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Abstract

As the most important component of marine siliceous organisms, diatoms are vital primary producers of the
ocean that are often used as indicators of paleoenvironmental change. To understand the response of sedimental
diatoms to regional environmental changes and the factors affecting the distribution of sedimental diatoms in the
Taiwan Strait, this study quantified and classified the diatoms found in surface sediments collected during four
surveys from 2019 to 2020. Overall, 118 diatom taxa and 44 genera were identified with total diatom abundance of
8-27 353 valves/g. Four diatom assemblages representing different environments were identified. Among them,
assemblage | represented a coastal environment, assemblage Il comprised warm water species of a coastal
environment, Assemblage Il represented a coastal environment affected markedly by exorheism, Assemblage IV
represented a group with lowest diatom abundance. Seasonal variation in total diatom abundance was controlled
by seven environmental factors: depth, sea surface salinity, mean grain size, silicate, nitrite, nitrate, and
phosphate. Spatiotemporal variation in each of the diatom assemblages was substantial and strongly affected by
various currents, upwelling, and low-salinity water. Specifically, it was found that the succession of diatom
assemblages reflects change in the range of influence of local warm currents.
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1 Introduction

A diatom is a type of unicellular organism (Zhang, 2009). Di-
atoms are the most important component of marine siliceous
organisms and they play a vital role in marine ecosystems (Ran
etal., 2011). Diatoms are distributed widely in various water bod-
ies around the world, and they are important providers of marine
primary productivity, contributing approximately 40% of ocean
primary productivity globally (Armbrust, 2009; Tréguer et al.,
2018). There are many types of diatoms, and they are sensitive to
environmental change (Chen et al., 2019), and they can quickly
adapt to the water environment (Stoermer and Smol, 1999; Chen
etal., 2022). Therefore, diatoms can be used as indicators of en-
vironmental change (Chen et al., 2020). The factors that control
their distributions are often discussed by researchers when re-
constructing both contemporary environments and paleoenvir-
onments in paleoceanography and paleoclimatology studies
(Chen et al., 2016; Edwards et al., 2006; Chang et al., 2009; Na-
kamura et al., 2020).

The Taiwan Strait is located off the southeast coast of China.
On the western side of the Taiwan Strait, fresh water is dis-

charged by the many large rivers, e.g., the Minjiang River and the
Jiulong River. The region is strongly affected by the Asian mon-
soon, the hydrodynamic conditions are complex, and the ocean
currents undergo frequent seasonal movement. Consequently,
the Taiwan Strait is a region of land-sea interaction, and it rep-
resents a channel for the transport of material and energy in dif-
ferent marine environments. It also represents an important
shallow water channel connecting the East China Sea and the
South China Sea (Wang et al., 2016). The interaction between en-
vironmental changes and various environmental factors is in-
tense. Therefore, the study of surface sedimental diatoms in the
Taiwan Strait can provide rich information on regional paleocur-
rents and paleoclimate, and can revealing the evolution of re-
gional paleoenvironment.

During the 1980s and 1990s, the common diatom genera and
species in the Taiwan Strait were investigated and summarized
(Jin et al., 1982). The absolute abundance and the dominant spe-
cies of diatoms and silicoflagellates along the western coast of the
Taiwan Strait were also studied (Lan, 1989), and how they were
affected by currents, water depth, and sediments was discussed.
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It was later shown that ocean currents, temperature, salinity, and
nutrient content drive the seasonal variations in the planktonic
diatom community and abundance (Yang, 1995). In the early 21st
century, the abundance and distribution of diatoms in the sur-
face sediments in the upwelling area along the southeastern
coast of Haitan Island in the northwest of the Taiwan Strait were
explored (Fan et al., 2012), and it was identified that the highest
abundance of sedimentary diatoms was in the center of the up-
welling zone, reflecting the influence of upwelling on diatoms in
the surface sediments. The proportions of benthic species and
planktonic species in the western coastal waters of the Taiwan
Strait were studied (Chen et al., 2012), and it was found that the
proportion of benthic species was much larger than that of the
other two types of diatoms. In winter and summer, the two sides
of the Taiwan Strait are controlled by different currents that lead
to differences in diatom subassemblages. The surface sediment-
al diatoms and columnar sedimental diatoms on the west side of
the Taiwan Strait and their environmental significance were dis-
cussed (Mao, 2020). Studies on phytoplankton diatoms in certain
areas of the Taiwan Strait have shown that phytoplankton diat-
oms are the most important part of the phytoplankton com-
munity in the Taiwan Strait, and that they are affected substan-

tially by upwelling and nutrient limitation (Wang et al., 2016).
Few studies have investigated the continuous spatiotemporal
variation of diatoms and the factors affecting the diatoms distri-
bution in the surface sediments in the Taiwan Strait. Based on
the sensitivity of diatoms to environmental changes, the re-
sponse of spatiotemporal evolution of sedimental diatoms (from
2019 to 2020) to environmental changes and the main environ-
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mental factors controlling their distribution was studied. This
study could be used to support the research of paleoenviron-
mental in the Taiwan Strait.

