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The release of pollutants in sediment often causes secondary pollution of
seawater. In this paper, marine aquaculture sediment was added to seawater in
a coastal land-based mesocosm, and the changes in microbial and
physicochemical parameters were measured to study the influence of sediment
disturbance on seawater. The results showed that sediment disturbance had
adverse effects on seawater. After adding and stirring the aquaculture sediment,
the concentration of dissolved oxygen (DO) gradually decreased, and those of
nutrients gradually increased; in particular, the concentrations of ammonia and
dissolved inorganic phosphorus (DIP) increased most sharply. After day 9, a bloom
dominated by Chaetoceros occurred. Concentrations of chlorophyll a (Chl-a)
increased, and two obvious Chl-a peaks were observed; the trends of DO and pH
were similar to that of Chl-a during the bloom period; and DIP and ammonia were
exhausted during periods of Chl-a peaks. During the extinction of algal blooms, the
concentrations of Chl-a and DO decreased, whereas those of DIP and ammonia
increased. The variation trends of bacteria and viruses were similar to that of Chl-a,
with two obvious peaks, which were later than those of Chl-a. There were close
connections between Chl-a and nutrients, bacteria and viruses and they showed a
trend of changes in turn from nutrients to phytoplankton to bacteria to viruses
during the experiment. We concluded that bloom formation was mainly affected
by nutrients and weather, and the main reason for bloom decline was the
depletion of nutrients. The increase in zooplankton, bacteria, and virus
abundance was the ecological effect after the occurrence of algal blooms, and
they affected the development of algal blooms.
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Introduction

There are large amounts of nutrients in aquaculture
sediment, which can be released into water under certain
conditions (De Casabianca et al, 1997), causing secondary
pollution that may also lead to algal blooms (Rasmussen et al.,
2003; Robb et al., 2003; Gao et al., 2014; Lei et al., 2022). The
algal blooms may also have other severe influences on marine
aquaculture and the marine environment (Anderson et al., 2002;
Alonso-Rodriguez and Paez-Osuna, 2003; Gary DiLeone and
Ainsworth, 2019; Brown et al., 2020). Therefore, research on the
mechanisms of algal bloom formation is important for
protecting the marine environment and biology (Ou et al., 2022).

Many authors have researched the conditions of bloom
formation, the main parameters during blooms, and the
impacts on the environment during bloom decline through
field investigations and mesocosm experiments (Tada et al,
2001; Sellner et al., 2003; Gao and Song, 2005; Li et al., 2015;
Chen, 2019). A number of studies have shown that nutrients,
light intensity, temperature, and so on are important conditions
for forming algal blooms (Berges and Falkowski, 2003;
Ornolfsdottir et al., 2004; Zohdi and Abbaspour, 2019; Lin
et al,, 2019). Nutrient limits, weather, zooplankton grazing,
and viral lysis are usually key factors causing bloom decline
(Evans et al, 2003; Zhang et al, 2018). In particular, the
interactions between microbes and phytoplankton have
become a hot topic in recent years. Some authors have
proposed that bacteria could affect the growth of algae by
directly lysing algae, secreting extracellular substances
indirectly lysing algae, competing for nutrients and so on (Wu
et al.,, 2003; Zhao et al., 2005; Gao et al., 2021). There are also
reports abroad that bacteria can attack the outer membrane of
diatom cell walls by hydrolytic enzymes (Bidle and Azam, 1999),
but there has been no report in which bacteria can lead to the
disappearance of algal blooms. Viruses can infect algae, and
many authors consider them to be one of the main causes of
bloom decline. However, reports on the mortality rate of
phytoplankton by viruses have been significantly different
(Jacquet et al., 2002; Zhang et al., 2018). There have been few
reports on the effects of various factors together on the
formation and extinction impacts of algal blooms.

To explore the impacts of special factors on algal blooms,
especially nutrients, bacteria, and viruses, an experiment
enriched with marine aquaculture sediment was conducted in
a mesocosm. Diatom red tides occur frequently in the sea area
where the project was located due to land-based pollution
discharge and nutrient input from the Jiulong River (Chen
et al., 2013). The main physicochemical and microbial
parameters were measured during the experiment. The
relationships between chlorophyll a (Chl-a) and nutrients,
dissolved oxygen (DO), bacteria, and viruses during the whole
period of an algal bloom were revealed. The mechanisms of algal
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blooms and the potential harm of marine aquaculture sediment
to the environment were examined. The purpose of this study is
to provide a reference for preventing blooms and reducing the
environmental impacts after algal blooms.

