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Coastal eutrophication is a major issue of marine pollution. The main factors

controlling eutrophication must be identified to ensure effective marine

environmental management according to the respective local conditions.

Zhanjiang Bay (ZJB), located northwest of the South China Sea, is a semi-

closed bay influenced by complex water flows and the development of

surrounding cities. In this study, we investigated the development of nutrient

concentrations and compositions in ZJB seawater over the past 20 years and the

factors influencing eutrophication based on several field investigations from

2006 to 2022 and historical data. High concentrations of dissolved inorganic

phosphorus (DIP) and dissolved inorganic nitrogen (DIN) were the main

contributors to the severe long-term eutrophication in ZJB; however, light

eutrophication was observed in the outer bay, primarily caused by chemical

oxygen demand (COD) and DIP. The primary sources of COD and nutrients were

riverine freshwater, sewage outfalls, mariculture and domestic effluents carried

by rivers. Tidal effects diluted the nutrient concentrations in the bay with

seawater from the outer bay, thereby playing a key role in nutrient

redistribution. The DIN: DIP ratio of ZJB showed long-term nitrogen restriction

and excess phosphorus, primarily owing to mariculture activities. Marine

undertakings can exert various impacts on water quality. Eliminating illegal

aquaculture and launching aquaculture tailwater treatment can improve water

quality, whereas practices such as channel dredging may worsen it. This study

demonstrates the intricate dynamics of the ZJB ecosystem and offers valuable

insights for effective environmental management and conservation efforts.
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1 Introduction
Nutrients such as nitrogen (N), phosphorus (P), and silicon (Si)

are crucial components of marine environments that help sustain

the health and ecological balance of marine ecosystems.

Appropriate concentrations of nutrients in seawater promote the

growth, development, and reproduction of organisms while also

sustaining primary productivity in the ocean; however, an

imbalance in nutrient concentrations and composition may lead

to marked changes in marine ecosystems. For example, dissolved

inorganic P (DIP) and dissolved inorganic N (DIN) are the most

effective forms for phytoplankton uptake (Cotner and Biddanda,

2002). An excess or deficiency of either element can result in N or P

depletion, thereby impeding the development of phytoplankton and

influencing primary productivity. Moreover, excessive nutrient

levels may cause significant phytoplankton blooms and high

primary productivity, resulting in eutrophication, red tides, algal

blooms, water hypoxia, and acidification (Wang et al., 2021a; Zhang

et al., 2023a, 2023b). These factors can degrade the affected

environments, directly threaten biodiversity and habitats, and

cause massive mortality of marine organisms, ultimately harming

marine ecosystems and human society (Deegan et al., 2012; Maúre

et al., 2021; He et al., 2023).

In recent decades, increasing terrestrial anthropogenic inputs

have substantially altered the nutrient structures of coastal waters

(Howarth and Marino, 2006; Caffrey et al., 2007; Lin et al., 2021;

Wang et al., 2021c; Lin and Lin, 2022). Excess nutrients lead to

eutrophication in freshwater (Conley et al., 2009; Jiang et al., 2023;

Qin et al., 2023) and marine systems (Howarth and Marino, 2006;

Deegan et al., 2012, 2012; Ke et al., 2022), which is particularly

evident in coastal waters near areas experiencing rapid urbanization

and population growth (Wang et al., 2021c). Nutrients accumulate

because of urban development, including sewage from agriculture,

industry, farming. Increased N loading is a key driver of

eutrophication in most coastal waters (Sinha et al., 2017; Ke et al.,

2022). From 1900 to 2000, N discharge from rivers to global

nearshore marine ecosystems increased by up to 18 Tg N/year

(Beusen et al., 2016). Furthermore, it is worth noting that global P

loading increased by 40%–50% between 1980 and 2015 (Beusen

et al., 2022). Although the increasing trend has slowed owing to the

implementation of P emission control policies (Howarth and

Marino, 2006), coastal phosphate concentrations have markedly

increased in recent decades because of human activities (Zhang

et al., 2009; He et al., 2023). This increase is expected to have a

profound impact on N and P cycling in marine ecosystems, thus

threatening biogeochemical cycles and exacerbating eutrophication

in coastal ecosystems.

For decades, Zhanjiang Bay (ZJB), China, has been severely

affected by rapid urban development, resulting in ecological

degradation and increased eutrophication (Li et al., 2014, 2020;

Zhang et al., 2021; Lao et al., 2022). The nutrient levels in ZJB have

increased because of direct discharge from sewage outfalls along the

coast, including agricultural, industrial and domestic effluents.

Human activities reduce river discharge, increasing the intrusion

of external seawater from the outer bay towards the north
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(Lao et al., 2022). ZJB is mainly connected to the external sea

through a narrow channel in the southeastern region, resulting in

low hydrodynamics and poor exchange of water masses and

nutrients between the inside and outside of the bay, which has led

to the deterioration of water quality in the bay (Zhang et al., 2021;

Lao et al., 2022). Numerous studies have focused on the sources,

distribution, and eutrophication levels of various nutrients in ZJB;

however, comprehensive long-term studies on the drivers of

eutrophication in ZJB are limited.

This study investigated the interannual variation in nutrients

and eutrophication levels in ZJB based on 18 cruise surveys

conducted from 2006 to 2022 and combined with historical data.

