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Abstract: Land-source inputs into coastal water have increased remarkably in recent years, result-
ing in the deterioration of water quality, eutrophication, and algae blooms. However, we have
limited understanding of spatiotemporal nutrient patterns, stoichiometry, and eutrophication as-
sessment in Tieshan Bay coastal water at present. To investigate the rapid development of the
coastal areas in Tieshan Bay in the South China Sea, nutrients and other physicochemical parameters
were observed in Tieshan Bay during the normal season (April), wet season (July), and dry season
(October) in 2021. The results showed that the average concentrations of dissolved inorganic nitrogen
(DIN), dissolved inorganic phosphorus (DIP), and chemical oxygen demand (COD) in Tieshan Bay
are 0.071 £+ 0.115 mg/L, 0.008 £ 0.013 mg/L, and 0.71 & 0.219 mg/L, respectively. DIN/DIP ratio
ranges from 9.1-69.3, with an average value of 19.9 £ 19.2, which exceeds the Redfield value, be-
having P limitations. In addition, the mean eutrophication index (EI) was low in Tieshan Bay, with
an average value of 0.5 = 1.5. Moreover, the hotspot coastal water with high DIN, DIP, and COD
concentrations was located in the upper half of Tieshan Bay in all seasons. In addition to the DIN,
DIP, and COD contributions to EI, the average contribution rates of DIN, DIP, and COD are 26.6%,
8.8%, and 64.6%, respectively, which leads to the largest contribution of COD to EI. Furthermore,
the average comprehensive index (CI) of organic pollution in Tieshan Bay surface seawater ranged
from —1 to 5.6. The seawater near Hepu in S8 station has organic pollution in wet and dry seasons,
and Tieshan Bay’s middle region also has slight organic pollution. Additionally, the DIN, DIP, and
COD had significant relationships with salinity (p < 0.05), suggesting that coastal water quality is
affected by land-based sources input. To achieve the seawater quality target and mitigate regional
eutrophication, it is critical to implement land-based source management across the river-bay-coastal

water continuum.
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1. Introduction

The past few decades have seen a massive increase in eutrophication along the global
coastline, which, in turn, due to rapid economic development and weak seawater exchange
capacity, has led to an imbalance in ecosystems, a change in the structure of biological
communities, a simplification of the biological composition, and an increase in the fre-
quency, spatial extent, and duration of harmful algal blooms, most of which are caused
by nutrients [1-5]. Nitrogen and phosphorus in the ocean are essential nutrients for phy-
toplankton [1-3]. Primary producers realize their own growth and reproduction through
the absorption of nutrients in water [4]. In recent decades, with the rapid economic de-
velopment of China’s coastal areas, high-intensity human activities have been the main
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factors leading to the deterioration of the ecological environment in the Beibu Gulf [5-9].
With the rapid development of science and technology and the influence of various human
activities, a large number of land-based pollutants have been imported into the ocean,
affecting the eutrophication degree of the waters and changing the biological community
structure of Tieshan Bay [5,10-12]. However, eutrophication often leads to different adverse
reactions by stimulating phytoplankton growth, such as harmful algal blooms resulting
from geographic expansion of waters and increased flowering time, coastal acidification,
and low dissolved oxygen caused by microbial oxygen consumption [13-18].

The waters of Beibu Gulf are located south of the Tropic of Cancer, with a maritime
monsoon climate located in the southern subtropics and high temperatures in summer. re-
sources, allowing the development of oyster and various fish farming practices and marine
tourism to grow [19,20]. As a coastal and riverside region in the west of China, Guangxi
has obvious advantages in terms of location. The problems of the marine environment
have been aggravated by the rapid development of marine industries [21-24]. Tieshan Bay,
as one of the important port areas in Guangxi, is positioned as an important sea outlet
for the future Great Southwest after the approval of the development plan of Beibu Gulf
Economic Zone, which is the main industrial base of Beihai City. The famous Shankou
Mangrove National Nature Reserve is located in Tieshan Bay, within the Dan Dou Sea and
Ying Luo Sea. In recent years, due to the rapid economic development of Tieshan Bay,
pollution from industry, domestic, and aquaculture has been increasing [20,25]. Marine
water pollution investigation and analysis are the basis of marine pollution prevention and
control, marine ecological protection, and restoration compensation and are often used
to evaluate the quality of the marine environment and the effect of ecological protection.
The single factor pollution index evaluation method, the organic pollution index evalu-
ation method, and the comprehensive pollution index evaluation method are relatively
mature water quality evaluation methods that are commonly used to evaluate the pollution
status of water bodies and sediment. The water quality evaluation methods used in this
paper are the single-factor pollution index method and the organic pollution index method.
Currently, there are few studies on multi-season water quality evaluation in the Beibu
Gulf of Guangxi [26-30]. However, we have limited understanding of spatiotemporal
nutrient patterns, stoichiometry, and eutrophication assessment in Tieshan Bay coastal
water at present.

