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Abstract: Large-scale dinoflagellate blooms have appeared in recent decades in the Taiwan Strait,
Southeast China. To study spatial variability of phytoplankton community composition, physical and
chemical environmental drivers in surface seawater of the Taiwan Strait, we conducted cruises in May
and July 2019. Cell numbers of dinoflagellates were significantly higher than that of diatoms in most
sampling stations during the cruise in May, whereas diatoms were the major contributor to autotrophic
biomass in July. Phytoplankton community shifted from a dinoflagellate- and diatom-dominated
system in May to diatom dominance in July. The dominant phytoplankton species (genera) were
the harmful algal bloom dinoflagellates Prorocentrum donghaiense and Scrippsiella trochoidea and the
diatoms Coscinodiscus in May, and Rhizosolenia, Pseudo-nitzschia, and Guinardia in July. Cell densities
of dinoflagellates and P. donghaiense reduced exponentially with increasing seawater temperature and
salinity and decreasing dissolved inorganic nitrogen (DIN) concentrations. Based on the results of
our work and previous studies, it becomes obvious that harmful dinoflagellate blooms are likely to be
a major component of the planktonic food web in the Taiwan Strait at a temperature of 17.0–23.0 ◦C,
a salinity of 29.0–33.0 psu, and a DIN concentration higher than 2.0 µmol L–1.

Keywords: harmful algal bloom; nutrients; phytoplankton community composition; salinity;
temperature

1. Introduction

Large-scale harmful algal blooms (HABs) have become frequent worldwide and often cause the
seawater to be reddish-brown, therefore also the name red tides [1]. In some cases, HABs can cause
severe dissolved oxygen depletion, reduce light penetration, and increase phytotoxin concentrations,
which have led to serious economic impacts on marine fisheries, the aquatic environment, and human
health [2,3]. For example, from 18 May to 8 June 2012, a dinoflagellate bloom by the non-toxic
Prorocentrum donghaiense was succeeded by a bloom of the toxic Karenia mikimotoi in coastal waters off

north Fujian province (320 km2), leading to an estimated loss of over 2 billion RMB (US$280 million)
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based on mortality of marine animals [4–6]. This illustrates that it is paramount to understand how
physical and chemical environmental drivers govern bloom development and succession, which is
necessary for prediction and prevention of algal blooms.

Several studies have put forward hypotheses for the formation and dispersion of dinoflagellate
blooms [7–10]. They divided large-scale dinoflagellate blooms into four stages: initiation, development,
proliferation, and dispersion [11]. Long-term monitoring studies have confirmed that temperature
and salinity have large impacts on cell proliferation of dinoflagellates and play crucial roles in the
occurrence and demise of blooms [7,12]. However, a zero-dimensional numerical model suggests that
in comparison to temperature and light intensity, phosphate limitation is the major factor leading to
the formation of dinoflagellate blooms, and high nitrate concentration play an important role for its
development and proliferation [8,13]. For the cosmopolitan bloom-forming dinoflagellate P. donghaiense,
culture studies showed that they can grow as well on urea as on nitrate or ammonium [14]. Furthermore,
the vertical distributions of P. donghaiense such as accumulating at the subsurface layer are considered
to be important for their massive blooms [15,16]. Recently, metatranscriptome profiling reveals that
P. donghaiense highly expresses genes related to nutrient uptake, energy metabolism, and carbohydrate
metabolism during the bloom [17]. In summary, these studies indicate that both environmental
drivers and the intracellular metabolism of the dominant P. donghaiense contribute to the competitive
advantages of dinoflagellates [1,13].

The Taiwan Strait is located in Southeast China and the transition between the South China Sea (SCS)
and the East China Sea (ECS). In spring, freshwater in the largest estuary in Fujian province (Minjiang
estuary) flows northwestwards and brings nutrients to the Taiwan Strait [18]. In summer, the southwest
monsoon brings warm water from SCS to the Taiwan Strait rising seawater temperature and drives
deep water upwelling off the Fujian coast increasing nutrient concentrations and phytoplankton
biomass in the Taiwan Strait [19]. In winter, the northeast monsoon and the Min-Zhe coastal current
lead to decreasing water temperatures and salinities, which limits proliferation of phytoplankton [20].
Thus, these conditions cause large-scale phytoplankton blooms occurring during spring and summer
almost every year since 1990, the starting point of continuous monitoring of phytoplankton and
environmental drivers [12,21,22]. Before 2000, large-scale blooms were formed by diatoms such as
Skeletonema costatum, whereas since 2002 the intensity of dinoflagellate blooms increased during April
and June, outcompeting diatoms at times of the year [13,23]. It has been suggested that eutrophication
is an important reason for succession of bloom-forming species from diatoms to dinoflagellates [24,25].
Besides eutrophication, the specific combinations of other environmental drivers for the proliferation
of dinoflagellate blooms are still not fully understood and require further investigation.

