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Abstract 12 

Elucidating the regulatory mechanisms of terrestrial input on bay nutrients is essential for 13 

comprehending the ecological stability of bays. This paper investigates nutrients' structure, transport, 14 

and transformation processes in typical tropical bays of the Leizhou Peninsula during river input, 15 

utilizing fixed-site observation data from five distinct bay locations during November 2022. The results 16 

show that the average concentrations of TN, TP, DIN, and DIP in the rivers of Leizhou Peninsula were 17 

5.162 mg L-1 (2.263 ~13.610 mg L-1),0.092 mg L-1 (0.026-0.288 mg L-1),2.195 mg L-1 (0.897-4.081 18 

mg L-1),0.042 mg L-1 (0.002- 0.147 mg L-1). The average concentrations of TN, TP, DIN and DIP in 19 

the bay were 0.491 mg L-1 (0.282-0.843 mg L-1), 0.041 mg L-1 (0.018-0.073 mg L-1), 0.245 mg L-1 20 

(0.019-0.614 mg L-1), 0.021 mg L-1 (0.005-0.045 mg L-1). The ratio of TN/TP in the bay averaged 29 21 

(17~48), and the ratio of DIN/DIP averaged 35.1 (8~298). The mean Chl-a concentration in the bay 22 

was 7.131 mg L-1 (0.927-25.076 mg L-1). The bays along the Leizhou Peninsula are still heavily 23 

influenced by rivers during winter. There are higher concentrations of nutrients in the bays, and there 24 

is higher nutrient input flux from rivers. The significant negative correlation between nutrient 25 

concentration and salinity in the bay indicates that river input is an important source of nutrients in the 26 

bay. As water transports from the river to offshore, the ratio of dissolved inorganic nitrate to dissolved 27 

inorganic phosphorus shifts from phosphorus limitation to nitrogen limitation. Leizhou Bay and 28 

Jianjiang Bay are heavily influenced by riverine inputs and coastal activities and are potentially at risk 29 

of eutrophication. Anpu Bay is subject to both riverine and other sources of inputs but has a better self-30 

purification capacity. The results suggest that nutrient transport in Leizhou Peninsula rivers is regulated 31 

by both physical and biogeochemical processes. It is recommended that the monitoring of nutrient 32 

discharges from rivers be strengthened, total land-based pollution should be controlled, and industrial 33 

structures along the rivers should be adjusted to reduce the risk of water quality deterioration. 34 

Keywords: Tropical bay, Nutrient, River input, Biochemical processes 35 

1 Introduction 36 

Typical tropical bays are integral of the marine ecosystem, serving as significant economic 37 

resources with high productivity and unique ecological characteristics. Positioned at the intersection 38 

of rivers and seas, estuaries represent transitional zones between land and ocean, receiving nutrients, 39 

sediments, and solutes from upstream rivers (Bricker et al., 2008). The interaction of rivers and oceans 40 

in these regions gives rise to complex hydrological and hydrodynamic conditions, variable water 41 
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quality, and a diverse aquatic ecological environment (Tong et al., 2015; Tong 2017). Bays exhibit 42 

more active physical and biochemical processes, with nutrients such as nitrogen and phosphorus 43 

entering through rivers. River-derived nutrient input significantly contributes to bay ecosystems, 44 

promoting the growth and reproduction of marine organisms, augmenting species diversity and 45 

quantity, and enhancing biodiversity (Zuo et al., 2016; Pan et al., 2003; Liu et al., 2007). However, 46 

excessive nutrient input from rivers can lead to eutrophication of water bodies. This condition fosters 47 

excessive algae growth, potentially causing red tide occurrences and resulting in water body hypoxia, 48 

leading to a series of environmental problems. As the primary source of nutrient input to the bay, the 49 

upstream river directly influences nutrient concentration, composition, structure, and distribution 50 

within the bay. This, in turn, significantly impacts water quality and ecosystem stability. Therefore, 51 

studying river input and its regulation of nitrogen and phosphorus nutrient structure in the bay is also 52 

a crucial aspect of environmental regulation research and a key factor in ensuring the ecological 53 

stability and sustainable development of the bay. 54 

Amid growing concerns for the bay environment, scholars have conducted extensive research on 55 

bay nutrients, yielding significant progress. Early scholars mainly focused on the distribution 56 

characteristics of nutrients in the second half of the 20th century, the distribution of dissolved oxygen 57 

content and its relationship with nutrients, the distribution and interrelationship of chemical elements, 58 

and the distribution and structure of nutrients in sediments. Most scholars believe that estuarine nutrient 59 

salts have a clear spatial and temporal distribution pattern and roughly show a distribution pattern of 60 

high nearshore and low farshore (Bricker S B et al. 2008; Savage C, 2005, Li K et al. 2019; Ke S et al. 61 

2022). By the early 21st century, scholars expanded their studies to eutrophication, phytoplankton, 62 

Chl-a, red tide, environmental factors (e.g. temperature, turbidity, dissolved oxygen), and primary 63 

productivity. The focus of their research shifted to the influence of hydrodynamic processes on nutrient 64 

fluxes and the effects of human activities and natural environmental factors on nutrients, waters 65 

eutrophication, red tides, and ecosystem status (Mateosagasta J et al. 2017; Sheng X et al. 2020). Some 66 

studies have shown that environmental factors affecting estuarine nutrients include physical mixing, 67 

dissolved oxygen, COD, temperature, and others (Huang DR et al. 2014; Zeng D et al. 2020; Guo J, 68 

2020). In recent years, with further in-depth research, most of the studies have focused on the influence 69 

of cross-fertilization of physical, biological, and chemical factors on nutrient salt distribution (Gupta 70 

M et al. 2022; Sigman D M et al. 2012; Kwon E Y et al. 2022), and scholars have paid more attention 71 

to the mechanism of ecological problems, methods of governance and restoration, and the pursuit of 72 

the relationship between human activities and the marine environment for harmonious development. 73 

The Leizhou Peninsula, located in the southernmost part of the Chinese mainland adjacent to the 74 

South China Sea, features a winding coastline with numerous bays, creating a complex marine 75 

environment. With substantial annual precipitation, the peninsula channels water into several rivers, 76 

including Suixi River, Jiuxian River, Chengyue River, Jinhe River, etc., ultimately flowing into nearby 77 

bays.In recent years, the influx of China's population to coastal cities and rapid coastal industrial 78 

development have significantly increased pollutants in the land system. Most of these pollutants enter 79 

bays and offshore waters through rivers, causing gradual deterioration of water quality and a severe 80 

impact on the aquatic environment. Leizhou Peninsula is the core of the economic circle of western 81 

Guangdong and the Beibu Gulf Rim. Due to its special geographical location and hydrological 82 

conditions, the water quality environment of its coastal bays is also deeply affected by river pollution 83 

input. Currently, most studies on the Leizhou Peninsula focus on the environmental status and 84 

influencing factors of bays such as Zhanjiang Bay (Shuangling et al. 2021; Fu et al. 2020; Shi et al. 85 

2013), which are mainly based on the distribution status of the bay. These studies usually have a small 86 

area (e.g., only Zhanjiang Bay was studied) and a single parameter (e.g., only nitrogen or phosphorus 87 

was investigated), which makes it difficult to combine different sources and multiple environmental 88 

indicators to be analysed at the same time. And there are many rivers in Leizhou Peninsula, which 89 

makes it difficult to investigate them on a large scale. The water bodies around the Leizhou Peninsula 90 
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have experienced high levels of local eutrophication for many years, particularly in Zhanjiang Bay, 91 

Leizhou Bay, and the northeastern part of the Peninsula (Fu et al., 2014). This region is characterized 92 

by a high risk of pollution and elevated levels of nitrogen and phosphorus pollution. Previous studies 93 

have shown that phytoplankton abundance follows a geographic distribution of NE > S > SW > NW > 94 

SE on the Peninsula (Gong et al., 2012). For example, the coastal waters in the north-eastern part of 95 

the Peninsula were severely eutrophic.  There are less phytoplankton species and dominant species in 96 

the northeastern part of the peninsula，in comparison to west area of the peninsula. The diversity index 97 

and evenness in this region were lower, and the average cell abundance was higher. It is considered as 98 

a typical coastal area with simple phytoplankton community structure, poor stability and weak stress 99 

resistance in Leizhou Peninsula waters (Gong et al., 2010). The biodiversity index (H') of 100 

phytoplankton in Zhanjiang Bay showed a decreasing trend from 2008 to 2019, with a decrease in the 101 

number of phytoplankton species, whereas high abundance of phytoplankton cells, an increase in the 102 

dominant species, and a tendency towards miniaturisation of the community structure (Gong et al., 103 

2015). From 1980 to 2020, red tides have occurred 15 times in Zhanjiang Bay, and this phenomenon 104 

has seriously affected the local fishery and tourism industry (Fu, 2022; Zhang et al., 2022). The 105 

frequency of red tides in Zhanjiang Bay waters is closely related to the situation of eutrophication in 106 

the water body. Specifically, Zhanjiang Bay in the Leizhou Peninsula has experienced severe 107 

eutrophication and an imbalance in the nitrogen and phosphorus ratio. The phytoplankton diversity 108 

index and evenness in this bay were found to be positively correlated with the nutrient status index 109 

(Cheng et al., 2009).  The impact of nutrients transported by rivers cannot generally be ignored in bays. 110 

For example, river input was the dominant nutrient source in Beibu Gulf (Guo et al., 2024), and water 111 

exchange with oligotrophic water from the open gulf was the main nutrient output. The water 112 

environment of the Pearl River Estuary (South China) is highly sensitive to nutrient pollution and 113 

eutrophication risks, mainly influenced by river inputs (Tao et al., 2021). In Leizhou Peninsula, Suixi 114 

River has a significant impact on the water quality of Zhanjiang Bay (Zhang et al., 2021; Peng et al., 115 

2024.), and may be one of the important causes of the imbalance of nitrogen and phosphorus structure 116 

water quality deterioration, and red tide problems in Leizhou Peninsula. However, there is a lack of 117 

studies on the influence and regulation of river inputs to bay nutrients in the Leizhou Peninsula. To 118 

effectively manage the environment of the bays, it is crucial to analyze the transport and transformation 119 

processes that occur when a large amount of nutrients, specifically nitrogen and phosphorus, are 120 

introduced into the bay through river inputs. Furthermore, it is essential to investigate how hydro-121 

dynamical and biochemical processes in the bays regulate the levels of nutrients. To effectively manage 122 

the environment of the bays, it is crucial to analyze the transport and transformation processes 123 

occurring when a large amount of nutrients bays thatenter the bays that occur when a large amount-124 

bays that occur when a large amount enter bay that occurs when a large number. By understanding 125 

these processes, we can develop strategies and measures to mitigate the impacts of nutrient dynamics 126 

on the bay’s ecosystem, including the occurrence of red tides and the composition of phytoplankton 127 

species. In this study, we used a typical tropical bay on the Leizhou Peninsula to conduct field 128 

investigations on the hydrology, water quality and nutrients dynamics and its effects on phytoplankton 129 

biomass dynamics and some eutrophication symptoms. We quantified the nutrient fluxes introduced 130 

by rivers and analysed the role of rivers on the spatial distribution of nutrients in the bay. We used a 131 

two-member mixed model combined with other environmental parameters to unravel the multi-process 132 

coupling in the bay involving physical dilution and dispersion, sorption and release of sediment and 133 

suspended particle matter, additional terrestrial inputs, and biochemical processes. Our investigation 134 

provides insights into the factors affecting the transport and transformation of nitrogen and phosphorus 135 

nutrients in water, discusses the key causes of environmental problems such as eutrophication that 136 

develop in different states, and it helps to provide recommendations for effective management and 137 

protection of bay ecosystems. It lays the research foundation for predicting and responding to future 138 

environmental disasters in estuaries and bays. 139 
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2 Methods 140 