Materials and methods
The experiment site

The coastal land-based mesocosm (24°26.11'N, 118°5.49'E)
was located in Xiamen, Fujian Province, southeastern China and
the western Taiwan Strait, adjacent to southern Xiamen Bay.

Mesocosm construction

Two mesocosm bags were mounted in a concrete pool with
bamboo poles. Each enclosure’s length, width, and depth were
5.08, 2.40, and 1.90 m, respectively. The enclosures were
composed of 0.15-mm-thick polyethylene film and opened to
the air. Two mesocosms were designated A and B. A glass shed
was built above the mesocosms.

Methods

Mesocosms A and B were filled with seawater pumped from
the adjoining sea and filtered by gunny bags at the same time.
Each mesocosm depth was 1.65 m, and the volume was 20.1 m°.
In the first afternoon, Mesocosm B was added to marine
aquaculture sediment collected from Dongshan Island, Fujian
Province, a typical mariculture area that was approximately
150 km away from Xiamen. The wet weight of mud in
Mesocosm B was 1,184.82 kg, and the thickness was 6.2 cm.
Mesocosm A acted as a control group without mud. During the
experiment, the “T” type agitator made of stainless steel pipes
was used to agitate the sediment around Mesocosm B
approximately 20 times daily, prompting the nutrients in the
sediment to be released into the water.

Parameters and analysis methods

Light intensity and transparency were measured with an
illuminometer and transparency disk in the field, respectively.
Parameters of temperature, salinity, pH, DO, and DO saturation
were measured with probes, P4 multiparameters made by
WTW, Germany, in the field. Seawater samples were filtered
through a 0.45-um filter membrane, and then, the concentration
of Chl-a was measured by a spectrophotometer after extraction
in 90% acetone for 24 h at 4°C in darkness. Concentrations of
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dissolved inorganic phosphorus (DIP), NH4-N, NO,-N, NOs-N,
and SiO;-Si were measured with a spectrophotometer within
12 h. Chemical oxygen demand (COD) was measured by the
alkaline potassium permanganate method.

Seawater samples were fixed with polyformaldehyde (2%
final concentration), filtered onto 0.2-um pore size, 25-mm-
diameter black polycarbonate filters, and stained with di-
amidino-phenyl-indole. Then, bacteria were photographed and
counted under a fluorescence microscope. Two milliliters of
seawater samples were fixed with glutaraldehyde (0.5% final
concentration) and frozen at —20°C until laboratory analysis.
The samples were stained with SYBR green I, and then, virus
abundance was determined by flow cytometry (FCM). Samples
were fixed in Lugol’s solution (1% final concentration) in the
field, the phytoplankton cell number was counted, and the
species were identified under a microscope with an algal
counting box.

Sampling time and frequency

Samples were sampled or measured at approximately 12:00
every day, usually once a day, and once every 2~3 days in the last
10 days during postbloom. The samples were collected at 0.5 m
below the water surface center for each half mesocosm. The
average value calculated from two parallel datasets of each
mesocosm is expressed as the mean + SD.

Experiment of nutrient release
from sediment

A total of 100 g (wet weight) of sediment was placed into 1 L
of ammonia-free water and fully stirred. After precipitation, the
supernatant was filtered through filter paper and 0.45-um pore
size filters to determine the concentrations of DIP, NH,4-N, NO,-
N, NOs-N, and SiO5-Si.

Data analysis

Linear regression and ANOVA were performed with SPSS
software, and the significance level was 0.05.

10.3389/fmars.2022.959161

Results

Nutrient release and water quality before
and after sediment addition

The results of the nutrient release experiment from the
sediment showed that a large amount of DIP and NH,-N was
released from the sediment after full stirring. Concentrations of
nutrients in Mesocosm B could theoretically rise to very high
levels if fully released after adding aquaculture sediment
(Table 1). However, the concentrations of nutrients in
Mesocosm B were much lower than the possible
concentrations after mud was mixed. The concentrations of
DIP and NH,-N, which had the largest increase in the
addition and stirring of sediment on the second day, were only
8.7% and 5.7% of the results of the experiment of nutrient
release, respectively.

