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Two treatment methods on Ulva
prolifera bloom result in
distinctively different ecological
effects in coastal environment
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Green tides Ulva prolifera have broken out in the Yellow Sea for more than 10

years, becoming a periodic ecological disaster. The largest-ever green tide that

occurred in 2021 promoted innovation in treatment methods. Different from the

traditional harvest-disposal method, a microbial complex formulation was firstly

sprayed on the harvest U. prolifera that promotes rapid degradation, and then

fermented and disposed into the sea. At present, little was known about the

ecological effects of those different treatment methods. In order to examine this

hypothesis, we run an in-lab incubation of 60 days to simulate the twomethods to

degrade U. prolifera, with focuses on the degradation ensued impacts on water

quality. The degradation process of fresh U. prolifera over two months was

dominated by the continuous and slow release of DOM, and the concentration

of DOM in the water column was hardly observed to decrease within two months.

The pre-discomposed-disposal method also significantly altered microbial

community structure. The pre-decomposing treatment with microbial complex

formulations destroyed U. prolifera cell tissues and changed its physical state in

seawater from floating to fast depositing, and increased the degradation rate by

about 14 times. The rapid decomposition of the released bioactive organic matter

consumed a substantial amount of dissolved oxygen in local seawater, which has

the potential risk of causing local hypoxia and acidification in a short-term. The

pre-decomposition treatment of U. prolifera could be a practical and efficient

countermeasures to U. prolifera blooming. After the complete degradation of the

pre-decomposed U. prolifera, the resulting dissolved organic matter could

increase TA to resist acidification. Overall, compared with traditional harvest-

packing-disposal method, the pre-decomposing-disposal treatment is an

efficient and environmental-friendly disposal method to deal with the

U. prolifera “green tide”, but it should be used cautiously.

KEYWORDS

Ulva prolifera, green tide, pre-decomposing treatment, hypoxia, acidification
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1 Introduction

The bloom of Ulva prolifera (abbreviated U. prolifera) is one of

the most famous “green tides”. Large-scale and frequent outbreaks of

“green tides” in the coastal waters of many countries have made it a

global marine ecological problem (Smetacek and Zingone, 2013). The

increase in Ulva blooms on European and American beaches began in

the 1970s, and the frequencies and scales of green tides have increased

rapidly since the 1990s (Schramm, 1996; Charlier et al., 2008). In

China, the “green tide” has erupted annually in the Yellow Sea since

2007, causing severe ecological and economic damage to the southern

coastal region of the Shandong Peninsula (He et al., 2019). The “green

tide” consists of different species of Ulva, such as Ulva prolifera, Ulva

linza, Ulva intestinalis, and Ulva compressa (Wu et al., 2018). Based

on previous research, U. prolifera is the predominant species of the

“green tide” in the Yellow Sea (Gao et al., 2016; Gao et al., 2017). It has

become the largest “green tide” disaster in the world (Hu et al., 2017;

Zhang et al., 2017). According to the Bulletin of China Marine

Disaster (2021), the distribution of U. prolifera reached 61,898 km2

during the “green tide” of 2021, the highest values recorded in history

(https://www.mnr.gov.cn/sj/sjfw/hy/gbgg/zghyzhgb/). “Green tides”

of U. prolifera have a variety of ecological impacts on natural

landscapes and marine life, resulting in imbalances in marine

ecosystems (Ye et al., 2011; Le Luherne et al., 2016; Qi et al., 2016;

Glibert, 2017; Miao et al., 2018; Chen et al., 2020; Liu et al., 2021). At

the end of a “green tide” (late July to early August), a large amount of

U. prolifera settles on the seafloor and gradually decomposes. This

process consumes oxygen and releases carbon dioxide, leading to

hypoxia and acidification of coastal waters (Zhang et al., 2019; Li

et al., 2021).

The coastal waters of Qingdao (China) are one of the areas most

affected by the “green tides”. The Qingdao Municipal Government

has taken aggressive measures to reduce the harmful effects of U.

prolifera (Sun et al., 2022). The most common measure is harvesting,

packaging, and disposal in nearshore waters (Li et al., 2022b). Some of

the U. prolifera recovered from the sea or collected from the beach

was processed into algal powder, algal polysaccharide, or biofertilizer

(Zhuang et al., 2012; Yuan et al., 2018; Chen et al., 2022). In 2021, a

new treatment method was applied. A microbial complex formula

was sprayed on the harvested U. prolifera. After being fermented in

fermentation tanks, the U. prolifera was transported back and

disposed of into the sea, where it naturally degraded.