Furthermore, this study examined the main contributors to

eutrophication in different regions of ZJB. Additionally, the effects

of tidal action, biochemical processes, and urban development in

the ZJB over the past 20 years on nutrient structure and water

quality were analyzed. This study presents long-term basic survey

data and addresses critical issues related to the marine environment

in ZJB, including (1) changes in nutrient structure and composition

over an extended period; (2) differences between the various

regions, such as the freshwater end-member and the seawater

end-member, on nutrient composition in a typical semi-closed

bay; and (3) identifications of the main factors contributing to

seawater eutrophication in the various regions. Elucidating these

aspects will provide theoretical and empirical support for ecological

preservation and environmental management of ZJB as well as

critical information for assessing and managing coastal

ecosystems worldwide.
2 Materials and methods

2.1 Study area

ZJB is a semi-closed bay in the northwest South China Sea,

covering an area of approximately 300 km2, and is surrounded by

Zhanjiang City, Nanshan Island, and Donghai Island on its west,

east, and south boundaries, respectively. As an important

mariculture area in the South China Sea, over 25% of the sea area

of ZJB are covered by open mariculture (such as oysters and fish) to

enclose the sea and cultivate (seafood species such as shrimp). The

bay experiences a subtropical oceanic monsoon climate (Zhou et al.,

2020) with a water retention time of approximately 10 days (Shi

et al., 2020). ZJB is fed by several rivers; the northern Suixi River is

the primary source of freshwater with a runoff of 7.9×109 m3/yr,

accounting for over 90% of the total river inflow in the bay (Li et al.,

2021). Additionally, the discharge of land sewage is approximately

1.5×108 m3/yr (Li et al., 2021), accounting for less than 2% of river

runoff. The injection of sewage, mariculture, and river water

introduces considerable amounts of nutrients and pollutants,

leading to a substantial terrestrial pollution burden (Fu et al., 2020).

Based on geographical features, there have been three mouths

around the bay historically (Figure 1). The first location is to the

north, between Nansan Island and the Potou Zone, leading to the

mouth of the Jian River. The narrowest part of the path on the side

of the ZJB is approximately 500 m wide. The waters of the upper
frontiersin.org
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ZJB and the Jian River meet in this narrow and shallow waterway,

named Shilonghai, resulting in minimal water exchange through

this narrow bay mouth. The second location is situated to the

southwest, between Zhanjiang City and Donghai Island, and

connects to Leizhou Bay to the south; however, the construction

of the Donghai Dam in the late 1960s halted the water exchange

between the ZJB and Leizhou Bay. The third location is to the east,

between the Nansan and Donghai Islands, and is directly connected

to the South China Sea, which is the most critical water exchange

channel between ZJB and the outer seawater.

In ZJB, tides and tidal currents are primarily irregular semi-

diurnal tides after the Pacific tidal waves enter the South China Sea

(Zu et al., 2008). These tides are influenced by the ZJB terrain,

resulting in complex variations in tidal rise and fall around the bay.

Based on the mixing effect of upstream freshwater and outer

seawater, as well as the nutrient distribution characteristics, ZJB is

divided into four parts: the upper bay, inner bay, bay mouth, and

the outer bay (Figure 1). The upper bay can be described as the

“neck” of the ZJB, as the channels narrow upstream from south to

north, concentrating the energy following tidal influx and

increasing the upstream tidal range, hence increasing the tidal

capacity (Wang et al., 2021b). Freshwater from Suixi River flows

into the inner bay mostly through this narrow channel. The inner

bay is markedly impacted by surrounding ports, fisheries, and

aquaculture, resulting in complex physical and biochemical

processes. The average water depth is approximately 10 m, except

in the Zhanjiang Port Channel area, which has been dredged to over

20 m depth. During neap tide, some areas may be exposed to the

lowest tidal level of approximately 4 cm. The bay mouth exhibits a

narrow tube effect, resulting in exceptionally high flow velocity and

flow rate during both ebb and flood tides, showing reciprocal

motion (Zhang et al., 2017); however, the small width (only

approximately 2 km) complicates the export of nutrients and

pollutants from within ZJB through the bay mouth. The outer

bay is a section of the South China Sea that interacts with the

interior of the ZJB, primarily through tidal movement. During flood
Frontiers in Marine Science 03
tide, external seawater intrudes into the bay, and mixed water flows

out of the bay during ebb tide.
2.2 Field survey and data collection

The average yearly hydrological, nutrient, and other parameter

data for ZJB were obtained from Lu et al. (2002) for 1998 to 2001

and from Zhang et al. (2009) for 2002 to 2006. The data for August

2007 and quarterly survey data for 2019 were obtained from Cheng

et al. (2009) and (Zhang et al., 2020b; Zhang et al., 2021),

respectively. In addition, 18 field surveys were conducted in ZJB

from 2006 to 2022, as shown in Table 1, and detailed sampling

stations are shown in Supplementary Figure S1. Surveys were

conducted during high tide (spring tide) and low tide (neap tide)

in March 2008, August and November 2010, April 2013, January,

March, and June 2014, and March 2021, to explore the influence of

tides on nutrients and other substances. The year is divided into

four seasons based on temperature variations: spring (March-May),

summer (June–August), autumn (September–November), and

winter (December–February) (Zhou et al., 2020).

Water samples were collected by using a 10 L plexiglass sampler,

from the surface layer (0.5–1.0 m below the surface) and the bottom

layer (2.0 m above the bottom if water depth exceeded 10 m).

Seawater samples were analyzed according to “The specification for

marine monitoring - Part 4: Seawater analysis” (GB 17378.4–2007),

which was promulgated by the China National Standardization

Management Committee. Immediately after the sample was

boarded, the temperature was measured using a thermometer at

an accuracy of 0.1 °C. Subsequently, dissolved oxygen (DO) samples

were collected, preserved using manganese chloride and alkaline

potassium iodide solutions, and titrated within 24 h using the

Winkler method. Samples for measuring nutrients, such as

phosphate, nitrate, nitrite, and ammonia, were filtered through

acid-cleaned 0.45 mm acetate cellulose filters and stored at -20°C

until laboratory analysis through spectrophotometry. Salinity and
FIGURE 1

Map of ZJB and its geographical features. The red dashed lines with the red letters A, B, and C are the borders of the various sections in ZJB.
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chemical oxygen demand (COD) samples were collected in 250 mL

plastic bottles and stored at room temperature. Salinity was

measured using a conductance salinity meter, and the COD

concentration was titrated using alkaline potassium permanganate.
2.3 Eutrophication level

The eutrophication level in ZJB was determined based on the

concentrations of COD, DIN, and DIP in the water. The

commonly used eutrophication index (EI) was employed

(Andersen et al., 2017; Ke et al., 2022; He et al., 2023), as shown

in Equation 1.

EI =
COD� DIN � DIP

4500
� 106 (1)

where the units of COD, DIN, and DIP are expressed in mg·L-1.

