phytoplankton ecosystems within the energetic strait system. Additionally, an in-depth understanding of the
coupling between physical process and lipid biomarker signals from suspended particles in the contemporary
marine environment can offer valuable insights for interpreting ancient sediment records of phytoplankton
ecosystem evolution in the TS.
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1 Introduction

Since pre-industrial times, global warming has become in-
creasingly evident as atmospheric CO, concentrations have risen
from 2.8 x 10~4 pL/L to 4 x 10~ pL/L (NOAA, 2021; Showstack,
2013). The marine biological pump is an important pathway for
removing and fixing atmospheric CO, (Turner, 2015). The effi-
ciency of the marine biological pump is highly dependent on
marine phytoplankton, the main primary producers in the ocean.
The production and community structure of marine phytoplank-

ton changes the ability of the biological pump to regulate the car-
bon cycle (Archer et al., 2000; Ding et al., 2010). Meanwhile, mar-
ine primary production, or phytoplankton biomass, is influenced
by multiple physical-chemical factors, such as upwelling, river
plumes, and eddies (Barlow et al., 2017; Chen et al., 2021;
Falkowski et al., 1991; Gong et al., 2003; Liu et al., 2019; Ryan
etal., 2010). The nutrient structure of the stratified water column
is controlled by upwelling, thereby regulating the growth of
phytoplankton in the vertical direction (Gong et al., 2003). The
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three-dimensional salinity and temperature structures can indic-
ate the overlapping areas of river plumes and upwelling regimes,
which in turn influence the distribution of size-fractionated
chlorophyll a (Chl a) (Liu et al., 2019). Meanwhile, abundant nu-
trients in the water column are brought by eddy pumping, lead-
ing to a substantial enhancement in production (Barlow et al.,
2017). These factors can enhance the coupling between the
mixed layer and the bottom boundary layer to some extent, alter-
ing the nutrient structure and subsequently impacting the growth
environment of phytoplankton, resulting in differences in pro-
duction and community structure. The marginal seas, as hot-
spots in terms of organic carbon (OC) sequestration and biologic-
al pumps, represent only 8% of the area of the global ocean, but
account for more than 20% of the open ocean CO, uptake and
~90% of the marine OC burial (Burdige, 2005; Field et al., 1998;
Zhao et al., 2021). Therefore, studying the factors influencing
phytoplankton biomass in marginal seas can help in understand-
ing the response of the biological pump on different spatiotem-
poral scales and predicting the coastal environment under future
climate change scenarios.

In general, various indicators have been used to track
changes in phytoplankton biomass or community structure, in-
cluding Chl a (Tang et al., 2004; Yamaguchi et al., 2013), photo-
synthetic pigments (Mineeva, 2021; Zhong et al., 2020), and lipid
biomarkers (Bi et al., 2018; Ding et al., 2019; Wu et al., 2016).
Compared to Chl a and other photosynthetic pigments, lipid bio-
markers are superior in terms of chemical stability, which is more
suitable for studying the long timescales of phytoplankton com-
munity structure changes (Ding et al., 2010). Indeed, lipid bio-
marker compounds such as sterols and long-chain alkenones
have been widely used to elucidate organic matter sources and
environmental fate in aquatic systems (Bianchi and Canuel, 2011;
Brassell et al., 1986; Wu et al., 2016). They maintain a relatively
intact carbon structure under the processes of degradation and
diagenesis (Ding et al., 2010), which allows us to effectively de-
cipher the biomass and community of phytoplankton in aquatic
ecosystems (Hernandez et al., 2008; Hernandez-Sanchez et al.,
2010). They also can identify the source and determine the fate of
organic matter in the ocean; for example, sterols have been ap-
plied to reconstruct the abundance of diatoms and dinoflagel-
lates in the Routheast Pacific (Tolosa et al., 2008), the East China
Sea (ECS) (Jeng and Huh, 2004; Sicre et al., 1994), the Yellow Sea
(Kannan et al., 2012), and the South China Sea (SCS) (Li et al.,
2012, 2014). Alkenones have been applied to reconstruct hapto-
phytes in the eastern Bering Sea (Harada et al., 2003), the ECS
(Nakanishi et al., 2012), the SCS (Li et al., 2012, 2014), and the Ja-
pan Sea (Lee et al., 2014). Brassicasterol (24-methylcholesta-5,
22E-dien-3B-ol), dinosterol (4a, 23, 24-trimethyl-5a-cholest-22-
en-3p-ol), and C,; alkenones are particularly useful lipid bio-
markers in aquatic systems, representing the biomass of diatoms,
dinoflagellates, and haptophytes, respectively, in the ocean’s eu-
photic layer (Schubert et al., 1998; Xing et al., 2011; Zhao et al.,
2006).

The Taiwan Strait (TS) is a strong-current, high-energy sys-
tem linking the ECS and the SCS, and is influenced by various
physical factors including the strong ocean currents, coastal up-
welling, and distal and proximal river plumes (Tao et al., 2022).
Meanwhile, a “narrow conduit effect” makes the strait highly en-
ergetic and serves as a crucial pathway for the exchange of water
masses and materials between the adjacent marginal seas (Chen
et al., 2006; Jiao et al., 2018; Wu et al., 2015). The physical pro-
cesses in such a transitional setting play a great role in regulating
the local biogeochemistry, including nutrient availability, carbon

cycling and marine production (e.g., phytoplankton, zooplank-
ton and fish) (Lan et al., 2014; Liu et al., 2019; Tao et al., 2022;
Zhong et al., 2020). Previous studies based on Chl a and other
photosynthetic pigments in waters of the TS suggested that sea-
sonal changes of phytoplankton biomass are controlled by sever-
al physical and biological factors (e.g., water mass characteristics,
light transmittance, community structure, and nutrient levels,
etc.) in relation to the ecological niches of the different algae and
their different responses to the physical processes (Hong et al.,
2011a; Tseng et al., 2020; Zhong et al., 2020). Previous studies
have also focused on lipid biomarkers to interpret phytoplank-
ton distributions in sediments of the TS, indicating that the com-
position of these biomarkers are influenced by primary produc-
tion from the upper water column and regional hydro- and sedi-
mentary dynamics in the TS (Tao et al., 2022). However, sedi-
ment results reflect long-term climate averages (several years to
decades), rather than shorter-term variations like seasonal or
inter-annual scales, due to the high spatiotemporal variability of
marine physical processes in the TS (Gan et al., 2009; Hong et al.,
2009; Hu et al., 2010; Huang et al., 2015; Jan et al., 2002) . This
study aims to enhance the accuracy of biomarker methods in re-
constructing phytoplankton biomass and community structures
by incorporating short timescale biological signals, which helps
explain phytoplankton dynamics from a new perspective and
confirming previous research results. In this study, spatiotempor-
al patterns of phytoplankton biomass and community structures
are revealed using phytoplankton-sourced biomarkers extracted
from suspended particle material across the four seasons from
2019 to 2020 in surface waters of the TS, in order to investigate
how marine physical processes impact regional phytoplankton
dynamics at a resolution of seasonal timescales.

The objectives of this study are: (1) to investigate the spati-
otemporal distributions of biomarkers in suspended particles
from TS surface seawater to reconstruct phytoplankton biomass
and community structures, (2) to interpret the coupling between
marine physical and biogeochemical processes using a novel
Empirical Orthogonal/Eigen Function analysis (EOF) processing
method and elucidate the intrinsic drivers responsible for spati-
otemporal changes in biomarkers, and (3) to better understand
changes in the evolution of phytoplankton biomass and com-
munity structure during the transition between northeast and
southwest monsoons in the TS.

2 Materials and methods

2.1 Study area

The TS has wide shelves dominated by distal Changjiang
River and Zhujiang River fluvial sources (Fig. 1a). Substantial
loads of terrestrial material from several medium to small sized
rivers such as the Minjiang, Jiulong and Hanjiang rivers dis-
charge into the western TS. On the eastern side, a large number
of small mountainous rivers in Taiwan produce disproportion-
ately high sediment yields (Liu et al., 2013). A “narrow conduit ef-
fect” is produced by the terrain barriers on both sides, and is sig-
nificantly amplified by the orientation of the currents in the same
direction as the monsoon winds (Zhong et al., 2020). The TS is
mainly influenced by two major monsoon systems. During the
monsoon transition period, the northeasterly and southwesterly
winds alternate, impacting the physical system of the TS (Yang et al.,
2021). During October-April, the TS is affected by the strong
northeast (NE) monsoon, which mainly forms three ocean cur-
rents: the southward Min-Zhe Coastal Current (MZCC) along the
western TS, and the northward South China Sea Warm Current
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Fig. 1. Maps of sampling sites (black dots) from 4 cruises in the TS during 2019-2020: spring (a), summer (b), autumn (c), and winter
(d). Rivers are depicted as turquoise lines. TWB: Taiwan Banks, PHC: Penghu Channel, ZYR: Zhanyun Rise, GYD: Guanyin Depres-

sion, WQC: Wugiu Channel.

