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We used field observations (mapping and time-series observations) and satellite data to investigate the changes of environmental factors and
plankton community structure during four pulsed upwelling events in the southern Taiwan Strait (STWS) during August 2004 and July 2005.
Based on the surface temperature, salinity, and concentrations of nitrate, oxygen, and chlorophyll a (Chl a), we identified three stages of up-
welling: recent, mature, and aged upwelled water. Diatoms and Synechococcus dominated during the first two and third stages of the upwell-
ing, respectively. In recently upwelled water, phytoplankton grew rapidly, and nutrient concentrations were relatively high. Diatoms
accounted for >69% of the total Chl a in recently upwelled and mature water. As the upwelled water aged, the phytoplankton community
shifted to coexistence of diatoms and Synechococcus. The microzooplankton community was dominated by aloricate ciliates and tintinnids
during upwelling, but the abundance of heterotrophic dinoflagellates increased as the upwelled water matured. Microzooplankton grazing
reached a maximum during the mature stage and approximately balanced phytoplankton growth in aged, upwelled water. Overall, our study
revealed rapid changes in the plankton community during the different stages of upwelling that reflected the complex and dynamic nature of
upwelling systems.
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Introduction

Marine phytoplankton account for nearly half of primary produc-
tivity in the biosphere (Field et al., 1998), and changes of phyto-
plankton abundance and composition are closely related to the
various biotic and abiotic factors that characterize aquatic ecosys-
tems (Widdicombe ef al., 2010). Upwelling ecosystems, which are
the most productive regions of the ocean, are characterized by
inputs of nutrient-rich subsurface water into the euphotic zone
that stimulate phytoplankton production and induce a shift of
the biological community (Mitchell-Innes and Walker, 1991). In
upwelling systems, changes in environmental conditions such as

temperature, nutrient availability, turbulence, and irradiance may
occur abruptly and lead to a rapid succession of phytoplankton
species and alteration of phytoplankton community composition.
Numerous studies have documented changes of phytoplankton
communities on seasonal or interannual timescales in upwelling
ecosystems (Oh et al., 2004; Silva et al., 2009; Lips and Lips, 2010;
Du and Peterson, 2013). For instance, Du and Peterson (2013)
described how the upwelling that occurs from approximately
March to October in the northern California Current causes
changes in phytoplankton biomass and composition following
the upwelling/downwelling cycles. Diatoms can contribute as
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much as 80% of phytoplankton biomass during upwelling, but
dinoflagellates dominate the phytoplankton community at the
end of upwelling. Silva et al. (2009) have also suggested that the
phytoplankton communities in Lisbon Bay (Portugal) change
with the seasonal variations of upwelling.

Short-term responses associated with pulsed upwelling events
have not received comparable attention, and current understand-
ing of such responses is based primarily on studies in eastern
boundary current upwelling systems (EBCUS), where the dura-
tions of one upwelling event can be a few days to a few weeks
(Brown and Hutchings, 1987; Mitchell-Innes and Walker, 1991;
Hansen et al., 2014). Three stages characterized by nutrient con-
centrations and phytoplankton biomass are typically observed
during an integral upwelling event: recently upwelled water, ma-
ture upwelled water, and aged upwelled water (Brown and
Hutchings, 1987). In the southern Benguela upwelling system,
Mitchell-Innes and Walker (1991) identified two upwelling cycles
during a 27-day period at a fixed station. The phytoplankton
composition varied with environmental changes during the dif-
ferent stages, from small diatoms to large diatoms then to dino-
flagellates (Mitchell-Innes and Walker, 1991; Walker and
Peterson, 1991). Temperature, salinity, the oxygen concentration
of the surface water, and the extent of nutrient consumption have
been used to characterize the upwelling stages (Takahashi et al,
1986; Hansen et al., 2014; Mohrholz et al., 2014).

Several theories have been put forward to explain that phyto-
plankton succession results from changes along environmental
gradients. Margalef’s classical mandala (1978) attributes the dom-
inance of different phytoplankton groups to different nutrient-
turbulence spaces. His theory is consistent with phytoplankton
succession from diatoms to dinoflagellates during upwelling
events (Chapman and Bailey, 1991; Mitchell-Innes and Walker,
1991). Reynolds (1984) applied Grime’s CSR theory (Competitor,
Stress tolerator, and Ruderal; Grime, 1977) to fresh-water phyto-
plankton and identified different functional phytoplankton
groups based on the strategies that explain their responses to en-
vironmental conditions. More recently, trait-based phytoplank-
ton community ecology has been used to explain community
and/or species responses to environmental changes based on
functional traits (Litchman et al., 2012). Common among all the
above-mentioned theories is a focus on abiotic variables, but reg-
ulation of phytoplankton succession during an upwelling event
also reflects top-down control from microzooplankton, zoo-
plankton, or small fish (Tilstone et al, 2000). The traditional
view is that upwelling systems are characterized by short food
chains in which large phytoplankton are consumed directly by
mesozooplankton or small fish. However, grazing by microzoo-
plankton is also an effective form of top-down control that
impacts phytoplankton biomass and composition in upwelling
areas (Teixeira et al, 2011). In fact, some studies have suggested
that microzooplankton herbivory can remove most of primary
production in upwelling systems (Neuer and Cowles, 1994;
Fileman and Burkill, 2001; Huang et al., 2011). Nevertheless, few
studies have concerned the temporal variability of the microzoo-
plankton community and its impact on the dynamics of phyto-
plankton communities during the different phases of upwelling.