Generally, when EI<1, the water is not eutrophic; the water is

eutrophic when EI>1: ① 1≤EI<2: light eutrophication; ② 2≤EI<5:

moderate eutrophication; ③ 5≤EI<15: high eutrophication; ④

EI≥15: severe eutrophication.

To improve water quality, it is essential to clarify the main

factors controlling water eutrophication; however, when

considering the three primary parameters that affect water
Frontiers in Marine Science 04
eutrophication, COD typically has a magnitude of 1, whereas

DIN and DIP typically have magnitudes of 0.1 and 0.01,

respectively. Therefore, it is difficult to accurately calculate the

contribution of different parameters to the eutrophication level,

owing to the large order of magnitude in differences. In Equation

1, 106 is a constant introduced to balance the order of magnitude

difference of different parameters, and 4,500 is an empirical

constant to judge the state of eutrophication. Therefore, a

scientific counting method was used to express each parameter

in Equation 1, ensuring that the significant numbers were of the

same order of magnitude. The orders of magnitude of COD, DIN,

and DIP were unified, as described by Equation 2:

EI =
COD� DIN

0 � 10−1 � DIP
0 � 10−2

4500
� 106 (2)

This was then simplified into Equation 3:

EI =
COD� DIN

0 � DIP
0

4:5
(3)

In this formula, COD, DIN’, and DIP’ have the same order of

magnitude and are all 1. The change in each parameter directly

determines the change in the final EI, which directly reflects their

contribution to the level of eutrophication.
TABLE 1 Data sources.

Year Month Number of stations Tidal Investigation Resources

1998–2001 – Average value (Lu et al., 2002)

2002–2006 – Average value (Zhang et al., 2009)

2006 May 8 This study

2007 August 15 (Cheng et al., 2009)

2008 March 20 √ This study

2010
August

November
20
20

√
This study

2013
April

November
20
20

√
This study

2014
January
March
June

23
32
23

√

√

√

This study

2016 March 20 This study

2017 April 23 This study

2019

January
April
June

November

23
32
24
24

(Zhang et al., 2020b, 2021)

2020
August

November
24
24

This study
2021

January
March
July

November

21
21
21
21

√

2022 January 21
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2.4 Term definitions

Apparent oxygen utilization (AOU) represents the discrepancy

between the actual measured DO concentration and air-equilibrated

concentration under the same physical and chemical conditions

(Benson and Krause, 1984). The AOU was calculated according to

themodified expression (Equations 4–6) by Garcia and Gordon (1992):

AOU = DOsaturated − DOobserved (4)

lnDOsaturated = A0 + A1Ts + A2Ts
2 + A3Ts

3 + A4Ts
4 + A5T5

2

+ S(B0 + B1Ts
2 + B2Ts

2 + B3Ts
3) + B1Ts

2

+ C0S
2 (5)

Ts = ln½(298:15 − t)=(273:15 + t)� (6)

where Ai, Bi, and C0 are constants that can be found in Garcia and

Gordon (1992); Ts is scaled temperature, and t is temperature in °C;

S is seawater salinity. When AOU values exceed zero, the aquatic

ecosystem experiences a net loss of oxygen owing to community

respiration. Conversely, negative AOU values suggest a net gain in

oxygen, indicative of community production processes.

To minimize the effect of salinity on nutrient distribution in the

seawater of ZJB, salinity-normalized nutrients (N-nutrients) were

calculated using Equation 7:

N − nutrient = Nutrient� AverageSalinity=Salinityobserved (7)

where the nutrient could be any type of nutrient, such as nitrate

and phosphate; the average salinity was 27.4 during all surveys.
2.5 Static analyses

The field survey data were first cleaned and formatted to remove

erroneous or incomplete records and ensure that the data were

consistent in terms of units. Linear regression analysis was used to

analyze the relationships between nutrient concentrations and

environmental variables. One-way analysis of variance with Tukey’s

test was used to examine significant differences. Correlation analyses

were performed using a significance level of p< 0.05.

A map of the study area with the spatial distribution of all

parameters was generated using Ocean Data View 4.7.8, using the

weighted-average gridding interpolation method (Reiner, 2021).

Curves and plots of the historical changes and relationships

between nutrients were produced using Data Graph 5.0 (Visual

Data Tools, Inc.).
3 Results

3.1 Hydrological characteristics

Over the past two decades, substantial seasonal changes have

been observed in the temporal distribution of seawater temperature
Frontiers in Marine Science 05
and salinity in ZJB. Seawater temperatures varied from 17.9–32.1°C

(n = 486) in the spring to 25.9–34.3°C (n = 202) in the summer. In

fall, the temperatures dropped to approximately 20.4–31.8°C (n =

277) and reached their annual minimum in winter, approximately

15.7–24.8°C (n = 195). Salinity varied from 8.6–33.1 (mean 27.5 ±

0.2) in spring to 8.4–33.4 (mean 27.9 ± 0.3) in summer, 13.5–30.1

(mean 26.0 ± 0.1) in autumn, and 16.8–31.4 (mean 28.8 ± 0.2)

in winter.

Regarding spatial distribution, sea temperature in various

regions of ZJB exhibited minimal variation across the four

seasons, primarily influenced by seasonal and climate changes. In

contrast, seawater salinity displayed distinct spatial distribution

characteristics in different regions during the same season

(Figure 2A). In the upper bay, the main freshwater end-member

of the ZJB, seawater salinity decreased during spring and summer

but increased during autumn and winter. The difference in seawater

salinity in spring and summer exceeded 20 but dropped to

approximately 10 in autumn and winter (Figure 2B); however, in

other areas of ZJB, the salinity difference between the maximum

and minimum values was minimal. Overall, salinity in the inner bay

was lower than that at the bay mouth, whereas the outer bay

exhibited the highest salinity. Seasonally, salinity was highest in

winter, followed by spring, and was lowest in autumn. In addition,

the surface and bottom water exhibited similar characteristics in

terms of temperature and salinity distributions.
3.2 Interannual variations of main water
quality parameters

