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A B S T R A C T   

The spatial distribution of microzooplankton in the northern South China Sea was investigated in March 2016. 
Microzooplankton communities were dominated by cyclotrichids, aloricate oligotrichs, and choreotrichs within 
ciliates and the order Gymnodiniales within dinoflagellates. Microzooplankton abundance varied between 60 
and 166,520 cells L− 1, with higher values in the coastal diluted water, and microzooplankton biomass exhibiting 
a similar pattern. High densities of Akashiwo cf. sanguinea were found in the upper waters along the coast, and 
mixotrophs dominated the communities in all the water masses. A canonical analysis of principal coordinates 
showed that the spatial patterns of microzooplankton communities could be clearly discriminated in the different 
water masses. Our findings provide insights into the functioning of microzooplankton and the potential risk of 
harmful Akashiwo cf. sanguinea algal blooms in coastal waters. In addition, our study provides evidence for using 
microzooplankton communities as potential indicators of water masses in complex marine systems.   

1. Introduction 

Microzooplankton, referring to the size fraction of heterotrophic 
planktonic organisms between 20 and 200 μm, are taxonomically 
diverse and form a substantial proportion of microbial food webs as an 
important structural and functional group in pelagic ecosystems (Burkill 
et al., 1993; Garrison et al., 2005; Löder et al., 2011). They have been 
recognised as major consumers of primary producers, accounting for 
60–75% of the mortality of phytoplankton producers across a spectrum 
of open ocean and coastal systems (Landry and Calbet, 2004). Within 
microzooplankton, ciliates and dinoflagellates are the most important 
components (Capriulo et al., 1991) and have received increasing 
attention since the ‘microbial loop’ was introduced (Azam et al., 1983). 
Ciliates are commonly referred to as primary grazers of pico- and 
nanoplankton (Sherr and Sherr, 1987; Burkill et al., 1993), which are the 
dominant size fractions in terms of biomass and primary productivity in 
pelagic ecosystems (Wickham et al., 2011; Sherr et al., 2013). Compared 
to ciliates, dinoflagellates have a wider food spectrum, including pho
totrophic and heterotrophic bacteria (Jeong et al., 2005; Jeong et al., 
2008), microalgae (Nakamura et al., 1995; Li et al., 2000; Berge et al., 

2008; Yoo et al., 2009), heterotrophic nanoflagellates (Jeong et al., 
2007), other dinoflagellates (Tillmann, 2004), ciliates (Hansen, 1991), 
early naupliar stages, and even adult forms of metazoans (Jeong, 1999). 
Both ciliates and dinoflagellates serve as important food sources for 
metazoans, such as copepods (Gifford, 1991; Löder et al., 2011). 
Furthermore, a substantial proportion of microzooplankton are mixo
trophic and may function as primary producers via inherited plastids, 
algal ecto- or endosymbionts, or plastids from ingested algal prey 
(Johnson, 2011; Stoecker et al., 2017). Thus, microzooplankton play a 
crucial role in the functioning of marine ecosystems (Sherr and Sherr, 
1987; Gifford, 1991), and variations in the taxonomic composition of 
microzooplankton communities can have a significant effect on key 
ecosystem functions, such as primary and secondary production, and 
nutrient cycling (Levinsen and Nielsen, 2002). Compared to larger and 
more motile zooplankton, microzooplankton are more susceptible to 
physical factors (e.g. freshwater intrusion and water currents) in spatial 
distribution because of their limited motility (Reid and Stewart, 1989). 
Thus, it is essential to examine the spatial distribution patterns of 
microzooplankton communities in different water bodies of various 
marine regions, especially those with complex dynamic interactions. 
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The South China Sea (SCS), covering an area of approximately 3.3 
million km2, is one of the largest marginal seas in the western Pacific 
Ocean (Liang et al., 2008). It is characterised by a tropical maritime 
climate and has characteristics typical of a monsoon climate, with the 
southwest monsoon prevailing in summer and the northeast monsoon 
prevailing in winter (Liu et al., 2010; Zheng et al., 2012). The northern 
SCS (nSCS) has diverse ecological environments, including coastal zones 
that are rich in nutrients and low in salinity due to the effect of fresh
water intrusion, continental shelves with moderate nutrients and 
salinity, continental slopes, and open seas with oligotrophic conditions 
and high salinity (Liu et al., 2010). The hydrological conditions of the 
nSCS are extremely complex and dynamic, especially in coastal and 
continental shelf areas, which are strongly influenced by runoff from the 
Pearl River, water stratification, thermocline, seasonal upwelling, and 
coastal currents formed by monsoons and topographies (Gan et al., 
2010; Zheng et al., 2012). Over the past 30 years, intensive marine 
aquaculture development and rapid industrialisation along the coast of 
the nSCS have placed heavy stress on the marine environment, and 
frequent occurrences of harmful algal blooms (HABs) have caused 
enormous economic losses and adverse effects on human health and 
marine ecosystems in this region (Tang et al., 2003; Qi et al., 2004; 
Wang et al., 2008). 