2 Study area
This study focused on the area in the west of the Taiwan Strait
(Fig. 1). The Taiwan Strait is approximately 350-km long with av-
erage width of 180 km. The water depth is relatively shallow, i.e.,
the depth in over 75% of the strait is <60 m (Xiao et al., 2002). The
Taiwan Strait is in the southeastern margin of the Asian contin-
ent. The Taiwan Strait has SW-NE alignment (Liu et al., 2005; Hu
etal., 2022). The Taiwan Strait has a subtropical marine climate
that is affected substantially by the East Asian Monsoon. In
winter and spring, the region is mainly affected by the northeast
monsoon; in summer and autumn, it is mainly affected by the
southwest monsoon from the ocean. Moreover, the area is af-
fected frequently by tropical cyclones. Owing to the prevalence of
the strong East Asian Monsoon, the flow in the Taiwan Strait is
frequent throughout the year, and the ocean current system is
highly seasonal. The surface circulation of the study area mainly
includes the northward-flowing Taiwan Warm Current (TWC) as
a branch of the Kuroshio Current, the Zhejiang-Fujian Coastal
Current (ZMCC) system, and the East Guangdong Coastal Cur-
rent from the SCS (Hong et al., 2009). The western side of the
Taiwan Strait is affected most by the winter monsoon; thus, the
ZMCC system is strong in winter (Zeng et al., 2021). During sum-
mer, a local zone of upwelling is formed in parts of the Taiwan
Strait under the influence of the southwest summer monsoon
(Hu et al., 2015). The seabed topography of the Taiwan Strait is
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Fig. 1. Study area and locations of sampling stations (red dots): autumn 2019 (a), winter 2019 (b), spring 2020 (c), and summer 2020
(d). Red arrows represent the Taiwan Warm Current (TWC), blue arrows represent the Zhejiang-Fujian Coastal Current (ZMCC) sys-
tem, and yellow arrows represent the South China Sea Warm Current (SCSWC) (Xiao et al., 2002; Sun, 2016; Tao et al., 2022). The
thickness of each arrow indicates the strength of the current. Areas with green hatching represent zones of low sea surface salinity
(Tang et al., 2002, 2004; Fan et al., 2012); areas with vertical purple lines represent areas with upwelling (Chen et al., 2008). The PHC

represents Penghu Channel.
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complex, i.e., it is generally high in the southwest and low in both
the northeast and the southeast. It can be divided broadly into
the central and western shoals of the Taiwan Strait, the Taiwan
Strait Basin, the southern shoal of the Taiwan Strait (Taiwan
Shoal), the Penghu Channel (PHC), and the submarine canyon
(Hu, 2011). The PHC in the southeast is the deepest part, and
represents the most important channel for the flow of the TWC
from the Luzon Strait into the Taiwan Strait as a branch of the
Kuroshio Current (Tao et al., 2022). The Taiwan Strait is located
between the Asian continent and Taiwan Island. Its sediment
sources include not only material transported from the East
China Sea and the SCS, but also a large amount of terrigenous
material derived from the Eurasian continent and regional alpine
islands, which have a high erosion rate. The large-medium-sized
rivers in Fujian Province on the western side of the Taiwan Strait,
and the small-medium-sized rivers in Taiwan, discharge a large
amount of sediment into the Taiwan Strait (Horng and Huh,
2011; Huh et al., 2011; Xu et al., 2013).

3 Methods

3.1 Sample information

For use in this study, samples of the uppermost 2 cm of the
surface sediment in the Taiwan Strait were acquired using a grab
sampler during surveys conducted in 2019 and 2020 by the Third
Institute of Oceanography of the Ministry of Natural Resources,
Xiamen (China). We collected 23 samples of surface sediment in
autumn (October-November) 2019, 12 samples of surface sedi-
ment in winter (December) 2019, 32 samples of surface sediment
in spring (May) 2020, and 31 samples of surface sediment in sum-
mer (August) 2020, i.e., a total of 98 samples from 4 consecutive
seasons. The sedimentation rate in the study area is 0.4-2 cm/a
(Xu et al., 1989; Huh et al., 2011). However, studies have shown
that owing to the complex hydrodynamic conditions in the
Taiwan Strait, the rate of sediment migration is faster and materi-
al can migrate to other regions within a period of 1-2 months
(Milliman et al., 2007). Seasonal changes were found to have had
impact on the multiyear mixed sediments.

3.2 Diatom sample processing

The processing and analysis of all diatom samples involved in
this study were completed at the Third Institute of Oceano-
graphy. The modified Hékansso (1984) method was used to pre-
pare the samples. Briefly, samples of approximately 5-15 g were
dried in an oven at 60°C and weighed before processing. Dry
samples were treated with 10% HCL and 30% H,0, to remove
carbonates and organic material, and were then washed in dis-
tilled water to remove those chemicals from the solution. Sam-
ples were then soaked in distilled water for 24 h and scattered us-
ing an ultrasonic dispersion instrument (120 Hz) for 2 min. Most
of the diatoms in the samples had diameter of >15 pm, which in-
dicated that their relationship to the environment would be reli-
able. Similar studies showed that microdiatoms (<15 pm) have
little influence on the results of such analyses (Chen et al., 2019)
and therefore microdiatoms were not considered in this study.
Each sample was placed in a 15-yum mesh sieve for filtration to re-
move microdiatoms and other material with diameter of <15 um,
and then the suspension containing the remaining diatoms was
concentrated to 2-6 mL. When completely homogenized, 50 pL
of the suspension was coated evenly on a cover glass (18 mm x
18 mm) and dried. Finally, three permanent slides were made for
each sample using Canadian balsam as the fixative (Chen et al.,
2020).

3.3 Identification and counting of diatoms

The diatoms on the sample slides prepared in this study were
observed and identified using an Olympus BX51 optical micro-
scope (objective lens: 40x, eyepiece: 20x). To be considered valid
data, the number of diatoms in each sample should not be <300.
For incomplete diatom valves, if the residual part of the valves
was greater than half, it was included in the count. Classification
and identification of the diatoms were based on various books
and literature on diatom taxonomy (i.e., Jin et al., 1965, 1992; Jin,
1982; Cheng et al., 1996; Guo and Qian, 2003).

3.4 Data processing and statistical methods

To minimize the potential for error, we standardized the diat-
om data before conducting analysis. Genus organisms and char-
acteristic species with relative percentage content of >2% were
selected for further analysis; genus organisms that occurred at
fewer than two stations were eliminated.

Figures drawing used ArcGIS 10.0.

In this study, absolute abundance and relative abundance
were used to analyze the distribution characteristics of benthic
diatoms. The absolute abundance of diatoms refers to the total
number of diatoms per gram of dry sediment samples. The for-
mula for calculating the absolute abundance of diatoms (F) is :

F=—, 1
v M
where, Fis absolute abundance (valves/g); the total number of
diatoms in N is sample (number) ; Wis sample dry weight (g).