Although nutrients were not fully released, there were
obvious variations in the main parameters of water quality
before (day 1) and after (day 2) adding sediment (Figure 1). In
particular, the concentrations of NH,4-N and DIP increased, and
the concentration of DO decreased.

Main environmental parameters

The results of the main environmental parameters during the
experiment are shown in Table 2. Affected by the canopy, the light
intensity in mesocosms was approximately 1/4 of the direct sunlight
outside. In mesocosms, the light intensity was mostly less than
10,000 Ix on cloudy or rainy days and was generally greater than
10,000 Ix on sunny days. Transparency in Mesocosm B usually
ranged from 0.7 to 1.1 m, except at approximately 0.5 m during
blooms, and the lowest value was 0.2 m after adding sediment. In
contrast, the transparency in Mesocosm A was greater than 1.65 m
at all times. Water temperature increased in general during the
experiment, and the difference was small between the two
mesocosms. The range of salinity was only approximately 1
during the experiment. The pH value in Mesocosm B gradually
decreased after adding and stirring sediment, reaching the lowest
value, 7.90, on day 4. pH increased after bloom formation, reaching
the highest value, 8.82, on day 17, and then gradually decreased
during bloom decline. Concentrations of COD in Mesocosm B

TABLE 1 Results of the experiment of nutrient release from sediment and nutrient concentrations before and after adding sediment to Mesocosm B.

Parameters

Nutrient release rate from sediment (mg kg™")
Concentrations of nutrients before adding sediment in Mesocosm B (mg LY

Possible concentrations after adding sediment in Mesocosm
B (mg LY

Frontiers in Marine Science

DIP NH,4-N NO,-N NO;-N DIN $i0;-Si
3.40 41.00 0.04 6.00 47.04 268.41
0.025 0.001 0.002 0.704 0.707 2.464
0.225 2418 0.005 0.356 3.480 18.285
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FIGURE 1

DIP SiOs-Si

DO, COD, NH4-N, DIP, and SiOz-Si values before and after adding sediment into Mesocosm B (mean + SD, NH4-N x 50, and DIP x 100).

increased obviously after adding sediment, reached the highest
value, 247 mg L', and then gradually decreased. During the
algal bloom, it reached another peak value of 2.30 mg L™ on day
16 and then gradually decreased during the bloom decline.
Nevertheless, pH and COD values in Mesocosm A were smaller
than those in Mesocosm B.

Chl-a and plankton

The concentrations of Chl-a were in a low range during the first
8 days in the two mesocosms. Those in Mesocosm B increased
rapidly on day 9 and then reached the first peak on day 11, showing
that an algal bloom had formed. The concentrations of Chl-a
decreased from days 12 to 14 and reached the second peak from
days 15 to 17, with the highest values, 64.00 mg m . The dominant
genus of the bloom was Chaetoceros, whose cell density was 4.44 x
107 cells L™" and density was 96.2% of the total density at 12:00 on
day 16. The highest density appeared at 18:00 that day, which was
1.29 x 10® cells L. The diatoms decreased, whereas dinoflagellates
increased after day 18. After the formation of blooms, ciliates, fleas,

rotifers, and other zooplankton were observed successively. The
density of zooplankton was the largest during the bloom decline,
and the individual species were small in the early stage and large in
the later stage. There were no obvious dominant species of diatoms
and dinoflagellates during the third Chl-a peak from days 14 to 18.
An algal bloom was observed in Mesocosm A on day 10; however,
the concentration and variation range of Chl-a were smaller than
those in Mesocosm B, and the highest concentration of Chl-a was
only 11.88 mg m™> (Figure 2A).

DO

After adding the sediment, the DO concentration gradually
decreased in the early period, reaching the lowest value, 1.50 mg
LY on day 7, and the lowest DO saturation was 21.3% in
Mesocosm B, and then DO concentration gradually increased.
The DO concentration increased rapidly after bloom formation,
and the trend was similar to that of Chl-a in general, reaching the
first peak on day 11 and then decreasing from days 12 to 14. DO
concentrations reached the second peak on days 16 and 17, when

TABLE 2 Comparisons of the main environmental parameters during the experiment.