To investigate the spatial distribution of phytoplankton community composition and study the
relationships between environmental drivers and cell densities of dinoflagellates in the Taiwan Strait,
we conducted cruises in May and July 2019. We hypothesized that dinoflagellate blooms are likely to
occur in the suitable temperature, salinity, and nutrient concentrations in the Taiwan Strait during
the spring.

2. Materials and Methods

2.1. Study Area and Sampling Protocol

This study was carried out during two cruises on 29, 30, and 31 May and on 29, 30, and 31 July 2019
in Taiwan Strait (119◦23′–120◦34′ E, 24◦57′–26◦21′ N). Sampling information during the cruises was
shown in Table S1. Our experiment was, respectively, conducted at 11 and 6 stations during the cruise
in May and July (Figure 1), and it overlapped 5 stations between the two cruises. At each station,
surface seawater samples (up to 1 m depth) were collected with a 10 L acid-cleaned plastic bucket.
Dissolved oxygen (DO) concentration and surface seawater temperature (SST) were immediately
measured with a portable dissolved oxygen meter (JPB-607, Shanghai Precision Scientific Instrument,
Shanghai), which had been calibrated with air-saturated O2 water. A pH meter (pH B-8, Shanghai
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Hongyi Instrument) was first calibrated with buffers (Tris•HCl, Hanna) at pH 4.01, 7.00, and 10.00,
and then used to measure seawater pHTotal (Total scale) thereafter. Salinity was measured with a
portable Refractometer (LS10T, Guangzhou Mingrui).
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Figure 1. Sampling stations during the cruises in May (a) and July (b) 2019 in Taiwan Strait.

2.2. Nutrients Determination

One-hundred milliliter samples for determination of dissolved inorganic nitrogen (DIN) and
phosphorus (DIP) concentrations were taken and filtered using a syringe filter (0.22 µm pore
size, Haining) and then stored in the dark at 4 ◦C until they were analyzed in the laboratory. DIN and
DIP concentrations were measured using a spectrophotometer (UV-1200, Shanghai Mapada Instrument)
according to Hansen and Koroleff [26]. The nitrate in seawater and standard solutions (GSB 05-1144-2000,
NO 102113, Institute of Standard Samples, Ministry of Environmental Protection (IERM), Beijing,
China) was measured as nitrite via the zinc cadmium reduction method. The phosphomolybdenum
blue photometric method was used to determine total phosphorus in seawater and standard solution
(GSB 07-1270-2000, NO 102816, IERM, Beijing, China).

2.3. Chlorophyll a Measurement, Phytoplankton Species Identification, and Diversity Analyses

At each station, 10 L of surface seawater was collected with an acid-cleaned plastic bucket,
and then a spectrofluorometer (Biological Biophysical Engineering, BBE, Moldaenke) was used for in
situ measurements of chlorophyll a (Chl a) concentration and phytoplankton community composition.
The spectrofluorometer was equipped with 6 lasers emitting at 370 nm, 470 nm, 525 nm, 570 nm,
590 nm, and 610 nm, and a standard filter set-up. It measured the total Chl a concentration of the
samples and distinguished the contributions by green algae, cyanobacteria, diatoms, and cryptophyta
to the total phytoplankton community Chl a using a linear model based on variation in pigments of
each phytoplankton group. However, the spectrofluorometer cannot discriminate dinoflagellates from
diatoms; therefore, they were included in the latter group [27].

