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Abstract

Elucidating the regulatory mechanisms of terrestrial input on bay nutrients is essential for
comprehending the ecological stability of bays. This paper investigates nutrients' structure, transport,
and transformation processes in typical tropical bays of the Leizhou Peninsula during river input,
utilizing fixed-site observation data from five distinct bay locations during November 2022. The results
show that the average concentrations of TN, TP, DIN, and DIP in the rivers of Leizhou Peninsula were
5.162 mg L (2.263 ~13.610 mg L™1),0.092 mg L (0.026-0.288 mg L),2.195 mg L (0.897-4.081
mg L™?),0.042 mg L? (0.002- 0.147 mg L1). The average concentrations of TN, TP, DIN and DIP in
the bay were 0.491 mg L* (0.282-0.843 mg L), 0.041 mg L* (0.018-0.073 mg L), 0.245 mg L™
(0.019-0.614 mg L™1), 0.021 mg L-1 (0.005-0.045 mg L1). The ratio of TN/TP in the bay averaged 29
(17~48), and the ratio of DIN/DIP averaged 35.1 (8~298). The mean Chl-a concentration in the bay
was 7.131 mg L (0.927-25.076 mg L). The bays along the Leizhou Peninsula are still heavily
influenced by rivers during winter. There are higher concentrations of nutrients in the bays, and there
is higher nutrient input flux from rivers. The significant negative correlation between nutrient
concentration and salinity in the bay indicates that river input is an important source of nutrients in the
bay. As water transports from the river to offshore, the ratio of dissolved inorganic nitrate to dissolved
inorganic phosphorus shifts from phosphorus limitation to nitrogen limitation. Leizhou Bay and
Jianjiang Bay are heavily influenced by riverine inputs and coastal activities and are potentially at risk
of eutrophication. Anpu Bay is subject to both riverine and other sources of inputs but has a better self-
purification capacity. The results suggest that nutrient transport in Leizhou Peninsula rivers is regulated
by both physical and biogeochemical processes. It is recommended that the monitoring of nutrient
discharges from rivers be strengthened, total land-based pollution should be controlled, and industrial
structures along the rivers should be adjusted to reduce the risk of water quality deterioration.

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

1 Introduction

Typical tropical bays are integral of the marine ecosystem, serving as significant economic
resources with high productivity and unique ecological characteristics. Positioned at the intersection
of rivers and seas, estuaries represent transitional zones between land and ocean, receiving nutrients,
sediments, and solutes from upstream rivers (Bricker et al., 2008). The interaction of rivers and oceans
in these regions gives rise to complex hydrological and hydrodynamic conditions, variable water
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quality, and a diverse aquatic ecological environment (Tong et al., 2015; Tong 2017). Bays exhibit
more active physical and biochemical processes, with nutrients such as nitrogen and phosphorus
entering through rivers. River-derived nutrient input significantly contributes to bay ecosystems,
promoting the growth and reproduction of marine organisms, augmenting species diversity and
quantity, and enhancing biodiversity (Zuo et al., 2016; Pan et al., 2003; Liu et al., 2007). However,
excessive nutrient input from rivers can lead to eutrophication of water bodies. This condition fosters
excessive algae growth, potentially causing red tide occurrences and resulting in water body hypoxia,
leading to a series of environmental problems. As the primary source of nutrient input to the bay, the
upstream river directly influences nutrient concentration, composition, structure, and distribution
within the bay. This, in turn, significantly impacts water quality and ecosystem stability. Therefore,
studying river input and its regulation of nitrogen and phosphorus nutrient structure in the bay is also
a crucial aspect of environmental regulation research and a key factor in ensuring the ecological
stability and sustainable development of the bay.

Amid growing concerns for the bay environment, scholars have conducted extensive research on
bay nutrients, yielding significant progress. Early scholars mainly focused on the distribution
characteristics of nutrients in the second half of the 20th century, the distribution of dissolved oxygen
content and its relationship with nutrients, the distribution and interrelationship of chemical elements,
and the distribution and structure of nutrients in sediments. Most scholars believe that estuarine nutrient
salts have a clear spatial and temporal distribution pattern and roughly show a distribution pattern of
high nearshore and low farshore (Bricker S B et al. 2008; Savage C, 2005, Li K et al. 2019; Ke S et al.
2022). By the early 21st century, scholars expanded their studies to eutrophication, phytoplankton,
Chl-a, red tide, environmental factors (e.g. temperature, turbidity, dissolved oxygen), and primary
productivity. The focus of their research shifted to the influence of hydrodynamic processes on nutrient
fluxes and the effects of human activities and natural environmental factors on nutrients, waters
eutrophication, red tides, and ecosystem status (Mateosagasta J et al. 2017; Sheng X et al. 2020). Some
studies have shown that environmental factors affecting estuarine nutrients include physical mixing,
dissolved oxygen, COD, temperature, and others (Huang DR et al. 2014; Zeng D et al. 2020; Guo J,
2020). In recent years, with further in-depth research, most of the studies have focused on the influence
of cross-fertilization of physical, biological, and chemical factors on nutrient salt distribution (Gupta
M et al. 2022; Sigman D M et al. 2012; Kwon E Y et al. 2022), and scholars have paid more attention
to the mechanism of ecological problems, methods of governance and restoration, and the pursuit of
the relationship between human activities and the marine environment for harmonious development.

