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A harmful benthic Prorocentrum concavum bloom was recorded in August 2018 
in Xincun Bay, China, which is the location of a national seagrass nature  reserve. 
Annual ecological surveys have been conducted to study the population dynamics of  
P. concavum in the benthic community and water column. Seasonal variations in benthic 
P. concavum abundance were found and the abundances on seagrass and macroalgae 
in the wet season were 2.5 and 2.82 times higher, respectively, than those in the dry 
season, although the differences were not statistically significant. The abundance of P. 
concavum in the water column differed significantly between seasons. The maximum 
abundances of benthic and planktonic P. concavum were (1.7 ± 0.59) × 106 cells  
(100 cm2)−1 on Thalassia hemperichii in July and 2.0 × 104 ± 4.7 × 103 cells L−1 in 
June, respectively. High spatial heterogeneity in P. concavum abundance was observed 
among five sampling sites. Abundances were significantly higher in seagrass beds than 
those in macroalgae beds, mangroves, and coral reefs. The abundance of P. concavum 
at site A (in a seagrass bed and close to a cage-culture area) was 5.6 times higher 
than that at site D (seagrass bed and distant from the cage-culture area). Planktonic P. 
concavum showed a similar spatial distribution and presented a maximum density at site 
A. Moreover, the abundance of benthic P. concavum also showed heterogeneity on host 
substrates, and the abundance on T. hemperichii was significantly higher than that on 
sediment. Based on a Spearman’s test, temperature, dissolved organic phosphorus, and 
dissolved organic nitrogen were the three important factors driving the spatiotemporal 
distribution of benthic P. concavum in Xincun Bay. Planktonic P. concavum were derived 
from cells on the substrates and were influenced by concentrations of dissolved oxygen. 
In conclusion, seagrass beds may be a reservoir of harmful benthic algal blooms in Xincun 
Bay and the dense cage-culture area provides sufficient organic nutrients for the growth 
and reproduction of benthic dinoflagellates.
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1 INTRODUCTION

Benthic Prorocentrum is a harmful benthic dinoflagellate group, 
which is widely distributed from tropical to temperate zones 
(Hoppenrath et al., 2013; Luo et al., 2017; Chomérat et al., 2019; 
Zou et al., 2021). To date, nine species of epibenthic Prorocentrum 
have been identified that produce okadaic acid (OA), and/or its 
analogs (Dickey et al., 1990; Morton et al., 1998; Ten-Hage et al., 
2002; An et  al., 2010; Rodríguez et  al., 2018; Nishimura et  al., 
2020). This toxin causes diarrhea, vomiting, abdominal pain, 
and nausea in humans that ingest shellfish contaminated by OA 
(Toyofuku, 2006), which called as diarrhetic shellfish poisoning 
(DSP). In extreme cases, gastric cancer can result from chronic 
exposure to OA (Aune and Yndestad, 1993). Also, harmful 
benthic Prorocentrum blooms have been increasingly reported 
in recent decade (Koike, 2013; Turkoglu, 2016; Cicily et  al., 
2020), which represents a concerning issue for marine benthic 
ecosystems and public health (Zou et al., 2020).

Considering the threat of toxic benthic Prorocentrum to 
marine benthos and humans, ecological studies related to 
blooms, including the spatial-temporal dynamics of their 
distribution and relationships with environmental parameters, 
should be clarified. Significant spatial and temporal distributions 
of benthic Prorocentrum have been observed, and these 
distributions are often related to environmental factors including 
temperature, nutrients, and depth (Glibert et al., 2012; Hachani 
et al., 2018; Gharbia et al., 2019). Distinct seasonal distribution 
characteristics are also observed in benthic Prorocentrum 
(mainly P. concavum and P. lima), with a high abundance in the 
wet season (Tindall and Morton, 1998). The results of a two-year 
study in the Mediterranean Sea showed a high abundance of P. 
lima in the summer (July to October) when high temperatures 
were observed (27–30°C) (Aissaoui et al., 2014). An 18-month 
survey at two tropical islands in the Caribbean Sea showed 
significant spatial heterogeneity between the islands and among 
different sites within islands (Boisnoir et  al., 2019). In the 
Gulf of Tunis, Mediterranean Sea, the abundance of benthic 
Prorocentrum, which was related to nutrients, decreased with 
depth and the maximal abundance was observed at a depth 
of 0.5–1.5 m (Hachani et  al., 2018). However, an investigation 
explored the vertical distribution of benthic dinoflagellates in the 
Caribbean Sea in the dry season and then showed the highest 
density of benthic Prorocentrum at 1.5 m depth, which differed 
significantly from the abundance at 3 m depth (Boisnoir et al., 
2018). A previous study showed that the highest abundances 
of Prorocentrum occurred at 7–8 m depth and no significant 
differences were observed between different depths at 20  m in 
the wet season (Boisnoir et al., 2018). Overall, the distribution of 
benthic Prorocentrum is a complicated ecological process and is 
correlated with different environmental parameters.