The “green tides” have long-lasting effects on the environment.

Massive U. prolifera fronds die and are decomposed gradually by

microorganisms at the end of “green tides” (mid-July to early

August). The natural degradation of dead U. prolifera will continue

to release dissolved organic matter and consume dissolved oxygen,

which may lead to hypoxia and ocean acidification (Zhang et al., 2019;

Liang et al., 2021). Therefore, we propose that pre-decomposition

treatment could be an effective and useful measure to control the

“green tide” of U. prolifera by accelerating the cycling of materials and

shortening the time during which the green tide of U. prolifera

continues to negatively impact the marine environment. But does

this treatment also pose potential risks? It is still unclear how the

degradation of pre-decomposed U. prolifera differs from that of

naturally degraded U. prolifera. Whether the effects of the two
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treatments on the marine environment are significantly different?

In this study, we conducted a long-term (60 days) degradation

experiment to investigate the two different treatment methods and

the resulting ecological impacts. Based on the results, we propose

reasonable suggestions for treatment strategies to deal with the future

bloom of U. prolifera.
2 Materials and methods

2.1 Experimental materials

Ten kilograms of fresh U. prolifera were collected on July 29,

2021from the Yellow Sea near Qingdao (120.37°E, 36.06°N) when the

“green tide” broke. The salinity of the seawater was measured at 31.0

with a conductivity salinity meter, and the pH of the seawater was

measured at 7.98 with a pHmeter in the lab. U. prolifera with emerald

green color and no “white coloration” were selected, washed with

seawater on site to remove impurities, and pre-cultured in the

laboratory (20°C) for 24 hours. The temperature of the seawater

was measured at 20.2°C with a thermometer on site. These ten kilos of

fresh U.prolifera was used for the naturally degraded experiment.

To obtain the pre-decomposing U. prolifera samples, the harvest

U. prolifera were collected in the fermentation unit, where a microbial

complex formulation was sprayed, consisting of various

microorganisms such as Bacillus and Yeast. After complete mixing,

the U. prolifera was fermented in fermentation tanks at a temperature

of about 30°C for more than 7 days. Samples whose color and physical

condition were relatively uniform were selected for the experiment.

The samples were stored in the laboratory at a constant temperature

(20°C) for 24 hours without any special treatment before the

experiment began.

About 200 liters of seawater was collected off the coast of Qingdao

(120.44°E, 36.06°N), far from the sewage discharge and other human-

influenced areas. It was poured into a large HDPE bucket and left for

12 hours to remove floating objects and settle the sediment. The

seawater was then filtered through a sieve with a pore size of 20 µm to

remove particles and marine plankton and retain most

microorganisms in situ. The filtered seawater was kept at a constant

temperature overnight to reach the incubation temperature (20°C).
2.2 Experimental design

2.2.1 Incubation conditions and samples collection
A one-time incubation method was applied using a 30-liter

suspension culture system (SI Figure SI2). A 250 g sample of fresh

and pre-decomposed U. prolifera was separately added to 25 L of

filtered seawater to simulate the natural conditions for U. prolifera

degradation (Chen et al., 2020). Three parallel groups were set up for

fresh and pre-decomposed U. prolifera, separately. Incubation was

performed in the dark at a temperature of 20°C.

Both water and microbial samples were collected at 0 h, 12 h, 24 h (1

day), 36 h, 3 day, 5 d, 8 d, 12 d, 20 d, 35 d, and 60 d. Samples for alkalinity

were collected in 100 mL glass bottles and analyzed as soon as possible.

One liter of water was collected from each parallel experimental group at
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each time interval and analyzed for DOC, DON, NO3
-, NO2

-, and NH4
+.

Water samples were first filtered with GF/F filters (Whatman, pre-

combustion at 450°C) with a pore size of 0.7 µm to remove particulate

matter, then with PC filters (Millipore) with a pore size of 0.2 µm, and

finally with PDVF filters (Millipore) with a pore size of 0.1 µm. Water

samples were stored in a pre-cleaned 1 liter high-density polyethylene

(HDPE) bottle and frozen at -20°C. The filtered PC filter membrane with

a diameter of 0.2 µm was folded and placed in a cryopreservation tube,

later soaked in RNA (Thermo Co.) and quickly stored in the refrigerator

at -80°C for 16S rDNA sequencing.