Although the importance of microzooplankton in microbial food 
webs is being increasingly recognised, studies based on quantitative 
abundance and biomass data with high taxonomic resolution, particu
larly in the nSCS, are still limited. Some investigations have been con
ducted on planktonic ciliates in this region, yet most studies have 
focused on ciliate abundance and species diversity in tintinnids (Yu 
et al., 2014; Wang et al., 2019). For aloricate oligotrich ciliates, which 
usually dominate planktonic ciliate communities in coastal waters and 
open oceans (Yang et al., 2015, 2020a; Sun et al., 2017; Huang et al., 
2020), less information is available on their distribution and diversity in 
the nSCS (Liu et al., 2010; Sun et al., 2019), as they are typically small, 
fragile, and difficult to identify without taxonomic expertise (Song et al., 
2009). Moreover, investigations on dinoflagellates in the nSCS have 
mainly treated them as phytoplankton rather than microzooplankton 
(Ke et al., 2011; Wei et al., 2018; Dai et al., 2020), even though many 
heterotrophic dinoflagellates (HTDs) have been reported and many 
phototrophic dinoflagellates which had previously been thought to be 
exclusively autotrophic have been revealed to be capable of ingesting 
prey, i.e. mixotrophic dinoflagellates (MTDs) (Stoecker, 1999; Jeong 
et al., 2010). As a result, little is known about the spatial distribution 
patterns and community structure of the whole microzooplankton 
community in the nSCS, which impedes our understanding of their 
ecological functions in this ecosystem. In addition, toxic or harmful 
algae have occupied an increasing proportion of bloom-forming species 
in the coastal waters of China (Glibert et al., 2018). It is known that most 
toxic or harmful bloom-forming algae are MTDs (Jeong et al., 2010), and 
the predator–prey relationships within microzooplankton communities 
could provide insights into the dynamics of red tides dominated by 
MTDs (Yang et al., 2019). 

To improve our knowledge in this context, microzooplankton sam
ples and other abiotic parameters were collected on a multidisciplinary 
expedition during the early spring in 2016 in the western nSCS, where 
the physico-chemical processes are sophisticated owing to the influence 
of runoff from the Pearl River Estuary and the complex coastlines of the 
Leizhou Peninsula and Hainan Island (Wu and Li, 2003), providing an 
ideal environment for examining microzooplankton assemblages in 
marine systems with dynamic environmental variations. The main aim 
of the present study was to characterise the spatial distribution patterns 
of microzooplankton communities in the coastal and continental shelf 
areas of the nSCS. The objectives were to 1) reveal the species compo
sition and spatial distribution patterns of microzooplankton commu
nities in the nSCS; 2) compare the differences in the abundance and 
biomass of the communities between different water bodies; and 3) 
provide insights into their function in microbial food webs. 

2. Materials and methods 

2.1. Study area and sample collection 

A multidisciplinary survey was conducted onboard R/V Haidiao VI at 
47 stations in the coastal and continental shelf areas of the western nSCS 
from 28 February to 5 March 2016 (Fig. 1). The water depths at all the 
stations ranged from 8 m to nearly 400 m. At each station, the vertical 
profiles of water temperature and salinity (from the surface down to the 
bottom) were measured with probes equipped on a Seabird (SBE 
911plus) CTD profiler. In addition, 90 samples were collected to deter
mine the microzooplankton communities using 10 L Niskin rosette 
samplers from 2 to 6 depths at alternate stations (21 biological stations), 
with water depths ranging from 8 m (St. 1) to 210 m (St. 9) (Table S1). 
The water samples (500 mL) from each depth were immediately fixed 
with acid Lugol’s iodine solution (2% final concentration) and stored in 
cold and dark conditions until analysis (Yang et al., 2020b). 

2.2. Identification and enumeration of microzooplankton 

Microzooplankton abundance and taxonomic composition were 
evaluated by settling subsamples (25, 50, or 100 mL, depending on the 
cell density) in Utermöhl sedimentation chambers for at least 24 h and 
examining the whole chamber at a 200-fold magnification under an 
inverted microscope (Mingmei MI12). Following this procedure, at least 
10 individuals of the dominant taxa and fewer of rare taxa were 
enumerated in each subsample. The biovolume of each taxon was 
determined following the geometric models described by Hillebrand 
et al. (1999) based on the measurement of cell dimensions with an 
ocular micrometre. The average biovolume of each taxon was estimated 
from at least 20 cells for dominant taxa and all cells for rare taxa and 
then converted into carbon biomass using a conversion factor of 0.19 pg 
C μm− 3 for ciliates (Putt and Stoecker, 1989). The carbon content of each 
dinoflagellate taxon was obtained using the equation (pg C cell− 1 =

