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Effects of tropical typhoon event
on land-based nutrients sources
fluxes in the semi-enclosed
eutrophic Zhanjiang Bay
coastal water, China
Jibiao Zhang, Yingxian He, Peng Zhang* and Fang Xv

College of Chemistry and Environmental Science, Guangdong Ocean University, Guangdong,
Zhanjiang, China
Coastal eutrophication has become a persistent environmental crisis around

world driven by human activities and climate change. Nowadays, frequent and

intense tropical typhoon disturbances has strongly affected the distribution and

composition of nutrients in the land-ocean interface, resulting in the

eutrophication risk in coastal water. However, the mechanistic links between

tropical typhoon and land-based sources transport have not been well

understood due to the complex processes. In this study, nutrient

concentration, composition and flux of three estuaries and one sewage

outlet in Zhanjiang Bay (ZJB) were analyzed. Before the typhoon, the average

concentrations of dissolved inorganic nitrogen (DIN), dissolved inorganic

phosphorus (DIP) and dissolved silicate (DSi) in the land-based source of ZJB

were 61.77 ± 28.56 mmol/L, 6.79 ± 4.61 mmol/L, and 113.26 ± 64.52 mmol/L,

respectively. The average concentration of DIN decreased by approximately

41.8%, the average concentration of DIP increased by approximately 46.2%, and

the average concentration of DSi increased by approximately 1.7% after

Typhoon Kompasu made landfall. At the same time, the DIN/DIP and DIN/DSi

of the land-based sewage outlets and estuary of ZJB after typhoon landfall

were much smaller than the Redfield ratio, indicating different degrees of

nitrogen limitation. In addition, significant spatial and temporal variations in

nutrients fluxes were observed in land-based sources before and after the

typhoon. Before the typhoon, the total input fluxes of DIN, DIP, and DSi in the

estuary and outfall of land-based sources in ZJB were 9.98 × 104 mol/h, 1.38 ×

104 mol/h, and 9.78 × 104 mol/h, respectively. In contrast, after the typhoon,

the total input fluxes of DIN increased by 3.21 × 103 mol/h, the total fluxes of

DIP decreased by 3.01 × 103 mol/h, and the total fluxes of DSi increased by 5.20

× 104mol/h. After the typhoon, the concentration, composition and flux of

nutrients entering the sea from land-based sources changed significantly

compared with those before the typhoon. Moreover, the nutrients fluxes

model of discharge were established, which can estimate the input fluxes of

DIN, DIP and DSi based on field investigation. This study reveals the effects of

tropical typhoon event on the nutrients fluxes from land-based sources into the
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semi-enclosed ZJB, which provides a scientific basis for further research on the

impacts of typhoons on nutrients enrichment in coastal waters, as well as

deepening the understanding eutrophication of coastal ecosystem under

climate change.
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1 Introduction

Nutrients are the main chemical elements of nitrogen,

phosphorus, silicon in coastal water, also known as the key

biological source elements (Zhu et al., 2024; Wu A et al., 2021). It

is an essential nutrient for the growth and reproduction of marine

phytoplankton and the foundation of marine primary productivity

and the food chain (Jani and Toor, 2018; Strokal et al., 2014; Tan

et al., 2022; Liu et al., 2022). Nitrogen in seawater can be classified

into total dissolved nitrogen (TDN) and particulate nitrogen (PN)

based on its form of existence. TDN comprises dissolved inorganic

nitrogen (DIN) and dissolved organic nitrogen (DON) (Sun et al.,

2022). Upon entering the ocean, these various forms of nitrogen

undergo transformations through intricate biogeochemical

processes (Zhang et al., 2019). Phosphorus exists in a variety of

forms in marine waters, organisms, sediments, and suspensions.

Based on its forms and distribution, phosphorus can be primarily

categorized into two major types: Total Dissolved Phosphorus

(TDP) and Particulate Phosphorus (PP). Among them, Total

Dissolved Phosphorus (TDP) includes Dissolved Inorganic

Phosphorus (DIP) and Dissolved Organic Phosphorus (DOP),

while Particulate Phosphorus (PP) consists of Particulate

Inorganic Phosphorus (PIP) and Particulate Organic Phosphorus

(POP) (Björkman and Karl, 1994; Zee et al., 2007; Lin et al., 2012;

Karl, 2014; Lin and Guo, 2016; Xu et al., 2021). Silicon is the second

most prevalent element in the Earth’s crust and constitutes a

significant proportion of seawater (Papush et al., 2009). The

predominant form of silicon in seawater is that of soluble

silicates, colloidal silica compounds, suspended silica, and silicon

present in marine biological tissues. Among these, dissolved

silicates and suspended silica are the most prevalent. Dissolved

silicates (DSi) are a vital nutrient for the growth of diatoms in

coastal waters (Cao et al., 2020; Zhang et al., 2020c). However,

coastal eutrophication has become a persistent environmental crisis

around world driven by human activities and climate change at

present (Dai et al., 2023). The excessive loading of nutrients, which

results in the eutrophication of water bodies, represents a significant

global challenge to water quality. The consequences of poor water

quality include the formation of harmful algal blooms, which have

been linked to the destruction of water resources, a reduction in the

value of water utilization, and an increase in the cost of water

treatment (Wells et al., 2015; Watson et al., 2016; Mukundan et al.,
02
2020; Li et al., 2014). Additionally, these blooms have been

associated with the massive death of fish and aquatic animals,

further contributing to the destruction of aquatic resources and

the emergence of water quality pollution phenomena, such as “algal

blooms” and “red tides” (Watson et al., 2016; Thompson et al.,

2023). In addition, the serious consequence is the significant

mortality of fish and other aquatic organisms, even increased risk

of hypoxia and acidification in coastal water (Paerl et al., 2020; Yu

et al., 2024; Yunev et al., 2007).