The Leizhou Peninsula, located in the southernmost part of the Chinese mainland adjacent to the
South China Sea, features a winding coastline with numerous bays, creating a complex marine
environment. With substantial annual precipitation, the peninsula channels water into several rivers,
including Suixi River, Jiuxian River, Chengyue River, Jinhe River, etc., ultimately flowing into nearby
bays.In recent years, the influx of China's population to coastal cities and rapid coastal industrial
development have significantly increased pollutants in the land system. Most of these pollutants enter
bays and offshore waters through rivers, causing gradual deterioration of water quality and a severe
impact on the aquatic environment. Leizhou Peninsula is the core of the economic circle of western
Guangdong and the Beibu Gulf Rim. Due to its special geographical location and hydrological
conditions, the water quality environment of its coastal bays is also deeply affected by river pollution
input. Currently, most studies on the Leizhou Peninsula focus on the environmental status and
influencing factors of bays such as Zhanjiang Bay (Shuangling et al. 2021; Fu et al. 2020; Shi et al.
2013), which are mainly based on the distribution status of the bay. These studies usually have a small
area (e.g., only Zhanjiang Bay was studied) and a single parameter (e.g., only nitrogen or phosphorus
was investigated), which makes it difficult to combine different sources and multiple environmental
indicators to be analysed at the same time. And there are many rivers in Leizhou Peninsula, which
makes it difficult to investigate them on a large scale. The water bodies around the Leizhou Peninsula
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have experienced high levels of local eutrophication for many years, particularly in Zhanjiang Bay,
Leizhou Bay, and the northeastern part of the Peninsula (Fu et al., 2014). This region is characterized
by a high risk of pollution and elevated levels of nitrogen and phosphorus pollution. Previous studies
have shown that phytoplankton abundance follows a geographic distribution of NE > S > SW > NW >
SE on the Peninsula (Gong et al., 2012). For example, the coastal waters in the north-eastern part of
the Peninsula were severely eutrophic. There are less phytoplankton species and dominant species in
the northeastern part of the peninsula, in comparison to west area of the peninsula. The diversity index
and evenness in this region were lower, and the average cell abundance was higher. It is considered as
a typical coastal area with simple phytoplankton community structure, poor stability and weak stress
resistance in Leizhou Peninsula waters (Gong et al., 2010). The biodiversity index (H') of
phytoplankton in Zhanjiang Bay showed a decreasing trend from 2008 to 2019, with a decrease in the
number of phytoplankton species, whereas high abundance of phytoplankton cells, an increase in the
dominant species, and a tendency towards miniaturisation of the community structure (Gong et al.,
2015). From 1980 to 2020, red tides have occurred 15 times in Zhanjiang Bay, and this phenomenon
has seriously affected the local fishery and tourism industry (Fu, 2022; Zhang et al., 2022). The
frequency of red tides in Zhanjiang Bay waters is closely related to the situation of eutrophication in
the water body. Specifically, Zhanjiang Bay in the Leizhou Peninsula has experienced severe
eutrophication and an imbalance in the nitrogen and phosphorus ratio. The phytoplankton diversity
index and evenness in this bay were found to be positively correlated with the nutrient status index
(Cheng et al., 2009). The impact of nutrients transported by rivers cannot generally be ignored in bays.
For example, river input was the dominant nutrient source in Beibu Gulf (Guo et al., 2024), and water
exchange with oligotrophic water from the open gulf was the main nutrient output. The water
environment of the Pearl River Estuary (South China) is highly sensitive to nutrient pollution and
eutrophication risks, mainly influenced by river inputs (Tao et al., 2021). In Leizhou Peninsula, Suixi
River has a significant impact on the water quality of Zhanjiang Bay (Zhang et al., 2021; Peng et al.,
2024.), and may be one of the important causes of the imbalance of nitrogen and phosphorus structure
water quality deterioration, and red tide problems in Leizhou Peninsula. However, there is a lack of
studies on the influence and regulation of river inputs to bay nutrients in the Leizhou Peninsula. To
effectively manage the environment of the bays, it is crucial to analyze the transport and transformation
processes that occur when a large amount of nutrients, specifically nitrogen and phosphorus, are
introduced into the bay through river inputs. Furthermore, it is essential to investigate how hydro-
dynamical and biochemical processes in the bays regulate the levels of nutrients. To effectively manage
the environment of the bays, it is crucial to analyze the transport and transformation processes
occurring when a large amount of nutrients bays thatenter the bays that occur when a large amount-
bays that occur when a large amount enter bay that occurs when a large number. By understanding
these processes, we can develop strategies and measures to mitigate the impacts of nutrient dynamics
on the bay’s ecosystem, including the occurrence of red tides and the composition of phytoplankton
species. In this study, we used a typical tropical bay on the Leizhou Peninsula to conduct field
investigations on the hydrology, water quality and nutrients dynamics and its effects on phytoplankton
biomass dynamics and some eutrophication symptoms. We quantified the nutrient fluxes introduced
by rivers and analysed the role of rivers on the spatial distribution of nutrients in the bay. We used a
two-member mixed model combined with other environmental parameters to unravel the multi-process
coupling in the bay involving physical dilution and dispersion, sorption and release of sediment and
suspended particle matter, additional terrestrial inputs, and biochemical processes. Our investigation
provides insights into the factors affecting the transport and transformation of nitrogen and phosphorus
nutrients in water, discusses the key causes of environmental problems such as eutrophication that
develop in different states, and it helps to provide recommendations for effective management and
protection of bay ecosystems. It lays the research foundation for predicting and responding to future
environmental disasters in estuaries and bays.
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2 Methods
2.1 Area of study

Leizhou Peninsula (Fig.1) is situated in Guangdong Province, the southernmost region of the
Chinese mainland. It borders the South China Sea and boasts humerous coastal bays. Geographically,
it can be broadly divided into three parts: the coastal waters of western Guangdong to the east of the
Peninsula, the coastal waters of Qiongzhou Strait to the south of the Peninsula, and the coastal waters
of Beibu Gulf to the west of the Peninsula. The peninsula has a long and narrow terrain, heavily
influenced by oceanic conditions, leading to abundant precipitation. Several rivers are developed in the
peninsula and eventually flow into Zhanjiang Bay, Leizhou Bay, Anpu Bay, Jianjiang Bay and Wailuo
Bay. The interaction between rivers and oceans shapes an ocean system impacted by both terrestrial
source input and tidal ocean currents. Rivers discharging into the sea carry substantial amounts of
freshwater, nutrients, and suspended particulate matter. This directly influences the water quality of
estuaries and bays, potentially accelerating bay eutrophication.
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Fig.1 Distribution of monitoring points of rivers and corresponding bays in Leizhou Peninsula
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2.2 Monitoring observations

In November 2021, this study conducted hydrological and water quality monitoring of coastal rivers
and representative bays in the Leizhou Peninsula during the winter (i.e. dry season). A total of 34
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monitoring stations were established, comprising 15 stations for coastal rivers [Table 1 and Fig. 1] and
19 stations for bays. A continuous 25-hour fixed-point monitoring was implemented, and the spatial
distribution of monitoring stations is illustrated in Fig. 1. Nutrients and Chl-a samples were collected
at 4-hour intervals, and the frequency of other basic parameters is shown in Table 2.

Table 1 Monitoring points of rivers to the sea

River station River name Mean depth (m) Estuary
R1 Su!x! R!ver tr!butary 1 4.34 Zhanjiang Bay
R2 Suixi River tributary 2 3.48
R3 Jiuxian River 0.27
R4 Chengyue River 4.72
R5 Tongming River 3.32 Leizhou Bay
R6 Nandu River 3.88
R7 Leigao River 0.50
RS Tiaofeng River 1.77
R9 Jinghe River 1.80 Wailuo Bay
R10 Qingtong River 0.58
R11 Gaogiao River 0.40
R12 Q_ingping _River 2.00 Anpu Bay
R13 Jiuzhou River 5.06
R14 Yanggan River 1.68
R15 Jianjiang River 2.10 Jianjiang Bay

2.3 Sample collection and analysis methods

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

This survey completed the steps of water sample collection, transportation, preservation, and
pretreatment according to the requirements of ' Marine Survey Specification ' (GB 12763-2007) and '
Marine Monitoring Specification ' (GB 17378-2007) (China Standard Press, 2007a, China Standard
Press, 2007b). To ensure that the sampling of rivers is not disturbed by the rising tide water, river
monitoring stations are selected in the middle and upper reaches of the river, and the river salinity is
controlled at 0-5. The selection of river sampling time is kept in the middle tide and neap tide period
to avoid the influence of spring tide. The 25-hour continuous fixed-point monitoring is conducive to
the investigation closer to the real situation. Water samples were collected using an organic glass
hydrophone organic glass water at 0.5 m below sea level. The collected water samples were stored in
2 L brown polyethylene plastic sample bottles. The sample bottles were rinsed three times with tap
water and ultrapure water and washed twice with seawater samples before use. The monitoring and
detection methods of conventional environmental elements are shown in Table 2. Before sampling, the
currents, water depth, tidal level, temperature, salinity, dissolved oxygen, and pH were measured in
situ. The detection method of suspended solids is the gravimetric method according to the specification
for marine monitoring (GB17378.4-2007). 1 litre of water sample was first filtered through a dry 0.45
um glass fibre filter membrane, then dried and weighed. Chl-a was detected by spectrophotometry
according to the specification for marine monitoring (GB17378.7-2007). After 1L water sample was
filtered, the filter membrane was put into acetone for extraction, and the supernatant was separated by
centrifuge and detected by ultraviolet spectrophotometer. After the nutrient water samples were
collected, the samples were filtered using a Buchner funnel and a 0.45 pm acetate fiber filter membrane.
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Nutrient water samples were frozen at-20 °C and detected in the laboratory within one week as
listed in Table 3.