The relative abundance of diatoms refers to the percentage of
each species in each sample to the total number of diatoms:

Fr= @)

where, F'is the relative abundance of each species (%) ; F; is the
absolute abundance (valves/g) of each species ; F, is total diatom
abundance (valves/g).

We used R software (package Vegan and version 3.5.2) to per-
form correlation and cluster analyses on both the diatom species
data and the corresponding station environmental data. We de-
termined the specific method of correlation analysis based on the
variation range of the species data. Generally, if the range of spe-
cies data are narrow, linear ordination methods are considered
more applicable, e.g., redundancy analysis (RDA) and principal
components analysis. When there is wide variation in the species
data, single-peak models are generally selected, e.g., detrended
correspondence analysis and canonical correspondence analysis
(Ter Braak and Prentice, 1988). To determine the applicability of
linear ordination methods and single-peak models to the data
used in this study, we first performed detrended correspondence
analysis on the species data, and obtained a gradient length of <3.
Therefore, we considered that RDA was the most appropriate
analysis method for this study.

To analyze the correlation between various environmental
factors and diatom abundance, we used IBM SPSS 25 software,
because of its simple operation and intuitive analysis of the Pear-
son correlation results.

3.5 Environmental variables
All environmental factor data involved in this study, derived
from in situ measurements and laboratory tests, were obtained
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from the basic database of the Special Fund for Basic Scientific
Research Foundation of the Third Institute of Oceanography,
State Oceanic Administration, China.

We chose mean grain size (Mz) as one of the environmental
factors. Sediment Analysis of sediment particle size, including
Mz, was performed using a MasterSizer2000 laser particle
size analyzer at the Third Institute of Oceanography. The calcula-
tion was performed using the Folk-Ward rule (Folk and Ward,
1957).

Determination of nutrients was also completed at the Third
Institute of Oceanography using a QuAAtro nutrient automatic
analyzer [Marine Survey Specification-Marine Biological Survey
(GB/T 12763.6-2007) and Marine Survey Specification-Marine
Chemical Elements Survey (GB/T 12763.4-2007)]. Nitrate (NO3 -
N) was determined using the pot column reduction method, ni-
trite (NO, -N) was determined by ethylenediamine spectropho-
tometry, ammonia nitrogen (NH,-N) was determined using the
hypobromite oxidation method, phosphate (PO}~ -P) was de-
termined by phosphorus blue extraction spectrophotometry, and
active silicate (SiO3~ -Si) was determined using the silicon yellow
method (Kang et al., 2020).

Other environmental factors such as sea surface temperature
(SST), sea surface salinity (SSS), sampling water depth, dissolved
oxygen (DO), and other data were measured using conductivity-
temperature-depth probes (Seabird 19 plus).

The collection of all nutrient samples and the in situ measure-
ment of all environmental factors were obtained at a depth of 5 m.

4 Results
4.1 Environmental characteristics

The overall variation in SSS in the study area (Fig. 2) was in
the range of 27-35, gradually decreasing from the southeast to
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the northwest, with the same trend in autumn, winter, and
spring. The influence of dilution by Minjiang River water was
strong, and dilution by Jiulong River and Zhangjiang River water
also had certain influence in spring. In summer, the overall SSS
was high, and only slightly lower in river estuaries and the south-
ern low-salinity SCS water intrusion. The seasonal difference of
Mz (Fig. 3) in the study area was small. Coarse particles in au-
tumn, spring, and summer were mainly distributed in the Taiwan
Shoal. Because the sampling stations did not cover the Taiwan
Shoal in winter 2019, coarse sediment particles in that season
were found only along the coast, especially near Xiamen. Fine
particles in the study area were mainly distributed in the north-
ern Zhejiang-Fujian area of mud deposition (Liu et al., 2006). Ex-
cept for winter 2019, sediment in the nearshore region of the
study area predominantly comprised fine particles.

Except for phosphate, the contents of other nutrients in the
study area vary greatly between seasons. The content of phos-
phate was low in all season. The content of silicate was higher in
autumn and winter 2019, but lower in spring and summer 2020.
The content of nitrite was higher in spring 2020, and the content
of nitrate was higher in other seasons. The content of ammonia
nitrogen was the highest in summer 2020. In terms of spatial dis-
tribution, the high value areas of phosphate, ammonia nitrogen,
nitrate and silicate all appeared in Minjiang River and Jiulong
River Estuary (Figs 4-8).

4.2 Distribution of diatoms

Overall, 118 taxa (including species and varieties) of 44 diat-
om genera were identified in the samples. Diatom abundance
was in the range 8-27 353 valves/g. Diatom abundance changed
substantially between the different seasons (Fig. 9). The range of
diatom abundance in autumn 2019, winter 2019, spring 2020,
and summer 2020 was 8-27 353 valves/g, 52-26 809 valves/g, 20-

116° 118° 120°E

b. winter 2019

N > A
. . 2.5 £
Jiulong River X (2
&
Zhangiang Rive I/
{ s Taiwan
y Shoal
150
100
50

400

116° 118°
1 1

116° 118° 120°E
1 1 1
a. autumn 2019
26° 26°
N N
24° 1 24° 1
22°4 22° 4
116° 118° 120°E
1 1 1
c. spring 2020 *
26° + 26° +
N ) N
» &
. Z A
24° 24°
50
22° 22° 4
400

d. summer 2020

SSS
27-28
28-29
29-30
30-31
31-32
32-33
33-34
34-35

Fig. 2. Distribution of sea surface salinity (SSS) in the Taiwan Strait: autumn 2019 (a), winter 2019 (b), spring 2020 (c), and summer

2020 (d).



Chen Min et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 11, P. 99-117 103

116° 118° 120°E
1 1 1

a. autumn 2019 ®

26° 26° +
N N
24° 24°
22° - 22° -
400
116° 118° 120°E
1 1 1

c. spring 2020 *

26° 26°
N - N
il
an
at §
24° 24°
50
22° - 22° -
400

116° 118° 120°E
1 1 1

b. winter 2019

Taiwan
Shoal 150

100

400

116° 118° 120°E
1

d. summer 2020

Fig. 3. Distribution of mean grain size (Mz) in the Taiwan Strait: autumn 2019 (a), winter 2019 (b), spring 2020 (c), and summer

2020 (d).

