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Cage farming is an important means of aquacultural production, while its potential environmental pollution needs to be further investigated. In this study, Dongshan Bay was taken as an example to investigate whether long-term cage farming in a semi-closed bay would cause environmental pollution via vertical distribution assessment. The four sediment cores (YB1, YB2, B1, and B2) were collected from two cage farming areas. Total nitrogen (TN), total organic carbon (TOC), and total phosphorus (TP) were measured. The results showed a negative correlation between TN and TOC and the sediment depth at four sampling sites, and TP was also negatively correlated with the depth at three sites. The average TN (1,405.8, 1,413.8, 1,115.7, and 936.1 mgkg−1) and TP (1,206, 1,141.6, 1,064.6, and 932.8 mgkg−1) values of the four sites were markedly higher than the safety level, with the indexes STN, STP, FF, and ON of the four sites indicating moderate to severe pollution of nitrogen and phosphorus. Particularly, the YB1 and YB2 sites in the area with lower current speed have more severe pollution. The C/N ratio uncovered that the organic matter (OM) might mainly derived from the phytoplankton and nonfibrous plants as a result of excessive fish feed and feces. Collectively, the results indicated that long-term (more than 10 years) cage farming activity in a semi-closed bay such as Dongshan Bay had a negative impact on the environmental quality. Despite limitations in sample size and the absence of stable isotopic analyses, this study enhances our understanding of environmental changes and endogenous pollution risks in shallow marine aquaculture areas. Moreover, it suggests practical approaches such as implementing alternative farming and fallowing periods, should be conducted to mitigate the pollution.
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INTRODUCTION
Coastal cultivation plays a crucial role in offering sustainable food production, as a means of addressing the global food shortage (Duarte et al., 2009). In particular, coastal cultivation of seafood such as fish, shrimp, and oysters can provide a range of important nutrients, including protein, omega-3 fatty acids, and vitamins and minerals (Lauritzen, 2021). A study by FAO (FAO, 2020) estimates that nearly half of the world’s fish consumption is derived from aquaculture, with coastal aquaculture being a significant contributor. Among the various coastal cultivations, cage farming that allows for the production of large quantities of seafood in a relatively small area is most important due to low cost, simple operation, and high productivity (Holmer and Kristensen, 1992).
However, intensive cage farming significantly impacts the coastal aquatic environment by generating large quantities of organic waste, including residual feed, fish meal, and fecal pellets (Pillay, 2004). The release and accumulation of these wastes disrupt the marine nutrient cycle, leading to nitrogen and phosphorus eutrophication, phytoplankton proliferation, and algae blooms. (Islam, 2005; Degefu et al., 2011). Moreover, the degradation of organic waste depletes oxygen levels in the water (Brown et al., 1987; Silvert and Sowles, 1996; Kaggwa et al., 2011). While cage farming on open coasts may have minimal effects on sediment and water pollution, long-term and intensive farming in semi-closed bays and enclosed water bodies can potentially cause eutrophication, oxygen depletion, changes in plankton communities, ocean acidification, and other forms of pollution (Zheng et al., 2013; Gao et al., 2021). These environmental impacts can harm farmed fish and reduce economic profitability. The current understanding of the relationship between cage farming and pollution is insufficient for effective management.
Sediment core refers to the vital transformation for biological and chemical pollutants, providing records of the inflow of artificial pollutants and environmental changes over time (Zhang et al., 2008; He et al., 2019). The waste products of aquaculture farming can influence sediment biogeochemistry via sediment metabolism stimulation, oxygen consumption increase, and redox depression, which may lead to nutrient enrichment and plankton community changes (Holby and Hall, 1994; Holmer et al., 2003; Heilskov et al., 2006). Carbon, nitrogen, and phosphorus are vital nutrients in aquatic environments, playing a crucial role in determining the ecological status of ecosystems (Elser et al., 2007; Conley et al., 2009). Measuring their concentrations in marine sediment aids in assessing the ecological condition of water bodies and identifying organic matter resources. (Dai et al., 2007; Goñi et al., 2014). The concentration of total organic carbon (TOC) of marine sediments was measured to investigate the impact of fish farming on Güllük Bay in Turkey (Kucuksezgin et al., 2021). The horizontal distribution profiles of TOC, total nitrogen (TN), and total phosphorus (TP) in the marine sediment of Shido Bay in Japan were investigated to uncover the impact of farming on the environment (Tada et al., 2023). In addition, the TP value was used to evaluate the effect of organic pollution in the seabed of the offshore fish farm in the coast of Manta (Sanz-Lazaro et al., 2021). Hence, sediment core analysis is an effective approach to assessing how fast and how severe the pollution is caused by aquaculture activities.