3.2.1 Nutrient variations
Over the past 20 years, the nutrient concentrations in ZJB have

undergone pronounced temporal and spatial changes. The temporal

distributions of DIN and DIP in ZJB showed similar characteristics

(Figures 3A, B). From 1998 to 2001, the mean concentrations of

DIN and DIP remained stable, at 0.287 ± 0.033 mg·L-1 and 0.025 ±

0.008 mg·L-1, respectively (Lu et al., 2002). Subsequently, the DIN

and DIP changed periodically over time. Since 2001, DIN and DIP

concentrations have increased. DIN reached 0.823 mg·L-1 in 2005,

and DIP reached its maximum of approximately 0.077 mg·L-1 in

2007. Then, DIN and DIP began to decrease, with an average of

0.252 mg·L-1 and 0.030 mg·L-1 in 2008, respectively. The

concentration of both compounds continued to increase until

2010, when DIN and DIP were 0.500 mg·L-1 and 0.089 mg·L-1,

respectively. After that, DIN and DIP decreased to their lowest

values in 2013–2014, with an average of 0.125 mg·L-1 and

0.012 mg·L-1, respectively. Both concentrations increased again,

reaching a peak in 2017, and remained relatively stable with little

change until 2020. In 2021, DIN and DIP decreased to 0.435 mg·L-1

and 0.027 mg·L-1 but increased again to 0.768 mg·L-1 and 0.055

mg·L-1 in 2022, respectively.

The spatial distribution of nutrient concentrations in ZJB was

mapped horizontally for 16 years, from 2006 to 2022, using available

historical and survey data (Supplementary Figures S2, S3). The

concentrations of nutrients in ZJB exhibited interannual variation,

with the highest values observed in the northern upper bay, followed
frontiersin.org
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A B

DC

FIGURE 3

Box-and-whiskers plot (with IQR) showing the median and IQR measurements of annual variation of main water quality parameters in ZJB during
the last two decades. The different colors of the points in (A–C) indicate the investigation seasons and the red dashed lines indicate the approximate
trend of each parameter. The orange dash lines in (D) represent the critical values for each eutrophication level. The gray areas indicate the period of
major marine engineering activities in ZJB.
A B

FIGURE 2

Potential temperature and salinity variations in ZJB in the last two decades. (A) relationship between potential temperature and salinity of ZJB in
different seasons, the symbols indicate different regions, and the colors indicate different seasons; (B) the variation of salinity in each section of ZJB
during different seasons, and different colors represent different regions of the bay.
Frontiers in Marine Science frontiersin.org06

https://doi.org/10.3389/fmars.2024.1373716
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Liang et al. 10.3389/fmars.2024.1373716
by the inner bay, and the lowest values in the outer bay. In a narrow

waterway where the upper bay water meets the inner bay water, a

large amount of water with a high nutrient concentration from the

upper bay immerses into the inner bay. Furthermore, the seawater

exchange between the inner and outer bays caused outward output or

inward invasion during different periods, particularly in the

horizontal distribution of DIP in 2014 and 2017.

3.2.2 Composition changes of inorganic nitrogen
Over the past two decades, there have been changes in the

composition and structure of inorganic nitrogen in the seawater of

ZJB (Figure 4). From 2006 to 2013, the concentration of ammonia,

similar to that of nitrate, was relatively high. In 2013, the average

concentration of ammonia in seawater was as high as 0.217 mg·L-1,

which was higher than that of nitrate in the same period (0.142
Frontiers in Marine Science 07
mg·L-1). Additionally, the ammonia concentration in the upper bay

was higher than that in the other bay areas. Since 2013, nitrate

concentrations have increased significantly, whereas ammonia and

nitrite concentrations have remained stable. Nitrate was

consistently the most abundant compound in ZJB, followed by

ammonia, with nitrite being the least abundant. The nitrate

concentration increased in the upper and inner bays, except for a

significant decrease in 2021. In contrast, the nitrate concentration in

the bay mouth and outer bay increased significantly to over 0.6

mg·L-1 in 2017, following low levels between 2013 and 2016.

Subsequently, the concentration steadily decreased.

3.2.3 COD
From 1998 to 2005, the average concentration of COD in ZJB

varied from 0.87 to 1.37 mg·L-1 (Lu et al., 2002; Zhang et al., 2009).

Except for 2003, when the COD concentration was the lowest, the

COD concentration changed little and fluctuated around 1 mg·L-1

in other periods. After that, the average concentration of COD

ranged from 0.79 ± 0.21 mg·L-1 to 1.87 ± 0.81 mg·L-1 between 2006

and 2022 (Figure 3C). Although the average COD concentration in

ZJB has not changed substantially in the past 20 years, there were

some seasonal differences. During the same period, the COD was

highest in spring, followed by summer, and was lowest in autumn

and winter. Especially in the spring of 2013, COD was as high as

4.94 mg·L-1 in some areas and exceeded 3 mg·L-1 in most areas. In

addition, COD decreased significantly in 2021, with an average of

0.79 ± 0.21 mg·L-1, which is approximately only half of the average

concentrations of 1.62 ± 0.49 mg·L-1 and 1.78 ± 0.56 mg·L-1 in 2017

and 2020, respectively.

3.2.4 Eutrophication level
From 1998 to 2004, eutrophication levels in ZJB ranged from

light (1≤E<2) to moderate (2≤E<5) (Figure 3D). The eutrophication

level increased between 2005 and 2007, intensifying from south to

north. Some regions even experienced severe eutrophication during

this time. In 2007, waters in the upper and inner bay areas exhibited

severe eutrophication. As eutrophication was gradually reduced from

the inner bay to the outer bay, the bay mouth area was essentially at a

mild eutrophication level (Supplementary Figure S4). Eutrophication

began to improve in 2008; however, in 2010, eutrophication rapidly

deteriorated, with most areas experiencing high or severe

eutrophication, similar to 2007. Water quality improved once more

between 2013 and 2014, and most areas were no longer affected by

eutrophication, except for some areas in the upper bay that

experienced light eutrophication. From 2016 to 2022, ZJB

experienced prolonged periods of high or severe eutrophication,

with the exception of 2021, when water quality improved and

became non-eutrophic in most locations. Severe eutrophication was

mainly observed in the northern upper bay during each period,

whereas moderate eutrophication was observed in the inner bay.

