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Abstract

:

Soil erosion is a complex process influenced by both natural and human factors. Accurately assessing the temporal and spatial variations in soil erosion, along with thoroughly investigating the factors influencing these changes, is crucial for developing effective regional soil and water conservation strategies. Taking Jiangxi Province as the study area, this research employed the Chinese Soil Loss Equation model and structural equation modeling to evaluate the spatiotemporal variation in soil erosion and its influencing factors under the main land cover types from 2000 to 2020 (five-year intervals). It revealed the interaction paths among these factors and their direct and indirect effects on soil erosion. The findings indicate that soil erosion in Jiangxi Province initially decreased and then increased over the study period, with the rate of increase gradually slowing. Spatially, the region experienced overall improvement but with some local deterioration. The primary factors influencing soil erosion changes varied with land cover type and specific areas of change. For Jiangxi Province, changes in human activities were the predominant factor, followed by slope. These results provide a theoretical basis for formulating scientific soil and water conservation measures and optimizing land management strategies, thereby supporting regional environmental management and sustainable land use development.
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1. Introduction


Soil erosion is one of the most prevalent and severe issues in China. Extensive soil erosion has caused significant damage to the ecological environment and poses a substantial threat to social and economic development as well as food security. Soil erosion directly impacts the sustainable use of natural resources and the health of ecosystems. It has become a critical factor limiting China’s sustainable development. Soil erosion is a complex process influenced by multiple factors. Changes in these controlling conditions directly affect the erosion process [1]. Therefore, analyzing the spatiotemporal characteristics of soil erosion changes and their influencing factors, as well as clarifying the roles of various factors in the soil erosion process, can provide a scientific foundation for optimizing soil and water conservation strategies. It also supports decision-making for land management, ecological restoration, and sustainable resource development. This is essential for achieving a balanced approach to environmental protection and socio-economic development.



Soil erosion is influenced by a variety of natural and human factors, including rainfall, terrain characteristics, soil properties, vegetation cover, and land use and management practices [2,3,4,5]. In recent years, the impact of various factors on soil erosion has increasingly attracted attention. Early research often concentrated on the effects of natural factors such as climate, topography, and vegetation type [6,7,8]. Rainfall intensity and frequency directly influence the extent of soil erosion [9]. Meanwhile, slope affects runoff velocity and erosion rates [6]. Forest canopies and litter layers can mitigate the impact of precipitation on the soil surface, while increased vegetation cover can effectively reduce soil erosion [10]. Grassland root systems contribute to maintaining soil structure and significantly enhance the soil’s resistance to erosion [11,12]. As the understanding of human activities has evolved, studies have begun to explore the influence of human factors, including agricultural practices and land use changes [13]. The more developed agricultural practices and mining activities on cultivated land have aggravated soil erosion [14,15], while the construction of terraces can effectively control soil erosion on slopes [16]. Affected by human intervention, soil erosion in forest areas has become increasingly serious, but with the implementation of the project of returning farmland to forests and grassland, forest soil erosion has been effectively controlled [17]. Contemporary research now tends to comprehensively analyze the combined effects of natural and human factors [18,19], aiming to provide a more comprehensive understanding of the soil erosion process. However, current studies often characterize human factors primarily by land use types [20,21,22] or administrative divisions. There is a need for more detailed explanations of how human activities impact soil erosion at finer grid scales. It is evident that the factors influencing soil erosion vary under different types of surface cover. Furthermore, the same factor can exert different effects on soil erosion. This indicates that studying soil erosion requires a comprehensive consideration of both natural and human factors and their interactions.



From the perspective of research methods, a variety of statistical analysis methods [23,24] and spatial analysis methods [25] have been employed to study the driving factors of soil erosion. These methods effectively quantify the relationship between soil erosion and individual or multiple natural factors, but they often fall short in capturing the spatial distribution characteristics of these influencing factors. To address this gap, geographic detectors [26,27] have been utilized. Geographic detectors not only quantitatively assess the dominant factors based on the spatial heterogeneity of influencing factors but also evaluate the impact of interactions between two factors on soil erosion. Current research provides a solid foundation for understanding soil erosion but often overlooks the specific pathways through which different factors interact. Recent studies have utilized structural equation modeling (SEM) to delve deeper into the impact of various factors on soil erosion, revealing both direct and indirect effects [28,29,30]. SEM allows for the simultaneous consideration of causal relationships and interaction pathways among multiple factors, thereby offering a more comprehensive exploration of the factors influencing soil erosion [31]. However, most studies primarily focus on cross-sectional analyses at specific time points [32,33] and lack investigations into the long-term dynamic changes in soil erosion. Furthermore, existing research has primarily focused on the Loess Plateau in northwest China [34,35,36]. In contrast, the southern red soil region exhibits significant differences in geography, climate, and soil characteristics. Studying the impact of soil erosion in this region remains a critical area requiring further attention.