Dongshan Bay located in the southern Fujian Province of China (Chen et al., 2014), is a typical semi-enclosed bay in the northern South China Sea (Figure 1). The bay with a mouth about 5 km wide is of about 20 km long and 15 km wide, covering a sea area about 250 km2. As a key fishery and shell production area in China, Dongshan Bay features a subtropical maritime monsoon climate with a mean annual temperature of 21.0°C (Wu et al., 2017). This climate fosters the growth and reproduction of aquatic animals. In special, a dyke (Bachimen Dyke) has been built in 1961 to cut off the water exchange of Dongshan Bay to the other bay (Zhaoan Bay), making this area an excellent place for aquaculture farming due to the wide, deep, and slow water flow. Since then, the bay becomes one important base for aquaculture products such as large-scale cage farming (Xu et al., 2017; Pan et al., 2021a; Gao et al., 2021). The total aquaculture area and cage culture area in Dongshan Bay attain about 73.8 and 1.72 km2, respectively. The main farming species were prawns, fish, and shellfish (Pan et al., 2021a). The rapid development of the aquaculture industry in Dongshan Bay has led to negative impacts, especially in semi-enclosed bays where water circulation is weaker. Notably, in Bachimen Dyke, the crowding of net cages in these areas results in reduced dissolved oxygen levels, leading to the mass mortality of fish and significant economic losses. In this context, sediment core samples were collected in the cage farming area of Dongshan Bay for investigating the vertical distribution of TOC, TN and TP. In addition, the single indexes such as TN, TP, and the carbon-to-nitrogen ratio (C/N ratio) of organic matter were measured to evaluate the pollution. Based on these analyses, several approaches such as opening Bachimen dyke and alternating farming and fallowing period are suggested to mitigate the pollution. This study offers valuable insights into the environmental effects of cage farming and enhances our understanding of environmental changes and endogenous pollution risks in shallow marine aquaculture areas. Furthermore, it provides a foundation for the scientific deployment and rational layout of cage farming practices that minimize environmental impacts in Dongshan Bay.
[image: Figure 1]FIGURE 1 | A map showing the study area and sampling sites in Dongshan Bay, China.
MATERIALS AND METHODS
Sample site
Sample sites in Dongshan Bay are shown in Figure 1. YB1 (23.77370°N, 117.4146°E) and YB2 (23.77279°N, 117.4150°E) were set in Bachimen Dyke with a 2–3 m water depth. B1 (117.51737°N, 23.749916°E), and B2 (117.517236°N, 23.749806°E) were set in a more open areas of Dongshan Bay with a 6–7 m water depth. All the four sampling sites are with above 10 years of fish cage farming. As abovementioned, the Bachimen Dyke is a single current channel with a reducing water circulation. The flow velocity of YB1 and YB2 sampling sites are in the range of 0.3–0.5 m/s which are lower than B1 and B2 sites about 1.0–1.1 m/s.
Sample preparation
Sediment core samples were collected within 100 cm depth in October 2013 at the sites of YB1, YB2, B1, and B2 in Bachimen Dyke of Dongshan Bay (Figure 1) with a self-gravity bottom sampler (IS2401-B20, WILDCO, United States). The sediment core samples were layered by 0–5, 5–10, 10–20, 20–40, 40–60, 60–80, and 80–100 cm, and stored in a cool and dark place and immediately transported to the laboratory. The sediments were dried and ground to 200 mesh with agate grinder and pestle, and stored in a desiccator at room temperature for later chemical analysis.
Chemical analysis
The sediment samples were acidified with 1 mol/L HCl to remove carbonates and subsequently rinsed with distilled water several times to neutralize the sample and freeze dried. The pretreatment procedure for total organic carbon (TOC) and total nitrogen (TN) followed Chinese GB/T 12,763.8-2007. The dried sample were set in air at least 24 h until the weight of sample is fixed. TOC and TN were measured with the dry combustion method using an elemental analyzer (Vario Microcube, Elementar, Germany). Total phosphorus (TP) was determined by ultraviolet-visible spectrometry (GENESYS 50, Thermo Scientific, United States) after sequential digestion as described (Kang et al., 2022). The concentrations of organic carbon and nitrogen were determined by calculating the organic matter content using an empirical conversion coefficient. It is important to note that variations in soil textures may introduce bias to the values.