As mentioned above, the development of benthic 
Prorocentrum is a complicated phenomenon related to 
environmental parameters, including both physical and chemical 
factors. Previous ecological studies discovered that hydrological 
parameters can affect the growth and toxin production of 
benthic Prorocentrum (Aissaoui et al., 2014; Accoroni et al., 2018; 
Aquino-Cruz et  al., 2018). For example, the proliferation of P. 

lima was positively related to temperature, salinity, and dissolved 
oxygen in a two-year survey in the coastal waters of the Gulf 
of Tunis (Aissaoui et  al., 2014). Similarly, a field survey of the 
epiphytic abundance of P. lima found that density increased on 
most macrophytes from April to August (summer) in a lagoon 
in the UK (Foden et  al., 2005). Climate change may expand 
the geographic distribution of benthic dinoflagellates (Tester 
et  al., 2010). Surveys of the dynamics of benthic Prorocentrum 
in relation to temperature, to some extent reflect the influences 
of global warming on the benthic ecosystem. Chemical factors 
(nutrients) also play an essential role in the proliferation of 
benthic Prorocentrum (Glibert et al., 2012; Aissaoui et al., 2014). 
Numerous studies about the physiology of benthic Prorocentrum 
in the laboratory have found that this dinoflagellate shows 
preferences for certain forms and ratios of nutrients (Glibert 
et  al., 2012). P. lima from Mahone Bay, Canada, preferentially 
consumed ammonium over nitrate and nitrite (Pan et al., 1999). 
Similarly, in situ studies revealed that benthic Prorocentrum had 
nutrient preferences (Aissaoui et al., 2014), and the occurrence of 
P. lima blooms was strongly correlated with nutrients in the Gulf 
of Tunis (Hachani et al., 2018). However, except for P. lima, little 
is known about the interactions of noxious benthic Prorocentrum 
with variations in environmental factors.

Benthic dinoflagellates can live and/or attach to the surface 
of seagrass, macroalgae, and sediment based on their flagellates 
or mucus (García-Portela et al., 2016), and they can also swim 
in the water column (Gharbia et  al., 2019; Zou et  al., 2020). 
Many previous studies have revealed substrate preferences of 
benthic Prorocentrum (Boisnoir et al., 2019; Gharbia et al., 2019). 
However, a number of reports found that the three-dimensional 
architecture of hosts can affect the attachment of benthic 
dinoflagellates, and those substrates with flexible and complex 
structures are most suitable (Accoroni and Totti, 2016). Therefore, 
differences in abundance should not be compared based on a 
universal unit (i.e., cells g−1 fresh or dry weight macrophytes); the 
sampling of benthic dinoflagellates needs to be standardized and 
eliminate the influence of host architecture (Berdalet et al., 2017). 
Tester et al. (2014) firstly applied a scientific method of artificial 
screening to investigate the abundance of benthic dinoflagellates. 
However, this approach is not suitable for some studies, such as 
substrate preferences. Cells per square 100 centimeters [cells (100 
cm2)−1] is a more reliable unit and fully considers the substrate 
structure (Tester et al., 2014; Berdalet et al., 2017).
Prorocentrum concavum, a tychoplanktonic dinoflagellate, was 
first described on a coral reef in French Polynesia by Fukuyo 
(1981). Among nine toxic epibenthic Prorocentrum, results on 
the production of OA by P. concavum are often contradictory. 
Some studies report that this dinoflagellate can produce OA 
(Dickey et al., 1990; Hu et al., 1992; Juranovic et al., 1997), while 
other recent studies demonstrated no detectable OA using liquid 
chromatography-tandem mass spectrometry (Luo et  al., 2017; 
Verma et  al., 2019). Despite the debate regarding whether P. 
concavum produces OA or not, this species is certainly a toxic 
dinoflagellate and can be lethal to marine invertebrates (Zou 
et al., 2020). As mentioned by Morton et al. (2002), a red tide of 
P. arabianum [synonymized with P. concavum by Mohammad-
Noor et al. (2007)] was collected from plankton samples but there 
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were no data on the abundance in either the plankton or benthos. 
In August 2018, a toxic and tychoplanktonic P. concavum bloom 
was detected in a seagrass bed in Xincun Bay, Hainan Island, 
South China Sea, with high abundances observed on seagrasses 
and macroalgae, and in the water column (Zou et al., 2020). This 
bloom presented a suitable model to analyze the population 
dynamics of toxic benthic Prorocentrum. The present study aims 
to determine the spatiotemporal distribution of P. concavum and 
its relationship with environmental factors in a coastal tropical 
lagoon, to improve our knowledge of the ecology of harmful 
benthic Prorocentrum blooms.

2 MATERIALS AND METHODS

2.1 Study Area
The study area, Xincun Bay (18°24′–18°27′N, 109°58′–110°58′E), 
is a tropical coastal lagoon situated in the southeast of Hainan 
Island, China (Figure  1). The lagoon has a high annual 
temperature and abundant rainfall. The bay (~22.6 km2) has 
a narrow canal connection to the open sea (Yang et  al., 2017), 
hence, the water flow is driven by daily tidal movements. The 
largest fish aquaculture area (~0.05 km2) on Hainan Island 
is located in the bay, with annual production of 1105 tons. 
A mixed seagrass meadow (2 km2) is situated in the shallow 
waters of southeast Xincun Bay, based on observation in 2002 
(Huang et al., 2006). Enhalus acoroides, Thalassia hemprichii, and 
Cymodocea rotundata are the main species in the meadow, and 
the former two dominate (Figure 2). Sampling was carried out at 
stations A, B, C, and D in Xincun lagoon and an outside station 
(E; Figure 1). Stations A and D were situated in the southwest 
of the lagoon where seagrasses grow; station A was close to 
an aquaculture area and station D was located some distance 
away (Figure 1). Stations B and C were located in the northeast 
and northwest of the lagoon, respectively. Macroalgae, but no 
seagrasses, were present at station B during the study period, and 
the other site (C) was in a mangrove area with no seagrasses or 
macroalgae. Station E (reference site) was on a coral reef located 

outside the Xincun lagoon. This station was relatively devoid of 
human activities.