Therefore, nutrients, physicochemical and biological parameters (Temperature, pH,
salinity, dissolved oxygen, and chlorophyll a) were observed in Tieshan Bay in the South
China Sea during the normal season (April), wet season (July), and dry season (October) in
2021. The aim is to identify the spatiotemporal variation in nutrient concentration in Tieshan
Bay, explore the nutrient stoichiometry in Tieshan Bay, and assess the eutrophication status
in Tieshan Bay. The research can help marine managers achieve the seawater quality target
and mitigate eutrophication effects, which are critical to implementing land-based source
control across the river-bay-coastal water continuum.

2. Materials and Methods
2.1. Study Area and Field Monitoring

The sea area near Tieshan Bay is home to the Shankou Mangrove National Nature
Reserve and the Hepu Dugong National Nature Reserve, which are distributed with im-
portant ecosystems such as mangroves and seagrass beds and are also breeding grounds
for important seafood such as pearl shells. And nutrients, as one of the main influencing
factors for the exceedance of water quality standards in our bays, are also an important
biogenic element controlling the growth of marine plants and marine primary productiv-
ity [31-33]. One of the causes of the degradation of seagrass beds is nutrient loading due to
aquaculture [34]. Nutrient concentration also affects the uptake of macroalgae [35], while
water eutrophication potentially affects important marine organisms in the sea area near
Tieshan Bay. Although there have been a few reports of eutrophication and its variability
in Tieshan Bay [25,32,36], there have been no reports of continuous variation in nutrient
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concentrations over time, especially between seasons at fixed stations. This has led to
this paper, which explores the variation in concentrations in Tieshan Bay, Guangxi, in
different seasons.

Sampling investigations were conducted three times by the marine environmental
monitoring center of Guangxi during the corresponding normal water season (February to
April), wet water season (June to August), and dry water season (October to November)
in 2021 based on seasonal hydrological change. Based on the monitoring stations in the
field investigation, eight seawater samples were collected from Tieshan Bay surface water
during each season (Figure 1), of which station S8 was located within Tieshan Bay near
Hepu waters, S1 near Tieshan Bay, S2 near Shatian Town, S3 at the mouth of Beibu Gulf, and
the other stations were located in Beibu Gulf in the waters off Beibu Gulf [37]. The seawater
samples were collected from Tieshan Bay seawater monitoring stations, which covered
the high, medium, and low salinity gradients. Based on the seasonal rainfall variations in
Tieshan Bay, data were collected from eight seawater stations with different salinities in
April (normal season), July (wet season), and October (dry season) to estimate the effect of
salinity gradients on nutrients. The 5-L Plexiglas water collection bottle was used to collect
2.5 L of surface seawater (0.5 m depth) from Tieshan Bay. Water samples were collected
using a portable sampler. All water samples were transported to the laboratory, filtered
through a 0.45 um glass fiber membrane, and then stored in glass bottles cleaned with
ultrapure water. Water samples were stored in a refrigerator (—18 °C) prior to analysis.

Beibu Gulf

109.2°E 109.4°E 109.6°E

110°E 112°E 14E

Figure 1. Study area and monitoring stations in Tieshan Bay.

2.2. Data Processing and Analysis

The map of Beihai monitoring station in Guangxi is drawn by ArcGIS. Pearson cor-
relation analysis (Relationship between DIN in different seasons: p > 0.05) was used to
investigate the relationship between nutrients in different seasons in the sea area. p < 0.05
was considered a significant difference, and all statistical analyses were conducted under
SPSS17.0 software. Ocean Data View 5.6.5 software is used to draw the spatial distribution
map of DIN, DIP, COD concentration, EI, and organic pollution index. The DIN/DIP
map, the linear fitting of salinity and nutrients, organic pollution index and pH, and the
correlation heat map of nutrients and various environmental factors in the surveyed sea
area were also drawn with Origination. 2018 software. Excel 2019 software was used for
data processing, and the data in this paper were expressed as arithmetic mean =+ standard
deviation (Mean + SD) [38].
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2.3. Statistical Method
2.3.1. Assessment of DIN and DIP Pollution Degrees in Tieshan Bay

According to the evaluation method of seawater quality, DIN pollution is usually
evaluated by the single factor pollution index (P;) method proposed [39]. The calculation
formula is as follows:

P =CGCi/S;

where C; and S; are DIN measured data and evaluation standard values, respectively.
This paper uses our national class I seawater quality standard DIN < 0.20 mg/L, class II
seawater quality standard DIN < 0.30 mg/L evaluation, class Il seawater quality standard
DIN < 0.40 mg/L, and class IV seawater quality standard DIN < 0.50 mg/L evaluation [40].
When P; > 1, it is regarded as exceeding the standard water quality and the water body has
been polluted; when P; < 1, it indicates that the water body is not polluted, and the degree
of pollution of the water body increases with the increase in C value. Three of the eight
study stations are Class I seawater stations, three are Class II seawater stations, and two
are Class IV seawater stations.