(SCSWC) and Kuroshio intrusion water (KW) along the middle
and eastern TS. The low-temperature and low-salinity MZCC
moves from north to south, affecting most of the waters on the
west side of the TS, and reaches as far south as near Dongshan Is-
land. The east of the strait is significantly affected by the SCSWC
from south to north. During winter, the current of the TS presents
a confrontation between the east and the west. The southwest
(SW) monsoon (June-August) drives the SCSWC and KW north-
ward into the TS (Zhong et al., 2020). The central and northern
part of the TS is mainly controlled by warm currents from the
south, and the net water flux in the whole strait northeastward.
The combination of wind-driven currents and complex bottom
topography create the upwelling regions, such as the Dongshan
upwelling, Pingtan upwelling, Taiwan Bank upwelling, and
Penghu upwelling (Hong et al., 2009; Hu et al., 2001; Liu et al.,
2019; Tang et al., 2002). The coastal upwelling usually occurs
along the west coast, triggered by the prevailing SW monsoon
winds which supply a large amount of nutrients resulting in high
levels of marine production in the TS (Tseng et al., 2020; Zhong
etal., 2020).

2.2 Field sampling

Field surveys (measurements and sampling) were conducted
onboard the R/V Haijian 203 during spring (May 2020), summer
(August 2020), autumn (October 2019) and winter (December

2019) cruises. The sampling locations are shown in Fig. 1. Sus-
pended particle samples for lipid biomarker analyses were ob-
tained by filtration on Whatman GF/C filters (150 mm diameter).
After filtration, samples were stored at —20°C.

2.3 Hydrological and chemical parameter analyses

Seawater samples were collected and vertical profiles of hy-
drological parameters such as sea surface temperature (SST) and
sea surface salinity (SSS) were measured in situ with a conductiv-
ity-temperature-depth (CTD) system (Seabird SEB 19).Their
standard deviations are shown in Table 1.

Nutrients: 100 mL seawater samples were filtered through a
pre-washed cellulose acetate membrane (0.45 pm) and meas-
ured following the method of Grasshoff et al. (1999). Nutrients
(nitrate, phosphate and silicate) were measured with a QUAA-
TRO nutrient analyzer at the Third Institute of Oceanography
(TIO), Ministry of Natural Resources of China. The detection
limits were 0.02 pmol/L (nitrate), 0.01 pmol/L (phosphate) and
0.02 umol/L (silicate). Additional 500 mL seawater samples, from
both the surface and bottom, were filtered through a 0.45 pm fil-
ter, oven-dried at 40°C, and weighed to calculate the concentra-
tion of total suspended solids (TSS). Finally, ~2 L seawater
samples from the surface were filtered through pre-combusted
Whatman GF/F filters, freeze-dried and weighed for measuring
bulk particulate organic matter (POM) characteristics, including
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Table 1. Overview of mean and standard deviation of various parameters of four seasons required for this research

Parameter Spring Summer Autumn Winter
SST/C 22.0+2.0 27.4+1.4 241416 19.1+1.6
SSS 322423 34.0+0.3 325+1.7 32.2+1.6
TSS_S/(mg-L-1) 18.8+4.4 14.8+8.1 6.3+5.3 9.8+6.5
TSS_B/(mg-L-") 21.8+6.5 23.6+13.1 11.8+10.0 16.9+12.6
C/N ratio 7.0+3.1 7.4+23 8.6+2.6 6.7+1.7
313C/%o —23.6+1.6 —246+1.4 -249+13 —25.1+1.2
N/P ratio 48.9+422 30.4+21.6 20.6 +10.0 23.8+14.5
Silicate concentration/(pmol-L-1) 1.7+2.1 4.0+4.1 11.2+11.9 1.7+2.1
1-Cog, 98,30 FAS/(ng-L1) 10.5 +10.6 11.0 + 14.7 73+4.4 8.2+52
1-Cog. 30,3, alkanols/(ng-L-1) 27.9+26.0 25.8+31.0 6.0+9.4 13.4+12.8
1-Cog,31,3; alkanes/(ng-L1) 19.4+17.3 25.9+36.2 15.3+12.4 30.2 +40.0.3
Brassicasterol/(ng-L!) 1157.7+1459.2 115.6 +51.0 59.2 + 68.0 89.8+54.1
Dinosterol/(ng-L-1) 137.8 +234.5 49.5+51.0 9.1+12.0 11.9+4.6
C,; alkenones/(ng-L1) 49.1+63.4 95.6 +197.4 3473 6.5+6.4
Cholesterol/(ng-L!) 425.2+312.1 322.4+196.6 108.6 +112.2 131.8 + 80.6
SPB/(ng-L1) 1295.5+1650.7 165.1 +93.0 68.3+79.2 101.7+ 55.9
Chl a concentration/(mg-m-3) 3.4+3.9 1.3+0.9 1.3+0.5 1.8+1.0

Note: The C/N ratio and N/P ratio used in this study is nitrate molar concentration ratio.

particulate organic carbon (POC) content, particulate nitrogen
(PN) content, and 8!3C analyses. These parameters were conduc-
ted using an elemental analyzer in the Stable Isotope Platform/
Community Lab at TIO. The precision of OC content measure-
ments was better than +0.2%.

Chl a concentrations were measured by a multi-parameter
water quality in-sifu analyzer produced by YSI Company (model
YSI EXO2). The instrument was calibrated before the voyages to
ensure reliable data. Note that, the field Chl a data only includes
spring, summer and autumn, while Chl a data in the winter is
sourced from satellite-born radiometer using the monthly aver-
age value at a spatial scale of a 4 km x 4 km grid.

2.4 Biological parameters analyses

The target lipid biomarkers include marine sourced sterols,
plant wax derived n-alkanes, n-alkanols and n-fatty acid methyl
esters (n-FAMEs). Suspended particle samples for lipid biomark-
er analysis were collected in spring (40 sites), summer (40 sites),
autumn (28 sites), and winter (28 sites) (Fig. 1). The methods for
extraction, purification and isolation of target biomarkers have
been modified from Tao et al. (2022). In brief, filtered samples
were spiked with an appropriate amount of a non-internal stand-
ard mixture and then subjected to ultrasonic extraction with a
mixture of dichloromethane (DCM) and methanol (MeOH). Af-
terward, a “neutral” fraction and an “acidic” fraction were extrac-
ted from the hydrolyzed solution separately after adjusting the
pH of solution. The “neutral” fraction was further separated by
SiO, column chromatography into two fractions: the nonpolar

fraction eluted by 8 mL hexane containing n-alkanes and the po-
lar fraction eluted by 12 mL DCM/MeOH (95:5, v/v) containing
plant wax n-alkanols and marine phytoplankton sterols (Brass-
icaterol, Dinosterol and C,; alkenones). Before measurement, the
various components in both fractions underwent several steps
including concentration, derivatization, transesterification, and
elution purification. n-alkyl lipid and sterol identifications were
determined with a Thermo gas chromatography-mass spectro-
meter (GC-MS) by comparing retention times with the standards.
Quantification was performed with an Agilent 7890B GC instru-
ment using an HP-1 column and He as carrier gas. The average
relative standard deviation (%) was less than 10%.

2.5 Empirical Orthogonal/Eigen Function analysis (EOF)

In order to investigate the mechanisms controlling seasonal
changes in phytoplankton biomass and community structures in
the TS, a multivariate EOF analysis was used to assess their cor-
relation (standardized covariance) with different environmental
parameters using Matlab_R2021b software. This technique is
based on internal correlations (Resio and Hayden, 1975), which
presents the statistical characteristics of a group of data through
the spatial or temporal correlation of the data (Du and Liu, 2017;
Liu et al., 2019; Tao et al., 2022; Yang et al., 2021). The eigen-
modes were sorted based on the quotient between each mode’s
eigenvalue and the sum of all eigenvalues. Mode 1, which has the
largest eigenvalue, explains the majority of the covariance (cor-
relation) in the dataset as a percentage shown in Table 2. Sub-
sequent modes, such as Modes 2 and 3, explain less correlation

Table 2. Summary of EOF results of seasonal primary physical regimes

Season Mode 1 Mode 2 Mode 3

Spring (68.8%) 43.2% 13.9% 11.7%
MZCC (promoting algal bloom events) SCSWC, gathering in the south water colum mixing

Summer (58.7%) 32.9% 14.8% 11.0%

coastal upwelling Kuroshio invasion from northeastern part river plume (proximal & distal)

Autumn (65.8%) 28.6% 19.2% 18.0%

bottom resuspension, high turbidity MZCC in the northern part of the study area residual upwelling
inhibits the PP during monsoon transition
Winter (72.7%) 39.7% 18.7% 14.3%

strong MZCC, the farthest southward
journey can reach Dongshan Island

water colum mixing bottom resuspension

Note: The percentage in the parenthesis is the cumulative percentage of the first 3 modes. The description below each mode percentage is

the dominant physical regime.
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compared to Mode 1, and soon (Liu et al., 2019). The eigenvector
of each variable can be divided into positive and negative groups
based on their sign. Specifically, the variable with the largest ab-
solute value of the eigenvector is generally recognized as the
dominant factor influencing the correlation of the pattern. The
eigenweightings of a particular eigenmode show the spatial or
temporal patterns of that mode.