Table 2 Monitoring data collection

M(i?]gg)r(mg Instrument Method F;gﬁ[jeanr?je Interval
Observation of stage
Water Tidal meter RBRsoloD  GB / T12763. 2-
2007
Ocean Current meter (AEM- Current observation
current USB  electromagnetic GB / T 12763. 2-
current meter) 2007
Water temperature ‘Ocean
GBT12763.255-  Monitoring Every 1 hour
2007 observation pecification
Temperatur Independeqt Salinity meter (GB 17378-
es & Thermohaline depth method 2007) and 'Ocean
salinities recorder37SMP GB17378.4/29- Survey
2007 Specification '
(GB 12763-
pH meter method 2007)
pH Acidity Meter PHS-3C ~ GB17378.4/26-
2007
Gravimetric method Every 4 hours
Suspended | en-thousandth GB17378.4/27-
substance electronic balance 2007
JJ124BC
Technical
requirements and
. Thunderbolt ~ Portable Film-covered detection
Dissolved . methods of
oxygen Dissolved Oxygen electrode  method portable Every 4 hours
Analyzer JPB-607A HJ-925-2017 i
issolved oxygen
analyzer ' HJ
925-2017
‘Determination of
Thunderbolt  portable Turbidimeter turbll_dlty In water
Turbidity turbidity meter WZB- method HJ 1075— Quality- Every 4 hours
175 2019 Turbidimeter
method ' HJ
1075-2019
Table 3 Sample testing methods
Detecti
on Instrument Method Reference standard
index
. Diazo coupled
NO: colorimetric method
NOs  Nutrient Cadmium column ' The specification for marine monitoring
continuous ~ flow reduction method ' (GB 17378.4-2007) and ' Specifications
NHs*  analyzer (Skalar, Phenol method for oceanographic survey ' (GB 12763.4-
Netherlands) Molybdenum blue ~ 2007)
DIP
method
TN
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Potassium persulfate

TP oxidation method

v The specification for marine
Chl-a  Spectrophotometer

(Thermo Fisher) Spectrophotometry monitoring (GB17378.7-2007)
Note: TN, the total nitrogen in seawater; TP, the total phosphorus in seawater.

2.4 Data analysis

2.4.1 Flux calculation of nutrients

This study used 25-hour continuous observation data from the middle location of the river
mainstream to calculate daily mean nutrient concentrations and daily mean river velocities. Based on
the above mean data, nutrient fluxes from the river can be estimated. The calculation formula is as
follows:

Fr=CrxQrx10° 1)
Qr=VxSx86400 2

In the formula: Fr is the river nutrient flux into the sea, the unit is t/ d; Cr is the concentration of
nutrient input into the estuary, the unit is mg L™; Qr is the estuary flow flux, the unit is m®/ d; V, the
averaged current speed (m/s); S, the cross-section area of the river passing the mooring site.

2.4.2 The model simulation of nutrient concentration

In this paper, the deviation of dissolved inorganic nitrogen (DIN) and dissolved inorganic
phosphorus (DIP) is employed to characterize the influence of processes beyond the physical mixing
of water. The 'Nutrients - Salinity' Two-End member Mixing Model is utilized to calculate and predict
nutrient concentrations in bays with river inflows.

The Two-End-member Mixing Model is a model based on statistical principles and environmental
chemistry theory. It is a scientific method to estimate and predict the concentration of mixed substances
in the environment. The Two-End member Mixing Model has been widely used in water quality
prediction of rivers (Wei et al., 2021), lakes (Ji et al., 2017), and offshore seawaters (Niu et al., 2020;
Li et al.,2017; Wu et al., 2016), and has presented good performance. The model comprehensively
considers the interaction between different end members such as terrestrial and marine sources, and
can more accurately simulate and predict the transport and transformation process of substances
including nutrients in water.

The model is based on salinity and mass balance equations for freshwater and seawater, as shown
in formulas (3) and (4):

Fi+Fo=1 3)
S1F1+SoF2=Sinsit 4)

In the formula, Sinsitu is the salinity in the field sample; F1 and F are the end-member fractions of
freshwater and seawater, respectively, and S and S; are the salinity of water with two end-members.
Because salinity is a relatively conservative substance, the process of water dilution and diffusion is
reflected by simulating the dilution effect of salinity. Data from estuarine sampling stations at low tide
were used to construct the freshwater end-components, including salinity, DIN and DIP concentrations.
The weighted average concentrations of DIN and DIP were also calculated based on the percentage of
river runoff. Salinity, DIN and DIP concentrations measured at the mouth of the bay or outside the bay
at high tide were used to construct the seawater end-component. Between the river and the mouth of
the bay or outside the bay, the predicted values of DIN and DIP in the centre of the bay should be
theoretically equal to the measured values, assuming no other biogeochemical interactions, nutrient
inputs and consumption in the ideal state.

The estimated concentrations of nitrogen and phosphorus in DIN (N *) and DIP (P *) in the Two-
Endmember Mixing Model are shown in formula (5)(6).
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N*=DIN1F1+DIN2zF> (®)
P*=SRP1F1+DIP2F; (6)

In the formula: DINz, DIN2, DIP1 and DIP, represent the corresponding concentrations of DIN
and DIP.

However, there is a deviation between the DIN and DIP values calculated by the model and the
measured values, indicating that there are external biogeochemical and nutrient migration effects.
According to the value and direction of the deviation values of each bay, from the perspective of
material migration and transformation, if the deviation value is positive (i.e. theoretical value-measured
value), it indicates that the biochemical process may lead to the consumption or transformation of
nutrients, such as photosynthesis. If the deviation value is negative, it indicates that there may be other
input sources or other biochemical processes that increase the concentration of nutrients.

The deviation between the predicted value and the field observation value is defined as A DIN,
A DIP, which reflects the amount of nitrogen and phosphorus nutrient input (negative) or consumption
(positive), as shown in formulas(7) and(8) :

AD'N:N*_D”\linsitu (7)
ADIP=P*~DIPinsity (8)

This paper explores the impacts of biochemical and physical water processes on nutrient
concentration by examining the deviations between predicted DIN (Devdin) and DIP (Devdip) values
with the measured values.

2.4.3 Data analysis

Firstly, based on the fixed-point observation data of rivers, Origin software was used to draw the
distribution map of nutrient concentration and the flux map of nutrient elements in each river. Secondly,
the distribution map of nutrient concentration in the bays of Leizhou Peninsula was drawn by Ocean
Data View 4.0 (ODV 4.0) software, which reflected the distribution of nutrient concentration in each
bay. The correlation between nutritional elements and environmental indicators was explored by Origin
software and SPSS 21 software, and the main factors affecting the nutritional elements of the bay were
explored. At the same time, this paper uses the Two-End member Mixing Model to characterize and
analyze the impact process of nutrients in the bay. Finally, Origin and ODV 4.0 software were used to
compare the ratio of nitrogen to phosphorus in rivers and bays, and the relationship between nutrient
structure and environmental factors in bays was further analyzed.

3 Results
3.1 Riverine nutrient input status

3.1.1 Nutrients distribution in the river
Using the 25-hour continuous fixed-point monitoring data of nutrients in rivers and bays, Fig. 3
illustrates the daily average distribution of nutrients in rivers entering the sea.
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Fig.3 Daily distribution of nutrients in 15 rivers into the sea in Leizhou Peninsula (TN, the total nitrogen in
seawater; TP, the total phosphorus in seawater).

