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Abstract

The characteristics of the terrain of a strait can lead to a “fine tube” effect that enhances a monsoon and thereby
affects the physical, chemical, and biological processes of marine ecosystems. This effect is a highly dynamic and
complex phenomenon involving interactions among atmospheric, oceanic, and terrestrial systems, as well as
biogeochemical cycles and biological responses driven by it. However, current understanding has been focused
mainly on the differences between monsoons, and there have been few studies concerned with the weakening or
strengthening of monsoons. To explore the biogeochemical and phytoplankton responses during varying
intensities of the northeast (NE) monsoon in the Taiwan Strait, high-resolution, across-front observations
combined with FerryBox online data and satellite observations were conducted in this study during a strong,
moderate, and weak NE monsoon. The spatiotemporal changes of nutrient concentrations and phytoplankton
communities were regulated by the dynamics of ocean currents forced by NE winds. The weakening of the NE
monsoon caused shrinkage of the coastal currents that led to a reduction of nutrient concentrations and an
alteration of the distribution patterns of phytoplankton communities along cross-front sections. Specifically, there
was a notable decrease in the proportions of dinoflagellates and cryptophytes in inshore regions and of
prasinophytes in offshore areas. This study showed for the first time the dynamics of phytoplankton with changes
of ocean currents during varying intensities of the NE monsoon in a strait system. The findings helped to elucidate
the general spatial patterns of the phytoplankton community based on satellite-derived surface temperature and
wind patterns and further enhanced the understanding of biogeochemical cycles in marine systems.
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1 Introduction

Marine phytoplankton are influenced by a variety of environ-
mental factors that are strongly associated with monsoonal,
wind-driven forcing, especially in the region of the East Asia
monsoon. These monsoonal dynamics significantly influence the
degree of mixing of the water column and thereby affect the
availability of nutrients, which in turn influences phytoplankton
biomass and composition. For example, in the South China Sea
(SCS) basin, lower chlorophyll a (Chl a) concentrations have
been observed during the weak southwest (SW) monsoon, when
there is shoaling of the mixed layer depth, whereas higher Chl a
concentrations have been observed during the strong northeast
(NE) monsoon, because the enhanced mixing pumps additional
nutrients into the euphotic zone (Yu et al., 2019). Furthermore,
monsoons can influence mesoscale physical processes, such as
the intensities of intrusions of coastal currents, and thus affect

the function of marine systems (Parab et al., 2006; Lai et al.,
2021).

Variations of the intensity of a monsoon cause changes of
ocean circulation, which further affect the hydro-physical, chem-
ical, and biological processes of marine ecosystems because dif-
ferent currents transport specific water masses that have charac-
teristic temperatures, salinities, and nutrient concentrations
(Belkin et al., 2009). These characteristics lead to the formation of
some unique phytoplankton groups in the current systems. For
instance, in the New Guinea Coastal Current, diatoms and dino-
flagellates are relatively abundant, whereas cyanobacteria are
dominant in the Northern Equatorial Counter Current (Mascioni
et al., 2023). Furthermore, variations of ocean currents control
the spatial dynamics of particular species and thus influence the
composition of the phytoplankton. This influence was evidenced
by the effect of the North Atlantic Current, which expands the
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spatial distribution of the coccolithophore Emiliania huxleyi, a
temperate phytoplankton, in the Arctic Ocean (Oziel et al., 2020).
Therefore, the dynamic of phytoplankton community was linked
with the variations of ocean circulations, and exploring the re-
sponse of the phytoplankton community to the monsoon-in-
duced ocean current dynamics can deepen understanding of the
ecological responses of marine systems.