116° 118° 120°E
1 1 1

116° 118° 120°E
1 1 1

a. autumn 2019

26° Winjiang Rivery 26°
N N
240 24°

22° H 22°

400

b. winter 2019

Taiwan
Shoal 150

100

400

116° 118° 120°E
1 1 1

116° 118° 120°E

50

c. spring 2020

26° 26°

24°

24° +

22° H 22°

400

d. summer 2020

Silicate concentration/

(mol-L™")
0-5
5-10
10-15
15-20
20-25
25-30
30-35
35-40
40-45
>45

Fig. 4. Distribution of silicate in the Taiwan Strait: autumn 20

14 651 valves/g, and 8-2 740 valves/g, respectively. Autumn 2019
had the largest variation in diatom abundance, while summer
2020 had the smallest variation. The total abundance of diatoms
was highest in winter 2019, and lowest in summer 2020. The total

19 (a), winter 2019 (b), spring 2020 (c), and summer 2020 (d).

abundance of diatoms in the four seasons was high along the
western coast of the Taiwan Strait, decreasing eastward. At the
same time, a secondary area of high values of diatom abundance
was found in the north of the study area. In autumn and winter,
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diatom abundance in the western coastal region of the study area
was the highest, especially in the area of the Jiulong River Estu-
ary, where diatom abundance was >20 000 valves/g. In spring,
the highest diatom abundance was distributed in the Zhangjiang

River Estuary on the southwestern side of the study area.

This study used the relative percentage content of =10% to
determine the dominant species (Pokras and Molfino, 1986).
Overall, 16 species were identified as dominant diatom species in
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the four seasons in the study area (Table 1). The distribution of
some dominant species was shown in Figs 10-13. The study area
was dominated by marine species (Fig. 14) including A. undulatus
(Fig. 13), C. radiatus (Fig. 11), P. weyprechtii and, etc., of which

Paralia sulcata (Ehr.) Cleve (Fig. 10) had the highest content.
However, there were also some brackish water species (Fig. 15)
including C. stylorum, Nitzschia obtusa var. scalpelliformis Grun-
ow, Nitzschia sigma (Kiitzing) W.Smith, Nitzschia lorenziana
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Grunow, Achnanthes hauckiana Grunow, etc., and Coscinodiscus
rothii (Ehrenberg) Grunow (Fig. 12) had a higher content at some
stations. Freshwater species appeared only sporadically includ-
ing Cyclotella meneghiniana Kiitzing, Diploneis elliptica (Kiitzing)
Cleve, Melosira granulata (Ehrenberg) Ralfs, Cymbella tumida
(A. Schmidt) Skabichevskii, etc. Additionally, the content of
warm water species was relatively high (Fig. 16), especially that of
Azpeitia nodulifera (Schimidt) Fryxell and Sims.

4.3 Characteristics of diatom assemblages

To determine the spatiotemporal changes of diatom as-
semblages in the study area, we integrated the diatom data for
the four seasons for further analysis. Overall, 98 diatom species
with relative percentage content of >2% and occurrence at two or
more stations were selected. To ensure that the analysis accur-
ately reflected the ecological characteristics of the diatom com-
munities, we also included the rare species of freshwater species,
warm water species, and other characteristic species of diatoms
in the analysis. The freshwater species we selected mainly in-
cluded Cyclotella comta (Ehr.) Kiitzing, Aulacoseira granulata
(Ehr.) Simonsen, and C. meneghiniana. The warm water species
mainly included A. nodulifera, Campylodiscus brightwellii Grun-
ow and Azpeitia africanus Janisch. Environmental data included
depth, Mz, SSS, SST, DO, silicate (Si), ammonia nitrogen (NH,),
phosphate (PO3™), nitrite (NO; ), and nitrate (NO; ).

Owing to a lack of environmental data for some stations, we
selected only those 71 stations that had complete environmental
data for RDA. The results of RDA between the environmental
variables and stations and between the environmental variables
and species are shown in Figs 17-18 and Table 2, respectively.
Additionally, the samples were divided into four diatom as-
semblages and a special case station following cluster analysis
(Figs 17 and 18).

4.3.1 Diatom assemblage | : P. sulcata-A. undulatus-C. oculatus-
P. weyprechtii-P. stelliger-C. radiatus

Assemblage I was dominated by coastal and benthic species,
namely A. undulatus, P. sulcata, and P. stelliger with average con-
tent of 6.88%, 27.08%, and 5.84%, respectively (Table 3). There
were also planktonic species C. oculatus, C. radiatus, and P.
weyprechtii with content of 6.70%, 4.95%, and 6.38%, respectively
(Table 3). The total diatom abundance in this assemblage was the
highest (range: 236-27 353 valves/g, average: 4 028 valves/g) in
comparison with that of the other assemblages. Assemblage |
was positively correlated with nutrients and depth and negat-
ively correlated with SST (Fig. 17). The assemblage was widely
distributed in the other three seasons, except it showed a reduc-
tion in summer 2020 (Fig. 19). In autumn 2019, the assemblage
was mainly distributed in the sea area extending outward from
the estuaries of the Minjiang River, Jiulong River, and Zhangji-
ang River. In winter 2019, the distribution extended along the en-
tire coast. In spring 2020, the assemblage was also distributed in
the sea area extending outward from the estuaries of the Minji-
ang River, Jiulong River, and Zhangjiang River, but additionally at
some stations to the north of the Minjiang River Estuary. In sum-
mer 2020, the number of stations on the eastern side of the study
area at which Assemblage | was distributed decreased markedly,
and the assemblage was found mainly distributed in the western
nearshore area. Overall, diatom Assemblage | most likely rep-
resents a coastal group.