The TN concentration in the Leizhou Peninsula section (Figure 3) ranged from 2.263 to 13.610
mg L1, with an average of 5.162 mg L, and the highest and lowest values were 13.610 mg L (R8)
and 2.263 mg Lt (R14), respectively. TP concentrations ranged from 0.026-0.288 mg L* and averaged
0.092 mg L with maximum and minimum values of 0.288 mg L (R12) and 0.026 mg L (R14),
respectively. DIN concentrations ranged from 0.897-4.081 mg L™ and averaged 2.195 mg L with
maximum and minimum values of 4.081 mg L (R11) and 0.897 mg L (R4), respectively. The
concentration of DIP ranged from 0.002-0.147 mg L™ with an average of 0.042 mg L. The highest
and lowest values were 0.147 mg L (R12) and 0.002 mg L (R7), respectively. In terms of DIN
concentration, it is mainly composed of nitrate and ammonia nitrogen, and its main components are
different in different rivers. Nitrate nitrogen was the main component of DIN in 40 % of rivers (NOs’
>50% DIN), and ammonia nitrogen was the main component of DIN in 60 % of
rivers(NH4">50%DIN). Nitrate nitrogen and ammonia nitrogen are mainly derived from agricultural
production wastewater, aquaculture, industrial wastewater, municipal wastewater and other discharges.
(Wang et al., 2015; He et al., 2005; Zheng et al., 2008). By comparing the water quality evaluation
standards (MEPC, 2002, Table S4), the total nitrogen in the rivers of Leizhou Peninsula is at a high
level, with 100% inferior to the Level V water quality standard (>2 mg L™?). Total phosphorus
concentration was below Level 3 water quality (including Level 3 water quality, >0.1 mg L) in 33.3%
of all rivers. Ammonia nitrogen concentrations were below Level 3 water quality (including Level 3
water quality, >0.5 mg L) in 53.3% of all rivers, of which five rivers (which feed into Zhanjiang Bay,
Leizhou Bay, and Anpu Bay respectively) had ammonia nitrogen concentrations worse than Level 5
water quality (>2.0 mg L™Y). Zhanjiang City, where the Leizhou Peninsula is located, has a primary and
secondary industry (agriculture, industry, and construction) that accounted for 57.7% of the GDP in
2022, of which agriculture and industry accounted for 51.9% of the GDP, which means that Leizhou
Peninsula is dominated by industry in agriculture and industry
(https://www.zhanjiang.gov.cn/zjsfw/bmdh/tjxxw/zwgk/tjsjzl/tjnj/content/post_1840795.html), and
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these industries will bring nitrogen pollution to the surrounding land and water. For example, in 2022,
the water quality of Suixi River was mildly polluted (Class IV water quality) and did not reach the
target of Class I1l Water Environment Functional Zone, with ammonia nitrogen as the exceeding item
(https://www.zhanjiang.gov.cn/zjsfw/bmdh/sthjj/zwgk/tzgg/content/post_1738861.html).

From the perspective of river input to the bay, river TN concentrations were generally high, and
the mean values of river TN concentrations were, in descending order, Wailuo Bay (10.156 mg L?),
Zhanjiang Bay, Leizhou Bay, Anpu Bay, and Jianjiang Bay. The mean value of river TP concentration
in descending order was Anpu Bay (0.153 mg L™), Zhanjiang Bay, Leizhou Bay, Wailuo Bay, and
Jianjiang Bay. The mean values of river DIN concentration in rivers converging into each bay were, in
descending order, Zhanjiang Bay (3.336 mg L), Anpu Bay, Leizhou Bay, Wailuo Bay, and Jianjiang
Bay. The mean values of DIP concentrations in rivers feeding into each bay were, in descending order,
Zhanjiang Bay (0.098 mg L), Anpu Bay, Jianjiang Bay, Leizhou Bay, and Wailuo Bay. In summary,
Zhanjiang Bay had the highest mean river DIN and DIP concentrations. Leizhou Bay had slightly
higher concentrations of all nutrients. Wailuo Bay had the highest concentration of TN and lower
concentrations of other nutrients. The Anpu Bay had the highest concentration of TP. Jianjiang Bay
had lower river concentrations of all indicators.

3.1.2 Input fluxes of TN, TP, DIN and DIP from the rivers to the estuarine systems
The monitored data were used to calculate the fluxes of TN, TP, DIN and DIP into the bay (Fig.4),
including river flow rates, river widths, river depths, TN, TP, DIN and DIP concentrations.
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Fig.4 Flux of Nutrients from rivers into the sea in Leizhou Peninsula
The fluxes of TN and TP into Leizhou Peninsula rivers during the dry water period were, in
descending order, Leizhou Bay, Zhanjiang Bay, Anpu Bay, Wailuo Bay, and Jianjiang Bay, The fluxes
of DIN and DIP were, in descending order, Zhanjiang Bay, Leizhou Bay, Anpu Bay, Jianjiang Bay,
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.
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,
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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
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
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
t/d, 14.71 t/d and 0.14 t/d, respectively. The fluxes of TN, TP, DIN and DIP input to Jianjiang Bay
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
bays (Leizhou Bay and Zhanjiang Bay), it can be found that the TN input to Leizhou Bay is much
higher than that to Zhanjiang Bay, while the TP input is similar. The input of DIN and DIP to Zhanjiang
Bay is similar and slightly higher than that of Leizhou Bay. The nutrient input fluxes from rivers R1,
R2, R4 and R5 are all large, and the sum of the nutrient input fluxes from all four rivers accounted for
more than 70% of the total fluxes from the Leizhou Peninsula, which feed into Zhanjiang Bay and
Leizhou Bay, respectively. The remaining three bays accounted for a relatively small proportion of the
river input. The nutrient fluxes into Anpu Bay were slightly higher than those into Jianjiang Bay and
Wailuo Bay.

By analysing the individual river inputs of each nutrient element, it can be seen that the maximum
input flux of TN is located in Chengyue River R4 (53.249 t/d), and the second largest flux of TN is
located in Liangdong River R2 (23.605 t/d). The maximum input flux of TP is located in Chengyue
River R2 (1.151 t/d). the second input flux of TP is located in Suixi River R1 (0.728 t/d). The maximum
input flux for DIN was located in Chengyue River R4 (20.075 t/d). The second highest DIN flux was
located in Suixi River R1 (18.344 t/d). The maximum input fluxes of ammonia nitrogen were Suixi
River R1 (13.526 t/d) and Liangdong River R2 (9.834 t/d) which are both input to Zhanjiang Bay. The
maximum input flux of DIP was located in Chengyue River R4 (0.640 t/d), and the second flux was
located in Suixi River R1 (0.598 t/d). In summary, the top two rivers with the largest input fluxes of
TN, TP, DIN, and DIP were all fed into Zhanjiang Bay and Leizhou Bay, respectively. Besides, the
two rivers with the largest input fluxes of ammonia nitrogen were both fed into Zhanjiang Bay.