A typhoon is a type of tropical cyclone, a low-pressure vortex

that occurs over tropical or subtropical oceans. As a result of global

climate change, these storms are becoming increasingly destructive

and intensifying (Chan et al., 2004; Nayak and Takemi, 2019; Thyng

et al., 2020). Strong winds and rainfall caused by typhoons will

change the direction and speed of water flow, which will affect the

nutrient exchange flux in the water body, especially the transfer and

distribution of nutrients from the land-based source to the coastal

water. As indicated by Murray and Ebi (2012) and Robinson (2021),

extreme weather event such as heavy precipitation are likely to

become more frequent and intense. This will have an impact on the

water quality of rivers and lakes (Thyng et al., 2020; Tilahun et al.,

2024). For instance, intense precipitation can result in elevated

levels of phosphorus from land-based sources, which may

contribute to the exacerbation of future water quality issues

(Motew et al., 2018). Typhoon event have the potential to impact

the nutrient composition of coastal waters. For instance, the direct

wet sedimentation driven by Typhoon Bilis is an important source

of dissolved inorganic nitrogen in surface seawater in the western

Taiwan Strait, where the N/P ratios were considerably higher than

the Redfield ratios in the seawater (Du et al., 2008). Furthermore,

typhoons elevate the probability of harmful algal blooms, which

exert a dual impact on coastal fisheries and give rise to ecological

issues such as ocean hypoxia and acidification (Paerl et al., 2020;

Thompson et al., 2023; Zhang et al., 2024). For example, previous

study posited that typhoons may precipitate the formation of

harmful algal blooms by introducing substantial quantities of

freshwater and nutrients, thereby modifying phytoplankton

communities in temperate and inner bays (Jiang et al., 2022; Han

et al., 2023; Thompson et al., 2023).

Land-based sources inputs are the main sources of nutrients in

seawater, and an increased flux of nutrients into coastal waters is

identified as a principal factor contributing to the deterioration of
frontiersin.org

https://doi.org/10.3389/fmars.2025.1487001
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhang et al. 10.3389/fmars.2025.1487001
water quality (Meng et al., 2015). The deterioration of water quality

is mainly caused by the flow of rivers from coastal bay into coastal

water (Zhang et al., 2020a; Zhang et al., 2020b; Zhang H et al., 2022;

Zhang et al., 2024). These rivers carry with them a range of

pollutants, including domestic sewage from residents of towns

and villages along the river, wastewater from agricultural fields,

and polluted wastewater discharged from agricultural activities

along the bay. This increases the loading of nutrients from

agricultural, urban, and industrial activities (Deegan et al., 2012;

Wurtsbaugh et al., 2019; Zhou et al., 2022). The health of coastal

ecosystems is significantly impacted by the influx of water from a

multitude of sources, including rivers, freshwater, saline

groundwater, and wastewater from livestock, agricultural, and

industrial facilities, both natural and anthropogenic (Oh et al.,

2021). Therefore, the coastal ecosystem is inherently vulnerable to

external forces, particularly those associated with climate change,

human activities, and extreme weather event (e.g., tsunamis, storm

surges) (Yu et al., 2024; Zhang P et al., 2022; Herbeck et al., 2011).

Heavy precipitation from typhoons has been demonstrated to

increase surface runoff or river flow, while simultaneously

introducing considerable quantities of land-based nutrients from

terrestrial sources (Chen and Li, 2002; Paerl et al., 2020; Huang

et al., 2021). It has been demonstrated that the prevailing weather

conditions, specifically wind and rainfall, exert a significant

influence on the spatial distribution and fluxes of nutrients in

aquatic ecosystems (Lisboa et al., 2020). Climate change is driving

an ongoing increase in tropical cyclone activity (Feehan et al., 2024).

It is anticipated that extreme weather event, such as typhoons

and periods of heavy rainfall, will become more prevalent and

exert a significant influence on the trophic structure of the coastal

ecosystem (IPCC, 2019).

Zhanjiang Bay (ZJB) is situated on the northwestern shelf of the

South China Sea (Lao et al., 2022). The bay is a typhoon-prone area

in the South Sea of China (Lao et al., 2023; Zhang et al., 2020b). The

bay’s connection to the South China Sea is facilitated by a narrow

channel, which measures approximately 2 km in width at the bay's

mouth (Wang P et al., 2022). Previous studies have shown that

typhoon-induced ocean fronts, combined with adverse

hydrodynamic conditions, limit the dispersal of land-based

pollutants, leading to deterioration of water quality (Lao et al.,

2023; Zhang et al., 2020c). Since the 1980s, the rapid socio-

economic development of Zhanjiang has resulted in an expansion

of the impacts of human activities, including pollutant discharges

from land-based sources along the coast, marine aquaculture, and

shipping in ports and harbors (Zhang et al., 2020b). A considerable

volume of industrial and domestic wastewater is discharged into the

bay via rivers, resulting in a notable deterioration of seawater

quality and a heightened incidence of red tide disasters (Zhang P

et al., 2022; Feehan et al., 2024). Although previous studies have

shown that typhoons have a certain impact on nutrient dynamics in

coastal waters, the mechanistic links between tropical typhoon and

land-based sources transport have not been well understood due to

the complex processes in land-ocean interface.

Thus, to gain a deeper understanding of the effects of typhoons

on land-based nutrients source entering coastal water in ZJB, we
Frontiers in Marine Science 03
concentrated our research on DIN, DIP, and DSi as the primary

subjects of investigation. Four typical stations, including three

estuaries, and one outfall, were selected as sampling sites for the

purpose of exploring the nutrients from land-based sources inputs

and comparing the changes in the concentration, composition, and

flux of nutrients before and after the typhoon. This study reveals the

impacts of tropical typhoon events on the nutrients fluxes from

land-based sources into the semi-enclosed ZJB, which provides a

scientific basis for further research on the impacts of typhoons on

nutrients enrichment in coastal waters, as well as deepening the

understanding eutrophication of coastal ecosystem under

climate change.
2 Materials and methods

2.1 Study area and monitoring stations

ZJB is situated in the northeastern region of the Leizhou

Peninsula, within the western portion of Guangdong province. It

represents the most substantial harbor within the confines of

Zhanjiang City. The bay is of a typical semi-enclosed variety,

exhibiting a narrow outlet measuring only 1.9 km at its narrowest

point. Its topography is characterized by a complex configuration.

ZJB has an elongated shape, measuring 54 km in length and 24 km

in width from north to south, with an area of 193 km2 (Zhang P

et al., 2022). The area is endowed with a rich diversity of marine

resources. Over the past three decades, human activities have

resulted in significant disruption to the coastal ecosystem,

particularly in areas of rapid urbanization and industrialization

within ZJB. There are more than 10 small seasonal rivers and

outfalls discharging into the bay with varying water and nutrient

loads, encompassing rivers like the Suixi River, Nanliu River, and

Lvtang River, along with several others (Jian et al., 2022). However,

with the rapid economic development and population increase in

Zhanjiang, a considerable number of these rivers have become

conduits for industrial, agricultural, and domestic wastewater.

In this study, samples were collected mainly at monitoring

stations at river inlets and land source outlets discharging into ZJB.

