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Abstract: Phytoplankton are known as important harbingers of climate change in aquatic ecosystems.
Here, the influence of the oceanographic settings on the phytoplankton community structure in the
western South China Sea (SCS) was investigated during two seasons, i.e., the winter (December
2006) and summer (August–September, 2007). The phytoplankton community was mainly composed
of diatoms (192 taxa), dinoflagellates (109 taxa), and cyanobacteria (4 taxa). The chain-forming
diatoms and cyanobacteria Trichodesmium were the dominants throughout the study period. The
phytoplankton community structure displayed distinct variation between two seasons, shifting
from a diatom-dominated regime in winter to a cyanobacteria-dominated system in summer. The
increased abundance of overall phytoplankton and cyanobacteria in the water column during the
summer signifies the impact of nutrient advection due to upwelling and enriched eddy activity.
That the symbiotic cyanobacteria–diatom (Rhizosolenia–Richelia) association was abundant during the
winter signifies the influence of cool temperature. On the contrary, Trichodesmium dominance during
the summer implies its tolerance to increased temperature. Overall, the two seasonal variations
within the local phytoplankton community in the western SCS could simulate their community shift
over the forthcoming climatic conditions.

Keywords: South China Sea; upwelling; eddy; diatom; Trichodesmium; Rhizosolenia–Richelia

1. Introduction

The South China Sea (SCS), a typically oligotrophic area, is the largest marginal sea
in the tropical Pacific Ocean. The upper SCS is characterized by the monsoon-induced
circulation and mesoscale eddies which predominantly impact biogeochemical progress;
concurrently, the riverine input from the Pearl and Mekong Rivers dramatically affects
nutrient exchange in the SCS [1–4]. Despite receiving large amounts of terrestrial nutrient
input through the riverine discharge, the SCS only utilizes a small portion to support
productivity [5,6]. Nutrient concentrations in the SCS are often below the detectable
limits [7]. The ratios of nitrogen to soluble reactive phosphorus (N/P) were much lower
than 16 (the Redfield N/P Ratio), suggesting nitrogen limitations in the SCS [8]. Nutrient
deficiency causes relatively low chlorophyll concentrations [9–11], and low phytoplankton
stock compared with other adjacent marginal seas [12–14]. The western SCS is located
towards the east of the Vietnam coast, where the deep basin is extended by steep slopes,
with a maximum depth reaching 4000 m. Vietnamese upwelling is one of the typical
features in the western SCS, and the Vietnam offshore flowing to the north in summer
causes a local enhancement of Vietnamese upwelling intensity [6]. In the western SCS,
cyclonic eddies form frequently with a raised thermocline in winter, and anticyclonic eddies
form with a depressed thermocline in summer [15]. Besides, summer circulation often
has a dipole structure associated with an eastward jet, appearing off central Vietnam [16].

Water 2021, 13, 1209. https://doi.org/10.3390/w13091209 https://www.mdpi.com/journal/water

https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0001-7369-7871
https://orcid.org/0000-0003-2360-6550
https://doi.org/10.3390/w13091209
https://doi.org/10.3390/w13091209
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13091209
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w13091209?type=check_update&version=2


Water 2021, 13, 1209 2 of 21

These physical processes control nutrient flux from the deep water into the euphotic zone
and subsequently affect the ocean’s ecological status [17].

Marine phytoplankton, as the most important primary producer at the base of the
marine food chain, are responsible for generating roughly half of the global net primary
production, and play a key role in the elements cycle and energy flow in a marine ecosystem
as the primary producers [18]. Physical processes such as upwelling and eddies are partic-
ularly relevant to phytoplankton productivity [19]. The instabilities of these processes help
to create and maintain localized environments that favor the growth of phytoplankton [17].
The coupling between these physical and biological processes influences phytoplankton
biomass and seasonal succession [20]. In the western SCS, a series of physical processes,
controlling nutrient flux into the euphotic zone, play a profound role in supporting the
phytoplankton growth and their spatio-temporal distribution [21–26]. High chlorophyll a
concentration often occurs in the western SCS, where phytoplankton blooms even appear in
summer when southwest monsoons are parallel to the Vietnamese coast [21,22]. Wang and
Tang (2014) observed that the patchiness in spatial and vertical phytoplankton distribution
was controlled by the vertical flux of nutrients caused by curl-driven upwelling in the
western SCS [23]. Liang et al. (2018) found that the high chlorophyll a belt was determined
by the advection of coastal upwelling water by the northeastward jet and the resultant
cyclonic/anticyclonic eddies, which were defined as a ‘jet-eddy system’ [27]. Wang et al.
(2016) calculated that the contribution of phytoplankton groups to the total chlorophyll a
biomass changed along with cyclonic eddy dimensional structure [25].

Many studies have investigated phytoplankton biomass and the coupling of biological–
physical processes in the western SCS. These existing related studies were focused mainly
on pigments and remote sensing observations. However, yet, quantitative measures of
phytoplankton diversity, a comprehensive interpretation of phytoplankton successions, and
knowledge of interactions with diverse hydrodynamic settings are still meager. Knowledge
of phytoplankton species and their response within the marine environment is essential
to understand the responses of ocean biota to a dynamic ecosystem and changing global
climate [28]. Here, we carried out a series of biogeochemical investigations during two
seasons (winter and summer) in the western SCS. In this study, the cold-core cyclonic eddies
and warm-core anticyclonic eddy were observed during the summer investigation [29].
The main objectives of this study were to evaluate the spatial and temporal difference of the
phytoplankton community structure in different seasons, aiming to supply a cue of how
physicochemical influence on the phytoplankton community shifts, to provide insights
into the acclimation and adaptation of the phytoplankton community to a changing marine
environment.