To separate dinoflagellates from diatoms, 1 L samples were fixed with Lugol’s solution according
to Parsons et al. [28]. The fixed samples were left to settle for at least 24 h and the supernatant was
siphoned out until a 50 mL sample was left. Identification and quantitative analyses were conducted
under a microscope (BM-2000, Jiangnan) for a 0.15 mL subsample according to Utermöhl [29].
Relative percentage of cell density of diatoms was calculated as RCdiatom = (cell density of
diatoms)/(total cell densities of diatoms and dinoflagellates), and relative percentage of cell density of
dinoflagellates was calculated as RCdinoflagellate = (1 – RCdiatom). The phytoplankton species diversity
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was estimated according to the indices of species richness (species per sample), Shannon and Wiener [30],
and evenness [31].

2.4. Statistical Analysis

A one-way analysis of variance (ANOVA) was used to determine the significant differences in the
cruises between May and July for physical and chemical parameters, Chl a percentages and relative
percentages of cell density of each phytoplankton group, species evenness and Shannon’s diversity
index. Normality of residuals was conducted with a Shapiro–Wilk’s test. The one-way ANOVA,
normality test, and linear fitting were conducted using R. The relationship between the environmental
drivers and cell density of dinoflagellate or diatom during two cruises was measured using multivariate
correlation analysis (redundancy analysis, RDA), which was performed using the Canoco software
package for Windows (v4.5) (Ithaca, New York, NY, USA) with Monte Carlo permutation tests [32,33].
Interspecies and environmental parameters used in the RDA were normalized through a logarithmic
transformation (Log10 (n + 1)).

3. Results

3.1. Temperature, Salinity, Dissolved Oxygen Concentration and pH Value

During the cruise in May, surface seawater temperature (SST) increased with decreasing latitude
from 21.5 ◦C at station M01 to 25.1 ◦C at station P17, and also slightly increased with increasing
distance from the shore line (Figure 2a). Surface seawater salinity (SSS) varied from 33.0 psu at station
M15 to 36.5 psu at station P17, and also increased from nearshore to offshore (Figure 2b). Measured
dissolved oxygen (DO) concentrations showed an opposite trend to SST, with the values decreasing
from 8.90 mg L–1 at station M15 to 8.20 mg L–1 at station P17 (Figure 2c). pHTotal values varied from
8.0 to 8.4 (Figure 2d).Diversity 2020, 12, x FOR PEER REVIEW 5 of 15 
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Figure 2. Temperature (a,e), salinity (b,f), dissolved oxygen (DO) concentration (c,g), and pH value (d,h)
in the surface water of the Taiwan Strait during the cruises in May (left) and July (right) 2019. Salid and
hollow points in panels (c,g) represent the measured and saturated DO concentrations, respectively.
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Compared with the cruise in May, SST were 4.0–6.0 oC higher (one-way ANOVA, F1,15 = 99.1,
p < 0.01) (Figure 2a,e), measured DO concentrations were 2.3–12.1% lower (one-way ANOVA, F1,15 = 25.6,
p < 0.01) (Figure 2c,g), and pHTotal values were 0.2–0.6 units lower during the cruise in July (one-way
ANOVA, F1,15 = 26.2, p < 0.01) (Figure 2d,h). At 5 overlapping stations (M13, M15, P03, P05, and P11),
SSS were 0.5–2.5 psu higher during the cruise in July than in May (one-way ANOVA, F1,15 = 11.2,
p = 0.01) (Figure 2b,f).

3.2. Dissolved Inorganic Nitrogen (DIN) and Phosphorus (DIP) Concentrations, DIN:DIP Ratio and Chl
a Concentration

During the cruise in May, dissolved inorganic nitrogen (DIN) concentration displayed a high
geographical variability, with the minimum and maximum being 0.9 µmol L–1 and 7.0 µmol L–1 at
station P17 and P01, respectively (Figure 3a). Dissolved inorganic phosphorus (DIP) concentrations
decreased latitudinally from 0.3 µmol L–1 at station M01 to 0.1 µmol L–1 at station P05 (Figure 3b).
DIN: DIP ratios varied from 9.5 to 63.6 (Figure 3c), and Chl a concentrations varied from 1.7 µg L–1 at
station M05 to 6.1 µg L–1 at station M13 (Figure 3d).Diversity 2020, 12, x FOR PEER REVIEW 6 of 15 
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Figure 3. Dissolved inorganic nitrogen (DIN) concentration (a,e), dissolved inorganic phosphorus (DIP)
concentration (b,f), DIN:DIP ratio (c,g), and chlorophyll a (Chl a) concentration (d,h) in the surface
water of the Taiwan Strait during the cruises in May (left) and July (right) 2019. Horizontal lines in
panels (c,g) show the Redfield ratio of 16:1.