2.1 Area of study 141 

Leizhou Peninsula (Fig.1) is situated in Guangdong Province, the southernmost region of the 142 

Chinese mainland. It borders the South China Sea and boasts numerous coastal bays. Geographically, 143 

it can be broadly divided into three parts: the coastal waters of western Guangdong to the east of the 144 

Peninsula, the coastal waters of Qiongzhou Strait to the south of the Peninsula, and the coastal waters 145 

of Beibu Gulf to the west of the Peninsula. The peninsula has a long and narrow terrain, heavily 146 

influenced by oceanic conditions, leading to abundant precipitation. Several rivers are developed in the 147 

peninsula and eventually flow into Zhanjiang Bay, Leizhou Bay, Anpu Bay, Jianjiang Bay and Wailuo 148 

Bay. The interaction between rivers and oceans shapes an ocean system impacted by both terrestrial 149 

source input and tidal ocean currents. Rivers discharging into the sea carry substantial amounts of 150 

freshwater, nutrients, and suspended particulate matter. This directly influences the water quality of 151 

estuaries and bays, potentially accelerating bay eutrophication. 152 

 153 
Fig.1 Distribution of monitoring points of rivers and corresponding bays in Leizhou Peninsula 154 

 155 

2.2 Monitoring observations 156 

In November 2021, this study conducted hydrological and water quality monitoring of coastal rivers 157 

and representative bays in the Leizhou Peninsula during the winter (i.e. dry season). A total of 34 158 
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monitoring stations were established, comprising 15 stations for coastal rivers [Table 1 and Fig. 1] and 159 

19 stations for bays. A continuous 25-hour fixed-point monitoring was implemented, and the spatial 160 

distribution of monitoring stations is illustrated in Fig. 1. Nutrients and Chl-a samples were collected 161 

at 4-hour intervals, and the frequency of other basic parameters is shown in Table 2. 162 
Table 1 Monitoring points of rivers to the sea 163 

River station River name Mean depth (m) Estuary 

R1 Suixi River tributary 1 4.34 
Zhanjiang Bay 

R2 Suixi River tributary 2  3.48 

R3 Jiuxian River 0.27 

Leizhou Bay 

R4 Chengyue River 4.72 

R5 Tongming River 3.32 

R6 Nandu River 3.88 

R7 Leigao River 0.50 

R8 Tiaofeng River 1.77 

Wailuo Bay R9 Jinghe River 1.80 

R10 Qingtong River 0.58 

R11 Gaoqiao River 0.40 

Anpu Bay 
R12 Qingping River 2.00 

R13 Jiuzhou River 5.06 

R14 Yanggan River 1.68 

R15 Jianjiang River 2.10 Jianjiang Bay 

 164 

2.3 Sample collection and analysis methods 165 

(1) Sample collection, preservation, pretreatment, and detection  166 

This survey completed the steps of water sample collection, transportation, preservation, and 167 

pretreatment according to the requirements of ' Marine Survey Specification ' (GB 12763-2007) and ' 168 

Marine Monitoring Specification ' (GB 17378-2007) (China Standard Press, 2007a, China Standard 169 

Press, 2007b). To ensure that the sampling of rivers is not disturbed by the rising tide water, river 170 

monitoring stations are selected in the middle and upper reaches of the river, and the river salinity is 171 

controlled at 0-5. The selection of river sampling time is kept in the middle tide and neap tide period 172 

to avoid the influence of spring tide. The 25-hour continuous fixed-point monitoring is conducive to 173 

the investigation closer to the real situation. Water samples were collected using an organic glass 174 

hydrophone organic glass water at 0.5 m below sea level. The collected water samples were stored in 175 

2 L brown polyethylene plastic sample bottles. The sample bottles were rinsed three times with tap 176 

water and ultrapure water and washed twice with seawater samples before use. The monitoring and 177 

detection methods of conventional environmental elements are shown in Table 2. Before sampling, the 178 

currents, water depth, tidal level, temperature, salinity, dissolved oxygen, and pH were measured in 179 

situ. The detection method of suspended solids is the gravimetric method according to the specification 180 

for marine monitoring (GB17378.4-2007). 1 litre of water sample was first filtered through a dry 0.45 181 

μm glass fibre filter membrane, then dried and weighed. Chl-a was detected by spectrophotometry 182 

according to the specification for marine monitoring (GB17378.7-2007). After 1L water sample was 183 

filtered, the filter membrane was put into acetone for extraction, and the supernatant was separated by 184 

centrifuge and detected by ultraviolet spectrophotometer. After the nutrient water samples were 185 

collected, the samples were filtered using a Buchner funnel and a 0.45 μm acetate fiber filter membrane.  186 
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Nutrient water samples were frozen at-20 °C and detected in the laboratory within one week as 187 

listed in Table 3. 188 

 189 
Table 2 Monitoring data collection 190 

Monitoring 

Index 
Instrument Method 

Reference 

standard 
Interval 

Water Tidal meter RBRsolo D 

Observation of stage 

GB ／ T12763 ． 2-

2007   

'Ocean 

Monitoring 

Specification ' 

(GB 17378-

2007) and 'Ocean 

Survey 

Specification ' 

(GB 12763-

2007) 

Every 1 hour  

Ocean 

current 

Current meter (AEM-

USB electromagnetic 

current meter) 

Current observation 

GB／T 12763．2-

2007 

Temperatur

es & 

salinities 

Independent 

Thermohaline depth 

recorder37SMP 

Water temperature 

GB/T12763.2/5-

2007 observation 

Salinity meter 

method 

GB17378.4/29-

2007 

 

pH Acidity Meter PHS-3C 

pH meter method 

GB17378.4/26-

2007 

Every 4 hours 

Suspended 

substance 

Ten-thousandth 

electronic balance 

JJ124BC 

Gravimetric method 

GB17378.4/27-

2007 

 

Dissolved 

oxygen 

Thunderbolt Portable 

Dissolved Oxygen 

Analyzer JPB-607A 

Film-covered 

electrode method 

HJ-925-2017 

'Technical 

requirements and 

detection 

methods of 

portable 

dissolved oxygen 

analyzer ' HJ 

925-2017 

Every 4 hours 

Turbidity 

Thunderbolt portable 

turbidity meter WZB-

175 

Turbidimeter 

method HJ 1075—
2019 

'Determination of 

turbidity in water 

quality-

Turbidimeter 

method ' HJ 

1075-2019 

Every 4 hours  

 191 
Table 3 Sample testing methods 192 

Detecti

on 

index 

Instrument Method Reference standard 

NO2
- 

Nutrient 

continuous flow 

analyzer (Skalar, 

Netherlands) 

Diazo coupled 

colorimetric method 

' The specification for marine monitoring 

' (GB 17378.4-2007) and ' Specifications 

for oceanographic survey ' (GB 12763.4-

2007) 

NO3
- 

Cadmium column 

reduction method 

NH4
+ Phenol method 

DIP 
Molybdenum blue 

method 

TN 
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TP 
Potassium persulfate 

oxidation method 

Chl-a 

UV 

Spectrophotometer 

(Thermo Fisher) Spectrophotometry 

The specification for marine 

monitoring (GB17378.7-2007) 

Note: TN, the total nitrogen in seawater; TP, the total phosphorus in seawater. 193 
 194 

2.4 Data analysis 195 

2.4.1 Flux calculation of nutrients 196 

This study used 25-hour continuous observation data from the middle location of the river 197 

mainstream to calculate daily mean nutrient concentrations and daily mean river velocities. Based on 198 

the above mean data, nutrient fluxes from the river can be estimated. The calculation formula is as 199 

follows: 200 

FR=CR×QR×10-6                                                              (1) 201 

QR=V×S×86400                                                                (2) 202 

In the formula: FR is the river nutrient flux into the sea, the unit is t / d; CR is the concentration of 203 

nutrient input into the estuary, the unit is mg L-1; QR is the estuary flow flux, the unit is m3 / d; V, the 204 

averaged current speed (m/s); S, the cross-section area of the river passing the mooring site.  205 

2.4.2 The model simulation of nutrient concentration 206 

In this paper, the deviation of dissolved inorganic nitrogen (DIN) and dissolved inorganic 207 

phosphorus (DIP) is employed to characterize the influence of processes beyond the physical mixing 208 

of water. The 'Nutrients - Salinity' Two-End member Mixing Model is utilized to calculate and predict 209 

nutrient concentrations in bays with river inflows. 210 

The Two-End-member Mixing Model is a model based on statistical principles and environmental 211 

chemistry theory. It is a scientific method to estimate and predict the concentration of mixed substances 212 

in the environment. The Two-End member Mixing Model has been widely used in water quality 213 

prediction of rivers (Wei et al., 2021), lakes (Ji et al., 2017), and offshore seawaters (Niu et al., 2020；214 

Li et al.,2017；Wu et al., 2016), and has presented good performance. The model comprehensively 215 

considers the interaction between different end members such as terrestrial and marine sources, and 216 

can more accurately simulate and predict the transport and transformation process of substances 217 

including nutrients in water. 218 

The model is based on salinity and mass balance equations for freshwater and seawater, as shown 219 

in formulas (3) and (4): 220 

F1+F2=1                                                                           (3) 221 

S1F1+S2F2=Sinsitu                                                                 (4) 222 

In the formula, Sinsitu is the salinity in the field sample; F1 and F2 are the end-member fractions of 223 

freshwater and seawater, respectively, and S1 and S2 are the salinity of water with two end-members. 224 

Because salinity is a relatively conservative substance, the process of water dilution and diffusion is 225 

reflected by simulating the dilution effect of salinity. Data from estuarine sampling stations at low tide 226 

were used to construct the freshwater end-components, including salinity, DIN and DIP concentrations. 227 

The weighted average concentrations of DIN and DIP were also calculated based on the percentage of 228 

river runoff. Salinity, DIN and DIP concentrations measured at the mouth of the bay or outside the bay 229 

at high tide were used to construct the seawater end-component. Between the river and the mouth of 230 

the bay or outside the bay, the predicted values of DIN and DIP in the centre of the bay should be 231 

theoretically equal to the measured values, assuming no other biogeochemical interactions, nutrient 232 

inputs and consumption in the ideal state.  233 

The estimated concentrations of nitrogen and phosphorus in DIN (N *) and DIP (P *) in the Two-234 

Endmember Mixing Model are shown in formula (5)(6). 235 
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N∗=DIN1F1+DIN2F2                                                                                                   (5) 236 

P∗=SRP1F1+DIP2F2                                                                                                  (6) 237 

In the formula: DIN1, DIN2, DIP1 and DIP2 represent the corresponding concentrations of DIN 238 

and DIP. 239 

However, there is a deviation between the DIN and DIP values calculated by the model and the 240 

measured values, indicating that there are external biogeochemical and nutrient migration effects. 241 

According to the value and direction of the deviation values of each bay, from the perspective of 242 

material migration and transformation, if the deviation value is positive (i.e. theoretical value-measured 243 

value), it indicates that the biochemical process may lead to the consumption or transformation of 244 

nutrients, such as photosynthesis. If the deviation value is negative, it indicates that there may be other 245 

input sources or other biochemical processes that increase the concentration of nutrients. 246 

The deviation between the predicted value and the field observation value is defined as ΔDIN, 247 

ΔDIP, which reflects the amount of nitrogen and phosphorus nutrient input (negative) or consumption 248 