The Taiwan Strait, which is bounded by southeastern main-
land China and Taiwan Island, is an important channel between
the East China Sea (ECS) and the South China Sea (SCS;
Figure la). Its complex hydrology reflects the influence of
the East Asian monsoons and their seasonal variability
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(Hong et al., 2011). The southwesterly winds that blow over the
southern Taiwan Strait (STWS) and its complex topography pro-
duce many upwelling regions, including the Dongshan upwelling
(Figure 1la), Taiwan Bank upwelling, and Penghu upwelling
(Hong et al., 2011). The mechanisms that drive upwelling differ
in the STWS and EBCUS. Upwelling in the latter occurs through-
out most of the year and is caused by a combination of Ekman
transport induced by the equatorward Trade Windstress and the
Coriolis force (Fréon et al., 2009). In contrast, coastal upwelling
in the STWS occurs from June to August and is influenced by
southwesterly winds and topographic effects (Hong et al., 2011).
Currents in the STWS are quite complex, and at least three differ-
ent types of upwelled water masses are found there (Tang et al,
2004). Furthermore, some studies have shown that the upwelled
water near Dongshan is transported from Shanwei (Figure la),
where the upwelled water comes from depths of 50-100 m in the
SCS (Gan et al., 2009a), and the nutrient concentrations are lower
in that upwelled water than in the EBCUS (Hu et al., 2015). More
importantly, upwelling in the STWS, which can change markedly
in a short time and often persists for 7—12 days (Shang et al,
2004), is related to wind patterns (Zhang et al., 2011).

We have previously observed the spatio-temporal variations of
coastal upwelling events and associated phytoplankton biomass
responses in the STWS by using a combination of satellite and
field data (Hong et al., 2009, 2011; Jing et al., 2009). However, be-
cause of the limitations of in situ time-series observations, little is
known about the rapid succession of phytoplankton and zoo-
plankton communities in response to changes of environmental
conditions during a pulsed upwelling event in costal upwelling
systems where the mechanisms responsible for the upwelling and
the nutrient concentrations differ from those in EBCUS. In this
study, we therefore focused on the differences between the plank-
ton communities during the three upwelling stages and were able
to explain the mechanisms likely responsible for the succession of
phytoplankton communities based on a combination of bottom-
up and top-down controls.

Material and methods

Study areas and sites

The study areas were in the STWS (Figure 1). The RV Yanping 2
was used to collect samples during two summer cruises from 29
July to 7 August 2004 (Figure 1b) and during 5-14 July 2005
(Figure lc). To better understand how the phytoplankton com-
munity responded to the different stages of upwelling, daily time-
series observations were conducted at stations (Stns.) F1
(23°50'59.3"; 118°06'03.5”, 35m in depth) and F3 (23°44'31.2";
118°13/22.9", 48 m in depth) during 1-5 August 2004 as well as at
station B1 (20°12'24.36"; 117°18'13.7”, 499 m in depth) on 5, 6, 8,
9, 10, and 12 July 2005.

Measurements of hydrological and chemical parameters

Temperature (7) and salinity (S) were recorded in situ with a
CTD system (Seabird SEB 19). Dissolved oxygen (DO) in seawa-
ter was determined by the method described in Strickland and
Parsons (1972). All nutrient and biological samples were collected
in at least three layers within the euphotic zone. Samples for nu-
trient analysis were collected in 100-ml polypropylene bottles,
with 15, 17, and 23 samples at Stns. F1, F3, and Bl during the
observations, respectively. The nutrient concentrations were mea-
sured with a flow injection analyzer (Tri-223 AutoAnalyzer;
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Figure 1. Study areas (a) and sampling stations (b, c) in the southern Taiwan Strait during summer cruises of 2004 and 2005. (a) Study areas
are the solid lined rectangular areas; DS, Dongshan; SW, Shanwei; TB, Taiwan Bank. (b) Sampling stations during the 2004 summer cruise. (c)
Sampling stations during the 2005 summer cruise. All stations measured hydrological parameters, and stations marked with names are
comprehensive stations, which measured hydrological, nutrients, and biological parameters. Stns. F1 and F3 were time-series tracking stations

in 2004, whereas Stn. B1 was time-series tracking station in 2005.

Pai et al., 1990a, b). The detection limits for nitrate, nitrite, phos-
phate, and silicate were 0.2, 0.08, 0.17, and 0.19 pmol 1", respec-
tively. Nutrient concentrations below the detection limits were
recorded as the detection limits.

Measurements of Chl a and phytoplankton composition
Aliquots of 200-500 ml of seawater were first filtered through 25-
mm GF/F filters (Whatman) for Chl a analysis, and the filters
stored in liquid nitrogen. In the laboratory, they were stored in a
freezer at —80°C until analysis. The Chl a concentrations were de-
termined by florescence analysis after the pigments were extracted
in 90% acetone for 24 h at —20°C (Parsons, 1984). Aliquots of 1—
4] of seawater were filtered through 25-mm GF/F filters for the
analysis of photosynthetic pigments (<50 mm Hg) and stored in
the same way as the Chl a samples. Each filter was freeze-dried
and extracted with 1 ml of N, N-dimethylformamide at —20°C.
The extract was then mixed with ammonium acetate in equal
proportions. Pigment concentrations were measured by high-
performance liquid chromatography (HPLC). Finally, the
CHEMTAX calculations and procedures reported by Mackey
et al. (1996) were used to determine the relative contributions of
nine different phytoplankton groups to the total Chl a (Mackey
et al, 1996; Pinckney et al, 1998). The nine phytoplankton
groups were dinoflagellates (Dino), diatoms (Diat), haptophytes
(Type 8; Hapt.T8.), haptophytes (Type 6; Hapt.T6.), chlorophytes
(Chlo),  cryptophytes  (Cryp),  Prochlorococcus  (Proc),
Synechococcus (Syne), and prasinophytes (Pras).