Parameter Mesocosm B Mesocosm A
Range Average (Mean * SD, n = 29) Range Average (Mean * SD, n = 29)
Light intensity (x) 2,425~29,650 16,600 + 8,260 2,750~29,300 17,000 + 7,900 Ix
Temperature (°C) 27.0~32.1 299 1.9 26.9~31.9 296+ 1.8
Salinity 23.5~24.7 23.9 £ 0.38 23.5~24.4 237 +0.32
pH 7.90~8.74 8.27 +0.27 8.03~8.45 8.30 + 0.15
COD (mg L") 0.81~2.47 1.38 + 0.42 0.56~1.80 0.93 + 0.28
Frontiers in Marine Science 04 frontiersin.org
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FIGURE 2

Concentrations of Chl-a (A), DO (B), NH4-N (C), DIN (D), DIP (E), and SiO3-Si (F) and abundances of bacteria (G) and viruses (H) during the
experiment (Mean + SD).

Chl-a concentrations reached the second peak as well, with the Nutrients
highest DO value, 19.53 mg L7}, and the highest DO saturation,
262%, on day 16. DO concentrations gradually decreased during

As shown in Figures 2C-F, after adding sediment, the
bloom decline and reached another trough on day 23. The

concentrations of dissolved inorganic nitrogen (DIN), DIP,
and SiO;-Si increased rapidly in the early days and then
decreased gradually. They decreased sharply after bloom

variation range of DO concentrations in Mesocosm A was
much smaller than that in Mesocosm B (Figure 2B).
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formation and increased during bloom decline, in general.
Variations in DIP concentrations were the largest among the
three main nutrients, and DIP was even exhausted when Chl-a
concentrations peaked. The concentrations of DIN and SiO3-Si
showed downward trends in general during the experiment, but
they were never exhausted. The trend of nutrients in Mesocosm
A was wholly similar to that in Mesocosm B. The concentration
of nutrients in Mesocosm A was relatively stable in the
beginning period in cloudy or rainy weather and showed a
downward trend under later sunny weather conditions, with a
smaller range in Mesocosm A than in Mesocosm B. In contrast,
the concentrations of DIN and SiO5-Si in Mesocosm A were
higher than those in Mesocosm B in the late period of
the experiment.

Bacteria and viruses

The abundance of bacteria in Mesocosm B increased
gradually after bloom formation and reached the first peak on
day 13 as Chl-a was at a low concentration. After the second Chl-
a peak, the abundance of bacteria decreased sharply and then
gradually increased following the bloom, reaching the second
peak during bloom decline. Two peaks of bacterial abundance
were obviously the same as those of Chl-a in Mesocosm B, but
the peaks of bacterial abundance were approximately 2 days later
than those of Chl-a. The abundance of bacteria in Mesocosm A
was lower than that in Mesocosm B, with only one obvious
peak (Figure 2G).

The trend of viral abundance was similar to that of bacteria.
The viral abundance in Mesocosm B was very low in the early
period, and two obvious peaks were observed, but the occurrence
time was approximately 2 days later than that of bacteria. The
viral abundance was smaller in Mesocosm A than in Mesocosm
B, and only one obvious peak was observed (Figure 2H).

10.3389/fmars.2022.959161

Correlation of Chl-a with NH4-N, DIP,
bacteria, and virus

The correlation analysis results of the main environmental
parameters and Chl-a are shown in Table 3. The F-values of DIP,
DIN, and SiO;-Si were all significantly negatively related to Chl-a. The
R?and F-values of DIP were larger than those of DIN and SiO;-Si, and
the P-value was lower than those of DIN and SiO;-Si. In the three types
of DIN, only NH,-N was significantly negatively correlated with Chl-a.
Significant relationships were also found between DO concentrations,
pH values, and Chl-a concentrations. No relationship was found
between light intensity and Chl-a during the whole experiment, but the
relationship was significant in the early stage of the experiment (days 2
to 17). In addition, the DO concentrations and NH,-N concentrations
were significantly negatively correlated.