2.2.2 Analytical methods
Water samples were thawed and brought to room temperature and

then shaken well. The sum of the concentrations of nitrate and nitrate

was measured by a chemiluminescence method using a NOx analyzer

(TELEDYNE, API-200E) with an accuracy of 3% (Yan et al., 2021).

Nitrite concentration was determined by colorimetry. Ammonium

concentration was determined by the sodium hypobromite oxidation

method (Grasshoff et al., 2009). Dissolved inorganic nitrogen

concentration (DIN) was the sum of the concentrations of nitrate,

nitrite, and ammonium. Total dissolved nitrogen (TDN) was

determined using the alkaline potassium persulfate oxidation method

(Grasshoff et al., 2009). Dissolved organic nitrogen (DON) was the

difference between TDN andDIN. The DOCwasmeasured using a Total

Organic Carbon Analyzer (Shimadzu, TOC-L) with CRM (Hansel Lab)

as an internal standard to correct the reported DOC data. The TA was

determined by gran titration using an automatic potentiometric titrator

with an accuracy of 0.1%.

Echo Laboratories RVL-100-G Microscope with the built-in camera

was used to observe the U. prolifera cells. The organic alkalinity was

determined by back titration (Cai et al., 1998), using automatic point

titrator (ZDJ-5B, Shangai INESA Scientific Instrument Co., Ltd).

The fluorescence excitation emission matrix (EEM) of the water

samples was measured in a 1-cm quartz cuvette using a

spectrofluorometer (Hitachi, F-4600) with 5-nm steps, where the

excitation wavelength was between 200 and 450 nm and the emission

wavelength was between 250 and 580 nm. The scan speed was 1200

nm/min. For each sample, the EEM was subtracted from Milli-Q

water. UV absorbance was measured using a UV spectrophotometer

(Shimadzu, UV-1900). Modeling by parallel factor decomposition

(PARAFAC) was then performed in R (Mathworks) using the

staRdom toolbox (Pucher et al., 2019).

For bacterial community structure analysis, the 16S rDNA gene

was amplified with primers targeting the hypervariable regions V3-V4

341F (CCTAYGGGRBGCASCAG) and 806R (GGACTACVSGG

GTATCTAAT). Whole genome DNA from the samples was

extracted by Shenzhen Weikemeng Technology Group Co, Ltd,

using the CTAB method. The Mixture PCR products was purified

with Qiagen Gel Extraction Kit (Qiagen, Germany), and amplicons

were sequenced on an Illumina MiSeq platform.
2.3 Data processing and analysis

SPSS (statistics 26) was used to perform statistical analysis on the

data. ANOVA was applied to examine the statistical differences in the

parameters of the two processing methods. The bioinformatics
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analysis was conducted by following the “Atacama soil microbiome

tutorial” of Qiime2docs along with customized program scripts

(https://docs.qiime2.org/2019.1/).
3 Results

3.1 Morphological differences in the fresh
and pre-decomposed Ulva prolifera

The color of fresh U. prolifera was emerald green with a unique

smell of seaweed. Fresh U. prolifera was fibrous, hollow, and floated in

seawater. The decomposed U. prolifera was yellow-brown and had a

strong sour odor, but a relatively complete shape of the algal body

could still be seen. After being put into sea water, the decomposed U.

prolifera settled to the bottom (Support Information, Figure SI1).

Under the microscope, the cell structure of fresh U. prolifera was

intact, while that of decomposedU. prolifera had been damaged. After 35

days of degradation in the laboratory, the structure of fresh U. prolifera

was partially decomposed, but some fibers were still visible, and the color

turned yellow and white. Themicroscope examined that the cell structure

was damaged and the algae had died. However, after 35 days of

degradation, there was no fiber structure in the decomposed U.

prolifera. Most algae had decomposed into dissolved organic matter

and debris (Figure 1). After 60 days of degradation, most of the fresh and

decomposed U. prolifera were completely decomposed and no tissues

were observed visually (SI, Figure SI2).
3.2 Variations of nitrogen nutrients during
the degradation

For the degradation process of fresh U. prolifera, the nitrite was

always lower than 0.10 µmol/L over 60 days. The concentration of

ammonium increased slightly at 12 h and 5 d (0.34 and 0.84 µmol/L,

respectively), and remained lower than 0.10 µmol/L over the rest of the

time. The nitrate increased slightly from the 5th to the 12th day, but the

maximum concentration was only 1.64 µmol/L (Figure 2). Over the 60

days of degradation, the concentration of DON was 13−955 times that of

DIN. The mineralization of organic matter to form inorganic nutrients

was not significant.