Therefore, taking Jiangxi Province as an example, this study analyzed the influencing factors of the dynamic changes in soil erosion under different land cover types during the period from 2000 to 2020, aiming to reveal the interaction pathways among these factors under different surface covers and their direct and indirect impacts on soil erosion changes. This will provide a scientific basis and theoretical foundation for developing resource protection measures and land management strategies tailored to the different surface covers in the southern red soil region, and ensure the sustainable use of natural resources. In this study, the soil erosion mentioned refers to water erosion.




2. Material and Methods


2.1. Study Area


Jiangxi Province is situated in the southeastern part of China, on the southern bank of the middle and lower reaches of the Yangtze River (Figure 1). Its landforms are predominantly mountains and hills, with relatively large topographic undulations. The average altitude is approximately 240 m, and the average slope gradient is 10.5 degrees. In terms of soil types, the Quaternary red soil covers a large area in the province. This type of soil is sticky in texture, with tiny pores, resulting in poor water permeability. When it rains, surface runoff is easily formed. Moreover, the region experiences substantial and concentrated rainfall, often accompanied by heavy storms. These distinctive geographical traits render Jiangxi extremely prone to soil erosion [37], making it one of the most severely affected provinces in southern China. In recent years, effective control measures have significantly mitigated the soil erosion problem [38]. However, due to economic development demands and high land use intensity, the issue of soil erosion remains severe, posing challenges to ecological and socio-economic sustainability [39]. Therefore, this research centers on Jiangxi Province to analyze the factors influencing changes in soil erosion, providing valuable insights for future soil erosion management in the region.




2.2. Data Sources and Data Preprocessing


Table 1 shows the auxiliary data utilized in this study. All datasets were transformed into spatially consistent 30 m raster formats through projection, conversion, resampling, and other operations using ArcMap 10.8 [40]. Statistical data were standardized based on the 2020 administrative division data, resulting in long-term statistical datasets that align with administrative boundaries. Meteorological data were generated by interpolating site data using ANUSPLIN 4.37 [41], a process that incorporates the covariate Digital Elevation Model (DEM). For the long-term Normalized Difference Vegetation Index (NDVI1) and meteorological data covering the period from 1998 to 2020, in order to reduce random errors, better approximate the general characteristics of a certain stage, and enhance data stability, we used the multi-year average as the characteristic value for representative years [42]. Specifically, five-year averages were calculated to represent the intermediate years (2000, 2005, 2010, and 2015). The average from 2018 to 2020 was used to represent the year 2020. Regarding the land cover data, the underlying layer of impervious surfaces, such as construction land, is of a concrete structure, which possesses a certain degree of durability [43]. Thus, we assume that there is no soil erosion occurring on the construction land. Additionally, it can be posited that soil erosion in water bodies is negligible [44]. The area occupied by unused land is minimal and not a primary land use type. Therefore, this study focuses solely on analyzing soil erosion changes in cropland, forest, and grassland.




2.3. Methods


2.3.1. Soil Erosion Assessment


The soil erosion assessment method selected the Chinese Soil Loss Equation (CSLE) model of Liu et al. [46], and the formula is as follows:


  S E R = R · K · L · S · B · E · T  



(1)







In the formula, SER represents the soil erosion rate, with the unit of t·hm−2a−1. The unit of rainfall erosivity (R) is MJ·hm−2·mm·h−1·a−1, and that of soil erodibility (K) is t·hm2·MJ−1·hm−2·mm−1·h. The slope length factor (L) and slope steepness factor (S) are dimensionless. B, E, and T are dimensionless factors corresponding to biological-control, engineering-control, and tillage, respectively. The calculation and assignment methods of each factor refer to existing research [47,48].