In a strait system, the “narrow tube” effect is enhanced under
the combined effects of a narrow channel and strong monsoon
(Chen and Lin, 2022). This combination facilitates observing the
ecological responses of marine systems to monsoon-driven vari-
ations of ocean currents. The Taiwan Strait (TWS) is an import-
ant channel about 350 km long that separates the East China Sea
and SCS (Hong et al., 2011a), and its circulation is regulated by
the East Asia monsoon. Our previous studies have shown that
monsoonal winds are the dominant factors that regulates meso-
scale physical processes, including the intrusion of the coastal
current during the NE monsoon (Zhong et al., 2020) and up-
welling during the SW monsoon (Zhong et al., 2019), and then in-
fluence the distribution patterns of phytoplankton biomass and
community (Zhong et al., 2020). During the SW monsoon, strong
upwelling driven by prevailing SW winds increased the concen-
trations of total chlorophyll a (TChl a)and diatoms within coastal
zones. In contrast, stratification over the continental shelf that re-
stricted the upward transport of nutrients resulted in reduced
phytoplankton biomass (Zhong et al., 2020). During the NE mon-
soon, the Zhe-Min Coastal Current (ZMCC), which is character-
ized by low temperature and low salinity, moves from northeast
to southwest, and the warmer and higher-salinity current formed
by the Kuroshio branch water and the subsurface water of the
SCS flows northward into the central TWS (Kuo and Ho, 2004; Hu
etal., 2010). The coastal currents with relatively low temperature
and high nutrient concentrations and intense vertical mixing
driven by prevailing NE winds elevated TChl a concentrations
and play a vital role in supporting the growth of phytoplankton
groups, including dinoflagellates, cryptophytes, and diatoms in
the coastal waters of the TWS (Zhong et al., 2020). They explain
then the tight coupling between TChl a concentrations and
coastal currents in the TWS during the NE monsoon (Hong et al.,
2011b). Meanwhile, the convergence of distinct water masses fre-
quently results in the formation of thermal or salinity fronts in the
TWS, and the high abundance of fish in the frontal zone along the
Zhe-Min coast, evidenced by the Zhoushan fishery, has been well
documented (He et al., 2016). The position, bread, and intensity
of the thermal fronts showed seasonal variations (He et al., 2016),
which is tightly coupled with the speed of the NE monsoon wind
(Zhang et al., 2020). Several studies have focused that the dynam-
ic of phytoplankton biomass and community in the frontal zones
(Flint et al., 2002; Taylor et al., 2012; Clayton et al., 2014). For in-
stance, Taylor et al. (2012) have found that phytoplankton bio-
mass at the frontal zones significantly increased compared to the
surrounding waters, and phytoplankton were dominated by
large-sized diatoms. While, the understanding of dynamic of
phytoplankton biomass and communities across the frontal
zones formed by the convergence of the costal current and warm
current was lacking. Exploring the ecological responses to vari-
ations of the NE monsoon-driven ocean current would thus be
pivotal for elucidating the biogeochemical cycles in the TWS.

Current understanding focused on the TWS is the general
variation patterns of the monsoon climate state, but there are
highly dynamic spatiotemporal changes and complex physical,
chemical and biological coupling processes behind it. In the
TWS, a strong NE monsoon typically prevails from October to

March and begins to decline in April. May is a transitional period
(Hong et al., 2011a) (Fig. 1). Several studies have shown that
phytoplankton biomass in the TWS varied with the intensity of
the NE monsoon wind (Shang et al., 2005; Zhao et al., 2022), and
dynamics of physical, chemical, and biological processes with the
varying intensities of the NE monsoon have remained unclear.
Focusing on the coupling between dynamic physical drivers and
complex biological responses of the monsoon requires field ob-
servations to obtain higher resolution and multidisciplinary syn-
chronized results, which were difficult to achieve in the past. In
this study, we conducted three cruises with high-resolution ob-
servations and FerryBox data across temperature fronts in the
central TWS during March, April, and May to clarify the biologic-
al responses to the variations of ocean currents during different
intensities of the NE monsoon. We expected that our findings
would deepen understanding of the responses of multiple pro-
cesses in the TWS during the NE monsoon and the impact of
those changes on fisheries and the biogeochemical cycles.