2.2 Sample Collection
Sampling was conducted bimonthly from December 2018 to 
December 2019 in the Xincun lagoon and once a month in the 
summer of 2019 as a result of the P. concavum bloom present 
at station A in August 2018 (Zou et al., 2020). The wet season 
ranged from May to October and the other months were the 
dry season in the tropical Xincun Bay. At stations A and D, 
each type of seagrass, macroalga (Table  1), and sediment 
was collected in triplicate. Macroalgal and sediment samples 
(triplicate) were collected at station B, but only sediment was 
sampled (in triplicate) at stations C and E. In addition, samples 
from the water column were also collected in triplicate at each 
station. At each station, well-developed floating leaves on which 
benthic dinoflagellates attach were slightly cut and then placed 
in sealed bags containing a small amount of the surrounding 
seawater. The cells of benthic dinoflagellate on the sediment were 
sampled based on the method of Xie et  al. (2022). Briefly, the 
surface sediments (~300 cm-2) were collected in the bags with 1 L 
surrounding seawaters. A 1.5 L water column (triplicate samples) 
was sampled using a 1 L white plastic bottle. The samples were 
collected between 0.2 and 1.5  m depth within the lagoon and 
between 2 and 3 m depth in the open sea (Table 1).

2.3 Environmental Parameters
Surface water temperature (T), pH, salinity (Sal), and dissolved 
oxygen (DO) were measured using a YSI meter (YSI-professional 
plus, YSI Inc., USA) at each station during the sampling period. 
Each 0.1 L water column sample collected from each station was 
filtered with GF/F filters (Whatman, USA). The concentrations 
of nitrate (NO3), nitrite (NO2), ammonium (NH4), silicate 
(SiO3), phosphate (PO4), total dissolved nitrogen (TDN), and 
total dissolved phosphorus (TDP) were measured using a flow 
injection analyzer (LACHAT QC8500, USA) (Murphy and Riley, 
1962; Solrzano, 1969; Strickland and Parsons, 1972; Jeffries 

FIGURE 1 |   Map of sampling stations of Xincun Bay.
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et  al., 1979). In addition, dissolved organic nitrogen (DON) 
and dissolved organic phosphorus (DOP) were calculated by 
subtracting the concentrations of dissolved inorganic nitrogen 
and PO4 from TDN and TDP, respectively.

2.4 Sample Processing
The seagrass, macroalgal, and sediment samples were shaken 
vigorously and washed three times using filtered water to ensure 
microalgal cells were separated from the substrate. Benthic 
dinoflagellates were concentrated using 10 μm nylon filters and 
then saved in 15 mL centrifuge tubes containing acidic Lugol’s 
solution (final concentration, 1.5%). The biological substrates 
(seagrasses and macroalgae) were removed and then weighed. 
Similarly, the 1 L water column samples were concentrated 
and reserved in 15 mL centrifuge tubes containing a suitable 
concentration of acidic Lugol’s solution.

In addition to weighing, the biological substrates were 
photographed with a DSLR camera and the surface area was 
measured using Image Pro Plus V. 7.0. In the present study, at least 
ten weights and surface areas of every substrate were recorded to 
establish standard curves for the surface area and weight.

2.5 Benthic Dinoflagellate Counts
Samples were quickly transferred to the laboratory and counted 
using a light microscope (Olympus CX31, Tokyo, Japan) at a 
magnification of 100×. The morphology of the bloom-forming 
species, P. concavum, was obvious and easy to identify. Other 

epibenthic dinoflagellate species were extremely similar and 
were recorded as genera (Prorocentrum, Coolia, Amphidinium, 
Gambierdiscus, and Ostreopsis). The abundances of benthic 
dinoflagellates were expressed as cells (100 cm2)-1 and cells L−1 on 
substrate and in the water column, respectively. In addition, we 
defined more than 1×105 cells (100 cm2)-1 as benthic P. concavum 
bloom based on the results described by Zou et al., 2020.

2.6 Statistical Analysis
All abundances of P. concavum were displayed as means ± 
standard error. Analysis of seasonal variations in P. concavum 
in Xincun Bay was restricted to data collected from the seagrass 
meadow (stations A and D) to avoid errors resulting from the 
null data collected from the other sites. One-way ANOVA was 
used to assess the distributions of environmental factors and 
assess P. concavum abundances among five stations and between 
two seasons. Non-parametric tests were carried out when the 
variances were not homogenous. Spearman correlation tests 
were used to assess the relationships between planktonic and 
benthic P. concavum and the effects of environmental factors on 
the development of the P. concavum population. Aall analyses 
were performed using SPSS Statistics 25 (IBM Corp., USA).

3 RESULTS

3.1 Environmental Factors
Figure  3 showed the spatiotemporal distributions of the 
environmental factors. Temperature fluctuated from 21.3°C in 

TABLE 1 | Sampling locations characteristics, seagrasses and macrophytes sampled in Xincun Bay.

Sites Latitude Longitude Habitat type Bottom Depth (m) Seagrasses Macroalgae

A 109°58′38.2″E 18°24′34.9″N Seagrass bed Sand 0.5-1.5 Enac, Thhe Ulla
B 110°1′1.5″E 18°25′28.5″N Seaweed bed Sand 0.5-1.5 None Ulla
C 109°58′48.2″E 18°25′25.1″N Mangrove Sand 0.5-1.5 None None
D 109°59′16.8″E 18°24′7.2″N Seagrass bed Sand 0.2-1.5 Enac, Thhe, Cyro Ulla
E 109°57′48.9″E 18°23′13.2″N Coral Sand 2-3 None None

Enhalus acoroides (Enac); Thalassia hemperichii (Thhe); Cymodocea rotundata (Cyro); Ulva lactuca (Ulla).