Pollution assessment
The single evaluation index and the integrated pollution index methods were utilized to assess the TN and TP pollution levels of the sediment cores. The pollution index can be calculated using the following Eqs 1, 2.
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where Si is a single evaluation index or standard index; Ci is the measured value of evaluation factor i (mg kg−1); Cs is the standard value of evaluation factor i (mg kg−1). FF is the comprehensive pollution index; F is the average value of all the pollution indices (the average of STN and STP); Fmax is the maximum single pollutant index (the maximum of STN and STP). Among them, the Cs values of TN and TP are 550 mg kg−1 and 600 mg kg−1, respectively, referring to the TN and TP contents that could cause the lowest level of ecological risk effects in sediments issued by the Ministry of Environment and Energy of Ontario, Canada (Persaud et al., 1993). The evaluation criteria for sediment nitrogen and phosphorus pollution are detailed in Table 1.
TABLE 1 | Standard for the classification of sediment pollution level.
[image: Table 1]The organic pollution index (OI) method was introduced to evaluate the organic pollution status of sediments (Qiu et al., 2023), using the following Eqs 3, 4.
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where ON is the organic nitrogen content (%) in the sediment, and TN is the total nitrogen content (%) in the sediment; OI is the organic pollution index, and TOC is the organic carbon content (%) in the sediment. The risk classifications of the sediments based on the OI and ON are listed in Table 1.
Data analysis
The raw data was processed using Microsoft Excel 2019 (Microsoft, Redmond, Washington, United States). Graphics were plotted using OriginPro 2019b (OriginLab, Northampton, MA, United States).
RESULTS AND DISCUSSION
Distribution characteristics of total nitrogen (TN), phosphorus (TP), and organic carbon (TOC) in sediment cores
The sediment cores at YB1, YB2, B1, and B2 presented the declining trend of TN concentrations with the increase in sediment depth (Figure 2A). The vertical distribution of TN content at YB1 and YB2 were variable, where the peak appeared at 20 cm and 40 cm with the concentration of 1739.2 and 1,615.8 mg kg-1, respectively. There was a sharp increase in TN concentration with the sediment depth down to about 60 cm at B1 site with the highest concentration of 1,301.6 mg kg-1. For the B2 station, the TN concentration attained the peak (1,166.9 mg kg-1) at the 5 cm depth and then gradually decreased with the increased depth. The sediment cores at YB2, B1, and B2 showed a declining trend of TP concentrations with sediment depth, while the sediment cores at YB1 presented an increase with sediment depth (Figure 2B). The concentration of TP at YB1 gradually increased with slight fluctuation and arrived at the highest value (1,510.2 mg kg-1) at the 100 cm depth. The TP concentration at B1 peaked around 1923.2 mg kg-1 at the top 5 cm depth, then markedly decreased at the 10 cm depth, and finally increased at the 60 cm depth. In terms of the B2 site, the TP concentration variation was relatively stable throughout the whole core, and the peak TP occurred at 40 cm. However, no apparent change in the TP concentration was noticed in the sediment core of YB2. The sediment cores at YB1, YB2, B1, and B2 presented the declining trend of TOC concentrations with the increasing sediment depth (Figure 2C). YB1 had the highest concentrations of TOC among the four sites with an average concentration of 1.08%. There was a sharp increase in TOC concentration with sediment depth down to about 40 cm at YB1 and a slight increase with sediment depth down to about 60 cm at YB2 (Figure 2C). The B1 and B2 TOC concentrations gradually decreased along with the increase of the sediment depth. The YB1 and YB2 had the highest TOC concentration at 40–60 cm depth, while B1 and B2 showed the highest TOC value at the 10 cm depth. The lack of stable isotopic analyses and limited sample size hindered the clarity of the trends in TN, TP, and TOC contents. Hence, there is a possibility of statistical bias in the content values. While, the TN, TP, and TOC concentrations appeared an overall declining trend with the increased depth in most sediment cores of Dongshan Bay, and most of the peak values presented at upper-middle layers. These vertical profiles of TN, TP, and TOC in the cage farming area of Dongshan Bay are similar to the vertical distribution measured in Monastir Bay, Tunisia, Nao’ao Island, Alian Bay, Jiaozhou Bay, and Daya Bay, China, where mariculture activities were intensive (Huang et al., 2010; Liu et al., 2010; Damak et al., 2020; Pan et al., 2021b; Gu et al., 2021).