4.3.2 Diatom assemblage 11 : C. rothii-P. sulcata-C. striata-P. stel-
liger-A. nodulifera-Trachyneis sp.

Assemblage Il comprised the most common coastal species
such as C. rothii, C. striata, P. sulcata, and P. stelliger, but it also
contained a common warm water diatom species A. nodulifera,
the content of which was 23.5%, 7.78%, 9.05%, 7.69%, and 3.67%,
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Table 1. Dominating diatom species (relative abundance > 10%) in the surface sediment in the study area
Season Number of = Number Dominating species Abundance Average
genera of taxa range/% abundance/%

Autumn 2019 31 71 Actinoptychus undulatus (Bail.) Ralfs 0-13.51 3.50
(October-November) Coscinodiscus divisus Grunow 0-10.77 0.82
Coscinodiscus oculatus (Fauv.) Petit 0-14.66 2.78

Coscinodiscus radiatus Ehrenberg 0-28.57 3.85

Coscinodiscus rothii (Ehr.) Grunow 0-70.77 5.08
Paralia sulcata (Ehr.) Cleve 0-64.18 28.57

Pyxidicula weyprechtii Grunow 0-15.38 3.67

Trachyneis aspera (Ehrenberg) Cleve 0-10.81 1.97

Winter 2019 30 62 Actinoptychus undulatus (Bail.) Ralfs 0-13.51 3.92
(December) Coscinodiscus radiatus Ehrenberg 0-10.77 1.24
Cyclotella stylorum Brightwell 0-14.66 3.27

Paralia sulcata (Ehr.) Cleve 0-28.57 4.88

Podosira stelligera (Bail.) A.Mann 0-70.77 7.81
Pyxidicula weyprechtii Grunow 0-64.18 30.05

Spring 2020 33 92 Actinoptychus undulatus (Bail.) Ralfs 0-36.26 7.87
(May) Coscinodiscus curvatulus var.minor (Ehr.) Grunow 0-40.87 2.27
Coscinodiscus decrescens Grunow 0-12.26 1.31

Coscinodiscus oculatus (Fauv.) Petit 0-31.11 7.98

Coscinodiscus radiatus Ehrenberg 0-18.37 4.23

Cyclotella stylorum Brightwell 0-10.32 1.64

Paralia sulcata (Ehr.) Cleve 0-53.19 16.39

Podosira stelligera (Bail.) A.Mann 0-50 6.59

Pyxidicula weyprechtii Grunow 0-26.67 5.13

Thalassiosira pacifica Gran & Angst 0-11.63 2.79

Summer 2020 26 60 Actinocyclus ehrenbergii Ralfs 0-11.76 1.76
(August) Actinoptychus undulatus (Bail.) Ralfs 0-16.67 3.33
Biddulphia tuomegi(Bail.)Roper 0-18.75 1.39

Coscinodiscus oculatus (Fauv.) Petit 0-33.33 4.13

Coscinodiscus rothii (Ehr.) Grunow 0-100 10.75

Cyclotella striata (Kiitzing) Grunow 0-100 5.72

Cyclotella stylorum Brightwell 0-23.53 2.65

Paralia sulcata (Ehrenberg) Cleve 0-100 29.90

Podosira stelligera (Bail.) A.Mann 0-42.86 7.84

Pyxidicula weyprechtii Grunow 0-100 9.15

respectively. Additionally, the freshwater species C. meneghini-
ana, which appeared in this assemblage with content of 1.94%,
was distributed at Stations D04 and D07 in spring 2020. The total
diatom abundance in this assemblage was low (range: 12-
163 valves/g, average: 58 valves/g). This assemblage was posit-
ively correlated with SST, SSS, and NH, and negatively correlated
with depth (Fig. 17). Assemblage Il was mainly distributed in the
Taiwan Shoal area in autumn 2019, spring 2020, and summer
2020. In the spring and summer of 2020, Assemblage I was
found distributed at a few stations in central and northern parts of
the study area, but the assemblage was missing in winter 2019
(Fig. 19). Overall, Assemblage Il represented a coastal group in-
cluding warm water species.

4.3.3 Diatom assemblage 111: P. sulcata-P. weyprechtii-P. stelliger-
C. rothii

Assemblage [l comprised mainly marine benthic species, in-
cluding P. sulcata and P. stelliger with content of 34.92% and
8.87%, respectively. The planktonic species C. rothii and P.
weyprechtii were also found in this assemblage, with content of
3.63% and 12.26%, respectively, among which P. weyprechtii was
an exotic species. The typical shallow marine species P. sulcata
had the highest content, and those stations with higher content

were in water with depth in the range of 50-100 m, consistent
with the findings of previous studies (Zhang et al., 2016; Jiang,
1987; Wang et al., 1990). The total diatom abundance in this assem-
blage was 8-244 valves/g (average: 115 valves/g). This assemblage
was positively correlated with SSS, SST, and depth and negatively
correlated with Mz (Fig. 17). The total number of stations at which
Assemblage [II was found was second only to the total number of
stations at which Assemblage | was found. In autumn 2019, the
assemblage was mainly distributed in the outer sea side of the
north-central part of the study area. In winter 2019 and spring
2020, the assemblage was less well distributed. In summer 2020,
the assemblage was mainly distributed in the outer extension of
the Minjiang River Estuary, along the central coast, and in the
open sea of the study area; it was also found at two stations in the
Taiwan Shoal area (Fig. 19). This assemblage represented a
coastal shallow water environment affected by the oceanic water.

4.3.4 Diatom assemblage IV : T. eccentrica-C. decrescens
Assemblage IV comprised C. decrescens and Thalassiosira ec-
centrica Karsten with content of 25% and 50%, respectively. The
total diatom abundance of this assemblage was the lowest
(range: 8-38 valves/g, average: 23 valves/g). This assemblage was
positively correlated with SSS and NH, and negatively correlated
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with depth, Mz, and nutrients (Fig. 17). Assemblage IV was
mainly distributed at Station M02 in the Minjiang River Estuary
in autumn 2019 and at Station TS11 to the south of the Minjiang
River Estuary in summer 2020 (Fig. 19).

