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Abstract: Phaeocystis globosa blooms frequently in the Beibu Gulf of China. This species has a distinct
life cycle that includes colonies and solitary cells. Colonies are formed during a bloom, while solitary
cells are produced between blooms. Information about the abundance of solitary cells and other
picophytoplankton in the northern Beibu Gulf is limited. To elucidate phytoplankton variation trends
during periods of frequent P. globosa blooms and to determine the main physiochemical factors
affecting phytoplankton distribution, four cruises were conducted between November 2018 and April
2019. Seawater was collected, and water temperature, salinity, and nutrient concentrations were
simultaneously determined. Redundancy analysis was performed to understand the relationship
between environmental factors and phytoplankton assemblages. Seven phytoplankton clusters were
present during the cruises. Picophytoplankton abundance (including Synechococcus and Picoeukaryote
groups I and II) dominated during the four cruises. Synechococcus abundance was restricted by
the low temperatures in winter, decreasing from November to February and increasing in April.
Picoeukaryote I abundance was almost unaffected by low temperatures and was mainly affected by
nutrient concentration. P. globosa solitary cell abundance increased from November to January and
decreased in February and April, and phosphorus was the key factor affecting P. globosa blooms. This
is the first study to reveal the abundance and distribution of P. globosa solitary cells in this area.

Keywords: Phaeocystis globosa; flow cytometry; Beibu Gulf; eutrophication; redundancy analysis

1. Introduction

The Beibu Gulf is a shallow semi-closed gulf in the northwest of the South China Sea
with coastlines in Guangdong and Guangxi provinces. Several perennial rivers (Jiuzhou,
Nanliu, Dafeng, Qin, Maoling, Fangcheng, and Beilun) are situated along the Guangdong
and Guangxi coastal zones. The Red River flows into the gulf on the western side, and part
of the Pearl River discharge flows into this region through the Qiongzhou Strait [1]. As
a result of agricultural fertilizers, industrial development, and human activities over the
past three decades, eutrophication has occurred in these waters [2—4], with frequent algal
blooms reported [4,5]. Such algal blooms harm the natural balance of marine ecosystems,
threaten marine food webs and mariculture, and even endanger coastal industries.

Phaeocystis globosa is a major causative agent of harmful algal blooms in this re-
gion [4,6-8]. This species has a distinct life cycle that includes colonies and solitary
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cells [9-13]. Thousands of cells are packaged in a colony skin. Cells in colonies are diploid
and lack flagella, whereas solitary cells are haploid, with two flagella [11,12,14,15]. Both
fragmentation of colonies and cell leaking from colonies can establish new colonies. Under
unfavorable conditions, haploid cells are formed, which then escape from the colonies [12].
To date, our understanding of the process via which haploid cells transform into diploid
cells is poor. Colonies appear and bloom from autumn to spring in the northern South
China Sea [8], and the colony size in subtropical and tropical waters can be up to 3 cm
in diameter [16,17]. Although thin, the colony skin is very strong, and can withstand a
maximum suction of about several 10,000 Pa (several Newton cm~2) [18]. Such colony
blooms have negative impacts. For example, the sticky and elastic carbohydrate skins of
such colonies can block the cold source water system of nuclear power plants [6,8]. For
example, the colony skin has blocked the entrance of the cooling water filtration system
of the Fangchenggang Nuclear Power Plant in China [19]. On the other hand, the species
produces dimethylsulphoniopropionate during blooms [20], which is thought to play an
important role in cooling the earth’s atmosphere [21].

Between blooms, P. globosa exists as solitary cells [11] that are 3-8 um in diameter [22].
Colonies are relatively easy to observe because of their large sizes; however, it is difficult to
identify and quantify small phytoplankton cells (<5 pm) using microscopy. Therefore, little
is known about the distribution of P. globosa solitary cells and other picophytoplankton.

Flow cytometry (FCM) has been used to investigate phytoplankton assemblages [23-26],
and CytoSense (Cytobuoy® b.v., Johan de Wittlaan, The Netherlands) pulse-shaped record-
ing scanning flow cytometer has been demonstrated to have useful applications in phyto-
plankton investigations [27-31]. Compared to conventional FCM instruments, CytoSense
allows the analysis of larger water samples and can discriminate a wider range of cell
sizes (1-800 pm) based on their optical properties [31]. Using a CytoSense flow cytometer,
Bonato et al. investigated phytoplankton distribution in the English Channel and reported
a higher picophytoplankton abundance than that published in previous studies using mi-
croscopy [29]. They also revealed phytoplankton succession during winter—spring—summer
in the eastern English Channel [28].

Zhao et al. investigated spatiotemporal phytoplankton assemblages in the northwest
of the South China Sea [32]. In their study, phytoplankton were classified into four clus-
ters: microeukaryotes, picoeukaryotes, Prochlorococcus spp., and Synechococcus spp., and
variation in their abundance in surface waters (SW) was recorded. However, solitary cells
of P. globosa were not distinguished, differences in phytoplankton abundance between the
SW and bottom waters (BW) were not discussed, and the environmental factors that drive
phytoplankton variability, such as nutrient concentrations and light, were not mentioned.

The present study aimed to improve our understanding of the variation in the abun-
dance of phytoplankton groups, especially that of P. globosa solitary cells, during the
red-tide period, in which frequent P. globosa blooms occur (late autumn to spring) in the
northern Beibu Gulf of China. We investigated phytoplankton abundance at 27 stations
evenly spaced in this region. Environmental factors were also investigated. A multivari-
ate statistical analysis was performed to determine the main environmental factors and
phytoplankton succession. We also attempted to identify the key factors that constrain
P. globosa abundance.