2.3.2. Human Activity Index Simulation


The quantification and spatialization of the human activity are important prerequisites for studying the relationship between human activities and soil erosion rate (SER) changes at the grid scale. The study synthesizes socioeconomic data, land use data, and topographic data, with the Human Activity Index (HAI) serving as a comprehensive metric that gauges the overall extent of human impacts and interventions on the terrestrial surface [49,50]. The calculation formula is as follows:


  H A I = C I × C S A × S  



(2)







In the formula, CI is the conversion index of the construction land equivalent, and its value assignment refers to existing research [49,51]. The CI represents the coefficient obtained by converting different land use types according to the intensity of human activities, which can reflect the intensity of human activities in terms of land surface utilization, transformation, and development. The CSA is the comprehensive socioeconomic activity index, which represents the magnitude of human socioeconomic activity [49]. Based on the county statistical yearbook data, the principal component analysis of 12 socioeconomic indicators was performed to obtain the comprehensive principal component value as the comprehensive socioeconomic activity index. The socioeconomic indicators cover three main aspects: population level (including population density, urban population density, and rural population density), economic level (including per capita GDP, economic density, the proportion of tertiary industries, and the per capita net income of rural residents), and agricultural production (including per capita arable land area, per capita total grain production, per capita total meat production, grain yield per unit area, and per capita agricultural machinery power). S is the terrain correction coefficient, representing the restrictive effect of terrain on human activities. The logarithmic function was used to reflect the trend of human activity intensity changing with slope [50,52].




2.3.3. Structural Equation Modeling


Structural equation modeling (SEM) can not only quantify the direct impact of driving factors on target variables but it can also quantify their indirect impact on target variables through their effects on other driving factors [53,54].



Precipitation, DEM, slope, and the NDVI serve as the primary initial input data for the CSLE model and play a crucial role in the soil erosion process. Additionally, the impact of human activities on soil erosion cannot be overlooked. Therefore, this study uses terrain conditions (DEM and slope), changes in precipitation, the HAI, and vegetation cover (represented by the NDVI) as driving factors to construct the SEM of SER change (Figure 2). By performing linear regression on each SER pixel from 2000 to 2020, the slope of the function is used to represent the SER change trend during this period. A larger positive slope indicates a faster increase in the SER. Conversely, a larger negative slope (in absolute value) indicates a faster decrease in the SER. Similarly, the slopes of the linear regressions for precipitation change, vegetation cover change, and HAI change are calculated as their respective trends. To understand the differences in influencing factors of SER change across the main land cover types, we identified the pixels that have been cropland, forest, and grassland from 2000 to 2020 and constructed SEMs for each land cover type. The steps primarily include establishing a graphical conceptual model, model fitting, model evaluation, and correction.



It should be noted that the model we constructed is based on hypothesized relationships from previous studies rather than proven relationships and it is not necessarily consistent with actual physical processes. Based on the existing literature [20,31,55,56,57,58], the hypotheses of the conceptual model in this study are as follows: All factors directly affect soil erosion. Altitude and slope may indirectly influence soil erosion by affecting other factors. Human activities may indirectly affect soil erosion by influencing factors other than topography. Rainfall may indirectly affect soil erosion by influencing vegetation changes.



For target pixels of different land cover types, the changing trends in precipitation (PRE), the NDVI, the HAI, and the SER, as well as the values of DEM and slope, were extracted according to the graphical conceptual model to serve as the input data for SEM. Structural equation modeling was then performed using AMOS 24.0 software [59]. This study used the comparative fit index (CFI), goodness-of-fit index (GFI), adjusted goodness-of-fit index (AGFI), root mean square error of approximation (RMSEA), standardized root means square residual (SRMR), chi-square/df ratio (CD_ratio), and the p-value of the t-test (p_value) to evaluate the model’s goodness of fit. The model was modified and optimized by adjusting the relationships between variables until the goodness-of-fit evaluation met the required standards.



The standardized path coefficient is used to quantify the impact of each driving factor on SER change. A larger path coefficient indicates a greater impact. The total effect (TE) of a variable on SER change includes both direct and indirect effects [60]. The direct effect (DE) is the path coefficient of the arrow pointing directly from the variable to the SER change. The indirect effect (IE) is the product of the coefficient from the variable to the mediating variable and the coefficient from the mediating variable to the SER change. IE is the sum of the indirect coefficients of all paths between each driving factor and the SER change.






3. Result


3.1. Spatiotemporal Characteristics of Soil Erosion


The average SER of each year was 586.59 t·km−2·a−1 (2000), 489.09 t·km−2·a−1 (2005), 524.16 t·km−2·a−1 (2010), 549.93 t·km−2·a−1 (2015), and 551.05 t·km−2·a−1 (2020). These data suggest an initial downward trend, which is then followed by an upward one. Notably, the rate of increase tapers off gradually. In line with the soil erosion classification criteria formulated by the Ministry of Water Resources of China, the SER across these five periods was categorized, and the proportion of the area for each grade was calculated (Table 2). The findings indicated that slight soil erosion was dominant in the study area, accounting for over 80% of the area in each period. Next came light erosion, which accounted for 11–15% of the area. Meanwhile, the combined area of moderate and severe erosion did not exceed 6%.