4.3.5 Other

We also precipitated a separate group (Station TS05) in spring
2020 following cluster analysis. The abundance at TS05 was very

low, i.e., approximately 20 valves/g, and the diatoms included A.
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nodulifera, C. divisus, and Nitzschia brevissima Grunow, each
with content of 33.33%. The station was positively correlated with

SSS, SST, and NH, (Fig. 17). The station reflected the emergence
of a warm water species (i.e., A. nodulifera); therefore, the station
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might reflect the influence of warm water. The station also reflec-  therefore, the station might also reflect the influence of dilution
ted the emergence of a freshwater species (i.e., N. brevissima); by terrestrial rivers.
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Table 2. Summary of RDA results

Strait: autumn 2019 (a), winter 2019 (b), spring 2020 (c), and sum-

Axes 1 2 3 4 5 6 7 8 9 10
Eigenvalues 0.05914 0.03328 0.01601 0.01396 0.00992 0.00104 0.00691 0.00383 0.00359 0.002 30
Proportion explained 0.11187 0.06296 0.03028 0.02641 0.01876 0.01532 0.01117 0.00725 0.006 78 0.004 35
Cumulative proportion  0.11187 0.17483 0.20511 0.23152 0.25028 0.26560 0.276 78 0.28403 0.29082  0.295 17

5 Discussion

5.1 Principal environmental factors affecting spatiotemporal diat-
om abundance and spatiotemporal variation of diatom distri-
bution
To explore the principal environmental factors that affected

diatom abundance, Pearson correlation analysis was conducted

on the diatom abundance and environmental factor data in this
study (Table 4). Overall, the environmental factors of depth, SSS,

Mz, Si, NO, , NO; , and PO3~ had a greater effect on the change

in diatom abundance in the study area than that of the factors of

SST, DO, and NH;.

In autumn 2019, the abundance of diatoms was affected by six
environmental factors: NO; , POif, NH,, NO, , Si, and Mz, and it
showed strong positive correlation with NO, , Si, and Mz, indic-
ating that the abundance of diatoms in this season was substan-
tially controlled by nutrients. In autumn 2019, the abundance of
diatoms in the coastal area, especially near the Jiulong River Es-
tuary, was high (Fig. 9), which was broadly consistent with the
areas of high values of nutrients. Biological activity in the study
area was weak in autumn, and the ZMCC system (characterized
by low salinity, low temperature, and high nutrient content) had
a strong effect, leading to substantial increase in nutrient content
along the western coast of the Taiwan Strait (Gu et al., 1992),
which resulted in the higher abundance of diatoms. As a medi-
um-sized river in the East Asian monsoon region, the Jiulong

River discharges a large amount of terrestrial material into the
Taiwan Strait owing to its large runoff. Additionally, human activ-
ities have discharged large volumes of nutrients into the Jiulong
River over many years, resulting in the high nutrient content in
the Jiulong River Estuary (Yan et al., 2012), which has created a
good habitat for the growth of diatoms and accounts for the high
diatom abundance in the Jiulong River Estuary. In this season,
the particle size of the sediment in the estuary of each of the three
main rivers in the study area was small (Fig. 3). The positive cor-
relation between Mz and diatom abundance might also be
caused by enrichment of diatoms and co-deposition of fine-
grained material in the estuaries.

The abundance of diatoms both in winter 2019 and in spring
2020 was found correlated negatively with depth. Diatom abund-
ance showed a trend of reduction from the coast to the open sea,
which was most obvious in the western Taiwan Strait (Mao,
2020). In winter 2019, owing to insufficient sampling stations and
data, the abundance of diatoms was not a true reflection owing to
the influence of the ZMCC system. In spring 2020, the abund-
ance of diatoms was also found correlated negatively with SSS. At
this time, low abundance of diatoms was evident in the Taiwan
Shoal area, which might reflect the strong hydrodynamic forces
of the high-temperature high-salinity water that enter the Taiwan
Shoal area in spring (Wan et al., 2013) and prevent in situ sedi-
mentation of diatom valves.

In summer 2020, diatom abundance showed strong positive
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Table 3. Characteristics of the dominant species in the different diatom assemblages

Diatom Dominating species Abundance

Average

assemblage Genus Species range/% abundance/% Ecological habits
Assemblage Actinoptychus  undulates 0-36.26 6.88 Brackish species, common on coasts, benthonic, widespread in
1 world seas (Jin et al., 1965, 1982; Guo and Qian, 2003 )
Coscinodiscus oculatus 0-31.11 6.70 Temperate species (Jin et al., 1982; Guo and Qian, 2003)
radiatus 0-18.37 4.95 Widespread in world seas, warm water species, planktonic (Jin et al.,
1982; Guo and Qian, 2003)
Paralia sulcata 0-64.18 27.08 Benthic species, typical shallow marine species, water depth of
50-100 m is most suitable for its growth (Jin et al., 1982; Hasle and
Syvertsen, 1997; Guo and Qian, 2003; Zhang et al., 2016). Widely
distributed in global offshore and upwelling water columns
(Abrantes, 1988; Karpuz and Schrader, 1990; Lange et al., 1998;
Abrantes et al., 2007). Low illumination and fairly low salinity
(brackish water) (Blasco et al., 1980)
Podosira stelliger 0-17.65 5.84 Marine, benthic species (Jin et al., 1982; Guo and Qian, 2003)
Pyxidicula weyprechtii  0-26.67 6.38 Exotic planktonic species (Jin et al., 1982; Guo and Qian, 2003)
Assemblage Azpeitia nodulifera 0-50 3.67 Warm water species, benthic (Jin et al., 1982; Hasle and Syvertsen,
1I 1997; Guo and Qian, 2003; Onodera et al., 2005; Ren et al., 2014)
Common in the surface sediments of the equatorial and tropical
Pacific (Jousé et al., 1971). Often distributed in the Kuroshio (Lan et
al., 1995; Chen et al., 2014)
Coscinodiscus rothii 0-100 23.50 Marine or brackish species (Jin et al., 1982; Guo and Qian, 2003)
Cyclotella striata 0-100 7.78 Marine coastal species, planktonic species (Jin et al., 1982; Guo and
Qian, 2003)
Paralia sulcata 0-42.86 9.053 -
Podosira stelliger 0-50 7.69 -
Trachyneis sp. 0-17.65 2.68 Marine benthic species, widely distributed (Jin et al., 1982)
Assemblage  Coscinodiscus rothii 0-35.14 3.63 -
il
Paralia sulcata 0-100 34.92 -
Podosira weyprechtii 0-100 12.26 -
Pyxidicula stelliger 0-33.33 8.87 -
Assemblage Coscinodiscus  decrescens 0-50 25 Rare species in coastal and intertidal zones (Jin et al., 1982; Guo and
\Y Qian, 2003)
Thalassiosira  eccentrica 50 50 In addition to the Antarctic and Arctic, eurythermal and planktonic
species are widely distributed in all oceans (Jin et al., 1965)
TS05 (spring Azpeitia nodulifera 33.33 33.33 -
2020)
Coscinodiscus divisus 33.33 33.33 Common on shores and intertidal in Fujian (Guo and Qian, 2003)
Nitzschia brevissima 33.33 33.33 Fresh or brackish species (Jin et al., 1982)