These four stations were selected as important land sources in ZJB

(Figure 1). In order to ascertain the impact of the typhoon on

alterations in the nutrient composition of the water column, four

land-based sources were sampled prior to and following the

typhoon to investigate these four land-based source input

stations. These included one outfall (S1) for nearshore outflow

and three estuaries (S2, S3, and S4) for discharge into the bay.S1

collected wastewater from Donghai Island, which is a center of

aquaculture (Zhang et al., 2020b). S2 collected water samples from

the Nanliu River, which is situated in close proximity to an

industrial plants. S3 collected water samples from the Lvtang

River, which is located at the discharge outlet of urban sewage. S4

collected water samples from the Suixi River, which drains a

catchment area of 1,486 km2. The Suixi River transports

significant agricultural runoff and serves as the largest freshwater

contributor to Zhanjiang Bay in terms of flow volume. In addition,
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the flow at all four stations changed before and after the

typhoon landfall.
2.2 The overview of Typhoon Kompasu

On the afternoon of October 8, 2021, a tropical depression

situated to the east of the Philippines intensified into a tropical

storm, designated Typhoon Kompasu, which became the 18th

typhoon of 2021 (Wan et al., 2022; Wang S et al., 2022). The

Central Meteorological Station (CMS) upgraded Typhoon

Kompasu to a typhoon and reported that it made landfall off the

coast of Qionghai City, Hainan Province, at approximately 15:40 on

the same day. The CMS also determined that the typhoon was of

significant strength. As reported by the People’s Government of

Guangdong Province, the city of Zhanjiang was subjected to the

influence of typhoon circulation and cold air from the night of

October 13 to October 14, 2021. Meanwhile there was heavy rainfall

continued (People’s Government of Guangdong Province, 2021). It

has been reported that the typhoon has become the most intense

typhoon to make landfall in Hainan since Super Typhoon Sharika

in 2016. Strong winds, huge waves, and heavy rains associated with

this typhoon caused severe damage to the coastal areas.
2.3 Data sources and laboratory analysis

Water samples were collected from four land-based source

stations in September and October 2021 (before and after the

typhoon). All tools were sanitized with distilled water prior to the

collection of samples. Water samples were collected using a High

density polyethylene collector in order to obtain a volume of 5 L of

surface water. The surface water was collected from the upper 50

centimeters of the water column as a surface water sample.

Subsequently, the water samples were expeditiously conveyed

back to the laboratory for analysis. The collection, preservation,

and measurement methods of the river water and wastewater

samples were conducted in strict accordance with the

“Requirements for Technical Specifications for Surface Water and

Wastewater Monitoring.” (HJ/T91-2002) (National Environmental

Protection Agency, 2002). In accordance with the Specification for

River Flow Tests (GB50179-93) (Ministry of Water Resources of the

People’s Republic of China, 2005), a portable sampler was employed

for the collection of water samples, while a rotor flow meter was

utilized to monitor the river flow at each intake simultaneously.

Upon arrival at the laboratory, the samples were immediately

filtered using a glass fiber filter membrane with a pore size of 0.45

mm. The extracted water samples were then packed into High

density polyethylene bottles that had been cleaned with medical

ultrapure water (resistivity = 18.25 MW•cm). Prior to chemical

analysis, the water samples were frozen in a refrigerator (-20°C). In

this study, DIN concentrations included those of NO3-N, NO2-N,

and NH4-N (Grasshoff et al., 2009), the concentration of PO4
3- was

considered as the concentration of DIP, and the concentration of

SiO3
2- was considered as the concentration of DSi. Where NO2-N,
Frontiers in Marine Science 04
NO3-N and NH4-N, DIP and DSi were determined by diazo-diazo,

zinc-cadmium reduction, sodium hypobromite oxidation,

phosphorus-molybdenum blue, and silico-molybdenum blue

methods, respectively (Al-Mur, 2020). The aforementioned

methods were employed in the treatment, after which the

absorbance values of each indicator were determined using a

Shimadzu UV2600i UV-visible photometer. The concentration

values were subsequently calculated using a standard curve.
2.4 Calculation of nutrient fluxes to
coastal waters

An important indicator regarding the analysis of nutrients is the

flux of nutrients into coastal waters. The study of nutrient fluxes

from coastal land sources has been the subject of considerable

attention from the scientific community and those responsible for

monitoring such processes. Given the significant impact that these

fluxes have on water quality, it is of importance to determine the

fluxes of nutrients from land-based sources in ZJB both before and

after the typhoon, as will be done in this study (Bonometto et al.,

2018). The fluxes of DIN, DIP, and DSi per unit time were

calculated using the following equation:

FR = CR � QR � 3:6

Where: FR is the input flux of DIN, DIP and DSi from land-

based sources into the estuary (mol/h); CR is the concentration of

various forms of DIN, DIP and DSi in coastal water (mmol/L); QR is

the runoff volume of the river intake and outfall (m3/s).
2.5 Statistical methods

ArcGIS (10.2) was employed for the mapping of the

aforementioned four land-based source input stations. The data

pertinent to this study were analyzed using Microsoft Excel 2019,

and Origin 2021 software was employed to map the composition of

DIN, DIP, and DSi concentrations and fluxes into the sea.

Furthermore, linear regression was employed to examine the

correlation between the fluxes of diverse nutrient compositions

and forms and the flow before and after the typhoon. A statistically

significant difference between variables was indicated if the p-value

was less than 0.05. In this study, mean values were expressed as

arithmetic means ± standard deviations (means ± SD).
2.6 Quality control and quality standards

In this study, the collection, preservation, and determination of

water samples were carried out in accordance with the specifications

set forth in the Specification for Marine Surveys, Part 4: Survey of

Seawater Chemical Elements (GB/T 12763.4-2007). The sampling

and sample pretreatment procedures were conducted in strict

adherence to the specified protocols and operational requirements.

The experiment was conducted with the researchers attired in
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laboratory coats and nitrile gloves throughout. The requisite

experimental reagents were prepared into solutions in accordance

with the specified conditions, preserved under the specified

conditions, and utilized within the specified period. The analytical

determination and data processing were carried out in accordance

with the requirements of the above national standards, and the

detection limits were 0.10 mmol/L for SiO3
2-Si, 0.02 mmol/L for

NO2-N and PO4
3-P, 0.03 mmol/L for NH4-N, and 0.05 mmol/L for

NO3-N. The relative standard deviation (RSD) of the repeated

measurements of the selected samples was<5%.
3 Results

3.1 Changes of temperature and salinity in
land-based source affected by typhoon
event in ZJB

As illustrated in Table 1, the seawater flow at the estuary of the

Nanliu River (S2) exhibited a declining trend in response to the

typhoon event, whereas the flow at the remaining three stations

demonstrated an increasing trend, particularly at the estuary of the

Suixi River (S4). Following the typhoon, the surface water

temperature of seawater at all stations was observed to be lower

than that recorded prior to the typhoon. In contrast, the surface

salinity of seawater at the Donghai Island aquaculture sewage outlet

(S1) and the Suixi River estuary (S4) exhibited a notable decline

following the typhoon, in comparison to the levels observed prior to

the storm. In contrast, the surface salinity of seawater at the mouths

of the Nanliu River estuary (S2) and the Lvtang River estuary (S3)

demonstrated minor variation before and after the typhoon.