2. Materials and Methods
2.1. Study Area

The sampling was carried out from the western SCS extending eastwards from the
Vietnamese shelf region towards the eastern deep basin (10–15◦ N, 110–112.5◦ E) (Figure 1).
In this region, the seasonal reversal of monsoon winds mainly controls the upper-ocean
circulations (Shaw and Chao, 1994). During the northeast (or winter) monsoon (November
to March) a stronger cyclonic gyre exists in the western portion of the southern SCS [30].
A strong coastal jet occurs in the western boundary of the SCS, southward along the con-
tinental shelf from the Chinese coast to southern Vietnam [31], causing the basin-scale
circulation. On the contrary, during the southwest (or summer) monsoon (April to August),
the weaker anticyclonic gyre dominates upper layer circulations in the southwestern SCS.
The northward jet separates from the Vietnamese coast at about 12◦ N in summer [32] and
eddy pairs associate with the jet forms [33]. The upwelling takes place off the Vietnamese
coast, which flows northeastward and carries the cold continental water into the open
basin [31]. Two cruises were conducted on the R.V. ‘Dongfanghong 2′ during the southwest
monsoon (December 2006) and northeast monsoon (August–September, 2007) periods to
assess the phytoplankton community structure in the western SCS. Two cyclonic mesoscale
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cold eddies were monitored in August and September, which were named as cold eddy 1
(CE1) and cold eddy 2 (CE2), respectively, during the cruise using in situ current, hydro-
graphic measurements as well as concurrent satellite altimeter observations [29,34]. With a
relatively steady intensity and radius, the CE2 endured for two weeks after its swift forma-
tion in late August and prior to its quick dissipation in mid-September. The anticyclonic
warm eddies, marked WE, were also observed in the survey area [29]. During this study,
a total of 15 and 36 stations were investigated in winter and summer, respectively. The
sampling stations marked with dotted circles were located within the eddy area (Figure 1).

Figure 1. Map indicating the sampling stations along the southwestern region of the South China Sea
(SCS) (Vietnamese upwelling region) (A). The arrows indicate the general surface current patterns
in the SCS during the winter (black dotted arrows) and summer (black solid arrows) [35]. Map
indicating the sampling locations during the winter (B) and summer seasons. The red dotted circle
shows the eddy area, i.e., CE1: cold eddy 1, CE2: cold eddy 2, and WE: warm eddy [29,35]. The blue
dotted lines show sampling sections defined as Section A, Section B, Section C, and Section D.

2.2. Sample Collection and Analysis

Seawater samples were collected from seven depths (0, 25, 50, 75, 100, 150, and 200 m)
at 51 sampling stations using the Niskin bottles attached to a Rosette water sampler fitted
with a Seabird 917 Plus site CTD system. A total of 40 and 230 samples for phytoplankton
analysis were collected in winter and summer respectively. Temperature and salinity data
were derived from the Seabird CTD. For enumeration of the phytoplankton community,
a 3 L seawater sample was concentrated to 1 L by using 10 µm mesh and taken into
polyethylene (PE) bottles, then fixed with 2% buffered formaldehyde solution and stored
in darkness until completing the voyage.
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After returning to the laboratory, the Utermöhl method was applied for phytoplankton
water sample analysis [36]. A 1 L subsample was stood for 48 h, then 800 mL supernatant
was removed carefully by siphoning through a catheter; it was important to note that
the position of the catheter avoided touching the bottom of the bottle. After that, the
remaining 200 mL liquid was well mixed gently, half of which was further concentrated
with a 100 mL sedimentation column (Utermöhl method) for 48 h sedimentation [37]. Then,
the phytoplankton species were identified and enumerated under an inverted microscope
(AE2000, Motic, Xiamen, China) at 400× (or 200×) magnification, and five enumerations
were performed under the non-overlapping field (529 field in total). The size limit of
resolution for this analysis was ~5 µm. The phytoplankton species were identified using
published standard literature [38] and the World Register of Marine species (http://www.
marinespecies.org, Updated: 12 April 2021). The species identification was as close as
possible to the species level.

For nutrient estimation, 100 mL of seawater was collected in the clean plastic bottles
and stored at −20 ◦C till further analysis. Nutrition data were supplied by Dr. Min Han
Dai’s lab, Xiamen University. In detail, dissolved inorganic nitrogen NOx (NO3

− + NO2
−)

was analyzed by reducing NO3
− to NO NO2

− with a Cd column and then determining
NO−2 using the standard pink azo dye method, and a flow injection analyzer [39]. The
dissolved inorganic phosphorus (PO4

3−) concentrations were measured using two inde-
pendent methods. For PO4

3− concentrations > 500 nM, the concentration was measured by
the standard molybdenum blue procedure [40], and for PO4

3− concentrations < 500 nM,
measurements were taken with a home-made ship-board C18 enrichment-flow injection
analysis system [24,41]. Silicate concentrations were estimated using the standard silica
aluminum blue spectrophotometry method [39].

2.3. Data Analysis

Horizontal and depth-integrated distribution of phytoplankton and physiochemical
parameters were projected using Ocean Data View 4.7.6 (https://odv.awi.de/en/software/,
released on 2 March 2018). The histogram, scatter diagram, and box-whisker plots were
plotted with Origin (Version 8.5) [42]. The Spearman’s correlation analysis and canonical
correspondence analysis (CCA) between assemblages and physicochemical parameters
were performed using Past3 software (http://www.canadiancontent.net/tech/download/
PAST.html, released on June 2013).

The phytoplankton community diversity was evaluated mainly using the Shannon–
Wiener diversity index (H′), Pielou evenness index (J), and dominance index (Y) [43]. The
dominant species of phytoplankton was determined by dominance index (Y).

The Shannon–Wiener (S–W) diversity index (H′) was calculated by the equation below:

H′ = −
S

∑
i=1

Pi log2 Pi→ Hmax = log2 S (1)

where Pi is the relative cell abundance of a species, i is the numbers of the i-th species, and
S is the numbers of total species in a sample. The evenness index (J) was calculated from H’
using the following formula:

J =
H′

log2 S
(2)

where H’ is the S–W diversity index, and S is the number of the total species in a sample.
The phytoplankton dominance index (Y) was calculated as follows:

Y =
ni
N
· fi (3)

where ni is the number of the individual species, N is the total number of all species, and fi
is the occurrence frequency of the species in a sample.

http://www.marinespecies.org
http://www.marinespecies.org
https://odv.awi.de/en/software/
http://www.canadiancontent.net/tech/download/PAST.html
http://www.canadiancontent.net/tech/download/PAST.html
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Community alpha diversity indices (Shannon–Weiner index H’, and Pielou evenness
index J, Species Richness, Simpson, Chaol) were calculated and performed using the ‘vegan’
package by R version 3.6.1. (https://www.r-project.org/, released on 5 July 2019) [44].
The Kruskal–Wallis test was used to compare the abundance differences of phytoplankton
groups and diversity indices among defined groups. The two-tailed t-test was used to
compare the abundance of phytoplankton groups between different defined groups.