2.3.2. EI Assessment in Tieshan Bay

In order to comprehensively evaluate the eutrophication level of the coastal water of
the North Sea, this paper applies the integrated index method to calculate the EI based on
COD, DIN, and DIP survey data [41,42]. The formula is as follows:

_ Ccop x Cpin x Cpyp 6
El = 4500 10

where Ccop, Cpin, and Cpjp are the concentrations of COD, DIN, and DIP, respectively,
in mg/L. When the index EI > 1, it means that the sea water is eutrophic, and the larger
the EI value, the more serious the eutrophication.

2.3.3. Contribution of COD and Nutrients to EI in Tieshan Bay

Since COD and nutrient indicators are multiplied together in the EI calculation, it
is difficult to calculate the contribution of COD and nutrients concentrations directly.
Therefore, we modified the equation to include both sides of the equation with a base of 10.
In order to ensure that the logarithm of the chemical pollutant concentration is positive, the
two sides of the equation are multiplied by 1000 to express the resulting logarithm, which
can be expressed as [43]:

log4500, 000EI = lOglOOOCCOD + lOglOOOCD[N +10g1000Cp1p

Therefore, the contribution of nutrients (eg. DIN) and COD concentration to EI can be
expressed as:
- lOglOOOCD[N

= O8PEDIN g9,
10g4500, 000E]

E DIN (°/o>
where Ccop, Cpin, and Cpjp are the concentrations of COD, DIN, and DIP, respectively,
in mg/L. El is the eutrphication index.

2.3.4. CI of Organic Pollution Assessment in Tieshan Bay

In order to comprehensively evaluate the degree of organic pollution in Tieshan Bay’s
coastal water body, the organic pollution comprehensive evaluation method was used to
calculate the organic pollution CI based on DIP, DIN, COD, and DO survey data. The Cl is
calculated according to the evaluation formula. For CI, if 1 < CI < 3, the seawaterisin a
condition of slight organic pollution. If CI > 3, the sea water is at a serious pollution level.

C C C C
Cl = —COD | =DIN | ©DIP , *DO

- /! ! / /
CCOD CDIN CDIP CDO
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where Cl is the organic pollution index, Ccop, Cpin, Cpip, and Cpp are the measured
concentrations of COD, DIN, DIP, and DO, respectively; and COD’, DIN’, DIP’, and DO’
are the standard values for the class I categories of COD, DIN, DIP, and DO in the Sea
Water Quality Standard of China [40], which are 2 mg/L, 0.2 mg/L, 0.015 mg/L, and
6 mg/L, respectively.

3. Results
3.1. Spatiotemporal Nutrient Concentration Variation in Tieshan Bay
3.1.1. Spatiotemporal DIN Concentration Variation in Tieshan Bay

During the survey period in 2021, the average concentration of DIN in the surface
layer of Tieshan Bay coastal water was 0.071 & 0.115 mg/L, with a concentration range of
0.003-0.441 mg/L (Figure 2). The average concentration of DIN in the normal water season
was 0.065 £ 0.072 mg/L, with a concentration range of 0.004-0.192 mg/L (Figure 2a), the
highest value. The highest values were found in the sea area near Tieshan Bay in Beihai, in
the middle region. The average concentration of DIN in the wet water flow season was
0.056 £ 0.106 mg/L, ranging from 0.004 to 0.327 mg/L (Figure 2b), with the horizontal
distribution showing a decreasing trend from the near shore to the far shore, and the highest
value occurring in the sea area near Hepu at station S8. The average DIN concentration
in the dry season was 0.091 £ 0.150 mg/L, ranging from 0.003 to 0.441 mg/L (Figure 2c),
and the horizontal distribution showed a decreasing trend from the near shore to the far
shore, with the highest value occurring in the sea area near Hepu at station S8. Tieshan
Bay in Beihai is one of the important harbors in Guangxi, located at the northeastern end
of Beibu Gulf. It is a long and narrow trumpet-shaped bay surrounded by land on three
sides, with its mouth facing south, and is adjacent to Yingluo Port at the border between
Guangdong and China [44]. Station 8 is located in this trumpet-shaped bay, and in recent
years there has been a boom in coastal marine development, mainly shrimp aquaculture,
which has led to a significant increase in pollutants from aquaculture itself, which may be
an important reason for the highest DIN concentration at Station 8. In general, there was
no significant difference in DIN concentration in Tieshan Bay surface seawater between
dry, wet, and normal seasons (p > 0.05).
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Figure 2. Spatiotemporal variation of DIN concentration during the normal season (a), wet season (b),
dry season (c), and annual season (d) in Tieshan Bay.
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3.1.2. Spatiotemporal DIP Concentration Variation in Tieshan Bay