(positive), as shown in formulas(7) and(8) : 249 

∆DIN=N∗−DINinsitu                                                                                            (7) 250 

∆DIP=P∗−DIPinsitu                                                                                               (8)  251 

This paper explores the impacts of biochemical and physical water processes on nutrient 252 

concentration by examining the deviations between predicted DIN (Devdin) and DIP (Devdip) values 253 

with the measured values. 254 

 255 

2.4.3 Data analysis 256 

Firstly, based on the fixed-point observation data of rivers, Origin software was used to draw the 257 

distribution map of nutrient concentration and the flux map of nutrient elements in each river. Secondly, 258 

the distribution map of nutrient concentration in the bays of Leizhou Peninsula was drawn by Ocean 259 

Data View 4.0 (ODV 4.0) software, which reflected the distribution of nutrient concentration in each 260 

bay. The correlation between nutritional elements and environmental indicators was explored by Origin 261 

software and SPSS 21 software, and the main factors affecting the nutritional elements of the bay were 262 

explored. At the same time, this paper uses the Two-End member Mixing Model to characterize and 263 

analyze the impact process of nutrients in the bay. Finally, Origin and ODV 4.0 software were used to 264 

compare the ratio of nitrogen to phosphorus in rivers and bays, and the relationship between nutrient 265 

structure and environmental factors in bays was further analyzed. 266 

 267 

3 Results 268 

3.1 Riverine nutrient input status 269 

3.1.1 Nutrients distribution in the river 270 

Using the 25-hour continuous fixed-point monitoring data of nutrients in rivers and bays, Fig. 3 271 

illustrates the daily average distribution of nutrients in rivers entering the sea. 272 
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 273 
Fig.3 Daily distribution of nutrients in 15 rivers into the sea in Leizhou Peninsula (TN, the total nitrogen in 274 

seawater; TP, the total phosphorus in seawater). 275 
The TN concentration in the Leizhou Peninsula section (Figure 3) ranged from 2.263 to 13.610 276 

mg L-1, with an average of 5.162 mg L-1, and the highest and lowest values were 13.610 mg L-1 (R8) 277 

and 2.263 mg L-1 (R14), respectively. TP concentrations ranged from 0.026-0.288 mg L-1 and averaged 278 

0.092 mg L-1 with maximum and minimum values of 0.288 mg L-1 (R12) and 0.026 mg L-1 (R14), 279 

respectively. DIN concentrations ranged from 0.897-4.081 mg L-1 and averaged 2.195 mg L-1 with 280 

maximum and minimum values of 4.081 mg L-1 (R11) and 0.897 mg L-1 (R4), respectively. The 281 

concentration of DIP ranged from 0.002-0.147 mg L-1 with an average of 0.042 mg L-1. The highest 282 

and lowest values were 0.147 mg L-1 (R12) and 0.002 mg L-1 (R7), respectively. In terms of DIN 283 

concentration, it is mainly composed of nitrate and ammonia nitrogen, and its main components are 284 

different in different rivers. Nitrate nitrogen was the main component of DIN in 40 % of rivers (NO3
-285 

>50% DIN), and ammonia nitrogen was the main component of DIN in 60 % of 286 

rivers(NH4
+>50%DIN). Nitrate nitrogen and ammonia nitrogen are mainly derived from agricultural 287 

production wastewater, aquaculture, industrial wastewater, municipal wastewater and other discharges. 288 

(Wang et al., 2015; He et al., 2005; Zheng et al., 2008). By comparing the water quality evaluation 289 

standards (MEPC, 2002, Table S4), the total nitrogen in the rivers of Leizhou Peninsula is at a high 290 

level, with 100% inferior to the Level V water quality standard (>2 mg L-1). Total phosphorus 291 

concentration was below Level 3 water quality (including Level 3 water quality, >0.1 mg L-1) in 33.3% 292 

of all rivers. Ammonia nitrogen concentrations were below Level 3 water quality (including Level 3 293 

water quality, >0.5 mg L-1) in 53.3% of all rivers, of which five rivers (which feed into Zhanjiang Bay, 294 

Leizhou Bay, and Anpu Bay respectively) had ammonia nitrogen concentrations worse than Level 5 295 

water quality (>2.0 mg L-1). Zhanjiang City, where the Leizhou Peninsula is located, has a primary and 296 

secondary industry (agriculture, industry, and construction) that accounted for 57.7% of the GDP in 297 

2022, of which agriculture and industry accounted for 51.9% of the GDP, which means that Leizhou 298 

Peninsula is dominated by industry in agriculture and industry 299 

(https://www.zhanjiang.gov.cn/zjsfw/bmdh/tjxxw/zwgk/tjsjzl/tjnj/content/post_1840795.html), and 300 
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these industries will bring nitrogen pollution to the surrounding land and water. For example, in 2022, 301 

the water quality of Suixi River was mildly polluted (Class IV water quality) and did not reach the 302 

target of Class III Water Environment Functional Zone, with ammonia nitrogen as the exceeding item 303 

(https://www.zhanjiang.gov.cn/zjsfw/bmdh/sthjj/zwgk/tzgg/content/post_1738861.html). 304 

From the perspective of river input to the bay, river TN concentrations were generally high, and 305 

the mean values of river TN concentrations were, in descending order, Wailuo Bay (10.156 mg L-1), 306 

Zhanjiang Bay, Leizhou Bay, Anpu Bay, and Jianjiang Bay. The mean value of river TP concentration 307 

in descending order was Anpu Bay (0.153 mg L-1), Zhanjiang Bay, Leizhou Bay, Wailuo Bay, and 308 

Jianjiang Bay. The mean values of river DIN concentration in rivers converging into each bay were, in 309 

descending order, Zhanjiang Bay (3.336 mg L-1), Anpu Bay, Leizhou Bay, Wailuo Bay, and Jianjiang 310 

Bay. The mean values of DIP concentrations in rivers feeding into each bay were, in descending order, 311 

Zhanjiang Bay (0.098 mg L-1), Anpu Bay, Jianjiang Bay, Leizhou Bay, and Wailuo Bay. In summary, 312 

Zhanjiang Bay had the highest mean river DIN and DIP concentrations. Leizhou Bay had slightly 313 

higher concentrations of all nutrients. Wailuo Bay had the highest concentration of TN and lower 314 

concentrations of other nutrients. The Anpu Bay had the highest concentration of TP. Jianjiang Bay 315 

had lower river concentrations of all indicators. 316 

3.1.2 Input fluxes of TN, TP, DIN and DIP from the rivers to the estuarine systems 317 

The monitored data were used to calculate the fluxes of TN, TP, DIN and DIP into the bay (Fig.4), 318 

including river flow rates, river widths, river depths, TN, TP, DIN and DIP concentrations. 319 

 320 
Fig.4 Flux of Nutrients from rivers into the sea in Leizhou Peninsula 321 

The fluxes of TN and TP into Leizhou Peninsula rivers during the dry water period were, in 322 

descending order, Leizhou Bay, Zhanjiang Bay, Anpu Bay, Wailuo Bay, and Jianjiang Bay, The fluxes 323 

of DIN and DIP were, in descending order, Zhanjiang Bay, Leizhou Bay, Anpu Bay, Jianjiang Bay, 324 

and Wailuo Bay, of which 43.96 t/d, 1.29 t/d, 32.41 t/d, and 0.95 t/d were imported into Zhanjiang Bay. 325 

The fluxes of TN, TP, DIN and DIP into Zhanjiang Bay were 43.96 t/d, 1.29 t/d, 32.41 t/d and 0.95 t/d, 326 

https://www.zhanjiang.gov.cn/zjsfw/bmdh/sthjj/zwgk/tzgg/content/post_1738861.html
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respectively. The TN, TP, DIN and DIP inputs to Leizhou Bay were 71.76 t/d, 1.36 t/d, 32.36 t/d and 327 

0.69 t/d, respectively. The TN, TP, DIN and DIP inputs to Wailuo Bay were 4.08 t/d, 0.03 t/d, 1.13 t/d 328 

and 0.004 t/d, respectively. The fluxes of TN, TP, DIN and DIP input to Anpu Bay were 18.37 t/d, 0.38 329 

t/d, 14.71 t/d and 0.14 t/d, respectively. The fluxes of TN, TP, DIN and DIP input to Jianjiang Bay 330 

were 2.55 t/d, 0.06 t/d, 1.40 t/d and 0.03 t/d, respectively. By comparing the input fluxes to the largest 331 

bays (Leizhou Bay and Zhanjiang Bay), it can be found that the TN input to Leizhou Bay is much 332 

higher than that to Zhanjiang Bay, while the TP input is similar. The input of DIN and DIP to Zhanjiang 333 

Bay is similar and slightly higher than that of Leizhou Bay. The nutrient input fluxes from rivers R1, 334 

R2, R4 and R5 are all large, and the sum of the nutrient input fluxes from all four rivers accounted for 335 

more than 70% of the total fluxes from the Leizhou Peninsula, which feed into Zhanjiang Bay and 336 

Leizhou Bay, respectively. The remaining three bays accounted for a relatively small proportion of the 337 

river input. The nutrient fluxes into Anpu Bay were slightly higher than those into Jianjiang Bay and 338 

Wailuo Bay. 339 

By analysing the individual river inputs of each nutrient element, it can be seen that the maximum 340 

input flux of TN is located in Chengyue River R4 (53.249 t/d), and the second largest flux of TN is 341 

located in Liangdong River R2 (23.605 t/d). The maximum input flux of TP is located in Chengyue 342 

River R2 (1.151 t/d). the second input flux of TP is located in Suixi River R1 (0.728 t/d). The maximum 343 

input flux for DIN was located in Chengyue River R4 (20.075 t/d). The second highest DIN flux was 344 

located in Suixi River R1 (18.344 t/d). The maximum input fluxes of ammonia nitrogen were Suixi 345 

River R1 (13.526 t/d) and Liangdong River R2 (9.834 t/d) which are both input to Zhanjiang Bay. The 346 

maximum input flux of DIP was located in Chengyue River R4 (0.640 t/d), and the second flux was 347 

located in Suixi River R1 (0.598 t/d). In summary, the top two rivers with the largest input fluxes of 348 

TN, TP, DIN, and DIP were all fed into Zhanjiang Bay and Leizhou Bay, respectively. Besides, the 349 

two rivers with the largest input fluxes of ammonia nitrogen were both fed into Zhanjiang Bay.  350 

 351 

3.2 Distribution status of nutrients in estuaries 352 

3.2.1 Distribution characteristics of nutrient elements 353 

 354 

According to the nutrient concentration data obtained from the fixed-point monitoring of the bay, 355 

the distribution map of nutrient concentration in the typical bay of Leizhou Peninsula in winter (i.e. 356 

dry season) was generated (Fig. 5). 357 
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 358 
Fig.5 Distribution of nutrient elements in coastal waters of Leizhou Peninsula 359 

The mean values of TN, TP, NO3
-, NO2

-, NH4
+ and DIP in Zhanjiang Bay were 0.525 mg L-1, 360 

0.049 mg L-1, 0.191 mg L-1, 0.046 mg L-1, 0.099 mg L-1 and 0.032 mg L-1, respectively, which showed 361 

a high concentration of TP, NH4
+, NO2

- and DIP. The nutrient salts in Zhanjiang Bay showed high 362 

concentrations and a decreasing trend from nearshore to offshore. Among them, NH4
+ showed a strong 363 

decreasing trend. In aerobic waters, NH4
+ can be generally oxidised to NO3

- by nitrification process 364 

(Wang et al,2023). Nitrification is an important nitrogen cycling process that converts NH4
+ to NO3