Note: - represents no data.

Table 4. Pearson correlation analysis of diatom abundance and environmental variables

Depth SST SSS DO NO; PO}~ NH, NO; Si05~ Mz
2019 Autumn -0.377 -0.104 -0.326 0.161 0.514* 0.523* 0.440* 0.596** 0.625** 0.676**
2019 Winter -0.647* -0.112 -0.168 0.034 0.125 - - - 0.221 -
2020 Spring -0.522* -0.211 -0.557* 0.343 -0.018 0.158 -0.007 0.17 0.192 0.406
2020 Summer -0.306 -0.204 -0.046 0.228 -0.109 0.235 -0.135 0.35 0.38 0.603**

Note: *significant correlation (p < 0.05), **significant correlation (p < 0.01); SSS, sea surface salinity; SST, sea surface temperature; Mz, mean

grain size; DO, dissolved oxygen; SiO3, silicate; NO, , nitrite; NO; ", nitrate; PO3™, phosphate; NH, - ammonia nitrogen.

correlation with Mz. The northern part of the study area is in the
Zhejiang-Fujian area of mud deposition (Liu et al., 2006) with a
smaller sediment particle size (Fig. 3). Diatoms were easily en-
riched in the fine-grained sediments. Therefore, the highest val-
ues of diatom abundance in this season appeared in the north-
ern part of the study area.

In autumn 2019, Assemblage [, which represents a coastal
environment, was concentrated in the sea area outside the estu-
aries of the Minjiang River, Jiulong River, and Zhangjiang River.
Assemblage I, containing warm water species, appeared in the
Taiwan Shoal area, indicating that the area was affected by warm
water. Assemblage 1], which contains exotic species, was distrib-
uted parallel to the coast in the central Taiwan Strait. By winter
2019, the distribution range of Assemblage III was notably smal-

ler, remaining scattered only in the middle and north of the study
area. Assemblage Il was covered by Assemblage [, showing that
the population of exotic species decreased in winter 2019 in com-
parison with that in autumn.

In spring 2020, the distribution of Assemblage II, represent-
ing the warm water coastal environment, increased markedly
both in the Taiwan Shoal area and in the northern part of the
study area in comparison with that in autumn 2019, indicating
that large volumes of warm water entered those sea areas during
this season. In summer 2020, both Assemblage Il and As-
semblage Il showed a trend of expansion shoreward, and As-
semblage [l became the most widely distributed diatom as-
semblage in this season. This reflects the large volume of warm
water and large number of exotic species carried into the Taiwan
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Strait by the strong SCSWC in summer 2020, which also restric-
ted the range of Assemblage [ to patchy distribution in the north
of the study area. Controlled by the East Asian monsoon, rivers in
southeastern China flood in spring and summer every year
(Wang et al., 2022).

In the spring and summer of 2020, the content of freshwater
species in the Taiwan Shoal area was high, which might reflect
enhancement of dilution by Zhujiang River water that affected
the characteristics of the water mass in the southern part of the
study area and formed some low-salinity areas in the Taiwan
Shoal.

A separate group (Station TS05) also appeared in spring 2020,
and its characteristic of high content of freshwater species
differed markedly from that of surrounding stations. This reflects
that the station might have been affected by freshwater input
from rivers. However, the absence of freshwater species at other
stations closer to the Jiulong River Estuary indicates that the
freshwater species at this station may have been transported
from other places.

5.2 Response of diatom distribution to ocean currents

Previous studies showed that the intensity of the seasonal in-
trusion of the TWC into the Taiwan Strait reduces in the order of
spring > winter > summer > autumn (Sun, 2016). In spring, ow-
ing to gradual weakening of the northeast winter monsoon for-
cing and reduction in the forcing of the East Asian Monsoon, the
TWC drives further north, and it reaches its peak intensity in
April-May, when the TWC water body with high temperature and
high salinity dominates the entire Taiwan Strait (Sun, 2016).

In spring 2020, the content of warm water species in the study
area was significantly higher than that in other seasons (Fig. 12),
and Assemblage Il expanded northward to central and northern
parts of the study area, all of which were related to strengthening
of the TWC forcing during that season. The main warm water
species in the study area (i.e., A. nodulifera) were found to be sig-
nificantly negatively correlated with SST (Fig. 11) but were con-
sistent with the area of flow of the TWC. Thus, those species were
not produced by in situ water bodies, but were carried by ocean
currents and then sedimented. In summer, the southwest sum-
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mer monsoon is dominant, SCS water invades through the PHC,
and TWC water is replaced by high-temperature low-salinity SCS
water (Jan et al., 2002). Consequently, Assemblage Il was found
distributed over a large area in central and southern parts of the
study area (Fig. 19d), and a high-value area of warm water spe-
cies related to the strong invasion of SCS water formed in the area
offshore of the Minjiang River Estuary (Fig. 12d). The succession
of these diatom assemblages indicate change in the range of in-
fluence of the warm currents.