During the survey period in 2021, the mean surface DIP concentration in the North
Sea near the sea was 0.008 & 0.013 mg/L, with a range of 0.001-0.058 mg/L. (Figure 3) The
mean DIP concentration during the normal water season was 0.004 & 0.004 mg/L, with
a range of 0.001-0.011 mg/L (Figure 3a), with the highest value occurring in the sea near
the North Sea at Tieshan Bay Middle Region. The average concentration of DIP during the
wet water season was 0.005 £ 0.010 mg/L, ranging from 0.001 to 0.032 mg/L (Figure 3b),
and the horizontal distribution showed a decreasing trend from near shore to far shore,
with the highest value occurring in the sea area near Hepu at station S8. The average
DIP concentration in the dry water flow season was 0.014 & 0.018 mg/L, with a range of
0.002-0.058 mg/L (Figure 3c), and the horizontal distribution showed a decreasing and
increasing trend from the near shore to the far shore, with the highest value occurring in
the sea area near Hepu at station S8. During the investigation period, Tieshan Bay surface
seawater was still within the normal range of the national seawater quality standard, but
only local waters exceeded the pollution index and the water was polluted, and the polluted
waters exceeded the standard more in the dry season than in the normal and wet seasons.
On the one hand, this may be due to the decrease in water temperature in autumn, which
reduces the absorption of nutrients by phytoplankton in seawater, leading to a gradual
increase in DIP content in the water body [45,46]. On the other hand, during the dry
season, industrial inputs from inland over a short period of time result in high DIP levels
in Ambassador seawater due to reduced precipitation in the North Sea [47-49]. In general,
DIP concentration in Tieshan Bay surface seawater varies significantly between the dry
season, wet season, and normal season (p < 0.05).

DIP[mg/L] DIP[mg/L]
.04

BAeiqu
109.2°E  109.4°E 109.6°E 109.8°E

DIP[mg/L]

B‘eibu
109.2°E  109.4°E 109.6°E 109.8°E

DIP[mg/L]

Beibu Gulf
-

0 8
109.2F 109.4°E 109.6°E  109.8°E 109.2°E 1094°E  109.6°E 109.8°E

Figure 3. Spatiotemporal variation of DIP concentration during the normal season (a), wet season (b),
dry season (c), and annual season (d) in Tieshan Bay.

As can be seen from Table 1, the range of the DIP pollution index in this investiga-
tion area was 0.033-1.289, with a mean value of 0.232 4 0.294. The mean value of the
DIP pollution index was 0.033-0.467 in the normal water season, with a mean value of
0.153 & 0.138 and a station exceedance rate of 0.0%; the mean value of the DIP pollution
index was relatively high in the wet water season, with a range of 0.033-0.711, a mean
value of 0.135 &£ 0.218, and a station exceedance rate of 0.0%; the DIP pollution index was
relatively high in the normal water season and the wet water season. The mean index was
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0.409 £ 0.381, and the exceedance rate at the stations was 12.5%. The surface seawater near
the coast was generally not polluted by DIP during the normal water season, except for
the sea near the bay in front of station 8 P; >1, which exceeded the national water quality
standard of Class IV. Compared with the normal water flow season, there were no stations
in the study area that exceeded the standard during the wet season, but the extent of the
wet season was larger than that of the normal water flow season, and the maximum extent
was also larger than that of the normal water flow season. In the dry water flow season,
one station exceeded the standard, of which eight stations exceeded the standard more
seriously near Hepu, which is close to the industrial inlet and may be an important reason
for the exceedance of the DIP concentration. In general, the degree of surface seawater DIP
pollution in this surveyed area was higher in the dry water flow season than in the wet
water flow season than in the normal water flow season.

Table 1. Pollution evaluation of DIN and DIP.

Projects Average Single Factor Single Factor Pollution Station Exceedance
Pollution Index Index Range Rate (%)
DIN normal water flow Season 0.174 +0.143 0.002~0.384 0.0
DIN wet water flow season 0.120 4= 0.209 0.013~0.654 0.0
DIN dry water flow season 0.203 £ 0.294 0.010~0.882 0.0
DIP normal water flow Season 0.153 + 0.138 0.033~0.467 0.0
DIP wet water flow season 0.135 £ 0.218 0.033~0.711 0.0
DIP dry water flow season 0.409 £ 0.381 0.067~1.289 12.5

3.1.3. Spatiotemporal COD Concentration Variation in Tieshan Bay

During the survey period in 2021, the average surface COD concentration in the
North Sea near coastal waters was 0.71 £ 0.22 mg/L, with a concentration range of
0.40-1.50 mg/L (Figure 4). The average COD concentration in the normal water flow
season was 0.74 £ 0.23 mg/L, with a concentration range of 0.48-1.27 mg/L (Figure 4a),
and the highest concentration was found in Hepu. The highest concentrations were found
in the waters near the Beihai Sea near Hepu. The average COD concentration in the wet
water flow season was 0.70 & 0.34 mg/L, ranging from 0.40 to 1.50 mg/L (Figure 4b), with
the horizontal distribution showing a decreasing trend from the near shore to the far shore,
with the highest value occurring in the sea area near Hepu. The average COD concentra-
tion in the dry water flow season was 0.69 &+ 0.23 mg/L, with a range of 0.44-1.24 mg/L
(Figure 4c), and the horizontal distribution showed a decreasing trend from the near shore
to the far shore, with the highest value occurring near Hepu. In general, there was no
significant difference in COD concentration in Tieshan Bay surface seawater between dry,
wet, and normal seasons (p > 0.05).