For the degradation process of decomposed U. prolifera, the

ammonium was always lower than 0.20 µmol/L over 60 days. Nitrite

showed a rapid decreasing trend similar to that of DON in the first five

days, from 1.65 to 0.10 µmol/L. The nitrate was always lower than 2.5

µmol/L within the first 20 days. It rose to 5.44 µmol/L on the 35th day,

and continued rising rapidly to 478.53 µmol/L on the 60th day. DON

decreased rapidly from the 35th to the 60th day. From 0 to 35 days, the

concentration of DON in water was 46−903 times that of DIN, but the

concentration of DIN was nine times that of DON on the 60th day. The

degradation process of decomposed U. prolifera was dominated by the

rapid decomposition of organic matter, but the inorganic nitrogen

nutrients had not accumulated significantly within the first 30-day. In

the second 30-day, with the complete disappearance of algae, nitrate

increased rapidly. There were significant differences in nitrate and nitrite,

but not in ammonium, between the two treatments at the 0.05 level

(One-Way ANOVA).
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3.3 Variations of DOC and DON during
the degradation

As freshU. prolifera degraded, the DOC andDON showed an overall

increasing trend. However, as the pre-decomposed U. prolifera degraded,

the DOC and DON showed a general decreasing trend (Figure 3). The

DOC and DON concentrations of the freshU. prolifera fluctuated during

the first five days. TheU. proliferamight still be alive. From the 5th day to

the 35th day, the concentration of DOC and DON continued to increase

rapidly. On the 35th day of degradation, the concentration of DOC

reached its highest value, while the increase in DON slowed down. After

60 days of degradation, the concentrations of DOC and DON were 10

and 12 times higher than the initial seawater concentrations, respectively.

The DOC and DON reached the maximal instantaneously. At the

beginning, the DOC was 13086 ± 53 µmol/L, and the DONwas 491.96 ±

9.75 µmol/L. The concentration of DOC and DON reduced by 80%

within 5 days. The concentration of DOC tended to be stable after 20

days. The concentration of DON in water fluctuated slightly between 5

−35 days, and decreased significantly again between 35−60 days. There

were significant differences in DOC and DON between the two

treatments, with a significant difference at the 0.05 level (One-

Way ANOVA).
3.4 Variations of FDOM during
the degradation

Using EEM-PARAFAC, four kinds of fluorescent active

components were found in the degradation products of U. prolifera.
A

B

FIGURE 2

Variation of NO3-, NO2- and NH4+ concentrations in water during
the degradation of fresh U. prolifera (A) and pre-decomposed
U. prolifera (B).
A B

C

FIGURE 1

The cell structure of fresh U. prolifera at the initial stage of degradation (A) and 35 days (B) under the microscope, and that of pre-decomposed
U. prolifera at the initial stage (C).
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Among them were C1, a tyrosine-like protein component and C3, a

tryptophan-like protein component (Yamashita et al., 2008). These

two components represented organic matter with high activity. C2

and C4, two humic components representing refractory organic

matter (Stedmon and Markager, 2005; Yamashita et al., 2008), were

also present (SI, Figure SI3).

During the degradation of fresh U. prolifera, the FDOM in the

water showed an increasing trend for the first 12 days (Figure 4) and

the proportion of refractory components (C2+C4) was stable at about

14%, indicating that the U. prolifera released dissolved organic matter

into water continuously. After 12 days, the amount of FDOM

decreased and the proportion of refractory components increased

(38−52%).