-, 365 

allowing nitrogen to be recycled between different forms. The oxidation of NH4
+ usually requires the 366 

participation of DO. Normally, excessive NH4
+ input consumes a large amount of DO, inducing further 367 

hypoxia. The mean values of TN, TP, NO3
-, NO2

-, NH4
+ and DIP in Leizhou Bay were 0.702 mg L-1, 368 

0.049 mg L-1, 0.296 mg L-1, 0.023 mg L-1, 0.012 mg L-1, 0.031 mg L-1, respectively, which showed the 369 

status of high concentration of TN, TP, NO3
-, NO2

-, DIP and low concentration of NH4
+. The TN, NO3

-370 

, NO2
-, DIP and NH4

+ in Leizhou Bay showed a decreasing trend from the nearshore to the offshore, 371 
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with TN showing a large decreasing trend, with TP showing a medium but abnormally high 372 

concentration, with the concentration of NH4
+ was low, with DIP showed a decreasing trend from the 373 

inside of the bay to the mouth of the bay, but the mouth of the bay showed an abnormally high value. 374 

The mean values of TN, TP, NO3
-, NO2

-, NH4
+ and DIP in Wailuo Bay were 0.305 mg L-1, 0.024 mg 375 

L-1, 0.020 mg L-1, 0.017 mg L-1, 0.016 mg L-1, 0.007 mg L-1, and TP in Wailuo Bay tended to be high 376 

in the nearshore but low in the offshore. The other nutrients were poor and evenly distributed. The 377 

mean values of TN, TP, NO3
-, NO2

-, NH4
+ and DIP in Anpu Bay were 0.422 mg L-1, 0.035 mg L-1, 378 

0.092 mg L-1, 0.014 mg L-1, 0.014 mg L-1, 0.014 mg L-1, 0.021 mg L-1. In Anpu Bay, TN and TP 379 

showed a slight decreasing trend and the rest of the nutrients were poor. The mean values of TN, TP, 380 

NO3
-, NO2

-, NH4
+ and DIP in Jianjiang Bay were 0.472 mg L-1, 0.042 mg L-1, 0.339 mg L-1, 0.014 mg 381 

L-1, 0.03 mg L-1 and 0.021 mg L-1, respectively, and the mean concentrations of TN, TP, NO3
-, NH4

+, 382 

NO2
- and DIP were high in Jianjiang Bay, NO2

- and DIP were poor in the bay. 383 

 384 

3.2.2 The relationship between Nutrients and environmental factors in estuary bays 385 

Pearson correlation analysis was performed on TN and TP in the bay with corresponding salinity, 386 

dissolved oxygen, chemical oxygen demand and Chl-a. The results are shown in Fig.6. 387 

388 
Notes : * represents the significance of the correlation P < 0.05 (bilateral). Red means positive correlation, blue 389 

means negative correlation. The larger the absolute value of the correlation coefficient, the larger the circle, which 390 
means the better the correlation. 391 

Fig.6 Correlation analysis between TN, TP and other environmental indicators in the coastal waters of Leizhou 392 
Peninsula in wet season 393 

It can be seen from Fig.6 that TN and TP changes were significantly positively correlated. This 394 

shows that potential sources of TN and TP are similarly proportionally increased/decreased. The close 395 
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correlation between TN and TP may be due to the fact that they have similar input sources or are 396 

transported simultaneously by the same physical hydrodynamics of the bay. Temperature is 397 

significantly correlated with nutrients TN, TP, DIN, and DIP, potentially indicating the processes of 398 

dissolution, deposition, and migration of nutrients. TN, TP, DIN were significantly negatively 399 

correlated with salinity. This is strong evidence that the main source of TN, TP and DIN are from the 400 

rivers. DIP is not closely correlated with salinity but has a significant positive correlation with SS and 401 

NTU, which means that the suspended matter in the system has a significant adsorption and liberation 402 

of phosphorus in the water. Phosphate reacts with particles or organic matter on the surface of the 403 

suspended solids and fixes phosphorus to the surface or inside the suspended solids. This adsorption 404 

can sometimes slow the rate of phosphorus release, resulting in slower changes in phosphorus 405 

concentrations in the water column. However, when the suspension is disturbed or decomposed by 406 

external forces, the adsorbed phosphorus is released back into the water body, affecting the phosphorus 407 

cycle of the water body and the balance of the ecosystem (Xu et al, 2021). NO3
-, NO2

-, NH4
+, DIP, 408 

DIN and Chl-a all showed significant correlations, indicating that phytoplankton life activities during 409 

the winter (i.e. dry season) were significantly correlated with inorganic nutrient elements in seawater. 410 

Chl-a showed a positive correlation with DIN and a negative correlation with DIP. The positive 411 

correlation between Chl-a and DIN is due to the fact that the large amount of nitrogen from land-based 412 

sources promotes the photosynthesis of phytoplankton. At the same time, phytoplankton will absorb 413 

DIP and produce Chl-a during photosynthesis, resulting in a negative correlation between DIP and Chl-414 

a. The fluxes of rivers (R1-R2, R3-R7, R8-R9, R10, R11-R12, R13-R14, R15) feeding into each bay 415 

were linearly fitted to the nutrient concentrations of their recipient estuaries (S1, S6, S12, S10, S14, 416 

S16, S17), respectively. The results (Fig.7) showed that the river nutrient input fluxes were positively 417 

related to the nutrient concentrations in the bays in various degrees, which implied that the nutrient 418 

fluxes had a significant positive regulatory effect on the nutrient concentrations in the bays. TN, as a 419 

relatively stable nutrient with high input flux, showed higher R-Square. While TP, as nutrients with 420 

low input flux, showed lower R-Square, but still had a positive effect (Zhang et al, 2022). 421 
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  422 
Fig.7 Effect of riverine nutrient fluxes on nutrient concentrations in the estuary  423 

 424 
In our study, river fluxes showed a significant positive correlation with nutrient concentrations in 425 

the recipient estuaries, implying that river inputs had a significant positive effect on nutrients in the 426 

estuaries. The correlation of TN, DIN, and DIP was very high (R-Square ≥ 0.70), and the correlation 427 

of TP was average. DIP concentration in the total phosphorus was considerably affected by the 428 

adsorption and release of suspended matters and bottom sediments (Meng et al.,2015), when salinity 429 

increases from the rivers to estuaries. Moreover, the impact of large amounts of organic matter from 430 

near-shore mariculture has increased the source of particulate organic phosphorus in Leizhou Peninsula. 431 

 432 

3.2.3 Analysis of nutrients that primarily regulate phytoplankton development 433 

Chl-a as dependent variable and TN、TP、NO3
-、NO2

-、NH4
+、PO4

3- as independent variable. 434 

In this study, multiple regression analyses of factors that may regulate the development of 435 

phytoplankton in the bay will be performed. The significance of the multiple linear regression indicated 436 

that the equation could better explain the relationship between chlorophyll and each of the factors such 437 

as TN、TP、NO3
-、NO2

-、NH4
+、PO4

3-. From the results of multiple regression analysis (Table 4), 438 

it can be seen that the relationship between NO3
-, NO2

- and PO4
3- with Chl-a were significant(P<0.001). 439 

The regression coefficient of NO3
- was 4.488, and the increase of NO3

- would significantly increase 440 

the content of Chl-a in the bay, which indicated that NO3
- might be an important source of nitrogen for 441 

the synthesis of Chl-a (Liu et al., 2021; Stolte et al., 1994). The regression coefficient of PO4
3- was 442 

negative, and the concentration of PO4
3- in the study area was low, so the Chl-a synthesis may absorb 443 

and consume PO4
3- in seawater. (Jin et al.,2021). The regression coefficient of NO2

- was negative, and 444 
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NO2
- is very easy to oxidize in the water column with the oxygen produced by phytoplankton 445 

photosynthesis and be converted to NO3
- (Zehr et al.,2002; Herbert et al.,1999). This oxidation reaction 446 

may affect the concentration of NO2
- in the water column. This is also illustrated by the significant 447 

negative correlation between NO2
- and DO in the Pearson correlation results.  448 

Table 4 Multiple linear regression analyses of phytoplankton development in the bay 449 

Variable 

Regression 

Coefficient 

(β) 

Std.Error Beta t P R2 F Model P 

TN 4.859 1.939 0.214 2.505 0.014 

0.598 25.074 0.000 

TP -4.956 14.209 -0.029 -0.349 0.728 

NO3
- 4.488 1.063 0.299 4.222 0.000 

NO2
- -125.104 34.596 -0.5 -3.616 0.000 

NH4
+ 9.257 8.228 0.136 1.125 0.263 

PO4
3- -105.814 27.036 -0.315 -3.914 0.000 

Dependent Variable: Chl-a 450 
 451 

The correlation between nutrient fluxes in the river and chlorophyll concentrations in the bay was 452 

weak. This may result from the increased turbidity due to mixing of estuarine waters affecting light 453 

penetration and phytoplankton light availability in the water column (Dokulil, 1994; Cole et al. 1984; 454 

MacIntyre et al. 1996). This can be jointly supported by the significant negative correlation between 455 

turbidity and chlorophyll-a in the bays(Fig.6). Furthermore, nutrient inputs from rivers do not 456 

immediately cause an increase in phytoplankton chlorophyll in the Bay but rather there is a time lag 457 

(Shi et al., 2022). 458 

 459 

3.3 Analysis of the measured and simulated values of DIN and DIP in the middle of the bay 460 

In the complex estuarine environment, the production and consumption of nitrogen and 461 

phosphorus are mainly related to physical and chemical processes such as physical mixing and 462 

biological and chemical activities (Niu et al., 2020).  463 

 464 
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Fig.8 DIN and DIP deviations in the middle of the offshore bay of Leizhou 465 
In this study, the freshwater end-member is the weighted mean of each river entering the sea. The 466 

seawater end-members were selected from offshore bays stations S3 (Zhanjiang Bay), S7 (Leizhou 467 

Bay), S11 (Wailuo Bay), S13 (Wailuo Bay), S15 (Anpu Bay) and S19 (Jianjiang Bay).  Figure 8 shows 468 

the pattern of DIN and DIP variations in the middle part of the bays, where ΔDIN and ΔDIP are both 469 

negatively biased in Anpu Bay (S14), implying that there are inputs from other sources of DIN and 470 

DIP in the bays. The positive deviations of ΔDIN and ΔDIP in Leizhou Bay (S9) and Wailuo Bay (S10, 471 

S12) indicate that DIN and DIP are mainly depleted in these bays. Zhanjiang Bay (S2) and Leizhou 472 

Bay (S6, S8) have negative deviations in ΔDIN and positive deviations in ΔDIP, implying that DIN 473 

reflects the presence of inputs from other source (e.g., discharge from coastal industries, municipal 474 

sewage, agriculture and aquaculture) and DIP reflects the depletion state (Shi et al,2013; Li et al,2016; 475 

Gao et al, 2011). The positive deviation of ΔDIN and the similarity of ΔDIP in Jianjiang Bay imply 476 

that DIN in Jianjiang Bay reflects depletion, while DIP depletion is similar to the extent of 477 

replenishment from other source (e.g., coastal discharges and suspended solids precipitation in water). 478 

 479 

4 Discussion 480 

4.1 Transport and transformation processes of nutrient elements during riverine inputs to the 481 

bay   482 

There was a significant positive correlation between TN and TP concentrations in the key bays of 483 

Leizhou Peninsula, indicating that TN and TP concentrations may be regulated by the emission of 484 

nutrient elements from external runoff. The concentrations of TN and TP in rivers and terrestrial waters 485 

are generally high, while the concentration of TN in seawater is generally low (Howarth et al.,2002; 486 