There was no significant correlation between Chl-a
concentrations and bacterial abundance or viral abundance
during blooms. If the time of bacteria and viruses was
advanced 2 and 4 days, respectively, then they were
significantly correlated (Table 4).

Discussion
Impact of sediment on the environment

Aquaculture sediment contains a large amount of nutrients,
which can be effectively released into the water after full stirring
(Table 1). The most severe influences on the environment were the
sharp increase in the concentrations of DIP and NH,-N and the
gradual decrease in the concentrations of DO, whereas the
abundance of bacteria increased slightly and the abundance of
viruses did not change obviously (Figures 2B, C, E, G, H). On the
other hand, nutrients continuously released from the daily stirring of
sediment affected the occurrence and maintenance of algal blooms.

TABLE 3 Correlation analysis between the main environmental parameters and Chl-a.

Parameters Correlation Equation
DIP y = —0.0006x + 0.0286
NH,-N y = -0.0028x + 0.169
NO,-N y = —0.00005x + 0.0126
NO;-N y = —0.0039x + 0.519
DIN y = —0.0068x + 0.698
$i0;-Si y = -0.0236x + 1.712
DO y = 0.195x + 3.364

pH y = 0.0104x + 8.035

Light intensity y = 150x + 13009

Light intensity (days 2~17) y = 222x + 5858

*Significant at the 0.05 level.

Frontiers in Marine Science

R? F P n
0.516 28.839 * 0.000 * 29
0.432 20.503 * 0.000 * 29
0.030 0.832 0.370 29
0.070 2.047 0.164 29
0.161 5.188 * 0.031 * 29
0.240 8.506 * 0.007 * 29
0.551 33.148 * 0.000 * 29
0.482 23.224 % 0.000 * 29
0.100 2.897 0.101 29
0.511 14.649 * 0.002 * 16
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TABLE 4 Correlation analysis between bacteria, viruses, and Chl-a.

Parameters Correlation Equation
Bacteria y = 56730x + 5724718
Viruses y = 1017222x + 3104872

Bacteria (2 days later) y = 142851x + 2900439

Viruses (4 days later) y = 1575672x + 2455708

*Significant at the 0.05 level.

Relationship between nutrients and
algal blooms

The nutrients provide sources for the formation of algal
blooms. The higher concentration of nutrients led to the higher
concentration of Chl-a during algal blooms; therefore, obvious
algal blooms and higher concentrations of Chl-a were observed
in Mesocosm B than in Mesocosm A (Figure 2A). The increase
and decrease in Chl-a were accompanied by a sharp decline and
increase in nutrients, indicating that the formation of algal
blooms consumed a large amount of nutrients. After the
disappearance of algal blooms, nutrients were remineralized
and released into the water.

DIP was the nutrient limitation factor of algal blooms in the
experiment. The mole ratio of DIN and DIP released from
sediment was 31:1 and that of water pumped from the sea was
63:1 (Table 1). Both were far higher than the ratio of N and P in
normal algal cells (16:1). The mole ratio of DIN and DIP of
mixed water in Mesocosm B was 53:1; therefore, it could be seen
that the seawater of the experiment had a phosphorus limitation
status. Other studies have also shown that the sea area where the
project was located has potential P limitation characteristics (He
etal., 2021). When the two peaks of Chl-a were formed, DIP was
exhausted quickly, whereas DIN and SiOs-Si were never
depleted (Figures 2A, D-F). The correlation between DIP
concentrations and Chl-a concentrations was the most
significant, suggesting that DIP had the closest relationship
with Chl-a among the three main nutrients (Table 1). Among
the three types of DIN, only NH,-N concentrations were
significantly correlated with Chl-a concentrations (Table 1).
Because NH4-N can be directly absorbed by phytoplankton
and synthesized into amino acids (Carpenter and Dunham,
1985), algae absorb NH,;-N during the formation of algal
blooms and then absorb NO,-N and NO;-N after NH,-N
exhaustion. In addition, NH4-N was produced foremost
during bloom decline (Figure 2C); therefore, NH,-N values
were the most obvious during the formation and decline of
algal blooms.

