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Floating object pollution in the Three Gorges Reservoir area (TGRA) is a serious environmental problem. It directly harms the safety of the reservoirs. Currently, relevant research has only focused on certain aspects, such as the salvage and treatment of floating objects, and little has been done on the underlying causes of floating object. The way humans use land will have a large influence on floating object in rivers, but the relationship between the two still needs to be further explored. We used remote sensing images to obtain the distribution of floating objects in the Chongqing section of the TGRA, and combined that with current land use data to study the relationship between land use and river floating objects. We found that: ① The number of floating object spots in the main stream of the Yangtze River gradually increased from the upper reaches (the main urban section of Chongqing) to the lower reaches (northeast section of Chongqing), while the opposite was true in the tributaries of the Yangtze River. ② Under different buffer scales, urban, rural residential, farmland, gardenland, grassland and other land use types were positively correlated with the number of floating debris spots in the river, and the correlation order was rural residential > farm land > urban> gardenland > grassland > forest. ③ When the buffer radius was 1.5 km, the land use comprehensive intensity index (LUI) had the highest interpretation degree to the number of floating debris spots, with a rate of 68.8%. In terms of land use types, rural settlements and cultivated land have a greater impact on river floaters, while woodland and grassland have a lesser impact on river floaters. We suggested that the construction of rural residential areas and cultivated land should be avoided as far as possible in the territorial space planning within 1.5 kilometers on both sides of the river, and ecological modification should be carried out by returning cultivated land to forest and grassland.
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Highlights

– There are spatial differences in floating objects in the Chongqing Yangtze River.

– Floating object effects are rural residential > farm land > urban > garden.

– The correlation between land use and floating objects is affected by buffer scale.



1. Introduction

The Three Gorges Hydropower Station is the largest in the world and makes up a special area, called the TGRA. The TGRA refers to the area where the Three Gorges Dam is impounded to 175 m and is inundated when the water level rises (Liu et al., 2022; Liu Yansui, 2022). It begins in Jiangjin, Chongqing in the west and reaches Yichang, Hubei in the east, involving 20 districts and counties with a total area of about 58,000 square kilometers and a water area of 1,084 square kilometers (Chen and Xiao, 2017; Bao et al., 2021). After the completion of the Three Gorges Project, the speed, amplitude, and frequency of water level fluctuations in the TGRA were artificially regulated and were very different from the original river’s hydrological characteristics. It has also produced a series of environmental problems, one of which is floating objects (Zhang et al., 2020). Floating objects in the TGRA affect the operation of the hub, flood discharge, power generation, shipping, water quality, and the environment. Large uncontrolled floating objects also threaten the safe operation of the hub of the Three Gorges Dam (Chen and Xiao, 2017; Cao et al., 2020). The treatment of floating debris in the TGRA has always been a serious environmental problem. There are three main sources of floating debris in the TGRA: (1) garbage that flows into the Yangtze River from cities and towns along the river (garbage dumps are generally located on the slopes leading to the river so that garbage continuously slides down into the river, forming garbage belts); (2) straw and firewood from fields washed into the river by the rain during the flood season; (3) garbage dumped into the river by passing ships. Thus, the components of floating debris in the TGRA mainly include plant residue, woody debris, and plastic debris (Yuan, 1998).

Currently, research related to floating objects mainly includes the aspects outlined below. First, techniques such as image recognition and deep learning are used to carry out target recognition of floating objects (Kim et al., 2018; Akiyama TS, 2020;Manickam et al., 2020). Second, research is conducted on the treatment of floating objects (Domingos et al., 2017; Kwangjin et al., 2018). Third, the impacts of floating object on river water quality are studied (St-Hilaire et al., 2016; Zhang et al., 2020). However, few studies have focused on the causes of floating object and the relationship with land use. Similar studies have focused on the effects of land use methods on river water quality (Nobre et al., 2020; Shehab et al., 2021; Zhu et al., 2023). We believe that the generation of floating object is closely related to human activity, and how land is used will have a strong influence on floating object.