Phytoplankton samples for microscopic analysis were also col-
lected. Water samples (11) were fixed with Lugol’s iodine, allowed
to settle for 24 h, then further concentrated to 10 ml (Utermohl,
1958). After thorough mixing, a 0.1-ml subsample was placed in
a 0.1-ml (20 x20 mm) counting chamber and observed under an

optical microscope (x400 magnification, Leica, MRC1024) to
identify the dominant species (Tomas, 1997).

Microzooplankton abundance and dilution dataset
Information on microzooplankton abundance, phytoplankton
growth rates, and microzooplankton grazing rates were extracted
from published datasets (Zeng et al., 2006; Tian, 2007; Xiang,
2009; Huang et al., 2011; Zeng and Huang, 2012) that are pre-
sented in Supplementary Tables S1 and S2. Phytoplankton
growth rates (k) and microzooplankton grazing rates (g) in sur-
face waters were estimated by the dilution method (Landry et al,
1995). The pressure of microzooplankton grazing on phytoplank-
ton was represented by the ratio of g:k. Microzooplankton was
classified into four groups: aloricate ciliates, tintinnids, heterotro-
phic dinoflagellates, and copepod nauplii.

Monthly windspeed, sea surface temperature, and Chl a
derived from satellite

Monthly average windspeeds (Wind, ms™') during the cruises
were extracted from the Cross-calibrated Multi-Platform database
(available at http://data.remss.com/ccmp/). Monthly average sea
surface temperature (SST) and Chl a in the TWS during August
2004 and July 2005 were derived from the Moderate Resolution
Imaging Spectroradiometer (MODIS) database (available at
https://oceancolor.gsfc.nasa.gov/).

Statistical analyses

All statistical analyses were done using R software version 3.4.3
(Core, 2014). The “Vegan” and “Cluster” packages in R were
used to carry out the redundancy analysis (RDA) and cluster
analysis. The cluster analysis was used to distinguish different
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stages of upwelling, and the optimal numbers of clusters can be
obtained from the K value via the function NbClust based on the
distance between samples. Generalized additive models (GAM:s)
fitted with the “mgcv” package are the extension of generalized
linear models, which do not require that parameter values be set
in advance and are smooth functions of explanatory variables
(Wood, 2004). In our study, we established only a univariate
GAM based on the formation Y=o + s(X) + &. In this formation,
Y represents one of the response variables, including the absolute
concentrations of diatoms and Synechococcus. The function s(X)
is a non-linear function based on cubic regression splines, and X
represents one of the predictors [temperature, silicate, nitra-
te+nitrite (NO,), and the ratio of silicate to NO,]. The parame-
ters o and ¢ represent the intercept and error, respectively. The
RDA and GAMs analyses were conducted based on the combined
dataset from the two cruises. Figures 1, 3, 4, and 5 were plotted
with Ocean Data View software (Schlitzer, 2015).

Results

Horizontal distributions of hydrological parameters
Figure 2 shows the monthly average SST and surface Chl a from
MODIS in the TWS during August 2004 and July 2005. The dis-
tribution patterns in both years were similar and revealed low
temperatures and high Chl a concentrations indicative of upw-
elled waters in the coastal zones and the Taiwan Bank (Figure 2).
However, significant differences in the upwelling regions were ap-
parent between August 2004 and July 2005. The larger areas of
low temperatures and high Chl a concentrations in July 2005 vs.
August 2004 indicated that upwelling was overall stronger in July
2005 than in August 2004.

The distributions of temperature in the surface water during
summer cruises of 2004 and 2005 were similar to those derived
from satellite data (Figure 3). SST (Figure 3a and d) varied from
24.6 t0 29.3°C in August 2004 and from 22.3 to 30.5°C in July 2005.
The relatively cold (T < 27°C), saline (S > 33.8) water with high Chl
a concentrations (up to 1.5 ugl™") was found near Dongshan Island
and at Stns. F1 and F3 in 2004 (Figure 3a—) and indicated that the
two sites were affected by upwelling. In July 2005, the surface water
near Dongshan, including Stn. Bl, was also relatively cold
(T<25°C), saline upwelled water, and the Chl a concentrations
were high (Chl a> 2.0 ugl™"). During July 2005, however, the sur-
face in the nearshore area of the C section was relatively warm
(T> 28°C), low-salinity (S < 31) water from the Pearl River plume.

Figure 4 shows the T-S diagrams during the two summer
cruises of 2004 and 2005. During the 2004 cruise, the study areas
were influenced mainly by SCS water, and subsurface and near-
surface SCS water appeared at Stns. F1 and F3, respectively. The
implication is that Stn. F1 was strongly influenced by upwelling,
whereas Stn. F3 was less influenced. Conditions at many stations
were similar in 2004 and 2005, and the fact that the characteristics
of the surface water at Stn. B1 were the same as those of the SCS
subsurface water indicated that Stn. B1 was also influenced by up-
welling. A few stations were concurrently characterized by low-
salinity, warm water from the Pearl River plume (S<31,
Figures 3e and 4b).