2. Materials and Methods
2.1. Sampling Strategqy and Physico-Chemical Variables

Four oceanographic cruises were conducted in November, January, February, and
April from 2018 to 2019 in the northern Beibu Gulf of China. Twenty-seven sampling
stations were selected (Table 1 and Figure 1). SW (1 m depth) and BW (2 m above the
seabed) samples were collected at stations deeper than 5 m. Only SW samples were
collected from stations shallower than 5 m. In total, 213 phytoplankton samples were
collected in the four cruises (Table 2). For each sample, 5 cm? seawater was collected in a
freezing tube, and 50 pL glutaraldehyde was added; then the samples were shaken and
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stored in liquid nitrogen until phytoplankton analysis by CytoSense flow cytometer. The
seawater (500 cm®) used for nutrient analysis was filtered through a 0.45-um cellulose
acetate filter, which had been immersed in 1% hydrochloric acid solution for 12 h and
washed with double distilled water. The filtered seawater samples were frozen at —20 °C
until analysis. Nutrients dissolved in the water were determined in accordance with the
method specified in the Specification of Oceanographic Survey [33], which is approved
by the environmental protection department and is used extensively in China [34-36].
5i03-Si, PO4-P, NO;-N, NO3-N, and NH4-N were analyzed with the silicon-molybdenum
blue spectrophotometric method; ascorbic acid reduction phospho-molybdenum blue
spectrophotometric method; diazo azo method; chrome-plating Zinc reduction-diazo azo
method, and sodium hypobromate oxidation-diazo azo method, respectively. The limits
of detection were 0.05 umol L™ for NO3-N, 0.02 umol L~ for NO,-N, 0.03 umol L~ for
NH;-N, 0.02 umol L~ for PO,-P, and 0.10 umol L~ for SiO3-Si. Protocols used for nutrient
detection are described below:

Table 1. Location of sampling stations.

Location
Station Number

Longitude Latitude
ZN1-1 108°20" E 20°10' N
ZN1-2 108°37' E 20°11’' N
ZN1-3 109°01’ E 20°10' N
ZN1-4 109°20’ E 20°10’' N
ZN1-5 109°36’ E 20°10' N
ZN1-6 109°53' E 20°11' N
ZN1-7 110°04’' E 20°12' N
ZN2-1 108°23’ E 20°30' N
ZN2-2 108°37' E 20°30' N
ZN2-3 109°00’ E 20°30' N
ZN2-4 109°20’ E 20°30' N
ZN2-5 109°36’ E 20°30' N
ZN3-1 108°20" E 20°50' N
ZN3-2 108°37' E 20°52' N
ZN3-3 109°01’ E 20°51’' N
ZN3-4 109°20’ E 20°50' N
ZN3-5 109°35’ E 20°50' N
ZN4-1 108°20’ E 21°10' N
ZN4-2 108°37' E 21°10' N
ZN4-3 109°00’ E 21°10' N
ZN4-4 109°20’ E 21°10' N
ZN4-5 109°36’ E 21°11' N
ZN5-1 108°20' E 21°29' N
ZN5-2 108°37' E 21°30' N
ZN5-3 109°01’ E 21°26' N
ZN5-4 109°20' E 21°22' N
ZN6-2 108°35’ E 21°40' N

Twenty five centimeters cubed water used for 5iO3-5i concentration detection is added
to a conical flask containing 10 cm® ammonium molybdate (8.0 g dm~3 )-hydrochloric acid
mixed solution (2.4% volume fraction 1), to form silicon molybdenum yellow complex,
which is later reduced by 15cm® p-methylaminophenol sulfate (20 g dm~3)-sodium sulfite
(12 g dm~3) mixed solution. Silicomolybdenum blue complex is formed, and the absorbance
is checked with a spectrophotometer at 812 nm. SiO3-Si concentration in sea water is
calculated using the corresponding standard curve.

Twenty five centimeters cubed water used for PO4-P concentration detection is added
to a conical flask, then reacted with 2.0 cm? sulfuric acid (17% volume fraction)-ammonium
molybdate (30.0 g dm~3)-antimony potassium tartrate (1.4 g dm~3) mixed solution (10:4:2,
volume ratio), to form phosphorus molybdenum yellow complex. The yellow complex
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is later reduced by 0.5 cm? ascorbic acid (54.0 g dm~2). Phosphorus molybdenum blue
complex is formed, and the absorbance is checked with a spectrophotometer at 882 nm.
POj4-P concentration in sea water is calculated using the corresponding standard curve.
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Figure 1. Map showing the (A) study area location and (B) sampling stations.
Table 2. Sampling information of the four cruises.
. . . Ph lank
Cruise Time Start Date End Date Depth Range Station Number ytoplankton
Sample Number
November 4 November 2018 11 November 2018 5m-69 m 27 53
January 6 January 2019 14 January 2019 5m-75m 27 52
February 22 February 2019 28 February 2019 7 m-75m 27 54
April 2 April 2019 10 April 2019 7 m-72 m 27 54

Twenty five centimeters cubed water used for NO,-N concentration detection is added
to a conical flask, then reacted with 0.5 cm® 1-naphthoethylene diamine dihydrochloride
(1.0 g dm~3). Red color azo dye solution is formed, and the absorbance is checked with
a spectrophotometer at 543 nm. NO,-N concentration in sea water is calculated using
the corresponding standard curve. NOs3-N dissolved in the water is reduced using a
chrome-plated zinc sheet, to form NO;-N. Total NO;-N is analyzed using the method
described previously. NOs-N concentration in sea water is obtained by subtracting the
initial concentration of NO,-N. NH,-N in the water (25.0 cm?) is oxidized into NO,-N by
potassium bromate (28 mg dm—2)- potassium bromide (20 mg dm~3)-hydrochloric acid (3%
volume fraction)-sodium hydroxide (200 g dm~3) mixed solution. Total NO,-N is analyzed
using the method described previously. NH4-N concentration in sea water is obtained after
subtracting the initial NO,-N concentration.