3.2. Spatiotemporal DIN/DIP Variation in Tieshan Bay

The normal DIN/DIP values of Marine phytoplankton ranged from 12 to 22, with
an average Redfield ratio of 16 [50]. The range of nitrogen and phosphorus available in
aquatic environments is considered optimal for phytoplankton growth [51,52]. In eutrophic
waters, where both nitrogen and phosphorus are wetter, DIN/DIP values are often seen
as determining the occurrence of red tides. In the Tieshan Bay offshore water body, some
DIN/DIP values are far more prominent than the normal values, showing the characteristics
of N limitation. For example, in the rainy season of station 1 (Figure 5), DIN/DIP in the
normal period ranges from 9.1 to 51.4, with an average value of 30.2 £ 13.2. Among
them, only S3 and S4 had DIN/DIP of less than 16, which is related to the fact that S3 and
54 are far from the river estuary and not affected by land-based pollutants. Compared
with other seasons, DIN/DIP in the normal season was higher than normal, showing the
characteristics of nitrogen limitation. DIN/DIP varied from 9.1 to 69.3, with an average
value of 19.9 + 19.2. Among them, only Tieshan Bay and Hepu exceeded 16, which was
related to the proximity of Tieshan Bay and Hepu to the estuary of the river, resulting
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in more nutrients in the water than other stations, and the DIN/DIP ratio was within
the normal range, showing relatively nitrogen-limited characteristics. In the dry season,
DIN/DIP ranged from 3.0 to 20.0, with an average value of 8.3 &+ 6.6. Similarly, only
Tieshan Bay and Hepu exceeded 16, and DIN/DIP was lower than the normal value,
showing the characteristics of phosphorus limitation. On the whole, DIN/DIP ranged
from 1.3 to 30.3, with an average of 8.5 & 7.3. The mean value of DIN/DIP in the Tieshan
Bay sea area is within the normal range. On the whole, N is relatively excessive and P is
relatively insufficient in the Marine water body, showing the N-limiting characteristics,
which may affect the primary productivity, species distribution, and ecosystem structure
of phytoplankton in the Tieshan Bay offshore water body [53,54]. In general, there was no
significant difference in DIN/DIP concentration in Tieshan Bay surface seawater between
dry, wet, and normal seasons (p > 0.05).
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Figure 4. Spatiotemporal variation of COD concentration during the normal season (a), wet season (b),
dry season (c), and annual season (d) in Tieshan Bay.

3.3. Spatiotemporal EI Variation in Tieshan Bay

The EI of the study area ranged from 0.0 to 7.1, with a wide range of variation and a
mean value of 0.5 £ 1.5, indicating that the overall nutrient index of the North Sea coastal
water was low. The El in surface seawater in the dry water flow season ranged from 0.0 to
7.1, with a mean value of 1.0 & 2.5 (Figure 6). The EI in surface waters in the dry water
flow season ranged from 0.0 to 3.5, with a mean value of 0.4 & 1.2, which was 0.6 lower
than that in the dry water flow season. The mean values of EI in the dry water flow season
were significantly higher than those in the wet and dry seasons, which indicated that the
eutrophication in the whole North Sea coastal area was higher in the wet season than
in the dry water flow season, probably due to the influence of rainfall during the wet
season, which led to a significant increase in river runoff and a higher flux of pollutants
from land-based sources to the sea. Further spatial analysis showed that the EI in surface
seawater at eight stations located near the North Sea was 7.1 in the dry water flow season,
with higher DIN concentrations than in the wet and normal seasons, probably due to an
increase in eutrophication in the dry water flow season as a result of lower precipitation
and a decrease in the amount of water entering the sea while the flux of marine pollutants
remained unchanged. However, the EI in the surface seawater in the wet and dry seasons
showed severe eutrophication, with EI of 3.5 and 7.1, respectively, and the concentrations of
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DIP, DIN, and COD in the surface seawater at this station were all high in the wet and dry
seasons, resulting in high eutrophication in the surface seawater. In dry water flow season,
wet season, and normal season, the stations with EI > 1 accounted for 12.5%, 12.5%, and
0.0% of the total surveyed area in the North Sea. This indicates that the eutrophication of
surface seawater in the coastal areas of the North Sea is generally low in the normal water
flow season, but the eutrophication problem is still prominent in the dry and wet water
seasons. In general, there was no significant difference in EI concentration in Tieshan Bay
surface seawater between dry, wet, and normal seasons (p > 0.05).