FIGURE 2 | Sampling stations in Xincun Bay. (A–D) represented sampled stations (A) (seagrass bed), (B) (macroalgae meadow), (C) (mangrove) and (D) (seagrass 
bed), respectively. E-G represented Enhalus acoroides, Thalassia hemperichii and Cymodocea rotundata, Ulva lactuca, respectively
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December 2019 at station B to 32.8°C in July at station B (Figure 3A). 
The average temperatures of the dry and wet seasons were 26.36°C 
and 29.32°C, respectively. Salinity ranged from 29.08 to 32.59, with 
an average value of 31.61 (Figure 3B). pH and concentrations of DO 
ranged from 7.8 to 8.85 and 3.48 mg L−1 (50.2% of saturation level) to 
12.62 mg L−1 (182% of saturation level), respectively (Figures 3C, D). 
No significant differences were discovered among the five sampling 
stations for these physical factors (p = 0.814, p = 0.478, p = 0.969, 
and p = 0.283 for temperature, salinity, pH, and DO, respectively). 
However, the temperature (Mann-Whitney U test, p = 0.002) and 
salinity (Mann-Whitney U test, p < 0.01) fluctuated significantly 
between dry and wet seasons. There were no seasonal differences in 
pH (Mann-Whitney U test, p = 0.909) or DO concentration (Mann-
Whitney U test, p = 0.192).

In terms of the nutrient levels in Xincun Bay, concentrations 
of nitrate ranged from 0.06 to 14.16 μmol L−1, with an average of 
2.66 ± 3.07 μmol L−1 (Figure  3E). The concentrations of nitrite 
and ammonium ranged from 0.05 at station B to 2.53 μmol L−1 at 
station C, and from 0.89 at station C to 12.21 μmol L−1 at station A, 

respectively (Figures 3F, G). The mean concentrations of silicate and 
phosphate were 8.24 ± 5.32 and 0.54 ± 0.43 μmol L−1 (Figures 3H, I). 
DON and DOP showed a wide range of concentrations, from 5.37 
to 111.82 μmol L−1 (means of 28.85 ± 15.21 and 44.26 ± 24.45 μmol 
L−1 in the dry and wet seasons, respectively) and from 0.06 to 6.09 
μmol L−1 (means of 1.17  ± 1.73 and 1.47 ± 1.29 μmol L−1 in the dry 
and wet seasons, respectively), respectively. Each nutrient showed 
a similar range of values among the five sampling stations, except 
silicate concentrations, which were significantly higher at stations B 
and C than those at stations A and E (Kruskal-Wallis test, p < 0.01). 
Concerning the seasonal variations, significant differences were only 
observed for concentrations of nitrite, phosphate, and DON (Mann-
Whitney U test, p < 0.01).

3.2 Population Dynamics of P. concavum
3.2.1 Linear Curve Between Surface Area and 
Weight of Macrophytes
The surfaces of four biotic substrates (three seagrasses, E. 
acoroides, T. hemperichii, C. rotundata; one macroalga, Ulva 

A B

D E F

G IH

J K

C

FIGURE 3 | Spatial-temporal variations of environmental parameters during the sampling period. (A) Temperature; (B) Salinity; (C) pH; (D) dissolved oxygen; 
(E) Nitrate; (F) Nitrite; (G) Ammonium; (H) Silicate; (I) phosphate; (J) dissolved organic nitrogen; (K) dissolved organic phosphorus.
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lactuca) were smooth and correctly measured in the Xincun 
lagoon. The linear curves and equations between surface area 
and weight were presented in Figure 4.

3.2.2 Seasonal Variations in P. concavum
The seasonal distribution of P. concavum was shown based on the 
data from seagrasses, macroalgae, sediments, and the water column 
in the seagrass bed (stations A and D, Figure  5). P. concavum 
was found on seagrasses throughout the sampling period in 
the Xincun Bay, with abundances ranging from 468 ± 134 on E. 
acoroides in December 2018, to (1.7 ± 0.59) × 106 cells (100 cm2)-1 
on T. hemperichii in July (Figure  5). Moreover, the epibenthic 
abundances on U. lactuca and sediments varied from 230 ± 109 in 
December 2019, to (2.1 ± 1.2) × 105 cells (100 cm2)-1 in August, and 
from (7.3 ± 4.5) × 103 in February to (6.7 ± 1.4)  × 105 cells (100 
cm2)-1 in September, respectively (Figure 5). The first P. concavum 
bloom occurred in February on T. hemperichii at station A, with 
up to (3.4 ± 0.27) × 105 cells (100 cm2)-1 at a temperature of 26.3°C 
(Figures 3A, 5). Although no significant differences were found 
between the wet and dry seasons (ANOVA, p = 0.383, p = 0.252, 
and p = 0.864 for P. concavum on seagrasses, macroalgae, and 
sediments, respectively), the abundances of benthic P. concavum 
on seagrasses and macroalgae in the wet season were 2.52 and 2.8 
times, respectively, greater than those in the dry season. Similarly, 
the presence of P. concavum was observed in the water column 
throughout the sampling period. The abundances of P. concavum 
ranged from 208 ± 295 in December to (2.0 ± 0.47) × 104 cells 
L−1 in June 2019 in the seagrass bed (Figure 5). At station A, the 
planktonic abundance of P. concavum increased from February 
to June (maximum abundance) and then declined continuously. 
At station D, the abundances were lower than those at Station A 

and the maximum abundance was observed in August (Figure 5). 
The average abundance of planktonic P. concavum based on the 
nine-month survey revealed marked differences between the two 
seasons (Mann Whitney U test, p = 0.02; abundance 2.3 times 
higher in the wet season than that in the dry season).

3.2.3 Spatial Distribution
High spatial heterogeneity was found among the four habitats 
(seagrass, macroalgae, mangrove, and coral reef) in Xincun Bay 
(Figures  5, 6). The mean abundances of benthic P. concavum 
based on the nine-month survey showed significant differences 
among the five sampling stations (Kruskal-Wallis test, p < 0.01). 
The densities in the seagrass meadow (stations A and D) were 
markedly higher than those in the macroalgal bed (station B), 
mangrove (station C), and reference site (coral reef, station E) 
(Figure 6A; Kruskal-Wallis test, p < 0.01).