3. Results
3.1. Seasonality in the Environmental Variables

The surface temperature and salinity in the winter ranged from 27.06 to 28.69 ◦C and
from 33.15 to 33.72, respectively. In summer the surface temperature varied from 26.53
to 29.78 ◦C, whereas surface salinity ranged from 28.86 to 34.14. During this period, two
cyclonic eddies were accurately captured throughout the cruise using in situ current and hy-
drographic measurements as well as the concurrent satellite altimeter observations [29,35].
One cold eddy, CE1, lay in the north region (112◦ E, 14◦ N), which lasted from 15 to 31
August. The other cold eddy, CE2, located in the south region (111◦ E, 12◦ N), endured for
one week (1–8 September). Meanwhile, a warm eddy (WE) was observed near the CE2
(112◦ E, 10◦ N) (6–8 September) (Figure 1). During both seasons, the entire study region
was divided into the following eddy stages (as adopted by [35]): no eddy stage (NE, in
winter (December 2006)), CE1 stage (15–24 August 2007), CE1 relaxation stage (CE1-r, 25 to
31 August 2007), CE2 (1–8 September 2007), and WE (6–8 September 2007). The sampling
stations marked with dotted circles were located within the eddy area (Figure 1). The
data of various environmental factors during both seasons are given in Table A1. During
all stages, the temperature decreased with water depth. The temperature at 50–100 m
was relatively high in the WE stage compared with other stages (Table A1). The salinity
increased with water depth. The nutrition concentrations also increased with water depth,
and they were relatively high in the winter compared with that in the summer (the eddy
stages). Among the different cyclonic stages in the summer, the average concentration of
inorganic nitrogen (nitrate and nitrite) was almost below 0.2 µmol/L (except in the CE1
stage) in the upper water (0–50 m). However, in the middle water column (50–100 m), the
average concentration of inorganic nitrogen, phosphate, and silicate were relatively higher
during the CE1 and CE2 stages than during the CE1-r and WE stages.

3.2. Phytoplankton Species Composition in the Study Region

During the winter, a total of 112 phytoplankton taxa belonging to six phyla (Bacillar-
iophyta, Dinophyta, Cyanophyta, Chlorophyta, Haptophyta, and Chrysophyta) and 39
genera were identified in the study region. The phytoplankton community was mainly
composed of diatoms with 99 taxa belonging to 29 genera. Among diatoms, Chaetoceros
and Rhizosolenia emerged frequently. Species in the genera Bacteriastrum and Coscinodiscus
declined evidently. Nine dinoflagellate taxa belonging to six genera were reported during
the present study. The frequency of most dinoflagellate species, especially the species
belonging to the genera Protoperidinium, Ceratium, Oxytoxum, Amphisolenia, Ornithocercus,
Podolampas, and Dinophysis, was decreased in the winter compared to summer. During the
winter season, the cyanobacteria group was mainly comprised of Trichodesmium thiebautii,
Trichodesmium erythraeum, and the symbiotic cyanobacteria Richelia intracellularis. Among
them, T. thiebautii was the most abundant (0.01), although with an extremely low occurrence
frequency (0.50) (Table 1). Besides T. thiebautii, the diatom species Thalassionema nitzschioides,
Nitzschia spp., Thalassiosira rotula, Navicula spp., and Chaetoceros spp. dominated the species
assemblage (Table 1). Species such as Dictyocha fibula and Scenedesmus quadricauda were
also observed during the winter (Table 1). The symbiont cyanobacteria R. intracellularis was
mainly associated with diatom species such as Guinardia cylindrus, Rhizosolenia styliformis,
and Rhizosolenia hebetata. Notably, its association with R. hebetata was more dominant
during the winter.

https://www.r-project.org/
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During the summer season, 320 taxa belonging to 148 genera and six phyla (Bacil-
lariophyta, Dinophyta, Cyanophyta, Chlorophyta, Haptophyta, and Chrysophyta) were
identified in the southwestern SCS. Among them, diatoms represented 187 taxa belonging
to 54 genera and they were more dominant than the dinoflagellates (109 taxa from 22
genera). The phytoplankton community was more diverse in the summer than in the
winter. The number of taxa and genera almost increased by a factor of two and three,
respectively. Trichodesmium and Chaetoceros were the fpredominant genera in the phyto-
plankton community. The chain-forming species, including T. thiebautii, T. nitzschioides,
T. erythraeum, Chaetoceros dichaeta, Chaetoceros affinis, Chaetoceros lorenzianus, Thalassionema
frauenfeldii, Pseudo-nitzschia delicatissima, Pseudo-nitzschia pungens, Leptocylindrus danicus,
Hemiaulus hauckii, and Bacteriastrum comosum, dominated the phytoplankton assemblage
during the summer season (Table 1). In addition, the small-sized diatoms Nitzschia spp.
and Navicula spp. were widely distributed in the study area. The cyanobacteria species T.
thiebautii, T. erythraeum, and symbiotic cyanobacteria R. intracellularis and Calothrix rhizosole-
niae were also reported during the summer. R. intracellularis was mainly associated with
the diatom hosts such as R. styliformis, G. cylindrus, R. hebetata, and Hemiaulus membranaceus
in the intercellular location. However, C. rhizosoleniae was attached externally to species
like Chaetoceros subsecumdus, C. affinis, Chaetoceros compressus, Chaetoceros glandazii, and
Chaetoceros tortissimus.

Table 1. List of the dominant phytoplankton species (with their occurrence frequency f and dominance index Y) observed
during the winter and summer seasons in the southwestern South China Sea.