At 5 overlapping stations (M13, M15, P03, P05, and P11), DIN concentrations were 28.3–76.1%
lower (one-way ANOVA, F1,8 = 9.9, p = 0.01) (Figure 3a,e), and DIN:DIP ratios were 38.0–74.9%



Diversity 2020, 12, 433 6 of 15

lower (one-way ANOVA, F1,8 = 7.2, p = 0.03) (Figure 3c,g) during the cruises in July than in May.
During the cruise in July, DIN concentration at station P13 was 36.5–60.6% larger than other stations
(Figure 3e), and DIN:DIP ratio at station P13 was similar with other stations. DIP concentrations were
not significantly different between the two cruises (one-way ANOVA, F1,8 = 0.03, p = 0.87) (Figure 3b,f).
At stations M13, M15, P03, and P05, Chl a concentrations were 128.4–624.9% lower during the cruises
in July than in May (one-way ANOVA, F1,6 = 14.5, p < 0.01), whereas at station P11 it was 105.3% larger
(Figure 3d,h).

3.3. Percentage of Chl a and Cell Density of Each Phytoplankton Group and Phytoplankton Diversity

Dinoflagellate, diatom, and green algae were detected in all stations, and dinoflagellate
and diatom was the dominant group in total phytoplankton during the cruise in May and July,
respectively (Figure 4a,c). During the cruise in May, the percentages of total Chl a of dinoflagellate
and diatom varied geographically, and generally reduced from the north to the south. It varied
from 58.6% at station M05 to 99.4% at station M01 in Minjiang estuary (M01, M03, M05, M13, M15,
25◦55′–26◦21′ N), from 40.5% at station P05 to 83.5% at station P01 in Pingtan Island (25◦27′–25◦34′ N),
and from 47.1% at station P17 to 94.5% at station P11 in coastal Putian (24◦57′–25◦11′ N) (Figure 4a).
The percentages of Chl a of green algae varied from 0.6% at station M01 to 52.9% at station P17. In
addition, the percentages of total Chl a of dinoflagellate and diatom decreased and the percentages of
Chl a of green algae increased with increasing distance from the shore line (Figure 4a). The dominant
species (genera) were the dinoflagellates Prorocentrum donghaiense, Scrippsiella trochoidea, P. minimum,
and Alexandrium and the diatoms Coscinodiscus and Chaetoceros during the cruise in May (Table 1).
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Figure 4. Percentage of Chl a of green algae, cryptophyta, cyanobacteria, dinoflagellates, and diatoms
(a,b) in the phytoplankton community, and relative percentage of cell density of dinoflagellates and
diatoms (c,d) in the surface water of the Taiwan Strait during the cruises in May (left) and July
(right) 2019.
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Table 1. Identified dominant dinoflagellate and diatom species, phytoplankton evenness (%), and Shannon’s diversity index (bits ind–1) in the surface water of the
Taiwan Strait during the cruises in May and July 2019. ‘+’ indicates presence of the given phytoplankton species in the sampling stations.

May Cruise July Cruise

M
01

M
03

M
05

M
13

M
15

P
01

P
03

P
05

P
11

P
15

P
17

M
13

M
15

P
03

P
05

P
11

P
13

Alexandrium sp. + + + +
Gonyaulax sp. + + + + + + +
Prorocentrum
donghaiense + + + + + + + + +