3.2 Distribution status of nutrients in estuaries

3.2.1 Distribution characteristics of nutrient elements
According to the nutrient concentration data obtained from the fixed-point monitoring of the bay,

the distribution map of nutrient concentration in the typical bay of Leizhou Peninsula in winter (i.e.
dry season) was generated (Fig. 5).
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Fig.5 Distribution of nutrient elements in coastal waters of Leizhou Peninsula

The mean values of TN, TP, NOs,, NO2, NHs* and DIP in Zhanjiang Bay were 0.525 mg L?,
0.049 mg L, 0.191 mg L%, 0.046 mg L%, 0.099 mg Lt and 0.032 mg L™, respectively, which showed
a high concentration of TP, NH4*, NO>" and DIP. The nutrient salts in Zhanjiang Bay showed high
concentrations and a decreasing trend from nearshore to offshore. Among them, NH4* showed a strong
decreasing trend. In aerobic waters, NH4* can be generally oxidised to NOs™ by nitrification process
(Wang et al,2023). Nitrification is an important nitrogen cycling process that converts NH4* to NOs’,
allowing nitrogen to be recycled between different forms. The oxidation of NH4* usually requires the
participation of DO. Normally, excessive NH4" input consumes a large amount of DO, inducing further
hypoxia. The mean values of TN, TP, NOs", NO2", NHs* and DIP in Leizhou Bay were 0.702 mg L™,
0.049 mg L%, 0.296 mg L%, 0.023 mg L%, 0.012 mg L%, 0.031 mg L, respectively, which showed the
status of high concentration of TN, TP, NO3z", NO2, DIP and low concentration of NH4*. The TN, NOs’
, NO2', DIP and NH4" in Leizhou Bay showed a decreasing trend from the nearshore to the offshore,
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with TN showing a large decreasing trend, with TP showing a medium but abnormally high
concentration, with the concentration of NH4* was low, with DIP showed a decreasing trend from the
inside of the bay to the mouth of the bay, but the mouth of the bay showed an abnormally high value.
The mean values of TN, TP, NOs", NO2,, NH4* and DIP in Wailuo Bay were 0.305 mg L, 0.024 mg
Lt 0.020 mg L%, 0.017 mg L, 0.016 mg L™, 0.007 mg L%, and TP in Wailuo Bay tended to be high
in the nearshore but low in the offshore. The other nutrients were poor and evenly distributed. The
mean values of TN, TP, NOs", NO2,, NH4* and DIP in Anpu Bay were 0.422 mg L, 0.035 mg L,
0.092 mg L%, 0.014 mg L%, 0.014 mg L?, 0.014 mg L, 0.021 mg L. In Anpu Bay, TN and TP
showed a slight decreasing trend and the rest of the nutrients were poor. The mean values of TN, TP,
NO3, NO2,, NH4+* and DIP in Jianjiang Bay were 0.472 mg L, 0.042 mg L, 0.339 mg L, 0.014 mg
L, 0.03mg Lt and 0.021 mg L%, respectively, and the mean concentrations of TN, TP, NOs", NH4",
NO" and DIP were high in Jianjiang Bay, NO2™ and DIP were poor in the bay.

3.2.2 The relationship between Nutrients and environmental factors in estuary bays
Pearson correlation analysis was performed on TN and TP in the bay with corresponding salinity,
dissolved oxygen, chemical oxygen demand and Chl-a. The results are shown in Fig.6.
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T 1
S S 0.57 0.84 079 08
DO | * ¥ DO
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pH *  pH
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Notes : * represents the significance of the correlation P < 0.05 (bilateral). Red means positive correlation, blue
means negative correlation. The larger the absolute value of the correlation coefficient, the larger the circle, which
means the better the correlation.

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

It can be seen from Fig.6 that TN and TP changes were significantly positively correlated. This
shows that potential sources of TN and TP are similarly proportionally increased/decreased. The close
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correlation between TN and TP may be due to the fact that they have similar input sources or are
transported simultaneously by the same physical hydrodynamics of the bay. Temperature is
significantly correlated with nutrients TN, TP, DIN, and DIP, potentially indicating the processes of
dissolution, deposition, and migration of nutrients. TN, TP, DIN were significantly negatively
correlated with salinity. This is strong evidence that the main source of TN, TP and DIN are from the
rivers. DIP is not closely correlated with salinity but has a significant positive correlation with SS and
NTU, which means that the suspended matter in the system has a significant adsorption and liberation
of phosphorus in the water. Phosphate reacts with particles or organic matter on the surface of the
suspended solids and fixes phosphorus to the surface or inside the suspended solids. This adsorption
can sometimes slow the rate of phosphorus release, resulting in slower changes in phosphorus
concentrations in the water column. However, when the suspension is disturbed or decomposed by
external forces, the adsorbed phosphorus is released back into the water body, affecting the phosphorus
cycle of the water body and the balance of the ecosystem (Xu et al, 2021). NO3", NO2", NH4", DIP,
DIN and Chl-a all showed significant correlations, indicating that phytoplankton life activities during
the winter (i.e. dry season) were significantly correlated with inorganic nutrient elements in seawater.
Chl-a showed a positive correlation with DIN and a negative correlation with DIP. The positive
correlation between Chl-a and DIN is due to the fact that the large amount of nitrogen from land-based
sources promotes the photosynthesis of phytoplankton. At the same time, phytoplankton will absorb
DIP and produce Chl-a during photosynthesis, resulting in a negative correlation between DIP and Chl-
a. The fluxes of rivers (R1-R2, R3-R7, R8-R9, R10, R11-R12, R13-R14, R15) feeding into each bay
were linearly fitted to the nutrient concentrations of their recipient estuaries (S1, S6, S12, S10, S14,
S16, S17), respectively. The results (Fig.7) showed that the river nutrient input fluxes were positively
related to the nutrient concentrations in the bays in various degrees, which implied that the nutrient
fluxes had a significant positive regulatory effect on the nutrient concentrations in the bays. TN, as a
relatively stable nutrient with high input flux, showed higher R-Square. While TP, as nutrients with
low input flux, showed lower R-Square, but still had a positive effect (Zhang et al, 2022).
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Fig.7 Effect of riverine nutrient fluxes on nutrient concentrations in the estuary

In our study, river fluxes showed a significant positive correlation with nutrient concentrations in
the recipient estuaries, implying that river inputs had a significant positive effect on nutrients in the
estuaries. The correlation of TN, DIN, and DIP was very high (R-Square = 0.70), and the correlation
of TP was average. DIP concentration in the total phosphorus was considerably affected by the
adsorption and release of suspended matters and bottom sediments (Meng et al.,2015), when salinity
increases from the rivers to estuaries. Moreover, the impact of large amounts of organic matter from
near-shore mariculture has increased the source of particulate organic phosphorus in Leizhou Peninsula.

3.2.3 Analysis of nutrients that primarily regulate phytoplankton development

Chl-a as dependent variable and TN, TP. NOz. NOz. NHs*. PO4* as independent variable.
In this study, multiple regression analyses of factors that may regulate the development of
phytoplankton in the bay will be performed. The significance of the multiple linear regression indicated
that the equation could better explain the relationship between chlorophyll and each of the factors such
as TN. TP. NOs. NOz. NHs". POs*. From the results of multiple regression analysis (Table 4),
it can be seen that the relationship between NO3", NO2  and PO+* with Chl-a were significant(P<0.001).
The regression coefficient of NO3™ was 4.488, and the increase of NO3z™ would significantly increase
the content of Chl-a in the bay, which indicated that NO3z™ might be an important source of nitrogen for
the synthesis of Chl-a (Liu et al., 2021; Stolte et al., 1994). The regression coefficient of PO+ was
negative, and the concentration of PO4* in the study area was low, so the Chl-a synthesis may absorb
and consume PO+ in seawater. (Jin et al.,2021). The regression coefficient of NO2” was negative, and
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NO2 is very easy to oxidize in the water column with the oxygen produced by phytoplankton
photosynthesis and be converted to NOz™ (Zehr et al.,2002; Herbert et al.,1999). This oxidation reaction
may affect the concentration of NO2™ in the water column. This is also illustrated by the significant
negative correlation between NO2 and DO in the Pearson correlation results.