0.760 × V0.819) given by Menden-Deuer and Lessard (2000). 
The identification of tintinnids was based on lorica features and 

species descriptions from Kofoid and Campbell (1929). Other ciliate taxa 
were identified mainly according to Montagnes and Lynn (1991) and 
Song et al. (2009). Dinoflagellate identification was mainly based on 
Kraberg et al. (2010). Some ciliates and dinoflagellates were only 
identified to the genus level or were placed into different size groups 
because of difficulties that can occur with the identification of micro
zooplankton after fixation with acid Lugol’s solution. The taxonomic 
systematics applied in this study followed Löder et al. (2012). Based on 
trophic status, microzooplankton were categorised into three groups: 
red Mesodinium spp. (Mesodinium rubrum and M. major), which are 
strongly autotrophic mixotrophs, other mixotrophs, and heterotrophs 
(Löder et al., 2012; Yang et al., 2020b). The equivalent spherical 
diameter (ESD) of each ciliate taxon was calculated based on the bio
volume to evaluate the size-fractionated composition of ciliate com
munities, in which red Mesodinium spp. were excluded as they tend to 
rely more on phototrophy than phagotrophy owing to their relatively 
low ingestion rates and long survival time without prey (Stoecker et al., 
2017). 

2.3. Data processing 

The temperature–salinity (T–S) diagram (Sun et al., 2020) was 
applied to delineate water masses, and the classification of water masses 
was based on Li et al. (2002). A one-way analysis of variance (ANOVA) 
was used to assess the differences in microzooplankton abundance, 
carbon biomass, and trophic composition among different water bodies, 
and the least significant difference (LSD) test of mean comparisons be
tween groups was performed using SPSS (Version 19, SPSS Inc.). The 
spatial differences in microzooplankton communities were demon
strated using the PERMANOVA+ submodule CAP (canonical analysis of 
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Fig. 1. Sampling stations in the western northern South China Sea (nSCS) in March 2016 (blue circles: physical stations; black circles: physical and biological 
stations). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. Four water masses identified based on properties of temperature and salinity. The lines across the panel represent isodensity. CoDW: coastal diluted water; 
MW: mixing water; SCSSW: the South China Sea (SCS) surface water; SCSUW: the SCS subsurface water. 
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principal coordinates) with Bray–Curtis similarities based on the square- 
root transformed data of microzooplankton abundance (Clarke and 
Gorley, 2006; Anderson et al., 2008). A permutational multivariate 
ANOVA (PERMANOVA) was conducted to test the differences among 
groups (Anderson et al., 2008). Community diversity parameters (the 
Shannon–Weiner index (H′), Pielou’s evenness (J’), and Margalef’s 
richness (d)) were computed using the PRIMER v 6.1 package (Clarke 
and Gorley, 2006). The contribution of each species to the dissimilarity 
between different groups was examined using the similarity percentage 
analysis (SIMPER) programme (Clarke and Gorley, 2006). Geographical 
maps were created using the ODV software (Schlitzer, Ocean Data View) 
and other figures were produced in SigmaPlot 12.5 (Systat Software Inc., 
San Jose, CA, USA). A significance level of 0.05 was chosen for the 
statistical analyses. 

3. Results 

3.1. Hydrologic structure of water masses 

According to the T–S plot, four water masses were identified: the 
coastal diluted water (CoDW) with a salinity lower than 31.00 and 
temperature range from 15.96 to 17.35 ◦C, the nearshore mixing water 
(MW) with a salinity between 31.00 and 32.59 and temperature range 
from 16.45 to 18.32 ◦C, the SCS surface water (SCSSW) with a salinity 
higher than 32.59 and temperature range from 17.03 to 22.65 ◦C, and 
the SCS subsurface water (SCSUW) with a salinity higher than 34.50 and 
temperature range from 15.89 to 21.79 ◦C (Fig. 2; Table S1). The surface 
temperature exhibited an increasing trend from the coastal areas to the 
continental shelf areas (Fig. 3A), while the bottom temperature showed 
a different pattern, with temperatures in the southeast of the Hainan 

Island and the inner shelf higher than those in the northern coast and 
outer shelf areas (Fig. 4A). The surface salinity exhibited a similar 
pattern to that of the bottom layer, both of which increased from the 
coastal areas in the north southward to the continental shelf areas 
(Figs. 3B, 4B). Vertically, the temperature generally decreased with 
increasing water depth (Figs. S1A, S2A), while salinity in the water 
column was quite consistent, except in the coastal areas (Figs. S1B, S2B). 