Taking the Chongqing section of the TGRA as the study area, the effects of land use on floating object in rivers at different spatial scales were studied. The Chongqing section includes cities, suburbs, villages, forests, arable land, etc. The types of land use are comprehensive and diverse, which is very conducive to the development of research (Yao et al., 2022; Wang Zhaolin et al., 2023). We attempt to study the relationship between land use types, the land use comprehensive intensity index (LUI) and river floating debris in the upper reaches of the Yangtze River. Factors influencing floating object in the Chongqing section were further explored, which can provide reference for floating object treatment work in the study area, as well as reference for territorial spatial planning and ecological protection.



2. Materials and methods


2.1. Study area

The location of this study is the Chongqing section of the TGRA (Figure 1), which is in the upper reaches of the Yangtze River. It spans three major economic regions and extends from Jiangjin in the west, Wushan in the east, Wulong in the south, and Kaizhou in the north. The urban economically developed area and the ecological economic zone of China’s TGRA are geographically between 28°28′ ~ 31°44′N latitude and 105°49′ ~ 110°12′ E longitude, covering 85.6% of the entire TGRA (Liu et al., 2022; Liu Yansui, 2022). Landforms in this area are dominated by mountains and hills.
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FIGURE 1
 Study area.




2.2. Data sources

Three main data sources were used in the study: ① Vector layer data of floating object spots in the Chongqing section of the TGRA from June to August 2021, extracted through drone remote sensing image recognition by Chongqing Geomatics and Remote Sensing Center, with an overall accuracy of 96%. ② 2021 land use status data in Chongqing from the results of a survey on current land use. The survey of land use status in Chongqing is a project organized by Chongqing Bureau of Planning and Natural Resources. The accuracy of remote sensing image used in the project is better than 1 m. ③ 2020 building data obtained through remote sensing image interpretation and processing by Chongqing Geomatics and Remote Sensing Center, with an overall accuracy of 90%.



2.3. Methods


2.3.1. Floating object spot recognition

Using drone remote sensing images from June to August 2021, the band threshold was set to 65 to extract preliminary identification results for floating objects. The band threshold used for floating object identification was 65, which was obtained through multiple comparison test analysis. Then, the machine learning method was used to eliminate misidentified ground objects in the preliminary recognition results, including bridges, ships, islands, etc. Manual visual inspection was used to verify the individual floating object recognition results. Finally, the spatial distribution results for floating object in the Chongqing section of the TGRA were obtained, with an overall accuracy of 96% (Supplementary Table S1).



2.3.2. Redundancy analysis

The ability to explain the effects of land use on floating object in rivers was studied using a redundancy analysis (RDA) model. The significance of the RDA analysis results was tested using the Monte Carlo method (500 random samples). RDA and canonical correspondence analysis (CCA) can be, respectively, used for gradient sorting calculations according to different linear or unimodal situations. Generally, de-trend correspondence analysis (DCA) is used to identify the maximum gradient value in four axes before gradient sorting. A shorter gradient (≤3) reflects better linear fit, so the RDA linear model method is more suitable for sorting (Gao et al., 2022). If the gradient is longer (≥4), the single-peak model fits better, and the CCA single-peak model is more appropriate. If the gradient is between 3 and 4, both methods are applicable (Jan and Petr, 2003). RDA is calculated as follows:
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In the formula, [image: image] and [image: image] are two sets of standardized variables X and Y extracted components, respectively. The ecological analysis software Canoce (version 5) was used to analyze the relationship between floating object and land use. The correlation between the two in the ranking diagram of RDA analysis is expressed by the cosine value of the included angle of the arrow. A higher cosine value reflected a strong correlation. A smaller cosine value reflected a weak correlation. A longer arrow line reflected a greater extent to which the type of land use affects floating object in the river. A shorter arrow line reflected less influence of land use on floating object.