3 Results

3.1 Hydrological (SST, SSS) and chemical (nutrients) parameters

in TS surface water during the four seasons

In spring, SST ranged from 18.9°C to 26.5°C [average = (22.0 +
2.0)°C, n = 40] and SSS ranged from 26.8 to 34.6 (average = 32.2 +
2.3, n = 40). Cold, fresh water with lower SST and SSS was ob-
served in the coastal areas on the west side of the strait, with a
trend of increasing SST and SSS towards the south (Figs Sla and
S2a). In summer, SST ranged from 23.9°C to 29.9°C [average =
(27.4 £ 1.4)°C, n = 40] and SSS ranged from 33.1 to 34.5 (average =
34.0 £ 0.3, n = 40). Higher SST and SSS were observed in the
southern TS, suggesting the intrusion of the SCSWC. However,
the SST along the western coastline remained relatively low, in-
dicating the influence of upwelling in these areas (Fig. S1b). In
autumn, the SST and SSS ranged from 21.2°C to 26.7°C [average =
(24.1£1.6)°C, n=28], 28.5 to 34.2 (average = 32.5 + 1.7, n = 28),
respectively. The distributions of SST and SSS were similar to
spring, with lower SST and SSS values observed in the estuaries
and higher values in the south (Figs S1a, Slc, S2a and c). Note
that, the convergence of high and low temperature waters in au-
tumn appears in a more southern location compared to spring,
suggesting a stronger northeast monsoon in autumn compared
to spring (Figs Sla and c). In winter, the SST ranged from 16.3°C
to 23.0°C [average = (19.1 £ 1.6)C, n = 28] and the SSS ranged
from 27.7 to 34.5 (average = 32.2 £ 1.6, n = 28). On the west side of
the TS, low SST and SSS appears in the coastal area due to a dom-
inant influence of the MZCC (Figs S1d and S2d). However, relat-
ively high SST and SSS were also observed in the southern TS, in-
dicating that the SCSWC still has a dominant impact on the hy-
drological distribution of the southwestern strait during winter
(Figs S1d and S2d).

The concentration of nitrate (NO;) in surface seawater of the
TS ranged from 0.3 pmol/L to 8.6 pmol/L [average = (1.4 + 1.3)
pmol/L, n = 40] in spring, 0.2 pmol/L to 9.2 pmol/L [average =
(1.3 £ 1.4) pmol/L, n = 40] in summer, 0.3 pmol/L to 27.9 pmol/L
[average = (7.6 £+ 7.8) pmol/L, n = 28] in autumn, and 1.9 pmol/L
to 35.7 pumol/L [average = (13.0 + 8.2) pmol/L, n = 28] in winter,
respectively. The average concentration of nitrate showed a
minor variation from spring to summer. However, there was a
significant increase in the average concentration during autumn
and winter, exceeding the levels observed in spring and summer.
This indicates a decrease in the utilization of nutrients by phyto-
plankton, leading to a surplus of nitrate during autumn and
winter. The spatial distribution of nitrate in spring was similar to
that in summer. Higher values were observed exclusively in the
Minjiang River Estuary area (Figs S3a and b). In autumn, nitrate
in the TS was replenished. High nitrate concentrations were ob-
served in the estuaries and the central region of the study area,
extending beyond the mouth of the Minjiang River (Fig. S3c).
These areas of high concentrations also extend further outward
during the winter (Figs S3c and d). The relatively high concentra-
tion of nitrate in estuaries throughout the four seasons highlights
the importance of riverine inputs to nutrient supplies and em-
phasizes that its impact should not be ignored.

The concentration of phosphate (PO, ) in surface seawater of
the TS ranged from 0.01 pmol/L to 0.25 pmol/L [average = (0.08 +
0.07) pmol/L, n = 30] in spring, 0.01 umol/L to 0.12 pmol/L [aver-
age = (0.05 £ 0.03) umol/L, n = 40] in summer, 0.03 pmol/L to
1.31 pmol/L [average = (0.37 + 0.36) pmol/L, n = 28] in autumn,
and 0.04 umol/L to 1.49 pmol/L [average = (0.64 + 0.38) pmol/L,
n = 28] in winter. Compared to nitrate, the average concentration
of phosphate was significantly lower during the observation period.
However, its seasonal variability was similar to that of nitrate,
with lower concentrations in spring and summer and a gradual
increase in autumn and winter. Spatially, there were no high-
concentration areas observed in either spring or summer when
phosphate was depleted (Figs S3e and f). Similar to nitrate, phos-
phate was also replenished during autumn and winter. High con-
centrations were observed in estuaries (especially Quanzhou
Bay) and offshore areas (Figs S3g and h). Indeed, river inputs and
coastal flows from the MZCC can deliver abundant phosphates,
resulting in excess phosphate along the west side of the study area.

The concentration of silicate (SiOﬁ‘) in surface seawater
of the TS ranged from 0.02 pmol/L to 10.8 pmol/L [average =
(1.7 £ 2.1) pmol/L, n = 40] in spring, 0.2 pmol/L to 21.3 umol/L
[average = (4.0 + 4.1) pmol/L, n = 36] in summer, 0.2 pmol/L to
44.3 pmol/L [average = (11.2 + 11.9) pmol/L, n = 28] in autumn,
and 0.6 pmol/L to 48.2 pmol/L [average = (17.3 + 12.1) pmol/L,
n = 28] in winter. Seasonal changes suggested that the utilization
rate of silicate by phytoplankton was highest in spring and lowest
in winter. The distribution of silicate in spring is similar to sum-
mer; high concentrations only occurred in the estuaries, particu-
larly in the Minjiang River and Jiulong River estuaries (Figs S3i
and j). In autumn and winter, silicates were replenished, similar
to the other nutrients, and concentrated in various estuarine
areas. However, differing from nitrate and phosphate distribu-
tions, silicates have a weaker increase towards the open sea and
primarily impact the estuarine areas (Figs S3k and 1). The correla-
tions between nutrients can be seen in Fig. S4.

The N/P ratios used in this study are calculated as Nitrate/
Phosphate molar concentration. N/P ratios ranged from 6.2 to
156.0 (average = 48.9 + 42.2, n = 33) in spring, from 4.6 to 96.3 (av-
erage = 30.4 + 21.6, n = 40) in summer, from 6.5 to 49.5 (average =
20.6 £ 10.0, n = 28) in autumn, and from 8.0 to 76.1 (average =
23.8 + 14.5, n = 28) in winter. The N/P ratios are applied to the
statistical analysis of T-S plots and EOF.

The variations in environmental parameters in the TS during
the four seasons indicate the seasonal impacts of various physic-
al and biogeochemical processes. The T-S map effectively identi-
fies distinct clusters of water characteristics based on temperat-
ure, salinity, and nutrients, which is consistent with previous
findings (Zhong et al., 2020). These clusters correspond to sea-
sonal ocean currents, river plumes, upwelling, and other phe-
nomena (Fig. 2). In spring, water mass characteristics such as
high SST, high SSS, and few nutrients, indicate the influence of
the SCSWC, while low SST, low SSS, and abundant nutrients sug-
gest the influence of ZMCC. Additionally, relatively high SST and
low SSS in a water mass can be attributed to the river plume.
Thus, the TS are influenced by three water masses: the SCSWC,
MZCC, and the river plume (Figs 2a and b). Water masses that
exhibit less distinct characteristics or have signatures that are a
mix of identified water masses are classified as mixed water. By
analogy, it can be inferred that the water mass characteristics in
autumn and winter are primarily influenced by the two major
water masses, the SCSWC and ZMCC (Figs 2e-h). However, the
upwelling of low SST, high SSS, nutrient-rich water is a unique
feature in summer and is likely to dominate water mass charac-
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Fig. 2. Temperature-salinity-N/P (T-S-N/P) and temperature-salinity-silicate (T-S-Si) diagram of surface water during spring (a, b),
summer (c, d), autumn (e, f), winter (g, h) in the TS. N/P ratio stands for Nitrate/Phosphate molar concentration ratio.

teristics during this season (Figs 2c and d).
3.2 Lipid biomarker distributions

3.2.1 Terrestrial biomarkers

0dd long-chain (n-C,g, 4,,33) alkanes, even long-chain (n-
Cog.30+32) alkanols, and long-chain (n-Cyg,,4.3,) FAs are mainly
sourced from terrestrial higher plant wax lipids, and have been
widely used to trace the source of terrestrial OM and determine
its fate in marine settings (Tao et al., 2022).

The concentration of odd long-chain (n-C,,,5;,55) alkanes
in TS surface waters ranged from 4.6 ng/L to 82.6 ng/L in spring,
3.5 ng/L to 202.4 ng/L in summer, 5.1 ng/L to 46.4 ng/L in au-
tumn, and 6.3 ng/L to 210.9 ng/L in winter. The highest average

concentration was observed in winter, while the lowest was ob-
served in autumn. Throughout the observation period, higher
odd long-chain alkane concentrations were consistently ob-
served in the estuaries, which is attributed to the abundance of
terrigenous OM brought in by river inputs. Additionally, a slight
increase in concentration was noted in the southern part of the
strait during spring and autumn (Figs 3a-d).