2 Materials and methods

2.1 Study areas and sampling

To explore the responses of phytoplankton in the TWS to
changes of ocean currents with different intensities of the NE
monsoon, we conducted across-front cruises in the TWS on-
board the R/V Yanping 2. We captured three NE monsoonal in-
tensities in the TWS bounded by latitudes of 20°N and 27°N and
longitudes of 115°E and 122°E : a weak phase from May 14 to 20,
2017 with mean wind speed of 1.8 m/s before two weeks of the
observations, a moderate phase from April 21 to 22, 2018 with
mean wind speed of 3.9 m/s before two weeks of the observa-
tions, and a strong phase from March 18 to 19, 2019 with mean
wind speed of 5.1 m/s before two weeks of the observations
(Fig. 2). The cross-front transects— A and B in May 2017, Eand F
in April 2018, and G and H in March 2019—involved sampling
from the nearshore to offshore areas. We collected samples along
all the transects, but detailed analyses of physical, chemical, and
biological parameters were made on Transect G in 2019, Tran-
sect E in 2018, and Transect A in 2017. These transects corres-
ponded to strong, moderate, and weak NE winds, respectively.
The physical, chemical, and biological conditions along Tran-
sects H, E, B were similar with those along Transects G, F, and A,
respectively. Stations H5, H6, E12, and B9 were located at the
temperature frontal zone (Figs S1-S5). Information of the physic-
al, chemical, and biological parameters about the three sections
is provided in the attachment (Figs S2-S4).

2.2 Measurements of physicochemical and biological parameters

Surface values of temperature, salinity, and Chl a fluores-
cence were taken from FerryBox data. Vertical profiles of temper-
ature and salinity were directly recorded, and water samples
were collected with a conductivity-temperature-depth (CTD) sys-
tem (Seabird SEB 19). The mixed layer depth (MLD) was defined
as the depth at which the seawater density exceeded that at 5 m
by 0.125 kg/m3 (Thomson and Fine, 2003). Nutrient samples
were measured with a QUAATRO nutrient analyzer. The detec-
tion limits of nitrate + nitrite (NO,), phosphate, and silicate were
0.03 umol/L, 0.02 pmol/L, and 0.1 pmol/L, respectively (Zhong
etal., 2022).

Seawater of 1-4 L was filtered through 25 mm GEF/F filters
(Whatman) and the filters stored in liquid nitrogen for analysis of
phytoplankton photosynthetic pigments. In the laboratory, the
filters were kept at -80°C, and then pigment concentrations were
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Fig. 1. The mean sea surface temperature (‘C, a-e), wind velocity at 10 m above the sea surface (vectors, m/s, a-e), the horizontal
gradient of temperature ['C/(100 km), f-j] and chlorophyll a concentration (ug/L, k-o0) in the Taiwan Strait in January (a, f, k), Febru-
ary (b, g, 1), March (c, h, m), April (d, i, n), May (e, j, 0) between 2010 and 2022. The blue and black lines represent the 17°C and 20°C

isotherms.

assessed using high-performance liquid chromatography (HPLC)
following the combination of equal volumes of ammonium acet-
ate and the extract solution obtained from filters treated with N,
N-dimethylformamide. Phytoplankton groups, including dinofla-
gellates, diatoms, haptophytes Type 8, haptophytes Type 6,
chlorophytes, cryptophytes, Prochlorococcus, Synechococcus, and
prasinophytes, were determined according to the methods de-
scribed by Zhong et al. (2020). Some hydrological parameters
and nutrient concentrations during the cruise in March 2019
have been published in Zhao et al. (2022) to document the phyto-
plankton bloom off the coast in the TWS during the time of relax-
ation of the northeasterly monsoon.

2.3 Satellite data

Daily sea surface temperature (SST) with a spatial resolution
of 0.05° and monthly mean Chl a concentrations with a resolu-
tion of 4 km were derived from the Copernicus Marine Environ-
ment Monitoring Service (available at https://resources.marine.
copernicus.eu/product-download/SST_GLO_SST_L4_REP_OB-
SERVATIONS_010_011) and the Moderate Resolution Imaging
Spectroradiometer (MODIS) database from January 2010 to
December 2022 (available at https://oceancolor.gsfc.nasa.gov/),
respectively. The identification of temperature fronts based on
the gradient analyses were determined using the methods of
Belkin et al. (2009). Based on satellite-derived data between 2010
to 2022, we calculated the climatological averages of SST, tem-
perature gradients, and Chl a in the surface water of the TWS
between January and May. The eastward and northward com-
ponents of daily and monthly mean wind velocity were obtained
from the Cross-calibrated Multi-Platform database (available at

https://data.remss.com/ccmp/v03.1/) and were used to calcu-
late the mean wind speed two weeks before the observations and
climatological averages of wind speed between January and May.