During the degradation of pre-decomposed U. prolifera, the total

FDOM showed a decreasing trend, while the proportion of refractory

components continued to increase (Figure 4). The proportion of

protein-like components gradually decreased from nearly 100% at the

beginning to about 20%, while the proportion of humic-like

components gradually increased from 0% to ~80% (SI, Figure SI4).
3.5 Variations of TA during the degradation

In the initial stage (the first five days), the degradation of both

fresh and decomposed U. prolifera caused a downward fluctuation of

TA (Figure 5). From day five until the end of the degradation

experiment, the degradation of fresh U. prolifera did not cause

significant changes in the total alkalinity, which was basically the

same as the initial state of incubation culture. However, the
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continuous degradation of the pre-decomposed U. prolifera resulted

in an increase of 13% in the total alkalinity.
3.6 Variations in microbial community
structure during degradation

Based on the variations in concentrations of DOC, DON and DIN

during the degradation process, the degradation experiment can be

divided into two stages up to day 20, namely the early stage (early_X

for fresh U. prolifera, and early_F for pre-decomposed U. prolifera)

and the late stage (late_X for fresh U. prolifera, and late_F for pre-

decomposed U. prolifera).
A

B D

C

FIGURE 3

Variation in DOC and DON concentrations in water during the degradation of fresh U. prolifera (A, B) and pre-decomposed U. prolifera (C, D).
FIGURE 4

Variation in fluorescent active components over time during the
degradation of U. prolifera. The abscissa represents the samples at
different times (h).
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Using the sequencing results, differences in bacterial species

between the two groups of fresh and pre-decomposed U. prolifera

in the early and late stages of degradation were counted. There were a

large number of endemic species in different stages. In the early and

late stages of the degradation of fresh U. prolifera and in the early and

late stages of the degradation of pre-decomposed U. prolifera, the

number of specific bacterial species were 3663 and 2523 and 2415 and

2714, respectively (Figure 6). The number of endemic species was far

more than the common species between any two groups.

Based on the relative abundance of various groups of

microorganisms at the phylum level (Figure 7), it can be seen that the

bacterial structure at different stages of degradation was significantly

different. Except for the common Proteobacteria (more than 57% for

each group) in the seawater, the flora typically with high abundance in

the early stage of the degradation of pre-decomposed U. prolifera

(early_F) was Bacteroidetes (9.4%) and Bacillus (GN02, 4.0%). At the

late stage of the degradation of decomposed U. prolifera (late_F), the

abundance of Bacteroidetes and Planctomycetes increased significantly

(9.4% to 20.2% and 0.4 to 5.2, respectively). At the early stage of

degradation of fresh U. prolifera (early_X), Actinobacteria (7.6%) and

Bacteroidetes (5.3%) had relatively high abundance. However, in the late

stage of degradation of freshU. prolifera (late_X), the abundance of these

two groups decreased, and the abundance of Parcubacia (OD1, 19.2%)

increased significantly.
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4 Discussions

4.1 Differences in the DOM dynamics of the
two treatment methods

During the degradation of fresh U. prolifera, the concentration of

DOC in water increased continuously for the first 20 days. The

average net release rate of DOC was 58.7 mmol/(L·d). The

concentration of DON increase continuously for all 60 days, with

an average DON net release rate of 3.9 µmol/(L·d). The released

dissolved organic matter (DOM) experienced an incomplete

microbial degradation (Zhang et al., 2021) in the early 20 days,

with the proportion of the refractory components in FDOM

increasing to 45%. Although the algal fibers visually disappeared

after 60 days, the degradation of debris and particles continued. It

took about two months for the fresh U. prolifera to experience natural

death and decompose until the algal structure visually disappeared.

According to Chen et al. (2020), a natural complete degradation of

fresh U. prolifera takes about 7.5 months. The results of our

experiment suggest a different time frame. The density of fresh U.

prolifera in the Chen et al. experiment was the same as in our

experiment, so the main reasons for the discrepancy may be the

different physiological condition of the U. prolifera used and the

difference in experimental temperature (20°C in ours vs 25°C in Chen

et al., 2020). U. prolifera died faster at 25°C (Han et al., 2021).
FIGURE 6

Venn diagram display of common or endemic species.
FIGURE 5

Variation in alkalinityin water during the degradation of fresh
U. prolifera (X) and pre-decomposed U. prolifera (F).
FIGURE 7

Column chart of relative distribution of microbes in each grouping at
the phylum level (Top 20 Species in Relative Abundance).
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Different from the fresh U. prolifera degradation, large amounts of

organic matter was released immediately from the decomposed U.