Dissolved inorganic nitrogen (DIN) was calculated as the sum of the concentrations
of NO3-N, NO,-N, and NH4-N; dissolved inorganic phosphorus (DIP) as PO4-P; and
dissolved silicate as SiO3-Si. The equation for calculating DIN concentration is as fol-
lows [34,37,38]:

C(DIN) = C(NO3-N) + C(NO2-N) + C(NH4-N)

where C(DIN), C(NO3-N), C(NO;-N), and C(NHy4-N) are DIN, NO3-N, NO,-N, and NH4-N
concentrations, respectively.
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The seawater temperature (T), salinity (S), and depth were measured using a Seabird
SBE 911 plus CTD probe.

P. globasa colonies were collected using a 40-cm diameter plankton net with a mesh size
of 500 um. Colonies were collected from close to the seafloor to the surface. The volume
of the water column passing through the net mouth was recorded using a HYDRO-BIOS
D-Flow digital flow meter (HYDRO-BIOS, Alternholz, Germany) tied to the net mouth.
Colonies were observed and counted under a stereomicroscope (SMZ-800, Nickon, Japan).
Colony concentrations along the entire water column were calculated at each station.

2.2. Phytoplankton Discrimination by Flow Cytometry

Samples stored in liquid nitrogen were defrosted and analyzed using a Cytosense
pulse-shape recording flow cytometer (Cytobuoy® b.v., Johan de Wittlaan, The Nether-
lands). Sheath fluid was used to separate, align, and drive the particles into the laser.
The flow rate was 5.0 uL s~ 1. Single cells and colonies were discriminated using a laser
beam (excitation wavelength 488 nm, 50 mV), and a 10-mv red fluorescence trigger lever
was set. Each analysis lasted for 4 min. The mean volume analyzed was 1.28 + 0.11 cm®.
The CytoSense instrument was equipped with an optional module of ‘high-sensitivity”
photomultiplier tubes, to differentiate picophytoplankton and provide reliable counts [28].
The stability of the optical unit and size calibration was checked using a PE Calibration
Particle Kit (SPHERO™, Spherotech Inc., Lake Forest, IL, USA; 3.1 um in diameter).

Samples were analyzed using CytoClus4® software (V4.8.2.8, Cytobuoy® b.v., Johan
de Wittlaan, The Netherlands, https:/ /www.cytobuoy.com/product/software/). Clusters
were manually classified according to the amplitude and shape of the five optical signals
characterizing each particle: forward scatter (FWS), sideward scatter (SWS), and three
fluorescence signals collected by photomultiplier tubes (red (FLR, 668-734 nm), orange
(FLO, 601-668 nm), and yellow (FLY, 536—-601)). Mathematical variables were assigned to
each signal shape: inertia, fill factor, asymmetry, number of peaks, length, and apparent
size. All these values were plotted onto various two-dimensional cytograms of retrieved
information from the five pulse shapes obtained for each single cell, mainly the integral
(total signal) and peak of the pulse-shape signal (maximum height). Once phytoplankton
cells had passed through the laser beam of the flow cytometer, red fluorescence was
generated from chlorophyll-a in microalgae. The red fluorescence triggered the FCM
detector and was recorded by the flow cytometer as one event. FCM counted all events,
as well as the volume of the analyzed sample, and the phytoplankton abundance in each
sample was determined.

Based on previous CytoSense FCM studies [28,29,39,40], seven phytoplankton clusters
were identified in the present study (Figure 2). Diatoms and dinoflagellates showed the
highest FLR and FWS signals because of their large size and high chlorophyll-a content.
Phaeocystis globosa solitary cells were characterized by lower FLR and FWS signals compared
with those of microphytoplankton groups. To confirm the optical signal fingerprint of this
group, we analyzed the pure culture of this species using FCM and defined its clusters
(Figure 3A). Picoeukaryotes are the smallest eukaryotic cells, and they showed lower FLR
and FWS signals compared with those of P. globosa. Picoeukaryote Il showed a higher FLR
signal compared with that of Picoeukaryotes I, indicating higher chlorophyll-a content.
The Synechococcus cluster showed a distinct signature because of its small size and a peak
in orange fluorescence caused by high phycoerythrin content [29]. Cryptophytes had
higher FLO and FWS signals compared with those of Synechococcus, owing to their larger
size and higher phycoerythrin content per cell. Coccolithophores were high in the SWS
signal owing to their CaCOj3 platelet coverage. Zhao et al. identified Prochlorococcus using
traditional FCM [32]. However, there was little evidence for the presence of this group
in samples collected during our four cruises. The fluorescence signals produced by these
small cells (mean cell size 0.6 pm) were so low that they were hardly differentiated from
baseline fluorescence noise. According to previous studies, Prochlorococcus are preferentially
distributed in ocean waters rather than coastal waters [41,42].


https://www.cytobuoy.com/product/software/

Water 2022, 14, 1099 6 of 22

i T T T T
(A) Diatoms & Dinoflagellates

| /

Cryptophyt . N
ryptophytes // \)
7

10+ /
5 Synechococcus
0T
W x
Picoeukaryotes [
i 10' mla 1;3 11;‘ 1;5 W
Total FLRed
w0
Cryptophytes

R

o \
v
Synechococcus /

P. globosa

Total FL Orange
&

W0
Picoeukaryotes Il Coccolithophores
Picoeukaryotes [
'
10’ 10 10t 10* 10* 4
Totel SWS
1w T T T T T
w T
o | P. globosa
@ Picoeukaryotes Il
7L Diatoms & Dinoflagellates
Picoeukaryotes [
Cryptophytes
@ LT e
Synechococcus
e 10’ “;z 1«;3 u;" |jf |r;“ W

Total FWS

Figure 2. Main cytograms allowing the discrimination of various phytoplankton groups. (A) Red
fluorescence area per cell versus orange fluorescence per cell cytogram, in which Synechococcus,
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cryptophytes, and Picoeukaryote I and II are discriminated; (B) orange fluorescence per cell versus
SWS cytogram, in which coccolithophores are discriminated; (C) red fluorescence area per cell versus
FWS cytogram, in which Phaeocystis globosa, Diatoms, and dinoflagellates are discriminated.
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- \
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Ew‘
=)
~
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Figure 3. Cluster of Phaeocystis globosa (A) and PE calibration particle beads (B).