Table 3 illustrates the variations in the SER across different land cover types. Cropland showed the highest SER, with grassland coming second. Over time, the SER of cropland initially decreased and then increased, with the rate of increase gradually slowing, mirroring the overall SER trend. The SER of forests and grasslands demonstrated a fluctuating downward trend.



From 2000 to 2020, there were varying degrees of transitions in and out of various erosion intensity levels (Table 4). These transitions were mainly characterized by shifts from high erosion intensity to low erosion intensity, and mutual transitions between slight erosion and light erosion.



Notable spatial variation in the SER exists within the study area. Specifically, the northern region exhibits a higher SER compared to the southern part (Figure 3). Soil erosion is more severe in the Jiujiang, Shangrao, and Ganzhou cities. From 2000 to 2020, the spatial changes in soil erosion exhibited overall improvement with some local deterioration. Soil erosion has been alleviated in 61% of the areas in Jiangxi Province, primarily in the northern and eastern regions. Notably, soil erosion in low-altitude areas, such as the northwest of Jiujiang City, the west of Yichun City, the northeast of Ganzhou City, and the east of Shangrao City, has significantly decreased. These areas had a high SER in 2000, with reductions over the past 20 years exceeding 200 t·km−2·a−1. Conversely, the SER increased in 23.56% of the regions, mainly in the Ji’an, Pingxiang, and Ganzhou cities, as well as parts of the western Jiujiang City and central Fuzhou City, with increases of less than 100 t·km−2·a−1. The distribution of soil erosion across each period and the changes from 2000 to 2020 indicate that areas with more severe erosion initially experienced greater reductions in the annual average SER and a higher degree of soil erosion relief (Figure 3).




3.2. SEMs for Increased Soil Erosion


Figure 4 and Figure 5 show the impacts of various factors on SER changes. Overall, the total effect of the HAI change on SER change in Jiangxi Province is the largest (TE = 0.125), followed by topography, NDVI change, and PRE change. The increase in the HAI will directly lead to a larger increase in the SER and will also indirectly positively affect the increasing trend in the SER through vegetation coverage (IE = 0.013). The indirect effect of DEM is relatively large (IE = −0.052), which indirectly negatively affects the SER through precipitation, vegetation cover, and human activities. Slope has a direct positive effect (DE = 0.111), but also has a small negative indirect effect (IE = −0.011). Vegetation cover change has only a direct negative effect on SER change (TE = DE = −0.061). Increased precipitation has a direct positive effect on SER change (DE = 0.052), and indirectly has an indirect positive effect on SER change by suppressing vegetation cover (DE = 0.003).



The impact of various factors on the SER increase area differed across different land cover types. Vegetation cover change had the greatest impact on SER change in forests and grasslands, with high vegetation cover directly slowing the increase in the SER (TE_forest = −0.484, TE_grass = −0.341). The total effect of slope on SER change was most pronounced in cropland (TE = 0.56), followed by grassland (TE = 0.275), with a direct impact as the main factor, which aggravated the increase in the SER. The indirect effect of slope varied among land cover types. In forest and grassland areas, the indirect effect of slope on SER change was negative, with a small portion of the SER increase trend being indirectly alleviated by increased vegetation cover (IE_forest = −0.047, IE_grass = −0.039). In cropland areas, the indirect effect of slope on SER change was positive, with the increase in the SER being indirectly promoted by increased precipitation (IE = 0.092). The direct positive effect of PRE change on SER change existed across all land cover types, and this effect was particularly evident in cropland (DE = 0.319). Additionally, the indirect effect of precipitation through vegetation cover was small and varied among land cover types: it was positive in grassland and cropland areas, and negative in forests. The impact of HAI change on SER changes was relatively minor and more complex in forests and cropland, showing both positive and negative effects. In grassland areas, HAI change mainly indirectly affected the SER through vegetation cover (IE = 0.057). With different types of land cover, elevation has a similar impact, mainly manifesting as an indirect negative effect.




3.3. SEMs for Reduced Soil Erosion


According to Figure 6 and Figure 7, the influencing factors of SER reduction areas are relatively similar to those of SER increase areas, with generally low relative importance. HAI change has a notable impact on SER changes across Jiangxi Province (TE = −0.087). Increased human activities can negatively affect SER changes both directly and indirectly by enhancing vegetation cover. Slope primarily shows a direct negative impact (DE = −0.035), with a small positive indirect impact (IE = 0.019).