Winter Summer

Species f Y Species f Y

Thalassionema nitzschioides 0.23 0.0231 Trichodesmium thiebautii 0.29 0.1842
Nitzschia spp. 0.33 0.0136 Thalassionema nitzschioides 0.57 0.0171

Trichodesmium thiebautii 0.05 0.0120 Trichodesmium erythraeum 0.13 0.0071
Thalassiosira rotula 0.30 0.0102 Chaetoceros dichaeta 0.28 0.0066

Navicula spp. 0.28 0.0089 Chaetoceros affinis 0.40 0.0054
Chaetoceros spp. 0.23 0.0081 Thalassionema frauenfeldii 0.54 0.0052

Bacteriastrum spp. 0.13 0.0066 Chaetoceros lorenzianus 0.30 0.0043
Dictyocha fibula 0.25 0.0057 Pseudo-nitzschia delicatissima 0.35 0.0041

Thalassiosira subtilis 0.20 0.0049 Pseudo-nitzschia pungens 0.28 0.0030
Chaetoceros affinis 0.08 0.0019 Leptocylindrus danicus 0.30 0.0026

Chaetoceros coarctatus 0.05 0.0016 Hemiaulus hauckii 0.37 0.0025
Chaetoceros lorenzianus 0.03 0.0014 Nitzschia spp. 0.65 0.0025

Corethron hystrix 0.05 0.0013 Navicula spp. 0.68 0.0022
Chaetoceros atlanticus 0.10 0.0008 Bacteriastrum comosum 0.23 0.0020
Chaetoceros laciniosus 0.05 0.0007 Bacteriastrum hyalinum 0.20 0.0019

Thalassiothrix frauenfeldii 0.05 0.0006 Chaetoceros messanense 0.23 0.0015
Rizizosoleniu Rhizosolenia

hebetata-Richelia 0.08 0.0005 Chaetoceros curvisetus 0.14 0.0013

Rhizosolenia hebetata 0.03 0.0005 Chaetoceros tortissimus 0.16 0.0013
Octactis octonaria 0.08 0.0004 Bacteriastrum elongatum 0.21 0.0012

Leptocylindrus mediterraneus 0.03 0.0004 Dactyliosolen blavyanus 0.36 0.0010

3.3. Seasonal Distribution of Phytoplankton Community

The phytoplankton abundance during the winter ranged from 0.08 × 103 to 9.52 ×
103 cells L−1, with an average of 2.74 × 103 cells L−1. Diatom abundance ranged from
0.08 × 103 to 3.36 × 103 cells L−1 (average 0.67 × 103 cells L−1) and comprised ~63% of
the total phytoplankton abundance (Table A2). Chaetoceros was a common genus in the
diatom group with an average abundance of 0.61 × 103 cells L−1. Diatoms dominated
the phytoplankton assemblage at most stations, except St. Y22, where Trichodesmium con-
tributed 92% (total 8.8 × 103 cells L−1) to total phytoplankton abundance in the surface
water (Figure 2a). Cyanobacteria were observed only in three stations, with the abundance
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of 0.56 × 103 cells L−1 at St. Y23, 2.16 × 103 cells L−1 at St. Y34, and 8.80 × 103 cells L−1 at
St. Y22 (continental region) (Figure A1). Moreover, the total abundance of T. thiebautii was
10.16 × 103 cells L−1, which accounted for a 24% proportion of the whole community. The
symbiotic cyanobacteria only consisted of Richelia intracellularis, with a total abundance
of 1.36 × 103 cells L−1, contributing ~27% to total community abundance. Dinoflagellate
abundance ranged from 0.08× 103 to 0.16× 103 cells L−1 (average 0.10 × 103 cells L−1) and
contributed approximately 1% to total phytoplankton abundance. The highest dinoflagel-
late abundance was observed at open water station M07 (Figure 2a).

On the contrary, the overall phytoplankton abundance ranged from 0.02 × 103 to
128.82 × 103 cells L−1, with an average of 1.05 × 103 cells L−1. Compared to the winter
season, the overall proportion of diatoms in the phytoplankton community decreased by
33.78% in summer, although the ratio of diatom/dinoflagellate was comparable. Con-
versely, the proportion of cyanobacteria increased by 12.11%, where Trichodesmium con-
tributed up to 44.84% (Figure 2b). The diatom–diazotrophic associations decreased by
2.70%. Cyanobacteria was the most abundant group, as the abundance ranged from 0.02
× 103 to 123.15 × 103 cells L−1 (average 1.89 × 103 cells L−1) and contributed to 69% of
the total phytoplankton abundance. The abundance of T. thiebautii reached up to 121.55
× 103 cells L−1. The total abundance of symbiotic cyanobacteria in the region was 3.36
× 103 cells L−1, with a Richelia intracellularis and Calothrix rhizosoleniae abundance of 2.20
× 103 and 1.16 × 103 cells L−1, respectively. The cyanobacterial population was even
distributed in deeper waters in the summer than that in the winter. The average abundance
(0.83 × 103 cells L−1) and the proportion of diatoms were about half that of cyanobacteria
(Table A2). Among the diatoms, Chaetoceros was the most dominant species and contributed
~42% to diatom abundance. Dinoflagellates, together with other groups, contributed a
small proportion (below 10%) of the phytoplankton community (Table A2). Compared
with historical data of phytoplankton composition and abundance in similar regions and
seasons, we detected a relatively higher species number in the summer, and the average
abundance of phytoplankton was in accordance with previous data (Table 2).

Figure 2. Composition and abundance (cell L−1) of phytoplankton community in the surface water in
the winter (A) and summer (B), and vertical distribution (station average) patterns of phytoplankton
group relative abundance (%) in the winter (C) and summer (D).
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Table 2. Comparison of historical data of phytoplankton with average cell abundance in the South China Sea.

Sampling Date Region Water Depth (m) Species Number Abundance (103 cell L−1) Reference

1998–06–07 6–23◦ N,108–120◦ E 0–150 m 88 0.84 [17]
1998.06 5–25◦ N,105–120◦ E Surface 63 0.83 [45]
1998.08 18–22◦ N, 105–117◦ E Surface 58 181.00 [45]

1998.11–12 18–22◦ N, 105–117◦ E 0–150 m 85 8.46 [17]
2006.12 10–15◦ N, 110–112.5◦ E 0–200 m 117 2.74 This study

2007.08–09 10–15◦ N, 110–112.5◦ E 0–200 m 314 1.05 This study
2007.08 18–22◦ N, 110–120◦ E 0–200 m 216 11.22 [46]
2009.08 18–22◦ N, 110–117◦ E 0–200 m 109 8.20 [47]

2009.07–08 18–23.5◦ N, 109–120◦ E 0–200 m 150 26.49 [48]
2014.08 18–22◦ N, 114–116◦ E 0–200 m 229 16.32 [14]
2014.08 18–22◦ N, 114–116◦ E Surface 98 0.23 [14]

2015.07–08 21–23.5◦ N, 111–117◦ E 0–200 m 212 45.61 [49]
2017.07–08 14–23◦ N, 114–124◦ E 0–200 m 287 2.14 [50]