2.3. Data Treatments and Analysis

The significant differences between water T, S, nutrients, and phytoplankton abun-
dance from different cruises and different layers were tested using a one-tailed t-test
performed using SPSS22.0. The line charts reflecting the mean value trends of physico-
chemical factors and phytoplankton abundance from the four cruises were drawn with
SigmaPlot 14.0, as were the stacked bars of the phytoplankton groups. A horizontal dis-
tribution chart of the physiochemical factor values and phytoplankton abundance was
plotted using Golden Surfer 13.0. To analyze the relationship between environmental
parameters and phytoplankton communities, redundancy analysis (RDA) was performed
using Canoco 4.5 software [43—46]. Before that, a detrended correspondence analysis of the
species data was employed to determine whether linear or unimodal ordination methods
should be applied. The abundance of each phytoplankton group and environmental factors
were log(x + 1) transformed, to minimize the influence of extremely high or low values and
to ensure a normal distribution.

3. Results
3.1. Temperature and Salinity

The spatiotemporal variations in T and S are shown in Table 3 and Figure 4, respectively.
The variation trends of these two factors are shown in Figure 5. During the four cruises,
surface seawater temperature (SST) and bottom seawater temperature (BST) ranged from
13.01 °C to 27.73 °C. Water T decreased sharply from November to January and increased
from January to April. SST was lower than BST in January, whereas it was higher during
the other three cruises. The SST and BST remained high throughout the region in late
autumn (November). A low-BST area was observed in the southwest corner. In winter,
the water was affected by the cold northeast monsoon, and the T was low in the north
coastal area, increasing gradually from north to south. Water T was homogeneous in the
vertical direction in January. In spring, as the monsoon weakened, SST increased due to
solar radiation. The BST remained low in the southwestern area in April.
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Table 3. Average values for temperature, salinity, nutrients, and N/P of surface waters (SW) and

bottom waters (BW) for each cruise.

Physiochemical

Average Values + Standard Deviation

Factors November January February April
SW BW SW BW SW BW SW BW
Temperature, °C 2624 +£0.64 2581 +0.88 1891+259 1922+226 21.28+159 20.86+1.30 2591+0.85 24.53+ 1.08
Salinity 30.86 £191 33.81+216 32.00+1.05 3226+0.83 3227+153 3243+111 31474+135 31.78+1.48
DIN, umol L1 4.89 + 5.40 6.00 + 5.05 5.46 + 3.08 5.47 + 3.02 5.98 + 3.78 6.12 +2.93 8.91 + 3.18 8.99 + 2.81
POy, umol L1 0.51 +0.13 0.61 +£0.17 0.61 + 0.09 0.61 +0.10 0.55 + 0.08 0.55 + 0.06 0.53 + 0.08 0.54 + 0.09
SiO3, pmol L1 7.89 +7.13 943 +9.43 10.89 +3.89 11.11+4.06 5.37 +3.62 5.89 +2.98 3.83 +3.03 459 +3.18
N/P 8.6 +74 93+ 6.6 85443 8.6 +45 103 +5.1 108 +44 169 +49 16.8 4.7
DIN, dissolved inorganic nitrogen. Mean value: average values + SD.
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Figure 5. Temporal changes in mean values of physiochemical factors. SW, surface water; BW, bottom
water; DIN, dissolved inorganic nitrogen; N /P, nitrogen/phosphorus. (A) Sea water temperature,
(B) Salinity, (C) SiOs3-Si, (D) DIN, (E) PO4-P, (F) N/P ratio. Mean value: average values & SD.

The mean S was lowest in November, after which it increased, peaking in February
(Table 3, Figure 5). The S ranged from 22.80 (station ZN6-1, SW, November) to 33.81 (station
ZN1-5, BW, November) with a mean value of 31.80. In general, the high-S mass was in the
southwest region, whereas the low-S mass was distributed along the coastal region. There
was mixed shelf water between them.

3.2. Nutrients

The spatiotemporal variation in nutrients is shown in Table 3, Figures 4 and 5.
Figures 4C and 5D show the distribution and variation trend of DIN. In November, the
mean concentration of DIN was 5.46 + 5.31 umol L}, ranging from 0.53 to 25.42 umol L~ 1.
The concentration of DIN in the SW was 6.00 + 5.05 umol L~!, which was higher than that
in the BW. In January, the DIN concentration in SW increased, whereas that in BW decreased.
DIN concentrations in both SW and BW slightly increased in February and then contin-
ued to increase sharply in April, reaching 8.91 + 3.18 umol L~! and 8.99 4 2.81 umol L™},
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respectively. In November and April, the high-concentration region was at Qinzhou Bay
and Qiongzhou Strait, north and southeast of the study area, respectively. In January
and February, high DIN was distributed along the Leizhou Peninsula coast east of the
investigated area.

Figure 5D shows the variation trend of PO4 during the four cruises. In November,
the mean PO, concentration of BW was 0.61 + 0.17 pmol L~1, which was significantly
higher than that of SW (p < 0.05). In January, the PO4 of BW remained almost the same
as that in November, while the PO, of SW decreased to 0.61 + 0.09 pumol L~1. The PO,
concentration in both the SW and BW decreased in February and remained relatively low
in April. The spatial distributions of PO,4 concentration in the four cruises are shown in
Figure 4E. The vertical distribution of PO, was heterogeneous in November. On the surface,
it was high in the northwestern coastal area. At the bottom, in addition to that in the
northeast coastal area, there was another area of high PO, concentration in the west, which
became homogenous in January with a vertical distribution. The highest concentration was
observed in the eastern coastal area. All regions from middle to south contained relatively
high POy in January. In February, the eastern and southwestern parts still had the highest
POy concentrations. In April, Lianzhou Bay, which lies in the north coastal area, had the
highest PO, concentration, while that of the southeast and southwest remained high.