[image: Figure 2]FIGURE 2 | Variations of total nitrogen (TN), phosphorus (TP), and organic carbon (TOC) contents in sediment cores of Dongshan Bay, (A) TN, (B) TP, and (C) TOC.
Intensive cage farming introduces a significant amount of organic waste into the aquatic environment, much of which settles on the seafloor, resulting in high concentrations of TN, TP, and TOC in the sediment surface. The decreasing trend of these organic concentrations with depth indicates reduced mineralization and diagenesis. Microorganisms responsible for organic matter decomposition are predominantly found in the surface sediment layer and decrease with depth due to limited dissolved oxygen availability. This anoxic environment greatly weakens the microbial decomposition of organic matter. As a result, most of the vertical distribution profiles of TN, TP, and TOC among the four sites exhibit declining concentrations with increasing depth (Krom and Berner, 1981; Ji et al., 2020). The inverse trend observed in TP concentration at the YB1 site could be attributed to different hydrodynamics affecting the distribution of sinking materials or variations in feeding rates. For instance, densely clustered farming cages can impede bottom water flow, leading to hypoxia or even anoxia conditions. In such cases, active phosphorus cannot be fully oxidized and degraded, resulting in the accumulation of inert phosphorus and an increase in phosphorus content in the bottom sediment (He et al., 2015).
Overall concentrations of total nitrogen (TN), phosphorus (TP), and organic carbon (TOC) in the sediment cores
The average and range of the TN and TP concentration at the four sites were shown in Table 2. The overall TN concentration of sediment cores at YB1, YB2, B1, and B2 was in the range of 527.4–1739.2 mg kg-1, with the average value of 1,405.8, 1,413.8, 1,115.7, and 936.1 mgkg−1, respectively (Table 2). The overall TP concentration of sediment cores at YB1, YB2, B1, and B2 was in the range of 592.8–1925.2 mg kg-1, with the average value of 1,206, 1,141.6, 1,064.6, 932.8 mgkg−1, respectively (Table 2). The overall TOC concentration of sediment cores at YB1, YB2, B1, and B2 was in the range of 0.48–1.24%, with the average TOC concentration of 1.08%, 1.04%, 0.95%, and 0.77%, respectively (Table 2). The results indicate that the average TN, TP, and TOC contents at the YB1 and YB2 sites were higher compared to the B1 and B2 sites, which experienced more intense flow velocity. This suggests that cage farming in areas with limited water exchange is more prone to organic matter accumulation. Comparing with other areas, it has been reported that the TN, TP, and TOC concentration of sediments in coastal areas without mariculture activities in Daya Bay, China, was in the range of 650.2–1,327.2 (904.5 ± 81.2) mg·kg-1, 343.2–471.9 (406.3 ± 38.7) mg·kg-1 and 0.69–0.95 (0.82 ± 0.10) %, respectively (Huang et al., 2010). Another observation showed that the TN and TOC concentration in uncultured areas of the Yellow Sea, China were in the range of 0.03–0.08% and 0.34–0.77% (Pan et al., 2021b). The measured average and range of TN, TP, and TOC concentration in the cage farming area of Dongshan Bay were higher than those in the uncultured coastal areas. The higher concentration of organic matter at the upper-middle layers of sediment cores in these areas could be ascribed to the excessive nutrients (nitrogen, phosphorus, carbon) input from mariculture activity. This may be a result of the high density of aquaculture facilities (e.g., cages) and large amounts of organisms (fishes) that can evidently reduce the hydrodynamics of cage farming areas in Dongshan Bay, leading to a higher deposition ratio and higher organic matter concentration.
TABLE 2 | The total nitrogen (TN), phosphorus (TP) and organic carbon (TOC) contents in core sediments.