3.2. Spatial variations in species number, abundance, and carbon biomass 

The taxonomic composition of the microzooplankton communities is 
summarised in Table S2. A total of 81 different taxa of ciliates and di
noflagellates representing 46 genera and 13 orders were recorded dur
ing the survey. Of these, 57 ciliate species were identified, including 24 
species of tintinnids, 18 species of aloricate oligotrichs and choreotrichs, 
and 15 species of other ciliates. Twenty-four species of dinoflagellates 
were recorded, with 8 species in the order Gymnodiniales, 6 species in 
the order Gonyaulacales, 5 species in the order Peridiniales, and 5 
species in other orders. The number of microzooplankton species in the 
samples ranged from 3 to 30, with the highest richness observed at the 
30 m layer of St. 8, and the minimum at the bottom layer of St. 10 
(Table S1). Among the water masses, the average species numbers (±
SD) in the CoDW, MW, SCSSW, and SCSUW were ca. 20 ± 5, 19 ± 4, 20 
± 4, and 14 ± 6, respectively (Fig. 5A). There were significant differ
ences among the different water masses in terms of species number (one- 
way ANOVA, F = 7.753, P < 0.001). Based on the LSD test, the species 
numbers in the CoDW, MW, and SCSSW were significantly higher than 
those in the SCSUW, while there was no significant difference between 
each pair of the CoDW, MW, and SCSSW (Fig. 5A). 

The horizontal distribution of microzooplankton abundance 

Fig. 3. Horizontal distribution of surface temperature (A), salinity (B), microzooplankton abundance (C) and carbon biomass (D) in March 2016 in the coastal and 
continental shelf areas of the western northern South China Sea (nSCS). 
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exhibited an obvious decreasing trend from coastal to continental shelf 
areas (Figs. 3C, 4C). The average surface microzooplankton abundance 
(± SD) was approximately 33.25 ± 44.64 × 103 cells L− 1, and a con
spicuous patch (166.52 × 103 cells L− 1) was found in the middle of the 
coastal region (Fig. 3C). The average microzooplankton abundance at 
the bottom layer was approximately 10.66 ± 20.05 × 103 cells L− 1, and 
an obvious patch (82.32 × 103 cells L− 1) was found in the western side of 
the coastal area because of the high abundance of the strongly auto
trophic mixotroph M. rubrum (81.44 × 103 cells L− 1) (Fig. 4C). Micro
zooplankton carbon biomass ranged from 4.22 to 725.34 μg C L− 1 at the 
surface and 0.12 to 47.32 μg C L− 1 at the bottom, and both exhibited 
similar patterns as those of microzooplankton abundance (Figs. 3D, 4D). 
Vertically, there was a generally decreasing trend with water depth in 
terms of both microzooplankton abundance and carbon biomass 
(Figs. S1C, D, S2C, D). Most notably, a high abundance of the MTD 
Akashiwo cf. sanguinea was found in the upper waters along the coast, 
and the maximum abundance and carbon biomass reached 126.16 × 103 

cells L− 1 and 682.40 μg C L− 1 in the surface water of St. 17, respectively 
(Fig. S3A, B). 

Among the water masses, the average abundance and carbon 
biomass in the CoDW (45.39 ± 42.00 × 103 cells L− 1, 112.72 ± 178.53 
μg C L− 1, respectively) were much higher than those in the MW (8.92 ±
9.12 × 103 cells L− 1, 27.25 ± 36.81 μg C L− 1, respectively), SCSSW 
(3.94 ± 2.30 × 103 cells L− 1, 6.27 ± 3.98 μg C L− 1, respectively), and 
SCSUW (1.40 ± 1.57 × 103 cells L− 1, 1.92 ± 2.13 μg C L− 1, respectively) 
(Fig. 5B, C). There were significant differences among the water masses 
in terms of both abundance (one-way ANOVA, F = 64.406, P < 0.001) 
and carbon biomass (one-way ANOVA, F = 23.899, P < 0.001). Ac
cording to the LSD test, there were significant differences between each 
pair of water masses, except between the MW and SCSSW in terms of 

both abundance and carbon biomass (Fig. 5B, C), and between the 
SCSSW and SCSUW in terms of carbon biomass (Fig. 5C). 

3.3. Spatial patterns in microzooplankton community structures 

Ninety samples from the four water masses were discriminated and 
plotted using a canonical analysis of principal coordinates (CAP). The 
results demonstrated that the spatial distribution patterns of micro
zooplankton communities in different water masses could be well 
discriminated (Fig. 6). A PERMANOVA test showed a significant effect of 
the water mass (pseudo-F = 13.074, P = 0.001), and pair-wise compar
isons in the PERMANOVA test showed strong evidence against the null 
hypothesis, suggesting that the microzooplankton communities in the 
four water masses differed from one another (P < 0.05) (Table 1). The 
spatial distributions of species number, abundance, and three diversity 
indices of microzooplankton communities in the samples from different 
water masses are shown in Fig. 6A. The vectors of species number and 
abundance were closely related to the sample clouds from the MW, 
SCSSW, and CoDW. The vectors of the Shannon–Weiner diversity index 
(H′), Margalef’s richness (d), and Pielou’s evenness (J’) point to sample 
clouds from the SCSSW (Fig. 6A). 