Guo J.,2021; Fu et al.,2023; He et al.,2023). Differences in nutrient fluxes from riverine inputs occur 487 

during dry and wet seasons (winter and summer), which affect the mixing, transport and cycling of 488 

nutrients in river and bay waters. This affects the distribution of nutrient concentrations and structure 489 

in the bay, further affecting the bay ecosystem. During the winter (i.e. dry season), lower temperatures, 490 

lower biological activity, lower surface runoff, and lower water temperatures result in lower nutrient 491 

loads to the bay. On the other hand, during the wet season (summer), higher temperatures, increased 492 

rainfall, higher flow velocities, and higher nutrient inputs result in higher nutrient contents in the Bay. 493 

These seasonal variations can have different impacts on water quality and ecosystems. Nutrients in the 494 

bays of the study area were strongly correlated with Chl-a and DO in winter, and the significant positive 495 

correlation of NO3
- with Chl-a and DO implied that nutrients significantly influenced phytoplankton 496 

life activities and in the bays in winter. For most of the phytoplankton, NO3
- nitrogen was the more 497 

easily absorbed and utilized form by the plants (Bao et al,2011). NO3
- was their main source of nitrogen, 498 

controlling phytoplankton growth and reproduction. Dissolved oxygen is negatively correlated with 499 

NO2
-, NH4

+, and PO4
3-. Excessive nutrients and unsuitable nitrogen-phosphorus ratios may lead to 500 

eutrophication and hypoxia in water bodies. Nutrients in the bays of the study area were strongly 501 

correlated with Chl-a and DO in winter, and the significant positive correlation of NO3
- with Chl-a and 502 

DO implied that nutrients significantly influenced phytoplankton life activities and in the bays in 503 

winter. For most of the phytoplankton, NO3
- nitrogen was the more easily absorbed and utilized form 504 

by the plants, and NO3
- was their main source of nitrogen, controlling phytoplankton growth and 505 

reproduction. Dissolved oxygen is negatively correlated with NO2
-, NH4

+, and PO4
3-. Excessive 506 

nutrients and unsuitable nitrogen-phosphorus ratios may lead to eutrophication and hypoxia in water 507 

bodies. 508 
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 However, salinity was significantly negatively correlated with TN, TP, and DIN (Fig.6), 509 

indicating that river input in the Leizhou Peninsula during the winter (i.e. dry season) had a significant 510 

impact on the nutritional status of the bay (Zhang et al., 2019; Zhang et al.,2015; Fu et al.,2015; Xie et 511 

al.,2014). In addition, nutrients in the Leizhou Peninsula during the winter were co-regulated by a 512 

variety of physical and biochemical factors. 513 

The river TN flux into Leizhou Bay is much higher than that of other bays, and the TP input flux 514 

is the highest, while Leizhou Bay has high TN concentration and sub-high TP concentration. The 515 

overall high Chl-a content (6.582 ~ 14.006 mg L-1) in Leizhou Bay (Fig. S2) indicates a high risk of 516 

potential eutrophication in the bay. The high nutrient levels (TN, TP and DIP) in the rivers of Leizhou 517 

Bay were consistent with those in the bay. However, the DIN injected into the river is mainly ammonia 518 

nitrogen, which is converted into NO2
- by the proliferating phytoplankton when entering the bay, and 519 

then converted into NO3
-, resulting in high NO3

- content and low NH4
+ content in the bay. The urban 520 

sewage discharge and mariculture industry in Leizhou Bay also input a large amount of NH4
+ (Ren et 521 

al.,2022). The results of the Two-End member Mixing Model show that the presence of other sources 522 

of input will bring additional DIN to the Leizhou Bay (S6, S8), further promote the proliferation of 523 

algae, and consume DIP in seawater, aggravating the eutrophication of the Leizhou Bay. Both ΔDIN 524 

and ΔDIP in Leizhou Bay (S9) showed a state of consumption, which may be driven by photosynthesis, 525 

marine biological uptake (Sigman et al.,2012; Moore et al.,2013; Cáceres et al.,2019; Kwon et 526 

al.,2022). With the low turbidity state of Leizhou Bay (average turbidity: 8.54) (Fig. S2), good light 527 

conditions and a large number of nutrients entering the bay, algae outbreaks were caused to a certain 528 

extent.(Conley et al.,2011; Wu et al.,2017). Therefore, in addition to river input, the impact of the input 529 

of coastal land-based materials such as mariculture and coastal urban sewage on the bay cannot be 530 

ignored (Li et al.,2004; Zhao et al.,2022; Du et al.,2010). The effect of DIN and DIP consumption 531 

caused by the biochemical action of phytoplankton is limited, and some nutrients in the bay may be 532 

retained at a continuous high value, resulting in the imbalance of nutrient structure (Han et al.,2015; 533 

He et al.,2006). The input of DIN and DIP in the rivers of Zhanjiang Bay is the highest and the input 534 

fluxes of TN and TP are the second highest, which is consistent with the trend that the nutrient elements 535 

in Zhanjiang Bay show a high concentration and decrease from nearshore to offshore. This is consistent 536 

with the previous research results: the input of Suixi River has a significant effect on the nitrogen and 537 

phosphorus in Zhanjiang Bay (Zhang et al.,2019). The NH4
+ input fluxes of Suixi River R1 (13.526t/d) 538 

and Liangdong River R2 (9.834t/d) in Zhanjiang Bay were the largest in all rivers, which caused the 539 

obvious high value of NH4
+ in Zhanjiang Bay, which was consistent with the previous conclusions 540 

(Yang et al.,2014). The high ratio of NH4
+:NO3

- and low DO (DOS1= 6.957 mg L-1; DOaverage= 7.949 541 

mg L-1) in Zhanjiang Bay implies a high degree of eutrophication in Zhanjiang Bay. Compared with 542 

Leizhou Bay with better hydrodynamic conditions, the TP input in Zhanjiang Bay with poor 543 

hydrodynamic conditions is slightly lower but the TP concentration is slightly higher (Fig.S3). High 544 

turbidity (average turbidity: 22.373) bays have high nutrients and low Chl-a (average Chl-a: 3.677mg 545 

L-1) (Fig.S2), which means that the absorption of nutrients by phytoplankton may be limited by light. 546 

The results of the Two-End member Mixing Model showed that Zhanjiang Bay (S2) and Leizhou Bay 547 

(S6, S8) were consistent, and there were other sources of DIN that promoted biological consumption 548 

and consumed DIP at the same time. This effect will be more pronounced in Leizhou Bay (S6, S8), 549 

which has lower turbidity, higher Chl-a concentrations (Fig. S2), and more severe eutrophication, than 550 

Zhanjiang Bay (Strokal, M. et al. 2017).  551 

Jianjiang Bay (Chl-a = 14.694 ~ 25.076 mg L-1) showed high nutrient elements (TN, TP, NO3
-), 552 

low turbidity, high Chl-a content (Fig. S2), and severe eutrophication (Fu et al.,2014; Xie et al.,2014553 

，Fu et al.,2019; Shi et al.,2013). According to the results of the Two-End member Mixing Model, 554 

DIN has the behavior of consumption while the consumption of DIP and the supplement of other 555 

sources offset each other. However, under the condition of low river input and low turbidity, the high 556 

TP and other supplements of DIP mean that the nearshore pollution discharge in Jianjiang Bay leads 557 
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to serious eutrophication (Çulha Saniye Türk et al.,2022; Fernanda et al.,2022). Although the rivers 558 

entering Jianjiang Bay are smaller than other bays, the small and narrow bay body, narrow bay mouth, 559 

poor water exchange (Fig.S3), low turbidity and possible other pollution sources, these reasons together 560 

lead to the high TN, TP and NO3
-, low DIP, NH4

+ and NO2
-, and more serious eutrophication in 561 

Jianjiang Bay (Serna et al.,1992; Zhang et al.,2015; Gasparini et al.,2017). Eutrophication is the process 562 

by which a body of water becomes enriched in dissolved nutrients that stimulate the growth of aquatic 563 

plant life usually resulting in the depletion of dissolved oxygen. When there is a severe imbalance in 564 

the ratio of nitrogen and phosphorus, it is likely to lead to rapid proliferation of certain algae species, 565 

forming a large amount of algal blooms. Large amounts of organic matter and dead algae in eutrophic 566 

water bodies consume large amounts of oxygen during decomposition, exacerbating hypoxic 567 

conditions. The release of toxins can kill large numbers of marine organisms and affect the 568 

sustainability of fisheries resources. Historical studies have shown that the sea area of Jianjiang Bay is 569 

of Level IV water quality, with high eutrophication levels in six surveys from 2008 to 2011 (Fu et 570 

al,2014; Fu et al,2015).  Nutrient input fluxes in Anpu Bay were slightly higher than those in Jianjiang 571 

Bay and Wailuo Bay. The spatial distribution of each nutrient showed a decreasing trend from 572 

nearshore to offshore regions. The results of the two-end mixing model indicated that there were other 573 

sources of DIN and DIP inputs to Anpu Bay in addition to riverine inputs. Processes of microbial 574 

decomposition, industrial effluents, agricultural and aquaculture discharges, and phosphorus release 575 

from suspended substances (Zeng et al, 2024; Dang et al, 2017) will lead to higher than the simulation 576 

nutrient concentrations in the region (Xu et al., 2021; Huang et al., 2015). Under the joint effect of 577 

different input sources, the bay can still maintain low nutrient concentrations, indicating that the 578 

seawater dilution effect effectively reduces the concentration of nitrogen and phosphorus pollution 579 

from land-based sources. The nutrient input flux of Wailuo Bay is high, and the bay is open. The results 580 

of the Two-End member Mixing Model of Wailuo Bay (S10, S12) ΔDIN and ΔDIP show a state of 581 

consumption, and the Chl-a concentration in Wailuo Bay is high, which effectively proves that the 582 

nutrient elements of the bay are absorbed and utilized by marine organisms. The nutrient concentration 583 

in Leizhou Bay (S9) was higher than that in Wailuo Bay, indicating that there was nutrient consumption 584 

in biochemical process and good physical exchange in Wailuo Bay (Fig.S3), which showed a stronger 585 

self-purification ability. 586 

 587 

4.2 The ratio of nitrogen and phosphorus and its influence on components of nutrients 588 

Biochemical processes in the ocean are intricately linked to the concentration and balance of nitrogen 589 

and phosphorus nutrients (Gjyli, et al., 2016). Applying the Redfield ratio, where N/P > 16:1 indicates 590 

phosphorus limitation and N/P<16:1 indicates nitrogen limitation, we can assess nutrient limitations. 591 

By analyzing the nitrogen and phosphorus ratios in rivers and bays (Fig.S1), it's evident that rivers 592 

generally have higher TN/TP and DIN/DIP ratios (>16:1), indicating a phosphorus-limited state upon 593 

river discharge into bays. The river carries a large amount of N, causing the input to show a significant 594 

N excess. The TN/TP ratios within inner bays are universally higher than 16:1 but notably lower than 595 

river ratios, indicating a prevalent phosphorus limitation due to river input. When the ratio of nitrogen 596 

and phosphorus in the water is moderate, phytoplankton can make full use of nitrogen and phosphorus 597 

to promote their growth and reproduction. However, when there is phosphorus limitation and excess 598 

nitrogen in the water, phytoplankton may be limited, resulting in phytoplankton not being able to fully 599 

utilise the nitrogen, thus limiting their growth and reproduction. Therefore, changes in the nitrogen-600 

phosphorus ratio may inhibit phytoplankton growth. By analyzing the DIN / DIP (Fig.9) in Leizhou 601 