The spatiotemporal distribution of SiO3 (Figures 4E and 5D) was similar to that of
PO,. In November, the mean concentration of BW was 9.43 4 9.43 umol L~!, which was
higher than that of SW (p < 0.05). There was an area with evidently high SiO3 concentration
in the western part, similar to the PO, distribution, and it became homogeneous in January.
The SiO3 concentration in both SW and BW decreased from January to April. The mean
SiO3 concentration was 5.63 + 3.09 umol L~! and 4.20 + 3.16 umol L~! in February and
April, respectively.

3.3. Phytoplankton Composition and Spatial and Temporal Patterns

In the north of the Beibu Gulf between November 2018 and April 2019, seven phyto-
plankton clusters were present on all dates and in all stations, as determined using FCM.
The spatiotemporal variation of phytoplankton groups is shown in Table 4, Figures 6 and 7.
Synechococcus, Picoeukaryote I, and Picoeukaryote II were the dominant groups throughout
the study period (Figure 8). These accounted for 47%, 32%, and 11% of the total phyto-
plankton abundance, respectively. Phaeocystis globosa accounted for 5%, and cryptophytes,
diatoms, dinoflagellates, and coccolithophores accounted for the remaining 5%.

Table 4. Average values of each phytoplankton group in surface waters (SW) and bottom waters
(BW) from each cruise.

Average Values + Standard Deviation (Cells mL-1)

Phytoplankton

Groups November January February April
Sw BW sw BW Sw BW sw BW
Total 14,053 £ 13,536 13210 8235 12,176 £ 8714 11,783 4+8039 10,818 £ 8033 9006 + 7434 4058 4208 9490 + 9415
Synechococcus 10,633 £ 12,063 10,105+ 6298 5720 £4794 5608 + 4582 1310 + 2092 1641 + 2141 358 + 399 4256 + 5470
Picoeukaryote I 1801 + 2414 1707 £2195 2255 + 4136 1769 £2233 7291 +£7568 6051 +£7184  2617+3482 3811 = 3631
Picoeukaryote II 868 + 1301 620 + 612 2580 £2740 2368 £ 2711 1120 + 1612 571 + 332 647 £ 950 908 + 962
P ’;“I‘Z‘Lf}y;t’s 343 £ 212 297 + 124 866 + 490 1025 4 1178 516 + 429 307 + 168 281 + 348 319 + 303
Cryptophytes 83 + 62 89 + 53 204 £ 122 240 + 145 425 + 320 281 + 264 7149 107 £ 72
Diatoms and 110 = 80 100 = 50 216 + 71 266 4 110 71458 42431 66 + 130 64+ 76
dinoflagellates
Coccolithophores 215 4+ 292 292 4 224 327 4 285 508 + 264 83+ 86 113 + 134 18 £25 25438

Mean value: average values =+ SD.
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Figure 6. Distribution of the seven phytoplankton groups (A-G) in surface and bottom waters of the
north Beibu Gulf. SW, surface water; BW, bottom water.
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Figure 7. Temporal changes of mean abundances of 7 phytoplankton groups(A-G). Mean value:
average values £ SD.

Synechococcus abundance decreased from November to February and then again in
April. The average abundance of this group was 5.0 x 10 cells mL~!, and the maximum
was 6.3 x 10% cells mL ™! (station ZN1-3, surface, November). Contrary to the variation
trend in Synechococcus, Picoeukaryote I and Cryptophyte abundance was high in February,
peaking at 3.3 x 10* cells mL~! (station ZN5-1, bottom) and 1.4 x 103 cells mL~! (station
ZN5-1, bottom), respectively. Picoeukaryote II, P. globosa, diatoms and dinoflagellates, and
coccolithophores showed similar variation trends; they were high in January and then
decreased in February, remaining low in April.

In terms of horizontal distribution, Synechococcus was more abundant in offshore
waters during the four cruises. The vertical distribution was homogeneous in January and
February and heterogeneous in April. BW abundance was significantly higher than SW
abundance (p < 0.05) in April.

Picoeukaryote I abundance was high in the northern and southern regions in Novem-
ber, and this high abundance spread to the central area. The abundance continued to
increase in February, and in April, the abundance decreased in SW but remained high
in BW.

Picoeukaryote II abundance peaked in the south-southwestern area in November. The
high-abundance areas were located in the northwest and middle to south in January. The
distribution in February was similar to that in January, but the mean abundance was lower

than that in January. Picoeukaryote II was highly abundant in the south and northeastern
areas in April.
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Figure 8. Abundance of seven phytoplankton groups at different water depths of each station from
the four cruises (A-D).

The vertical distribution of solitary P. globosa cells was heterogeneous in November,
with a higher abundance in BW compared with that in SW. The maximum abundance was
observed in the southwestern region (station ZN4-1, BW), reaching 6.5 x 103 cells mL~!.
In January, the abundance became more homogeneous. In February, P. globosa in SW were
highly abundant in the northwestern area, while P. globosa in BW were highly abundant in
the northern area. In April, high abundance was observed in the northern, western, and
southern areas.

The horizontal distribution of diatoms and dinoflagellates showed no evident regu-
larity. In November, the abundance of diatoms and dinoflagellates in SW was high in the
northwest and central areas (southwest of Weizhou Island), and their abundance in BW
was high in the north near Lianzhou Bay. In January, their abundance in SW was high in
the northwestern, eastern, southeastern, and southwestern areas, while their abundance in
BW was high in most areas. In April, diatoms and dinoflagellates were highly abundant in
the nearshore areas.

Coccolithophore abundance was high in nearshore areas during three of the cruises,
except for January when the abundance was high in most areas. The distribution of
cryptophytes showed no clear regularity. The maximum abundance of this group was
observed at station ZN5-1 BW in February, reaching 1.42 x 10° cells mL~!.

