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Abstract: Global fisheries’ production has intensified rapidly over recent decades, making
significant contributions to food security and economic development. However, this growth
has exerted pressure on marine ecosystems and altered coastal nitrogen cycling. This study
focused on Sansha Bay, an important aquaculture harbor in SE China, with measurements
of environmental parameters and nitrate N–O isotopic compositions, to explore the impact
of distinct mariculture types on nitrogen cycling in a coastal farming bay. The mean nitrate
concentration was 120.7 ± 24.2 µmol dm−3, with a mean N/P ratio of 69.6 ± 19.6, indicating
that the water column is in a state of eutrophication. Different aquaculture practices
influence the nutrient status of water, with mixed farming (shellfish, seaweed, and fish)
increasing nitrate concentrations and reducing N/P ratios, while seaweed farming reduces
nitrate concentrations and increases N/P ratios. In spring, the average δ15N and δ18O
values of nitrate in the water column were 8.4‰ and 8.7‰, respectively, compared with
values of 9.8‰ and 4‰ recorded previously in winter. Such variation may be attributed to
the greater influence of seaweed farming in spring when nitrate cycling is driven mainly
by assimilation. In terms of aquaculture type, nitrate assimilation was stronger in seaweed
farming zones, and nitrification was more pronounced in mixed farming zones. Overall,
the results demonstrate that different mariculture types in Sansha Bay influence nitrogen
cycling in the water body, with seaweed-based aquaculture systems contributing to the
sustainable development of marine aquaculture by effectively mitigating eutrophication.

Keywords: marine aquaculture; stable nitrogen isotopes; nitrate source; eutrophication;
Sansha Bay

1. Introduction
Nitrogen is an essential nutrient for life, and its cycling in coastal environments is

influenced by complex fluid dynamics, biochemical processes, and human activity [1–5]. The
input of reactive nitrogen (RN) into the human biosphere is estimated to have increased
from 5.4 Tg N in 1980 to 15.4 Tg N in 2010 [6]. Phytoplankton growth in coastal waters
is mainly limited by nitrogen and phosphorus, and elevated nitrogen and phosphorus
concentrations can significantly increase phytoplankton biomass and growth rate [7]. Excess
nitrogen input into the oceans has triggered a range of ecological and environmental
consequences in coastal waters, including eutrophication, seasonal hypoxia, and algal
blooms [8–11]. The tracking of nitrogen sources and an understanding of nitrogen cycling
processes in coastal ecosystems are thus vital to the remediation of such problems.
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With the increasing global demand for seafood, fisheries and aquaculture are expand-
ing rapidly. Between 2000 and 2019, global aquaculture production increased from 43
million tons to 120.1 million tons, representing an increase of nearly 180% [12]. Since 1970,
~2.1 Tg N has been introduced into aquatic environments annually through aquaculture
feed [13], seriously impacting coastal nitrogen cycling [14,15]. Previous studies have in-
dicated that nitrogen cycling in aquacultural areas may be closely related to the type of
aquaculture practiced [16,17]. For example, in fish farming areas, feed conversion efficiency
is only 20–25% [18], resulting in the accumulation of substantial amounts of unabsorbed
nutrients and waste in the water [19–21]. This accumulation may lead to hypoxic conditions
in sediments and promote ammonium (NH4

+) production [22]. In contrast, in seaweed
farming areas, seaweed reduces nutrient concentrations in the water, converting nutrients
to valuable algal biomass, thereby improving water quality and alleviating eutrophica-
tion [23–26]. With the rapidly growing marine aquaculture industry in China, and its
complex and unique systems in coastal farming, analysis of the impacts of different types
of aquacultures on nitrogen transformation and migration is essential.