70

(a) Normal Water Flow Season L AN/P
60

40 b

A

20 / N/P=16 //
| 0

S2 S3 S4 S5 S6 S7 S8
Stations

(b) Wet Water Flow Season ) N/P

\
N

DI

70

NWEEN

60

40

N/P

30

20 - / N/P=16 z

o 97

S1 S22  S3 S5 S8
Stations
70
(¢) Dry Water Flow Season i N/P‘
60
50 |
40
&
Z
30 |
20F N/P=16
[Z77A

SI S2 S3 S4 S5 S6 S7 S8
Stations

Figure 5. Spatiotemporal variation of DIN/DIP during the normal season (a), wet season (b), and
dry season (c) in Tieshan Bay.
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Figure 6. Spatiotemporal variation of EI concentration during the normal season (a), wet season (b),
dry season (c), and annual season (d) in Tieshan Bay.

3.4. Contribution of Nutrients to EI

Elin the study area ranged from 0.0 to 7.1, with a wide range of variation (Figure 7).
The mean value of EI was 0.5, indicating that the overall El in the waters of the Northwest
China Sea of Guangxi is at a low level. Epy (%) ranged from 13.5% to 37.5%, with a mean
value of 26.6%. Eprp (%) ranged from 0.0% to 23.5%, with a mean value of 8.8%. Ecop
(%) ranged from 41.2% to 82.3%, with a mean value of 64.6%. The EI values varied during
different periods of water flow. During the normal flow season, Ep;n (%) ranged from
17.7% to 36.8%, with a mean value of 30.7%. Ep;p (%) ranged from 0.0% to 16.8%, with a
mean value of 7.9%. Ecop (%) ranged from 46.4% to 82.3%, with a mean value of 61.3%.
During the wet flow season, Epjn (%) ranged from 17.7% to 37.5%, respectively, with a
mean value of 25.4%. Epp (%) ranged from 0.0% to 20.9%, with a mean value of 3.3%.
Ecop (%) ranged from 44.1% to 82.3%, with a mean value of 71.3%. During the dry water
season, Epyyn (%) ranged from 13.5% to 35.5%, with a similar mean value to the wet water
season (23.6%). Epjp (%) ranged from 8.1% to 23.5%, with a mean value of 15.2%. Ecop
(%) ranged from 41.2% to 77.9%, with a mean value of 61.2%.

The contribution of DIN in normal seasons is greater than that in wet and dry sea-
sons, which may be due to the high DIN in water due to low precipitation, insufficient
stream input, weak stream dilution, and high terrigenous pollutant input in normal sea-
sons [47-49,55,56]. Is positively correlated with EI nonlinear fitting (p < 0.05). The large
difference in the mean values Ep;p (%) of the three seasons indicates that the DIP contri-
bution to eutrophication is different in seasons, which may be related to changes in water
temperature and salinity. In the dry current season, when low water temperatures and
low salinity are not conducive to plankton growth and reproduction, DIP contributes the
most [45,46]. Is positively correlated with EI nonlinear fitting (p < 0.05). Ecop (%). The
average value is higher in the wet period, and the COD contribution increases in the wet
period. When the precipitation is large, the terrigenous pollutants will be brought into the
ocean, resulting in an increase in water nutrients [47-49,55,57]. Is negatively correlated
with EI nonlinear fitting (p < 0.05).
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Figure 7. Contribution of DIN, DIP, and COD to EI for three seasons in the surface waters of the
Northwest Guangxi Sea.

3.5. Spatiotemporal CI Variation in Tieshan Bay

During the 2021 survey period, the mean concentration of CI in Tieshan Bay surface
seawater was 0.0 + 1.6, and the concentration ranged from —1 to 5.6 (Figure 8d). The
average CI concentration in the plain water season was —0.2 £ 0.7, and the concentration
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ranged from —0.8 to 1.0 (Figure 8a), and the organic pollution in the plain water season did
not exceed the standard. In the wet season, the average concentration of CI was —0.2 £ 1.5,
ranging from —1 to 3.3 (Figure 8b), and the horizontal distribution showed a gradually
decreasing trend from nearshore to farshore. In addition, the waters near Hepu showed
slight organic pollution. In the dry season, the average concentration of CI was 0.5 £ 2,
and the concentration ranged from —0.9 to 5.6 (Figure 8c). Serious organic pollution was
located in the sea area near Hepu, and slight organic pollution also occurred in Tieshan
Bay [54]. In general, there was no significant difference in CI concentration in Tieshan Bay
surface seawater between dry, wet, and normal seasons (p > 0.05).