3.4. Vertical Distribution of Phytoplankton Community at Different Eddy Stages

The phytoplankton composition and abundance during the summer and winter sea-
sons were not only different in the surface layer but also the water column (Figure 2). In
the winter, the abundances and proportions of cyanobacteria were comparable to that of
diatoms, whereas in the summer, the cyanobacterial population was close to double that
of diatoms. During the winter, the relative abundance of diatoms was greater below 50 m
(peak abundance 2.56 × 103 cells L−1 at Stn 23), whereas the dinoflagellates (25 m) and
cyanobacteria (0 and 25 m) abundance increased above 50 m (Figures 2c and A1). The
highest abundance of cyanobacteria (8.8 × 103 cells L−1) was observed in the surface water
at Stn 22. Dinoflagellates contributed more to total phytoplankton at M07. Other phyto-
plankton species, mainly Dictyocha fibula, were relatively abundant and contributed 7.95%
to total phytoplankton abundance in the surface water. During the summer, phytoplankton
were mainly distributed towards the south of 13◦ N. Among them, the cyanobacteria
mainly flourished in the area with eddy existence (especially around the sites of 14.5◦ N,
112◦ E and 12◦ N, 114◦ E), while diatoms were distributed in the southern area and the
open basin (Figure 2b, Figure A2). The abundances of diatoms and dinoflagellates in the
eddy mature stage (CE2) rose to 10 times that in the eddy relaxation stage (Figure 2b).
Dinoflagellates accounted for a relatively high proportion of total phytoplankton at Y00
and stations along 14◦ N (Figure 2a). The abundance of Dictyocha fibula was very low,
with the proportion of 0.06% of total phytoplankton abundance. Overall, depth-wise the
cyanobacterial population was relatively abundant (>50%) until 100 m, whereas diatoms
and (to some extent) dinoflagellates dominated deeper layers (Table A3). Moreover, the
vertical distribution of cyanobacteria revealed their dominance on the edge of cold eddies
and the open basin (Figure 3b, Section A, and Section B), as well as in the area influenced
by the warm eddy (Figure 3b, Section C, and Section D). Differently, other phytoplankton
(excluding cyanobacteria) mainly emerged in the center of cold eddies (Figure 3a, Section A,
and Section B), followed by the continental area impacted by coastal upwelling (Figure 3a,
Section D).
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Figure 3. Vertical distribution of phytoplankton abundance during the summer. (a) Phytoplankton
(Phyto) excluding cyanobacteria; (b) cyanobacteria (Cyano). CE1: cold eddy 1, CE2: cold eddy 2, and
WE: warm eddy.

The proportions of the main phytoplankton groups changed remarkably with different
stages (Figure 4a). The abundance of Trichodesmium in the phytoplankton community
increased in the summer. The ratio of diatom to dinoflagellate (dia/din) was comparable
during the winter and summer, whereas it was lower in CE2 (34.10) than in WE (Table A4).
The diatom to cyanobacteria ratio (dia/cya) in the winter was five times more than in
the summer. Furthermore, the dia/cya ratio was lower in the eddy periods than the no
eddy and eddy relaxation stages. The relative contribution of algae groups including
diatoms, dinoflagellates, and symbionts decreased dramatically during cold eddy mature
stages but increased significantly during the later stages (Figure 4a). The dominant genus
Trichodesmium presented a discrepant occurrence; however, its relative contribution to the
phytoplankton community was much higher than that in non-eddy stages. The proportion
of Trichodesmium (80.92%) and the dia/cya ratio (0.23) in the cold eddy mature period
(CE2) were comparable to that in the warm eddy period (WE) (80.06%, 0.24, respectively)
(Figure 4a). The phytoplankton abundance varied significantly above 50 m in the water
column, while no significant difference was observed below the 50 m layer (Figure 4b).
The phytoplankton community significantly varied seasonally (two-tailed t-test, p < 0.05)
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(Table A5). Similarly, the variation of diatoms and dinoflagellates other than cyanobacteria
showed a significant difference between eddy stages (p < 0.01). Moreover, the abundance
of different phytoplankton groups, excluding cyanobacteria, had statistical differences
among different periods (Kruskal–Wallis test, p < 0.01) (Figure A3). Thus, the overall
results indicate that the phytoplankton community composition and structure changed
with season and eddy development.

Figure 4. The relative abundance (%) contribution of different groups to the phytoplankton community (a), and the vertical
variation of phytoplankton abundance (cell L−1) at different eddy stages (b). (NE: winter, CE1: cold eddy 1, CE1-r: cold
eddy 1 relaxation, CE2: cold eddy 2, and WE: warm eddy).

3.5. Diversity of Phytoplankton Community

The Shannon–Weiner index (H’) and Pielou evenness index (J) were used for analyzing
phytoplankton community diversity in this study. Our results show that the Shannon–
Weiner index had a similar distribution pattern to the Pielou evenness index in both
seasons (Figure A1). During the winter, the Shannon–Weiner index and Pielou evenness
index ranged from 0.50 to 3.35 (avg. 1.28) and 0.09 to 0.57 (avg. 0.22), respectively, in the
surface water (Figure 5a). High phytoplankton community diversity was observed in the
open ocean region (Figure 5b). In the summer, the Shannon–Weiner and Pielou evenness
indexes ranged from 0.01 to 5.14 (avg. 2.70) and 0.01 to 0.62 (avg. 0.32), respectively, in
the surface water. Diversity indices were significantly higher in the summer than winter
(p < 0.001), whereas the Pielou evenness index was significantly lower (p < 0.05) during
the summer (Figures A1 and A4). This emphasizes that the surface water phytoplankton
community in the summer was significantly more diverse than in the winter. Moreover, the
phytoplankton community diversity in the summer was high in the water column (from
25 to 75 m depth) and also in eddy-controlled areas. Then, phytoplankton diversity was
also higher towards the southern part around 13◦ N (Figure 5). In the study region, the
diatoms and cyanobacteria controlled the phytoplankton community structure, whereas
dinoflagellates and other groups contributed significantly to the transformation of the
phytoplankton community and diversity.
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Figure 5. Shannon–Wiener diversity index (H’) (a) and cell abundance (b) of the phytoplankton
community at different layers in summer.