Dual isotopic measurements on dissolved nitrate (δ15N-NO3
− and δ18O-NO3

− values)
have become powerful tools in elucidating nitrogen sources and transformation processes
in marine systems [27–40]. Different nitrogen sources can be differentiated on the basis
of their distinct nitrate (NO3

−) dual isotopic compositions [41,42]. For example, nitrogen
derived from manure and sewage typically has higher δ15N values (10‰–20‰), while δ15N
values in soil, fertilizers, and atmospheric deposition are lower (−5‰ to +10‰) [41,42].
The δ18O values of atmospheric deposition (>50‰) are much higher than those associ-
ated with other oxygen sources (<25‰) [43]. Consequently, dual NO3

− isotopic com-
positions are used extensively in tracing biogeochemical processes such as nitrification,
denitrification, N2 fixation, and phytoplankton assimilation. During assimilation and
denitrification, phytoplankton and microorganisms preferentially absorb lighter isotopes
(14N and 16O), leading to the enrichment of 15N and 18O in residual nitrate in the water
column [44–46]. Nitrification reduces nitrate δ15N values, while organic nitrogen produced
through N2 fixation may increase the proportion of 14N in seawater during remineraliza-
tion [47]. Bayesian models can be used to quantify the relative contributions of different
nitrogen sources to seawater, based on their isotopic signatures, thereby identifying the
major sources of pollution [1,4,48,49]. Lao et al. found that the primary sources of nitrate
along the western coast of Guangdong Province are fecal matter and wastewater [1]. This
indicates that, despite the westward flow of diluted water from the Pearl River, the nitrate
levels in the coastal areas of western Guangdong are primarily influenced by local urban
activities. These findings provide a scientific basis for regional water quality management.
Coupled processes of nitrification and denitrification play crucial roles in controlling the
dynamics and fate of nitrate in estuarine and coastal environments [50]. Therefore, a deeper
understanding of nitrogen sources and nitrogen cycling in the marine environment can be
achieved by the analysis of dual NO3

− isotopic compositions.
Sansha Bay in SE China is home to a long-standing integrated multi-nutrient aqua-

culture base [51]. The bay is renowned for its seaweed-based marine aquaculture systems,
with the large yellow croaker (Larimichthys crocea) being the main species cultivated [52].
Due to natural geographic conditions and the impact of intensive marine aquaculture, the
water turnover time in the main channel of Sansha Bay is <10 days, while in the upstream
area of the bay, it exceeds 30 days [53]. Sansha Bay thus provides an ideal setting for
studying the effects of mixed marine aquaculture systems on nitrogen cycling. However,
research on the nitrogen cycle and nitrate sources in Sansha Bay, particularly involving dual
isotopes, has been limited to date. Here, we determined hydrologic parameters (salinity
and temperature), nutrient concentrations, and dual nitrate isotopes (δ15N-NO3

− and
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δ18O-NO3
− values) for the waters of Sansha Bay during the spring of 2024, referencing

historical data from the winter of 2021 [49]. A Bayesian stable-isotope mixing model was
employed to identify nitrate sources. Through these analyses, we aimed to assess the
impact of different aquaculture activities on nitrogen and oxygen isotopic compositions in
Sansha Bay and to identify the primary nitrate sources. This study found that optimizing
aquaculture management practices, particularly through the selection of feed types, can
enhance production efficiency in aquaculture, thereby reducing farming costs and nitrogen
emissions, which in turn mitigates the phenomenon of water eutrophication. This research
provides a practical foundation for sustainable development and promotes the adoption of
environmentally friendly aquaculture practices.

2. Materials and Methods
2.1. Study Area and Sampling

A survey was undertaken in Sansha Bay (Figure 1) in the spring of 2024 (4–8 April)
during heavy rainfall. This time period may not capture long-term dynamics due to the
time constraints of data sampling; however, it is still applicable to studies of short-term
changes. Water samples were collected at 40 sampling stations using 5 L Niskin bottles, and
sea surface temperature (SST) and salinity (SSS) were recorded. Hydrological parameters,
including temperature and salinity, were measured using a conductivity–temperature–
depth (CTD) recorder (SBE19plus, Sea-bird, Bellevue, WA, USA). Depending on the water
depth, two layers (for depths of <40 m) or three layers (>40 m) of water samples were
collected at each sampling point. ‘Surface’ water refers to the water column within 1 m of
the surface, and ‘bottom’ water refers to the column within 1 m of the seafloor.

Sansha Bay lies on the northeastern coast of Fujian Province (Figure 1), covering
an area of ~675 km2 and comprising several secondary bays such as Dongwuyang and
Sandu’ao. Water chemistry parameters and their spatiotemporal distributions in Sansha Bay
are affected by intensive aquaculture activities [51]. Water masses may play an important
role in nutrient cycling and the ecological environment in coastal areas [54]. Groundwater
inputs also contribute to nutrient fluxes within the bay [51].