prolifera upon the start of degradation incubation. When pre-

decomposed U. prolifera was put into water, the DOC concentration

reached highest immediately and then declined rapidly over the next five

days, with an average degradation rate of 2708.6 mmol/(L·d). Then the

average degradation rate of DOC decreased to120.2 mmol/(L·d) from days

8–20. After 20 days, the DOC remained basically stable (Figure 3),

approximately 4% of the initial concentration. Meanwhile, more than

80% of the FDOM components were identified as refractory components,

indicating that the degradation process of pre-decomposed U. prolifera

was close to completeness. Similar to the DOC dynamics, DON was

rapidly degraded with an average degradation rate of 139.2 mmol/(L·d).

After five days, the degradation rate approached nearly zero.

The degradation process of fresh U. prolifera over two months was

dominated by the continuous and slow release of DOM, and the

concentration of DOM in the water column was hardly observed to

decrease within two months. For pre-decomposed U. prolifera, the

special DOC and DON dynamics was due to the fact that the pre-

treatment via microbial complex formula had destroyed the cellular

tissue of U. prolifera, large amounts of DOM, including DOC and

DON, was rapidly released. More than 80% of the released DOM was

degraded within 5 days, and the degradation was basically completed

within 20 days. Since the DOC concentration of fresh U. prolifera

increased within 2 months in this experiment, the degradation rate

could not be estimated accurately. Previous research results also

showed that the natural degradation of fresh U. prolifera was a long-

term process (Zhang et al., 2019; Chen et al., 2020), which took about

7.5 months, and the average degradation rate of DOC within 4 weeks of

rapid degradation was about 194.5 mmol/L·d (Chen et al., 2020). The

average degradation rate of DOC in the first 5 days (2708.6 mmol/L·d)

of pre-decomposed U. prolifera far exceeded the previous research

result on the degradation process of fresh U. prolifera, indicating that

the pre-decomposing treatment speeds up the degradation rate of U.

prolifera, which was about 14 times faster than the traditional method.
4.2 Potential risks of hypoxia by the pre-
decomposing treated U. prolifera

The maximum concentration of DOC (13086.16 µmol/L)

produced by pre-decomposed U. prolifera was much higher than

that of fresh U. prolifera degradation (2234.48 µmol/L). When the

pre-decomposed U. prolifera is disposed into the sea, the rapid oxygen

consuming and CO2 producing undoubtedly puts huge ecological

pressure on the marine environment. We assume that the degradation

of DOM follows the principle that 138 molar of O2 is consumed for 1

molar DOM decomposition (Redfield, 1958):

(CH2)106(NH3)16(H3PO4) + 138O2 = 106CO2 + 16HNO3 +

H3PO4 + 122H2O

According to the average degradation rate of DOC and the

density of decomposed U. prolifera put in the sea, the estimated

oxygen consumption rate per unit mass of decomposed U. prolifera

averaged about 1196 mg/(g·d) during the first five days and about 53

mg/(g·d) from the 8th to 20th days.

In summer, the dissolved oxygen (DO) in the bottom water

outside Qingdao was about 6.2 mg/L (Wei et al., 2019). In the first
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five days after pre-decomposed U. prolifera is disposed into the sea,

each kilogram would consume dissolved oxygen in 193 m3 seawater

every day. During the 8th to 20th days, this consumption could be 8.5

m3 every day. Therefore, we have to carefully choose where U.

prolifera is disposed, because concentrated disposal of the pre-

decomposed U. prolifera in a constrained area most likely cause

regional short-term hypoxia. Therefore, the pre-decomposed U.

prolifera should not be disposed in a narrow location with poor

hydrological dynamics. Instead, a wide coastal shelf with good water

exchange is a recommended disposal location.
4.3 Changes in the bioactivity of
organic matter

Based on the content of FDOM and the relative proportion of

proteins and humic substances (Figure 4; SI, Figure SI4), it can be seen

that the degradation process of fresh U. prolifera first releases

bioactive organic matter and then gradually degrades. With the

degradation of the pre-decomposed U. prolifera, the released DOM

gradually changed from the highly concentrated and reactive matter

to the low concentrated and refractory matter. During the

degradation of pre-decomposed U. prolifera, the proportion of

protein-like components gradually decreased from nearly 100% at

the beginning to about 20%, while the proportion of humic-like

components gradually increased from 0% to ~80% (SI, Figure SI4).