In the aftermath of the typhoon, the surface temperature of the

seawater underwent a decline of 2.6°C to 6.9°C in comparison to the

preceding conditions. The cooling of surface water as a consequence

of Typhoon Kompasu can be attributed to a multitude of factors,

including the mixing of seawater by the typhoon, upwelling, and the

input of rainfall (Subrahmanyam, 2015). Moreover, the surface

salinity of seawater in S1 and S4 following the typhoon was

markedly diminished in comparison to the levels observed prior

to the typhoon. The subsequent rainfall event resulted in the influx

of freshwater into the ocean, thereby reducing the average salinity

(Li et al., 2007; Wang, 2016). The volume of water flowing from the
Frontiers in Marine Science 05
Nanliu River estuary (S2) into the sea was greater prior to the

typhoon than it was subsequent to the typhoon. This is primarily

attributable to the fact that there were a greater number of sluices

situated upstream of the Nanliu River, which were utilized for the

purpose of regulating the flow of water. Additionally, a greater

number of sluices were closed in order to facilitate the

implementation of flood control measures prior to the typhoon

(Jian et al., 2022). Furthermore, the flow at the estuary of the Lvtang

River (S3) into the sea exhibited a consistently lower position both

before and after the typhoon. Therefore, the flow of surface seawater

in S2 and S3 did not undergo a notable alteration as a consequence

of the typhoon. Consequently, the salinity and pH fluctuations of S2

and S3 were not significantly influenced by the typhoon.
3.2 Changes in nutrients in land-based
sources affected by typhoon event in ZJB

Following the typhoon event, the spatial distribution of DIN,

DIP, and DSi from land sources entering the sea in ZJB is likely to

undergo certain modifications. Figure 2 illustrates the alterations in

the concentrations of land-source DIN, DIP, and DSi in ZJB in

response to the typhoon event.

As illustrated in Figure 2A, the results of the survey indicate that

DIN was predominantly present in the form of NO3-N, NO2-N, and

NH4-N in all water samples collected from the four stations. Its

distribution exhibited a discernible spatial and temporal pattern.

The mean concentration of DIN in land-based sources was 61.77 ±

28.56 mmol/L prior to the typhoon, and 35.96 ± 10.05 mmol/L

subsequent to the typhoon. Compared with before typhoon, DIN

concentration decreased significantly by 25.81mmol/L after

typhoon. Before typhoon, DIN concentration was the highest at

99.47mmol/L in the estuary of Suixi River into the sea (S4), among

which NO3-N concentration was the highest at 83.33mmol/L, and

NH4-N concentration was the lowest at 0.76mmol/L. The lowest

DIN concentration was observed at the Donghai Island aquaculture

sewage outlet (S1), at 25.37 mmol/L, while the highest NH4-N

concentration was recorded at the same site, at 12.80 mmol/L. In

contrast, the lowest NO2-N concentration was observed at this same

site, at 1.34 mmol/L. After the typhoon event, the DIN concentration

at the Suixi River outfall (S4) was still the highest at 52.58 mmol/L,

with NO3-N accounting for the largest proportion of 30.37 mmol/L
TABLE 1 Presents the physical and chemical parameters of each station in ZJB before and after the typhoon.

Station Temperature (℃) Salinity (PSU) pH

pre-typhoon post-typhoon pre-typhoon post-typhoon pre-typhoon post-typhoon

S1 29.9 27.3 30.06 18.8 7.75 7.51

S2 30.3 27.7 0.9 0.5 6.7 7.21

S3 31.6 27.2 0.22 0.3 7.5 7.5

S4 33.4 26.5 12.76 3.6 7.16 7.18
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and NO2-N accounting for the smallest proportion of 9.79 mmol/L.

The DIN concentration in Donghaidao aquaculture outlet (S1) was

still the lowest, 26.76mmol/L. Among them, NO3-N occupies the

largest proportion of 13.74mmol/L and NO2-N occupies the smallest

proportion of 3.32mmol/L. The station with the largest difference in

DIN concentration before and after the typhoon was the Lvtang

River inlet (S3). After the typhoon, the DIN concentrations in the

rivers entering the sea decreased significantly, except for the DIN

concentration at the Donghai Island aquaculture sewage outlet (S1),

which remained relatively stable.

As can be seen from the survey results (Figure 2B), the

distribution of DIP had significant temporal variations. The

average concentration of DIP from land-based sources was 6.79 ±

4.61 mmol/L before the typhoon, and 9.93 ± 8.70 mmol/L after the

typhoon. Compared with the pre-typhoon period, the post-typhoon

period showed an increase of 3.14 mmol/L. Before the typhoon, the

DIP concentration in Suixi River estuary (S4) was the highest at

13.75mmol/L, while the DIP concentration in Donghai Island

Aquaculture outlet (S1) was the lowest at 1.11mmol/L. After the

typhoon landfall, the highest DIP concentration was found at the

estuary of Nanliu River (S2) with 24.55 mmol/L, and the lowest DIP

concentration was found at the Donghai Island aquaculture sewage

outlet (S1) with 2.05 mmol/L. After the typhoon, the maximum DIP

concentration appeared in the estuary of Nanliu River into the sea

(S2), and the difference of DIP concentration before and after the

typhoon was the largest in S2. After the typhoon, the DIP

concentration of Suixi River into the sea estuary (S4) decreased

significantly, and the DIP concentration of the other three

stations increased.
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In addition, the distribution of DSi did not change significantly

in time (Figure 2C). The average DSi concentration in land-based

sources was 113.26 ± 64.52 mmol/L before the typhoon and 115.20 ±

61.91 mmol/L after the typhoon. Compared with the pre-typhoon

period, the DSi concentration in the post-typhoon period was

elevated by 1.94 mmol/L, but not significantly. Before the

typhoon, the highest DSi concentration was found in the estuary

of Lvtang River (S3), 178.62 mmol/L, and the lowest DSi

concentration was found in the Donghai Island aquaculture

sewage outlet (S1), 18.38 mmol/L. After the typhoon, the highest

DSi concentration was still found in the estuary of Lvtang River

(S3), 176.41 mmol/L, and the lowest DSi concentration was still

found in the Donghai Island aquaculture sewage outlet (S1), 35.78

mmol/L. The largest difference in DSi concentration between before

and after the typhoon was found in S1; after the typhoon, the DSi

concentrations in the Donghai Island aquaculture sewage outlet

(S1) and the Nanliu River estuary (S2) increased slightly, and those

in the Lvtang River estuary (S3) and the Suixi River estuary (S4)

decreased slightly; the change in the concentration in S3 was

not significant.
3.3 Changes in nutrient composition of
land-based sources affected by typhoon
event in ZJB