Based on survey observational data and a 2022 aquaculture map for Sansha Bay [55], we
categorized the study area into three zones: seaweed farming, mixed farming (shellfish and
fish), and non-farming. Seaweed farming occurs mainly in the northeastern inner bay, with only
a minor presence in the estuary; mixed farming occurs in the central part of the main channel
and inner bay; and the non-farming zone is located in the main channel region (Figure 1).

2.2. Nutrient Analysis

Nutrient samples were filtered through pre-combusted glass-fiber filters (47 mm
diameter, Whatman GF/F) after treatment at 450 ◦C for 5 h. The filtrate was transferred
to acid-washed polyethylene bottles and stored at –20 ◦C. Nutrient NO3

−, nitrite (NO2
−),

NH4
+, PO4

3−, and Si(OH)4 concentrations were determined using a San++ continuous-flow
analyzer (Skalar, Breda, The Netherlands), with detection limits of 0.1, 0.05, 0.05, 0.05, and
0.05 µmol dm−3, respectively.
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Figure 1. Locations of sampling stations and aquaculture farms in Sansha Bay. Solid green, red,
and blue circles represent sampling stations in the seaweed farming zone, mixed farming zone, and
non-farming zone (main navigation channel), respectively. The inset shows the location of Sansha
Bay and offshore ocean currents, with the China Coastal Current (CCC, blue arrow) being active in
winter and the South China Sea Warm Current (SCSWC, red arrow) being active in summer [56].

2.3. Isotopic Analysis

The δ15N-NO3
− and δ18O-NO3

− values were determined by a chemical-reduction
method [57]. Given that the isotopic composition of NO2

− may differ significantly from
that of NO3

−, and that the fractionation associated with the conversion of NO2
− to N2O

is distinct from that of NO3
− conversion, neglecting the presence of NO2

− could lead to
erroneous interpretations [32]. First, NO2

− was removed from seawater using sulfamic
acid [58]; NO3

− was reduced to NO2
− using sponge-like Cd, followed by a further re-

duction to N2O with sodium azide buffered to pH 4–5 with acetic acid; N2O was then
isolated and purified; and δ15N and δ18O values were determined by gas chromatography–
mass spectrometry (GCMS) using GasBench II-AT 253 Plus (Thermo Fisher Scientific,
Waltham, MA, USA). Standard deviations for δ15N and δ18O values were <0.2‰ and
<0.5‰, respectively. Calibrations were performed using the international standard IAEA-
N3. The reproducibility of repeated determinations of δ15N and δ18O was within 0.3‰
(mean ± 0.1‰) and 0.6‰ (mean ± 0.3‰), respectively. The isotope analysis method in
this study is consistent with that of Bu et al. [49].

2.4. Bayesian Model

The contributions of potential sources to nitrate concentrations in the sampled water
were quantified using a Bayesian mixing model implemented in the R package SIAR (ver-
sion 4.1.2). This model has been widely used in estimating the proportional contributions
of various nitrate sources [1,48,59–62]. The framework of the model is as follows [42,63]:

Xij =
k

∑
k=1

Pk

(
Sjk + cjk

)
+ ϵij, (1)
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Sjk ∼ N
(

µjk, ω2
jk

)
(2)

cjk ∼ N
(

λjk, τ2
jk

)
(3)

cjk ∼ N
(

λjk, τ2
jk

)
(4)

where Xij and Sjk represent the dual isotopic values for NO3
− in the mixed sample and for

NO3
− in the source, respectively; µjk and ωjk, respectively, denote the mean and standard

deviation of the normal distribution for Sjk; Pk indicates the proportional contribution of
source k; cjk is the fractionation factor for the dual NO3

− isotopes in source k; λjk and τjk,
respectively, represent the mean and standard deviation of the normal distribution for cjk;
and ϵjk accounts for the residuals of unquantified variation between individual samples,
where 0 and σ2

j denote the normal distribution of ϵjk. Details of the model are provided by
Moore and Semmens, 2008 [63], Xue et al., 2009 [42], and Zhang et al., 2018 [60].