2.4 Statistical analyses

All statistical analyses were done using R software version
3.6.3 (R Core Team, 2020). The “Vegan” package in R was used to
carry out the principal coordinates analysis (PCoA) and canonic-
al correspondence analysis (CCA). PCoA and CCA were used to
explain how the dynamics of the phytoplankton community in
the TWS were related to the variations of ocean currents that
were regulated by the NE monsoon. PCoA was used to discern
the differences between phytoplankton communities in different
regions, including the coastal areas, frontal zones, and offshore
areas based on the surface dataset from all transects during the
three cruises. CCA was conducted to explore the effect of envir-
onment factors on the phytoplankton communities based on the
combined dataset of the three cruises. Figs 2-4 and S4-S5 were
plotted with Ocean Data View software (Schlitzer, 2020).

3 Results

3.1 Variations in physical parameters with different intensities of

the NE monsoon

The speed of the NE winds progressively declined from Janu-
ary to May (Fig. 1). These winds strongly influenced the SST of
the coastal current, which was lowest (<17°C) in January and
February. The NE winds then decreased markedly from March to
May. The fact that changes of the SST gradients and Chl a con-
centrations paralleled trends of SST suggested that variations of
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the observed physical and biological processes from March to
May were associated with the dynamics of the coastal current,
which was modulated by the NE wind.

The satellite database revealed distinctly different wind fields
and patterns of SST distributions during the three cruises with
different intensities of NE monsoon. The areas of low temperat-
ure (<17°C) were the most extensive during the observations in
2019 with strong NE wind (followed by the moderate wind), and
we found an obvious temperature front with temperature gradi-
ents of exceeding 8'C /km in the central TWS. The time of the
weak NE wind during the observations in 2017 was characterized
by the smallest area of low temperature and the absence of a
temperature front most of the time (Figs 2a-f).

A difference of physical properties on vertical profiles was ap-
parent during varying intensities of the NE wind (Figs 3 and 4).
During the observation in March 2019 with the strong NE wind,
nearshore stations of the cross-front were impacted by the
coastal current, which was characterized by low temperatures
(<17°C) and low salinity (<31), while offshore stations were char-
acterized by warm currents with higher temperatures (>22C)
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and higher salinity (>34) and were a mixture of the SCS and Kur-
oshio waters (Fig. 3). There was a significant upward doming of
isopycnals near the offshore distance of 55 km (near 119.6°E),
where intense stratification above 10 m was apparent (Fig. 3)
along Transect G. This stratification aligned with the areas of ab-
rupt changes of temperature and salinity based on FerryBox un-
derway observations (Fig. 2g). Rapid transitions of temperature
and salinity (from 16.81°C to 22.92°C and 31.40 to 34.45, respect-
ively) were observed from 119.54°E to 119.60°E (Fig. 2g). Con-
sequently, Stations G11, G12, G13, and G14 were located in the
zone of temperature fronts.

Distributions of temperature and salinity along Transect F
during the observation of April 2018 with moderate NE winds
were similar to those during strong NE winds periods, but the
overall temperature increased significantly during the former
(Figs 3 and 4). The water in the cross-front section was character-
ized by a mixture of coastal water and SCS water (Fig. 3). There
was an upward doming of isopycnals near the offshore distance
of 60 km (near 119.95°E) (Fig. 4h), with swift changes in physical
parameters at Station F3, which we designated as the temperat-
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Fig. 2. Averaged SST (shading, ‘C) during the observations in March 2019 (a), April 2018 (b), and May 2017 (c); and averaged wind ve-
locity at 10 m above the sea surface (vectors, m/s, a-c) in the Taiwan Strait before two weeks of the observations in March 2019 (a),
April 2018 (b), and May 2017 (c). The horizontal gradient of temperature ['C /(100 km)] in the Taiwan Strait during observations with
strong (d), moderate (e), and weak (f) NE wind; changes of temperature, salinity, and fluorescent chlorophyll along Transects G, F, and
A during the cruises of 2019 (g), 2018 (h) and 2017 (i). The grey rectangles represent the frontal zones.
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ure frontal zone. The surface temperature and salinity recorded In contrast, the period of weak NE winds in May 2017 differed
by the FerryBox system shifted from 20.61°C to 22.82°C and 32.87  from the other periods. Excluding the surface layer (3 m), which
to 34.22, respectively (Fig. 2h). was impacted by diluted water, the nearshore of the cross-front
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transect was minimally affected by the coastal current along
Transect A. The offshore was predominantly occupied by high-
temperature and high-salinity waters (T > 23°C and S > 34;
Fig. 3c). Highly-salinity waters (S > 34.5) were located below
40 m. The slight change of the surface temperature along Tran-
sect A near 119.95°E indicated that Station A10 was located with-
in the frontal zone (Fig. 4).