3.6. Effect of the Environmental Cues on the Phytoplankton Community

The influence of the environmental factors on shaping the phytoplankton community
structure in the western SCS was assessed using Spearman’s correlation and CCA analysis
(Figure 6). The phytoplankton community in the region was significantly influenced by the
seasonality in the environmental characteristics. During the winter season, phytoplankton
was positively correlated with temperature and Si/N ratio, and was mainly influenced
by nitrogen (nitrate and nitrite) (Figure 6a,b). The various diatom groups had a different
response to the aquatic environment. Bacteriastrum and Chaetoceros, which belong to
the class of Centricae, exhibited significant relationships with environmental parameters,
whereas diatoms that belonged to the class Pennatae had no significant relationship with
any environmental parameter (Figure 6a,b). In detail, Centricae was positively influenced
by temperature but negatively by water depth. However, Pennatae showed a discrepant
relationship with the environment as compared to Centricae. These disparate responses
evidence that the Centricae thrives in upper warm water, whereas Pennatae prefers the
cool lower water. The Chrysophyte member Dictyocha was significantly associated with
the various environmental parameters, which could eventually fuel its growth during the
winter (Figure 6a). Cyanobacteria were significantly influenced by N/P and Si/N ratios,
while dinoflagellates did not reveal an obvious correlation with environmental parameters.

The abundance of phytoplankton groups, excluding cyanobacteria, was significantly
different during both the summer and winter seasons (Kruskal–Wallis test, p < 0.01)
(Table A3). During the summer, the various phytoplankton groups (except Pennatae
diatoms) were significantly influenced by the changing environmental factors (such as
temperature, salinity, and nutrients at the respective depths) (Figure 6c,d)). However,
the Pennatae diatom species did not show a significant relationship with environmental
parameters, similar to that in winter (Figure 6c,d). Unexpectedly, Dictyocha also was not
influenced by the changing water characteristics in the summer season. Cyanobacteria,
including Trichodesmium and symbionts, were significantly influenced by the spatially and
temporally changing environmental parameters. In summer, temperature, salinity, and
nutrients were the important factors significantly controlling the phytoplankton growth
(p < 0.05). This could evidence that the dynamic change in the environment (due to eddies
and upwelling) results in temperature and nutrient variations, which in turn influence
profoundly the phytoplankton community structure.
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Figure 6. The influence of the environmental factors on the phytoplankton community shown
with Spearman’s correlation and CCA value, respectively. Notes: (A,B) represents Spearman’s
correlation and CCA for the winter samples, and (C,D) represents Spearman’s correlation and CCA
for the summer samples. Environmental parameters include temperature (T), salinity (S), depth
(Dep), PO4

3− (P), N: NOx (P), SiO3
2− (Si), N/P ratio, and Si/N ratio. Phytoplankton are listed as the

following groups: diatoms G1 to G3 represent Bacteriastrum, Chaetoceros, and Rhizosolenia, belonging to
the class of Centricae, G4 to G6 represent Fragilariaceae, Naviculaceae, and Nitzschiaceae, belonging
to the class of Pennatae, and G7 to G9 represent Dictyocha, Trichodesmium, and symbionts. Dia: diatom,
Din: dinoflagellate, Cya: cyanobacteria, and Phy: phytoplankton.

4. Discussion
4.1. Influence of Hydrological Processes on the Phytoplankton Community

The East Asian monsoon system has a strong bearing on the oceanographic and
resultant biological features of the SCS. During the winter monsoons, the circulation in the
southern SCS forms a cyclonic gyre, and an anticyclonic gyre during the summer monsoon.
The surface water in most areas of the SCS is impoverished of nutrients due to a strong
pycnocline, leading to a paucity of phytoplankton stock and production [19]. In winter,
towards the western boundary of the SCS, the Vietnam offshore flow (which exists between
11◦ and 16◦ N) drifts northwards (along the coast) in the summer and southwards during
the winter [31]. This flow pattern forms an offshore jet between 12◦–13◦ N, resulting in
a local enhancement of the upwelling intensity during the summer. The peculiarity of
stretching deformation separates the Vietnamese upwelling from the offshore area and
water masses [6,36]. Simultaneously, a strong coastal jet forms a dipole recirculation pattern
and flows northeastward between a cyclonic cold eddy (CE2) and an anticyclonic warm
eddy (WE) [29]. In this study, the phytoplankton community, especially diatoms, showed
relatively high diversity in the continental margin influenced by the Vietnamese upwelling.
Previously, the high Chlorophyll a concentrations were observed along the Vietnamese
coast [21,27,51]. Loick-Wilde et al. (2017) estimated that the diatoms dominated the cell-
carbon biomass in the Vietnamese upwelling area [11]. The nutrient advection during the
coastal upwelling stimulates the phytoplankton growth in the upper layers [27].

During the summer season, eddies were persistent in the upper ocean layers in
the SCS. The phytoplankton community structure changed with eddy developments.
Statistical analysis revealed that the growth of various algae groups (except cyanobacteria)
significantly varied with different eddy development phases, suggesting a significant
influence of eddies on the phytoplankton community in the study region. The high
phytoplankton abundance observed between the 25 and 100 m depth layers was mainly
influenced by eddies. Earlier studies in the SCS pointed out that the maximum chlorophyll
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a concentration often appeared from 50 to 100 m in the non-eddy region, and appeared
at 75 m in the eddy [23,27]. The cold eddy occurrence resulted in a continuous increase
in diatom abundance compared to the non-eddy period, as observed previously [20].
The nutrient advection due to variable vertical motion could support the difference in
phytoplankton abundance variation in the subsurface water [27]. Mesoscale eddies were
proved to supply 20–40% of the nutrient requirements of phytoplankton [52,53]. The
enhanced productivity in eddies could be even comparable to the productivity supported
by upwelled subsurface nitrate driven during the prevailing monsoon [9]. The increased
chlorophyll a concentrations due to nutrient enrichment during cyclonic eddies were also
observed elsewhere [54]. Nutrient supplements derived from eddy occurrence, resulting in
phytoplankton development, reflected the inter-coupling between physical and biochemical
processes in the SCS region.