3. Results
During the 2024 spring survey, the water depth in the Sansha Bay study area ranged

from 3 to 60 m, and SST ranged from 16.1 ◦C to 20.5 ◦C (average 16.97 ± 1.11 ◦C). The
highest water temperatures were recorded in nearshore areas of the bay, and the lowest
water temperatures were recorded in the estuary outside the bay (Figure 2b). The SSS
ranged from 28.83 to 31.13 (average 29.67 ± 0.58). In contrast to temperature, the highest
salinity was recorded in the estuary, and the lowest was recorded in nearshore areas of
the bay (Figure 2c). Surface concentrations (µmol dm−3) of NO3

− ranged from 55.5 to
159.3 (average 120.7 ± 24.2); NH4

+, from 0.14 to 8.73 (3.40 ± 2.26); PO4
3−, from 0.63 to 3.16

(1.94 ± 0.65); and Si(OH)4, from 13.9 to 30.5 (24.2 ± 3.8). Nutrient concentrations in both
surface and bottom waters in the estuary of Sansha Bay were lower than those in central
areas of the bay, implying that the input of offshore seawater may not be the primary
source of nutrients (Figure 2d–f and Figure S1). In spring, river runoff enters Sansha Bay,
where another area with relatively low surface nutrient concentrations was identified at
the western river estuary. This observation suggests that the input of riverine nutrients
during spring has a minimal impact on the nutrient levels in Sansha Bay. N/P ratios
ranged from 40.9 to 130.6 (average 69.6 ± 19.6), peaking in the nearshore Dongwuyang
area and reaching their lowest values in the central mixed aquaculture zone (Figure 2g).
The N/Si ratio in the water column ranged from 3.7 to 6.5 (average 5.2 ± 0.6) (Figure S1).
δ15N-NO3

− values ranged from 6.1‰ to 14.5‰ (average 8.4‰ ± 1.46‰), and δ18O-NO3
−

values ranged from 6.5‰ to 15.3‰ (8.7‰ ± 1.7‰), with the highest values recorded in
the Dongwuyang nearshore seaweed farming zone, and the lowest values recorded in the
central mixed farming zone (Figure 2h,i).
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− value (‰) in Sansha Bay dur-

ing spring 2024.

4. Discussion
4.1. Impact of Aquaculture Type on Nutrient Levels

Nutrient concentrations in the surveyed area indicate high nitrate stress related to
eutrophication, as assessed by coastal eutrophication evaluation criteria [64] (Table S1).
The water in Sansha Bay is characterized by excessive inorganic nitrogen levels, whereas
there is weaker nutrient stress due to phosphorus. The average water N/P ratio during
spring exceeded 70, compared with an average of 14.3 in winter 2021 [49]. The high N/P
ratio is likely attributable to increased aquaculture activity in spring, with substantial
feed input enhancing NH4

+ levels and promoting nitrification processes that generate
nitrate [65]. Higher spring water temperatures and abundant sunlight likely enhanced
the metabolic activity of nitrifying bacteria, increasing the rate of nitrification [66]. Higher
nutrient concentrations were observed in the inner part of Sansha Bay, decreasing towards
the outer bay (Figure 2). Nutrient sources are mainly related to local aquaculture activities,
with excessive nitrogen inputs from anthropogenic sources contributing to eutrophication.

A one-way ANOVA analysis was undertaken for data from the seaweed farming,
mixed farming, and non-farming zones using SPSS software v. 26. The results indicate
significant differences in nutrient concentrations and nutrient ratios between the three
zones (p < 0.005; Table S3), suggesting differences in nutrient sources and cycling and
validating the rationale for the zonation. The mixed farming zone had the highest nu-
trient levels, with average NO3

−, NH4
+, and PO4

3− concentrations of 133.2, 5.09, and
2.45 µmol dm−3, respectively (Figure 3). Millions of tons of feed are applied annually
to support fish farming in Sansha Bay [67], with 5–10% decomposing in the water [68],
thereby releasing large amounts of nitrogen. Previous studies have shown that farming
L. crocea and shellfish results in substantial increases in inorganic nitrogen concentrations
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in marine environments [69]. Aquaculture activities, particularly the feeding of L. crocea,
are thus likely the primary contributors to elevated nutrient concentrations in the mixed
farming zone. Conversely, the seaweed culture zone had the lowest nutrient concentrations,
with average NO3

−, NH4
+, and PO4

3− concentrations of 110.7, 1.46, and 1.30 µmol dm−3,
respectively, significantly lower than those of the mixed farming and non-farming zones.
This may be attributed to substantial nutrient uptake during algal growth [70].