Evolution of upwelling and associated hydrological
conditions and concentrations of nutrients and Chl a
The water at Stns. B1 and F1 was similar to the SCS subsurface
water, whereas water at Stn. F3 resembled the SCS near-surface
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water (Figure 4). The implication is that upwelling was stronger
at Stns. B1 and F1 than at Stn. F3. This conclusion is consistent
with the hydrological parameters and phytoplankton biomass
(Figure 5). During 5-10 July 2005, the surface water at Stn. Bl
was influenced by the Pear] River plume and was therefore warm
(T>26°C) with a low-salinity (S< 31). In contrast, the water be-
low 10 m was upwelled water with a low temperature (T < 23°C)
and high salinity (S > 34). During 10-12 July the upwelling was
more pronounced, and upwelled water reached the surface
(Figure 5a and b). The development of an upwelling event was
therefore observed during the July 2005 surveys at Stn. B1. From
1 to 5 August 2004, we observed a clear increase in temperature
from ~24 to 27°C and decline in salinity from 34.05 to 33.80 at
Stn. F1. A slight increase in temperature from ~25 to 28°C also
occurred at Stn. F3, but without an obvious change in salinity.
Upwelling intensities at Stns. F1 and F3 during 1-5 August 2004
were therefore relatively low.

Spatio-temporal changes in nutrient concentrations through-
out the water column at Stns. B1, F1, and F3 were very dynamic
(Figure 6). The median of nitrate and silicate concentrations in
the water column on 12 July 2005 were higher at Stn. B1 than at
Stns. F1 and F3, whereas phosphate concentrations were always
below the limit of detection in the water column at Stn. BI.
Nitrate and silicate concentrations in the water column at Stns.
F1 and F3 were extremely low; they varied from below the detec-
tion limit to 0.73 pmoll™* and 0.50-4.06 pmoll ™", respectively.
The phosphate concentrations in the water column at Stns. F1
and F3 decreased over time, and finally were below the detection
limit.

Figure 5 shows the temporal variations of Chl a concentrations
throughout the water column at three stations based on HPLC
analysis. The Chl a concentrations at Stn. B1 were relatively con-
stant between 5 and 10 July but increased rapidly after 10 July.
The highest Chl a concentration (5.45 uglfl) was observed at a
depth of 10 m on 12 July. At Stn. F1, the Chl a concentrations in-
creased from 1 to 2 August 2004, reached a maximum of
2.36 ugl™! at a depth of 30m, then decreased between 3 and 5
August. The Chl a concentrations at Stn. F3 decreased from
1.80 ugl~" at 10m depth on 1 August to 0.29 ugl™" at 40 m on 5
August.

Dynamics of phytoplankton and microzooplankton

community during the different stages of upwelling

We identified four clusters and three stages of upwelling via
cluster analysis (Figure 7 and Table 1) based on the surface
temperature, salinity, and concentrations of oxygen, nutrients,
and Chl a (Stns. F1 and F3 in 2004, Stn. B1 in 2005, and adjacent
station Stn. Al in 2004 and 2005). Between 5 and 10 July 2005,
Stn. B1 was influenced by the Pearl River plume, with low mean
surface salinity (S< 31), and relatively high Chl a concentration
(1.56 pugl™"). The conditions at Stns. Al on 14 July and B1 on 12
July 2005, when the mean surface temperature (23.63°C), oxygen
concentration (6.97 mgl™'), and Chl a concentration (1.17 ugl™")
were relatively low, could be described as the first phase of an up-
welling event (recently upwelled water). The conditions at Stn.
Al on 29 July and F1 on 1 August 2004, when the mean surface
temperature (25.04°C), oxygen concentration (8.15mgl™"), and
Chl a concentration (1.39 ugl™") were increasing, could be con-
sidered the second phase (mature upwelled water). The condi-
tions at Stns. F1 and F3 during 2-5 August 2004, when the
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Figure 2. Monthly average sea surface temperature (SST, upper panels) and surface Chl a (lower panels) from MODIS database in the
Taiwan Strait during August 2004 and July 2005. Stations marked with names were time-series tracking stations (Stns. F1, F3, and B1) and

their nearby Stn. A1 during summer cruises of 2004 and 2005.

temperature (26.82°C) and oxygen concentration (8.80 mg )
were high, and the Chl a (0.80 ugl™') and nitrate concentrations
(0.13 umol1™") were decreasing, corresponded to the third phase
(aged upwelled water).

We calculated the average depth-integrated phytoplankton
biomass and composition to better understand phytoplankton
changes during the different stages of upwelling (Figure 8).
Diatoms were the dominant phytoplankton group in the first
stage. They accounted for 76% of the total Chl a. Microscopic
analysis revealed that the diatoms at Stn. B1 on 12 July 2005 con-
sisted of species such as Pseudo-nitzschia delicatissima, Pseudo-
nitzschia pungens, Rhizosolenia fragilissima, Asterionella japonica,
Skeletonema  costatum,  Thalassionema  nitzschioides, and
Leptocylindrus damnicus. During the second stage, the average
depth-integrated Chl a concentrations increased. Diatoms were
still major contributors and accounted for 69% of the total Chl g4,
but the proportion of Synechococcus increased slightly, from 4 to
11%. During the third phase, the contribution of diatoms de-
creased further to 41%, and the proportion of Synechococcus in-
creased significantly to as much as 31%. The main diatom species
were Asterionellopsis glacialis, S. costatum, T. nitzschioides,

P. delicatissima, and Chaetoceros spp. Analysis of the microzoo-
plankton datasets (Supplementary Tables S1 and S2) revealed
that the average depth-integrated microzooplankton biomass in-
creased slightly, from 1338 to 1884 ind.1™', as the upwelling re-
laxed. The major microzooplankton during upwelling was
aloricate ciliates and tintinnids, which accounted for at least 79%
of microzooplankton abundance (Figure 9a). The proportion of
aloricate ciliates reached a maximum of 68% of microzooplank-
ton abundance during the second stage. As the upwelled water
aged, the contribution of heterotrophic flagellates increased from
4 to 14% of microzooplankton abundance.