The SIMPER analysis revealed that the microzooplankton commu
nity structures differed between the samples from different water masses 
at high dissimilarity levels (Table S3). The dominant species revealed by 
the SIMPER analysis were the main contributors to the dissimilarity 
between each pair of water masses because of the variations in their 
abundance and/or occurrence. Vector overlays of these species showed 
that most of the vectors pointed to the sample clouds of CoDW and 
SCSSW (Fig. 6B). Among these species, some commonly occurred in 
nearly all the samples from the four water masses, such as Strobilidium 

Fig. 4. Horizontal distribution of bottom temperature (A), salinity (B), microzooplankton abundance (C) and carbon biomass (D) in March 2016 in the coastal and 
continental shelf areas of the western northern South China Sea (nSCS). 
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sp. 15 μm, aloricate oligotrichs 15 μm, and Tontonia sp. (Table S2). 
Strombidium epidemum, S. stylifer, and Gyrodinium spp. (30 and 60 μm) 
mainly occurred in the samples from the SCSSW, with higher abundance 
than that in the other water masses (Fig. 6B). Mesodinium rubrum and 
Katodinium sp. frequently occurred in the CoDW, MW, and SCSSW and 
were more abundant in the CoDW, while Akashiwo cf. sanguinea only 

occurred in the CoDW and MW, with a higher abundance in the CoDW 
(Fig. 6B). In addition, some rare species only occurred in the SCSSW and 
SCSUW, such as Amphorides sp. and Salpingella sp., and Dadayiella cuspis, 
D. ganymedes, Dictyocysta duplex, Eutintinnus tenue, Parundella spp., and 
Salpingacantha unguiculata only occurred in the SCSSW. 

The abundance compositions of ciliates, dinoflagellates, different 
functional groups in the microzooplankton communities, and different 
size groups in the ciliate communities (excluding red Mesodinium spp.) 
in the water masses are shown in Fig. 7. In the CoDW and MW, the 
average abundance of ciliates were lower than that of dinoflagellates, 
yet it was higher in the SCSSW and SCSUW (Fig. 7A, C). Cyclotrichids 
contributed to approximately 65% of the total ciliate abundance in the 

Fig. 5. Average species number (A), abundance (B) and carbon biomass (C) of 
microzooplankton in different water masses of the western northern South 
China Sea (nSCS). Error bars represent standard deviations (SD) and different 
lowercase letters indicate significant differences (P < 0.05) between the 
water masses. 

Fig. 6. Canonical analysis of principal coordinates (CAP) on Bray–Curtis sim
ilarities of 90 samples from different water masses, with community indices (A), 
and dominant species contributing to the dissimilarities between the water 
masses (B). S: species number; N: total individuals; d: Margalef richness; H′: 
Shannon–Weiner species diversity; J’: Pielou’s evenness. 
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CoDW (Fig. 7A, B) owing to the high abundance of M. rubrum in the 
waters. Aloricate oligotrichs and choreotrichs contributed to approxi
mately 84% and 77% of the total ciliate abundance in the SCSSW and 
SCSUW, respectively, and also dominated the ciliate communities 
together with cyclotrichids in the MW (58% and 34%, respectively). The 
species of dinoflagellates in the order Gymnodiniales had absolute 
predominance in the communities, contributing to 82–99% of the total 
dinoflagellate abundance (Fig. 7C, D). For trophic composition, the 
mixotrophs dominated the communities in all the water masses, 
contributing to 43–60% of the total microzooplankton abundance 
(Fig. 7E, F). There were significant differences among the water masses 
in terms of their trophic compositions (one-way ANOVA, P < 0.05). 
According to the LSD test, the percentage of red Mesodinium spp. in the 
CoDW (27%) was significantly higher than that in the SCSSW and 
SCSUW, while no significant difference was detected between the CoDW 
and MW (Fig. 7F). The percentage of mixotrophs in the SCSSW (60%) 
was significantly higher than that in the CoDW and MW, while no sig
nificant difference was detected between the SCSSW and SCSUW 
(Fig. 7F). There was only a significant difference between the CoDW 
(30%) and SCSUW (40%) in terms of the proportion of heterotrophs 
(Fig. 7F). Concerning size-fractionated compositions, small-sized ciliates 
(10–20 μm) dominated the ciliate communities in all the water masses, 
especially in the CoDW (83%), while large-sized ciliates (>40 μm) made 
up a higher proportion in the MW (16%) than in the other water masses 
(Fig. 7G, H). 