Different phytoplankton functional groups have a varied response to seasonal and
spatial fluctuations of environmental factors [55]. Diatoms are a major starter of food
chains and food webs, and important contributors to marine primary production and
the ocean carbon cycle [56,57]. Cyanobacteria could maintain the balance of the global
ocean nitrogen budget by biological nitrogen fixation [58]. In this study, the diversity and
abundance of phytoplankton were much higher in the summer than that in the winter.
Diatoms contributed more to phytoplankton abundance in the winter, but cyanobacteria
(Trichodesmium dominance) contributed more in the summer. This seasonal variation
clearly explains the shifts within the phytoplankton community from diatoms (in winter)
to cyanobacteria (in summer). Earlier, in the SCS, a higher proportion of diatoms in the
phytoplankton assemblage was reported during the winter than in summer [19]. However,
discrepantly, the dominance of Trichodesmium was not reported earlier [19]. Moreover,
high phytoplankton abundance was reported at a deeper layer due to the deepened
thermocline in the summer, compared with that in the winter. The variations of major
phytoplankton groups were explained by different adaptive strategies to overcome the
constraints imposed by temperature and nutrient concentration variations in the SCS [59].
Here, wind pumping also played a significant role in inducing high biological productivity
during the summer monsoon. The upwelling and cold eddies both fueled the nutrient
enrichment and eventually the phytoplankton diversity during the summer season. Overall,
in the western SCS, the seasonality of the phytoplankton community and growth dynamics
could be significantly influenced by the coupled physical processes mostly driven by the
East Asian Monsoon. Changes in compositions of phytoplankton in this study provide
clues in understanding the mechanisms that regulate their acclimation and adaptation to
changing environments.

4.2. Significance of Diazotrophic Cyanobacteria in the Western SCS

Nitrogen acted as an essential but limiting factor for phytoplankton. Nitrogen con-
centration in the surface water was mostly below the detection limit in the western SCS.
Although frequent eddies, driven by upwelling and monsoon, replenish nutrients from the
deeper water, nitrogen lost through denitrification (leading to Redfield ratios below 16) in
the water column becomes a major limiting factor for phytoplankton growth [60]. There-
fore, diazotrophic cyanobacteria essentially alleviate nitrogen limitation and are involved
in regulating marine productivity [1,61,62]. In this study, diazotrophic cyanobacteria con-
taining Trichodesmium and the diatom-associated symbionts Richelia and Calothrix were the
highest in abundance. Trichodesmium was the most dominant species in the phytoplankton
community in the continental margin and the oligotrophic basin during both seasons. The
dominance of Trichodesmium was also recorded in the SCS earlier [62]. The high abundance
of Trichodesmium that appeared in the subsurface water could be controlled by upwelling
and eddies. Together with eddy perturbations, the abundance of Trichodesmium was more
than 12 times higher in the eddy mature period than that in the degenerating stage. Com-
pared to the previous study [19], the Trichodesmium abundance was above one order of
magnitude higher in our study. Here, temperature and nutrient concentration were signif-
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icant influencing factors for the Trichodesmium population. Earlier studies in this region
indicated that Trichodesmium regulated the higher N2 fixation and primary production rates
in the oligotrophic offshore waters [11]. The nitrogen-fixing by Trichodesmium was quickly
converted to plankton biomass and, in particular, the abundance of the diatoms (increased
by 1.4–15 factor) in the Pacific Ocean [63]. Thus, here, it can be speculated that the thriving
Trichodesmium population potentially contributes the bioavailable nitrogen into the olig-
otrophic waters in the western SCS. In addition, the symbionts Calothrix and Richelia, and
their host diatoms, were relatively abundant in the summer, whereas Rhizosolenia–Richelia
dominated in the winter. Symbionts often formed blooms in the low-nutrient water of
the Pacific and the Atlantic Oceans [64–67]. Foster et al. (2011) estimated that the diatom
partners influenced the growth and metabolism of their cyanobacterial symbionts Richelia
and Calothrix, and the export of diazotroph-derived nitrogen supported the growth of the
diatom partners [68]. Thus, diazotrophic symbioses and Trichodesmium would potentially
play an important role in the nitrogen supplementation and phytoplankton growth of the
oligotrophic ocean.

4.3. Phytoplankton Thermal Adaptations Inferred from Seasonal Successions

Global warming has increased steadily and increasingly involved deeper layers of the
ocean since 1990 [69]. The warming ocean temperature would cause an alteration in the
succession of the phytoplankton community [70–72]. Rising temperatures this century will
cause poleward shifts in species’ thermal niches [73]. Concomitantly, the ongoing global
climate change is also linked to prolonged periods of anomalously high sea surface temper-
atures, which are defined as marine heatwaves [74]. From 1925 to 2016, the global average
marine heatwave frequency and duration increased by 34 and 17%, respectively, resulting
in a 54% increase in annual marine heatwave days globally [75]. Marine heatwaves have
been accompanied by a large-scale change in surface chlorophyll levels, shifts in marine
species location, and the reshaping of community structure [76,77]. Evidence from the
field indicates temperature changes may lead to changes in diatom biogeography [59,78],
and each species, even within the same genus, has its own characteristic temperature
performance curve [79]. In this study, the seasonal succession of phytoplankton showed
a predominance of diatoms in the phytoplankton community in the cool winter, which
further shifted to cyanobacterial prevalence during the warm summer. Furthermore, in
this study diatoms belonging to Centricae (represented by Chaetoceros, Rhizosolenia, and
Bacteriastrum) were significantly related to temperature, as compared to Pennatae groups
(such as Fragilariaceae, Naviculaceae, and Nitzschiaceae). The dominance of Centricae
diatom species is often observed in the tropical ocean [14,80,81]. In the future, Centricae
will become a potentially more sensitive group in the succession of the phytoplankton
community as a consequence of the ocean temperature rise. On the other side, ocean stratifi-
cation caused by rising temperature could result in nutrient deficiency [82]. Cyanobacteria
prefer such a warm habitat with the low-nutrient oligotrophic condition. Here, in this
study, the declining diatom predominance in the phytoplankton community during the
warm condition could reveal their vulnerability to increasing temperature. On the contrary,
flourishing cyanobacterial populations, mainly Trichodesmium, in warm conditions reflected
their preference and adaptability in response to environmental change. The overall findings
of our study could provide insight into phytoplankton community succession in future
global temperature rise, and its further influence on biogeochemical cycles.

5. Conclusions

Here, we addressed the seasonal variability of the phytoplankton population in the
western SCS, during the summer and winter monsoon periods. The seasonal changes
of the phytoplankton community shifted from a diatom-dominated regime in winter to
a cyanobacteria-dominated regime in the summer. This community change was con-
trolled by eddies and upwelling activities during this season. Precisely, nutrient advection
due to eddy activity triggered phytoplankton abundance, diversity, and Trichodesmium
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proliferation in summer. However, elevated temperature adversely influenced the diatom–
diazotrophic association during the summer. The phytoplankton community succession
responses to local oceanographic forces provide insights into forecasting biotic community
evolution in the future global climate change.
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Appendix A

Table A1. The average of environmental factors during different eddy developmental stages (-: missing data).