3.4. Phaeocystis Globosa Colonies

P. globosa colonies from each station were counted. As shown in Figure 9, colonies
were found at six stations in November, 21 stations in January, and 14 stations in February.
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No colonies were observed in April (data not shown). The highest colony abundances were
2.7 L7! in November (station ZN4-3), 189.8 L~ ! in January(station ZN4-4), and 9.4 L~ lin
February (station ZN5-4).
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Figure 9. Distribution of Phaeocystis globosa colonies in the whole water column during the three
cruises (A-C).

3.5. RDA Results

To analyze the relationships between environmental factors and phytoplankton as-
semblages, and to understand the driving factors that control phytoplankton community
structure, redundancy analysis (RDA) was performed.

In November, the eigenvalues of axes 1 and 2 were 0.225 and 0.039, respectively
(Table 5). The correlation values for axes 1 and 2 were 0.80 and 0.43, respectively, indicating
that the correlation between axis 1 and phytoplankton taxa was significantly positive
(r <0.8) and that between axis 2 and phytoplankton taxa was weakly positive (0.3 < r < 0.8).
The cumulative value of the explained fitted variation was 86.1%, which meant that the
first two axes explained 86.1% of the taxa—environment relationship. The results from the
other three cruises are listed in Table 5.

Table 5. Summary of statistics for the first two axes of the redundancy analysis performed on
phytoplankton and environmental variables from the four cruises.

November January February April
RDA Results
Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis 2 Axis 1 Axis 2
Eigenvalues 0.225 0.039 0.135 0.082 0.180 0.064 0.328 0.116
Explained variation (%) 22.5 26.4 13.5 21.6 18.0 24.3 32.8 44.4
Pseudo-canonical 0.80 0.43 0.53 0.79 0.67 0.56 0.80 0.72
correlation
Explained fitted 733 86.1 479 76.9 60.0 812 68.9 93.1

variation (%)

Table 6 and Figure 10 show the relationships between the phytoplankton taxa and
environmental variables. The main environmental factors influencing the phytoplankton
community were DIN and T in November (p < 0.05), S, SiO3, DIN, and T in January
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(p <0.05), T, depth, and POy in February (p < 0.05), and depth, DIN, and POy in April
(p < 0.05).

Table 6. Forward selection results of redundancy analysis.

Physiochemical November January February April
Factors Contribution % P Contribution % p Contribution % P Contribution % p
DIN 51.7 0.002 19.9 0.02 13.3 0.032 254 0.002
POy 4.6 0.464 9.4 0.174 119 0.064 15.8 0.002
SiO3 7.1 0.208 18.9 0.03 6.7 0.264 5.5 0.048
S 55 0.308 26.7 0.01 10.2 0.126 5.4 0.066
T 25.4 0.002 18.2 0.03 30.8 0.002 6.5 0.05
Depth 5.6 0.3 6.9 0.292 27.2 0.004 41.3 0.002
= o 1
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Figure 10. Biplot from the redundancy analysis of the relationship between phytoplankton species
(red arrows) and environmental variables (black arrows) in the water bodies studied on the four
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cruises. DIN, dissolved inorganic nitrogen; S, salinity; Dep., depth; PGlobs, Phaeocystis globosa; Diat
& Di, diatoms and dinoflagellates; Picoe 1, picoeukaryote I; Picoe 2, picoeukaryote II; Cryptoph,
cryptophytes; Synechoc, Synechococcus.

4. Discussion
4.1. Hydrology

Previous studies have shown that there are three main water masses in the Beibu Gulf:
coastal water (CW) with low salinity, bottom shelf water (BSW) with low temperature
and high salinity, and mixed shelf water (MSW) [47,48]. The MSW can be further divided
into two types, depending on whether it flows from the Qiongzhou Strait or the South
China Sea [49]. In November (late autumn), the BSW was distributed in the southwest,
the CW was distributed along the Guangxi coast in the northern area, and the MSW was
spread over the rest of the area. In January, the water temperature in the northern area
dropped sharply because it was affected by the cold northerly wind. A strong northeast
monsoon in winter transports cold water from the sea surface to the bottom [48], resulting
in homogeneous temperature and salinity in the vertical distribution (Figure 4A,B). In
February, the water temperature was similar to that in January except at stations that were
investigated in daylight, which had a higher surface temperature than the adjacent stations.
The MSW was widely distributed in the investigated area, but the CW was restricted to the
southwestern corner. In April (spring), the cold water mass remained in the bottom layer
as the thermocline strengthened, while in the shallow water, the thermocline was broken
by strong tidal mixing [48].

4.2. Nutrients Spatiotemporal Distribution and Sources

Runoff from the Guangxi coast replenishes nutrients in the sea area. In November,
the SW nutrients showed the highest concentrations in the northern coastal area, and
nutrient distribution was highly influenced by input from the Qin and Maoling rivers.
Another high-nutrient area was observed in the SW in west. Yuan et al. reported a nutrient
concentration hotspot in the same area in December 2016 [36]. We deduced that this area
was affected by discharge from the Red River. The Red River estuary lies 110 km west
of the investigated area, and the discharge from this river in Hanoi (Red River Delta)
was approximately 1000 m® S~! in November. The mean phosphate and dissolved Si
concentrations at that river delta were 0.15 mg P L~! (4.8 umol L71) and 4.5 mg Si L1
(160.7 pmol L™1), respectively [50]. This high level of discharge from the Red River coupled
with high nutrient content running into the Beibu Gulf greatly affected the nutrients in
the seawater. Shi et al. [51] observed anticyclonic circulation northwest of the Beibu Gulf,
which could carry the nutrients from the Red River to the northeastern region. In our study,
we observed a low-salinity region in the south (Figure 4B). This is another trace of the Red
River plume.