Prorocentrum
minimum + + + + + +

Scrippsiella trochoidea + + + + + + + + + +
Chaetoceros sp. + + + + + + +

Coscinodiscus sp. + + + + + + + + + + + + +
Dactyliosolen sp. + + +

Guinardia sp. + + + +
Leptocylindrus sp. + + +

Navicula sp. + + + + + +
Pinnularia sp. + + +

Pleurosigma sp. + + +
Pseudo-nitzschia sp. + + + + +

Rhizosolenia sp. + + + + + + + + + + +
Thalassionema sp. + + + + + + + +

Identified number of
species per sample 6 6 5 9 8 6 4 7 11 5 2 2 4 5 4 9 9

Evenness 53.7 80.3 79.4 46.5 60.9 73.3 59.4 68.7 90.7 85.6 80.8 77.3 79.8 84.1 89.2 58.9 67.7
Shannon 1.1 1.6 1.3 1.1 1.3 1.3 1.0 1.4 2.6 1.5 1.1 0.8 1.1 1.6 1.2 1.5 1.7
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During the cruise in July, the percentages of total Chl a of dinoflagellate and diatom varied from
60.3% at station M15 to 95.3% at station M13 (Figure 4b). The percentages of Chl a of green algae varied
from 4.7% at station M13 to 36.3% at station M15 during the cruise in July, and were not significantly
different from those during the cruise in May (one-way ANOVA, F1,15 = 0.6, p = 0.46). The dominant
diatom genera were Rhizosolenia, Pseudo-nitzschia, Guinardia and Coscinodiscus (Table 1).

Relative percentages of cell density of dinoflagellates varied from 57.1% to 86.2% in Minjiang
estuary, from 30.5% to 81.5% in Pingtan Island, from 6.1% to 57.9% in coastal Putian during the cruise
in May, and from 0.4% to 22.2% during the cruise in July (Figure 4c,d). Relative percentages of cell
density of diatoms varied from 13.8% to 93.9% during the cruise in May, and from 77.8% to 99.6%
during the cruise in July (Figure 4c,d). Cell number of diatoms varied from 3200 cells L–1 at station M03
to 40,000 cells L–1 at station M13 during the cruise in May, and from 3640 cells L–1 at station M13 to
166,000 cells L–1 at station P11 during the cruise in July. Diatoms mainly distributed in coastal Putian
during the cruise in May, and dominated in the Taiwan Strait during the cruise in July (Figure 4c,d).

The phytoplankton species inventoried during the cruises in May and July was 27 species (Table 1).
The values of phytoplankton evenness were 46.5–90.7% and 58.9–89.2% during the cruises in May and
July, respectively. The Shannon’s index varied from 1.0 bits ind–1 at station P03 to 2.6 bits ind–1 at
station P11 during the cruise in May and was 0.8–1.7 bits ind–1 during the cruise in July. There was
no statistically significant difference in phytoplankton diversity between the two cruises (one-way
ANOVA, both F1,15 < 0.65, p > 0.1).

3.4. Correlations of Cell Density of Dinoflagellates and Prorocentrum donghaiense with Environmental Drivers

Redundancy analysis (RDA) showed that the constrained variance was 90.1% during two
cruises, and the cell densities of dinoflagellates during two cruises were significantly correlated with
temperature, salinity and DIN concentration (all p < 0.05) (Figure 5). Cell densities of dinoflagellates
reduced exponentially with increases in temperature (r =−0.87, p < 0.01) and salinity (r =−0.80, p < 0.01),
and increased with increasing DIN concentration (r = 0.64, p < 0.01) within the test range (Figure 5 and
Figure S1). Cell densities of diatoms were negatively correlated with DO level (p < 0.05) (Figure 5).
Interestingly, cell densities of P. donghaiense during the cruise in May also reduced exponentially with
increases in temperature and salinity (r = −0.67 and −0.75, both p < 0.01) (Figure S1). Our results
also indicate that when temperature and salinity was lower than 23.0 ◦C and 33.0 psu, respectively,
dinoflagellates had a competitive advantage in Taiwan Strait (Figure S1).

1 
 

 

Figure 5. Redundancy analysis (RDA) of cell densities of dinoflagellates and diatoms and environmental
drivers in the surface water of the Taiwan Strait during the cruises in May and July 2019. Dino
and Dia represent cell density of dinoflagellate and diatom, respectively. Temp: temperature, Sal:
salinity, DO: measured dissolved oxygen concentration, DIN: dissolved inorganic nitrogen, DIP:
dissolved inorganic phosphorus, N:P DIN:DIP ratio. Hollow points represent the scores for each sample.
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4. Discussion

While cell densities of diatoms were low during the cruise in May, cell volume and carbon
content of the dominant diatom Coscinodiscus were several times larger than that of the dominant
dinoflagellates P. donghaiense and S. trochoidea [34,35]. In addition, particulate organic carbon of
phytoplankton assemblages increased significantly with increasing cell abundances of diatoms from
spring to summer [36]. These results support the hypothesis that diatoms are still the most important
contributor to total autotrophic Chl a in the Taiwan Strait [10,37]. Based on the results of high cell
densities of dinoflagellates, we suggest that diatoms are the dominant phytoplankton group in terms
of the more important Chl a, yet in May there are significant contributions by dinoflagellates with high
cell densities in the Taiwan Strait.