The effect of HAI change on SER change varies across different land cover types. In forest areas, the impact of HAI change is more pronounced, with both direct and indirect effects being negative. In cropland and grassland, HAI change has both positive and negative effects. The impact of slope on SER change is consistent across different land cover types, with a negative direct impact and a positive indirect impact. However, the mediating factors differ among land cover types. Vegetation cover change negatively affects SER change across all land cover types, with the most significant impacts observed in forest and grassland areas (TE_forest = −0.246, TE_grass = −0.26). This effect is less significant in cropland. The impact of PRE change on SER reduction in grassland areas is relatively greater (TE = 0.103). Besides its direct effects, PRE change can indirectly positively influence SER change by inhibiting vegetation cover (IE = 0.029). In forest areas, PRE change has a direct positive impact on SER change. Specifically, the greater the amount of precipitation, the less pronounced the decrease in soil erosion. The effect of PRE change on SER change in cropland is not significant. Altitude has the greatest impact on cropland (TE = −0.209). Increased altitude has a direct negative impact on SER change (DE = −0.22) and an indirect positive impact by influencing the HAI and PRE (IE = 0.011). The impact of altitude on SER change in forest and grassland areas is similar, with a direct positive impact and an indirect negative impact. In forests, the indirect factors are vegetation cover and human activities, while in grasslands, they are human activities and precipitation.





4. Discussion


4.1. Accuracy of SEMs


The fitting accuracy evaluation index was used to assess the goodness of fit of the models for the total land, forest, grassland, and cropland. The results, as shown in Table 5, indicate that all indicators met the required standards, demonstrating that the model accurately described the data.




4.2. Characteristics of Soil Erosion Change


The variations in the average SER within Jiangxi Province align with the discoveries made by Lang et al. [61]. The changes in average rainfall erosivity align closely with the changing trends in the SER, with values of 8674, 6676, 7772, 8140, and 8285 MJ·hm−2·mm·h−1·a−1, respectively. This suggests that there has been a rise in both the frequency and intensity of extreme rainfall events. Such an increase gives rise to greater rainfall erosivity, which in turn aggravates the overall situation of the SER [9,62]. The variations in the SER for forest and grassland areas result from the combined effects of vegetation coverage and rainfall erosivity [63]. From 2000 to 2020, forest vegetation coverage increased from 75% to 85%, and grassland coverage rose from 71% to 80%. Despite the increase in rainfall erosivity, the growth in vegetation cover has effectively mitigated the SER [10,64]. This indicates that measures such as afforestation and grassland improvement, which enhance vegetation density, can significantly improve the soil’s ability to resist erosion [18].



The transformation of land use types is detailed in Table 6. From 2000 to 2005, the predominant trend was the repurposing of cropland. Roughly 567 km2 of cropland underwent conversion, primarily due to the urbanization [65] and the execution of the policy for converting cropland into forest and grassland [17,66]. This led to cropland being transformed into construction land, forests, and grassland. This transformation significantly alleviated the soil erosion. Additionally, the conversion of grassland to forests increased vegetation cover, which further reduced soil erosion. However, from 2005 to 2020, the primary trend reversed, with forest areas taking the brunt of conversion. Approximately 2021 km2 of forests were repurposed. Rapid economic development, agricultural expansion, and infrastructure construction drove forests to be turned into construction land and cropland. This, in turn, diminished the vegetation cover and exacerbated soil erosion problems. This highlights the need to plan land use rationally while pursuing economic development, reduce excessive deforestation, and implement engineering measures such as terracing and soil and water conservation forests in erosion-prone areas to minimize surface runoff and soil erosion [67].



From 2000 to 2020, the average annual precipitation in northern Jiangxi Province was higher than that in the southern part [68]. This disparity led to a higher likelihood of soil erosion in the north. Additionally, the low hills and plains in the northern region, which were marked by a dense population and a high intensity of human activities, further exacerbated soil erosion situation [61]. Although the overall degree of soil erosion in the southern region is relatively low, there are still some scattered areas with significant erosion, especially those dominated by cropland. This disparity can be attributed to variations in soil and water conservation measures implemented across the region. According to the Jiangxi Provincial Soil and Water Conservation Plan (2016–2030) [69], the southern focus has been on enhancing forest quality and developing ecological forest networks to control soil erosion, with relatively less emphasis on protecting cropland. This might account for the relatively more prominent soil erosion witnessed in certain southern cropland areas.