2.3.3. Land use intensity composite index model

The land-use intensity composite index model was used to measure the extent to which human activity interfered with land use patterns. Referring to relevant studies, method improvements (Zhuang and Liu, 1997; Brown and Vivas, 2005; Chen and Lin, 2013; Chen et al., 2015; Ge and Yue, 2016) were also made based on the actual situation in this study. According to the characteristics of different land use types, land use intensity was divided into four levels: other land use levels (corresponding to bare land), forest grass water use grade (corresponding to forest, grassland and water), agricultural land grade (corresponding to farmland, gardenland, grassland), and construction land (corresponding to towns, villages, industrial mines and transportation land). The intensity rating index was set to 1, 2, 3, 4 in that order. Considering that the development intensity of different construction sites varied greatly, further segmentation needed to be carried out to be more in line with objective reality. To this end, three levels of construction land were further refined based on the actual floor area ratio of construction land. When the floor area ratio was ≤1, the strength grading index was set to 4, 1 < floor area ratio ≤ 3, the strength rating index was set to 5, and when the floor area ratio was >3, the strength rating index was set to 6. Therefore, in this study, the land use intensity grading index was set to 1, 2, 3, 4, 5, and 6 in that order. Because there may be a variety of land use patterns in the region, the land use intensity composite index was used to reflect its magnitude, which is calculated as follows:
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In the formula: LUI is a composite index of land use intensity in the sample area. Ai is a grade i land use intensity grading index. Si is the Class i land use area. S is the total land use area. n is the grading number of land use intensity.





3. Results


3.1. Current status of the spatial distribution of floating object

From June to August 2021, 3,663 floating object spots were identified in the Chongqing section of the TGRA (Figure 2). The number of floating object spots in the main stream of the Yangtze River gradually increased from the upper reaches (Chongqing’s main city section) to the lower reaches (northeast section of Chongqing). The number of floating spots in the lower reaches of the Yangtze River (northeast section of Chongqing) was about 1.89 times that of the upper reaches of the Yangtze River (Chongqing’s main urban section). The opposite was true in the Yangtze River tributaries. The number of tributary floating spots in the upper reaches of the Yangtze River (Chongqing’s main urban section) was high, while the number of tributary floating spots in the lower reaches of the Yangtze River (northeast section of Chongqing) was about 2.82 times that of tributaries in the lower reaches. Of the tributaries in Chongqing, the Changshou Taohua River had the largest number of floating debris spots. Most of the area that Taohua Creek flows through is urban and farmland. It is relatively densely populated, and human activity frequently produces a lot of garbage. There were many floating debris spots in the river due to a lack of good management.

[image: Figure 2]

FIGURE 2
 Spatial distribution of floating objects in the Chongqing section of the Three Gorges Reservoir area.




3.2. Composition of land use types at different spatial scales

Prior studies have shown that the most significant interactions between land use and a river occur between 100 m and 2 km along the river bank (Duan et al., 2017; Xu et al., 2017; Xiang et al., 2018). Therefore, the buffer radii for rivers in this study were 0.5 km, 1 km, 1.5 km, and 2 km, respectively. Using ArcGIS10.3, four buffer radii were applied to the Yangtze River tributaries in Chongqing: 0.5 km, 1 km, 1.5 km, and 2 km, respectively. The four buffer ranges and land use data were then superimposed and analyzed separately, and land use data within the four buffer ranges was obtained. Then, the field fusion tool was used to fuse the land types of different tributaries and ensure that only one record of the same land type was within the buffer range of each tributary. Finally, the attribute table records were exported to excel for statistical analysis, and land use type composition maps of different tributaries at different spatial scales were obtained (Figures 3–6). As the chart shows, the land use type percentages within the different buffer radii of each tributary were quite similar. The average percentages of forest, farmland, gardenland, and urban land were relatively high, accounting for more than 75% of the total. The percentage of forest land was the highest and it gradually increased as the buffer radius increased. When the buffer radius was 0.5 km (Figure 3), the average percentage was 35%, and when the buffer radius was 2 km (Figure 6), it was 39%. The average percentage of farmland is 22%, and as the buffer radius increased it also increased. The average percentage of gardenland was 10%. As the buffer radius increased it first increased and then decreased. When the buffer radius was 1 km (Figure 4), the percentage was greatest. Urban land accounted for an average of 10%, and its percentage slowly decreased as the buffer radius increased.

[image: Figure 3]

FIGURE 3
 Percentage of land use types in the 0.5 km buffer zone.
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FIGURE 4
 Percentage of land use types within the 1 km buffer zone.
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FIGURE 5
 Percentage of land use types within the 1.5 km buffer zone.
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FIGURE 6
 Percentage of land use types within the 2 km buffer zone.