DIP and NH,4-N were exhausted on day 11 during the first Chl-a
peak, but DIN concentrations continued to decrease on day 12,
indicating that algae could continue to absorb and store nitrogen
when phosphorus was depleted. DIP was exhausted again at the
beginning of the second Chl-a peak (Figure 2E), but NH,-N was
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R? F P n
0.074 0.715 0.420 11
0.203 2.290 0.164 11
0.754 27.649 * 0.001 * 11
0.820 41.002 * 0.000 * 11

exhausted after two days (Figure 2C), and DIN also maintained a
stable period of 3 days (Figure 2D), indicating that there was still
sufficient nitrogen in algal cells when the second peak was just
formed, which might have been stored during the period when DIP
was depleted. Andersen et al. (1991) pointed out that the phosphorus
stored in the body could maintain the growth of microalgae for
several hours. In this study, Chl-a reached its maximum value on day
15 after DIP was exhausted on day 14, which may be related to the
continuous release of DIP from sediment to seawater. However,
phosphorus limitation arrested the growth of microalgae, and the
Chl-a concentration and algal cell density decreased gradually
(Figures 2A, E). This indicated that phosphorus limitation was one
of the main reasons for the disappearance of this bloom.

Relationship between bacteria and
algal blooms

The results showed that the abundance of bacteria increased
after algal bloom formation and reached peaks during bloom
decline. A significant increase in the number of debris in the
water during bloom decline was observed by microscopy, and a
large number of bacteria were often observed on the surface
under a fluorescence microscope. Riemann et al. (2000) pointed
out that dead diatoms would be quickly invaded by bacteria with
a strong particle hydrolysis function, and the proportion of
adherent bacteria during late blooms was much higher than that
during early blooms.

Although the abundance of bacteria peaked after the first Chl-a
peak decline (days 12~13), the second Chl-a peak formed rapidly as
the weather became clear (Figures 2A, G), indicating that bacteria
could not effectively control the formation of algal blooms. Riemann
et al. (2000) also found that the abundance of bacteria in the early
stage of algal blooms was large, but it did not hinder the formation
of algal blooms. Therefore, the role of bacteria was to degrade cell
detritus and accelerate nutrient cycling.

Relationship between viruses and
algal blooms

A large number of viruses can effectively infect a considerable
part of the phytoplankton community (Fuhrman, 1999).

frontiersin.org


https://doi.org/10.3389/fmars.2022.959161
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Sun et al.

Algal dynamics could be controlled by reducing the number of
hosts or preventing the number of algae from reaching a high level
(Brussaard, 2004). There have also been reports of the isolation of
Trichomonas viruses in the East China Sea (Wu et al., 2011). In this
study, the abundance of viruses did not increase obviously as the
Chl-a concentration decreased (days 12~14). The abundance
decreased from days 16 to 18 during the bloom decline
(Figures 2H), indicating that viruses did not play an important
role in the bloom decline, and the reduction in the number of algal
cells did not release a large number of viruses. The effects of viruses
on algal death have varied greatly in different research studies. Some
studies have shown that the mortality of algae caused by viruses is
only 2%-10% (Waterbury and Valois, 1993; Cottrell and Suttle,
1995). Nevertheless, Jacquet et al. (2002) estimated that 230-400
viruses could be released from each algal cell after lysis, and the
mortality rate of viral infection per day accounted for 40%-100% of
the total net mortality of algal cells. Evans et al. (2003) estimated
that the virus-induced mortality of Micromonas ranged from 10%
to 34% every day. Therefore, they considered that viruses played an
important role in bloom decline. However, their experiments only
measured the density of phytoplankton and the abundance of
viruses and did not measure the abundance of bacteria nor did
they confirm whether these viruses came from the lysis of algal cells
or whether they all had an algal-killing function. They may have
also regarded bacterial viruses as alga viruses, and the role of viruses
may have been overestimated. In this study, the viruses could be
divided into algal viruses and bacterial viruses by flow cytometry,
and bacterial viruses accounted for 93.0 + 3.5% of the total viruses.
Moreover, the trend of viruses was similar to that of bacteria, and
the peaks of viruses were approximately 2 days later than those of
bacteria (Figures 2G, H). These results indicated that viruses were
released mainly from lysed cells of bacteria, and algal viruses only
accounted for a small fraction of the total viruses. Winter et al.
(2005) also pointed out that viruses mainly came from the infection
of prokaryotic organisms, and algal viruses did not contribute
significantly to the virus pool. Schroeder et al. (2003) considered
that although several viral genotypes appeared at the beginning of
an Emiliania huxleyi bloom, only a small number of viral genotypes
eventually continued to show algaecidal function in the late bloom.
Therefore, we point out that viruses mainly came from bacterial
infection and did not play a key role in the extinction of algal
blooms. In addition, the first peak of viruses occurred during the
sustained phase of the second Chl-a peak (Figures 2A, H),
indicating that viruses could not effectively control the formation
of algal blooms.