J. Mar. Sci. Eng. 2025, 13, x FOR PEER REVIEW 7 of 15 
 

 

likely the primary contributors to elevated nutrient concentrations in the mixed farming 

zone. Conversely, the seaweed culture zone had the lowest nutrient concentrations, with 

average NO3–, NH4+, and PO43– concentrations of 110.7, 1.46, and 1.30 μmol dm⁻3, 

respectively, significantly lower than those of the mixed farming and non−farming zones. 

This may be attributed to substantial nutrient uptake during algal growth [70]. 

The seaweed farming zone had an average N/P ratio of 91.8 compared with 67.1 in 

the non−farming zone and 58.3 in the mixed farming area (Figure 3). These differences 

may be related to aquaculture type. Zhang et al., 2022 [16] reported that bivalve and 

seaweed farming remove N and P at ratios of 35:1 and 12:1, respectively. In mixed farming 

zones, bivalve cultivation may thus reduce water N/P ratios through harvesting. In 

contrast, seaweed farming tends to increase N/P ratios, as found by Zhang et al., 2022 [16] 

and Bu et al., 2024 [49]. The higher N/P ratios in the seaweed farming area may also be 

associated with groundwater discharge, as fresh submarine groundwater is a significant 

source of nutrients entering coastal waters, with N/P ratios of up to 585 [71]. 

Our results thus indicate that mixed farming increases dissolved inorganic nitrogen 

(DIN) concentrations while reducing N/P ratios, whereas seaweed farming reduces DIN 

concentrations and raises N/P ratios. The main difference between the seaweed and mixed 

farming zones is L. crocea and shellfish cultivation, both of which influence nutrient 

distributions [69,72] and alter nitrate conversion processes. The higher DIN concentration 

in mixed farming zones is likely due to low rates of feed utilization [73]. Currently, the 

primary feed types for large yellow croakers in Sansha Bay are categorized as trash fish 

feed and formulated feed. The nitrogen utilization efficiency of the trash fish feed system 

is relatively low (20.6%), resulting in a greater release of nitrogen into the environment. 

In contrast, the formulated feed system demonstrates better nitrogen utilization, with an 

efficiency of 32.5%, thereby exerting a lesser negative impact on the environment [69]. 

Improved methods of feed application are thus crucial for the mitigation of water 

eutrophication. 

 

Figure 3. Comparison of nutrient parameters in the water column across different aquaculture types 

in Sansha Bay during spring 2024. 

4.2. Impact of Aquaculture on N and O Isotopic Compositions 

Figure 3. Comparison of nutrient parameters in the water column across different aquaculture types
in Sansha Bay during spring 2024.

The seaweed farming zone had an average N/P ratio of 91.8 compared with 67.1 in
the non-farming zone and 58.3 in the mixed farming area (Figure 3). These differences may
be related to aquaculture type. Zhang et al., 2022 [16] reported that bivalve and seaweed
farming remove N and P at ratios of 35:1 and 12:1, respectively. In mixed farming zones,
bivalve cultivation may thus reduce water N/P ratios through harvesting. In contrast,
seaweed farming tends to increase N/P ratios, as found by Zhang et al., 2022 [16] and
Bu et al., 2024 [49]. The higher N/P ratios in the seaweed farming area may also be
associated with groundwater discharge, as fresh submarine groundwater is a significant
source of nutrients entering coastal waters, with N/P ratios of up to 585 [71].