The concentration of even long-chain (n-C,g, 5,,5,) alkanols
in TS surface waters ranged from 4.0 ng/L to 110.8 ng/L in spring,
4.2 ng/L to 142.3 ng/L in summer, 0.5 ng/L to 51.7 ng/L in au-
tumn, and 3.1 ng/L to 66.3 ng/L in winter. The highest average
concentration was observed in spring, while the lowest was ob-
served in autumn. Similar to n-C,g, 4,54 alkanes, the n-C,g, 40,3,
alkanols did not exhibit a clear seasonal pattern during our
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Fig. 3. Distribution of terrestrial biomarkers (ng/L) in surface suspended particles in the TS during 2019-2020 (a-1): C,g,5,,5; alkanes

(Figs 3a—d); Cyg, 30,3, alkanols (Figs 3e—h); Cy4, 04,50 FAs (Figs 3i-1).

observation period. The highest value occurred in the offshore
area of the Minjiang River Estuary on the west side of the TS, with
a secondary high value near the Jiulong River Estuary (Figs 3e-h).

The concentration of long-chain (7-C,g, »5,5,) FAs in TS sur-
face waters ranged from 1.9 ng/L to 58.3 ng/L in spring 3.5 ng/L
to 98.3 ng/L in summer, 2.5 ng/L to 20.7 ng/L in autumn, and
3.5ng/L to 27.5 ng/L in winter. The average concentration of n-
Cy6.28+30 FAs remained consistently low across all four seasons,
with minimal variations between seasons. High concentrations
were consistently observed in several estuarine areas on the west
side throughout most seasons. The second-highest levels were
found in the central and northern parts of the strait during spring
and summer (Figs 3i-1).

3.2.2 Marine biomarkers

The spatial distributions of four marine biomarkers
(brassicasterol, dinosterol, C,, alkenones and cholesterol)
showed very large seasonal variability. In particular, concentra-
tions of marine lipid biomarkers in spring were significantly high-
er than those in other seasons (Fig. 4).

The concentration of brassicasterol in TS surface seawater
ranged from 54.4 ng/L to 5 446.8 ng/L [average = (1 157.7
1 459.2) ng/L, n = 40] in spring, 49.1 ng/L to 218.6 ng/L [average =
(115.6 £ 51.0) ng/L, n = 40] in summer, 6.9 ng/L to 283.7 ng/L [av-
erage = (59.2 + 68.0) ng/L, n = 28] in autumn, and 41.9 ng/L to
332.5 ng/L [average = (89.8 + 54.1) ng/L, n = 28] in winter. The el-
evated brassicasterol concentrations were primarily due to the
occurrence of red tide events, leading to exceptionally high levels
of marine-sourced biomarkers overall. The highest values during

both spring and summer were located in the region stretching
from the mouth of the Minjiang River seaward to offshore (Figs
4a and b). Additionally, during the summer, there was a second-
ary high concentration area at the offshore site south of Nanri Is-
land (Fig. 4b). During autumn and winter, the high concentra-
tion area of brassicasterol shifted towards the southern region
and offshore sites (Figs 4c and d).

The concentration of dinosterol in TS surface seawater ranged
from 8.6 ng/L to 926.6 ng/L [average = (137.8 + 234.5) ng/L, n =
40] in spring, 10.5 ng/L to 199.0 ng/L [average = (49.5 + 51.0) ng/L,
n=40] in summer, 1.3 ng/L to 63.3 ng/L [average = (9.1 + 12.0) ng/L,
n = 28] in autumn, and 4.1 ng/L to 23.9 ng/L [average = (11.9 +
4.6) ng/L, n = 28] in winter. The variations in dinosterol concen-
trations were in agreement with those of brassicasterol: the max-
imum and minimum values appear in spring and autumn, re-
spectively. During the spring and summer, the highest values
were generally observed in the Minjiang River Estuary (Figs 4e
and f). The distribution of dinosterol was similar to that of
brassisterol in autumn and winter, showing a propensity of higher
concentrations toward the outer sea (Figs 4g and h). Meanwhile,
the concentrations of dinosterol were very low in this period.

The concentrations of C,;, alkenones in TS surface seawater
ranged from 1.0 ng/L to 274.0 ng/L [average = (49.1 + 63.4) ng/L, n =
40] in spring, 0.8 ng/L to 900.3 ng/L [average = (95.6 + 197.4) ng/L,
n=40] in summer, 0.2 ng/L to 38.2 ng/L [average = (3.4 + 7.3) ng/L,
n=28] in autumn, and 1.2 ng/Lto 26.3 ng/L [average = (6.5 + 6.4) ng/L,
n = 28] in winter. Seasonally, C,, alkenone concentrations were
variable, showing a rapid increase from spring to summer and
then a sharp decrease in autumn, suggesting a positive correla-
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Fig. 4. Distribution of marine biomarkers (ng/L) in surface suspended particles in the TS during 2019-2020 (a—p): brassicasterol
(Figs 4a—d); dinosterol (Figs 4e-h); C,, alkenones (Figs 4i-1); cholesterol (Figs 4m-p). Note that the biomarker concentration color-bar
scale in spring is differentiated from other seasons due to the red tide events of planktonic algae during the spring cruise.

tion between C,, alkenone concentration and temperature. The
distribution of C,, alkenones showed significant spatiotemporal
differences; higher concentrations in spring were primarily con-
centrated in the southern region (Fig. 4i), while the higher con-
centrations in summer were shifted towards the north (Minjiang
River Estuary) (Fig. 4j). Correspondingly, the lowest concentra-
tions appeared in autumn and winter compared to spring and
summer (Figs 4k and 1).

The concentrations of cholesterol in TS surface seawater ranged
from 58.4 ng/Lto 1 515.1 ng/L [average = (425.2 + 312.1) ng/L, n=
40] in spring, 92.6 ng/L to 853.9 ng/L [average = (322.4 + 196.6) ng/L,
n = 40] in summer, 18.5 ng/L to 435.3 ng/L [average = (108.6 +
112.2) ng/L, n=28] in autumn, and 42.6 ng/L to 310.8 ng/L [aver-
age = (131.8 + 80.6) ng/L, n = 28] in winter. The distribution of
cholesterol was consistent with that of brassicasterol and dinos-
terol, further indicating that biomass was limited in autumn. In
spring, higher cholesterol concentrations were observed in both
the northern and southern regions of the channel (Fig. 4m).
However, the highest values of cholesterol were mainly observed

in the northern TS during summer (Fig. 4n). Similar to brassicas-
terol and dinosterol, higher concentrations of cholesterol tend to
be shifted towards the offshore area and the southern TS during
autumn and winter; specifically, higher concentrations were ob-
served in the offshore sites during autumn and in the southern
regions during winter (Figs 40 and p).

3.3 Eigen function analysis of the physical-chemical-biological

dataset during four seasons

In order to determine the impact of diverse physical pro-
cesses on the phytoplankton community of the TS in different
seasons, EOF analysis was used to examine the correlation
among the 15 independent variables during each season, includ-
ing 2 bulk OM parameters (C/N molar concentration ratio and
813C), 3 groups of terrestrially-sourced biomarker (the concentra-
tions of n-C,,, 59,4, alkanes, n-C,g, 5,3, alkanols, and n-Cyg, 54,50
FAs), 4 marine-sourced biomarkers (phytoplankton-derived
brassicasterol, C,, alkenones, dinosterol, and zooplankton-de-
rived cholesterol), and 6 marine environmental parameters (SST,
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SSS, silicates, N/P ratio, Chl @ and TSS). In addition, TSS in bot-
tom layers was included in the EOF analysis for autumn and
winter as an indicator of strong resuspension observed as higher
turbidity or TSS concentrations at the seafloor and the sediment-
water interface. The results indicate a strong correlation among
the 15 variables, with the first three eigen modes accounting for
over 58% of the data co-variability. Comparison of the seasonal
EOF structures reveals the highest correlation in winter (72.7%)
and the lowest in summer (58.7%) (Table 2). Since the objectives
of this study are related to phytoplankton biomass and com-
munity structure, our description of the results will focus on the
co-variability of phytoplankton-sourced lipid biomarkers in rela-
tion to other variables.