Some studies have been conducted to test for the influence of environmental drivers on
development and occurrence of dinoflagellate blooms, including laboratory incubation, in situ
monitoring or biophysical models [7–10,38]. Following up previous studies, we found that cell
densities of dinoflagellates reduced exponentially with increases in surface seawater temperature and
salinity within the test range, whereas they increased with increasing DIN concentration, leading to
significant increases in seawater pH and oxygen levels (Figure 5 and Figure S1). In addition, in terms of
cell densities, phytoplankton composition shifted from a dinoflagellate-dominated system in Minjiang
estuary and a dinoflagellate-, diatom-, and green algae-dominated system in Pingtan Island and coastal
Putian in May to a diatom-dominated system in July (Figures 4–6).
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Figure 6. A conceptual model for the combined effects of environmental drivers on phytoplankton
community composition during May to July in the Taiwan Strait. SCS: South China Sea, DO measured
dissolved oxygen concentration, DIN: dissolved inorganic nitrogen concentration, DIP: dissolved
inorganic phosphorus concentration.

In May, the residuals of the Min-Zhe coastal current drove low temperature seawater flow
southwards into the Taiwan Strait, leading to temperature decreases gradually from south to north [39].
In addition, riverine input due to heavy rainfalls during spring lowered the seawater temperature
and salinity but increased DIN concentrations (Figure 6) [18]. As a consequence, eurythermal and
euryhaline species dominated in spring, such as P. donghaiense, S. trochoidea, Coscinodiscus, and so on.
These results are consistent with other studies [40,41] which reported that dinoflagellates reached
the maximum cell density in spring. In July, the southwest monsoon prevailed and the South China
Sea (SCS) warm current developed a strong influence, which brought high temperature and high
salinity water from SCS to Taiwan Strait [19]. Then, some warm water genera such as Rhizosolenia and
Pseudo-nitzschia, Guinardia, and Chaetoceros were brought in [41]. On the other hand, high abundance
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of P. donghaiense remained at the subsurface (30 m depth layer) for about one month in early spring,
which leads to the later development of massive bloom [15]. Prorocentrum donghaiense blooms occurred
at the end of May 2019 when we took samples from surface layer, and the highest cell concentration
of P. donghaiense reached 7.82 × 106 cells L–1 in the surface seawater (unpublished data). In addition,
high abundance of P. donghaiense was also found at the subsurface layer during the blooms [8]. Thus,
P. donghaiense should be the dominant species in the whole euphotic layer in spring. However, relative
percentage of cell density of diatom varied from 62.0% to 85.4% in the whole euphotic layer in Taiwan
Strait in summer [41]. These data indicate that relative percentage of cell density of dinoflagellate and
diatom in the surface layer showed in the present study may be representative of the whole euphotic
layer (Figure 4c,d).

Temperature plays an important role in modulating the occurrence of harmful algal blooms
and the cell densities of dinoflagellates in the Taiwan Strait [7,22,40]. Decrease in cell densities of
dinoflagellates or P. donghaiense, leading to decreasing biomass of dinoflagellates with increasing
temperature, indicates that optimal temperature for cell proliferation of dinoflagellates or P. donghaiense
was lower than 22.0–23.0 ◦C, where the largest cell density was found during the cruise in May.
These results agree very well with the study of Li [12] who reported that the optimal temperature
window for dinoflagellate blooms (P. donghaiense dominates) was 18.2–21.8 ◦C in Fujian coastal waters.
Recently, the onset of dinoflagellate blooms was also reported at about 17.0 ◦C both in Xiamen
Harbor, southwest of the Taiwan Strait and in St. Helena Bay in the southern Benguela region,
South Africa [3,17]. Within a limited range of temperature, a positive correlation between growth rate
and temperature can be applied, whereas below or above certain levels of temperature, the growth
of phytoplankton will stop or will decline in response to the change of temperature [42,43]. Most of
the studies found that dinoflagellate blooms always form at a temperature of 17.0–22.0 ◦C during
April and May, and once temperature decreases to be lower than 16.0 ◦C before April or exceeds
25.0 ◦C after June, dinoflagellates lose competitive advantage and diatoms dominate in Fujian coastal
waters (this study) (Table 2) [22,44,45]. Optimal response of growth rate to salinity was also reported
in previous studies and optimal salinities were found to be 29.7–32.2 psu for the occurrence and
maintenance of dinoflagellate blooms in Fujian Coastal water (Table 2) [12,22,38]. These findings
correspond well to our data that the cell densities of dinoflagellates decreased with increasing salinity
above 33.0 psu due to severe osmotic stresses (Figure 6) [38,46].