In winter, freshwater discharge carries the lowest levels of nutrients observed through-
out the year [52]. Nutrients became homogeneous under the influence of the northeast
monsoon. In January and February, the nutrient concentrations in the SW and BW at the
same station were nearly the same. High DIN concentrations spread from the northeast to
east and were affected by the discharge from the Pearl River being transported through
the Qiongzhou Strait. The water from the Qiongzhou Strait became the major factor af-
fecting the spatial distribution of nutrients, primarily during the winter—spring period.
According to Shi et al., the mean outflow of water in winter—spring is higher than that in
summer-autumn (0.2-0.4 Sv (Sv = 106 m3 S~1) and 0.1-0.2 Sv, respectively) [1]. Gao et al.
reported that the mean westward flux is ~0.35 Sv in autumn and winter [47], which is
consistent with the findings of Shi et al. [1]. Zhang et al. estimated that the DIP westward
through the Qiongzhou Strait into the Beibu Gulf in winter accounts for 54% of throughout
the year [34,53]. In addition to the high-value area in the Qiongzhou Strait, there was
another hotspot of PO4 and SiO3 concentrations in the south. This hotspot indicated that
POy and SiO3 were also affected by the BSW from the South China Sea. The Red River
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plume weakened during winter when the runoff decreased [47]. Meanwhile, the northwest
monsoon pushed the Red River water mass to the south. These were the two factors leading
to the decline in the Red River’s influence on this region. The SiO3 concentration decreased
significantly from January to February. This was probably due to the sharp increase in
diatoms and dinoflagellates in January, which consumed the Si, leading to the depletion of
5i0j3 in February.

Rainfall increased in spring, which is also when fertilizer use increases for spring plow-
ing. Thus, areas of high DIN and POy concentrations spread out along the northern coastal
zone of Guangxi. The Qiongzhou Strait in the southeast had the highest concentrations.
The influence of the BSW from the South China Sea remained, but was weakened. The
DIN abundance was the highest in February among the four cruises. PO, flowed through
the Qiongzhou Strait into the Beibu Gulf and declined in spring (Figure 4D). Zhang et al.
reported that the SRP westward through the Qiongzhou Strait into the Beibu Gulf in spring
only accounted for 18% of the annual amount (54% in winter) [53].

4.3. Phytoplankton Abundance and Composition

Zhao et al. investigated pico- and nano-phytoplankton assemblages in the same area
from September 2016 to August 2017, using FCM [32]. Four clusters were identified in their
study, including picoeukaryotes, nanoeukaryotes, Synechococcus, and Prochlorococcus.
Synechococcus and picoeukaryotes were also found in the present study. However, we
separated picoeukaryotes into two groups, based on their sizes and chlorophyll-a contents.
Nanoeukaryotes is a type of phytoplankton that has a 3-20-um diameter range, which
includes the P. globosa group and parts of other groups in the 3-20-um diameter range, in
the present study. Prochlorococcus was absent in the present study.

According to the research of Zhao et al., Synechococcus mean abundance peaked at
1.66 x 10° cells mL~! in August, and dropped to the lowest abundance, 3.65 x 103 cells mL~?,
in January. In the present study, the highest Synechococcus mean abundance was
1.04 x 10* cells mL 1, in November; whereas the lowest mean abundance was 1.48 x 103 cells mL !,
in February. The highest Synechococcus abundance in the present research being lower
than that of Zhao et al., might have been due to the different sampling times. In Zhao
et al.’s research, the highest picoeukaryote abundance was 5.56 x 10° cells mL~?, in Febru-
ary, and the lowest was 1.02 x 10° cells mL~!, in January. We combined the abundances of
Picoeukaryotes I and Picoeukaryote II into total Picoeukaryotes abundance. The highest
total Picoeukaryotes abundance was 7.51 X 103 cells mL. 1, in February, and the lowest
was 2.49 x 10% cells mL~!, in November. In conclusion, the phytoplankton abundance and
trends in our research are similar to those of Zhao et al.

4.4. Relationships between Environmental Variables and Phytoplankton Assemblages

Synechococcus abundance decreased from November to February and then increased in
April. RDA results indicated that, in November, the Synechococcus abundance was mainly
related to nutrient concentration and depth. The depth is inversely related to irradiance to
some extent. Previous studies have found that Synechococcus can grow under very low light
levels and outcompete larger cells for nutrient uptake [28,29,54]. In January and February,
Synechococcus was associated with a seasonal decrease in seawater temperature. This group
is a tropical species and so was restricted by low temperatures. In April, when the seawater
temperature increased, Synechococcus abundance was associated with nutrient level and
depth. The temporal and spatial distributions of Picoeukaryote I were similar to those of
Synechococcus. However, Picoeukaryote I was not related to water temperature, which was
low in January and February. This meant that Picoeukaryote I could tolerate low water
temperatures. Picoeukaryote I abundance increased from November to January, decreased
sharply from January to February, and increased again from February to April. A similar
trend was observed for diatoms, dinoflagellates, and P. globosa. The lack of PO, could have
resulted in a decrease in these three phytoplankton groups in February.
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There were two reasons for the decrease in PO, in February and April. The first was
the increasing abundance of Picoeukaryote I, diatoms, dinoflagellates, and P. globosa. These
three groups were more numerous than Synechococcus and Picoeukaryote I, and their large
populations consumed large amounts of nutrients, which led to POy4 depletion. The second
reason is that the amount of PO4 coming from the Qiongzhou Strait decreased at that
time. Zhang et al. reported that the amount of PO, originating from the Qiongzhou Strait
in spring was only one-third of that in winter [53]. The PO, concentration continued to
decrease in April, leading to an increase in the DIN:DIP ratio. Phytoplankton proliferate
rapidly at suitable N:P ratios [55]. According to previous studies, the growth of most red-
tide-causative organisms in Hong Kong coastal waters is optimized at a low N:P (atomic)
ratio of between 6 and 15 [56]. Although the water temperature and DIN increased in
April, the POy concentration was low and the N:P ratio was high. The mean N:P was 8.5
and 16.9 in January and April, respectively. Phosphate was the primary limiting factor in
the winter-spring period in the Beibu Gulf. This is why phytoplankton abundance either
did not increase or only increased slightly from February to April. Other factors such as
turbulence and predators could be the main structural drivers of spatiotemporal assemblage
distribution [57,58]. However, these factors were not investigated in the present study.