In spring, Mode 1 explains 43.2% of the co-variability among
different physical, chemical and biological parameters (Table 2).
Based on the sign of the eigenvectors, all variables have been di-
vided into two groups. The negative group includes C,, alken-
ones, SST and SSS, and the remaining variables are in the posit-
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ive group (Fig. 5a). The spatial patterns of this grouping are
shown in the contour plot of the eigenweightings, in which the
positive areas follow the northwestern coast corresponding to the
location of the colder and less salty MZCC water (Figs 6a and
Sla). Notably, terrestrially-sourced n-alkanols and n-Cyg, 4,50
FAs, marine phytoplankton-sourced brassicasterol and dinoster-
ol, zooplankton-sourced cholesterol, Chl a, N/P ratios and the
surface turbidity index (TSS_S) are prominent eigenvectors in the
positive group (Fig. 5a). Therefore, this mode emphasizes that
the MZCC regime (lower temperature, lower salinity) dominates
hydrographic, chemical and biological properties of the TS in
spring, especially in the northwestern TS. As an extension of the
distal Changjiang River input, MZCC intrusion can bring inor-
ganic N-enriched and high-turbidity water to the TS, along with
increased primary production (high Chl a concentration) regard-
less of the specific terrestrial and marine sources. Mode 2 ex-
plains 13.9% of the co-variability (Table 2), and is dominated by
the water mass indicators SST and SSS in the positive group and
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the land-sourced nutrient silicate in the negative group (Fig. 5b).
The positive regions in the contoured eigenweightings of this
mode follow the southwestern and center region of the TS (Fig. 6a)
corresponding to the location of the warmer and saltier SCSWC
water (Figs Sla and S2a) with low levels of land-derived nutrients
(Figs S3a, e and i). Thus, this mode highlights the oligotrophic
SCSWC regime as a secondary physical process affecting the
physical and biochemical properties of the study area in spring,
with a stronger influence in the southeastern and central regions
of the TS. Furthermore, zooplankton-derived cholesterol and
haptophyte-derived C,, alkenones are prominent factors in the
positive group compared to other marine-sourced biomarker
variables (Fig. 5b), suggesting that SCSWC intrusion is a domin-
ant physical process that is tightly coupled with biological feed-
back from zooplankton and haptophytes in the southern TS.

Mode 3 explains 11.7% of the co-variability (Table 2); there are
only two prominent variables (8!3C and brassicasterol) in the
positive group, while the rest of the variables fall into the negat-
ive group (Fig. 5¢). The negative regions in the contoured eigen-
weightings of this mode follow the areas of the Taiwan Banks
(TWB) and estuaries, corresponding to the locations of stronger
hydrodynamic conditions (Figs 1a and 6a). Thus, this mode sug-
gests the mixing of saline shelf water with warmer and less salty
river plumes as a tertiary physical process affecting physical and
biochemical properties in spring, with a significant influence
near the river mouth and TWB. Moreover, terrestrially-sourced
biomarkers such as n-Cyq, 5, 35 alkanes and n-C,g, 4, 5, FAs are the
dominant biomarker variables in this mode, indicating a coup-
ling of water mixing process with the presence of terrestrial OM.
In summer, the first mode explains 32.9% of the co-variability
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among various physical, chemical and biological parameters
(Table 2). This mode shows an association of Chl a, marine-
sourced biomarkers and SSS in the positive group, and an in-
verse relationship with SST (Fig. 5d). This implies a colder and
saltier upwelling influence on higher primary biomass contribu-
tions. The spatial pattern of this grouping (Fig. 6b) highlights the
positive areas along the western coastal region in the TS. Within
the positive regions of the mode, there are four high-eigen-
weighting areas located offshore southwest to Nari Island and
outside the Minjiang River and Jiulong River estuaries, which
align with the locations of coastal upwelling as noted in previous
studies (Hong et al., 2009; Hu et al., 2001; Liu et al., 2019).
Moreover, diatom-sourced brassicasterol is prominent in the up-
welling mode compared to other marine-sourced biomarkers, in-
dicating that diatoms are the primary contributors to the phyto-
plankton community in the upwelling regimes of the western TS
in summer. Additionally, silicate, terrestrially-sourced biomark-
ers, and TSS_S also exhibit high absolute values of eigenvectors,
underscoring the influence of eutrophic river plumes character-
ized by significant amounts of terrestrial material in these up-
welling regimes near the coast. Mode 2 explains 14.8% of the co-
variability (Table 2). This mode shows an association of all the
marine-sourced biomarkers and Chl a in the negative group,
while terrestrially-sourced biomarkers and the land-derived nu-
trient silicate are prominent in the positive group (Fig. 5¢). The
negative regions in the coutoured eigenweightings of this mode
follow the northeastern region in the TS (Fig. 6b). Thus, this
mode more than likely suggests the intrusion of the bottom
branch of the Kuroshio Current into the ECS shelf during the
summer, corresponding to more marine-sourced biomarkers.
The increased biomass is likely caused by this branch which can
extend to the 50 m isobath near the coast during summer, im-
pacting offshore ecological processes (Yang et al., 2017) and sug-
gesting that the Kuroshio invasion from the northeastern region
is a dominant physical process tightly coupled with biological
feedback from marine phytoplankton in this mode (Table 2).
Mode 3 explains 11.0% of the co-variability in the dataset. SST
and N/P are dominant in the positive group, while silicate and
SSS exhibit larger absolute values in the negative group (Fig. 5f).
The spatial pattern of this grouping highlights the positive areas
offshore of the Minjiang River Estuary and the southeast part of
the TWB (Fig. 6b). These areas correspond to the dispersal zones
of the Minjiang River and Zhujiang River plumes in summer, in-
dicating both proximal and remote river plumes as sources of less
saline water entering the TS. The latter is driven by the distal
Zhujiang River plume mixing with SCSWC as it crosses the TWB
and enters the TS in summer (Lee et al., 2023; Liu et al., 2019;
Yang et al., 2021). Additionally, all lipid biomarker signals are less
pronounced in this mode, showing the identified river plumes
have little impact on the biomass of phytoplankton.

In autumn, Mode 1 explains 28.6% of the co-variability. This
mode shows an association of two terrestrially-sourced biomark-
ers, silicate and TSS, which are dominantly in the positive group
whereas the marine-sourced biomarkers are in the negative
group (Fig. 5g). The positive regions in the contoured eigen-
weightings follow the river mouths and the southern part of the
study area (Fig. 6¢). In this mode the addition of the bottom tur-
bidity indicator (TSS_B) suggests that the resuspension of bot-
tom sediments leads to increased turbidity, coinciding with a low
abundance of marine-soured biomarkers. This suggests that the
resuspension of bottom materials is a primary physical process
affecting both physical and biochemical properties in autumn,
which limits phytoplankton growth in the study area (Table 2).

Mode 2 explains 19.2% of the co-variability. The eigenstructure
(groupings and eigenweighting patterns) is similar to that of
Mode 1 in spring (Figs 6a and c, 5a and h), indicative of the influ-
ence of the MZCC following the same interpretation. In contrast
to the MZCC mode observed in spring, silicate and TSS_B exhibit
the highest absolute value of eigenvectors in the positive group,
while Chl a and both terrestrially- and marine-sourced biomark-
ers are not significant in this mode (refer to Fig. 5h). In autumn,
the influence of the MZCC is limited to the northwestern TS (as
shown in Fig. 6¢), playing a crucial role in transporting land-
sourced nutrients and sediment into the TS. However, the coup-
ling of MZCC processes with biological signals such as Chl a and
biomarker concentrations appears to weaken. Despite potential
similarities in physical processes between spring and autumn,
seasonal differences are evident. Mode 3 explains 18.0% of the
co-variability. There is only one prominent variable (N/P ratio) in
the negative group, while the rest of the variables fall into the
positive group (Fig. 5f). This implies a low N/P water mass influ-
ence on higher biomass contributions. The spatial pattern shows
the positive areas are located offshore of the TWB and Dongshan
Island and outside the Jiulong River Estuary (Figs 1 and 6c),
which align with the locations of coastal upwelling regimes as
noted in previous studies (Hong et al., 2009; Hu et al., 2001; Liu
et al., 2019). In contrast to upwelling regimes characterized by
low temperatures and high salinities in summer, the colder and
less salty MZCC results in upwelling areas in autumn exhibiting
relatively high temperatures and salinities. The influence of this
physical process in autumn is clearly evident in the southern part
of the TS. Thus, this mode suggests the residual upwelling as a
tertiary physical process affecting biochemical properties in au-
tumn, with strong biological (biomarkers and Chl a) signals.

In winter, Mode 1 explains 39.7% of the co-variability in the
dataset (Table 2). The eigenstructure is similar to that of Mode 1
during spring and Mode 2 during autumn (Figs 6a, c and d, 5a, h
and j), indicative of the influence of the MZCC following the
same interpretation. It is worth mentioning that TSS concentra-
tions showed positive behavior (Fig. 5), indicating an increase in
turbidity. The positive regions in the contoured eigenweightings
indicate its prevelance coastal areas, extending as far south as
Dongshan Island (Fig. 6d). Mode 2 explains 18.7% of the co-vari-
ability. The eigenstructure is similar to the Mode 3 of spring
(Figs 64, 6d, 5c and 5k), indicative of the influence of mixing wa-
ter masses following the same interpretation. Unlike the Mode 3
of spring, the negative regions in the contoured eigenweightings
of this mode follow the southern and estuarine (Jiulong River and
Quanzhou Bay) regions corresponding to the location of stronger
hydrodynamic and biological conditions (Figs 6d and 5k), and
this coupling mode is obviously more beneficial to the biological
process. Mode 3 explains 14.3% of the co-variability (Table 2),
and is dominated by 3'3C, N/P and TSS in the positive group
while C/N and brassicasterol are in the negative group (Fig. 51).
The positive regions follow the Jiulong River Estuary to offshore
(Fig. 6d). It is worth noting that this spatial pattern is similar to
the resuspension mode in autumn (Fig. 5g). However, the inhibi-
tion of biological processes by turbidity may be relatively less in-
tense in this mode, as the responses of the three species of phyto-
plankton to environmental variables are quite different. The re-
striction on the growth of diatoms may be the greatest.