Phytoplankton in the ocean take up nutrients from seawater in a

constant ratio, which is known as the Redfield ratio. The ratio is

typically 16:16:1 for N:Si:P (Wang et al., 2006; Gui et al., 2006). If
FIGURE 1

Geographic location and land-based sources monitoring stations in Zhanjiang Bay (Jian et al., 2022).
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the molar ratio between N, P and Si in seawater deviates too high or

too low from the Redfield ratio, the element content will be

relatively low, which will restrict the growth of phytoplankton.

Such elements that restrict the growth of phytoplankton are called

nutrient limiting factors (Turner et al., 2003). Nutrient limitation is

subject to variation as a consequence of the differing

biogeochemical characteristics inherent to different ecosystems, as

well as across seasonal cycles (Sun et al., 2022; Boesch et al., 2001).

Following the occurrence of a typhoon event, the trophic structure
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of a water body is subject to alteration, which may result in changes

to the trophic limiting factors of that water body. Figure 3 illustrates

the alterations in DIN/DIP, DIN/DSi, and DSi/DIP in land-sourced

seawater in ZJB as a consequence of the typhoon’s impact.

As can be seen from the survey results (Figure 3A), the average

DIN/DIP of land-based sources in ZJB was 13.03 ± 6.87 before the

typhoon, and 7.12 ± 4.73 after the typhoon. Compared with the

pre-typhoon period, the average DIN/DIP of the post-typhoon

period was significantly lower. The highest DIN/DIP before the

typhoon was 22.94 at the Donghai Island aquaculture sewage

outlet (S1), and the lowest was 6.04 at the Nanliu River outfall

(S2). In general, the DIN/DIP at the Donghai Island aquaculture

sewage outlet (S1) was greater than 16, which showed phosphorus

limitation, and the other outfalls were basically lower than the

Redfield ratio, which showed nitrogen limitation. The highest

DIN/DIP after the typhoon was still the Donghai Island

aquaculture sewage outlet (S1) at 13.05, and the lowest was still

the Nanliu River estuary (S2) at 1.43. After the typhoon, the DIN/

DIP values of the investigated outfalls and inlet estuaries were all

less than 16, and in general showed nitrogen-limiting

characteristics. Compared with the pre-typhoon period, the

DIN/DIP was significantly lower at the three stations after the

typhoon, except at the Suixi River estuary (S4), where the DIN/

DIP was slightly higher.

From the survey results (Figure 3B), the average DIN/DSi of

land-based sources in ZJB was 0.80 ± 0.46 before the typhoon, and

0.46 ± 0.27 after the typhoon; after the typhoon, the average DIN/

DSi decreased compared with that before the typhoon. Before the

typhoon, the highest DIN/DSi was 1.38 at the Donghai Island

aquaculture outfall (S1), and the lowest was 0.27 at the Nanliu River

estuary (S2).The DIN/DSi at the Donghai Island aquaculture

sewage outlet (S1) and the Suixi River estuary (S4) were greater

than 1, which showed silica limitation; and the DIN/DSi at the

Nanliu River estuary (S2) and the Lvtang River estuary (S3) were

less than 1, which showed nitrogen limitation. After the typhoon,

the highest DIN/DSi was 0.75 at the Donghai Island aquaculture

sewage outlet (S1) and the lowest was 0.17 at the Lvtang River

estuary (S3). After the typhoon, DIN/DSi was less than 1 at all four

sites, showing an overall nitrogen limitation. Compared with the

pre-typhoon period, DIN/DSi decreased at all sites after

the typhoon.

As can be seen from the survey results (Figure 3C), before the

typhoon, the average DSi/DIP of the land source in ZJB was 20.56 ±

10.94. After the typhoon, the average DSi/DIP was 15.26 ± 5.41.

Compared with the pre-typhoon period, the average DSi/DIP of the

post-typhoon period was slightly decreased, and the ratios of the

two after experiencing the typhoon changed to different degrees.

Before the typhoon, the DSi/DIP at the estuary of the Lvtang River

into the sea (S3) was the highest at 36.79, which was much higher

than 16, showing phosphorus limitation characteristics. The estuary

of the Suixi River(S4) into the sea had the lowest DSi/DIP of 6.52,

which was much lower than 16 and exhibited silica limitation. The
FIGURE 2

DIN (a), DIP (b), and DSi (c) concentration variations of land-based
sources affected by typhoon event in ZJB.
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DSi/DIP of the remaining three stations were all greater than 16

except for S4, which was less than 16. After the typhoon, the DSi/

DIP of the estuary of the Lvtang River(S3) was the highest at 22.02,

and that of the estuary of the Nanliu River (S2) was the lowest at

7.12. The DSi/DIP of the Donghai Island aquaculture sewage outlet

(S1) and the estuary of the Lvtang River (S3) were greater than 16,

which showed phosphorus limitation; The DSi/DIP of Nanliu River

estuary (S2) and Suixi River estuary (S4) were less than 16, showing

silicon limitation.
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3.4 Changes in nutrient fluxes to the sea
from land-based sources of nutrients
affected by typhoon event in ZJB

Figure 4 shows the changes in DIN, DIP, and DSi inlet fluxes

before and after the typhoon. The results from the four monitoring

stations show the changes in nutrient fluxes before and after the

typhoon (Figure 4A). The influx of nutrients into the marine

environment was quantitatively assessed both prior to and
FIGURE 3

DIN/DIP (a), DIN/DSi (b), and DSi/DIP (c) variation of land-based sources affected by typhoon event in ZJB.
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following the typhoon event, using the calculation formula provided

in Section 2.3. The total DIN flux into ZJB at the four monitoring

stations was 9.98 × 104 mol/h before the typhoon and 1.03 × 105

mol/h after the typhoon. Compared with the pre-typhoon, the total

DIN flux increased by 3.21 × 103 mol/h after the typhoon. The

percentage of DIN flux into the sea in the Suixi River inlet stream

(S4) was the highest before and after the typhoon, which was 9.61 ×
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104 mol/h (96.4%) and 9.90 × 104 mol/h (96.2%). In contrast, before

and after the typhoon, the lowest DIN fluxes were observed in the

Lvtang River inlet stream (S3), which were 266.76 mol/h (0.3%) and

127.31 mol/h (0.1%), respectively.