Spatially, the transition from areas with high to low erosion intensity is primarily driven by several factors. Firstly, there has been a decline in rainfall erosivity. Secondly, vegetation cover has expanded. Thirdly, sloping cropland, especially that with a slope of around 15°, has been converted into forests and grassland. Conversely, the exacerbation of soil erosion in certain areas is mainly due to the intensification of rainfall erosivity [70]. Additionally, the scattered conversion of forests to construction land and cropland across the province has also played a part in fueling the increase in soil erosion [71]. To effectively manage and prevent soil erosion, it is essential to develop and implement scientifically based and regionally appropriate soil and water conservation strategies. These strategies should include enhancing vegetation protection and restoration, optimizing land use structures, and executing soil and water conservation projects tailored to the specific natural conditions and land use characteristics of different areas.




4.3. Direct and Indirect Effects of Soil Erosion Change


The SEM structures for different land cover types in Jiangxi Province are similar, but the direction and magnitude of the influence coefficients for each factor vary. In areas experiencing increased soil erosion, human activities such as excessive land development, unreasonable agricultural practices, and urban expansion have altered surface landforms [72], directly exacerbating soil erosion. Additionally, deforestation has accelerated the loss of surface vegetation [73], which in turn aggravates soil erosion indirectly. By contrast, in areas where soil erosion is on the decline, initiatives like afforestation, terrace construction, and soil and water conservation projects play a part in curbing erosion [16,20]. However, human activities have a more significant impact on areas with escalating soil erosion compared to those with decreasing erosion. This indicates that, currently, human activities predominantly exacerbate soil erosion, echoing the conclusions drawn by Lang et al. [61]. In areas with increased soil erosion, steep terrain leads to faster water flow, which directly enhances erosion. Additionally, steeper slopes often correlate with a lower intensity of human activities [52], which can mitigate vegetation damage and indirectly help reduce soil erosion. While steep slopes present challenges in areas with diminishing soil erosion, effective land management and vegetation restoration [74,75] can further decrease soil erosion.



For forests and grasslands, vegetation serves as a natural safeguard for the soil. Its root systems anchor the soil firmly, while the canopy intercepts raindrops, thus reducing direct erosion [76]. Enhanced vegetation cover at multiple levels and increased surface vegetation can further mitigate soil erosion. In high-altitude mountainous zones, where evergreen broad-leaved forests dominate [77], the dense branches and leaves provide substantial coverage, weakening the scouring impact of raindrops and alleviating the overall trend of rising amounts of soil erosion. With the implementation of policies like the Outline for Ecological Civilization Construction and the general advancement in environmental awareness and green sustainable development [78], human activities such as afforestation, urban greening, and returning farmland to forests have significantly boosted vegetation cover, effectively reducing soil erosion. However, in some areas, practices like overgrazing and reclamation persist, leading to the degradation of and reduction in grassland vegetation. This exposes the soil to rain erosion, consequently increasing soil erosion. Precipitation increases surface runoff and can also augment soil moisture, providing sufficient water for grassland plants, which is beneficial to plant root growth and nutrient absorption [79]. The roots then penetrate deep into the soil, strengthening its aggregate structure and stability [80]. However, excessive precipitation may trigger root hypoxia in plants [81], cause soil nutrient depletion, inhibit growth, and reduce vegetation cover, which inhibits the mitigation of soil erosion. Although more rainfall can mitigate some soil erosion, overall, the increased surface runoff brought about by heavier precipitation has a greater impact in exacerbating soil erosion.



For cropland areas, a steeper slope makes the soil more susceptible to gravity, increases the collection and flow velocity of precipitation on the surface [82], and enhances the erosive power of water flow, directly and indirectly aggravating soil erosion. Due to variations in precipitation patterns, high-altitude areas experience less intense rainfall [83], which reduces the direct scouring effect of rainwater on the soil. Additionally, high-altitude areas have fewer human activities and a lower intensity of land development, leading to a reduced impact on the soil. Furthermore, the advancement of the economy and technology, along with the implementation of engineering measures, crop rotation, and fallow practices, contributes to improved land management and soil structure [16,84]. Reasonable farming practices enhance soil permeability and stability [85], thereby reducing soil erosion.




4.4. Limitations and Prospects


This study employed the CLSE model and SEM to analyze the influencing factors of soil erosion changes. However, it has certain limitations. In terms of data sources, rainfall data obtained through interpolation from meteorological stations are affected by station distribution, and are prone to deviations from actual rainfall in sparsely covered areas. At the same time, land use data may have mixed pixel effects, which may lead to biased results. Future research could use higher-resolution remote sensing images along with detailed field monitoring to enhance overall accuracy.