Figure 9b shows the calculated mean phytoplankton growth
rates and microzooplankton grazing rates during the different up-
welling phases. The phytoplankton growth rates in the first two
stages were high, up to 1.06d™'. Microzooplankton grazing in
the first stage (0.65d'") and its pressure on phytoplankton
(gk=0.58) were low. During the second stage, microzooplank-
ton grazing reached a high level and put strong pressure on phy-
toplankton (g:k=1.2). In the third phase, phytoplankton growth
rates (0.67d ') and microzooplankton grazing rates (0.64 d™h
were lower and approximately equal.
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Statistical and model analysis

RDA analysis was used to discern the relationships between
the phytoplankton community and environmental metrics
(Figure 10a). The environmental metrics explained 36.4% of
the variance of the phytoplankton communities in the up-
welling systems. The first two axes accounted for 29.0 and
7.4% of the variance, respectively. Diatoms, which were lo-
cated on the negative side of the first RDA axis, were posi-
tively correlated with monthly windspeeds and nutrient

concentrations. Conversely, Synechococcus, which was located
on the positive side of the first RDA axis, was better
explained by temperature and was relatively unaffected by
silicate, nitrate+nitrite (NOy), and phosphate. Dinoflagellates
as well as other phytoplankton groups, such as prasino-
phytes, cryptophytes, haptophytes (type 6), and chlorophytes,
were located in the middle of the RDA plot (Figure 10a), the
implication being that their relative abundances were insensi-
tive to environment changes.
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We used GAMs to explain the effect of temperature and
nutrients on diatoms and Synechococcus (Figure 10b). Diatoms
seemed to adapt to a relatively wide temperature range. They
reached a peak biomass in the temperature range of 22-26°C and
became less abundant when the temperature exceeded 26°C.
Diatom abundance also correlated strongly and positively with
silicate concentrations and Si:N ratios, as opposed to
Synechococcus, which increased in abundance when temperature
increased and silicate and NO, concentrations decreased.

Discussion

Factors influencing phytoplankton composition in the
different stages of an upwelling event

The three distinct stages of upwelling could be distinguished
from the hydrological, chemical, and biological characteristics of
the upwelled water and corresponded to previously described
stages (Brown and Hutchings, 1987; Mohrholz et al., 2014).
Analysis of the three stages showed how dramatic changes in nu-
trient availability and temperature impacted the plankton com-
munity during upwelling. In some ways how the different stages
of upwelling impacted the phytoplankton was analogous to the
effects of changes in physics, chemistry, and biology on phyto-
plankton biomass and community structure during the life cycle
of a cyclonic eddy (Sweeney et al., 2003; Coria-Monter et al,
2014). However, the intermittent nature of upwelling make envi-
ronmental conditions more complex and lead to stochastic,
short-term variations of the phytoplankton community (Vidal
et al., 2017). It is well known that diatoms dominate in the first
two stages of any upwelling in the EBCUS, whereas dinoflagel-
lates, which have a different niche with respect to temperature
and nutrient conditions (Margalef, 1978; Guo et al., 2014), flour-
ish in stable and stratified environments with low nutrient con-
centrations (Brown and Hutchings, 1987; Hansen et al., 2014).
Our results showed that diatoms dominated in the first two stages
of upwelling, but dinoflagellates were always present in low con-
centrations, and instead there were marked increases of
Synechococcus biomass during the third stage of upwelling. The

RDA analyses indicated that diatoms and Synechococcus, which
dominated the changes of the phytoplankton community, were
influenced by different environmental factors (Figure 10a). In the
following sections, we examine the factors that potentially
accounted for the short-term changes of the phytoplankton
community.

Diatoms, aloricate ciliates, and tintinnids dominated in
the first stage of upwelling

The high nutrient concentrations, low temperatures, and vertical
mixing that characterized the first two stages of upwelling
resulted in a diatom-dominated phytoplankton community in
line with observations of the mature upwelled water off Namibia
(Hansen et al., 2014). Silva et al. (2009) have reported that small,
chain-forming, and colonial diatoms such as T. nitzschioides and
L. danicus respond quickly to upwelling and dominate the phyto-
plankton community in the first stage of upwelling.