The results showed that the total DIP flux into ZJB at the four

monitoring stations was 1.38 × 104 mol/h before the typhoon and

1.08 × 104 mol/h after the typhoon (Figure 4B). Compared with the
FIGURE 4

DIN (a), DIP (b), and DSi (c) fluxes of land-based sources affected by typhoon event in ZJB.
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pre-typhoon period, the total DIP flux after the typhoon was reduced

by 3.01 × 103 mol/h. The percentage of the DIP flux into the sea-

entering stream of the Suixi River (S4) was the highest before and

after the typhoon, which was 1.33 × 104 mol/h (96.4%) and 9.60 × 103

mol/h (89.1%). Before and after the typhoon, the lowest DIP fluxes

were observed in the estuary of the Lvtang River into the sea (S3),

with 16.78 mol/h (0.1%) and 34.61 mol/h (0.3%), respectively.

The survey results (Figure 4C) showed that the total DSi flux into

ZJB at the four stations was 9.78 × 104 mol/h before the typhoon and

1.50 × 104 mol/h after the typhoon. Compared with the pre-typhoon

period, the total DSi flux after the typhoon increased by 5.20 × 104

mol/h. Before and after the typhoon, the Suixi River inlet stream (S4)

had the highest percentage of DSi fluxes of 8.67 × 104 mol/h (88.6%)

and 1.39 × 105 mol/h (92.7%). The lowest values of DSi flux did not

occur at the same station. The lowest value of DSi flux before the

typhoon appeared at the Donghai Island aquaculture sewage outlet

(S1) with 446.72 mol/h (0.6%), and the lowest value of DSi flux after

the typhoon appeared at the estuary of the Lvtang River(S3) into the

sea with 762.11 mol/h (0.5%).
4 Discussion

4.1 Comparison with global nutrient
concentration levels in estuaries and bays

To further elucidate the concentration levels of nutrients

entering the sea from land-based sources in ZJB, we compared
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nutrient concentrations in rivers in China and around the world

(Table 2) with the concentrations of nutrients (DIN, DIP, DSi)

entering the sea from land-based sources in ZJB. The DIN

concentrations observed in the pre-typhoon period were higher

than those previously reported for a number of other locations,

including Tapong Bay, Daya Bay, Jiaozhou Bay, Bohai Bay, Sishili

Bay, Maowei Sea, and Laizhou Bay (Hung et al., 2008; Wang et al.,

2006; Han et al., 2023; Liu et al., 2019; Sun et al., 2022; Xu et al.,

2021; Jiang et al., 2022). Nevertheless, the DIN concentrations in the

typhoon were less than those observed in the Bay of Bengal and the

Yellow River (Das et al., 2017; Wu N et al., 2021). As a consequence

of the typhoon, there was a marked increase in nutrient inputs from

land-based sources in ZJB. This resulted in a rapid rise in nutrient

concentrations in the outfalls and estuaries, which in turn prompted

phytoplankton growth. This was achieved by the absorption of

significant quantities of nutrients in the water column (mainly

DIN). Alternatively, in water bodies where anoxia occurred,

denitrifying bacteria were able to convert NO3-N to N2. This

resulted in a reduction in DIN concentration in the post-typhoon

period compared to the pre-typhoon period. However, the DIN

concentration subsequent to the typhoon remained elevated in

comparison to that observed in Tapong Bay, Daya Bay, Bohai

Bay, Sishili Bay, and Laizhou Bay (Hung et al., 2008; Wang et al.,

2006; Liu et al., 2019; Sun et al., 2022; Jiang et al., 2022). The results

demonstrate that the DIN concentration in ZJB, both prior to and

following the typhoon, is predominantly within the high to medium

range. It is evident that the DIN concentration in ZJB is elevated in

comparison to other regions. The DIP concentrations prior to the
TABLE 2 Comparison of nutrients concentration (mmol/L) with estuaries and bays of the world.

Region Time DIN DIP DSi References

Daya Bay 1998-2000 8.2 (0.2-29.4) 0.3 (ND–2.4) 38.2 (4.9-126.2) Wang et al., 2006

Tapong Bay 2003-2004 11.4 ± 3.7 1.5 ± 1.1 10.0 ± 5.5 Hung et al., 2008

Jiaozhou Bay 2012

Before the
heavy rainfall

23.00 (7.93–46.47) 0.69 (0.31-1.96) –

Han et al., 2023
One day after
the rainfall

120.72 4.89 –

Bohai Bay 2013 10.42 ± 4.29 0.13 ± 0.01 4.69 ± 2.60 Liu et al., 2019

Bay of Bengal 2014 630.71 ± 246.43 19.68 ± 11.61 301.07 ± 118.57 Das et al., 2017

Sishili Bay 2017 8.24 ± 0.66 0.33 ± 0.03 7.77 ± 1.25 Sun et al., 2022

The Yellow River 2017 118 ± 0.6 0.04 ± 0.00 2.9 ± 0.10 Wu N et al., 2021

Maowei Sea 2018 41.64 ± 16.92 (22.77-81.32) 1.60 ± 0.99 (0.71-4.04) 23.58 ± 11.32 (7.40–41.01) Xu et al., 2021

Laizhou Bay 2019

Before
typhoon

10.06 ± 7.09 – 6.68 ± 4.94

Jiang et al., 2022
After
typhoon

14.32 ± 12.93 – 10.37 ± 12.59

ZJB 2021

Pre-typhoon 61.77 ± 28.56 (25.37-99.47) 6.79 ± 4.61 (1.11-13.75)
113.26 ± 64.52
(18.38-178.62)

this research

Post-typhoon 36.96 ± 10.05 (26.76-52.58) 9.93 ± 8.70 (2.05-24.55)
115.20 ± 61.91
(35.78-176.41)
“—” indicated not detected.
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typhoon were observed to be higher than those recorded in the

following locations: Tapong Bay, Daya Bay, Jiaozhou Bay, Bohai

Bay, Sishili Bay, Yellow River, and Maowei Sea (Hung et al., 2008;

Wang et al., 2006; Han et al., 2023; Liu et al., 2019; Sun et al., 2022;