Table 2. Summary of dinoflagellate blooms in Fujian coastal water during 2002 to 2019. “N” indicates
that no data was found.

Time Period
(Day) Dominant Species Temperature

(◦C)
Salinity

(psu) Reference

2002. 04–05 16 Prorocentrum donghaiense, Noctiluca scintillans,
Gymnodinium spp. 18.8–24.0 24.7–30.3 [44]

2003. 04–06 34 P. donghaiense, G. mikimotoi N N [12]
2004. 04–05 26 P. donghaiense, Karenia mikimotoi N N [12]
2005. 04–05 8 P. donghaiense N N [12]

2006. 03 or 06 9 P. donghaiense, N N [12]
2007. 01 or 06 20 P. donghaiense, 17.0–25.2 29.5–33.4 [12]
2008. 04–05 42 P. donghaiense, K. mikimotoi 18.2–24.5 29.8–31.5 [12]

2009. 02 22 Akashiwo sanguinea N N [45]
2010. 04–05 27 P. donghaiense, K. mikimotoi 18.8–19.9 22.7–26.1 [22,45]

2011.05 10 P. donghaiense, A. sanguinea, 20.0–24.0 30.0–34.0 [5]
2012. 04–06 40 P. donghaiense, K. mikimotoi, 20.5–24.5 32.0–34.0 [5]

2013. 05 27 P. donghaiense, N. scintillans, Eucampia zodiacus 21.0–24.5 30.0–33.0 [5]
2014. 05 27 P. donghaiense, N. scintillans, K. mikimotoi 19.0–20.2 26.4–30.3 [22]

2015. 04–05 12 K. mikimotoi, N N [22]
2016. 04–05 34 P. donghaiense, N. scintillans, P. globosa, 17.0–20.8 25.2–29.0 [22]

2017. 05–07 37 P. donghaiense, N. scintillans,G. catenatum,
K. mikimotoi, 21.8–23.2 28.6–32.0 [22]

2018. 04–06 21 P. donghaiense, G. catenatum, K. mikimotoi N N [22]

2019. 04–05 32 P. donghaiense, N. scintillans, K. mikimotoi,
A. sanguinea, 21.8–24.1 27.2–32.6 [22]
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Due to photosynthetic oxygen evolution of phytoplankton, dissolved oxygen (DO) concentration
in seawater should increase with increasing phytoplankton biomass during blooms [47]. Besides that,
measured DO concentration also increased with decreasing seawater temperature (r = −0.88,
F1,15 = 52.21, p < 0.01) (Figure S3). In order to remove the influence of temperature on DO concentration,
we first calculated the saturated DO concentration based on seawater temperature and salinity
(Figure 2c,g) [48]. Then, apparent DO concentration was calculated as the difference between measured
DO concentration and saturated DO concentration, and expected to be more strongly associated with the
phytoplankton biomass [3,47]. However, apparent DO concentration did not show positive correlations
with Chl a concentration or cell density of dinoflagellates in this study (Figure S3). This indicates that
measured DO concentration may be more sensitive to temperature. Increasing temperature reduced
not only cell densities of dinoflagellates but also DO concentration in surface seawater, which might
be responsible for the positive correlation between cell density of dinoflagellates and measured DO
concentration (Figure S1c).