3.2 Variations in chemical parameters with different intensities of

the NE monsoon

During the period of March 2019 with the strong NE mon-
soon, the distribution of currents closely reflected that of nutri-
ent concentrations along Transect G (Figs 5a, d and g). The nutri-
ent concentrations were elevated at nearshore stations, and con-
centrations of NO, ranged from 0.62 pmol/L to 20.55 pmol/L,
phosphate from 0.3 pmol/L to 0.9 pmol/L, and silicate from
2.11 pmol/L to 24.86 pmol/L. At offshore stations, vertical pro-
files of nutrients were homogeneous. The NO,, phosphate, and
silicate concentrations were below 4 pmol/L, 0.05 pmol/L, and
4 pmol/L, respectively (Figs 5a, d and g). The distribution pat-
terns of nutrient concentrations were similar during the periods
of moderate and strong NE monsoons, but nutrient concentra-
tions were significantly lower during the former (Figs 5b, e and
h). As the NE monsoon weakened, nutrient concentrations de-
creased further during the weak NE monsoon (Figs 5c¢, f and i).

3.3 Distribution patterns of phytoplankton communities during
different intensities of the NE monsoon and its influencing
Jactors
There were significant spatiotemporal variations of phyto-

plankton biomass and community composition across the front

(tested by ANOSIM, p < 0.001). The fluorescent chlorophyll sig-

nal based on the FerryBox underway system and TChl a based on

HPLC both declined rapidly within the frontal zones across three
periods, especially during the observation of 2019 with strong NE
winds (Figs 2, 2h, 2i, 6, 7 and S1). The TChl a concentrations in
the nearshore surface waters of the temperature frontal zones
were high. The average concentrations were 1.49 pg/L and 0.65 pg/L
during observations of 2019 with strong NE wind and 2017 with
weak NE wind, respectively (Figs 6a and c). Conversely, the
TChl a concentrations on the opposite side of the front were low.
They averaged 0.51 pg/L and 0.19 pg/L during periods of strong
and weak NE monsoons, respectively (Figs 6a and c). During the
observation of April 2018 with the moderate NE monsoon, the
TChl a concentrations decreased at the frontal zone and under-
went small variations along the cross-front sections (Figs 7 and
$4-S5).

During the observation of 2019 with the strong NE monsoon,
diatoms dominated the phytoplankton community. They con-
tributed 17.1%-54.9% of the surface TChl a and 21.2%-64.7% of
the depth-integrated average TChl a. The abundance of diatoms
decreased from the nearshore to offshore areas (Figs 6 and 7).
The concentrations of dinoflagellates and cryptophytes de-
creased in a similar manner. In contrast, the proportions of
haptophytes Type 8, Prochlorococcus, Synechococcus, and pras-
inophytes increased from the nearshore to offshore areas (Figs 6
and 7). During the observation of April 2018 with the moderate
NE monsoons, diatoms remained dominant and varied only
slightly along the cross-front transect (Figs 6 and 7). During the
observation of May 2017 with weak NE monsoons, proportions of
diatoms, cryptophytes, and dinoflagellates obviously decreased,
whereas groups such as haptophytes Type 8, Prochlorococcus,
and Synechococcus increased in the offshore areas (Fig. 6).