Peninsula Bay, it was found that 10 stations in the inner bay were limited by phosphorus, and 9 stations 602 

in the outer bay were limited by nitrogen, except for Wailuo Bay. Phosphorus limitation is prevalent 603 

in estuaries and coastal areas, even though the surveys occurred during winter (i.e. dry season) when 604 

river runoff and nutrient fluxes may be low relative to summer (wet season). This tends to support 605 
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outbreaks of some nitrogen-demanding phytoplankton, and the risk of red tides still exists even in 606 

winter. There was a gradual transition from phosphorus limitation to nitrogen limitation from nearshore 607 

to offshore areas, with nitrogen limitation being more pronounced offshore away from the estuary and 608 

in Wailuo Bay, which is more influenced by external hydrodynamics.  609 

 610 
Fig.9 Comparison of DIN /DIP in coastal bays of Leizhou Peninsula 611 

In winter (i.e. dry season), most coastal waters are phosphorus-limited, and rivers flowing into the 612 

Bay exhibit significant nitrogen excess and phosphorus deficits. This discrepancy is considered a key 613 

factor contributing to phosphorus limitation in the coastal waters of the Leizhou Peninsula, impacting 614 

the bay's water characteristics (Meng, 2016; Jiang et al., 2010). The transition from phosphorus 615 

limitation to nitrogen limitation occurs from nearshore to offshore water bodies. Considering the strong 616 

hydrodynamics of the offshore water body, the ocean circulation and mixing effect diluted the nitrogen 617 

concentration in the seawater and effectively alleviate the phosphorus limitation (Fig.S3). On the other 618 

hand, different phytoplankton have different needs for nitrogen and phosphorus, and their growth and 619 

metabolic processes have a certain effect on the change of nitrogen and phosphorus ratio (Zeng et al., 620 

2020). Moreover, suspended particulate matter play a role in phosphorus adsorption (Xu et al., 2021), 621 

often depositing with sediments at the bay bottom. Under the action of strong hydrodynamic force, the 622 

suspended particles in the water will be stirred and re-suspended in the water, so that the phosphate in 623 

the water can be supplemented/removed (Liu et al, 2020). The utilization of nitrogen by phytoplankton 624 

is enhanced, and the supplemental release of phosphate by sediments and suspended particles is 625 

accompanied by the weakening of phosphorus loss (sedimentation), and finally the ratio of nitrogen to 626 

phosphorus is regulated. Eutrophication in bays usually results in an imbalance of nitrogen and 627 
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phosphorus. Nitrogen-phosphorus ratio has an effect on phytoplankton community structure and 628 

selection of species. Some phytoplankton prefer to live in the high DIN/DIP (e.g., diatoms), while some 629 

phytoplankton grow with a preference for low DIN/DIP (e.g., dinoflagellates). This can easily lead to 630 

large-scale algal blooms that adversely affect the water ecosystem (Xuan et al.,2012). According to the 631 

historical studies, diatoms have the absolute dominance and the largest number of species in the 632 

Leizhou Peninsula Sea Area, and methanogens are the second largest. There are only 13 species of 633 

green algae (Zhang et al., 2012; Gong et al., 2012; Lin et al., 2014). From the ratio of diatoms to 634 

dinoflagellates, the eastern part of Leizhou Peninsula shows a high diatom ratio nearshore. The overall 635 

species diversity of algae decreases gradually from nearshore to offshore, with an increasing proportion 636 

of dinoflagellates (Gong et al., 2012). This is consistent with the transition from phosphorus limitation 637 

to nitrogen limitation from nearshore to offshore in the eastern part of Leizhou Peninsula as observed 638 

in this study. Historical studies have shown a higher proportion of dinoflagellates in the western coastal 639 

zone of Leizhou Peninsula compared to the eastern coastal zone (Gong et al., 2012). The nitrogen 640 

concentration levels in Anpu Bay in this study are significantly lower than those in the eastern coastal 641 

waters, which may favor the growth of dinoflagellates. Comprehensive control of nitrogen and 642 

phosphorus ratios in water bodies starts with controlling nutrient inputs and interventions in rivers and 643 

coastal areas to reduce the probability of unwanted algal blooms and to maintain the health of water 644 

body ecosystems. 645 

 646 

4.3 Management of the Gulf and recommendations 647 

In recent years, eutrophication has become one of the most serious environmental problems in 648 

nearshore water ecosystems. The increasing nutrient sources in rivers have had a great impact on 649 

estuaries and nearshore waters, leading to the deterioration of water quality on land and sea and 650 

increased eutrophication (Liu et al., 2021; Xu et al., 2022). This negatively affects the survival and 651 

reproduction of marine organisms, and may even trigger phenomena such as red tides and hypoxia, 652 

leading to an imbalance in the bay ecosystem, affecting marine biodiversity and ecological balance, 653 

and threatening the sustainable development of local fishery resources. Currently, the environmental 654 

pollution in the nearshore of Leizhou Peninsula is becoming more and more serious, and the water 655 

quality of the nearshore waters of Leizhou Peninsula is gradually deteriorating due to industrial and 656 

domestic wastewater, aquaculture, and pollutants from many rivers in the region (Fu et al. 2014, Xue 657 

et al. 2014, Zhang et al. 2019, Zhang et al. 2022). 2022 Ecological Environment Bulletin of Guangdong 658 

Province shows that the proportion of water quality of poor category 4 is nearly 60 per cent in 659 

Zhanjiang. The proportion of inferior Class IV water quality is close to 60% 660 

(https://gdee.gd.gov.cn/hjzkgb/index.html). 661 

Therefore, during the implementation of the "14th Five-Year Plan for Marine Ecological 662 

Environmental Protection in Guangdong Province" and the "Programme of Key Engineering Measures 663 

for Marine Ecological Protection and Restoration" (Guangdong Provincial Department of Ecology and 664 

Environment, 2022), the programme should be developed according to the characteristics of the 665 

Leizhou Peninsula. Firstly, the Chengyue River R4 in Leizhou Bay and the Suixi River R1 in Zhanjiang 666 

Bay, which contribute the most to N and P fluxes and have the greatest impact on coastal water quality, 667 

should be strengthened to monitor nutrient discharges from rivers into the sea and to control the total 668 

amount of land-based sources of pollution (Strokal et al. 2017; Duan et al. 2019), so as to reduce the 669 

concentrations in rivers entering the sea. Secondly,it is considered to adjust the industrial structure 670 

along the rivers to effectively reduce the input of nutrients and pollutants from rivers to the bay. 671 

For example, for Jianjiang Bay, which has poor hydrodynamic conditions and serious 672 

eutrophication, consider adjusting the industrial structure. Scientific fertiliser application and 673 

construction of sewage treatment facilities can be implemented. Thirdly, Anpu Bay and Wailuo Bay 674 

have a strong self-purification capacity and can play a sharing role in environmental carrying capacity. 675 

https://gdee.gd.gov.cn/hjzkgb/index.html
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Enterprises and projects with serious coastal discharges in poor conditions in Jianjiang Bay and 676 

Leizhou Bay can be relocated. 677 

 678 

5 Conclusions 679 

This paper presents the nutrient dynamics in key tropical bays of the Leizhou Peninsula and their 680 

inflowing rivers. The study analyzes the regulatory impact of river inflow on bay nutrients, 681 

emphasizing the correlation between nutrient distribution in the bay and river nutrient concentration 682 

and runoff. The bay's water exchange capacity significantly influences its nutrient levels. During winter 683 

(i.e. dry season), the transport of nutrients from rivers to the Bay is regulated simultaneously by a 684 

number of factors such as physical dilution, sediment and suspended particulate matter adsorption and 685 

release, inputs from other sources, and biochemical processes. Phosphorus-limited riverine inputs 686 

influence the nutrient structure characteristic of the Bay. There are significant differences in nutrient 687 

concentrations and eutrophication degree in different bays. The overall trend of nutrients decreasing 688 

from nearshore to offshore during the migration of the river to the offshore, and the DIN/DIP ratio 689 

shows a shift from phosphorus limitation to nitrogen limitation. Some of the bays are at potential risk 690 

of eutrophication in the long term, especially Leizhou Bay and Jianjiang Bay, which have been strongly 691 

influenced by river inputs, and need to be considered and managed in an integrated manner. Wailuo 692 

Bay and Ampu Bay have good self-purification capacity. The eutrophication risk in Zhanjiang Bay is 693 

also affected by both hydrodynamic conditions and turbidity.  Factors such as riverine inputs, seawater 694 

dilution effects and urban wastewater discharges have important impacts on nutrient concentrations 695 

and eutrophication degrees in the bays. The study suggests that the nearshore of Leizhou Peninsula 696 

needs to be strengthened to monitor nutrient discharges from rivers to the sea, control the total amount 697 

of land-based pollution sources, and adjust the industrial structure along the rivers, which can help 698 

reduce the risk of water quality deterioration. 699 

Indeed, there are significant differences in the monthly and seasonal effects of riverine inputs on 700 

the nutrient dynamics of the bay, which is particularly important for the study of the effects of river 701 

inputs on the marine nutrient structure, and the monthly and seasonal effects of riverine inputs on 702 

nutrient dynamics of the whole bays need to be further explored in future studies.  703 

Author Contributions 704 

Conceptualization, HZ and QZ. Methodology, HZ and QZ. Software, QZ. Validation HZ and KT. 705 

Formal analysis, GP and HZ. Writing-original draft preparation, QZ and KT. Writing-review and 706 

editing, HZ and KT. Visualization, QZ and KT. Supervision, HZ and GP. Project management, HZ. 707 

Funding acquisition, HZ. All listed authors made substantial, direct, and intellectual contributions to 708 

the work and are approved for publication. 709 

Acknowledgments 710 

The present research is supported by the National Natural Science Foundation of China (No. 711 

42076162) and the project was supported by the Innovation Group Project of Southern Marine Science 712 

and Engineering Guangdong Laboratory (Zhuhai) (No. 311020004). 713 

References 714 

Bao, Y.Y, Zhong, P., Wei, G.F., Guo, H.S., & Liu, Z.W. (2011). Study on Uptake of Nitrate and 715 

Ammonium by Scendesmus obliquus Based on 15N Stable Isotope Technique. Journal of Water 716 

Ecology (03),16-20. 717 



    

 

23 

Bricker, S. B., Longstaff, B., Dennison, W., Jones, A., Boicourt, K., Wicks, C., & Woerner, J. 718 

(2008). Effects of nutrient enrichment in the nation's estuaries: a decade of change. Harmful Algae, 719 

8(1), 21-32. 720 

Cáceres, C., Spatharis, S., Kaiserli, E., Smeti, E., Flowers, H., & Bonachela, J. A. (2019). 721 

Temporal phosphate gradients reveal diverse acclimation responses in phytoplankton phosphate 722 

uptake. The ISME journal, 13(11), 2834-2845. 723 

Cheng, H. O., Q. M. Ma, & F. Yang. (2009). Eutrophication level and phytoplankton diversity in 724 

Zhanjiang Bay. Marine Lakes and Marshes Bulletin, (3), 121-126. 725 

Cole, B. E., & Cloern, J. E. (1984). Significance of biomass and light availability to phytoplankton 726 

productivity in San Francisco Bay. Marine ecology progress series. Oldendorf, 17(1), 15-24. 727 

Conley, D.J., Paerl, H.W., Howarth, R.W., Boesch, D.F., Seitzinger, S.P., Havens, K.E., Devlin, 728 

M., Bricker, S., Painting, S., 2011. Comparison of five methods for assessingimpacts of nutrient 729 

enrichment using estuarine case studies. Biogeochemistry 106,177–205. 730 

Çulha, S. T., Karaduman, F. R., Gündoğdu, A., & Barış, K. E. (2022). Effects of anthropogenic 731 

activities on nutrient parameters in the North Eastern Mediterranean Sea (Bay of Sığacık/Aegean Sea). 732 