These findings highlight the significant impact of a monsoon
climate on physical forcings and processes in the TS. In winter,
strong NE monsoon winds have propelled the MZCC, leading to
enhanced water column mixing and the generation of larger
waves that triggered high turbidity from bottom resuspension.
The transition from spring to autumn saw a shift in the influence
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of monsoon winds. In spring, the water becomes warmer with the
influence of the SCSWC becoming more pronounced, and nutri-
ents are recovered from the MZCC. Water column mixing re-
mains a crucial factor. In summer, coastal upwelling induced by
the strong SW monsoon winds is a dominant physical process.
River plumes also dominated biogeochemical features in the
summer due to summer floods and typhoons. Autumn witnessed
increased wave energy as the NE monsoon winds intensified,
leading to further resuspension. The NE monsoon also intensi-
fies the impact of the MZCC during autumn. In this transitional
season, upwelling may have persisted in the TS as well.

4 Discussion

4.1 Biomass and community structure of phytoplankton in the TS
revealed by lipid biomarkers

4.1.1 Spatiotemporal variations of phytoplankton-sourced lipid
biomarkers

During the observation period of our cruise, we encountered
ared tide event in spring. As a result, the concentration of mar-
ine biomarkers was exceptionally high. The mean concentra-
tions of brassicasterol and dinosterol in spring were 10 times and
2.8 times higher, respectively, than in other seasons (Table 1). Wu
et al. (2016) found that the average concentration of brassicaster-
ol in suspended particulate matter of the ECS during summer
was 6 times higher than in spring, and the concentration of di-
nosterol was 3 times higher. This is different from our results, and
suggests that the impacts of episodic events (e.g., red tides) can
cause a high level of phytoplanktonderived biomarker concentra-
tions. Brassicasterol and dinosterol showed a similar spatial
trend, with high-concentration areas in the northwest of the
study area in spring and summer, and also in the central region
of the study area in autumn and winter. However, the spatial dis-
tribution of C,, alkenones exhibited a contrasting pattern bet-
ween spring and summer. In spring, the highest value was ob-
served in the southern region, while the northern region had the
highest value in summer. The concentrations of C,, alkenones
during summer can reach levels comparable to the concentra-
tion of the most abundant brassicasterol. Variability in the Cg; al-
kenone concentration of suspended particulates has been ob-
served seasonally and spatially in the ECS, SYS and Japan Sea, il-
lustrating that higher haptophyte biomass, as indicated by higher
C;; alkenone concentrations in surface seawater, likely occurs in
summer and autumn in the East Asia coastal areas along the north-
west Pacific marginal seas (Lee et al., 2014; Wu et al., 2016). The
concentration of phytoplankton biomarkers was lower in autumn
and winter compared to spring and summer. In particular, in areas
with high turbidity such as the nearshore and estuarine regions,
the concentration was notably low during these seasons (Figs 7c
and d). This can lead to lower concentrations of marine-sourced
biomarkers and Chl a during these two seasons, making their
spatial distribution patterns tend to be higher at offshore sites.

Chl a has been widely used to estimate phytoplankton bio-
mass (Yamaguchi et al., 2013). While the additional application
of phytoplankton-derived lipid biomarkers as indicators of
phytoplankton production has often exhibited a bias because lip-
ids only account for <1% of bulk OM components, previous stud-
ies have shown that lipid biomarkers in surface suspended
particles can provide insights into marine phytoplankton bio-
mass (Dong et al., 2012; Hernandez et al., 2008; Wu et al., 2016).
For example, three phytoplankton lipid biomarkers showed good
correlations with Chl a in suspended particles of the West Pacific

surface water (Dong et al., 2012), and a significant positive correl-
ation between the sum of three biomarkers and Chl a was found
in the ECS and the SYS (Wu et al., 2016), indicating they show a
similar quantity of phytoplankton. To ensure the reliability of the
reconstruction of phytoplankton biomass using lipid biomarkers
in the TS, we performed a correlation analysis between the field
Chl a values and phytoplankton-derived biomarker concentra-
tions to assess the feasibility of using biomarkers as an indicator
of phytoplankton biomass. The correlations showed a significant
positive correlation of both brassicasterol & dinosterol versus Chl a,
while C,, alkenones displayed little correlation. Thus, the sum of
brassicasterol and dinosterol was defined as the sum of phyto-
plankton biomarkers (YPB), and this metric showed a strong cor-
relation with Chl a in our study area (Fig. 8). The correlation ana-
lysis between different phytoplankton biomarkers and Chl a
showed that diatoms and dinoflagellates were the main contrib-
utors to phytoplankton biomass in the TS, supporting their im-
portance to carbon sequestration in this area. Haptophytes were
not the main contributors of phytoplankton biomass, and their
impact on carbon sequestration from marine production is not
significant. The relationships between biomarkers and Chl a sug-
gest that phytoplankton-derived lipid biomarker indicators have
good applicability in evaluating phytoplankton biomass and
community in the TS.

4.1.2 Phytoplankton biomass and community structure in the TS

Diatoms (Bacillariophyceae) are prominent phytoplankton
community members in eutrophic conditions and are respons-
ible for most blooms worldwide (Sarthou et al., 2005), but they
can also play a significant biogeochemical role in oligotrophic
oceans (Scharek et al., 1999). Previous studies have suggested
that the realized niche of diatom groups is the same during the
SW and NE monsoon periods, both characterized by relatively
low-temperatures, low-salinities and high-nutrient concentra-
tions, and its niche breadth is broad (Zhong et al., 2020). This
suggests diatoms can adapt well to various environmental
changes and survive, thus typically having an advantageous posi-
tion in the community. We observed that diatoms have a signific-
ant community advantage during all four seasons (Fig. 9). In ad-
dition, diatom-dominated phytoplankton communities are asso-
ciated with high-nutrient, turbulent conditions such as vernal
blooms in temperate latitudes (Bustillos-Guzman et al., 1995;
Latasa et al., 2010) and upwelling areas (Du and Peterson, 2018;
Fawcett and Ward, 2011) as well as with high-nutrient, low-
chlorophyll zones of the Southern Ocean (Gutiérrez-Rodriguez
etal., 2020).

Based on the classification by Latasa et al. (2010), dinoflagel-
lates belong to the eutrophic group; they often form blooms in es-
tuaries and coastal areas around the world, and are generally
considered as the “culprits” of harmful red tides. During our
spring cruise, we encountered a red tide outbreak event which
had high concentrations of dinosterol (a biomarker specific to
dinoflagellates) (Figs 4e and 9a). Dinoflagellates exhibit a lack of
response to the specific physical environment due to their high
species diversity and wide range of ecological niches. The pro-
portion of dinoflagellates was higher in warm seasons and closer
to estuaries compared to offshore areas (Figs 9a and b).

Numerous studies have consistently shown that haptophytes
exhibit a preference for environments characterized by high
mean temperatures, high salinities, and oligotrophic conditions
(Baumann et al., 2005; Kinkel et al., 2000; Wu et al., 2016; Zhong
etal., 2020). In our study, we observed distinct seasonal variability
in the distribution of haptophyte-sourced C,, alkenones (Figs 4i-1).
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Generally, more C,, alkenones indicated an enhanced presence
of haptophytes in the southern part of the study area during
spring, autumn, and winter (Figs 9a, ¢ and d), and an absolute
dominance of haptophytes in the northern part of the study area
in summer (Fig. 9d). This is similar to the seasonal changes of the
SCSWC and Kuroshio intrusions in the TS, and our findings are
supported by the results of EOF analysis (Fig. 5¢). The Kuroshio
branch, which flows laterally from the northern side of the TS
(Yang et al., 2017), may entrench Kuroshio-specific species of
haptophytes in this area.

Compared to spring and summer, the growth of phytoplank-
ton in autumn and winter may be restricted due to high turbidity
caused by the muddy coastal current, low-runoff river plumes
and bottom resuspension.