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

Regression
Variable Coefficient Std.Error Beta t P R2 F Model P
(B)
TN 4.859 1.939 0.214 2.505 0.014
TP -4.956 14.209 -0.029 -0.349 0.728
NOs 4.488 1.063 0.299 4,222 0.000
NOy -125.104 34.596 -0.5 -3.616 0.000 0.598 25.074 0.000
NH4* 9.257 8.228 0.136 1.125 0.263
PO4* -105.814 27.036 -0.315 -3.914 0.000

Dependent Variable: Chl-a

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

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

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

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

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

immediately cause an increase in phytoplankton chlorophyll in the Bay but rather there is a time lag
(Shi et al., 2022).

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

ADIN
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0.6

In the complex estuarine environment, the production and consumption of nitrogen and
phosphorus are mainly related to physical and chemical processes such as physical mixing and
biological and chemical activities (Niu et al., 2020).
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Notes: The salinity of the bay stations §2, S6, S8, S8, §10, $12, S14 and S17 were 28.82, 21.76, 22.30, 23.04, 29.19, 25.59,

26.79, 10.17, respectively.
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Fig.8 DIN and DIP deviations in the middle of the offshore bay of Leizhou

In this study, the freshwater end-member is the weighted mean of each river entering the sea. The
seawater end-members were selected from offshore bays stations S3 (Zhanjiang Bay), S7 (Leizhou
Bay), S11 (Wailuo Bay), S13 (Wailuo Bay), S15 (Anpu Bay) and S19 (Jianjiang Bay). Figure 8 shows
the pattern of DIN and DIP variations in the middle part of the bays, where ADIN and ADIP are both
negatively biased in Anpu Bay (S14), implying that there are inputs from other sources of DIN and
DIP in the bays. The positive deviations of ADIN and ADIP in Leizhou Bay (S9) and Wailuo Bay (S10,
S12) indicate that DIN and DIP are mainly depleted in these bays. Zhanjiang Bay (S2) and Leizhou
Bay (S6, S8) have negative deviations in ADIN and positive deviations in ADIP, implying that DIN
reflects the presence of inputs from other source (e.g., discharge from coastal industries, municipal
sewage, agriculture and aquaculture) and DIP reflects the depletion state (Shi et al,2013; Li et al,2016;
Gao et al, 2011). The positive deviation of ADIN and the similarity of ADIP in Jianjiang Bay imply
that DIN in Jianjiang Bay reflects depletion, while DIP depletion is similar to the extent of
replenishment from other source (e.g., coastal discharges and suspended solids precipitation in water).

4 Discussion

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

There was a significant positive correlation between TN and TP concentrations in the key bays of
Leizhou Peninsula, indicating that TN and TP concentrations may be regulated by the emission of
nutrient elements from external runoff. The concentrations of TN and TP in rivers and terrestrial waters
are generally high, while the concentration of TN in seawater is generally low (Howarth et al.,2002;
Guo J.,2021; Fu et al.,2023; He et al.,2023). Differences in nutrient fluxes from riverine inputs occur
during dry and wet seasons (winter and summer), which affect the mixing, transport and cycling of
nutrients in river and bay waters. This affects the distribution of nutrient concentrations and structure
in the bay, further affecting the bay ecosystem. During the winter (i.e. dry season), lower temperatures,
lower biological activity, lower surface runoff, and lower water temperatures result in lower nutrient
loads to the bay. On the other hand, during the wet season (summer), higher temperatures, increased
rainfall, higher flow velocities, and higher nutrient inputs result in higher nutrient contents in the Bay.
These seasonal variations can have different impacts on water quality and ecosystems. Nutrients in the
bays of the study area were strongly correlated with Chl-a and DO in winter, and the significant positive
correlation of NO3™ with Chl-a and DO implied that nutrients significantly influenced phytoplankton
life activities and in the bays in winter. For most of the phytoplankton, NO3™ nitrogen was the more
easily absorbed and utilized form by the plants (Bao et al,2011). NOs™ was their main source of nitrogen,
controlling phytoplankton growth and reproduction. Dissolved oxygen is negatively correlated with
NO2, NH4*, and POs*. Excessive nutrients and unsuitable nitrogen-phosphorus ratios may lead to
eutrophication and hypoxia in water bodies. Nutrients in the bays of the study area were strongly
correlated with Chl-a and DO in winter, and the significant positive correlation of NO3™ with Chl-a and
DO implied that nutrients significantly influenced phytoplankton life activities and in the bays in
winter. For most of the phytoplankton, NOs™ nitrogen was the more easily absorbed and utilized form
by the plants, and NOs™ was their main source of nitrogen, controlling phytoplankton growth and
reproduction. Dissolved oxygen is negatively correlated with NO2, NH4*, and POs>. Excessive
nutrients and unsuitable nitrogen-phosphorus ratios may lead to eutrophication and hypoxia in water
bodies.
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However, salinity was significantly negatively correlated with TN, TP, and DIN (Fig.6),
indicating that river input in the Leizhou Peninsula during the winter (i.e. dry season) had a significant
impact on the nutritional status of the bay (Zhang et al., 2019; Zhang et al.,2015; Fu et al.,2015; Xie et
al.,2014). In addition, nutrients in the Leizhou Peninsula during the winter were co-regulated by a
variety of physical and biochemical factors.

The river TN flux into Leizhou Bay is much higher than that of other bays, and the TP input flux
is the highest, while Leizhou Bay has high TN concentration and sub-high TP concentration. The
overall high Chl-a content (6.582 ~ 14.006 mg L) in Leizhou Bay (Fig. S2) indicates a high risk of
potential eutrophication in the bay. The high nutrient levels (TN, TP and DIP) in the rivers of Leizhou
Bay were consistent with those in the bay. However, the DIN injected into the river is mainly ammonia
nitrogen, which is converted into NO>™ by the proliferating phytoplankton when entering the bay, and
then converted into NOgz", resulting in high NO3™ content and low NH4* content in the bay. The urban
sewage discharge and mariculture industry in Leizhou Bay also input a large amount of NH4* (Ren et
al.,2022). The results of the Two-End member Mixing Model show that the presence of other sources
of input will bring additional DIN to the Leizhou Bay (S6, S8), further promote the proliferation of
algae, and consume DIP in seawater, aggravating the eutrophication of the Leizhou Bay. Both ADIN
and ADIP in Leizhou Bay (S9) showed a state of consumption, which may be driven by photosynthesis,
marine biological uptake (Sigman et al.,2012; Moore et al.,2013; Céceres et al.,2019; Kwon et
al.,2022). With the low turbidity state of Leizhou Bay (average turbidity: 8.54) (Fig. S2), good light
conditions and a large number of nutrients entering the bay, algae outbreaks were caused to a certain
extent.(Conley et al.,2011; Wu et al.,2017). Therefore, in addition to river input, the impact of the input
of coastal land-based materials such as mariculture and coastal urban sewage on the bay cannot be
ignored (Li et al.,2004; Zhao et al.,2022; Du et al.,2010). The effect of DIN and DIP consumption
caused by the biochemical action of phytoplankton is limited, and some nutrients in the bay may be
retained at a continuous high value, resulting in the imbalance of nutrient structure (Han et al.,2015;
He et al.,2006). The input of DIN and DIP in the rivers of Zhanjiang Bay is the highest and the input
fluxes of TN and TP are the second highest, which is consistent with the trend that the nutrient elements
in Zhanjiang Bay show a high concentration and decrease from nearshore to offshore. This is consistent
with the previous research results: the input of Suixi River has a significant effect on the nitrogen and
phosphorus in Zhanjiang Bay (Zhang et al.,2019). The NH4" input fluxes of Suixi River R1 (13.526t/d)
and Liangdong River R2 (9.834t/d) in Zhanjiang Bay were the largest in all rivers, which caused the
obvious high value of NH4" in Zhanjiang Bay, which was consistent with the previous conclusions
(Yang et al.,2014). The high ratio of NHs":NOs and low DO (DOs:1= 6.957 mg L; DOaverage= 7.949
mg L) in Zhanjiang Bay implies a high degree of eutrophication in Zhanjiang Bay. Compared with
Leizhou Bay with better hydrodynamic conditions, the TP input in Zhanjiang Bay with poor
hydrodynamic conditions is slightly lower but the TP concentration is slightly higher (Fig.S3). High
turbidity (average turbidity: 22.373) bays have high nutrients and low Chl-a (average Chl-a: 3.677mg
LY (Fig.S2), which means that the absorption of nutrients by phytoplankton may be limited by light.
The results of the Two-End member Mixing Model showed that Zhanjiang Bay (S2) and Leizhou Bay
(S6, S8) were consistent, and there were other sources of DIN that promoted biological consumption
and consumed DIP at the same time. This effect will be more pronounced in Leizhou Bay (S6, S8),
which has lower turbidity, higher Chl-a concentrations (Fig. S2), and more severe eutrophication, than
Zhanjiang Bay (Strokal, M. et al. 2017).