Oceanological and Hydrobiological Studies, 51(2), 189-202.  733 

Huang, D. R. & Ding, G.M. (2014). Distribution feature and correlation analysis of COD in 734 

Sansha Bay. Journal of Fisheries Research, 36(6), 453.  735 

Dang, D., Yu, Z.B., Zhou, Y.W., Chen, L., Peng, X.Y. & Lan W.L. (2017). Pollution status and 736 

potential ecological risk assessment of heavy metals in surface sediments of Anpu port. Marine 737 

Environmental Science (03), 398-405. 738 

Dokulil, M. T. (1994). Environmental control of phytoplankton productivity in turbulent turbid 739 

systems. In Phytoplankton in Turbid Environments: Rivers and Shallow Lakes: Proceedings of the 9th 740 

Workshop of the International Association of Phytoplankton Taxonomy and Ecology (IAP) held in 741 

Mont Rigi (Belgium), 10–18 July 1993 (pp. 65-72). 742 

Duan K., Li K.Q., Liang S.K., Li Y.B., Su Y., Wang X.L. Ptimizing a coastal monitoring network 743 

using a water-quality response grid (WRG)-based sampling design for improved reliability and 744 

efficiency. Marine Pollution Bulletin. 145 (2019), pp. 480-489. 745 

Fu, D., Yang, F., Liang, X. (2014). Assessment and variation of temporal and spatial of key factors 746 

of water quality in coastal area of the Leizhou Peninsula. Journal of Guangdong Ocean University, 747 

34(6), 58-64.  748 

Fu, D.Y., Ying, Z., Liu., D.Z., You-Zhuan, D., Hong, L., & Feng, Y. (2015). Evaluation model of 749 

coastal water quality and application research based on principal component analysis--a case of leizhou 750 

peninsula waters. Journal. 751 

Fu, M. (2022). Study on the change of nutrients input structure of land-based sources in Zhanjiang 752 

Bay and its impact on the water quality of the bay, Guangdong Ocean University. 753 

Fu, T., Niu, L. X., Dang, H. M., & Yang, Q. S. (2023). Effects of seasonal variation of the river 754 

discharge input on nitrogen and phosphorus nutrients in Pearl River Estuary. Mar. Environ. Sci, 42, 755 

122-130. 756 

Gao, J.F. (2011). Distribution characteristics, sources and risks of polycyclic aromatic 757 

hydrocarbons (PAHs) in the offshore waters of Leizhou Peninsula [D] (Doctoral dissertation, 758 

Guangdong Ocean University). 759 

Gasparini Fernandes Cunha, D., Fernandes de Melo Lima, V., Menegante Néri, A., Albino 760 

Marafão, G., Cristina Poli Miwa, A., do Carmo Calijuri, M.,Albertino Bendassoli, J., Tromboni, F., 761 

Maranger, R. (2017). Uptake rates of ammonium and nitrate by phytoplankton communities in two 762 

eutrophic tropical reservoirs. International Review of Hydrobiology, 102(5-6), 125-134. 763 



    

 

24 

Gjyli, L., Bacu, A., Kolitari, J., Gjyli, S., & Trifoni, A. (2016). Estimation of N/P Ratios Levels 764 

in a Coastal Bay, Southern Adriatic Sea. Journal of Agriculture and Ecology Research International, 765 

8(1), 1-9. 766 

Gong, Y., Zhang, C., Sun, X., Zhang, Y., Shi, Y., & Xie, Q. (2012). Community characteristics 767 

of phytoplankton in the coastal area of Leizhou Peninsula and their relationships with primary 768 

environmental factors in the summer of 2010. Acta Ecologica Sinica, 32(19), 5972-5985. 769 

Gong, Y., Zhang, C., Chen, Z., Ye, L., Chen, W., Wang, W. & Sun, S. (2015). Characteristics of 770 

zooplankton community structure and its annual changes in Zhanjiang Bay. Marine Science (12), 46-771 

55. 772 

Guo J. (2020). Nitrogen biogeochemical processes and nutrient deposition records in the coastal 773 

waters of Beibu Gulf, Guangxi (Doctoral dissertation, Guangxi University). 774 

Guo, J., Yang, F., Costa Jr, O. S., Yan, X., Wu, M., Qiu, H., ... & Xu, G. (2024). Nutrient budgets 775 

and biogeochemical dynamics in the coastal regions of northern Beibu gulf, south China sea: 776 

Implication for the severe impact of human disturbance. Marine Environmental Research, 106447. 777 

Hagy, J. D., Boynton, W. R., Keefe, C. W., & Wood, K. V. (2004). Hypoxia in Chesapeake Bay, 778 

1950–2001: long-term change in relation to nutrient loading and river flow. Estuaries, 27, 634-658.  779 

Han, T., Zhang, H., Hu, W., Deng, J., Li, Q., & Zhu, G. (2015). Research on self-purification 780 

capacity of Lake Taihu. Environmental Science and Pollution Research, 22, 8201-8215. 781 

He, B., Wang, Y., Wang, B., Lu, S., Lei, K., Li, L., Cheng, Q. Study on the temporal and spatial 782 

variation characteristics of nutrients and its influencing factors in the Yangtze Estuary from 2016 to 783 

2021.Environmental science research .1-15 [2023-12-26].  784 

He, B., Wei, M. (2006). A preliminary study of the relationship between the self-purifying ability 785 

and the environmental factors of tieshangang Bay. Marine Lagoon Bulletin (03), 21-26. 786 

He, B., Wei, M. The environmental feature and analysis on character of waterbody self-787 

purification in Fangcheng Bay [J]. Marine Environmental Science, 2006 (S1): 64-67 + 78. 788 

Herbert, R. A. (1999). Nitrogen cycling in coastal marine ecosystems. FEMS microbiology 789 

reviews, 23(5), 563-590. 790 

Howarth, R. W., Sharpley, A., & Walker, D. (2002). Sources of nutrient pollution to coastal waters 791 

in the United States: Implications for achieving coastal water quality goals. Estuaries, 25, 656-676. 792 

Jin, J., Liu, S., & Ren, J. (2021). Phosphorus utilization by phytoplankton in the Yellow Sea during 793 

spring bloom: Cell surface adsorption and intracellular accumulation. Marine Chemistry, 231, 103935. 794 

Ji, P. F., Xu, H., Zhan, X., Zhu, G. W., Zou, W., Zhu, M. Y., & Kang, L. J. (2020). Spatial-795 

temporal variations and driving of nitrogen and phosphorus ratios in lakes in the middle and lower 796 

reaches of Yangtze River. Environmental Science, 41(9), 4030-4041. 797 

Ji, Y., Chen, J., Zhang, R., Liu, Y., & Wang, J. (2017). The oxygen isotopic composition of 798 

phosphate as an effective tracer for phosphate sources in Hongfeng Lake. Acta Geochimica, 36, 619-799 

625.  800 

Jiang, D., Bi, X. (2010). Review of studies on nitrogen and phosphorus transport in the continuum 801 

of watersheds, estuaries and offshore areas. Advances in Water Science, 21(3), 421-429. 802 

Ke, S., Zhang, P., Ou, S., Zhang, J., Chen, J., & Zhang, J. (2022). Spatiotemporal nutrient patterns, 803 

composition, and implications for eutrophication mitigation in the Pearl River Estuary, China. 804 

Estuarine, Coastal and Shelf Science, 266, 107749.  805 

Kwon, E. Y., Sreeush, M. G., Timmermann, A., Karl, D. M., Church, M. J., Lee, S. S., & 806 

Yamaguchi, R. (2022). Nutrient uptake plasticity in phytoplankton sustains future ocean net primary 807 

production. Science Advances, 8(51), eadd2475. 808 

Li, K., Liu, C., Ma, Y., & Wang, X. (2019). Land-based dissolved organic nitrogen dynamics and 809 

bioavailability in Jiaozhou Bay, China. Estuarine, Coastal and Shelf Science, 220, 13-24. 810 



    

 

25 

Liu, L., Wang, Z., Wang, C., Li, W., & Nie, X. (2021). Effects of nitrogen sources and 811 

concentrations on the growth of different phytoplankton taxa. Journal of Ocean University of China, 812 

20, 721-728. 813 

Li, R., Xu, J., Li, X., Shi, Z., & Harrison, P. J. (2017). Spatiotemporal variability in phosphorus 814 

species in the Pearl River estuary: influence of the river discharge. Scientific Reports, 7(1), 13649. 815 

Li, Y.F., Du, F.Y., Gu, S., Ning, J., & Wang, L.G. (2016). Relationship between macrobenthic 816 

fauna community and environmental factors in Southeast Leizhou Peninsula of the South China Sea. 817 

Southern Aquatic Science, 12(6), 33-41.  818 

Lin, H.J., Xu, S.N., Liu, Y., Gong, Y.Y. & Li, C.H. (2014). Ecological characteristics of the 819 

phytoplankton community structure in the West Guangdong coastal area. Abstracts of the 2014 Annual 820 

Meeting of the Fisheries Society of China. 821 

Liu T. S., Jiang Y. L., Lu Y., Deng H. Q., Zhao M. M. 2021. Spatial distribution characteristics 822 

of total nitrogen and total phosphorus in sediments of the pearl river estuary. Guangdong Chem. 823 

Industry 48 (16), 148–149.  824 

Liu, W., Zhou, B., Wang, P., Chen, Q., Ma, J., Li, Q. (2020). Mechanism and Influencing Factors 825 

of Nitrogen and Phosphorus Release via Sediment Re-suspension. Science, Technology and 826 

Engineering (04), 1311-1318. 827 

Liu, X. B., Cao, J. L., Zhang, G. Y., Liu, Z. G., Li, X., & Cai, D. Z. (2007). Distribution of active 828 

phosphate content in the southern sea area of Tianjin Harbor. Journal of Safety and Environment, 7(5), 829 

79-82. 830 

Lu, J., Zhou, H., Tian, G., Liu, G. (2011). Nitrogen and phosphorus content characteristics of 44 831 

wetland plants in Erhai Lake Basin. Ecology, 31 (3), 709-715. 832 

MacIntyre, H. L., & Geider, R. J. (1996). Regulation of Rubisco activity and its potential effect 833 

on photosynthesis during mixing in a turbid estuary. Marine Ecology Progress Series, 144, 247-264. 834 

Mateo-Sagasta, J., Zadeh, S. M., Turral, H., & Burke, J. (2017). Water pollution from agriculture: 835 

a global review. Executive summary. 836 

MEPC, 2002. Environmental quality standards for surface water. GB3838-2002, Ministry of 837 

Environment Protection, People’s Republic of China. Standards Press of China, Beijing, China. 838 

Meng, J., Yu, Z., Yao, Q., Bianchi, T. S., Paytan, A., Zhao, B., ... & Yao, P. (2015). Distribution, 839 

mixing behavior, and transformation of dissolved inorganic phosphorus and suspended particulate 840 

phosphorus along a salinity gradient in the Changjiang Estuary. Marine Chemistry, 168, 124-134. 841 

Meng, Y. (2016). China Seaestimation of nitrogen in Zhanjiang Bay with SouthNitrogen Budget 842 

in Zhanjiang area and the flux, Guangdong Ocean University. 843 

 Ministry of Ecology and Environment of the People's Republic of China, 2017.HJ 925-2017. 844 

Technical requirement and test procedures for portable dissolved oxygen meter. China Ministry of 845 

Environmental Protection.Ministry of Ecology and Environment of the People's Republic of 846 