Cl (&)

109.2°E 109.4°E 109.6°E 109.8°E ) OB.2°E 105.4°E 100.6°E  100.8°E

Beibu Gulf
-
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109.2°E 109.4°E 109.6°E 109.8°E

Figure 8. Spatiotemporal variation of CI concentration during the normal season (a), wet season (b),
dry season (c) and annual season (d) in Tieshan Bay.

4. Discussion
4.1. Comparison of DIN, DIP, and COD in Tieshan Bay with Those of Other Chinese and World

In comparison, Tieshan Bay’s DIN, DIP, and COD are comparable with most areas
listed in Table 2. The mean DIN concentration was lower than that in Qinzhou Bay,
Fangchenggang, Bohai Bay, Daya Bay, Pearl River Estuary, the Rhone River, and the
Mississippi River estuaries [58-61]. In contrast, Tieshan Bay’s DIN, DIP, and COD are
comparable with most areas listed in Table 2. The mean DIN concentration was lower
than that in Qinzhou Bay, Fangchenggang, Bohai Bay, Daya Bay, Pearl River Estuary, the
Rhone River, and the Mississippi River estuaries [4,58-65]. The average DIP concentration
of Tieshan Bay is higher than that of Bohai Bay and Daya Bay [4,60,61], while the average
DIP value was lower than that in other regions. In terms of COD, Tieshan Bay is smaller
than that of Qinzhou Bay, Fangchenggang, Bohai Bay, Daya Bay, Pearl River Estuary, the
Rhone River, and the Mississippi River estuaries [4,58-65] (Table 2). The average DIP
concentration of Tieshan Bay is higher than that of Bohai Bay and Daya Bay [4,60,61], while
the average DIP value was lower than that in other regions. In terms of COD, Tieshan
Bay is smaller than that of Qinzhou Bay, Fangchenggang, Bohai Bay, Daya Bay, Pearl River
Estuary, the Rhone River, and the Mississippi River estuaries [4,60-65] (Table 2).
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Table 2. Comparison of DIN, DIP, COD, EI, and DIN/DIP in Tieshan Bay with those of other Chinese
and world estuaries.

DIN DIP COD
Area (mg/L) (mg/L) (mg/L) EI DIN/DIP References
Oinzhou Bay 0.21 0.018 1.44 1.73 35-154 [58,66,67]
Fangchenggang Bay  0.126 0.019 Nd Nd Nd [59]
Bohai Bay 0.125 0.002 1.81 Nd Nd [60,61]
Daya bay 0.128 0.005 Nd Nd Nd [4]
Pearl River Estuary 0.688 Nd 1.02 8.64 42.6 [18,62]
Zhenzhu Bay Nd Nd Nd 152 Nd [66]
Lianzhou Bay Nd Nd Nd 28.48 Nd [66]
Yellow River Estuary Nd Nd Nd 0.56 51.1 [68]
Rhone River 1.876 0.017 Nd Nd 110.7 [63,64]
Estuary, France
Mississippi River 1.125 0.029 Nd Nd 38.31 [65]
Tieshan Bay 0.071 £ 0.115 0.008 £+ 0.013 0.71 £ 0.219 0.519 £+ 1.536 30.2 +£13.2 This study

Nd: no data.

In contrast, Tieshan Bay’s EI and DIN/DIP are comparable with most of the sea
areas listed in Table 2. The average EI concentration was lower than that in Qinzhou Bay,
Zhenzhu Bay, Lianzhou Bay, the Yellow River Estuary, Pearl River Estuary, the Rhone
Estuary, and the Mississippi Estuary [18,63—-68]. The DIN/DIP of Tieshan Bay is lower than
that of Qinzhou Bay and the Yellow River Estuary, Pearl River Estuary, the Rhone Estuary,
and the Mississippi River Estuary [18,63-69].

4.2. Effects of the Riverine Freshwater Input on DIN, DIP, and COD in Tieshan Bay

In this paper, based on the DIP, DIN, COD, and salinity survey data of Guangxi Beihai
in 2021, origin is applied to carry out linear fitting between each group of data and salinity,
aiming to comprehensively evaluate the linear relationship between salinity and nutrients
in coastal water in Beihai. The results show that the linear fitting correlation coefficients
R between salinity, DIP, DIN, and COD are all above 0.50, and the significant difference
p is also less than 0.05 [41]. The slope of the fitting curves of each group of data with the
same salinity is very similar, which further indicates that nutrients change with the change
of salinity (Figure 9). It can be shown that in 2021, COD, DIN, and DIP of all stations in
Beihai, Guangxi, will be affected by salinity and present a significant negative correlation,
namely “low salinity and high nutrients, high salinity and low nutrients” [42,70,71].