Our results thus indicate that mixed farming increases dissolved inorganic nitrogen
(DIN) concentrations while reducing N/P ratios, whereas seaweed farming reduces DIN
concentrations and raises N/P ratios. The main difference between the seaweed and
mixed farming zones is L. crocea and shellfish cultivation, both of which influence nutrient
distributions [69,72] and alter nitrate conversion processes. The higher DIN concentration in
mixed farming zones is likely due to low rates of feed utilization [73]. Currently, the primary
feed types for large yellow croakers in Sansha Bay are categorized as trash fish feed and
formulated feed. The nitrogen utilization efficiency of the trash fish feed system is relatively
low (20.6%), resulting in a greater release of nitrogen into the environment. In contrast,
the formulated feed system demonstrates better nitrogen utilization, with an efficiency
of 32.5%, thereby exerting a lesser negative impact on the environment [69]. Improved
methods of feed application are thus crucial for the mitigation of water eutrophication.
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4.2. Impact of Aquaculture on N and O Isotopic Compositions

Aquaculture activities in Sansha Bay are typically more intense in spring than in winter,
with winter generally being the ‘seedling’ season and spring being the peak season [74].
Therefore, we compared the relationships between nitrate δ15N and δ18O values in the
water column during spring and winter, with winter data sourced from Bu et al., 2024 [49].
We obtained significant positive linear correlations between δ15N and δ18O for both seasons,
with R2 = 0.6 in spring and R2 = 0.53 in winter, with respective regression gradients of
0.96 and 0.74 (Figure 4). Previous studies have indicated that assimilation processes affect
δ15N-NO3

− and δ18O-NO3
− values similarly, resulting in a gradient of 1 in linear regression

analysis [44,45]. In contrast, denitrification enriches residual nitrate, resulting in a δ15N:
δ18O value of 2 [41,75]. This seasonal difference may be attributed to vigorous seaweed
cultivation activities in spring, enhancing nitrate assimilation. Denitrification is highly
active in sediments [76], and the strong denitrification observed in sediments of Sansha Bay
during winter [49] is likely related to the abundant organic matter provided by biological
production and the deposition of organic debris on the seafloor [77,78].
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− (‰) in surface water in Sansha Bay
during spring 2024 and winter 2021.

The nitrate δ15N and δ18O values show significant differences between zones (Table
S3), with average values decreasing in the following order: seaweed farming (9.72‰ and
10.25‰, respectively), non-farming (8.43‰ and 8.35‰), and mixed farming (7.81‰ and
7.97‰) (Figure 5). Denitrification and algal assimilation processes thus lead to enrichments
in 15N and 18O, with algae and microbes preferentially absorbing the lighter isotopes 14N
and 16O [46,79,80]. Conversely, nitrification tends to reduce 15N levels, with microbes
preferentially utilizing 14N to produce nitrates [47]. The high levels of dissolved oxygen
(>6.5 mg dm–3) in the waters of Sansha Bay during the study period indicate that denitrifi-
cation is unlikely to have occurred. Therefore, the elevated δ15N and δ18O values and low
nitrate levels in the seaweed farming zone can be attributed to algal assimilation processes
(Figure 5). The low δ15N values in the mixed farming zone may be due to nitrification, as
indicated by the substantial production of nitrates in this area. The farming of L. crocea in
the mixed farming zone requires the provision of large quantities of feed rich in nutrients,
resulting in elevated NH4

+ levels (Figure 3) that may promote nitrification [79]. In contrast,
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the seaweed farming zone had significantly lower NH4
+ concentrations (Figure 3), which

may enhance phytoplankton assimilation [81].
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4.3. Nitrate Sources in the Different Aquaculture Zones

Our analyses indicate that excessive nitrogen input has led to eutrophication in the
study area, the mitigation of which relies on the identification of nitrogen sources. Based
on the dual-isotope method for the identification of nitrate sources [41,42], δ15N-NO3

− and
δ18O-NO3

− values in the waters of Sansha Bay suggest that the primary sources of nitrate
are manure and sewage (Figure 6), as indicated by the relatively positive δ15N-NO3

−

values, although other major sources include reduced-N fertilizers, soil nitrogen, and
atmospheric deposition [82]. The relative contributions of these four potential sources have
been assessed in many studies [1,60,63,83]. We used the observed δ15N-NO3

− and δ18O-
NO3

− values and the Bayesian mixing model to estimate nitrate source contributions [84],
as shown in Table S2.