[image: Table 2]Pollution risk of nitrogen and phosphorus from sediment cores
According to the sediment nutrient quality standard of Ontario, Canada (Persaud et al., 1993), the average TN (1,405.8, 1,413.8, 1,115.7, and 936.1 mgkg−1) and TP (1,206, 1,141.6, 1,064.6 and 932.8 mgkg−1) value of YB1, YB2, B1, and B2 sites mentioned in Table 2 were far higher than the safety level (TN ≤ 550 mgkg−1, TP ≤ 600 mgkg−1). The average TN single index (STN) of YB1, YB2, B1, and B2 were 2.55, 2.57, 2.03, and 1.70, respectively (Table 3). Almost all the sediment cores were heavily polluted, except for B2 which was moderately polluted with TN. Among all layers of four sediment cores, 60.71% were heavily polluted and 39.28% were moderately polluted with TN. The average TP single index (STP) of YB1, YB2, B1, and B2 was 2.01, 1.90, 1.99, and 1.55, respectively (Table 3), which all overreached the threshold value of severe pollution of TP. Among all the layered sediment samples, 85.72% were heavily polluted and 14.28% were moderately polluted with TP. The average comprehensive pollution index (FF) of nitrogen and phosphorus were 2.72, 2.61, 2.45, and 1.87 for YB1, YB2, B1, and B2, respectively (Table 3). All the sediment cores were polluted, and YB1, YB2, and B1 were severely polluted. The mean ON index in YB1 and YB2 was 0.13%, which was more than the threshold of severe pollution. The mean ON index in the B1 and B2 sites was 0.1% and 0.09%, respectively, indicating a moderate pollution. The range of the average OI index in the four sites was 0.07–0.15, suggesting a slight organic pollution. Taken together, the sediment cores of four sites in caging farming area were all with heavy nitrogen and phosphorus pollution. The pollution risk is more severe in YB1 and YB2 sites which located at the cage farming area of Bachimen Dyke. As in Table 4, compared with the nitrogen and phosphorus pollution of sediment in cage farming areas along the coast, the TN and TP pollution of Dongshan Bay was relatively serious. The range of STN of Dongshan Bay was higher than that of Sansha Bay in China (Wei et al., 2016) and Tanabe Bay in Japan (Uede, 2007), but lower than that of Daya Bay (Huang et al., 2010) and Tangdao Bay (Jiang et al., 2007) in China and Shido Bay in Japan. The range of STP of Dongshan Bay was higher than that of Sansha Bay and Tanabe Bay, while lower than that of Daya Bay and Shido Bay.
TABLE 3 | Risk assessment of nitrogen and phosphorus pollution index in sediment cores of Dongshan Bay.
[image: Table 3]TABLE 4 | Comparison of nitrogen and phosphorus pollution indexes of sediments in different cage farming areas.
[image: Table 4]Excessive discharge of organic matter (carbon, nitrogen, and phosphorus) often occurs as a result of prolonged or intensive aquaculture activities, primarily due to feed and fecal pellet deposition. In coastal areas with slow current speeds, organic waste sinks rapidly, leading to the immediate sedimentation of nutrients in the vicinity of net cages and causing eutrophication. Eutrophication, driven by nitrogen and phosphorus, can trigger excessive plankton growth and result in oxygen-depleted environments, adversely affecting aquatic animal health. Over time, the impact extends beyond the immediate vicinity of the cage farming area, affecting plankton communities, biodiversity, and secondary production on a regional scale. Intensive fish farming contributes to this through the anoxia of the aquatic environment and nutrient enrichment. (Holmer, 2010). For example, salmon farming areas in Norway and Chile have experienced reduced biodiversity due to elevated phosphorus content, while sea bream farming in the Mediterranean region has seen decreased species richness and abundance due to increased organic matter and phosphorus levels (Maldonado et al., 2005; Kutti et al., 2007a; Kutti et al., 2007b; Holmer, 2010; Soto et al., 2019). Occasional occurrences of hundreds of dead fish and red tides in the cage farming area of Bachimen Dyke serve as visible indicators of pollution surpassing acceptable levels (Committee China Bays Annuals Committee, 1994). This observation is further supported by the significant presence of heavy organic matter pollution in our study results. Therefore, it is imperative to mitigate the organic pollution risk and manage the cage farming in a sustainable way. One practical approach to mitigate organic pollution is opening Bachimen Dyke and enhance water exchange, as this facilitates the dispersion and dilution of pollutants. Also, the sustainable production of cage farming relies on the scientific deployment and rational layout of farming operations. In Dongshan Bay. Dongshan Bay is surrounded by high terrain, with good seclusion and wide-open area for cage farming. Consequently, implementing alternative farming and fallowing periods in the farming area can help restore the aquatic environment and benthic fauna. Additionally, cultivating macroalgae such as undaria, gulfweed, and gracilaria in the farming area can serve as a means to absorb excess nutrients and maintain balanced levels of dissolved oxygen. However, to effectively manage a fish farm in an environmentally sustainable manner, it is crucial to consider specific information and physiological conditions related to Dongshan Bay. This includes factors such as hydrodynamics, sediment metabolism, plankton community structure, sediment microorganisms, and temporal dynamics of organic matter. Therefore, obtaining additional information, such as conducting temporal monitoring of organic matter sediment dynamics, would enhance our understanding of the environmental impact of cage farming and enable the construction of a comprehensive and effective management model.