Jianjiang Bay (Chl-a = 14.694 ~ 25.076 mg L) showed high nutrient elements (TN, TP, NOs),
low turbidity, high Chl-a content (Fig. S2), and severe eutrophication (Fu et al.,2014; Xie et al.,2014
, Fu et al.,2019; Shi et al.,2013). According to the results of the Two-End member Mixing Model,
DIN has the behavior of consumption while the consumption of DIP and the supplement of other
sources offset each other. However, under the condition of low river input and low turbidity, the high
TP and other supplements of DIP mean that the nearshore pollution discharge in Jianjiang Bay leads
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to serious eutrophication (Culha Saniye Tirk et al.,2022; Fernanda et al.,2022). Although the rivers
entering Jianjiang Bay are smaller than other bays, the small and narrow bay body, narrow bay mouth,
poor water exchange (Fig.S3), low turbidity and possible other pollution sources, these reasons together
lead to the high TN, TP and NOs, low DIP, NH4" and NO.", and more serious eutrophication in
Jianjiang Bay (Sernaetal.,1992; Zhang et al.,2015; Gasparini et al.,2017). Eutrophication is the process
by which a body of water becomes enriched in dissolved nutrients that stimulate the growth of aquatic
plant life usually resulting in the depletion of dissolved oxygen. When there is a severe imbalance in
the ratio of nitrogen and phosphorus, it is likely to lead to rapid proliferation of certain algae species,
forming a large amount of algal blooms. Large amounts of organic matter and dead algae in eutrophic
water bodies consume large amounts of oxygen during decomposition, exacerbating hypoxic
conditions. The release of toxins can kill large numbers of marine organisms and affect the
sustainability of fisheries resources. Historical studies have shown that the sea area of Jianjiang Bay is
of Level IV water quality, with high eutrophication levels in six surveys from 2008 to 2011 (Fu et
al,2014; Fu et al,2015). Nutrient input fluxes in Anpu Bay were slightly higher than those in Jianjiang
Bay and Wailuo Bay. The spatial distribution of each nutrient showed a decreasing trend from
nearshore to offshore regions. The results of the two-end mixing model indicated that there were other
sources of DIN and DIP inputs to Anpu Bay in addition to riverine inputs. Processes of microbial
decomposition, industrial effluents, agricultural and aquaculture discharges, and phosphorus release
from suspended substances (Zeng et al, 2024; Dang et al, 2017) will lead to higher than the simulation
nutrient concentrations in the region (Xu et al., 2021; Huang et al., 2015). Under the joint effect of
different input sources, the bay can still maintain low nutrient concentrations, indicating that the
seawater dilution effect effectively reduces the concentration of nitrogen and phosphorus pollution
from land-based sources. The nutrient input flux of Wailuo Bay is high, and the bay is open. The results
of the Two-End member Mixing Model of Wailuo Bay (S10, S12) ADIN and ADIP show a state of
consumption, and the Chl-a concentration in Wailuo Bay is high, which effectively proves that the
nutrient elements of the bay are absorbed and utilized by marine organisms. The nutrient concentration
in Leizhou Bay (S9) was higher than that in Wailuo Bay, indicating that there was nutrient consumption
in biochemical process and good physical exchange in Wailuo Bay (Fig.S3), which showed a stronger
self-purification ability.

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

Biochemical processes in the ocean are intricately linked to the concentration and balance of nitrogen
and phosphorus nutrients (Gjyli, et al., 2016). Applying the Redfield ratio, where N/P > 16:1 indicates
phosphorus limitation and N/P<16:1 indicates nitrogen limitation, we can assess nutrient limitations.
By analyzing the nitrogen and phosphorus ratios in rivers and bays (Fig.S1), it's evident that rivers
generally have higher TN/TP and DIN/DIP ratios (>16:1), indicating a phosphorus-limited state upon
river discharge into bays. The river carries a large amount of N, causing the input to show a significant
N excess. The TN/TP ratios within inner bays are universally higher than 16:1 but notably lower than
river ratios, indicating a prevalent phosphorus limitation due to river input. When the ratio of nitrogen
and phosphorus in the water is moderate, phytoplankton can make full use of nitrogen and phosphorus
to promote their growth and reproduction. However, when there is phosphorus limitation and excess
nitrogen in the water, phytoplankton may be limited, resulting in phytoplankton not being able to fully
utilise the nitrogen, thus limiting their growth and reproduction. Therefore, changes in the nitrogen-
phosphorus ratio may inhibit phytoplankton growth. By analyzing the DIN / DIP (Fig.9) in Leizhou
Peninsula Bay, it was found that 10 stations in the inner bay were limited by phosphorus, and 9 stations
in the outer bay were limited by nitrogen, except for Wailuo Bay. Phosphorus limitation is prevalent
in estuaries and coastal areas, even though the surveys occurred during winter (i.e. dry season) when
river runoff and nutrient fluxes may be low relative to summer (wet season). This tends to support
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outbreaks of some nitrogen-demanding phytoplankton, and the risk of red tides still exists even in
winter. There was a gradual transition from phosphorus limitation to nitrogen limitation from nearshore
to offshore areas, with nitrogen limitation being more pronounced offshore away from the estuary and
in Wailuo Bay, which is more influenced by external hydrodynamics.