3.3. Land use intensity at different spatial scales

Land use type describes the composition and spatial structure of the land, while land use intensity measures the degree of land transformation. The focus of the two is not the same. Using the optimized land use intensity model, the LUI of each tributary at different buffer scales was calculated (Table 1). As the buffer radius increased, LUI first increased and then decreased. When the buffer radius was 1 km, LUI was highest, with an average value of 2.7. Overall, from the main urban section of Chongqing to northeastern Chongqing, LUI gradually decreased. The average LUI within the buffer range of the Kuxi River, located in the main urban area of Chongqing, was the highest. LUI values within the buffer radius of 0.5 km, 1 km, 1.5 km, and 2 km were 3.63, 2.93, 3.57, and 2.8, respectively. The average LUI within the Wangjiagou buffer range in Kaizhou was the lowest. LUI values within the four buffer radii of 0.5 km, 1 km, 1.5 km, and 2 km were 2.06, 2.07, 2.09, and 2.12, respectively.



TABLE 1 Comprehensive index of land use intensity at different spatial scales.
[image: Table1]




4. Discussion


4.1. Analysis of the causes of floating object distribution

The upper reaches of the Yangtze River (the main urban section of Chongqing) had a small number of floating object spots in the main stream and a large number of floating debris spots in the tributaries (Figure 2). The upper reaches (Chongqing’s main urban section) are economically developed. Most of its tributaries flow through towns, rural settlements, farmland, and other areas with relatively high population density. For example, urban, rural settlements, and farmland within a 1 km buffer radius of Taohua Creek account for more than 72%. The total share of towns, rural settlements, farmland, etc. within the 1 km buffer radius of the Huaxi River was greater than 63%. The total share of urban, rural settlements, farmland, etc. within the 1 km buffer radius of the Chaoyang River was greater than 52%. Cheng Jinhai and others believe that human production and life are the main source of floating object (Bao et al., 2013; Cai et al., 2020; Cheng et al., 2022). Land types such as urban, rural settlements, and farmland within the buffer range of rivers were more likely to generate garbage, and a lack of management measures resulted in floating object in rivers. The small number of floating objects in the main stream of the Yangtze River was because the floating objects routinely migrated to the lower reaches (northeast section of Chongqing) with the current. As a result, there were a large number of floating object spots in the main stream (northeast section of Chongqing). At the same time, we found that there was little data on floating object spots in the tributaries of the lower reaches (northeast section of Chongqing). The lower reaches had relatively low economic development, the population density was low, and most tributaries flowed through woodland with little human activity. For example, the percentage of forest land within the 1 km buffer range of Sanxi River was 74%, that of Tangxi River was 61%, and that of Modaoxi River was 59%.



4.2. Effects of land use types on floating object at different spatial scales

Using Origin (2022 edition) software, the correlation between land use types and the number of floating debris spots in river buffering ranges at different scales were analyzed separately (Figures 7–10). The analysis found that under different buffer scales, urban, rural residential, farmland, gardenland, grassland and other land types all were positively correlated with the number of floating debris spots. The analysis results were similar to those of Xia Huijuan et al. (Li et al., 2021; Wang et al., 2021; Xia et al., 2021) Rural settlements, farmland, and the number of floating debris spots had strong positive correlations. Weak positive correlations were found with urban, gardenland, and grasslands. The correlations between forest, bare land, water, etc. and the number of floating debris spots in rivers were not obvious. The correlation sizes for each type of land used with the number of floating debris spots were ranked as rural settlements > farmland > urban > gardenland > grassland > forest. As the buffer radius increased, the correlations between rural settlements, farmland and the number of floating debris spots increased markedly. Research by Li Ruxia and others found that farmland has a great influence on river water quality, with a spatial scale effect (Ding et al., 2016; Li Ruxia et al., 2023). The results of this study further revealed that land use methods such as farmland not only affected water quality, but also had a strong impact on floating object in rivers. This was confirmed by previous research results (Giri and Qiu, 2016; Zhang et al., 2018; Duffy et al., 2020). When the buffer radius was 0.5 km, 1 km, 1.5 km, and 2 km respectively, the correlation coefficients between rural settlements and the number of floating objects were 0.51, 0.51, 0.52, and 0.52, respectively, and the correlation coefficients between farmland and the number of floating objects were 0.49, 0.49, 0.5, and 0.51, respectively. As the buffer radius increased the correlations of the number of floating objects in urban, gardens and rivers decreased significantly. When the buffer radius was 0.5 km, 1 km, 1.5 km, and 2 km, respectively, correlations between urban land and the number of floating objects were 0.26, 0.24, 0.21, 0.2, and correlations between garden land and the number of floating objects were 0.19, 0.16, 0.15, and 0.14, respectively.