In autumn, the diatom assemblage on the western side of the
Taiwan Strait comprised mainly Assemblage [, representing a
coastal population. The distribution of warm water species was
compressed into the southeast of the region, indicating that the
influence of the ZMCC was enhanced and that of the SCSWC was
weakened. In autumn, the diatom abundance at Station M02 in
the Minjiang River Estuary was extremely low. This might reflect
the influence of the ZMCC and the Minjiang River runoff in form-
ing an area with high turbidity that affected the growth and sedi-
mentation of diatoms (Meng and Xu, 2013).

In winter, the strong northeast winter monsoon pushed the
low-temperature low-salinity ZMCC southward and prevented
northward incursion of the TWC. These two opposing currents
collided near the PHC, forming ocean peaks (Li et al., 2000, 2006;
Chang et al., 2006; Sun, 2016). The ZMCC flowed southward un-

der the backing of the TWC, and some water bodies turned back
from the south to the north to form a U-type current (Oey et al.,
2014). The high-value area of warm water species in the north-
east of the study area in this season was the result of the mixing
and transportation of this ocean current water body (Fig. 12b).

In summary, TWC and SCSWC brought abundant warm-wa-
ter diatoms to the Taiwan Strait. The ZMCC converged with these
warm currents in the north-central Taiwan Strait, resulting in a
top-up effect, thus forming a high-value area of warm water spe-
cies.

5.3 Effect of upwelling on diatom distribution

To the south of the Minjiang River Estuary, the effect of sea-
water dynamics is strong and upwelling is substantial. The up-
welling is most active from May to July, and it declines at the end
of August (Tang et al., 2002, 2004; Fan et al., 2012). The sub-high-
value area of diatom abundance in this area in the spring and
summer of 2020 (Fig. 9) coincided with the time of upwelling,
suggesting that the increase in diatom abundance was caused by
the upwelling of nutrient-rich deep water to the sea surface (Shen
and Shi, 2002). Some earlier studies reported that diatom abund-
ance at the boundary of the area of upwelling is very low (Yang,
1995; Fan et al., 2012). In summer 2020, diatom abundance was
extremely low in the northern part of the study area at Station
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TS11, located at the boundary of the upwelling system.

Therefore, the diatom fossil assemblages could reflect the
variation of the warm current in the Taiwan Strait in geological
history. They can be used to reveal the changes of paleocurrent
and paleoclimate in Taiwan Strait.

6 Conclusions

In this study, the distribution of diatoms in the surface sedi-
ments of the Taiwan Strait was investigated, and the spatiotem-
poral changes in diatoms and their response to ocean currents
were analyzed. The main conclusions are as follows.

(1) Overall, 44 genera and 118 species (including species and
varieties) of diatom were identified in the surface sediments from
autumn 2019 to summer 2020. Total diatom abundance was 8-
27 353 valves/g with an average value of 2 459 valves/g. Diatom
species were mainly marine species, and there were 16 dominant
species. The content of warm water species was also relatively
high, especially that of A. nodulifera. Freshwater species were
also scattered in areas such as the Taiwan Shoals and the estuar-
ies of bordering rivers.

(2) Four assemblages were identified that represented differ-
ent marine environments. Assemblage | represented a coastal
environment. Assemblage Il represented a coastal environment
affected by warm water. Assemblage IIl represented a coastal en-
vironment that was substantially affected by the ocean. The diat-
om abundance of Assemblage [V was extremely low.

(3) The abundance of diatoms in different times was con-
trolled by different environmental factors. In autumn 2019, the
principal controlling factors were nutrients and particle size. In
winter 2019, diatom abundance was affected mainly by water
depth. In spring 2020, the controlling factors were primarily wa-
ter depth and SSS, whereas particle size was the principal con-
trolling factor of diatom abundance in summer 2020. Addition-
ally, in autumn 2019, diatom abundance was also affected by hu-
man activities, and the highest value appeared in the Jiulong
River Estuary. Overall, diatom abundance decreased from the
coast toward the open sea.

(4) In winter 2019, Assemblage Il (P. sulcata, P. weyprechtii,
P. stelliger, C. rothii) was covered by Assemblage 1 (P. sulcata, A.
undulatus, C. oculatus, P. weyprechtii, P. stelliger, C. radiatus)
owing to reduction in the population of exotic diatom species in
comparison with that in autumn 2019, and Assemblage 1l was
found distributed sporadically only in central and northern parts
of the study area. In spring 2020, a large volume of warm water
intruded into the Taiwan Shoal and northern part of the study
area, and the distribution of Assemblage II (C. rothii, P. sulcata,
C. striata, P. stelliger, A. nodulifera, Trachyneis sp.) increased
markedly in comparison with that in autumn 2019. In summer
2020, the strong SCSWC transported large numbers of warm wa-
ter and exotic diatom species into the Taiwan Strait, and As-
semblage Il and Assemblage III both showed a trend of coastal
expansion. Spatiotemporal variation in diatom abundance in the
surface sediments of the Taiwan Strait was strong, especially in
spring and summer.

(5) The study area is mainly affected by the northward-flow-
ing TWC and SCSWC and the cold ZMCC system. In spring and
summer 2020, the TWC and SCSWC were strong, which led to ex-
pansion in the distribution of Assemblage Il and Assemblage III,
and corresponding high-value areas of warm water species ap-
peared. In autumn and winter 2019, the ZMCC system was
strong, supported by the northward TWC that formed a U-type
flow in winter. Under the influence of the mixing and transporta-
tion of ocean current water, the content of warm water species in

the northeast of the study area increased. Upwelling also had
considerable influence on diatom abundance in the northern
part of the study area. In summary, we believe that the succes-
sion of diatom assemblages reflects change in the range of influ-
ence of the warm currents.

(6) The surface sediment diatoms in the Taiwan Strait were
affected by various environmental factors such as hydrodynam-
ics, currents, salinity, and nutrients. Current and water mass sys-
tems are the most important factors in affecting the distribution
of diatoms. Therefore, the diatoms in sediment cores could
provide a basis for revealing changes of paleo current and water
mass systems in the Taiwan Strait in the future under the premise
of further verification.
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