There is a significant negative linear relationship between DIN, DIP, and COD and
salinity in Tieshan Bay coastal water in each season (p < 0.05) (Figure 9), proving that the
main controlling factor of DIN, DIP, and COD spatial changes may be the input of fresh
water in rivers [12,28,72]. However, the decreasing trend of different environmental factors
with salinity may be related to the degree of freshwater input and land-based pollutant
input [68,73]. Compared with DIN and DIP, the COD concentration declines more rapidly
with more freshwater input. [74,75]

4.3. Seawater Acidification and the Effect of Stream Input on Organic Pollution

The linear fitting of Tieshan Bay organic pollution index with salinity and pH in 2021
was conducted to comprehensively evaluate the linear relationship between salinity and
organic pollution index and pH and organic pollution index in Tieshan Bay coastal waters
(Figure 10) [76]. The results show that the linear fitting correlation coefficients R? of salinity,
pH, and organic pollution index are all greater than 0.50, and the significant difference p
was also less than 0.05, showing a significant negative correlation. The results show that
organic pollution is related to seawater acidification and freshwater input [41,75,77].
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4.4. Key Environmental Factors Affecting Nutrients in Tieshan Bay

It shows the significant differences between different nutrients and environmental
factors in 2021 (Figure 11). The results showed that there were significant differences in
salinity and nutrients during 2021 (p < 0.05), N — NO; (p <0.05), N — NO, (p<0.05), N HZ'
(p < 0.05), DIN (p < 0.05), DIP (p < 0.05), COD (p < 0.05), and Ep;p (p > 0.05) that showed a
significant negative correlation with salinity. In addition, salinity is positively correlated
with Ecop (p < 0.05). But salinity was not significantly different from Ep;y (p < 0.05).
There was a significant positive correlation between DIN and nitrogen (p < 0.05). DIP
was positively correlated with nitrogen and Epjp (p < 0.05) and has a significant negative
correlation with Ecop (p < 0.05), but there was no significant difference with Epyy (p > 0.05).
The results show that COD, DIN (p < 0.05), and DIP (p < 0.05) showed a significant positive
correlation. In addition, it can be concluded that in the relationship discussed in this paper,
COD, DIN, and DIP all increase with the increase of nitrogen content in the environment
and decrease with the increase of salinity content [78,79]. All kinds of environmental factors
are related to nutrients because water affects the reproduction rate of primary producers by
changing the water temperature, salinity, and pH, and the number of primary producers
determines the amount of nutrients. When primary producers reproduce quickly, nutrients
in seawater are rapidly absorbed [45,46,80]. Tieshan Bay coastal eutrophication and organic
pollution are affected by water temperature and pH, indicating that acidification of seawater
and warming of water temperature in summer will cause nutrient changes [77]. In addition,
eutrophication may be related to other factors, such as the period of water level surge (July)
in water bodies [81-83]. It is worth noting that the water flow retention time (WRT) in
marine waters is generally not too long; when rainfall is high, the river flow is fast, resulting
in a decrease in the WRT; when rainfall decreases, the river flow is slower, and the WRT
increases. The longer the WRT time is, the more suitable the conditions are for algal bloom,
colonization, and growth in marine waters [84-87]. In addition, Chl-a was significantly and
positively correlated with DIP and COD during the period of water level surge, i.e., high
rainfall (p < 0.05), while Chl-a and nutrients were all differentially and non-significantly
correlated with each other when the rainfall was low (p > 0.05) [88,89]. Thus, this study
confirmed that the WRT may lead to the accumulation of nutrients and eutrophication
conditions in the bay [90].

6 6
0 O (I O O CI
5k 5
4t 4+
3F O 3L
O @)
2 Y =2249-073X 2F Y =8423-1037X
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Figure 10. The linear regression relationships between CI, Salinity, and pH.
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Figure 11. Significant differences between different nutrients and environmental factors.

5. Conclusions

In summary, this study explored spatiotemporal nutrient patterns, stoichiometry, and
eutrophication assessment in Tieshan Bay coastal water in 2021. The results showed that
nutrient concentrations varied seasonally, with the highest concentrations of COD occurring
during the rainy season. This is associated with high rainfall during the wet season, the
flushing of land-based pollutants into the sea by rainwater, and increased freshwater input.
Overall, the hotspot coastal waters with high DIN, DIP, and COD concentrations were
located in the upper region of Tieshan Bay in all seasons. Moreover, DIN concentrations
were higher relative to DIP based on Redfield values, indicating the presence of P limitation
in Tieshan Bay. In addition, the average contributions of DIN, DIP, and COD to EI were
26.6%, 8.8%, and 64.6%, respectively, indicating that COD is an important factor in the
eutrophication process of seawater. Furthermore, DIN and DIP increased with EI, while the
opposite was true for COD, with DIN, DIP, and COD negatively correlated with salinity
(p < 0.05), suggesting that coastal water quality is affected by land-based source input.
Furthermore, organic pollution was most severe in the dry season, and organic pollution
affected by freshwater input may lead to seawater acidification. To achieve the seawater
quality target and mitigate eutrophication effects, it is critical to implement land-based
source management across the river-bay-coastal water continuum.
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