Overall, the water quality of ZJB showed a horizontal

distribution of steady improvement from north to south, with

similar surface and bottom distributions. Eutrophication was the

most serious in the upper bay area, followed by the inner bay area,

and the water quality outside the bay was generally acceptable.
FIGURE 4

Interannual variation composition variations of different nitrogen
components in different regions of ZJB.
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4 Discussion

4.1 Eutrophication contributors

Seawater eutrophication in ZJB has been severe for a long time

owing to diverse reasons in different regions (Figure 5). In the upper

bay, the northernmost Suixi River carries large amounts of

inorganic (including nutrients such as N and P) and organic

(such as organophosphorus compounds, organic acids, and

aldehydes) matters into ZJB, together with nutrients discharged

from mariculture activities, leading to high concentrations of COD,

N, and P (Lao et al., 2022) and long-term eutrophication, with the

contribution of DIN being the largest, followed by DIP, and COD

contributing the least (typically<30%; Figure 5A). Typically,

phosphate and ammonia are strongly associated with urban

catchments, whereas nitrate in rivers is correlated with the

quantity of cultivated land in the surrounding areas (Ferrier et al.,

2001). Thus, the increased use of N fertilizer in land-based farming

and aquaculture contributes more than 70% of the DIN in the

watershed of ZJB (Zhou et al., 2021). Eutrophication increased

significantly when multiple sources and high concentrations of DIN

contributed more than 40% in the upper bay. The acceleration of

DIN further worsened the eutrophication. Nevertheless, as the DIP
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contribution increased and exceeded 60%, a decrease in DIN over

the same period (Figure 3) led to an increase in the DIP

contribution, resulting in a general decrease in eutrophication to

moderate or mild levels. Furthermore, the increased and seasonal

variations in activities, such as agricultural production and

mariculture in ZJB (Zhang et al., 2022), had a significant impact

on land-based inputs of DIP and DIN, resulting in the highest

contribution of DIP in spring, followed by summer, and the lowest

in autumn, with the opposite pattern for DIN. It should be

mentioned that even with 20%–40% COD contributions, the

water was typically not eutrophic during spring and summer

when DIN contributions were comparatively low. This

phenomenon reflects the high contribution of COD, which

corresponds to a decrease in the DIN levels. Eutrophication levels

increased as COD contributions decreased and DIN contributions

increased. Thus, DIN is the primary factor contributing to elevated

eutrophication levels in the upper bay region and is the most

significant contributor to marine eutrophication (Balasuriya

et al., 2022).

In the inner bay, the water quality was predominantly non-

eutrophic when the COD contributions exceeded 20%, similar to

that in the upper bay; however, the pattern was different when the

COD contribution decreased to below 20%. The contributions of
A B

DC

FIGURE 5

The contribution of water quality parameters to the variation of eutrophication level in different regions of ZJB. (A–D) represent the upper bay, inner
bay, bay mouth and outer bay, respectively. Seasons are indicated by different colors. The symbols represent the different eutrophication levels in
the ZJB, and the triangle with “none” indicates that seawater is not eutrophic.
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DIN and DIP to the inner bay did not exhibit significant seasonal

trends. The level of eutrophication in the inner bay was directly

proportional to the concentrations of DIN or DIP, and an increase

in either nutrient worsened eutrophication. This was because in

addition to the waters from the upper bay, industry, aquaculture,

harbor inputs, and seawater from outside the ZJB also affect the

inner bay area, as do other minute inlets. This is similar to Lake

Mendota and Lake Monona in Wisconsin, USA, where high

concentrations of P driven by runoff from farmland and urban

areas lead to eutrophication (Carpenter, 2008). Therefore, the inner

bay area is less susceptible to seasonal changes in runoff than the

upper bay. Consequently, the inner bay area experienced more

severe and prolonged eutrophication. Moreover, when the DIN and

DIP contributions are comparable, the eutrophication level is

relatively mild owing to the lower levels of additional nutrients

from anthropogenic discharges combined with a stable water

quality environment that maintains N and P in a steady state;

however, excessive terrestrial N or P discharge can lead to severe

eutrophication. Therefore, DIN and DIP in the inner bay are crucial

factors that lead to eutrophication.

There was no significant difference in the eutrophication level at

the bay mouth because it mainly served as a water exchange channel

between the inner and outer bays; however, the outer bay was

significantly different from the upper and inner bays because the

contribution of DIN was relatively low (<40%) and the water was

not eutrophic. COD and DIP dominated the eutrophication level in

the outer bay, which was consistent with the water adjacent to

Hainan Island (Zhang et al., 2020a). Eutrophication increased as the

contribution rate of DIN increased, indicating that DIN may be the

main contributor to eutrophication.

Overall, DIN and DIP were the main controlling factors leading

to eutrophication in ZJB, but the key contributors varied by area

and time period. Water quality management also needs to adapt to

local conditions.
4.2 Impact of hydrodynamics on annual
nutrient variation

Tidal currents drive the movement of water masses, facilitating

the mixing of nutrient-rich freshwater with external high-salinity

seawater (Lao et al., 2022). This mixing helps redistribute nutrients

throughout the bay. The analysis of nutrient variations over

different seasons during high and low tides across multiple years

depicted unique patterns across diverse regions of ZJB.

The results indicated that in the upper bay, DIN and DIP levels

were higher during low tide in the wet season (such as summer), but

higher during high tide in the dry season (such as spring) (Figure 6).

This may be attributed to the complex topography of ZJB, which

has a significant impact on tidal flows. During high tide, the upper

bay channel narrows, causing tidal energy to accumulate (Wang

et al., 2021b) and resulting in high-salinity seawater entering the

upper reaches and mixing with nutrient-rich freshwater (Lao et al.,

2022). During low tide, high-nutrient water is reenergized through

narrow channels and enters the inner bay, where it is thoroughly

mixed. This tidal movement increases the nutrient content,
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resulting in the upper bay having a lower nutrient content at high

tide than at low tide. The inner bay is a vital mixing zone, receiving

low-salinity and high-nutrient water from the upper bay and high-

salinity and low-nutrient water from the outer bay. In addition, the

discharge of domestic and industrial effluents and port activities

introduce a considerable amount of nutrients, thus the tidal

influence on the inner bay is minimal compared to that on the

upper bay. Moreover, the inner bay plays an important role in water

exchange, with little variation in nutrient concentrations

throughout the tidal cycle because of the rapid flow, short water

residence time, and high turbulent diffusion; however, the outer bay

experiences pronounced nutrient peaks throughout the year at low

tide, particularly in autumn, because of the concentration of tidal

energy in the narrow structure at the bay mouth, which promotes

continuous water exchange between the inner and outer bays.