4.2 Controlling factors on the spatiotemporal variability of phyto-
plankton production and community structure in the strait sys-
tem
A previous study has revealed that the distribution of phyto-

plankton in the TS is partially controlled by water masses, which

are differentiated by temperature, salinity, and nutrient concen-
tration (Zhong et al., 2020). Additionally, numerous studies have
investigated the impact of distinct water masses on phytoplank-
ton communities in various regions such as in the East Australi-
an Current separation zone (Hassler et al., 2011), the western
Arctic Ocean (Jin et al., 2017), and the ECS (Bi et al., 2018; Kang

etal., 2016; Xu et al., 2019). Based on the EOF results, we identi-
fied the main physical process (the water regime) of the TS and
its degree of influence during each season (Table 2). The com-
plex interactions among physical forcing, water mass, nutrient
dynamics, and phytoplankton ecology based on spatiotemporal
patterns of lipid biomarkers have been controlled by various
physical systems/processes. We further discuss the coupled rela-
tionship and seasonal differences between specific physical and
biogeochemical processes.

4.2.1 Six coupling modes between physical processes and biologic-
al signals based on EOF analysis

Based on the results of the EOF analysis, the first three eigen
modes collectively account for over 58% of the data co-variability,
representing the important physical-biological coupling modes
in each season. Comparison of the seasonal EOF structures
shows the highest correlation in winter (72.7%) and the lowest in
summer (58.7%) (Table 2), indicating that the zones in the TS im-
pacted by physical processes exhibit greater complexity and vari-
ability in summer than in winter. However, the physical pro-
cesses involved are diverse, and some can manifest in different
seasons and maintain their impact on phytoplankton com-
munity structure. Therefore, we reorganized the results of EOF
(regardless of season) and summarized six independent physical
processes that have direct/indirect impacts on phytoplankton
ecosystems (Table 2 and Fig. 5).
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The first physical-biological coupling mode is the MZCC im-
pact mode, which is elucidated by Mode 1 in spring and winter,
and Mode 2 in autumn. Although their impact areas may vary,
they consistently influence phytoplankton communities. The ei-
genvector maps demonstrate that Chl a, diatom-derived
brassicasterol and dinoflagellate-derived dinosterol are in the
positive group, while haptophyte-derived C,, alkenones are in
the negative group (Figs 5a, h and j). This suggests that the MZCC
promotes the growth of phytoplankton, particularly diatoms and
dinoflagellates, but inhibits the growth of haptophytes.

The second physical-biological coupling mode is the SCSWC
impact mode, which can be explained by Mode 2 in spring. The
eigenvector maps demonstrate that all three phytoplankton bio-
markers co-vary in the positive group, but the response of hapto-
phyte-derived C,, alkenones to this coupling mode is signific-
antly greater than the other two (high eigenvector absolute value)
(Fig. 5b). This suggests that the emergence of SCSWC has led to
an increase in the biomass of haptophytes. The distribution of C;,
alkenone concentrations in spring also reveals their peak occur-
rence in the southern region, which corresponds to the influence
area of SCSWC (Figs 4i and 6a).

The third physical-biological coupling mode is the coastal up-
welling impact mode, which can be explained by Mode 1 in sum-
mer and Mode 3 in autumn. Although they show some seasonal
differences, their effects on phytoplankton communities are con-
sistent. The eigenvector maps demonstrate that all biomarkers
and Chl a are in the positive group with high absolute values
(Figs 5d and i). These modes exhibit typical upwelling character-
istics, which not only result in abundant land-sourced organic
matter due to its proximity to the coasts but also significantly pro-
mote the biomass of marine phytoplankton by supplying nutri-
ents through water column ventilation. It should be mentioned
that in upwelling areas, diatoms exhibit a stronger response to

upwelling compared to other phytoplankton groups.

The fourth physical-biological coupling mode is the river
plumes impact mode, which can be explained by Mode 3 in sum-
mer. This coupling mode actually has no obvious promoting ef-
fect on phytoplankton groups, even though all marine-sourced
biomarkers are in the positive group, while Chl a is in the negat-
ive group (Fig. 5f).

The fifth physical-biological coupling mode is the resuspen-
sion impact mode, which can be explained by Mode 1 in autumn
and Mode 3 in winter. Although their impact areas may vary, they
consistently influence phytoplankton communities. The eigen-
vector maps demonstrate that all marine-sourced biomarkers are
in the negative group (Figs 5g and 1). This suggests that the high
turbidity effect caused by resuspension strongly limits the growth
of phytoplankton. Thus, the resuspension mode is not conducive
to more biomass.

The last physical-biological coupling mode is the Kuroshio
invasion impact mode, which can be explained by Mode 2 in
summer. The eigenvector maps demonstrate that all marine-
sourced biomarkers and Chl a are in the negative group (this pat-
tern explains the negative group) (Fig. 5e). This suggests that the
Kuroshio invasion promotes the growth of all three phytoplank-
ton groups.

4.2.2 Seasonal controlling factors based on the correlations
between phytoplankton biomarkers and the influence degree
of specific physical process modes

We have separated six distinct physical process patterns and
gained some understanding of the response relationship
between each pattern and biological signals. However, further
understanding of the impact of each pattern on community com-
position is also essential. Hence, we conducted a correlation ana-
lysis between three phytoplankton-derived biomarkers, £PB, and
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the eigenweightings of each mode for further clarification
(Table 3).

In spring, Mode 1 describes the impact of the MZCC, which is
the primary physical process affecting phytoplankton biomass.
The high-weighted area in Mode 1 corresponds well to the high-
value area of the biomass indicator (YPB) in (Figs 6a and 7a). Ac-
cording to the correlation analysis, the MZCC has a significant
enhancing effect on both diatom and dinoflagellate biomass, but
has a moderately limiting effect on haptophytes (Table 3). In the
southern TS, SCSWC dominates Mode 2 as a secondary influ-
ence, leading to the prevalence of haptophytes (Figs 4i, 6a and
7a). The warm and saline water carried by the SCSWC aligns with
the growth requirements of haptophytes (Zhong et al., 2020).
Consequently, the presence of SCSWC significantly enhances
haptophyte biomass and regulates their population aggregation
in the southern region (Table 3 and Fig. 9a). Due to the location
of our observation station on the western side of the TS, it may be
challenging to accurately assess the response of haptophytes to
the Kuroshio-affected water. Nevertheless, previous studies have
indicated higher haptophyte biomass in the Kuroshio water (Tao
et al., 2012; Zhong et al., 2020). Mixing is the tertiary physical pro-
cess in spring, and although its impact on biomass is not con-
sidered significant, it moderately limits the growth of hapto-
phytes. This process mainly affects the Jiulong River Estuary and
TWB (Fig. 6a), and is a result of the river transport process occur-
ring on both the east and west sides of the TS. From the western

and eastern regions, terrestrially-sourced materials are transpor-
ted by currents from the Wugqiu and Penghu Channel towards the
center of the TS, respectively (Tao et al., 2022). This transport
process plays a role in regulating the community structure of
phytoplankton to some extent, but it is relatively slight.

In summer, prevailing SW monsoon winds along the west
coast of the TS form favorable upwelling conditions (Hu et al.,
2015; Liu et al., 2019). Our EOF results reveal a distinct influence
of upwelling during the summer season (Mode 1 in summer,
primary process), and these upwellings are distributed in a
patchy pattern in the eigenweighting plot (Fig. 6b), which also
aligns with the upwelling area division in the TS during summer
as reported by Liu et al. (2019). The most significant effect is ob-
served in the upwelling region of the Minjiang River Estuary
(Fig. 6b), which could be attributed to the overlap between up-
welling and the river plume in this region. It is worth noting that
our terrestrial biomarkers also show positive performance, and
this overlapping state has been reported and discussed in previ-
ous studies (Gan et al., 2010; Hong et al., 2009, 2011b; Liu et al.,
2019). In addition, the distribution of £PB in summer also corres-
ponds well to the upwelling regions, suggesting that the biomass
in summer is controlled by the upwelling process (Figs 6b and
8b). Indeed, numerous studies have suggested that diatoms can
contribute a major portion of the phytoplankton biomass in up-
welling water (Anabaldn et al., 2016; Du and Peterson, 2018;
Zhong et al., 2020). We found that coastal upwelling significantly
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Table 3. Controlling factors in different seasons based on the correlations of phytoplankton biomarkers versus the specific physical

process mode

Season Physical process Diatom-derived biomarker Dinoflagellate-derived biomarker ~Haptophyte-derived biomarker YPB
Spring MZCC ++ ++ - ++
SCSWC ++
Mixing water -
Summer  Coastal upwelling ++ + ++
Kuroshio invasion + ++ + ++
River plumes
Autumn Resuspension - - - —_—
MZCC
Residual upwelling +
Winter MZCC + —
Mixing water + + ++ +
Resuspension - —

Note: Correlation coefficients larger than |+0.6| is significantly enhance/limit (++/--); larger than |+0.3| and less than |+0.6| are moderately
enhance/limit (+/-); less than |+0.3| do not have a enhance/limit effect. For specific correlation coefficient values, see Table S1. YPB: biomass

indicated by the sum of brassicasterol and dinosterol.

enhances diatom production, while it only moderately stimu-
lates dinoflagellate production. It does not exhibit any notable
promoting or inhibiting effect on haptophyte production (Table 3);
therefore, in areas where coastal upwelling is prevalent, diatom
communities have the absolute advantage towards growth in the
phytoplankton community (Fig. 9b). The Kuroshio invasion
mode is the secondary physical process mode in summer. It is
noteworthy that this mode particularly affects the northeastern
region of the study area which has significantly enhanced phyto-
plankton biomass (Table 3). This increase in biomass may be at-
tributed to the intrusion of the deep-layer Kuroshio Current into
the ECS shelf during summer. The deep-layer Kuroshio Branch
water carries nutrient-rich bottom water, which can significantly
impact ecosystems on the ECS shelf (Yang et al., 2017). Our find-
ings indicate that all three major phytoplankton groups experi-
ence growth stimulation in Kuroshio water. However, dinoflagel-
lates demonstrate a superior performance compared to the other
two groups. The intrusion of Kuroshio water significantly en-
hances the growth of dinoflagellates, while the other two groups
experience a moderate enhancement (Table 3 and Fig. 9b). One
possible explanation is that dinoflagellates may possess the cap-
ability to modify their ecological niche in response to environ-
mental changes, enabling them to adapt to warmer conditions
(Irwin et al., 2015; Meng et al., 2018).