As for influencing factors, soil is undoubtedly one of the key elements affecting soil erosion. As can be seen from Figure 8, during the period from 2000 to 2020, there were significant differences in the changes in soil erosion among different soil types in Jiangxi Province. The erosion of most soil types showed a downward trend, while only the soil erosion of yellow cinnamon soil and purple soil increased. Red soil, being the soil type with the largest coverage area in the province, had a reduction in soil erosion, with a decrease of approximately 50 t·km−2·a−1. This indicates that different soil types, due to differences in formation processes, environments, and other factors, have distinct physical and chemical properties, which may lead to variations in their anti-erosion capabilities. For example, factors such as soil particle size, porosity, and aggregate stability can affect the infiltration capacity and scouring resistance of the soil, directly influencing soil erosion. Additionally, differences in soil properties can also affect ecological factors such as surrounding vegetation types and hydrological conditions, indirectly influencing soil erosion [86]. Due to the inability of the structural equation model to effectively handle and reflect categorical variables, we did not incorporate soil types into the model construction process. In the future, it is expected that by combining more detailed soil property data, a more in-depth analysis of the driving mechanisms of soil erosion changes can be carried out, further exploring the specific impact mechanisms and processes of soil on soil erosion. This will provide a solid basis for formulating more precise soil and water conservation strategies.



Furthermore, in this study, with the aim of more intuitively reflecting the dynamic changes in soil erosion conditions, we primarily focused on the change in the amount of soil erosion. However, it should be noted that when analyzing the influencing factors of soil erosion, the impact of the change rate might lead to deviations in the effects of different factors. For instance, in regions with a relatively high initial degree of erosion, their response to influencing factors could be more sensitive. To some extent, this may amplify the effects of these influencing factors. Therefore, in subsequent research, it would be advisable to further analyze the influencing factors of the change rate and to combine this analysis with that of the change amount. This approach will enable a more comprehensive understanding of the soil erosion mechanism, facilitating the formulation of more scientific and effective prevention and control strategies. Ultimately, this will contribute to the effective protection and sustainable utilization of soil resources.





5. Conclusions


This study utilized SEM to quantify the influencing factors of SER changes across the main land cover types in Jiangxi Province from 2000 to 2020. It elucidated the interaction pathways of changing human activities, vegetation, precipitation, and terrain conditions, as well as their direct and indirect effects on SER trends. The research results suggest that for areas with relatively severe erosion or large variation ranges, it is necessary to carry out protection and treatment work in a timely and precise manner, so as to minimize the disaster losses. From 2000 to 2020, the SER in Jiangxi Province initially decreased and then increased, with the rate of increase gradually slowing down. Soil erosion is predominantly classified as slight or light, with higher intensity observed in the northern regions. Spatially, soil erosion demonstrates a transition from high to low erosion intensity, as well as a shift between slight and light erosion. Significant variations in SER changes are observed across different land cover types. Cropland exhibits the highest SER, which increases over time, while the SER of forests and grasslands remains relatively low, showing a fluctuating downward trend over the years.



The factors influencing SER changes varied depending on land cover types and change areas. This suggests that relevant departments should formulate differentiated land use control policies for different land cover types. For the entire Jiangxi Province, changes in human activities are the predominant factor affecting SER changes, followed by slope. The direct impact of HAI change on SER changes is predominantly negative. Based on this, in the erosion-prone areas with frequent human activities, it is necessary to focus on standardizing the processes of engineering construction and the modes of farming and animal husbandry activities. At the same time, sufficient ecological buffer zones should be reserved to prevent the risk of aggravated erosion that may be brought about by construction activities. In forest and grassland areas, vegetation change is the primary direct factor influencing SER change. Therefore, it is necessary to increase the intensity of ecological compensation, fully mobilize the enthusiasm of all parties, encourage the long-term implementation of vegetation conservation and restoration actions, and stabilize the ecological barrier. In this region, the secondary factors influencing the SER change vary significantly, including topography (increased soil erosion areas), precipitation (reduced soil erosion in grassland areas), and human activities (reduced soil erosion in forest areas). In cropland, slope and precipitation changes were the main factors influencing increased soil erosion, while altitude and slope had a more significant impact on areas experiencing reduced soil erosion. For the areas with relatively severe erosion in cropland, new development projects should be strictly restricted, and the scale of sloping farmland reclamation should be controlled at the source to prevent the erosion situation from further deteriorating. These findings provide a scientific basis for understanding the dynamic changes in soil erosion in the southern red soil region and establish a foundation for developing scientifically sound and region-specific soil protection measures and land management strategies. This will improve the scientific foundation and effectiveness of soil protection efforts, thereby effectively reducing soil erosion, conserving soil resources, and advancing regional environmental management and sustainable land use development.
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Note