China,2019. HJ 1075-2019. Water quality—Determination of turbidity—Nephelometry. China 847 

Ministry of Environmental Protection. 848 

M. Strokal, C. Kroeze, M. Wang, L. Ma. Reducing future river export of nutrients to coastal waters 849 

of China in optimistic scenarios. Sci. Total Environ., 579 (2017), pp. 517-528 850 

Moore, C. M., Mills, M. M., Arrigo, K. R., Berman-Frank, I., Bopp, L., Boyd, P. W., ... & Ulloa, 851 

O. (2013). Processes and patterns of oceanic nutrient limitation. Nature geoscience, 6(9), 701-710. 852 

Niu, L., van Gelder, P., Luo, X., Cai, H., Zhang, T., & Yang, Q. (2020). Implications of nutrient 853 

enrichment and related environmental impacts in the Pearl River Estuary, China: Characterizing the 854 

seasonal influence of riverine input. Water, 12(11), 3245. 855 

Pan, J., Hu, C., Chen, J., Liu, X., Zhou, H., & Ji, W. (2003). The chemical distribution 856 

characteristics of variant form phosphorus in the seawater of the South China Sea. Acta oceanologica 857 

sinica, (3), 385-394. 858 



    

 

26 

Peng, D., Zhang, J., Fan, C., Zhu, B., Fu, M., & Zhang, P. (2024). Effects of terrestrial input on 859 

heavy metals in Zhanjiang Bay, a typical subtropical bay in the South China Sea. Marine Pollution 860 

Bulletin, 199, 116015. 861 

Ren, C., Peng, D., Shi, X., Yang, S., Zhang, P., & Zhang, J. (2022). Seasonal Total Nitrogen and 862 

Phosphorus Variation, Speciation, and Composition in the Maowei Sea Affected by Riverine Flux 863 

Input, South China Sea. Water, 14(16), 2584. 864 

Savage, C. (2005). Tracing the influence of sewage nitrogen in a coastal ecosystem using stable 865 

nitrogen isotopes. AMBIO: A Journal of the Human Environment, 34(2), 145-150.  866 

Serna, M. D., Borras, R., Legaz, F., & Primo-Millo, E. (1992). The influence of nitrogen 867 

concentration and ammonium/nitrate ratio on N-uptake, mineral composition and yield of citrus. Plant 868 

and Soil, 147, 13-23.  869 

Shi C., Lin, J., Xue, Q. (2013). Comprehensive Evaluation of Water Environment Quality in 870 

Coastal Waters of Leizhou Peninsula. Tropical Geography, 33 (4), 387-393. 871 

Shi, H.Y., Zhao, H., & Sun, D. (2022). Distribution Characteristics and Influencing Factors of 872 

Phytoplankton Chlorophyll-a inthe Northern Coastal Area of Beibu Gulf in Spring 20211. Journal of 873 

Guangdong Ocean University (05), 62-71. 874 

Sheng, X., Qiu, S., Xu, F., Shi, J., Song, X., Yu, Q., ... & Chen, L. (2020). Management of rural 875 

domestic wastewater in a city of Yangtze delta region: Performance and remaining challenges. 876 

Bioresource Technology Reports, 11, 100507.  877 

Sigman, D. M., & Hain, M. P. (2012). The biological productivity of the ocean. Nature Education 878 

Knowledge, 3(10), 21. 879 

State Bureau of Quality Technical Supervision, 2007. GB12763.2-2007, Specifications for 880 

oceanographic survey - Part 2: marine hydrographic: Seawater analysis. Beijing: China Standards Press. 881 

State Bureau of Quality Technical Supervision, 2007. GB12763.4-2007, Specifications for 882 

oceanographic survey - Part 4: Survey of chemical parameters: Seawater analysis. Beijing: China 883 

Standards Press. 884 

State Bureau of Quality Technical Supervision, 2007. GB17378.4-2007, The specification for 885 

marine monitoring Part 4: Seawater analysis. Beijing: China Standards Press. 886 

State Bureau of Quality Technical Supervision, 2007. GB17378.7-2007, The specification for 887 

marine monitoring Part 7：Ecological survey for offshore pollution and biological monitoring. Beijing: 888 

China Standards Press. 889 

Stolte, W., McCollin, T., Noordeloos, A. A., & Riegman, R. (1994). Effect of nitrogen source on 890 

the size distribution within marine phytoplankton populations. Journal of experimental marine Biology 891 

and Ecology, 184(1), 83-97. 892 

Tong, Y., Bu, X., Chen, J., Zhou, F., Chen, L., Liu, M., Tan, X., Yu, T., Zhang, W., Mi, Z., Ma, 893 

L., Wang, X., Ni, J. (2017). Estimation of nutrient discharge from the Yangtze River to the East China 894 

Sea and the identification of nutrient sources. Journal of Hazardous Materials, 321, 728-736. 895 

Tong, Y., Zhao, Y., Zhen, G., Chi, J., Liu, X., Lu, Y., Lu, Y., Wang, X., Yao, R., Chen, J., Zhang, 896 

W. (2015). Nutrient loads flowing into coastal waters from the main rivers of China (2006–2012). 897 

Scientific reports, 5(1), 16678. 898 

Tao, W., Niu, L., Dong, Y., Fu, T., & Lou, Q. (2021). Nutrient pollution and its dynamic source-899 

sink pattern in the Pearl River Estuary (South China). Frontiers in Marine Science, 8, 713907.  900 

Wang, D.S., Zhang, J.C., Liu, C., Lang, Y., Li, Z., Tong, Z.Z., ... &Ding, W. (2023). Retrospect 901 

and Prospect of Biogeochemical Cycles of Nitrogen in Marine Systems. Earth and Environment (04), 902 

465-481.Wang, P., Chen, D., & Chen, B. (2015). The distribution characters and pollution sources of 903 

nitrogen and phosphorus Nutrients in Ganjiang River. Journal of Jiangxi Normal University (Natural 904 

Science), 39(4), 435-40.  905 



    

 

27 

Wei, K., Zeng, X., Wang, C., Peng, Z., Wang, J., Zhou, F., & Chen, F. (2021). Phosphate 906 

distribution and sources in the waters of Huangbai River, China: using oxygen isotope composition of 907 

phosphate as a tracer. Environmental Science and Pollution Research, 28, 29732-29741. 908 

Wu, G., Cao, W., Huang, Z., Kao, C.M., Chang, C.T., Chiang, P.C., Wang, F., 2017. Decadal 909 

changes in nutrient fluxes and environmental effects in the Jiulong River Estuary. Marine Pollution 910 

Bulletin . 124 (2), 871–877 911 

Wu, M. L., Hong, Y. G., Yin, J. P., Dong, J. D., & Wang, Y. S. (2016). Evolution of the sink and 912 

source of dissolved inorganic nitrogen with salinity as a tracer during summer in the Pearl River 913 

Estuary. Scientific Reports, 6(1), 36638. 914 

Huang, S., Zhang, J. P., & Jiang, C. K. (2015). Eco-environmental effects of nutrients input caused 915 

by human activities on the semi-enclosed bay and its management strategy. Advances in Earth Science, 916 

30(9), 961. 917 

Xie, Q., Zhang, Y., Zhang, J., Shi, Y., Sun, X. (2014). Cluster analysis and comprehensive 918 

evaluation of coastal seawater environmental quality in Leizhou Peninsula in summer. Marine 919 

Environmental Science (04), 543-549.  920 

Xu, C., Dan, S. F., Yang, B., Lu, D., Kang, Z., Huang, H., ... & Ning, Z. (2021). Biogeochemistry 921 

of dissolved and particulate phosphorus speciation in the Maowei Sea, northern Beibu Gulf. Journal of 922 

Hydrology, 593, 125822. 923 

Xu M. N., Wu Y., Zhang X., Tang J. M., Tan E., Zheng Z. Z., et al. (2022). Diel change in 924 

inorganic nitrogenous nutrient dynamics and associated oxygen stoichiometry along the pearl river 925 

estuary. Water Res. 222, 118954. 926 

Xue, Q., He, J., Teng, D.Q., Shi, C., Gan H.Y., 2014. Assessment of Coastal Water Quality in 927 

Leizhou Peninsula. J. Anhui Agri. Sci. 42(01):202-203. (In Chinese). 928 

He, Y. X., Huang, S., Huang, L. M., Xu, Zhanzhou, Yue, W. Z. & Zhang, J. L. (2005). Annual 929 

variation and analysis of nutrients in aquaculture area of Daya Bay. Marine Environmental Science 930 

(04),20-23. 931 

Zeng, D., Niu, L., Tao, W., Fu, L., Yang, Q. (2020). Nutrient distribution characteristics and 932 

eutrophication evaluation of the Pearl River Estuary in summer. Journal of Guangdong Ocean 933 

University (03), 73-82. 934 

Zeng, J.J., Xu, W., & Zhang, L. (2024). Analysis and Evaluation of Heavy Metals Pollution in 935 

Seawater and Sediments in Anpu Port, Zhanjiang. Journal of Marine Technology (01), 39-46. 936 

Zhang, G. W., Li, C. L., & Huang, H. X. (2015). Uptake of dissolved nitrogen by phytoplankton 937 

in spring in Huguangyan Maar Lake. J Lake Sci, 27(3), 527-534.  938 

Zhang, C., Gong, Y., & Sun, S. (2012). Study on the ecological characteristics of phytoplankton 939 

community in Zhanjiang Bay. Marine Bulletin, 31(5), 530-538. 940 

Zhang, J., Yao, J., Yang, B., Chen, C., Sun, X. (2015) Land-source pollution load in Leizhou Bay 941 

and its impact on seawater quality. Marine Development and Management (06), 107-113. 942 

Zhang, J., Zhang, Y., Zhang, P., Li, Y., Li, J., Luo, X., ... & Zhao, L. (2021). Seasonal phosphorus 943 

variation in coastal water affected by the land-based sources input in the eutrophic Zhanjiang Bay, 944 

China. Estuarine, Coastal and Shelf Science, 252, 107277. 945 

Zhang, P., Wei, L., Lai, J., Dai, P., Chen, Y., Zhang, J. (2019). Concentrations, compositions and 946 

fluxes of terrestrial nitrogen and phosphorus pollutants from Zhanjiang Bay in summer. Journal of 947 

Guangdong Ocean University. 948 

Zhang, P., Peng, C., Zhang, J., Zhang, J., Chen, J., Zhao, H. 2022. Long-term harmful algal 949 

blooms and nutrients patterns affected by climate change and anthropogenic pressures in the zhanjiang 950 

bay, China. Front. Mar. Sci. 9, 849819. 951 

Zheng, B., Cao, C., Qin, Y., Huang, M. (2008). Analysis of the characteristics and sources of 952 

nitrogen nutrients in the main inflow rivers of the Three Gorges Reservoir. Environmental Sciences, 953 

29 (1), 1-6. 954 



    

 

28 

Zhang, X., Shi, X., Zhang, C., & Han, X. (2012). Nutrient characteristics of red tide algal species 955 

during their succession in the Yangtze River estuary and adjacent seas. Marine Environmental Science, 956 

31(6), 817-820. 957 

Zehr, J. P., & Ward, B. B. (2002). Nitrogen cycling in the ocean: new perspectives on processes 958 

and paradigms. Applied and environmental microbiology, 68(3), 1015-1024. 959 

Zuo, J., Song, J., Yuan, H., Li, X., Li, N., & Duan, L. (2016). Particulate nitrogen and phosphorus 960 

in the East China Sea and its adjacent Kuroshio waters and evaluation of budgets for the East China 961 

Sea Shelf. Continental Shelf Research, 131, 1-11.  962 

 963 