High DIN and DIP concentrations facilitated the proliferation of dinoflagellates, as reported by
other studies (Figures 5 and 6) [14,49,50]. It was summarized that DIN concentrations in the upwelling
areas of the Taiwan Strait were higher than 1 µmol L–1 in spring [51], and DIN concentrations were
reported to be 2.4–30.0 µmol L–1 in Minjiang Estuary in May [52]. Our data showed that above a DIN
concentration of 2.0 µmol L–1, cell densities of dinoflagellates increased quickly (Figure S1). It should
be mentioned that many dinoflagellate species including P. donghaiense and S. trochoidea are mixotrophic
and could take up dissolved organic sources to compensate for photoautotrophy and growth [34,53].
In addition, photosynthetic dinoflagellates tend to stay close to the surface during the light period
and migrate to the deep water at night to assimilate nutrients [54]. For example, cell abundance of
P. donghaiense in surface waters peaked around 14:30 in the coastal waters of the East China Sea in May
2011 [55]. Daily vertical migration of P. donghaiense makes the species more competitive with other
algal species on utilizing light and nutrients [55].

Based on our data and previous studies, we propose a conceptual model for the effects of
environmental drivers on a shift from dinoflagellates in May to diatoms in July in Taiwan Strait (Figure 6).
Riverine input decreases seawater salinity to be 29.0–33.0 psu and increases DIN concentration [18,39].
Once seawater temperature increases to 17.0–23.0 ◦C and DIN concentration is higher than 2.0 µmol L–1,
dinoflagellate cells grow quickly, and then blooms occur in May and reach higher numbers when the
more nitrate (but also phosphate) is available [12,22,53]; this increases seawater pH value and DO
concentration and reduces nutrient concentrations. After spring, due to the effects of a strengthening
southwest monsoon and the SCS warm current, seawater temperature increases beyond 24.0 ◦C as
well as salinity (>33.0 psu) [12,19]. Such conditions disfavored cell proliferation of dinoflagellates such
as P. donghaiense, leading to increasing diatom dominance (this study) [40].

It is clear that other physical, chemical, and biological environmental drivers such as EI Niño,
rain fall, solar irradiance, organic nutrients, silicon concentration, pH value, potential top-down control
by zooplankton modulate the occurrence of algae blooms and hence community composition [56,57].
However, several studies have also highlighted that cell proliferation is mainly affected by the dominant
drivers in a multi-driver environment [58,59]. In the first decade of observations, diatoms were the
major contributor, and now dinoflagellates become more important [13,23]. Previous studies and our
data provide the information that temperature, salinity, and DIN are the dominant drivers for cell
proliferation of dinoflagellates and for shifting from dinoflagellates to diatoms in Taiwan Strait [18,22].
These imply that dinoflagellate blooms may form early in the future with the global ocean warming.
In addition, in order to support or confirm the conception diagram provided in Figure 6, we should
investigate more environmental drivers and study their correlations with biomass or cell densities of
phytoplankton during the spring algae blooms in the future research.
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5. Conclusions

Cell densities of dinoflagellates were higher than diatoms in most of the sampling stations during
the cruise in May and declined from the north to the south and from nearshore to offshore. Temperature,
salinity, and DIN concentration within the test range were crucial factors in modulating formation of
dinoflagellate blooms in the Taiwan Strait. A decrease in cell densities of dinoflagellates was attributed
to rising seawater temperature and salinity, and decreasing DIN concentrations within the test range,
which also contributed to shift from dinoflagellates in May to diatoms in July.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-2818/12/11/433/s1,
Table S1: sampling information during the cruises in May and July 2019 in Taiwan Strait; Table S2: results of
correlation coefficient between cell density of dinoflagellate or diatom and environmental drivers during two cruises;
Table S3: results of correlation coefficient between cell density of Prorocentrum donghaiense and environmental
drivers during the cruise in May 2019; Figure S1: correlations of cell density of dinoflagellates (left) or Prorocentrum
donghaiense (right) with temperature (a,h), salinity (b,i), measured DO concentration (c,j), pH value (d,k),
DIN concentration (e,l), DIP concentration (f,m), and DIN:DIP ratio (g,n) in the surface water of the Taiwan Strait
during the cruise in May and July 2019; Figure S2: correlations of cell density of dinoflagellates with temperature (a),
salinity (b), measured DO concentration (c), pH value (d), DIN concentration (e), DIP concentration (f), and
DIN:DIP ratio (g) in the surface water of the Taiwan Strait during the cruise in May 2019; Figure S3: correlation of
measured dissolved oxygen (DO) concentration with temperature (a), and correlation of apparent DO concentration
with chlorophyll a (Chl a) (b) or cell density (c) of dinoflagellate in the surface water of the Taiwan Strait during
the cruises in May and July 2019.
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