4.5. P. globosa Solitary Cells and Colonies

There are two distinct forms in the life cycle of P. globosa: free-living cells and colonies,
with each colony containing thousands of cells. Colony cells are without flagella (non-
flagellates) and are fixed in a polysaccharide matrix, whereas free-living cells possess two
flagella (flagellates). Non-flagellate and flagellate cell types alternate during the life cycle of
P. globosa [11,12,59]. There are two sizes of flagellate cells: small (3.4—4.1 um) and macroflag-
ellate (5.6-8.3 um) [22]. These cell types also differ in their chromosomal numbers, with
small flagellates being haploid and macroflagellates being diploid [15]. Bonato et al. [28,29]
distinguished between the two types of flagellates using FCM. Diploid macroflagellates
showed higher FLR and FWS signals than small haploid flagellates. However, we were
not able to differentiate them in the present study. Previous studies have suggested that
macroflagellates have a short lifetime (less than a day), which explains why this flagellate
stage is rarely observed [10,12]. Therefore, free-living P. globosa cells were not divided into
their two types in the present study and were considered together as solitary cells.

Flagellates are generated inside fading colonies, and many flagellates are released
when P. globosa blooms fade [10,12,60]. Peperzak et al. found that the relative concentration
of solitary cells peaked 17 and 7 days after the peaks of non-flagellate cells (colony cells) [22].
In the present study, P. globosa colonies peaked in January, decreased in February, and were
rarely found in April. Solitary cells peaked in January and were maintained at similar
levels in November, February, and April. The number of P. globosa colonies decreased
from January to April, but the number of solitary cells did not increase. The maximal
colony abundance was just 189.8 L1, which was lower than that of other blooms. Hai et al.
reported a maximal colony abundance of 2200 L~! [61]. It is possible that colony abundance
would peak at a certain moment between November and January. Although abundance
was higher in January than in November, it decreased from the peak, which caused solitary
cells to increase. Frequent monitoring of solitary cells and colony variation over time is
required to reveal the relationship between them.

4.6. Relationships between Environmental Variables and P. globosa Colony Formation

The origin of the colonial stage has fascinated scholars, and it is still widely discussed.
Eutrophication is the common cause. Phaeocystis colonies bloom worldwide in nutrient-
rich environments [61-64]. In oligotrophic oceans, this organism usually exists in the
form of solitary cells [65,66] because such flagellar cells are better equipped to survive
in such environments [22]. It has been reported that colonies bloom after an increase in
the spring diatom, and it is thought that this occurs once Si is depleted [67]. However,
nitrogen and phosphate also play important roles. Riegman et al. considered Phaeocystis
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a poor competitor under P limitation and a good competitor under N limitation. In their
experiments, colonies were formed under NOj limitation but were absent under P and NHy
limitation [54]. Escaravage et al. found that Phaeocystis could outcompete diatoms at Si
concentrations of >10 um [60]. Peperzak et al. considered that the Phaeocystis spring bloom
that develops only after the depletion of Si by diatoms may not be correct [68]. Cariou et al.
reported that high initial PO, concentrations (5 pm) delay colony appearance, whereas low
concentrations (0.3 um) prevent colony formation [14].

In the present study, colonies were observed at some stations in November, increasing
in January, and decreasing from January to April (Figure 9). The trend coincided with
PO, concentration (Figure 5). The SiO3 concentration increased slightly from November to
January and decreased from January to April. Si was depleted by diatoms in February, but
P. globosa colony blooms did not emerge when Si was consumed. PO4 was the major limiting
factor for P. globosa colonies. According to Yang et al., the northern Beibu Gulf is generally a
P-limited coastal ecosystem [35]. Furthermore, the water temperature decreased sharply to
19.1 °C in January, and P. globosa colony abundance peaked at that time. Water temperature
is potentially another factor that triggers P. globosa colony formation. Previous studies have
shown that P. globosa colony blooms occur at different temperatures (for example, 12-15 °C
in the North Sea [22,63]; >26 °C in Vietnam [61]). Therefore, the triggering of P. globosa
colony formation by water temperature is a complex process and may include shifting
patterns of zooplankton predation [69,70] or turbulence [71].

4.7. Suggestion for Eutrophication Management

It is widely believed that harmful algae blooms are caused by eutrophication. In the
present study, PO4-P played an important role in controlling phytoplankton variations in
the study area. P. global solitary cell, diatoms and dinaflagellas abundances declined when
PO4-P decreased in spring. PO4-P depletion restricted such phytoplankton multiplication.
In another words, harmful algae blooms would take place frequently if the phosphorus
levels were sufficient. The nutrients coming through the Qiongzhou strait into the Beibu
Gulf decreased in spring [53]. Therefore, we should pay more attention to restricting the
discharge from northern and western coastal areas. Phosphorus concentrations should be
kept to a low level to reduce harmful algae blooms.

5. Conclusions

This research showed the spatiotemporal variations in phytoplankton assemblages
and physiochemical factors from late autumn to spring. Picophytoplankton abundance
(including Synechococcus, Picoeukaryote I, and Picoeukaryotes II) was dominant during
the four cruises at all stations. Synechococcus and Picoeukaryote I abundances were mainly
related to nutrient concentrations. Synechococcus was restricted by low temperatures in
winter, but Picoeukaryote I was not. Picoeukaryote II, diatoms and dinoflagellates, and
P. globosa showed similar trends. These three groups were restricted by the depletion of
POy in February and April. In addition, phosphorus limitation was observed at that time.
Phosphorus was the key factor affecting P. globosa blooms in this area. The abundance of
solitary P. globosa cells peaked during January. Their number did not increase when the
colonies faded in February and April.
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