The PCoA analysis clearly differentiated three groups (tested
by ANOSIM, p < 0.001). Phytoplankton communities associated
with the coastal current during the periods of strong NE winds in
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March 2019 were situated on the negative end of the first PCoA
axis (Fig. 8). In contrast, communities influenced by the warm
current during the periods of weak NE winds in May 2017 were
on the positive end, and communities during the observation of
April 2018 with the moderate NE winds occupied an intermedi-
ate position (Fig. 8a). According to the CCA analysis, environ-
mental metrics explained 50.4% of the variances of the phyto-
plankton community during the three cruises. The close correla-
tions between environmental variables, including nutrients and
TChl a, and wind speed indicated that the increase of the con-

centration of nutrients carried by the coastal currents with in-
creasing wind speed stimulated the growth of phytoplankton.
Phytoplankton groups, including diatoms, dinoflagellates,
chlorophytes, prasinophytes, and cryptophytes, were located on
the positive side of the first CCA axis, close to the nutrient con-
centrations and wind speed, and far from temperature and salin-
ity. Among the phytoplankton, dinoflagellates and cryptophytes
were significantly correlated with NO, and wind speed. The fact
that other groups, including Synechococcus, Prochlorococcus, and
haptophytes, were aligned closely with temperature and salinity
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indicated an affinity for conditions prevalent within warm, cur-
rent-influenced environments (Fig. 8b).

4 Discussion

4.1 Association of phytoplankton community variations with the

monsoon cycle

The TWS comes under the influence of the East Asia mon-
soon system, and the stratification in the water column and
mesoscale physical processes such as upwelling and the intru-
sion of coastal currents are influenced by the wind patterns
(Hong et al., 2011a). Our previous studies have established a ro-
bust link between the seasonal dynamics of phytoplankton bio-
mass and community composition in the TWS and monsoonal,
wind-driven forcing during the NE and SW monsoons (Hong et al.,
2011b; Zhong et al., 2020). Similar findings have been reported in
many regions such as the Arabian Sea (Parab et al., 2006), the
SCS (Yu et al., 2019), and the Kuroshio Current off the East Coast

of Taiwan (Lai et al., 2021). These further suggest that there is a
significant influence of seasonal cycles of the monsoon on the
distribution patterns of phytoplankton biomass and composi-
tions. However, the current understanding of monsoon-driven
marine systems, such as in the TWS and Arabian Sea, has pre-
dominantly emphasized the differences between the NE and SW
monsoons. There has been limited exploration of ecological re-
sponses in the marine systems during the transition of monsoon,
due to the lack of filed observations under challenging sea condi-
tions. Consequently, based on previous studies, this study fur-
ther focused on the physical, chemical and biological processes
under the varying intensities of NE monsoon. The influence of
the coastal current was closely related to the speed of the NE
monsoon (Zhang et al., 2020). This relationship was consistent
with results based on decadal-scale satellite data, which have
shown that the coastal currents change significantly in response
to the NE winds from January to May (Fig. 1). The implication is
that dynamics of the physical, chemical, and biological processes
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in the TWS are strongly linked with the variations of the coastal
currents forced by the speed of the NE monsoon wind. Therefore,
clarifying the dynamics of phytoplankton biomass and com-
munities during the varying intensities of NE monsoon help to
understand the biogeochemical cycles in the TWS.

4.2 Dynamics of phytoplankton biomass and community during
varying intensities of NE monsoon

The results during varying intensities of the NE monsoon sug-
gested that variations of phytoplankton biomass and community
composition were associated with mesoscale circulation dynam-
ics driven by NE wind. When the NE wind was strong, the influ-
ence of the coastal current was enhanced within coastal regions,
and the transport of nutrients accelerated the growth of specific
phytoplankton groups such as diatoms, dinoflagellates, and
cryptophytes (Figs 6, 7 and S4, S5). These groups abundances
were positively correlated with nutrient concentrations and wind
speeds, and their niches were characterized by low temperature,
low salinity, and relatively high nutrient concentrations (Zhong
et al., 2020)(Fig. 8b). However, with the weakening of the NE
winds, the influence of the coastal currents diminished, and the
warm current expanded. Consequently, nutrient concentrations
decreased, and the increasing of abundances of phytoplankton
groups with high temperature and salinity niches, such as Syne-
chococcus, Prochlorococcus, and haptophytes, in the mesotroph-
ic offshore water (Zhong et al., 2020), which was further con-
firmed by the CCA analysis (Fig. 8).