[image: Figure 7]

FIGURE 7
 Correlation between land use type and number of floating debris spots in rivers when the buffer radius is 0.5 km.
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FIGURE 8
 Correlation between land use type and number of floating debris spots in rivers when the buffer radius is 1 km.
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FIGURE 9
 Correlation between land use type and number of floating debris spots in rivers when the buffer radius is 1.5 km.


[image: Figure 10]

FIGURE 10
 Correlation between land use type and number of floating debris spots in rivers when the buffer radius is 2 km.




4.3. Effects of land use intensity on floating objects at different spatial scales

There were correlations between LUI and the number of floating debris spots at different buffer scales (Figure 11; Li et al., 2013; Zhang et al., 2015; Zeng et al, 2022). When the buffer radius was 1.5 km, the correlation was the strongest (Figure 12). The correlation coefficient was 0.27 (p < 0.05). There is a difference between land use intensity and land use type, and the study found that its impact on floating objects was also different from land use type. Compared with land use type, the correlation between the number of floating debris objects and land use intensity was weak.

[image: Figure 11]

FIGURE 11
 Correlation analysis between land use intensity and number of floating objects at different spatial scales.
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FIGURE 12
 Redundant analysis of land use intensity and number of floating objects at different spatial scales.


Further utilizing redundant analysis methods, the multi-scale LUI interpretive analysis of floating object was carried out. When the buffer radius was 1.5 km, LUI had the highest interpretation degree to the number of floating debris spots, and the interpretation rate was 68.8%. When the buffer radius was 1 km, the explanatory rate was 28.6%. This further reflected that LUI within a 1.5 km buffer radius of the sampling site had the strongest influence on the number of floating objects.




5. Conclusion

Taking the Chongqing section of the TGRA as the study area, we explored the relationship between land use and floating objects in rivers. The study found that: ① The number of floating objects in the main stream of the Yangtze River gradually increased from the upper reaches (the main urban section of Chongqing) to the lower reaches (northeast section of Chongqing), while the opposite was true in the tributaries of the Yangtze River. ② At different buffer scales, urban, rural residential, farmland, gardenland, grassland and other land use were all positively correlated with the number of floating debris spots in the river, and the correlation order was rural settlements > farmland > urban> gardenland > grassland > forest. ③ When the buffer radius was 1.5 km, LUI had the highest explanatory degree for the number of floating debris spots, and the interpretation rate was 68.8%. The results of this study found the spatial distribution characteristics of floating objects in the Chongqing section of the Three Gorges Reservoir area, a large number of floating objects from the upstream tributaries into the main stream of the river. It is suggested to strengthen the interception management of river floaters at the branch inlet estuary to prevent the floaters of tributaries from flowing into the main stream. In terms of land use types, rural settlements and cultivated land have a greater impact on river floaters, while woodland and grassland have a lesser impact on river floaters. According to the research findings, it is suggested that the construction of rural residential areas and cultivated land should be avoided as far as possible in the territorial space planning within 1.5 kilometers on both sides of the river, and ecological modification should be carried out by returning cultivated land to forest and grassland. It is suggested to plant more trees and grass on both sides of the river. In this study, only the data of river floaters in summer were obtained, and the rule of river floaters changing with seasons could not be studied. Future studies should collect data of river floating objects in different seasons and continue to explore the spatio-temporal variation of river floating objects. In addition to land use, other factors can be considered in the study of influencing factors on river floaters, such as urban or rural household waste management, industrial waste discharge, etc.
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