Wu N et al., 2021; Xu et al., 2021). However, prior to the typhoon,

the DIP concentration was observed to be lower than that recorded

in the Bay of Bengal (Das et al., 2017). The effects of the typhoon,

including increased river runoff and substance concentrations,

resulted in higher DIP concentrations after the typhoon than

before. However, the post-typhoon DIP concentrations were

found to be generally consistent with the pre-typhoon DIP results

when compared to other regions. The findings revealed that the DIP

concentration in land-based sources within ZJB was observed to be

higher than that in global rivers prior to the occurrence of the

typhoon. Furthermore, the DIP concentration was found to be

elevated following the typhoon. The pre-typhoon DSi

concentrations were found to be higher than those observed in a

number of other locations, including Tapong Bay, Daya Bay, Bohai

Bay, Sishili Bay, Yellow River, Maowei Sea, and Laizhou Bay (Hung

et al., 2008; Wang et al., 2006; Liu et al., 2019; Sun et al., 2022; Wu N

et al., 2021; Xu et al., 2021; Jiang et al., 2022). Prior to the typhoon,

DSi concentrations were observed to be lower than those recorded

in the Bay of Bengal (Das et al., 2017). As a consequence of the

typhoon, the DSi concentration exhibited a slight increase following

the typhoon, although it remained elevated relative to that observed

in Tapong Bay, Daya Bay, Bohai Bay, Sishili Bay, Yellow River,

Maowei Sea, and Laizhou Bay (Hung et al., 2008; Wang et al., 2006;

Liu et al., 2019; Sun et al., 2022; Wu N et al., 2021; Xu et al., 2021;

Jiang et al., 2022). The findings indicated that the concentration

levels of DSi in ZJB were at elevated levels both prior to and

following the typhoon. In general, the nutrient concentration levels

in Zhanjiang land-based sources before and after the typhoon were

found to be relatively elevated in comparison to global rivers. This is

primarily attributable to the impact of the reclamation project on

ZJB, a semi-enclosed coastline that exhibits diminished

hydrodynamic exchange conditions, particularly in the

northeastern region of the bay.
4.2 Impacts of tropical typhoon event on
nutrients concentration and composition
of land-source inlets in ZJB

The influx of precipitation, wind speed, and river flow resulting

from typhoons has been observed to alter the nutrients

concentrations in the nearshore seawater of ZJB. S1 represents

the sewage outlet of aquaculture in Tiaobu Village, Donghai Island.

The expansion of aquaculture operations will bring huge risks to

estuarine and coastal ecosystems, such as the accumulation of active

nitrogen leading to eutrophication, and the discharge of aquaculture

pollutants will pollute water bodies (Chen et al., 2011; Lin and Lin,

2022; Luo et al., 2018). Following the typhoon, there was a notable

increase in the concentrations of DIN, DIP, and DSi in comparison

to the concentrations observed prior to the typhoon. The influx of

surface material into the estuary offshore, caused by the heavy
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rainfall brought by the typhoon, results in an increase in the

nutrient concentration in the upper layer of the water body in the

region following the typhoon (Zhang et al., 2007; Hui et al., 2009).

S2 represents the estuary of the Nanliu River in Xiashan. Following

the typhoon, there was a slight increase in the concentrations of DIP

and DSi compared to the concentrations observed prior to the

typhoon. This increase can be attributed primarily to the effects of

the typhoon. The Nanliu River is situated in close proximity to the

fertilizer production plant, which has historically discharged a

considerable volume of industrial wastewater into the coastal

waters. This has resulted in significant eutrophication and the

development of hypoxic conditions in the water body (Zhang P.

et al., 2022). S3 is situated in proximity to the Lvtang River, in close

proximity to an urban residential area. The discharge of untreated

urban domestic wastewater has resulted in significant pollution of

the Lvtang River (Chen et al., 2021). The changes in nutrients in the

river before and after the typhoon were comparable to those

observed at S2.S4 is representative of the Suixi River, which has a

high flow rate. The adjacent areas of Suixi River are predominantly

utilized for agricultural purposes, and the use of fertilizer increased

the nutrients in the river both before and after the typhoon (Zhang

et al., 2024). DIN, DIP, and DSi concentrations in S4 decreased after

the typhoon compared to those before the typhoon because the

rainfall brought by the typhoon diluted the coastal surface water

and nutrients (Li et al., 2007; Wang, 2016), which led to a decrease

in nutrient concentration and a relative decrease in salinity from

12.76 PSU to 3.6 PSU. It is worth noting that (a) (b) of Figure 3

shows that sewage outfalls and sea inlet estuaries have different

degrees of nitrogen limitation after typhoon landfall. Meanwhile,

except for the Donghai Island aquaculture outfall (S1), the DIN

concentrations in the other three inlet estuaries (S2, S3, and S4)

decreased significantly compared to the pre-typhoon period, with

an increase in the concentration of NH4-N and a decrease in the

concentration of NO3-N. This suggests that in anoxic

environments, DIN in the water column is reduced due to

denitrifying bacteria in the marine surface water that can convert

NO3-N to N2 or reduce nitrate isomerization to ammonium (Zhang

et al., 2024; Wang et al., 2023).In the past few decades, the increase

in domestic sewage, industrial wastewater and agricultural

fertilizers has led to the strengthening of nitrogen fixation, which

has led to a dramatic increase in active nitrogen in estuarine and

coastal ecosystems around the world, resulting in a series of serious

ecological and environmental problems such as eutrophication,

hypoxic expansion and harmful algal blooms (Huang et al., 2021;

Cai et al., 2011; Deegan et al., 2012).
4.3 Impacts of tropical typhoon event on
flow and nutrient fluxes in coastal waters
of ZJB

As evidenced in Paragraph 3.4, prior to and following the

typhoon, the highest DIN, DIP, and DSi fluxes were observed in

the Suixi River estuary, while the lowest DIN and DIP fluxes were

documented in the estuary of the Lvtang River. Moreover, a notable
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observation is that the minimum DSi flux values before and after

the typhoon did not occur at the same station. Specifically, the

minimum DSi flux before the typhoon was observed at S1, whereas

the lowest DSi flux after the typhoon was recorded at S3.

As evidenced by the flux equations presented in paragraph 2.3,

the flux of nutrients into coastal waters is not solely contingent

upon the composition and concentration of pollutants at the study

site. Rather, it is also influenced by the flow of coastal waters.