4. Discussion 

4.1. Spatial distribution of microzooplankton in the nSCS 

The ciliate abundance and biomass recorded in this study showed a 
wide range (20–88,620 cells L− 1, 0.004–43.476 μg C L− 1), with the 
maxima being much higher than that commonly reported in the nSCS. 
The high number of ciliates in our study was mainly due to highly 
abundant nano-sized ciliate Strobilidium sp. 15 μm (max. 3.65 × 104 cells 
L− 1) and the strongly autotrophic mixotroph M. rubrum (max. 8.79 ×
104 cells L− 1), which are mainly distributed in the upper waters of 
coastal regions. Mesodinium rubrum has a worldwide distribution and is 
well known as a red-tide former in coastal temperate waters (Stoecker 
et al., 2017). It often forms red tides in the German Bight during late 
spring and summer, with the highest density being up to 3.18 × 104 cells 
L− 1 (Yang et al., 2015). In the nSCS, red tides resulting from M. rubrum 
were not observed until 1990, and since then, they have been recorded 
infrequently in this region (Wang et al., 2008). This species fulfils its 

cellular carbon requirements mainly via phototrophic nutrition by using 
plastids sequestered from cryptophyte prey. In addition, this species 
tends to rely more on phototrophy than heterotrophy, based on their low 
ingestion rates and long survival time without prey (Johnson, 2011; 
Stoecker et al., 2017). Therefore, the high numbers of M. rubrum in the 
nSCS may be attributed to sufficient inorganic nutrients in coastal wa
ters and suitable temperatures and light conditions during early spring 
(Johnson, 2011). Moreover, the species richness of tintinnids and their 
proportion in the ciliate communities in our study were higher than 
those reported by Yu et al. (2014), in which tintinnids were rarely 
detected and only made up approximately 1.7% of the total ciliate 
abundance in winter in the nSCS. These findings suggest that there may 
be significant annual variations in the ciliate communities in the nSCS, 
as revealed in the southern North Sea (Yang et al., 2015), and the effect 
of such variations on the functioning of the microbial food web in the 
nSCS ecosystem deserves further attention. 

Dinoflagellates exhibited much wider ranges than ciliates in terms of 
both abundance and biomass (20–150,000 cells L− 1, 0.07–698.16 μg C 
L− 1), with an average abundance (6993 cells L− 1) being higher than that 
reported by Ke et al. (2011) and Wei et al. (2018) in the nSCS in summer 
(1190 and 817 cells L− 1, respectively). In addition to seasonal effects, 
the variations in dinoflagellate numbers could also be attributed to the 
difference in sampling coverage, as more areas with shallow waters were 
sampled in this study and higher abundance of dinoflagellates has often 
been observed in estuarine and coastal waters than in shelf and slope 
waters in the nSCS (Lan et al., 2009; Wei et al., 2018). The high number 
of dinoflagellates in this study is mainly due to highly abundant Aka
shiwo cf. sanguinea (MTD) and Katodinium sp. (HTD) in the coastal wa
ters. Relative to the higher abundance of dinoflagellates, the species 
richness of dinoflagellates recorded in our study was lower than that 
reported by Ke et al. (2011) in summer. However, some dinoflagellate 
species occurred in both studies, such as A. cf. sanguinea, Ceratium furca, 
C. fusus, C. macroceros, C. teres, Dinophysis caudata, Prorocentrum micans, 
P. sigmoides, and Noctiluca scintillans, suggesting that these are eury
thermal species and may occur in the nSCS throughout the year. 

In spite of the differences mentioned above regarding both ciliates 
and dinoflagellates, the horizontal distribution pattern, characterised by 
a decreasing trend from the nearshore to offshore areas in our study, was 
consistent with the findings of previous studies (Liu et al., 2010; Ke 
et al., 2011; Zheng et al., 2012; Yu et al., 2014; Wei et al., 2018) and has 
also been commonly found in other marine regions (Santoferrara et al., 
2011; Jiang et al., 2014; Yang et al., 2020a). Owing to the effect of the 
runoff from the Pearl River, a large amount of terrestrial nutrients is 
brought into the Pearl River Estuary and its adjacent coastal waters in 
the nSCS. In addition, under the influence of the northeast monsoon in 
winter, high nutrient coastal water enters the SCS from the East China 
Sea through the Taiwan Strait, forming a southwest coastal current 
along the northern coast of the SCS (Fang et al., 1998). These complex 
physical processes all bring plenty of nutrients to the northern coast of 
the SCS and, thus, maintain the Chl a concentration at a high level along 
the coast (Hao et al., 2011), resulting in an increase in food sources for 
microzooplankton grazers and a decreasing trend of microzooplankton 
distribution from coastal to shelf and slope areas. 

4.2. Insights into the functioning of microzooplankton and potential risk 
of HABs 

Microzooplankton are known to have three major trophic modes (i.e. 
strongly autotrophic mixotrophs, mixotrophs, and heterotrophs) and 
play diverse roles in marine planktonic food webs (Johnson, 2011; Yang 
et al., 2020b). The strongly autotrophic red Mesodinium spp. can 
contribute to a substantial part of primary production, and mixotrophic 
and heterotrophic microzooplankton are able to feed on diverse types 
and sizes of prey and also serve as excellent prey for phagotrophic 
protists and metazoans (Jeong et al., 2010; Stoecker et al., 2017). Our 
results showed a high abundance and proportion of red Mesodinium spp. 