Although there was no statistically significant difference 
(Kruskal-Wallis test, p = 0.591), approximately 5.6 times more 
P. concavum was found at station A than at station D (Figure 6). 
Also, we identified other benthic dinoflagellates, including 
species of Prorocentrum, Coolia, Ostreopsis, Gambierdiscus, 
and Amphidinium in Xincun Bay during the sampling period. 
The ecological dominance of these five genera in the benthic 
dinoflagellate community could be seen in Table  2. Benthic P. 
concavum was the most abundant species in the seagrass meadow, 
with proportions ranging from 42.56% to 59.88%; at stations B and 
C, the proportions were only 7.82% and 0.25%, respectively, of the 
benthic dinoflagellate community. P. concavum also dominated 
in the detached epibenthic dinoflagellates in the water column, 
with ecological dominance fluctuating from 15.25% to 68.75% 
(Table  2). Statistically significant differences in planktonic P. 

A B

DC

FIGURE 4 | The linear curves and equations between the surface area and weight of Enhalus acoroides (A), Thalassia hemperichii (B), Cymodocea rotundata  
(C) and Ulva lactuca (D).
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concavum abundances were found among the five sites (Figure 6; 
Kruskal-Wallis test, p < 0.01). Similar to the benthic distribution 
pattern, proportions of planktonic P. concavum in waters of the 
seagrass bed were higher than those in the waters of the macroalgal 
bed (station B), mangrove area (station C), and coral reef (station 
E). No significant differences in planktonic cells were found 
between the two seagrass sites, but abundances at site A were 2.4 
times greater than those at site D (Figure 6).

In addition to the differences among stations, high 
heterogeneity in P. concavum abundance on different substrates 
was also observed, as shown by the high standard errors 
calculated from the replicates (Figures  5, 7). Mean abundances 
of P. concavum on seagrasses (E. acoroides, T. hemperichii and 
C. rotundata), macroalgae (U. lactuca), and sediments were  
(4.6 ± 2.4) × 104, (1.7 ± 1.1) × 105, (3.6 ± 0.14) × 105, (2.4 ± 0.96) 

× 104, and (7.3 ± 2.5) cells (100 cm2)-1, respectively (Figure  7). 
Moreover, the differences in P. concavum on each substrate were 
compared based on the data collected for the seagrass bed. Mean 
abundances of P. concavum on these substrates showed significant 
variations (Kruskal-Wallis test, p = 0.014), and pairwise comparisons 
showed that the abundance of epiphytic P. concavum (on Thalassia 
hemperichii) was significantly higher than that of epipelic P. 
concavum (p = 0.029).

3.3 Relationship Between Benthic and 
Planktonic P. Concavum
P. concavum on seagrasses (E. acoroides, T. hemperichii, and C. 
rotundata), macroalgae (U. lactuca), and sediments were all 
positively correlated with the abundance of planktonic cells 

A B

DC

FIGURE 5 | Spatial-temporal variations of mean P. concavum abundance with standard bar on seagrasses, macroalgae, sediments and in the water column in the 
Xincun Bay. M represents the missing data Spatial-temporal variations of P. concavum abundance with standard bar on seagrasses (A), macroalgae (B), sediments 
(C) and in the water column (D) in the Xincun Bay. M represents the missing data.

TABLE 2 | Ecological dominance (%) of benthic dinoflagellates attached on the substrate and in the water column in Xincun Bay during sampling period.

Sites Status P. concavum Prorocentrum Coolia Amphidinium Gambierdiscus Ostreopsis

A epiphytic 59.88 64.36 34.56 0.99 0.09 0.00
planktonic 68.72 76.76 22.43 0.42 0.39 0.00

B epiphytic 7.82 90.30 6.13 3.51 0.07 0.00
planktonic 34.18 72.09 18.12 0.00 9.79 0.00

C epiphytic 0.25 48.68 5.98 45.25 0.00 0.09
planktonic 21.57 82.61 14.21 0.00 3.18 0.00

D epiphytic 42.56 86.65 11.09 1.81 0.09 0.36
planktonic 15.25 62.72 36.45 0.62 0.21 0.00

E epiphytic 
planktonic

4.76 
0.00

53.57 
82.32

38.28 
17.78

3.07 
0.00

0 
0.00

0.32 
0.00
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(Table 3) and the cells on T. hemperichii, U. lactuca, and sediments 
were clearly related to floating P. concavum (p < 0.01).

3.4 Relationships Between Environmental 
Factors and P. Concavum Abundance

Over the sampling period, benthic and planktonic abundances 
of P. concavum were positively correlated with temperature, 
except the cells on C. rotundata and sediments (Table  3). The 
maximal abundances of P. concavum on C. rotundata and 
sediment occurred in August and April, with temperatures of 
29.6°C and 29°C, respectively (Figures 3A, 5) but no significant 
relationships were found. In addition, the Spearman test revealed 
that concentrations of DO were weakly negatively associated with 

planktonic P. concavum, whereas no significant relationship was 
found between DO and epiphytic cells (Table  3). Considering 
nutrients, the Spearman test showed that densities of P. concavum 
on E. acoroides, T. hemperichii, C. rotundata and U. lactuca 
were clearly positively related to DON. The abundances on E. 
acoroides, U. lactuca and sediment were positively correlated with 
DOP. Moreover, the abundances of P. concavum on E. acoroides 
and T. hemperichii were negatively correlated with nitrite and 
ammonium, and the densities of P. concavum on U. lactuca 
were negatively associated with nitrite and phosphate (Table 3). 
Finally, temperature was positively correlated with pH and DON, 
but negatively associated with salinity, nitrate, ammonium, and 
phosphate (Table 3).