Several factors may account for the dominance of diatoms dur-
ing the first two stages of upwelling (Figure 8). First, diatoms
have a “low-SST, low-irradiance, high nutrient niche” (Irwin
et al., 2012), which fits well with conditions in the early stage of
upwelling, as is also demonstrated using the GAMs model
(Figure 10b). Diatoms grow well when nutrient concentrations
are relatively high and temperatures are low (21-26°C). Second,
relatively large phytoplankton can react more rapidly and uptake
nutrients longer than small phytoplankton (Fawcett and Ward,
2011). The vacuole of diatoms gives them a large capacity to store
nutrients (Thingstad et al., 2005) and a competitive advantage
over other phytoplankton in using recently upwelled nutrients,
especially nitrate (Sarthou et al., 2005; Liu et al, 2016). However,
because of their siliceous frustules, diatoms are more dependent
on silicate concentrations, and diatom biomass is not surprisingly
correlated positively with silicate concentrations (Figure 10b).
Diatoms have a relatively high growth rate compared with dino-
flagellates and cyanobacteria at low temperatures (Chen and
Laws, 2017), and thus the mean surface temperatures in the first
two stages, 21-25°C, were well suited for diatom growth
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(Figure 10b). The suitability of similar temperatures for diatom
growth has previously been demonstrated in the ECS (Liu et al,
2016). Third, during the early stages of upwelling, the dominant
species are relatively large cells or chain-forming diatoms such as
S. costatum and Thalassionema, which are adapted to highly tur-
bulent, upwelled water (Tilstone et al., 2000), and are not good
prey for microzooplankton. At the initiation of upwelling, alori-
cate ciliates and tintinnids dominated the microzooplankton
community (Figure 9a), and microzooplankton abundance and
grazing in the surface were constrained by the relatively low phy-
toplankton biomass. Because of their small sizes, tintinnids graze
mainly on pico- and nano-phytoplankton, and during the first
stage of upwelling, microzooplankton grazing exerted little con-
trol on the diatom bloom.

As the upwelled water aged, diatom biomass and growth rates
decreased because of the low nutrient concentrations and the re-
duced Si:N ratio. Taxa that are known to suffer from phosphorus

deficiency include T. nitzschioides and P. pungens (Ou et al,
2006). The decrease of Skeletonema and Leptocylindrus abundance
more likely resulted from the low Si:N ratios (Anabal6n et al,
2016).

Synechococcus and heterotrophic dinoflagellates
increased as the upwelled water aged

As the upwelling weakened, nutrient concentrations decreased,
the temperature increased, and the contributions of
Synechococcus to the total Chl a increased. This increase of
Synechococcus abundance contrasts with the findings in other up-
welling systems where the phytoplankton composition shifts
from diatoms to dinoflagellates (Mitchell-Innes and Walker,
1991). The dinoflagellate biomass remained low throughout our
observations. The explanation may be that dinoflagellates have a
poor tolerance to changes of temperature and nutrients and that
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Figure 6. The boxplots of all nutrients samples throughout the
water column at Stns. B1, F1, and F3 for nitrate (upper), phosphate
(middle), and silicate (bottom) during the observation periods. The
bottom of the box represents the lower 25% of our data (the lower
quartile), the top of the box represents the upper 25% of our data
(the upper quartile), and the bold black line in the box represents
the median value of our data. The whiskers are defined as 1.5 times
the inter-quartile range, and the dots outside the whiskers are
considered as outliers. Red (right) boxplots represent the nutrients
in the water column of Stn. B1 during 5-12 July 2005 (July 5, 6, 8, 9,
10, and 12); green (middle) boxplots represent the nutrients in the
water column of Stn. F1 during 1-5 August 2004 (August 1,2, 3, 4,
and 5); and blue (left) boxplots represent the nutrients in the water
column of Stn. F3 during 1-5 August 2004 (August 1, 2, 3, 4, and 5).

they have “relatively low temperature and high nutrient niches”,
compared with Synechococcus (Chavez et al, 1991; Silva et al,
2009; Xiao et al., 2018b). Dinoflagellate biomass reaches a maxi-
mum when the temperature is ~19°C (Liu et al, 2016), and they
therefore often bloom in late spring in the ECS. In the current
study areas, the temperatures increased with the phase of upwell-
ing and eventually reached more than 28°C (Figure 5), which is
too high for most dinoflagellates. Dinoflagellates can mobilize al-
kaline phosphatase to use organic phosphorus when phosphate
concentrations are low (Ou et al., 2006), but they are relatively
sensitive to low nitrate concentrations and prefer high N:P ratios.
In the ECS, concentrations of peridinin, which is the diagnostic
pigment for dinoflagellates, are high when phosphorus has been
consumed (<0.1 umol1™") and NOx concentrations are relatively
high (>0.5 umoll™*; Xiao et al,, 2018a). At the end of upwelling
in the STWS, nitrate and phosphate concentrations were below
the detection limits, indicating that dinoflagellate growth was
limited by nitrate.

Synechococcus is, as opposed to the dinoflagellates, related to a
higher temperature and lower nutrient niche (Xiao et al, 2018b).
Synechococcus often thrives at relatively high temperatures
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Figure 7. Cluster analysis for the four stations (B1, F1, F3, A1) based
on the surface temperature, salinity, oxygen, nitrate, and Chl a
concentrations (B1b-5, B1b-6, B1b-8, B1b-9, B1b-10, and B1b-12)
were presented the time-series observation of Stn. B1 during 5-12
July 2005; A1a-29 and A1b-14 were presented the survey of Stn. A1
on 29 July 2004 and 14 July 2005 respectively; F1a-1, F1a-2, F1a-3,
Fla-4, and F1a-5 were represented for the time-series investigation
at Stn. F1 during 1-5 August 2004; F3a-1, F3a-2, F3a-3, F3a-4, and
F3a-5 were represented for the time-series investigation at Stn. F3
during 1-5 August 2004; The K value was used to select the right
number of clusters using the function NbClust based on the
distance between samples in the “Cluster” packages in R. The
clusters represented by red boxes resulted from the K value.