Stage Layer Temperature (◦C) Salinity NOx (µmol/L) PO43− (µmol/L) SiO32− (µmol/L)

Winter/NE

0–50 27.61 33.48 <0.2 0.03 2.39
50–100 21.11 34.35 7.2 0.44 8.52

100–150 16.92 34.54 15.62 1.02 18.06
150–200 15.20 34.50 18.42 1.28 23.63

CE1

0–50 27.55 33.77 0.50 0.05 2.70
50–100 22.27 34.28 5.87 0.40 7.75

100–150 17.71 34.53 14.45 0.97 15.52
150–200 13.64 34.51 15.67 1.33 24.67

CE1-r

0–50 27.56 33.80 <0.2 0.05 2.20
50–100 22.38 34.27 4.55 0.33 6.28

100–150 18.94 34.50 11.05 0.83 13.32
150–200 17.38 34.57 15.60 1.24 22.71

CE2

0–50 28.36 33.37 <0.2 0.03 2.28
50–100 22.36 34.29 6.44 0.40 7.34

100–150 17.31 34.53 14.39 0.94 14.16
150–200 - - 18.80 1.27 22.19

WE

0–50 29.18 32.99 <0.2 0.05 2.25
50–100 24.92 33.93 4.55 0.17 3.96

100–150 17.74 34.55 14.72 0.86 13.47
150–200 - - 17.50 1.11 18.16
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Table A2. The abundance of phytoplankton during the winter and summer seasons (cell L−1).

Group Winter Summer

Diatom Range 80–3360 5–13,482
Average 670 827

Total 26,800 190,045
Proportion 63.57% 30.18%

Dinoflagellate Range 80–160 2–245
Average 12 16

Total 480 3585
Proportion 1.14% 0.57%

Cyanobacteria Range 560–8800 16–123,150
Average 288 1891

Total 11,520 434,912
Proportion 27.32% 69.07%

Others Range 80–560 3–60
Average 84 5

Total 3360 1166
Proportion 8.00% 0.19%

Phytoplankton Range 80–9520 20–128,820
Average 1054 2738

Total 42,160 629,708

Table A3. The in-depth average abundances and proportions of phytoplankton groups during the winter and summer
seasons.

Season Depth
(m)

Diatom Dinoflagellate Cyanobacteria Others Total

Average
(cell L−1) Proportion Average

(cell L−1) Proportion Average
(cell L−1) Proportion Average

(cell L−1) Proportion Average
(cell L−1)

Winter

0 704 50.00% 5.33 0.38% 586.67 41.67% 112 7.95% 1408
25 53.33 66.67% 26.67 33.33% 0 0 0 0 80
50 880 51.16% 0 0 680 39.53% 160 9.30% 1720
75 1706.67 86.49% 80 4.05% 0 0 186.67 9.46% 1973.33

100 1008 91.30% 16 1.45% 0 0 80 7.25% 1104
150 304 100% 0 0 0 0 0 0 304
200 176 91.67% 0 0 0 0 16 8.33% 192

Summer

0 1978.19 38.02% 39.14 0.75% 3182.31 61.16% 3.04 0.06% 5202.69
25 1372.29 17.06% 32.58 0.40% 6633.21 82.45% 6.50 0.08% 8044.56
50 1295.67 41.45% 13.52 0.43% 1803.94 57.71% 13.10 0.42% 3126.23
75 414.11 31.61% 10.49 0.80% 880.32 67.20% 5.42 0.41% 1310.35

100 264.39 43.48% 4.90 0.81% 335.40 55.17% 3.68 0.61% 608.39
150 125.54 95.84% 3.17 2.42% 0 0 2.08 1.58% 130.79
200 107.60 97.82% 1.23 1.12% 0 0 1.09 0.99% 109.92

Table A4. TThe abundance of phytoplankton groups at different eddy developmental stages.

Group NE CE1 CE1-r CE2 WE

Abundance
(cell L−1)

Diatoms 26,800 104,334 3654 53,827 28,231
Dinoflagellate 480 1258 116 1579 627
Cyanobacteria 11,520 87,816 2507 236,753 116,098
Trichodesmium 10,160 85,635 2025 236,341 115,810

R. intracellularis 1360 2181 482 411 288
Other groups 3360 621 82 406 56

Total 42,160 194,029 6359 292,564 145,012

Proportion

Diatoms 63.57% 53.77% 57.46% 18.40% 19.47%
Dinoflagellate 1.14% 0.65% 1.82% 0.54% 0.43%
Cyanobacteria 27.32% 45.26% 39.42% 80.92% 80.06%
Trichodesmium 24.10% 44.14% 31.84% 80.78% 79.86%

R. intracellularis 3.23% 1.12% 7.58% 0.14% 0.20%
Other groups 7.97% 0.32% 1.29% 0.14% 0.04%

Abundance
ratio

Diatoms/Dinoflagellate 55.83 82.94 31.50 34.10 44.99
Diatoms/Cyanobacteris 2.33 1.19 1.46 0.23 0.24
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Table A5. The average abundances of phytoplankton groups were analyzed by t-test between
different eddy developmental stages.

Winter CE1 CE1-r CE2

Summer a1, b1, c3, d1

CE1-r a2, b3, c3, d3

CE2 a2, b1, c3, d1 a2, b2, c3, d1

WE a2, b2, c3, d1 a2, b2, c3, d3 a1, b2, c3, d1

Note: a: diatom, b: dino, c: cyan, d: others; t-test: 1: 0.01 < p < 0.05, 2: p < 0.01, 3: p > 0.05.

Figure A1. Vertical variation of phytoplankton abundance (a) and surface distribution diagram of community diversity
(b) in winter.

Figure A2. Horizontal distributions of cyanobacteria (Cyano) and other phytoplankton (Phyto) abundances at the different
water layers in summer.
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Figure A3. The phytoplankton group difference among defined stages by Kruskal–Wallis test
(**: p < 0.01, A: winter, B: summer, C: warm eddy, D: Eddy II, E: Eddy I, F: Eddy I relaxation,
a: phytoplankton, b: diatom, c: dinoflagellate, and d: others).

Figure A4. Alpha diversity indices were analyzed between the two seasons (*: 0.01 < p < 0.05, ***: p < 0.001).
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