The distinct phytoplankton community along the cross-front
section may have been caused by the formation of the front (Figs
6, 7 and S5, S6). Similar patterns have been reported in the Ger-
lache Strait, where cryptophytes dominate in the north and
abundances of diatoms and Pyramimonas-like cells are high in
the south (Mascioni et al., 2023), and in the South Brazil Bight,
where phytoplankton community dominated by diatoms in the
inshore area transitions to a community of nano-sized diatoms
and pico-sized flagellates in the outer shelf (Brandini et al., 2018).
Studies in the Gerlache Strait (Mascioni et al., 2023; Mendes et al.,
2018) have suggested that although the study area is complex, the
recurrent spatial patterns of phytoplankton community suggest
that responses of phytoplankton community in the TWS to the
weakening or strengthening of the NE monsoon may be predict-
able. Results of PCoA analysis (Fig. 8a) showed that phytoplank-
ton communities in the coastal current were dominated by diat-
oms, cryptophytes, and dinoflagellates, and they were located on
the negative side of the first PCoA axis, especially during the peri-
ods of strong NE monsoons. In contrast, the phytoplankton com-
munity in the warm current was characterized by high propor-
tions of Prochlorococcus, Synechococcus, and haptophytes, and
was located on the positive side of the first PCoA axis, particu-
larly during the observations when the NE wind was weak (Fig.
8a). The phytoplankton community during the period of moder-
ate NE winds was intermediate between the community associ-
ated with the strong NE wind and the community associated with
the weak NE wind (Fig. 8a). These results suggested that the posi-
tioning of phytoplankton communities in the PCoA analysis was
indicative of the intensity of the NE wind. A previous study
(Zhong et al., 2022) has reported results of an investigation in
March 2016 when the NE wind was relatively strong in the TWS,
and at that time the phytoplankton community in the coastal
areas of the northern TWS was dominated by diatoms, dinofla-
gellates, and cryptophytes. The similarity of phytoplankton com-
munities during the observation in 2016 and the periods of strong
NE winds further indicated that dynamics of the phytoplankton

community may be regulated by the variations of ocean current
forcing by the NE winds. During the NE monsoon, the TWS was
influenced by the coastal current and the Taiwan warm current,
and their intensities underwent obvious variability that was influ-
enced by the changes of the NE winds. Many studies have shown
that the satellite SST data agreed with the in situ observations in
the TWS, and the satellite data pinpointed areas with SST's
< 17°C that were influenced by coastal currents (Zhang et al.,
2020). The results of this study therefore suggested the possibility
of rapidly assessing variations of the phytoplankton community
based on the dynamics of SST and wind patterns derived from
satellite data.

Furthermore, during the NE monsoon, temperature or salin-
ity fronts form in the central TWS when the cold, low-salinity cur-
rent meets the warm, high-salinity currents (Zhao et al., 2022).
The position, width, and intensity of these fronts are largely influ-
enced by monsoonal forces on short timescales (Huang et al.,
2015; Pan et al., 2013) and exhibit significant seasonal variations
(Hong et al., 2011a). The variations of climatological temperat-
ure gradients in the surface water (Fig. 1) from January to May
and the different changes of physical variables along cross-front
sections during three cruises with different speeds of NE winds
further confirmed the influence of monsoonal forces (Figs 1 and
2). Many studies have shown that vertical movements of water in
the frontal zones increase the upward transport of nutrients and
stimulate increases of phytoplankton biomass (Li et al., 2012;
Ruiz et al., 2019; Son et al., 2006; Stukel et al., 2017; Woodson and
Litvin, 2015). For instance, Son et al. (2006) and Lv et al. (2022)
have observed that spring phytoplankton blooms occur in the
coastal front. However, this study revealed a significant decrease
of phytoplankton biomass in the surface water within frontal
zones during the strong NE monsoon (Figs 2 and S1). This de-
crease may be attributed to the narrow channel of the TWS itself,
which is different from a continental shelf. The effect of the nar-
row channel combined with the influence of a strong monsoon
would enhance the “narrow tube” effect, and resulted in higher
wind speeds in the north and south of the TWS (Dang et al.,
2022). This further lead to parallel flows of the northward and
southward currents and to no exchange of matter and energy at
the frontal zones but to significant declines in phytoplankton bio-
mass. Therefore, during the NE monsoon, phytoplankton bio-
mass and community structure on both sides of the front and
within the frontal zones are controlled mainly by the dynamics of
the ocean currents forced by the intensity of the NE wind.