In autumn, the monsoon winds from the north start to
strengthen, resulting in the invasion of the ZMCC into the strait.
At the same time, the warm current in the SCS recedes (Li et al.,
2006). In our study, phytoplankton growth was in a sluggish state,
and most of the biomass was concentrated in the central to
southern regions (Fig. 7c). This was somewhat similar to the ob-
servation by Li et al. (2006) that TS phytoplankton biomass dur-
ing autumn was concentrated in the central and northern re-
gions. Additionally, this biomass pattern is strongly associated
with the resuspension mode in autumn (Figs 6¢ and 7c). The re-
suspension mode is the primary process in autumn, and its high
turbidity characteristics often hinder the growth of all groups of
phytoplankton and lead to low biomass (Table 3). Low biomass
of phytoplankton caused by the light limitation from increased
turbidity has been confirmed in many sea areas such as the ECS
(Wu et al., 2016), the coastal waters surrounding Qatar (Arabian
Gulf) (Quigg et al., 2013), and marginal ice zones (Fitch and
Moore, 2007). On the contrary, areas with less obvious resuspen-
sion are areas where biomass is relatively high (Figs 6¢ and 7c).

As the secondary physical process in autumn, although the
MZCC can bring abundant nutrients, it did not significantly en-
hance biomass. It is worth mentioning that the tertiary physical
mode—the river plume mode, has a moderate enhancing effect
on dinoflagellate production (Table 3).

In winter, when the northeasterly winds become strong, the
low-temperature, low-salinity and nutrient-rich MZCC on the
western side of the TS can extend as far south as Dongshan Is-
land (Zhong et al., 2020). The MZCC mode has become the
primary physical mode during the winter period. However, even
though its influence on phytoplankton biomass is significant, this
influence is not noteworthy. It does not significantly enhance or
limit diatom production, and only moderately limits hapto-
phytes and a moderately enhances dinoflagellates (Table 3). This
suggests that dinoflagellates can make a greater contribution to
biomass in nearshore waters affected by coastal currents, which
is consistent with findings by Zhong et al. (2020). Meanwhile, due
to the greater influence of turbidity, the MZCC may inhibit the
growth of phytoplankton to some extent, particularly in nears-
hore coastal areas (Fig. 8d). The secondary physical mode is the
mixing mode, which mainly focuses on the center of the strait
and generally has a moderate enhancement of biomass (Fig. 6d
and Table 3). This mode has a positive promoting effect on all
three phytoplankton groups, especially haptophytes (Table 3).
Similar to autumn, the resuspension mode continues to be signi-
ficant during winter. However, it should be noted that the resus-
pension effect in winter might be slightly less pronounced, which
exerts only a moderate constraint on biomass. Once again, the
high turbidity and light limitation caused by resuspension often
leads to the inhibition of biomass (Lin et al., 2022). In general, the
biomass of phytoplankton was still low in winter, mainly occur-
ring in the coastal areas in the middle of the strait. The composi-
tion of the phytoplankton community is still dominated by diat-
oms (Fig. 9d).

4.3 Ecological variation triggered by the effects of highly dynamic

[fronts and upwelling processes

Based on the EOF analysis, we have clarified the coupled rela-
tionship between biological and physical processes in the TS at a
seasonal scale (Table 3). In our study, we found that distinct
physical systems have a high degree of variability between sea-
sons. For example, there were some differences in upwelling pro-
cesses between summer and autumn. During the summer,
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coastal upwelling primarily impacted the northern region, partic-
ularly near the mouth of the Minjiang River. As autumn pro-
gressed, the upwelling area became more scattered and predom-
inantly affected the southern part of the study area (Figs 6b and
c). This suggests that the fluctuation in the intensity of the SW
monsoon plays a significant role in influencing the formation,
duration, and decline of upwelling patterns in the TS, con-
sequently resulting in ecological variability. This seasonal obser-
vation may also be applicable to longer timescales. For instance,
previous studies have indicated that coastal upwelling in the TS
exhibits notable interannual variability that is a local response to
El Nifio Southern Oscillation (ENSO) events (Hong et al., 2009;
Kuo and Ho, 2004; Shang et al., 2005). The upwelling was
stronger in years when the southwesterly winds in the TS were in-
tensified. The wind variations can be traced back to the anomaly
of the East Asian Monsoon, which develops after the ENSO onset
in the previous year (Hong et al., 2009). Furthermore, global
warming often interacts with climate phenomena such as ENSO
events and affects regional wind patterns, which could then af-
fect the strength of upwelling (Doney et al., 2012; Zhong et al.,
2020). In addition, the MZCC also exhibits significant variability
between seasons, influenced by the intensity of the NE monsoon.
Its impact area may extend from the north (spring) to the south
(winter), and can even reach Dongshan Island during the peak of
the monsoon (Figs 6a, ¢ and d). On multi-year timescales, the
MZCC is also modulated by the ENSO cycle (Hong et al., 2011b;
Zhong et al., 2022). During El Nifio years, the MZCC flows south-
ward as far as Xiamen, and strong SST fronts are formed and run
across the central TS, while the MZCC is present only near the
coast of the western TS in La Nifia years (Zhong et al., 2022).
Thus, the physical processes in the TS may be dynamic and
highly variable. To better comprehend the evolving patterns of
these dynamic physical processes and further elucidate the coup-
ling response mechanism between biological and physical pro-
cesses, there is an urgent need for long-term, continuous, high-
resolution field data.

5 Conclusions

Phytoplankton biomass and community structures in the TS
are controlled by seasonal forcing, which is usually associated
with the physio-chemical properties of the dominant water
masses. Based on EOF analysis, we have defined six independent
physical processes that have direct/indirect impacts on phyto-
plankton communities. (1) the MZCC intrusion has a promoting
effect on diatom and dinoflagellate production but an inhibitory
effect on haptophyte production, and is the primary physical pro-
cess affecting phytoplankton productivity in the TS during spring.
(2) The emergence of the SCSWC has led to an increase in the
biomass of haptophytes, which is the primary process affecting
the spatiotemporal variations of haptophyte biomass in the TS.
(3) The invasion of Kuroshio water during summer significantly
enhances the growth of dinoflagellates, while the other two spe-
cies experience only a moderate enhancement. (4) Coastal up-
welling significantly enhances diatom biomass, while it has a
moderately stimulating effect on dinoflagellates. However, it does
not exhibit any notable promoting or inhibiting effect on hapto-
phytes. In addition, coastal upwelling is the primary physical pro-
cess affecting phytoplankton biomass in the TS during summer.
(5) In general, river plumes play a role in regulating the biomass
and community structure of phytoplankton to some extent, but it
is relatively slight in the TS. (6) Resuspension is the primary
process during autumn and an important process during winter,
and its ensuing high turbidity often hinders the growth of

phytoplankton, leading to low biomass and significant limiting
effects on almost all algal species. Overall, this study of phyto-
plankton biomarkers in the upper water column provides a com-
prehensive understanding of the physical forcings that control
the spatiotemporal variability in phytoplankton biomass and
community structure. The findings presented here also offer
valuable insights into the utilization of biomarkers in sediment-
ary records.
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Supplementary information:

Fig. S1. Distribution of temperature (‘C) in surface water of four seasons in the TS: spring (a), summer (b), autumn (c), and winter

(d). The black lines on land represent rivers.

Fig. S2. Distribution of salinity in surface water of four seasons in the TS: spring (a), summer (b), autumn (c), and winter (d). The

black lines on land represent rivers.

Fig. $3. Distribution of nutrients in surface water of four seasons in the TS during 2019-2020: nitrate (umol/L, a-d), phosphate
(umol/L, e-h), and silicate (umol/L, i-1). The black lines on land represent rivers.

Fig. S4. The results of linear regression analysis of three nutrient parameters plotted against each other in a scatter plot. The up-
pergraph depicts the correlation between nitrate and silicate, while the lower graph represents the correlation between phosphate

andsilicate.

Table S1. Controlling factors in different seasons based on the correlations of phytoplankton biomarkers versus the specific phys-

icalprocess mode.
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