Owing to continuous tidal action, a large amount of nutrient-rich

water is transported out of the bay at low tide, resulting in long-term

higher nutrient concentrations in the outer bay at low tide than at

high tide.
4.3 Terrigenous input contributes
to eutrophication

The water quality in ZJB is primarily influenced by two sources:

freshwater from the Suixi River in the northern upper bay and high-

salinity seawater in the southeastern outer bay. This can be observed

from the spatial and temporal variations of salinity in ZJB

(Figure 2), which gradually increases from the upper bay to the

outer bay. The variations in DO and salinity in ZJB showed similar

characteristics, but COD showed the opposite trend, with low-

salinity zones typically corresponding to low DO and high COD

(Figure 7). The COD levels in the ZJB waters show interannual

variations similar to those of domestic sewage, mariculture, and

industrial wastewater discharges (Zhang et al., 2022). Elevated COD

levels in seawater indicate the presence of organic matter inputs that

consume oxygen during decomposition, resulting in low DO levels.

This situation is expected to improve gradually with the injection of

external seawater.

Owing to the escalating annual intrusion of high-salinity

seawater from the outer bay, seawater from outside the bay

continuously infiltrates the upper bay (Lao et al., 2022).

Consequently, diluted freshwater from the Suixi River only

accounted for approximately 7% in summer, whereas high-

salinity seawater from the outer bay continued to dominate,

accounting for approximately 89%. In addition, reduced runoff

resulted in diminished input from upstream rivers in autumn and

winter, with river water accounting for only approximately 1%, and

the intrusion of high-salinity seawater from outside the bay

increasing to approximately 94% (Li et al., 2020), resulting in

high salinity of approximately 25–30 throughout the interior of

ZJB, with no apparent low-salinity zones in the upper bay. Although

hypersaline water intrusion from the outer bay has long dominated

ZJB, the contribution of nutrients from freshwater (ranging from

54% to 90%) remains significantly higher than that from the outer

bay (ranging from 18% to 45%) (Lao et al., 2022). This discrepancy
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is primarily attributed to the Suixi River, which carries pollutants

such as agricultural runoff, domestic sewage, and industrial effluent

into the bay (Zhang et al., 2021; He et al., 2023), thus influencing the

nutrient composition and water quality of ZJB.

In recent decades, DIN and DIP concentrations in ZJB have

been negatively correlated with salinity (Figure 7), comparable to

those in Tokyo Bay (Aoki et al., 2022). The primary sources of

nutrients in ZJB are inputs from upstream rivers, discharge of

industrial and domestic wastewater (Zhang et al., 2021), and

mariculture activities in the bay (Li et al., 2020). Consequently,

the nutrient levels in the bay were markedly higher than those in the

seawater outside the bay. Changes in DIP levels in ZJB over the past

two decades (Figure 3B) are generally consistent with changes in P

fertilizer use (He et al., 2023), suggesting that upstream agricultural

production is a major source of DIP in the bay; however, P

discharge from agricultural production is decreasing because of

the implementation of P restriction policies and the promotion of

P-free products (Li et al., 2019). In 2010, the DIP levels were

significantly higher in the inner bay than in the upper bay because

of the transport of large amounts of phosphate from various

factories and sewage discharge points (Zhang et al., 2021).

In addition, DIN levels in ZJB are mainly caused by the discharge

of urban agricultural fertilizers and industrial and domestic

wastewater (Li et al., 2020; He et al., 2023; Zhang et al., 2023a),

which is consistent with other offshore waters such as the Black Sea
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(Alkan et al., 2022), the Chinese coast (Wang et al., 2020) and the

Elbe estuary in Germany (Dähnke et al., 2008). Freshwater runoff is

the primary source of terrestrial DIN in the upper bay, with N

fertilizer and soil N contributing approximately 70%, and sewage

and feces contributing the remaining 30% (Li et al., 2020). Studies

have identified the use of N fertilizers as a leading cause of

biodiversity loss (Guignard et al., 2017). When these fertilizers are

translocated into nearby creeks, they can trigger eutrophication in

the affected water bodies, which can further exacerbate

eutrophication in the inner bay region after mixing with inner

bay waters. Therefore, when water with high concentrations of DIN

and DIP in the upper bay mixes with the water in the inner bay,

these nutrients can worsen the eutrophication problem in the inner

bay, resulting in a decline in water quality and harm to

the ecosystem.
4.4 Biological processes

N and P are essential biogenic elements in seawater. With

carbon, they constitute the marine carbon and nitrogen cycles.

During photosynthesis, phytoplankton absorb inorganic N and P at

a constant ratio of 16:1, which is known as the Redfield ratio

(Gruber and Deutsch, 2014). The Redfield ratio is commonly used

to identify the limiting nutrient elements of marine productivity
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FIGURE 6

Tidal influence on the nutrient variation in ZJB; (A–C) are the variation of DIN, DIP, and salinity during high tide and low tide, respectively; (D, E) are
the magnification diagram of DIN and DIP in (A, B) at concentrations below 0.5 and 0.05, respectively; (F) is the magnification diagram of salinity
variation between 25 and 33.
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(Peñuelas et al., 2013); however, the ‘Redfield Sea’ is unlikely to be in

a steady state, with N-fixing organisms in seawater having lower

maximum growth rates owing to the greater energetic cost of

breaking the N2 triple bond by N fixation. This results in the

formation of nitrate-limited waters, and hence, seawater N

limitation must be more severe than P limitation (Tyrrell, 1999);