5 Conclusions

This study has been the first evaluation of the impact of the
NE monsoon on the phytoplankton community in the TWS and
along several sections across the front formed where the coastal
current and the Taiwan warm current meet. The phytoplankton
biomass and community began to change in the frontal area, and
the community structures within the frontal zones differed on
both sides of the front. Despite the inherent complexity and dy-
namics of the TWS during the NE monsoon, patterns of the
phytoplankton composition were regulated by dynamics of
ocean currents forced by the speed of the NE wind, and those
patterns appeared regularly. During strong NE winds, the coastal
current facilitated the formation of a strong front. The phyto-
plankton community transitioned from inshore groups domin-
ated by diatoms, dinoflagellates, and cryptophytes, to offshore
groups with higher proportions of haptophytes Type 8, Pro-
chlorococcus, Synechococcus, and prasinophytes. As the NE mon-
soon weakened, concentrations of dinoflagellates and crypto-
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resents the ecological responses to with the weakening of NE wind, when the western TWS was less influenced by the coastal currents.

phytes decreased in the inshore areas, and the concentrations of
Prochlorococcus and Synechococcus increased in the offshore re-
gions (Fig. 9). This study consequently revealed the general re-
sponse of the phytoplankton community to the different intensit-
ies of the NE winds. The influence of the varying NE wind intens-
ities could be rapidly inferred using satellite data on sea surface
temperature and wind patterns.
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Supplementary information:

Fig. S1. Surface temperature, salinity, and fluorescent chlorophyll based on the Ferrybox system along Transect H during the ob-
servations of the strong NE wind (left), Transect E during the observations of the moderate NE wind (middle), and Transect B during

the observations of the weak NE wind (right).

Fig. $2. Vertical profiles of sea temperature chlorophy (C, a, b, c), salinity (d, e, f), potential density anomaly (kg/m3, g, h, i),
buoyancy frequency (cycle/h, j, k, 1), and fluorescence chlorophyll (ug/L, m, n, o) along Transects H (a, d, g, j, m), E(b, e, h, k, n), and B
(¢, £, 1,1, 0) during the observations with the strong (left), moderate (middle), and weak (right) NE wind.

Fig. $3. Vertical profiles of nitrate + nitrite (NOy, pmol/L, a, b, c), phosphate (PO3~, pmol/L, d, ¢, f), and silicate (SiO2~, pmol/L,
g, h, i) along the Transects H, E, and B during the observations with the strong (left), moderate (middle), and weak (right) NE wind.

Fig. S4. Vertical profiles of total chlorophyll a (TChl a)(ng/L, a, b, c), dinoflagellate (Dino, ng/L, d, e, f), diatoms (Diat, ng/L, g, h,
i), cryptophytes (cryp, ng/L, j, k, 1), prasinophytes (Pras, ng/L, m, n, o), haptophytes Type 8 (Hapt. T8, ng/L, p, q, r), Synechococcus
(Syne, ng/L, s, t, u), and Prochlorococcus (Proc, ng/L, v, w, x) along the Transects H, E, and B during the observations with the strong

(left), moderate (middle), and weak (right) NE wind.

Fig. S5. Phytoplankton compositions in the surface water (upper) and average depth-integrated (bottom) along Transect H dur-
ing the observations under the forcing of the strong NE wind (left), Transect E during the observations under the forcing of the moder-
ate NE wind (middle), and Transect B under the forcing of the weak NE wind (right). CW: coastal water; FZ: the frontal zone; WW: the

warm water.
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