Relationship between bacteria, viruses,
and algal blooms

In this study, there was no significant correlation between
bacteria, viruses, and Chl-a during algal blooms (Table 4). The
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main reason for this was that the peak time of bacteria and
viruses lagged behind that of Chl-a (Figures 2A, G, H). If the data
of bacteria and viruses were advanced by 2 and 4 days,
respectively, there was a significant correlation between
bacteria, viruses, and Chl-a (Table 4), indicating that
phytoplankton, bacteria, and viruses were closely linked in
regard to temporal changes. The death of phytoplankton
promoted the mass reproduction of bacteria, and bacterial
lysis released a large number of viruses. Marchant et al. (2000)
found that the abundance of viruses was not significantly
correlated with the abundance of bacteria and the
concentration of Chl-a in the Southern Ocean, whereas there
were significant correlations between bacteria or viruses and
Chl-a in other studies (Culley and Welschmeyer, 2002).
Different correlations may be related to the duration of algal
blooms. If the duration of algal blooms is longer, then there may
be a good correlation between bacteria, viruses, and Chl-a in
their spatial distribution.

Other factors affecting the formation and
extinction of algal blooms

The algal bloom occurred shortly after seawater was pumped
into mesocosms, whereas no bloom was observed in the adjacent
sea area during that period, showing that the stable water body
was beneficial to the formation of algal blooms.

Sufficient light intensity is one of the conditions for the
formation of algal blooms (Kana et al., 2004). The number of
algal cells decreases sharply when light is insufficient, and algae
can grow again after relighting (Berges and Falkowski, 2003).
Therefore, the first 9 days of cloudy and rainy weather
conditions prevented the formation of algal blooms. The 10th
day after the weather turned clear, algal blooms quickly formed,
but due to the subsequent days of cloudy and rainy weather, algal
blooms declined. The 14th day turned clear and a second peak of
algal blooms formed.

Zooplankton grazing on phytoplankton is usually one of the
main reasons for bloom decline (Strom et al., 2001).
Zooplankton grazing has little effect on phytoplankton during
algal blooms but increases during diatom bloom decline (Tsuda
etal., 2006). In this study, the density of zooplankton in the early
stage of algal blooms was small, which had little effect on algal
blooms and could not control the rapid formation of the second
algal bloom peak. However, the density of zooplankton
increased sharply during the bloom decline. Therefore,
zooplankton grazing was another main reason for the
bloom decline.

During the algal bloom, the concentration of DO increased, and
the concentration of nutrients decreased. Phytoplankton and
zooplankton with large densities are ideal food for cultured
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animals. Therefore, maintaining a certain density of phytoplankton
in aquaculture ponds is conducive for improving water quality and
promoting the growth of aquacultural organisms.

However, it is difficult to control phytoplankton, and some
reasons for this include nutrient depletion and weather changes,
which usually cause bloom decline. During bloom decline, the
concentration of DO decreased, whereas the concentration of
ammonia increased, which is harmful to aquatic animals and
leads to disease outbreak and spread.

Research prospects

The formation and extinction of algal blooms were affected
by nutrient concentrations, light intensity, and water stability.
The extinction process was accompanied by an increase in NH;
concentration and a decrease in DO concentration, which may
lead to the deterioration of seawater quality and the outbreak of
marine biological diseases. Research on the mechanisms of algal
blooms and the early warning and monitoring of algal blooms
should be further strengthened to prevent algal blooms and
reduce the harm to aquaculture and the ecological environment
after algal blooms.

Data availability statement
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included in the article/supplementary material. Further
inquiries can be directed to the corresponding author.
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