this difference can also be seen in the characteristics of long-term

changes in DIN: DIP in the open ocean such as the Pacific and

Indian Oceans (Olsen et al., 2016) (Figure 8). Over the last 20 years,

ZJB has mostly experienced DIN: DIP ratios below 16, indicating

severe nitrogen limitation, which is consistent with China’s coastal

mariculture zones (DIN: DIP of approximately 7–11) (Feng et al.,

2024). However, this contrasts with the long-term P-limited state in

nearshore areas (Figure 8), such as the South Yellow Sea (Chen

et al., 2023), Pearl River Estuary (Yao et al., 2022), Chinese rivers

(Feng et al., 2024), and offshore central Japan (Katazakai and

Zhang, 2021). These coastal waters receive a substantial amount

of nutrients from land inputs. N is significantly more abundant than

P and frequently exceeds the aquatic carrying capacity, leading to a

shift from weak oceanic N limitation to stronger coastal P

limitation. Nevertheless, in contrast to other coastal regions,

nearshore mariculture areas have developed distinct nutrient

structures owing to anthropogenic interventions in mariculture

activities and associated effluent discharge, despite also being

influenced by land inputs. In mariculture, farmed organisms
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typically require more P than N, resulting in the amount of

phosphorus fertilizer being typically higher than that of N

fertilizer; however, excess fertilizer remaining in the water may

have a negative impact on the nutrient structure of the mariculture

area, leading to long-term N limitation. Therefore, P is continuously

in excess during photosynthesis in ZJB, which indirectly explains

why the correlation between DIP and AOU is not as significant as

that between DIN and AOU (Figure 9).

In addition to photosynthesis, biologically active processes

involving N and P (such as nitrification, denitrification, and

heterotrophic and anaerobic oxidation of ammonia) are

significantly influenced by various factors, with DO being one of

the most significant. The seawater in ZJB was oversaturated with

DO for a prolonged period according to the decadal negative

concentration of AOU. AOU was lowest during winter (-5.26 ±

0.98 mg·L-1) and highest in spring (-2.63 ± 1.18 mg·L-1). The

biological activities of ZJB are predominantly nitrification and

photosynthesis because adequate DO in water prevents

denitrification. For the AOU, the DO deviated from saturation

for two reasons. First, the effect of land-based inputs. Low-oxygen,

nutrient-rich freshwater from upstream rivers was physically mixed

with high-salinity, oxygen-rich seawater from the inner bay

(Figure 7A), as previously discussed. The second factor was the

biological activity of nutrients in seawater at different DO

concentrations. To mitigate the effects of salinity changes, we
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FIGURE 7

Effects of terrestrial inputs and physical mixing on nutrient variations; (A, B) indicate the relationships between DO, COD, and salinity in ZJB,
respectively. (C, D) indicate the relationships between nutrients and salinity in ZJB, respectively. (E) indicates the relationship between eutrophication
and salinity in ZJB. The colors indicate different seasons, and the symbols indicate the different areas in the ZJB.
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analyzed the relationship between salinity-normalized nutrients

and the AOU, as shown in Figure 9. High concentrations of both

N-DIP and N-DIN corresponded to high AOU levels.

The region with high N-DIN values was primarily located in the

upper bay during the spring (Figure 9B). And the ammonia was the

highest in the upper bay compare to the whole ZJB, especially in

2010 (Figure 4). Phytoplankton preferentially assimilates high

concentrations of ammonia because it requires less energy and

does not undergo redox reactions (Zehr andWard, 2002). Although

nitrifying microorganisms (converting NH4
+ to NO3

- under aerobic

conditions) are partially inhibited by intense light owing to shallow

water depths (Gruber, 2008), elevated levels of suspended

particulate matter from riverine sources may serve dual roles,

providing not only the substrate but also a protective

environment for nitrifying organisms when combined with high

levels of ammonia and sufficient nighttime hours. Nitrification is a

key pathway for ammonia depletion, as demonstrated by the

variation in nitrite content in ZJB. Nitrite, an important

intermediate product of nitrate assimilation, nitrification, and

denitrification (Gruber, 2008), has a short turnover time of only

3–7 days in seawater (Lipschultz et al., 1996), produced and

immediately consumed during biological activity. Significant

correlations between nitrite, normalized nitrate, and nitrite versus

normalized ammonia were observed in the upper bay during spring

(Figures 9F, G), indicating that large amounts of nitrite

intermediates were produced by phytoplankton photosynthesis
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and nitrification by ammonia-oxidizing microorganisms. After

offsetting the oxygen production (photosynthesis) and

consumption (nitrification) processes, the DO in the seawater

remained oversaturated, indicating that ammonia was also an

important N source for photosynthesis. In other areas of ZJB,

nitrate was significantly higher than ammonia, and the

correlation between nitrate and nitrite (r2 = 0.96) was stronger

than that in the upper bay area (r2 = 0.74); nitrite was mainly

generated by nitrate through photosynthesis. Furthermore, the

decrease in ammonia resulted in a lower oxygen consumption

level by nitrification, causing the AOU to be significantly lower

than that of the upper bay area and the DO to increase significantly.

During the other seasons, ammonia was considerably lower

than nitrate, and nitrite was reduced. Higher concentrations of

nitrate were still used for photosynthesis, and weaker nitrification

due to less ammonia resulted in lower AOU levels than in spring.

Additionally, although the inner bay simultaneously exhibited high

levels of nitrate and ammonia, there was no correlation between

ammonia and nitrite levels. In addition, although ammonium

inhibits the uptake of nitrate by phytoplankton, the chronically

lower levels of ammonia in ZJB were not sufficient to inhibit nitrate

uptake or have toxic effects on phytoplankton growth (Domingues

et al., 2011). Therefore, nitrification occurred mainly in the upper

bay area, whereas in the rest of the bay, nitrate was the primary

nitrogen source for photosynthesis. Moreover, phytoplankton

growth and biomass may be limited by low temperatures during

winter (Cullen, 1991); however, seawater temperature during winter

ranged between 15–20°C owing to geographical characteristics of

ZJB (Figure 2), which allowed phytoplankton to efficiently uptake

nitrate (Figure 9F; nitrate vs nitrite, r2 = 0.96). Furthermore,

photosynthetic oxygen production exceeded nitrification oxygen

consumption owing to the inhibition of ammonia-oxidizing

microorganisms at lower temperatures, resulting in the lowest

AOU and the highest degree of water DO supersaturation.
4.5 Impact of marine engineering