Sources of sedimentary organic matter (OM) analysis
The organic matter (OM) in the sediment mainly comes from the endogenous OM produced by algae and other plants in the water and terrestrial plant debris brought by the erosion of the external watershed. The OM from different sources shows different C/N ratios. According to Mayers and Ishiwatari (Mayers and Ishiwatari. 1993), a C/N value greater than 20 means the pollution comes from fibrous plant detritus, 20–160 from higher terrestrial plants, 4–12 from nonfibrous plants, 0–7 from zooplankton, 6–14 from phytoplankton, and 4–10 from algae. Basically, the high C/N value indicates that the proportion of terrestrial OM is large, while the small value represents the OM of the water body itself. As shown in Figure 3, there was no significant difference in the C/N ratio of sediment cores with varied depths at YB1 and YB2 (Figure 3), while obvious variation of the C/N ratio at different depths of B1 and B2 sediment cores could be observed. The C/N ratio of four sediment cores in Dongshan Bay varied from 7.00 to 11.81, with mean values of 9.01(YB1), 8.81 (YB2), 9.70 (B1), and 9.77 (B2), respectively, indicating the OM in sediment cores mostly comes from phytoplankton and nonfibrous plants in water. Some researchers indicated that the C/N ratio of fish feces was 5.85, and the C/N ratio of fish feed ranged from 4.36 to 7.22 based on the analysis of the sediment of lake cage farming (Wang et al., 2021; Yuan et al., 2023). Considering all sediment cores were collected at Dongshan Bay with above 10 years of fish cage farming, it is plausible that some portion of OM in four sediment cores was from the fish feed and feces. Moreover, with the invasion of this organic waste, phytoplankton in the water body would largely breed due to the nitrogen and phosphorus enrichment, contributing to the most income of OM. Therefore, it was reasoned that the OM mostly came from the phytoplankton and nonfibrous plants in water which could be explained by the excessive fish feed and feces generated by cage farming.
[image: Figure 3]FIGURE 3 | TOC/TN ratio in sediment cores of Dongshan Bay. (A), the vertical distribution of TOC/TN ratio in sediment cores at four sites. (B), average TOC/TN ratio in sediment cores at four sites.
CONCLUSION
The declining trend with sediment depth was observed in TN and TOC concentration at the four sampling sites, i.e., YB1, YB2, B1, and B2 in the semi-closed bay. Likewise, the TP concentration decreased with increased depth at YB2, B1, and B2, while the opposite trend of TP concentration was observed at the YB1 site. The average TN and TP values of YB1, YB2, B1, and B2 were far higher than the safety level. The STN, STP, FF, and ON indexes of the four sites indicated moderate and even severe pollution of nitrogen and phosphorus in Dongshan Bay. Notably, the pollution levels at the YB1 and YB2 sites were found to be more severe compared to the B1 and B2 sites. This suggests that higher water velocities in Dongshan Bay can partially alleviate the impact of organic pollution. The analysis of the C/N ratio revealed that the OM mostly came from the phytoplankton and nonfibrous plants in water which resulted from the excessive fish feed and feces generated by cage farming. These observations suggested cage farming activity for an extended period of time in a semi-closed bay would negatively affect the environment. Hence, we suggest that opening the Bachimen dyke and alternating the farming and fallowing period is needed for mitigating the organic pollution. This study provides foundational knowledge on the impact of cage farming in the Dongshan area, but due to limitations in sample size and insufficient information on temporal dynamics, stable isotope tracing, and other biological and geological factors, the construction of a rigorous scientific model for aquatic environment recovery and precise prediction of pollution risks during farming periods is currently inadequate. Further research is needed to address these gaps.
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