Discharge is one of the key factors influencing material flux. The

fluxes in marine waters are primarily influenced by the width of the

channel, the depth of the channel, and the velocity of the flow at the

study site. The linear regression relationship between the substance

flux and the flow rate of the water body is illustrated in Figure 5. The

linear regression relationships are distinct due to the varying

concentrations of DIN, DIP, and DSi in seawater. The linear

regression equations of DIN flux versus flow before and after the

typhoon were Y = 1927.5 + 219.4X (n = 8, R2 = 0.864, p< 0.001); the

linear regression equations of DIP flux versus flow before and after

the typhoon were Y = 570.0 + 23.4X (n = 8, R2 = 0.675, p< 0.05). The

linear regression equation of DSi flux versus flow before and after

the typhoon was Y=1798.5 + 273.1X (n=8, R2 = 0.986,p<0.001).

Furthermore, the geographic factors determined by the shape of the

river have an impact on the river flow, which may result in the

accumulation of nutrients in seawater.

As illustrated in the figure, the post-typhoon flow rate out of

the Donghai Island aquaculture sewage outlet(S1) exhibited an

increase compared to the pre-typhoon period. This phenomenon

can be attributed to the combined influence of typhoon wind speed

and topographic factors. The primary source of pollution on

Donghai Island is the discharge of aquaculture wastewater.

Following the typhoon, an increase in flow was observed,

accompanied by an increase in the concentration of pollutants

(Chen et al., 2011). In contrast, the flow of the Nanliu River

exhibited a decrease following the typhoon. This was primarily

attributable to the substantial number of gates situated upstream of

the Nanliu River (Jian et al., 2022), which were employed to

regulate the river water flow. These gates were closed for the

purpose of flood control in response to the typhoon, which

resulted in a slight reduction in the flow at the mouth of the

Nanliu River into the sea (S2) subsequent to the typhoon (Jian

et al., 2022). While most of the Nanliu River is adjacent to

industrial sites, its pollution source is mainly industrial discharge

water, which is mainly manifested in the increase of DIP flux.

Before and after the typhoon, the flow of the Lvtang River was

smaller than that of the other stations due to the minimum width

of the channel and the minimum depth of the Lvtang River. The

Lvtang River traverses Xiashan District and Jingkai District,

functioning as the primary drainage river within the urban core

of Zhanjiang. The predominant source of pollution in the river is

urban sewage, with inadequate sewage discharge, leading to a

relatively low nutrient input flux (Zhang et al., 2020c). The Suixi

River has the greatest width and the highest flux. The flow of this

river increases dramatically under the influence of typhoons. The

Suixi River basin is dominated by agricultural land, and the use of

chemical fertilizers aggravates DIN pollution (Zhang et al., 2020b).
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4.4 Suggestions for monitoring water
quality and mitigating algal bloom in ZJB

The rapid socio-economic development and sharp population

growth that have occurred in recent decades have led to accelerated

industrialization and urbanization (Du et al., 2019). This has resulted in

an increased pursuit of material culture by humans, with a concomitant

increase in the scope of their activities. This has led to a gradual

increase in the discharge of nutrients from external inputs into water

bodies (Chen and Chen, 2002; Yu et al., 2024). The findings of this

study indicate that land-based sources of pollutants are not exclusive to

areas inhabited by humans, but are also present in industrial,

agricultural, and aquaculture zones (Huang et al., 2023; Wang et al.,

2008; Qi et al., 2019;Wen et al., 2024). At the same time, there has been

an increase in inputs from land-based sources due to typhoons driven

by climate change, which have the potential to affect coastal water

quality and thus trigger algal bloom outbreaks. In the water bodies of

ZJB, the implementation of water quality monitoring and algal bloom

control measures is imperative for maintaining the integrity of the

water ecosystem. First, a real-time water quality monitoring system

needs to be established. Especially before and after typhoons, monitor

the nutrient levels of nitrogen and phosphorus in the water body to

detect changes in water quality and identify the risk of algal bloom

occurrence in a timely manner. In addition, multidimensional

observation and model synergy techniques can be applied to provide

technical support for real-time monitoring, including ground-based

navigation observation, online continuous high-frequency observation

and numerical simulation techniques. Secondly, to control exogenous

pollution, especially industrial and agricultural surface pollution, and to

reduce the input of nitrogen and phosphorus are the fundamental

measures to prevent and control algal bloom (Zhou et al., 2020).

Furthermore, it is essential to consider both nutrient concentration and

river flow when developing strategies to mitigate the eutrophication

process (Wang et al., 2024). In this study, a model was constructed to

simulate the discharge and DIN, DIP, and DSi fluxes. The model is

capable of estimating the DIN, DIP, and DSi input fluxes into the

estuary based on the land-based source discharge, and monitoring the

DIN, DIP, and DSi fluxes in ZJB, thereby facilitating the

implementation of more effective mitigation measures. Nevertheless,

the existing input of pollutants from land-based sources has already

resulted in a certain degree of nutrient loading to coastal estuaries. It is

therefore imperative that the government implement more robust

controls across the river-estuary-sea continuum that are closely

connected, as well as the management of land-based sources

discharges into the sea (Ke et al., 2022). In the long-term, integrated

land-sea management of coastal water quality should be introduced as

a means of effectively controlling river and coastal water quality and

coastal algal bloom outbreaks in the future challenges of climate change

and human activities (Gao et al., 2022).
5 Conclusion

In this paper, we analyzed the changes in nutrient

concentrations, compositions and fluxes of nutrients at four
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stations in the land source of ZJB before and after the typhoon

(September and October 2021) to reveal the effects of the tropical

typhoon event on nutrient fluxes of nutrients into the sea from the

land source of ZJB in the semi-enclosed ZJB, and the following

conclusions were drawn. Compared to before the typhoon, the total

DIN input flux increased by 3.21 × 103 mol/h, the total DIP input

flux decreased by 3.01 × 103 mol/h, and the total DSi input flux
Frontiers in Marine Science 13
increased by 5.20 × 104 mol/h after the typhoon. There were

significant spatial and temporal variations in nutrient (DIN, DIP,

DSi) concentrations, compositions, and fluxes into the sea from

land-source estuaries and outfalls in ZJB before and after the

typhoon. Meanwhile, the nitrogen limit in the estuary of ZJB after

the typhoon is more serious than before the typhoon, and the DIN/

DIP and DIN/DSi are both smaller than the Redfield ratio. In
FIGURE 5

Relationship between nutrient fluxes from land-based sources and water flow discharge in ZJB before and after typhoons.
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addition, ZJB was considered to have higher concentration levels of

nutrients through a comprehensive comparison with other large

domestic and international water bodies. This study provides

valuable information for understanding the eutrophication of

coastal waters caused by global climate change and human

activities. Overall, these results revealed impacts of tropical

typhoon events on the nutrient fluxes from land-based sources

into the semi-enclosed ZJB before and after the typhoon, and

provide important data for understanding the ecological effects

under extreme weather event driven by climate change.
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