Table 1 
Results of PERMANOVA based on Bray-Curtis similarities derived from square- 
root transformed microzooplankton abundances among (F) and between (pair- 
wise tests) different water masses in the western nSCS. (CoDW: coastal diluted 
water; MW: mixing water; SCSSW: the SCS surface water; SCSUW: the SCS 
subsurface water).   

df MS F P 

PERMANOVA among water masses 

Water mass  3  16,978  13.074  0.001 
Residual  86  1298.6   
Total  89       

df t P 

Pair-wise tests 

CoDW & MW  29  1.871  0.001 
CoDW & SCSSW  56  4.994  0.001 
CoDW & SCSUW  41  4.378  0.001 
MW & SCSSW  45  2.811  0.001 
MW & SCSUW  30  2.760  0.001 
SCSSW & SCSUW  57  3.051  0.001  
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Fig. 7. Average abundance and proportions of ciliates (A, B), dinoflagellates (C, D), and different functional groups (E, F) in the microzooplankton communities and 
different size (equivalent spherical diameter, ESD) groups (G, H) of ciliated grazers in the four water masses. Different lowercase letters indicate significant dif
ferences (P < 0.05) between the water masses. 
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in the CoDW (Fig. 7E, F) because of the abundance of M. rubrum in the 
waters, suggesting that they may constitute an essential part of the high 
chlorophyll biomass in the coastal waters of the nSCS (Hao et al., 2011; 
Yu et al., 2014). In contrast, the larger species, M. major, which often 
dominates ciliate biomass in the plankton in coastal temperate waters 
together with M. rubrum (Yang et al., 2015; Stoecker et al., 2017), were 
relatively rare in this study. A study on the temporal distribution of red 
Mesodinium spp. and its driving factors in the nSCS is necessary to better 
understand their function in the system. 

The mixotrophs dominated the microzooplankton communities in all 
the water masses, especially in the SCSSW, indicating that the envi
ronmental conditions might be favourable for the mixotrophs, which 
have trophic flexibility and obtain sustenance from light, dissolved 
inorganic nutrients, and ingestion (Jeong et al., 2010; Stoecker et al., 
2017). In the SCSSW and SCSUW, the mixotrophs were mainly 
composed of chloroplast-retaining oligotrich ciliates with acquired 
phototrophy owing to the sequestration of functional plastids from 
phytoplankton prey (Johnson, 2011). In the CoDW and MW, the 
unarmoured dinoflagellate A. cf. sanguinea was the most dominant 
mixotrophic microzooplankton in the waters. The distribution of 
A. sanguinea could be related to its mixotrophy ability, which may help 
balance its nitrogen requirements and give this species an advantage 
over other trophic groups (Bockstahler and Coats, 1993). It is known 
that A. sanguinea can feed on diverse taxa (Jeong et al., 2010) and ap
pears to feed preferentially on nano-sized oligotrichous ciliates, by 
which they may reverse the normal material flow from the primary 
producer to the consumer, thereby affecting the trophodynamics of the 
microbial food web in the system (Bockstahler and Coats, 1993). 

The proportion of heterotrophs in the SCSUW was significantly 
higher than that in the CoDW. The weak light condition in subsurface 
waters may give heterotrophs a certain advantage in competition with 
mixotrophs because the maximum growth rates of heterotrophic 
microzooplankton are normally higher than those of mixotrophs when 
growing under low light conditions (Jeong et al., 2010). The size- 
fractionated compositions of ciliated grazers showed that nano-sized 
ciliates were the most abundant in all the water masses (Fig. 7G, H), 
indicating a close trophic coupling between ciliates and picoplankton in 
the nSCS ecosystem (Hansen et al., 1997; Thurman et al., 2010). The 
variations in the spatial distribution patterns of ciliates and di
noflagellates suggest that they may play different roles in structuring the 
plankton communities in the nSCS, as revealed in a temperate water 
system by Yang et al. (2020b). The top-down control effect by di
noflagellates may have a substantial effect on the inshore region where 
diatoms are often abundant. Xiao et al. (2018), who used decadal-scale 
phytoplankton pigment data to test whether realised traits could explain 
the biogeographic patterns of phytoplankton variability in tropical and 
subtropical marginal seas, reported that similar realised traits were 
found for diatoms and dinoflagellates, which were dominant together in 
coastal waters characterised by low salinity and high concentrations of 
nutrients. In the offshore region, where phytoflagellates and cyanobac
teria are dominant in the phytoplankton communities (Zhai et al., 2011; 
Xiao et al., 2018), the grazing impact by ciliates may be predominant in 
the waters. 