Over the past 20 years, ZJB has experienced a series of marine

engineering activities that have remarkably impacted the marine

ecological environment. Large-scale clean-ups and demolitions of

marine aquaculture pile foundations, illegal fishing facilities, and

navigation obstructions occurred in ZJB in 2005 and 2011–2012,

thereby improving the unstable and complex aquaculture

environment of ZJB. By reducing excessive external nutrient

loading as a primary measure of adaptive management (Cooke

et al., 2016), N and P concentrations in the water column of ZJB

decreased significantly in the following years (Figures 3A, B). This

suggests that the reduction in unregulated aquaculture activities led

to an improvement in the excess discharge of nitrogen and

phosphorus fertilizers during the aquaculture process, further

verifying the effect of mariculture on the nutrient concentration

and structure of seawater in ZJB; however, the COD concentration

increased slightly (Figure 3C), indicating that the source of COD in

the water was less related to agricultural activities and was still

dominated by land-based pollution discharge.
FIGURE 8

The variations in DIN: DIP in different aquatic environments across
decades. The colored dots are the seasonal investigation data, and
the gray dots during 1998–2005 are yearly averaged values from
references shown in Table 1. The colored lines represent DIN: DIP
variations in different worldwide aquatic environments, where the
red line indicates the main variation trend in ZJB; the Chinese river
and coastal mariculture data are from Feng et al. (2024), the Pearl
River Estuary close to Hongkong coastal area data are from Yao
et al. (2022), the South Yellow Sea data are from Chen et al. (2023),
the data of Central Japan are from Katazakai and Zhang (2021), and
the data of the open ocean including the Pacific Ocean and India
Ocean are from Olsen et al. (2016).
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In addition to marine environment improvement works, such

as clean-up and demolition, a series of sea-related projects

exacerbated marine environment problems. Around 2008, the

Zhanjiang municipal government implemented the “One Bay,

Two Banks” plan and started implementing the ZJB long-distance

navigation channel expansion dredging project. In addition,

300,000 tons and 400,000 tons worth of navigation channel

dredging and expansion activities were conducted in the ZJB

during 2018–2021. These dredging and reclamation activities

resulted in the resuspension of deep-seabed sediments in the

water column. Although sandy sediments can quickly return to

the seabed, fine-grained sediments (e.g., silt and mud) remain

suspended longer. Nutrient concentrations are higher in surface

sediments (the upper 15 cm) than in bottom sediments because
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deeper sediments are in a hypoxic environment that favors

denitrification processes (Galloway et al., 2004). Consequently,

sediments that return to the water column under anoxic

conditions may undergo nitrate reduction, particularly in areas

with high turbidity (Jickells, 2005); however, DO in ZJB remained

supersaturated, and no instances of hypoxia or anoxia were

observed during the monitoring period. Consequently,

denitrification is inhibited when anoxic sediments are

resuspended in the water column in an oxygen-rich environment,

and the release of nutrients from the sediment is accelerated by

drastic dredging works (Chen et al., 2021). The long duration of

dredging projects will result in the dissolution of large quantities of

soluble regenerative nutrients into seawater, leading to an increase

in N and P concentrations in the water column (Lohrer and Wetz,
A B

D E

F G H

C

FIGURE 9

Relationship between different salinity-normalized nutrients and AOU in the seawater of ZJB. (A) indicates the relationship between N-DIP and AOU;
(B) indicates the relationship between N-DIN and AOU; (C–E) indicate the relationship between different forms of salinity-normalized nitrogen and
AOU; (F, G) indicate the relations of salinity-normalized nitrate vs nitrite and ammonia vs nitrite; (H) indicates the relations between nitrate
and ammonia.
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2003). In addition, the inner bay area was already subjected to high

nutrient concentrations from multiple sources, which led to a

marked increase in nutrients during the corresponding period.

This was consistent with the findings of a dredging project in

Lake Yuehu (Zhang et al., 2010). Furthermore, the increased density

of harbor vessel traffic following channel expansion dredging also

contributes to nutrient input (Raudsepp et al., 2019), thus having

long-term effects on water quality. Consequently, N, P, and COD

levels in ZJB increased substantially between 2008–2010 and 2018–

2021 (Figure 3), indicating high or even severe eutrophication.

Moreover, the Zhanjiang government conducted a large-scale

interception and remediation project in 2020 that resulted in

significant reductions in seaward flows from several sewage

outfalls. Therefore, the N and P concentrations were significantly

reduced in summer when the runoff was high; however, when the

runoff was reduced in autumn and winter, the effects of the

dredging projects in the bay and other impacts were reflected

again, with the N and P concentrations and eutrophication levels

in ZJB increasing. Therefore, marine projects seriously affect the

nutrient concentration and structural composition of ZJB and

aggravate eutrophication.
5 Conclusion

Nutrients in ZJB seawater have significantly increased during

the previous 20 years, leading to long-term eutrophication. As a

typical semi-closed bay, the upper and inner bays are under high or

severe eutrophication, mainly caused by DIN and DIP; however, the

eutrophication level in the outer bay is typically low, and the main

contributors are COD and DIP. In addition, tidal action, biological

activity, land inputs, and marine engineering strongly influence

nutrient structure and concentration. Driven by tidal action,

freshwater in the northern part of the upper bay transports large

amounts of terrestrial nutrients into the bay. It mixes with high-

salinity seawater from the outer bay, promoting nutrient

redistribution in the inner bay. Furthermore, the DO in ZJB

remained supersaturated for a long period because of the

vigorous photosynthesis produced by the abundance of nutrients.

Moreover, because of mariculture and related wastewater discharge,

ZJB has been in a state of excess P and N limitation for a long time,

affecting primary productivity. In addition, marine projects in ZJB

have substantially impacted the aquatic environment. Eliminating

illegal aquaculture and launching aquaculture tailwater treatment

can significantly improve water quality, whereas dredging

waterways and other projects can exacerbate the deterioration of

water quality. Unfortunately, some analyses were limited by missing

or inconsistent historical data and a lack of direct evidence of

nutrient use through biological data, which needs to be further

investigated in future studies.
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