FIGURE 6 | Total mean density of benthic P. concavum presented in Xincun Bay from December 2018 to December 2019. Small letters (a and b) indicated 
statistically differences according to the non-parameters test (p<0.01). A, B, C, D and E represent sampling Site A,Site B, Site C, Site D and Site E, respectively.

TABLE 3 | Coefficients of Spearman correlation performed on the full datasets. 

  Enac Thhe Cyro Ulla Sedi Water T Sal DO pH NO3 NO2 NH4 PO4 SiO3 DON DOP

Enac 1.000 0.939 0.478 0.741 0.668 0.517 0.475 -0.201 -0.301 0.167 -0.245 -0.554 -0.54 -0.437 -0.335 0.525 0.505
Thhe   1.000 0.571 0.689 0.647 0.624 0.525 -0.159 -0.266 0.191 -0.154 -0.564 -0.63 -0.38 -0.257 0.542 0.422
Cyro     1.000 1.000 0.262 0.762 0.619 -0.524 -0.024 0.12 0.429 -0.478 0.071 -0.238 0.119 0.762 0.69
Ulla       1.000 0.789 0.791 0.421 -0.329 -0.242 0.094 -0.215 -0.632 -0.197 -0.51 -0.344 0.674 0.582
Sedi         1.000 0.857 0.171 -0.132 -0.284 0.119 -0.272 0.052 -0.059 -0.139 -0.145 0.381 0.47
Water           1.000 0.349 -0.235 -0.365 0.119 -0.215 0.029 0.06 -0.242 -0.101 0.415 0.178
T             1.000 -0.344 -0.188 0.335 -0.423 -0.393 -0.356 -0.52 0.098 0.482 0.421
Sal               1.000 -0.22 -0.118 -0.055 0.279 0.06 0.343 -0.212 -0.548 -0.467
DO                 1.000 -0.241 0.382 -0.251 -0.155 0.242 0.14 0.077 0.015
pH                   1.000 -0.226 0.162 0.096 -0.307 0.24 0.017 0.274
NO3                     1.000 0.238 0.33 0.472 0.043 0.243 0.077
NO2                       1.000 0.379 0.472 0.125 -0.600 -0.492
NH4                         1.000 0.372 0.086 -0.439 -0.156
PO4                           1.000 0.186 -0.304 -0.412
SiO3                             1.000 -0.251 -0.044
DON                               1.000 0.346
DOP                                 1.000

Enac, Thhe, Cyro, Ulla, Sedi and water represent the abundances of P. concavum on Enhalus acoroides, Thalassia hemperichii, Cymodocea rotundata, Ulva lactuca, sediments and 
in the water column, respectively. Bold and underlined fonts represent p<0.05 and p<0.01, respectively.
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4 DISCUSSIONS

4.1 Quantitative Methodology for  
Benthic Dinoflagellates
Compared with planktonic microalgae, standard methods 
for the sampling and quantification of benthic dinoflagellates 
that provide researchers with comparable data among studies 
are lacking (Berdalet et  al., 2017). To date, the universal unit 
expressing the abundance of benthic dinoflagellates is based on 
the wet or dry weight of substrates (macrophytes). However, this 
expressive method of abundance not only neglects the three-
dimensional structure of host species but is also unsuitable 
for sampling stations with a lack of biotic substrates. Benthic 
dinoflagellates attach on the surface of biotic substrates based 
on the flagellum and/or produced mucus (Heil, 1993; Reynolds, 
2007). The different biotic substrates have obviously various three 
dimensional structures, which provide different surface area for 
the attachments of benthic dinoflagellate (Berdalet et al., 2017). 
For example, surface area per gram were 53 and 225 cm2 in E. 
acoroides and U. lactuca in Xincun Bay (Figure 4). In the present 
study, the area unit, cells (100 cm2)-1, was employed and standard 
curves between the surface area of hosts and fresh weight were 
established. This method provides a convenient way to calculate 
a host’s surface area and for comparison among studies. Tester 
et  al. (2014) first used artificial substrates (fiberglass screen) 
to investigate the abundance of benthic dinoflagellates, which 
attaches great importance to the use of cells (100 cm2)-1 in 
filed studies. However, this method is not applicable to some 
studies that explore the relationships (e.g., substrate preferences) 
between benthic cells and hosts (Boisnoir et al., 2019; Gharbia 
et al., 2019). In the present study, a field method was established 
to quantify the densities of epipelic dinoflagellates. This method 
provides researchers with a way to compare epiphytic and 

epipelic abundances. While this method has certain limitations, 
it provides new insight into surveys of benthic dinoflagellates.

4.2 Spatiotemporal Distribution of  
P. concavum
P. concavum, a harmful dinoflagellate, was first described by 
Fukuyo (1981) in French Polynesia, New Caledonia, and the 
Ryukyu Islands. To date, many studies have demonstrated that 
P. concavum is a tychoplanktonic dinoflagellate. This species has 
been reported in the Arabian Sea (Morton et al., 2002), Knight 
Key, Gulf of Mexico, northwestern Australia (Verma et  al., 
2019), northern Hainan Island (Luo et al., 2017), and the Xincun 
Bay of China (present study). Moreover, Morton et  al. (2002) 
described a new species, P. arabianum [synonym of P. concavum; 
Mohammad-Noor et  al. (2007)], and reported a planktonic P. 
arabianum bloom in the Gulf of Oman, Arabian Sea in May 1995. 
In spite of a lack of cell abundance data for this bloom, there was 
evidence that P. concavum was a bloom-causative species, which 
may be harmful to marine ecosystems and public health. A 
bloom of P. concavum in Xincun Bay presented high abundances 
on seagrasses, macroalgae (U. lactuca), and in the water column 
[3.9 × 105, 1.4 × 104 cells (100 cm2)-1 and 1.7 × 104 cells L−1, 
respectively]. The population showed extremely high dominance 
(more than 90% of the benthic dinoflagellate community) in 
August 2018, in Xincun Bay (Zou et  al., 2020). In the present 
study, the maximal abundances of P. concavum [(1.7 ± 0.59) × 106 
cells (100 cm2)-1 on T. hemperichii, Figure 5] and high population 
dominance were observed in the same seagrass bed in July 2019 
(Table 2). These findings suggest that P. concavum is a dominant 
species in benthic microalgal assemblages and periodically 
causes blooms in the summer in Xincun Bay, especially in 
shallow seagrass beds.