(Moisan et al., 2010). The almost linear increase of Synechococcus
biomass with increased temperature in the lower temperature
range and high biomass at temperatures >27°C was therefore not
unexpected (Figure 10b). In fact, this pattern is rather consistent
with observations from the NW Mediterranean Sea and southern
Mid-Atlantic Bight, where Synechococcus abundance exhibits a
seasonal pattern, and the highest abundance occurs during the
warm season (Agawin et al., 1998; Moisan et al., 2010). In addi-
tion to the direct effect of temperature, the high Synechococcus
biomass at high temperature is also affected by the relationship
between temperature and nutrient concentrations. Temperature
is usually negatively correlated with nutrient availability in low
nutrient  waters. Under  nutrient-depleted  conditions,
Synechococcus competes well for nutrients because of its relatively
large surface-to-volume ratio (Moisan et al., 2010). It therefore
plays an important role in areas such as eddies, offshore jets, and
river plumes (Chen et al., 2009). The increase of ammonium con-
centrations as nitrate concentrations decreased in the aged water
probably favours picoplankton growth in general (Joint et al,
2001).

Phytoplankton succession is related not only to bottom-up
control but also to the microzooplankton community and its
grazing activity. The selectivity of microzooplankton grazing
is dramatically affected by the composition of the
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Table 1. The surface temperature, salinity, dissolved oxygen (DO), nitrate, and Chl a concentrations during the three stages of upwelling
evolution based on time-series investigations of the four stations (Stns. B1, F1, F3, and A1) in the southern Taiwan Strait.

Group Station Date Temperature (°C) Salinity Chla (ugl™) DO (mgl™ ") nitrate (umol 177)
Stage 1-upwelling Al 14 July 2005 24.18 34.05 0.90 6.85 0.20
B1 12 July 2005 23.08 33.89 1.44 7.10 0.20
Mean 23.63 33.97 117 697 0.20
Stage 2-upwelling Al 29 July 2004 25.30 33.71 0.74 823 0.82
F1 1 August 2004 24.78 33.99 2.04 8.07 0.52
Mean 25.04 33.85 139 8.15 0.67
Stage 3-upwelling F2 2 August 2004 25.25 33.93 1.51 8.83 0.10
F3 3 August 2004 25.98 3343 113 8.67 0.27
F4 4 August 2004 26.95 33.76 1.38 8.77 0.13
F5 5 August 2004 27.36 33.78 0.87 8.62 0.10
F3 1 August 2004 2635 33.86 0.87 9.05 0.10
F3 2 August 2004 27.33 33.98 0.45 8.82 0.12
F3 3 August 2004 26.64 33.88 0.39 8.86 0.09
F3 4 August 2004 27.69 3343 0.35 8.83 0.09
F3 5 August 2004 27.83 33.73 0.25 8.79 0.12
Mean 26.82 33.75 0.80 8.80 0.13
Plume B1 5 July 2005 27.20 30.65 0.87 8.20 0.20
B1 6 July 2005 27.28 29.87 0.99 8.47 0.20
B1 8 July 2005 27.03 29.53 1.96 8.11 0.23
B1 9 July 2005 27.25 29.79 1.95 7.74 0.20
B1 10 July 2005 27.37 29.90 2.04 7.10 0.36
Mean 27.23 29.95 156 7.92 024
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Figure 8. Dynamic of the averaged depth-integrated phytoplankton biomass and community composition based on the HPLC pigments
analysis during the different stages of upwelling in the southern Taiwan Strait (see Figure 7 for sample names of x-axis). The black dots are the
Chl a concentrations as a proxy for biomass, corresponding to the y-axis on the right, and the coloured bars are the percentage values
corresponding to the y-axis on the left. Abbreviations: Dino, dinoflagellates; Diat, diatoms; Hapt.T8., haptophytes (Type 8); Hapt.Té6.,
haptophytes (Type 6); Chlo, chlorophytes; Cryp, cryptophytes; Proc, Prochlorococcus; Syne, Synechococcus; Pras, prasinophytes.

microzooplankton, which is determined by the characteristics of
the prey (phytoplankton biomass, size, and nutrient content) and
other factors such as abiotic environmental factors (e.g. tempera-
ture, light) and predator populations (Sun et al., 2007). In coastal
waters, a large proportion of microzooplankton is accounted for
by large aloricate ciliates and tintinnids, which prefer to graze on

10-30 pm size phytoplankton such as diatoms, cryptophytes, and
autotrophic dinoflagellates (Strom et al., 2001). Large phyto-
plankton can also be grazed effectively by heterotrophic dinofla-
gellates, which can compete with copepods for large prey such as
diatoms, and especially for large heterotrophic dinoflagellates
such as Gymnodinium spp., which have relatively short generation
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Figure 10. Redundancy analysis for the relationships between phytoplankton community and environmental factors in the southern Taiwan
Strait during summer cruises of 2004 and 2005 (a) Blue axes (arrows) represent the environmental factors, whereas red circles represent the
phytoplankton groups. Variables are: temperature, salinity, nitrate+ nitrite (NO,), phosphate (PO,), silicate (SiO3), wind (monthly mean
windspeeds). Results of generalized additive models (GAMs) presenting diatom (red; dark grey) and Synechococcus (green; light grey) with
temperature, nitrate+- nitrite, silicate, and Si:N in the STWS (b). Nutrient concentrations are natural logarithm transformed. Solid lines
represent smoothed mean relationships from GAMs and shaded areas are 95% confidence intervals.