¢ N/P>16:1
¢ N/P<16:1

21.6°N

DIN/DIP

21.4°N

21.2°N

21°N

20.8°N

20.6°N

Ocean Data View

110°E 110.5°E
Fig.9 Comparison of DIN /DIP in coastal bays of Leizhou Peninsula

In winter (i.e. dry season), most coastal waters are phosphorus-limited, and rivers flowing into the
Bay exhibit significant nitrogen excess and phosphorus deficits. This discrepancy is considered a key
factor contributing to phosphorus limitation in the coastal waters of the Leizhou Peninsula, impacting
the bay's water characteristics (Meng, 2016; Jiang et al., 2010). The transition from phosphorus
limitation to nitrogen limitation occurs from nearshore to offshore water bodies. Considering the strong
hydrodynamics of the offshore water body, the ocean circulation and mixing effect diluted the nitrogen
concentration in the seawater and effectively alleviate the phosphorus limitation (Fig.S3). On the other
hand, different phytoplankton have different needs for nitrogen and phosphorus, and their growth and
metabolic processes have a certain effect on the change of nitrogen and phosphorus ratio (Zeng et al.,
2020). Moreover, suspended particulate matter play a role in phosphorus adsorption (Xu et al., 2021),
often depositing with sediments at the bay bottom. Under the action of strong hydrodynamic force, the
suspended particles in the water will be stirred and re-suspended in the water, so that the phosphate in
the water can be supplemented/removed (Liu et al, 2020). The utilization of nitrogen by phytoplankton
is enhanced, and the supplemental release of phosphate by sediments and suspended particles is
accompanied by the weakening of phosphorus loss (sedimentation), and finally the ratio of nitrogen to
phosphorus is regulated. Eutrophication in bays usually results in an imbalance of nitrogen and

20



628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647

648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675

phosphorus. Nitrogen-phosphorus ratio has an effect on phytoplankton community structure and
selection of species. Some phytoplankton prefer to live in the high DIN/DIP (e.g., diatoms), while some
phytoplankton grow with a preference for low DIN/DIP (e.g., dinoflagellates). This can easily lead to
large-scale algal blooms that adversely affect the water ecosystem (Xuan et al.,2012). According to the
historical studies, diatoms have the absolute dominance and the largest number of species in the
Leizhou Peninsula Sea Area, and methanogens are the second largest. There are only 13 species of
green algae (Zhang et al., 2012; Gong et al., 2012; Lin et al., 2014). From the ratio of diatoms to
dinoflagellates, the eastern part of Leizhou Peninsula shows a high diatom ratio nearshore. The overall
species diversity of algae decreases gradually from nearshore to offshore, with an increasing proportion
of dinoflagellates (Gong et al., 2012). This is consistent with the transition from phosphorus limitation
to nitrogen limitation from nearshore to offshore in the eastern part of Leizhou Peninsula as observed
in this study. Historical studies have shown a higher proportion of dinoflagellates in the western coastal
zone of Leizhou Peninsula compared to the eastern coastal zone (Gong et al., 2012). The nitrogen
concentration levels in Anpu Bay in this study are significantly lower than those in the eastern coastal
waters, which may favor the growth of dinoflagellates. Comprehensive control of nitrogen and
phosphorus ratios in water bodies starts with controlling nutrient inputs and interventions in rivers and
coastal areas to reduce the probability of unwanted algal blooms and to maintain the health of water
body ecosystems.

4.3 Management of the Gulf and recommendations

In recent years, eutrophication has become one of the most serious environmental problems in
nearshore water ecosystems. The increasing nutrient sources in rivers have had a great impact on
estuaries and nearshore waters, leading to the deterioration of water quality on land and sea and
increased eutrophication (Liu et al., 2021; Xu et al., 2022). This negatively affects the survival and
reproduction of marine organisms, and may even trigger phenomena such as red tides and hypoxia,
leading to an imbalance in the bay ecosystem, affecting marine biodiversity and ecological balance,
and threatening the sustainable development of local fishery resources. Currently, the environmental
pollution in the nearshore of Leizhou Peninsula is becoming more and more serious, and the water
quality of the nearshore waters of Leizhou Peninsula is gradually deteriorating due to industrial and
domestic wastewater, aquaculture, and pollutants from many rivers in the region (Fu et al. 2014, Xue
etal. 2014, Zhang et al. 2019, Zhang et al. 2022). 2022 Ecological Environment Bulletin of Guangdong
Province shows that the proportion of water quality of poor category 4 is nearly 60 per cent in
Zhanjiang. The proportion of inferior Class IV water quality is close to 60%
(https://gdee.gd.gov.cn/hjzkgb/index.html).

Therefore, during the implementation of the "14th Five-Year Plan for Marine Ecological
Environmental Protection in Guangdong Province™ and the "Programme of Key Engineering Measures
for Marine Ecological Protection and Restoration” (Guangdong Provincial Department of Ecology and
Environment, 2022), the programme should be developed according to the characteristics of the
Leizhou Peninsula. Firstly, the Chengyue River R4 in Leizhou Bay and the Suixi River R1 in Zhanjiang
Bay, which contribute the most to N and P fluxes and have the greatest impact on coastal water quality,
should be strengthened to monitor nutrient discharges from rivers into the sea and to control the total
amount of land-based sources of pollution (Strokal et al. 2017; Duan et al. 2019), so as to reduce the
concentrations in rivers entering the sea. Secondly,it is considered to adjust the industrial structure
along the rivers to effectively reduce the input of nutrients and pollutants from rivers to the bay.

For example, for Jianjiang Bay, which has poor hydrodynamic conditions and serious
eutrophication, consider adjusting the industrial structure. Scientific fertiliser application and
construction of sewage treatment facilities can be implemented. Thirdly, Anpu Bay and Wailuo Bay
have a strong self-purification capacity and can play a sharing role in environmental carrying capacity.
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Enterprises and projects with serious coastal discharges in poor conditions in Jianjiang Bay and
Leizhou Bay can be relocated.

5 Conclusions

This paper presents the nutrient dynamics in key tropical bays of the Leizhou Peninsula and their
inflowing rivers. The study analyzes the regulatory impact of river inflow on bay nutrients,
emphasizing the correlation between nutrient distribution in the bay and river nutrient concentration
and runoff. The bay's water exchange capacity significantly influences its nutrient levels. During winter
(i.e. dry season), the transport of nutrients from rivers to the Bay is regulated simultaneously by a
number of factors such as physical dilution, sediment and suspended particulate matter adsorption and
release, inputs from other sources, and biochemical processes. Phosphorus-limited riverine inputs
influence the nutrient structure characteristic of the Bay. There are significant differences in nutrient
concentrations and eutrophication degree in different bays. The overall trend of nutrients decreasing
from nearshore to offshore during the migration of the river to the offshore, and the DIN/DIP ratio
shows a shift from phosphorus limitation to nitrogen limitation. Some of the bays are at potential risk
of eutrophication in the long term, especially Leizhou Bay and Jianjiang Bay, which have been strongly
influenced by river inputs, and need to be considered and managed in an integrated manner. Wailuo
Bay and Ampu Bay have good self-purification capacity. The eutrophication risk in Zhanjiang Bay is
also affected by both hydrodynamic conditions and turbidity. Factors such as riverine inputs, seawater
dilution effects and urban wastewater discharges have important impacts on nutrient concentrations
and eutrophication degrees in the bays. The study suggests that the nearshore of Leizhou Peninsula
needs to be strengthened to monitor nutrient discharges from rivers to the sea, control the total amount
of land-based pollution sources, and adjust the industrial structure along the rivers, which can help
reduce the risk of water quality deterioration.

Indeed, there are significant differences in the monthly and seasonal effects of riverine inputs on
the nutrient dynamics of the bay, which is particularly important for the study of the effects of river
inputs on the marine nutrient structure, and the monthly and seasonal effects of riverine inputs on
nutrient dynamics of the whole bays need to be further explored in future studies.
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