In the first 12 days, FDOM continued to increase during the

degradation process of fresh U. prolifera (Figure 4), and the relative

proportion of protein-like components remained at about 85% (SI,

Figure SI4). After 12 days, the proportion of protein-like components

decreased gradually, and the proportion of humic-like components

began to increase. This was consistent with previous research results

that FDOM increased to a maximum within 3 weeks and then

gradually decreased (Chen et al., 2020). The degradation process of

pre-decomposed U. prolifera was completely different. The FDOM

value at the beginning of the degradation experiment of pre-

decomposed U. prolifera was more than 10 times higher than the

highest value of FDOM of fresh U. prolifera. The FDOM of pre-

decomposed U. prolifera reached the highest value within 12 hours,

and then gradually decreased until 60 days later to slightly lower than

that of fresh U. prolifera. The reason for this difference lay in the

difference in organic matter release process and microbial activity.

Fresh U. prolifera was complete in its cell structure at the initial stage,

and it slowly and continuously released DOM into the surrounding

water. However, the cell structure of pre-decomposed U. prolifera has

been destroyed during the pretreatment process, and once it was

thrown into water, almost all organic matter was released rapidly.

Different concentrations and compositions of organic matter also

affected microbial community succession (Liang et al., 2021; Li et al.,

2022a), leading to different trends in FDOM components.

SUVA254 can be used to estimate the percentage of aromatic

carbon content of humic acid and it was also an indicator of

aromaticity and chemical reactivity for dissolved organic matters

(Comstock et al., 2010; He et al., 2011; Abd et al., 2020). (Pifer and

Fairey, 2012). SUVA254 of DOM from fresh U. prolifera first

decreased and then increased slightly on the 60th day of the

degradation experiment (Figure 8), indicating that the time window
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of bioactive organic matter releasing was much longer. The SUVA254

of pre-decomposed U. prolifera increased with time during the

degradation process, indicating that the aromaticity of dissolved

organics in water increased and the reactivity decreased during the

degradation process. At the same time, the SUVA254 through the

degradation process of the two treatment methods was all lower than

3 L/mg·m, indicating that the FDOM components are closely related

to the microbial contribution (Boyer et al., 2008).
4.4 Distinctive impacts on microbial
community structure

To investigate the relationship between microbial communities

and degradation progress, we applied Redundancy Analysis (R

language, VEGAN package) to DOC, DON, NOX, NH4
+, alkalinity

and fluorescent active components (Comp 1 ~ Comp 4) of fresh and

pre-decomposed U. prolifera. Comp2 and Comp4 had the longest

arrow and DOC and DON had very short arrow (Figure 9), which

suggested that DOM compositions, rather than the DOM

concentration, had strong relationship with microbial communities.

The microbial community structure of stage early_F was closely

related to all the four components of FDOM. Due to the drastical

changing in FDOM compositions, early_F samples was scattered in

the first to third quadrants. The late_F samples was distributed in the

fourth quadrant, and the microbial community changed drastically

compared with the early stage of degradation. The nitrate

concentration were closely related to the microbial community of

late_F, and were positively correlated with Comp2 and Comp4

(Figure 9), indicating that the increase of nitrate in the later stage

was caused by the degradation of nitrogen containing organic matter

(Comp2 and Comp4) under the action of microorganisms. The

Bacteroidetes with relatively high abundance in late_F (Figure 7)

was a type of bacteria that plays an important role in nitrification

(Burut-Archanai et al., 2021; Lei et al., 2021).

During 2-month degradation of the freshU. prolifera, the variances

in the DOM composition characteristics was smaller than that of pre-

decomposed U. prolifera, so the microbial communities of early_X and

late_X were closely distributed in the second quadrant (Figure 9). After

60 days, the relative abundance of OD1 in seawater degraded with fresh

U. prolifera increased significantly (Figure 7). In a broad range of anoxic
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environments, OD1 bacteria (also known as Parcubacteria) had been

identified through community survey analysis (Harris et al., 2004;

Rinke et al., 2013; Brown, et al., 2015; Nelson and Stegen, 2015), so

this was a kind of anaerobic bacteria (Elshahed et al., 2005). After 60

days of degradation, aerobic nitrifying bacteria in the environment of

pre-decomposed U. prolifera increased. On the contrary, anaerobic

bacteria increased significantly during the degradation of fresh U.

prolifera. This indicated that most of the organic matter from the

pre-decomposed U. prolifera had rapidly degraded, and the pressure on

the ecological environment had reduced. However, the organic matter

from fresh U. prolifera still degraded continuously and consumed

oxygen in water.