times and respond rapidly to an increase of prey abundance
(Hansen, 1992; Neuer and Cowles, 1994; Sherr and Sherr, 2007).
In the current study, the abundance of aloricate ciliates and het-
erotrophic dinoflagellates increased during the second stage as
upwelling weakened (Figure 9a), and grazing then exerted strong
top-down control on the abundance of diatoms and thereby
influenced phytoplankton biomass and composition. Similar
results have also been reported during the relaxation phase of

upwelling off the Galician Coast, where the measured microzoo-
plankton grazing rates exceeded phytoplankton growth rates
(Fileman and Burkill, 2001). Guo et al. (2011) have found that
during the STWS upwelling period, copepod abundance is
strongly correlated with Chl a concentrations, and the grazing
pressure that copepods exert on phytoplankton is higher in up-
welling areas than in non-upwelling areas. Some studies have also
shown that the feeding by mesozooplankton such as copepods
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and the pressure of microzooplankton grazing activity respectively.

seems to be higher at the end of a phytoplankton bloom than in
mature upwelled water (Painting et al., 1993; Slaughter et al,
2006). The implication is that mesozooplankton grazing is an im-
portant cause of changes in phytoplankton biomass during the re-
laxation of upwelling.

Changes of the phytoplankton community composition during
the upwelling events could therefore be attributed to the ways dif-
ferent phytoplankton groups responded to changes of tempera-
ture and nutrient concentrations and were impacted by
zooplankton grazing.

Effects of the Pearl River plume on the phytoplankton
community during upwelling events

The hydrological conditions in the STWS are quite complex be-
cause the wind, currents, and bottom topography are all variable
(Hong et al., 2011). Five major water masses have been identified
in this area during summer (Hu et al., 2011). The horizontal dis-
tributions of surface temperature and salinity revealed that this
area is impacted by a combination of waters from the SCS and
the plume from the Pearl River (Figure 4).

Notably, the effects of the Pearl River plume and coastal up-
welling are interactive in the STWS, and the interactions play an
important role in enhancing phytoplankton biomass and sustain-
ing high primary production (Gan et al., 2009b; Liu et al, 2011).
Several studies have confirmed that the Pearl River plume can ex-
tend into the STWS as far as the Penghu Channel when the Pearl
River discharge is large and southwesterly winds are strong (Bai
et al.,, 2015; Chen et al., 2017a, b). The association between the
movement of the Pearl River plume and the development of up-
welling, which can influence the plume’s trajectory, dynamics,
and fresh-water transport (Chen et al., 2017a, b), is consistent
with our findings. At the start of continuous observations at Stn.
B1, warm, low-salinity water covered the surface, and cold, saline
water was found only below a depth of 10 m. The low-salinity wa-
ter subsequently disappeared as upwelling progressed. Nutrient
concentrations in the plume were sufficient to cause high biologi-
cal productivity in the northern SCS (Gan et al, 2010), but at the
edge of the plume, co-limitation by phosphorus and silicate (Yin
et al., 2001) depressed phytoplankton growth. That co-limitation
is probably the reason why the surface phytoplankton biomass

was lower at Stn. Bl during 6-9 July than on 5 July. The atomic
N:P ratios were high (>100) in the Pearl River plume and low
(~10) in the upwelled water. The combination of excess nitrogen
in the plume water with surplus phosphorus from the upwelled
water therefore promoted phytoplankton growth (Harrison et al,
2008). However, the impact of the interactions between the
plume and upwelling on the plankton community, including
both the phytoplankton and microzooplankton community, is
still unclear, especially in the STWS. The River Influences on
Shelf Ecosystems programme, which focused on the coastal wa-
ters of the northeast Pacific Ocean, has been the only comprehen-
sive study of the ecosystem dynamics associated with the
coupling between a river plume and coastal upwelling (Frame
and Lessard, 2009; Hickey et al., 2010). More studies focused on
the interactions between estuarine plumes and coastal upwelling
are needed to better understand these systems.

Summary

Time-series investigations carried out as a part of this study in
the STWS revealed three stages of upwelling (recently upwelled
water, mature water, and aged water) based on surface tempera-
ture, salinity, and concentrations of oxygen, nitrate, and Chl a.
We found that during pulsed upwelling events, there were
changes not only in temperature and nutrient concentrations, but
also in the entire phytoplankton and microzooplankton commu-
nities (Figure 11). The results showed that phytoplankton reacted
rapidly to the nutrients supplied at the initiation of upwelling
and grew rapidly during the first two stages. Diatoms dominated
the phytoplankton community in the first two stages. As the in-
tensity of upwelling decreased, there was a clear increase in the
contributions of Synechococcus to the Chl a. Aloricate ciliates and
tintinnids dominated the microzooplankton community during
upwelling, and the average depth-integrated abundance of micro-
zooplankton and heterotrophic dinoflagellates increased as up-
welling weakened. Microzooplankton grazing on phytoplankton
reached a maximum during the second stage and roughly bal-
anced phytoplankton growth in the third stage. Our findings sug-
gest that phytoplankton succession is a response to the changes of
temperature and nutrient concentrations during upwelling, and
that response can explain to a large extent the shift from a
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diatom-dominated to a Synechococcus-dominated phytoplankton
community. Changes within the microzooplankton community
and microzooplankton grazing activity were also important fac-
tors that induced shifts of phytoplankton composition.

The interactions between the Pearl River plume and upwelling
in the coastal areas added complexity to the STWS ecosystem and
led to changes of physicochemical and biological factors during
the southwestern monsoon. Deeper understanding of the mecha-
nisms of how plankton communities are influenced by the cou-
pling of river plumes and upwelling in coastal areas will require
further investigations, including in situ tracking surveys and nu-
merical modelling analysis.

Supplementary data
Supplementary material is available at the ICESJMS online ver-
sion of the manuscript.
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