While no statistically significant differences between the wet 
and dry seasons were found (ANOVA, p>0.05), we identified that 
the abundances of P. concavum on seagrasses and macroalgae were 
2.5 and 2.82 times higher in the wet season than those in the dry 
season. The maximal density was recorded at site A in July with a 
high temperature of 30.9°C (Figures 3A). Moreover, a significant 
difference was found in the abundance of planktonic P. concavum 
between the two seasons. In general, the abundance of P. concavum 
showed seasonal variation in the tropical Xincun Bay. A harmful 
benthic bloom of P. concavum occurred in August 2018, which 
provided further evidence for seasonality (Zou et  al., 2020). In 
another tropical ecosystem, there was also apparent seasonality in 
benthic Prorocentrum (mainly P. concavum and P. lima), with the 
lowest abundances of these species recorded between January and 
May (dry season) (Tindall and Morton, 1998). Similarly, a recent 
survey investigated the spatial-temporal distributions of benthic 
dinoflagellate in the Caribbean Sea and demonstrated that the 
lowest abundances of benthic Prorocentrum appeared from October 
to January, corresponding with lower seawater temperatures 
(Boisnoir et al., 2019). Nishimura et al. (2019) reported that the 
density of benthic Prorocentrum, including P. concavum, was 
notably higher in subtropical areas than that in temperate areas in 
Japan. In addition, some studies in the temperate Mediterranean 
Sea showed a similar phenomenon, that benthic Prorocentrum 

FIGURE 7 | The boxplot showing the epiphytic and epipelic abundances 
of P. concavum. Enhalus acoroides (Enac); Thalassia hemperichii (Thhe); 
Cymodocea rotundata (Cyro); Ulva lactuca (Ulla).
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had a maximal density from July to October (Aissaoui et  al., 
2014). Hence, we conclude that P. concavum, like other benthic 
Prorocentrum species, shows high abundance, even blooms, in the 
summer, associated with higher seawater temperatures.

The abundances of both benthic and planktonic P. concavum 
were significantly higher in the seagrass bed than those in the 
macroalgal bed (station B), mangrove (station C), or coral reef 
(station E). Station A was close to the cage fish-culture area and 
showed maximal benthic P. concavum abundances 5.6 times 
higher than those at station D. P. concavum showed high spatial 
heterogeneity in Xincun Bay, which is consistent with the results 
of a number of previous field studies. For example, Boisnoir et al. 
(2019) suggested that the distributions of benthic dinoflagellates, 
including Prorocentrum, significantly differed between sampling 
sites and between islands (Guadeloupe and Martinique, Caribbean 
Sea). A survey of epiphytic dinoflagellates in the Gulf of Tunis, 
Mediterranean Sea, revealed that P. lima showed significant 
spatial patterns and higher abundance in seagrass beds (Hachani 
et  al., 2018). Moreover, the spatial heterogeneity of P. concavum 
among sites in Xincun Bay can be, to some extent, explained by 
the differences in habitats and substrates. At station A, in addition 
to the relatively stable hydrometric conditions, the dense fish 
cages provide sufficient nutrients and suitable substrate for the 
proliferation of macroalgae. As mentioned by Zhang et al. (2014), 
the nutrient concentrations are high in cage cultures in Xincun Bay, 
which results in high macroalgal biomass in this area (Liu et al., 
2019). Macroalgae and dense mature seagrasses (Huang et  al., 
2006) offer suitable environments for the growth of P. concavum 
(Glibert et al., 2012). Yong et al. (2018) found that microhabitat 
can be a key factor determining the abundance of benthic 
dinoflagellates, and Prorocentrum preferred microhabitats covered 
with high turf algae. In addition, many surveys have suggested 
that substrate preference, which is also reflected in the spatial 
heterogeneity, is common in benthic species of Prorocentrum 
(Boisnoir et al., 2019; Gharbia et al., 2019). In the present study, 
we found that benthic P. concavum showed maximal abundance 
on T. hemperichii and abundances were significantly higher on 
T. hemperichii than on other substrates. This finding suggests 
that benthic P. concavum has a preference for Thalassia, which is 
consistent with a previous description by (Delgado et al., 2006). 
Consequently, we conclude that P. concavum shows a clear spatial 
distribution pattern in ecosystems and on substrates in Xincun 
Bay. The differences between ecosystems can be explained by the 
fact that the abundant and dominant seagrasses T. hemperichii and 
E. acoroides (also showed high P. concavum density) act as a trap 
for harmful benthic P. concavum blooms (Huang et al., 2006; Zou 
et  al., 2020). Moreover, the highest abundances of P. concavum 
at station A were associated with higher nutrient provision from 
dense caged-fish cultures.