It is known that A. cf. sanguinea is a harmful red-tide-forming MTD 
(Tang and Gobler, 2015) and the high abundance of it in the upper 
waters along the coast indicated a potential risk of HABs in the nSCS 
during early spring. The large MTD A. sanguinea is cosmopolitan and 
frequently forms HABs in surface waters from temperate to tropical es
tuaries and coasts around the world, with cell densities often exceeding 
1 × 105 cells L− 1 as in this study or even higher (Lu and Hodgkiss, 2004; 
Tang and Gobler, 2015). However, HABs resulting from A. sanguinea 
have not been as frequently reported as those by Phaeocystis globosa in 
the nSCS (Lu and Hodgkiss, 2004; Glibert et al., 2018). A high abun
dance of A. sanguinea may be related to high nutrients and sufficient 
food sources (Fig. 7G) in coastal waters (Bockstahler and Coats, 1993; 
Tang and Gobler, 2015). In addition, A. sanguinea can tolerate a wide 

range of temperatures and salinities, and their resting cysts can accu
mulate in sediments and are resistant to harsh environments (Tang and 
Gobler, 2015). In the past few decades, HABs in China have undergone 
significant changes with the bloom-forming species becoming increas
ingly diversified, and the blooms shifting from diatoms to flagellates that 
tend to be harmful (Glibert et al., 2018). Given that A. sanguinea blooms 
may pose a significant threat to the fish and shellfish mariculture in
dustry and other marine animals, it is important to monitor their risk of 
occurrence and understand the mechanisms regulating their distribution 
and formation. 

4.3. Potential for microzooplankton communities to be indicators for 
discriminating water masses in the nSCS 

Planktonic ciliates have been used as potential indicators of aquatic 
environments in recent years because of their limited mobility, ease of 
sampling, wide distribution, and increasing availability of taxonomic 
references (Jiang et al., 2016). For example, investigations on the spatial 
distributions of pelagic ciliate communities in the Amundsen Sea 
(Antarctica) and the western Arctic Ocean revealed significant differ
ences among the various habitats in terms of community structure, 
abundance, biomass, and biodiversity indices (Jiang et al., 2013, 2014, 
2016). Yang et al. (2020a) studied the spatial distribution patterns of 
planktonic ciliate communities in the coastal and continental regions of 
the East China Sea in summer and suggested that they could be used as 
potential indicators of water masses in marine systems with dynamic 
environmental variations. However, the relationships between the 
spatial distribution patterns of whole microzooplankton communities 
and environmental variations have not been well addressed. 

The results of the present study clearly showed that the micro
zooplankton community structure, including dominant species and di
versity indices, was closely correlated with the hydrological structure of 
the coastal and continental shelf regions in the nSCS and could be po
tential indicators of water masses. Although significant differences in 
microzooplankton abundance and biomass among different water 
masses were revealed in the present study, their effectiveness in 
discriminating between two water masses was unsatisfactory according 
to the LSD test, suggesting that it is not practical to detect environmental 
variations unambiguously based on total microzooplankton abundance 
and/or biomass alone. With the help of a multivariate analysis on 
community composition based on species and abundance data, the 
spatial distribution patterns of microzooplankton communities in the 
different water masses could be well discriminated (Fig. 6; Table 1), 
indicating the effectiveness of using microzooplankton communities as 
potential indicators of water masses. Although biological indicators may 
not be as sensitive as physico-chemical indicators because the biota 
cannot react as quickly and directly as physico-chemical parameters to 
environmental variations, they can provide vital information on the 
functional structure and reflect the overall and comprehensive situation 
of the ecosystem. Future studies are needed to test the effectiveness in 
other seasons, both in the nSCS and in other marine systems. 

5. Conclusion 

The present study revealed that microzooplankton communities in 
the western nSCS were dominated by cyclotrichids (mainly M. rubrum), 
aloricate oligotrichs, and choreotrichs within ciliates and the order 
Gymnodiniales within dinoflagellates and exhibited a decreasing trend 
from coastal to continental shelf areas. Significant differences in the 
spatial distribution of microzooplankton were found among the water 
masses in terms of both abundance and carbon biomass, with the highest 
mean values in the CoDW and the lowest in the SCSUW. A multivariate 
correlation analysis revealed clear spatial patterns in microzooplankton 
community structure, diversity indices, and dominant species among the 
different water masses. An analysis of the trophic compositions of 
microzooplankton communities showed that a relatively high 
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proportion of red Mesodinium spp. occurred in the CoDW and the mix
otrophs dominated in all the water masses, which may lead to greater 
recycling of inorganic nutrients. Small-sized ciliates dominated the 
ciliate communities in all the water masses, while large-sized ciliates 
comprised a relatively higher proportion in the MW that in the other 
water masses. Moreover, our results indicated a potential risk of HABs of 
the MTD A. sanguinea along the coast of the nSCS during early spring. 
This study provides basic data and strong evidence on the effectiveness 
of using microzooplankton communities as potential indicators of water 
masses in marine systems with dynamic environmental variations. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.marpolbul.2020.111898. 
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