The results of Bayesian modeling indicate that the primary sources of nitrate in the
waters of Sansha Bay in April 2024 were manure and sewage, accounting for 53% of the
total, followed by soil organic nitrogen (28%), reduced-N fertilizers (11%), and atmospheric
deposition (8%). There were significant differences in nitrate sources across the different
aquaculture zones. In the seaweed farming zone, manure and sewage contributed the
highest proportion of nitrate sources (64%), followed by the non-farming and mixed
farming zones (Figure 7). This result is consistent with the inference that the seaweed
farming zone may be receiving sewage input, leading to elevated seawater temperatures
and high N/P ratios. The highest concentrations of soil organic nitrogen and nitrogen
fertilizers were found in the mixed farming zone (31% and 16%, respectively), which is
related to the farming of L. crocea. The feed for mixed fish contains a significant amount of
nitrogen, of which only ~20.6% is converted to fish biomass; the rest is lost to the water
in dissolved and particulate forms [69]. Compared with the analysis of nitrate sources in
winter 2021 [49], there was a marked increase in nitrate from atmospheric deposition during
the spring survey period, likely due to heavy rainfall in Sansha Bay during April 2024,
with the deposition of substantial amounts of nitrate into surface waters [60]. According
to the study by Chen et al., 2022 [48], in Qinzhou Bay, which experiences river input, the
contributions of soil nitrogen (30%) and fertilizers (24%) are higher compared to the eastern
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region of Sansha Bay, which has lower river input (28% and 11%, respectively). Conversely,
the contributions from fecal matter and wastewater in Sansha Bay (53%) exceed those
in Qinzhou Bay (41%). This indicates that in coastal bays with river input, rivers can
transport substantial amounts of terrestrial pollutants to nearshore marine areas, while in
estuaries without river input, the pollution reflects the impacts of aquaculture activities or
the discharge of urban fecal matter and wastewater.
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5. Conclusions
During the spring survey of Sansha Bay, the average concentrations of NO3

− and
NH4

+ in water were 120.7 and 3.40 µmol dm−3, respectively, with an average N/P ratio
of 69.6. These values indicate that the water is in a state of eutrophication, with a higher
degree of eutrophication in spring than in winter, likely due to intensified aquaculture
activities and feed input during spring. These results indicate that aquaculture plays a
significant role in eutrophication. Aquacultural areas in Sansha Bay were categorized as
seaweed, mixed, and non-farming zones. Statistical tests revealed significant differences
in nutrient concentrations, nutrient ratios, and δ15N-NO3

− and δ18O-NO3
− values among
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these zones (p < 0.005). Water nutrient concentrations vary with aquaculture type, with
mixed farming resulting in higher DIN concentrations and lower N/P ratios, and seaweed
farming resulting in lower DIN concentrations and higher N/P ratios. Average NO3

− δ15N
and δ18O values in the bay water in spring were 8.4‰ and 8.7‰, respectively, compared
with winter values of 9.8‰ and 4‰. Nitrate δ15N-δ18O correlations across the two seasons
revealed significant positive linear relationships, with regression gradients of 0.96 in spring
and 0.55 in winter. This indicates that in spring, the biogeochemical cycling of nitrate is
driven primarily by assimilation, while denitrification is the dominant process in winter.
Areas with algal cultivation exhibited stronger assimilation of nitrate, and mixed farming
areas are characterized by greater nitrification. Our analysis indicated that excessive
nitrogen input has led to eutrophication in the study area, thereby highlighting the role
of different mariculture types in Sansha Bay on the nitrogen cycling of the water body,
with seaweed-based aquaculture systems contributing to the sustainable development of
mariculture by absorbing nitrate.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/jmse13020343/s1, Figure S1. Spatial distribution of (a) NO2

− (µmol dm−3),
(b) Si(OH)4 (µmol dm−3), and (c) N/Si in Sansha Bay during the spring of 2024; Table S1. Evaluation
indicators and classification standards for nutrient stress related to eutrophication in coastal waters;
Table S2. The Isotope Values (range and mean, ‰) of Potential Nitrate Sources for the River Mouth in
Literature; Table S3. Significant differences in various parameters among different aquaculture zones.
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