4.3 Environmental Factors Related to the 
Distribution of P. concavum

4.3.1 Temperature
Seawater temperature was positively correlated with P. concavum 
on seagrasses, macroalgae, and in the water column, but not on 

sediments (Table  3). In addition, the significant correlations 
between temperature and other environmental factors (salinity, 
pH, nitrate, nitrite, phosphate, and DON) indicated that 
temperature might be the most important factor driving the 
spatiotemporal distribution of P. concavum (Table  3). The 
preference of P. concavum for higher temperatures is consistent 
with other benthic Prorocentrum, which have been identified as 
thermophilic in previous studies. Glibert et al. (2012) summarized 
previous studies and demonstrated that benthic Prorocentrum 
showed higher densities in tropical/subtropical areas than in 
temperate zones. Moreover, a two-year survey showed that 
the maximal abundance of P. lima occurred between July and 
October, and P. lima (positively correlated with temperature) was 
discovered when temperature ranged from 18 to 28.5°C, with 
a preference for 27–30°C (Aissaoui et  al., 2014). Results from 
laboratory studies also demonstrated that higher temperatures 
are suitable for benthic Prorocentrum. For example, Accoroni 
et  al. (2018) showed that P. hoffmannianum grew rapidly and 
had a larger maximum quantum yield of PSII at 27°C than at 
21°C. We assume that the occurrence of a higher biomass of 
benthic P. concavum in the Xincun Bay was mainly induced by 
temperatures between 28 and 30°C.

4.3.2 Salinity, pH, and Dissolved Oxygen
Previous studies showed that salinity can influence the growth 
of P. concavum and this species had a maximum growth rate at a 
salinity of 30 (Morton et al., 1992). In the present study, salinity 
was not significantly related to either benthic or planktonic 
P. concavum abundances (Table  3). The insignificant effect of 
salinity on P. concavum in Xincun Bay may be a result of the 
small salinity range during the sampling period (from 29.08 to 
32.59, Figure 3B). In addition, pH was not associated with the 
abundance of P. concavum in Xincun Bay. While no obvious 
correlations between benthic cells and dissolved oxygen were 
found, planktonic P. concavum was negatively associated with 
this factor (Table  3). Aissaoui et  al. (2014) suggested that 
planktonic P. lima and P. emarginatum in the Mediterranean were 
also negatively associated with dissolved oxygen.

4.3.3 Nutrients
The abundance of benthic P. concavum was negatively associated 
with concentrations of nitrite, ammonium, and phosphate, but 
no correlation was found with nitrate. More importantly, P. 
concavum densities were positively correlated with concentrations 
of DOP and DON (Table 3). To date, available data on nutrient 
utilization by benthic Prorocentrum species is limited and 
mostly concentrated on P. lima (Glibert et  al., 2012). Nitrate 
is always a primary source of nitrogen, but is rarely a limiting 
factor for microalgae (Cohu et al., 2013). Aissaoui et al. (2014) 
demonstrated that P. lima abundance in the Mediterranean was 
negatively correlated with ammonium, which is consistent with 
our findings. However, a laboratory study found that P. lima 
showed a preference for ammonium uptake rather than nitrate or 
nitrite (Pan et al., 1999). These contradictions could be explained 
by the descriptions of Aissaoui et al. (2014) that ammonium was 
taken up rapidly and showed low concentrations at the maximal 
abundances of P. concavum (Aissaoui et  al., 2014). Pan et  al. 
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(1999) suggested that the uptake of nitrite by P. lima occurred only 
when other nitrogen sources were exhausted. Finally, negative 
correlations between phosphate and P. concavum, coupled with 
the positive correlation between DOP and this dinoflagellate, 
indicate that DOP is an important factor driving spatiotemporal 
variation in P. concavum abundance. Also, P. concavum abundance 
was positively associated with concentrations of DON (Table 3 
and Figure  8). Ou et  al. (2022) investigated the activities of 
extracellular enzymes, including leucine aminopeptidase (LAP) 
and alkaline phosphatase (AP) which hydrolyzed the DON and 
DOP, respectively, in the Xincun Bay from December 2018 to 
December 2019. The results showed that the activities of LAP 
and AP in the Xincun Bay were greater than other coasts of 
Chinese waters, even in a bloom period (Ou et  al., 2018; Ou 
et al., 2022). These findings and high concentrations of DON and 
DOP increased the risk of harmful dinoflagellate blooms in the 
Xincun Bay. Therefore, concentrations of DON and DOP from 
aquaculture were the important factors in the occurrences of P. 
concavum bloom in the Xincun Bay. These findings also explain 
why the highest abundances were seen at station A (near the 
cage-culture area).

5 CONCLUSIONS
The spatiotemporal distribution of P. concavum was demonstrated 
over a 9-month period in Xincun Bay. Both benthic and 
planktonic P. concavum showed seasonal variation patterns, with 
higher abundances in the wet season and lower abundances 
in the dry season, although the benthic abundances were 
not significantly different. High spatial heterogeneity among 
different ecosystems and substrates was observed. The seagrass 
bed had a higher abundance of P. concavum than macroalgal 
beds, mangroves, or coral reefs. The abundance of P. concavum 
on the seagrass T. hemperichii was significantly higher than that 
on sediments. Temperature, DOP, and DON were the three 

important environmental factors driving the spatiotemporal 
variation in benthic P. concavum in Xincun Bay. Abundance of 
planktonic P. concavum was positively associated with benthic 
cells and negatively associated with dissolved oxygen, indicating 
that the abundance of P. concavum in the water column is 
primarily influenced by epiphytic cells and the concentration 
of dissolved oxygen. Overall, we found that the dense cage-fish 
culture in the Xincun Bay provided sufficient organic nutrients 
for the growth and reproduction of P. concavum and the seagrass 
bed in Xincun Bay may become a reservoir for harmful benthic 
dinoflagellates.
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