The dynamic changes in DOM composition was the driving force for

the bacterial community (Liang et al., 2021; Li et al., 2022a).

Proteobacteria, which widely existed in the environment, were always

in relative high abundance in the degradation process of fresh and the

pre-decomposed U. prolifera. The difference was that the rapid

degradation of pre-decomposed U. prolifera promoted the increase of

the relative abundance of ammonia-oxidizing microorganisms and

accelerated the cycle of organic matter such as DON; while the

degradation of fresh U. prolifera made the relative abundance of

anaerobic microorganisms higher for a long period of time. The results

of microbial community changes seemed to indicate that the degradation

of fresh U. prolifera might lead to a longer period of hypoxia, while the

dissolved oxygen concentration and aerobic microorganisms could

recover faster in degradation of pre-decomposed U. prolifera.
4.5 U. prolifera degradation affects
seawater alkalinity

The alkalinity in the seawater where the fresh U. prolifera and the

pre-decomposed U. prolifera were both decreased in the first five days,

due to the rapid release of CO2, but then recovered (Figure 5). It was

worthy of noticing that with the complete degradation of the pre-
FIGURE 8

Variation in SUVA254 in water during the degradation of fresh U.
prolifera (X) and pre-decomposed U. prolifera (F).
FIGURE 9

RDA of the microbial component at the genus level and water
chemical parameters.
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decomposed U. prolifera, alkalinity increased about 13% (Figure 5).

As shown in Figure 9, alkalinity was positively correlated with Comp

2, Comp 4 and DON, indicating that the increase of alkalinity was

related to nitrogen-containing organic matters. It has been notified

that DOMmolecules may cause an increase in seawater alkalinity (Cai

et al., 1998; Ko et al., 2016). Martıń Hernández-Ayon et al. (2007)

reported that alkalinity increased by 400 and 800 mmol/kg in

microalgae culture experiments. Lozovik (2005) pointed out that

the contribution of organic acid anions to alkalinity in natural

water was close to 10% of its total concentration. The organic

alkalinity was determined by back titration (Cai et al., 1998). Our

results showed that the organic alkalinity increased by 60 mmol/kg

(Figure 10) during the degradation process of the pre-decomposed U.

prolifera. Organic alkalinity explained some of the elevated alkalinity,

but not all. In any case, the complete degradation of the decomposed

U. prolifera would increase the organic alkalinity and alkalinity of

seawater, which had a certain significance for anti-acidification.
5 Conclusion

This paper compared the ecological effects of two different treatment

methods to deal withU. prolifera “green tide” in themarine environment.

The degradation process of fresh U. prolifera over two months was

dominated by the continuous and slow release of DOM, and the

concentration of DOM in the water column was hardly observed to

decrease within two months. The pre-decomposing treatment with

microbial complex formulations destroyed U. prolifera cell tissues and

changed its physical state in seawater from floating to fast depositing, and

increased the degradation rate by about 14 times. The rapid

decomposition of the released bioactive organic matter consumed a

substantial amount of dissolved oxygen in local seawater, which has the

potential risk of causing local hypoxia and acidification in a short-term.

This pre-discomposed-disposal method also significantly altered

microbial community structure.

The pre-decomposition treatment of U. prolifera could be a practical

and efficient countermeasures to U. prolifera blooming. After the

complete degradation of the pre-decomposed U. prolifera, the resulting

dissolved organic matter could increase TA to resist acidification. Future

studies should focus on the molecular compositions of the organic matter

that produces organic alkalinity. Overall, compared with traditional
Frontiers in Marine Science 09
harvest-packing-disposal method, the pre-decomposing-disposal

treatment is an efficient and environmental-friendly disposal method

to deal with theU. prolifera “green tide”, but it should be used cautiously.

Locations with dynamical water changing are recommended as suitable

disposal sites, based on the results of this study.
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