	
1

	

The calculation formula for NDVI is NDVI = (NIR − R)/(NIR + R), among which, “NIR” represents the reflectance of the near-infrared band (Near-Infrared Radiation), and “R” represents the reflectance of the red light band (Red Light).
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Figure 1. Geographical location of Jiangxi Province, China. 
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Figure 2. Graphical conceptual model of soil erosion rate (SER) changes in Jiangxi Province. 
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Figure 3. Distribution and change in the soil erosion rate from 2000 to 2020: (a) 2000; (b) 2020; (c) 2000–2020. 
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Figure 4. The total effect (TE), direct effect (DE), and indirect effect (IE) in areas with increased soil erosion. 
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Figure 5. Path diagrams of the SEMs fitted for areas with increased soil erosion from 2000 to 2020 (The value on the arrow indicates the effect size. The thickness of an arrow corresponds to the magnitude of the effect size. Green lines denote positive paths, while red lines stand for negative paths. Solid lines signify that the relationship is significant (p < 0.05), and dashed lines indicate otherwise.): (a) Total land; (b) Forest land; (c) Grassland; (d) Cropland. 
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Figure 6. The total effect (TE), direct effect (DE) and indirect effect (IE) in areas with reduced soil erosion. 
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Figure 7. Path diagrams of the SEMs fitted for areas with reduced soil erosion from 2000 to 2020 (The value on the arrow indicates the effect size. The thickness of an arrow corresponds to the magnitude of the effect size. Green lines denote positive paths, while red lines stand for negative paths. Solid lines signify that the relationship is significant (p < 0.05), and dashed lines indicate otherwise.): (a) Total land; (b) Forest land; (c) Grassland; (d) Cropland. 
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Figure 8. Mean changes in the soil erosion rate in different soil types from 2000 to 2020. 
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Table 1. Data information.






Table 1. Data information.












	Data
	Data Sources
	Data Type
	Spatial Resolution
	Time Scale





	Land use/land cover
	Resource and Environmental Science and Data Center, Chinese Academy of Sciences
	grid
	30 m
	2000/2005/2010/2015/2020



	DEM
	National Aeronautics and Space Administration
	grid
	30 m
	



	NDVI
	Resource and Environmental Science and Data Center, Chinese Academy of Sciences
	grid
	30 m
	1998–2020



	Meteorology
	National Meteorological Science Data Center
	table
	/
	1998–2020



	Statistical data
	Jiangxi Province Statistical Yearbook [45]
	table
	/
	2000/2005/2010/2015/2020










 





Table 2. Area proportion of different levels of soil erosion intensity (%).
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	SER (t·km−2·a−1)
	2000
	2005
	2010
	2015
	2020





	Slight
	<500
	80.12
	83.83
	82.31
	81.82
	81.53



	Light
	500–2500
	14.32
	11.62
	12.59
	12.83
	13.12



	Moderate
	2500–5000
	2.76
	2.59
	2.71
	2.72
	2.75



	Intensive
	5000–8000
	1.48
	1.26
	1.36
	1.47
	1.47



	Very intensive
	8000–15,000
	1.03
	0.62
	0.83
	0.92
	0.91



	Severe
	>15,000
	0.29
	0.08
	0.20
	0.23
	0.22










 





Table 3. The SER of the main land cover types (t·km−2·a−1).
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	2000
	2005
	2010
	2015
	2020





	Cropland
	1838.5
	1500.0
	1650.4
	1738.2
	1752.4



	Grassland
	657.7
	556.3
	564.4
	596.4
	591.1



	Forest
	84.0
	74.1
	76.8
	78.7
	78.0










 





Table 4. Transfer matrix of area proportion of different erosion intensity levels from 2000 to 2020 (%).
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2020

	
Total




	

	

	
Slight

	
Light

	
Moderate

	
Intensive

	
Very Intensive

	
Severe






	
2000

	
Slight

	
78.94

	
1.02

	
0.09

	
0.05

	
0.02

	
0.002

	
80.12




	
Light

	
2.51

	
11.68

	
0.12

	
0.01

	
0.001

	
0

	
14.32




	
Moderate

	
0.05

	
0.39

	
2.22

	
0.11

	
0.001

	
0

	
2.76




	
Intensive

	
0.02

	
0.02

	
0.32

	
1.07

	
0.05

	
0

	
1.48




	
Very intensive

	
0.01

	
0.01

	
0.01

	
0.23

	
0.76

	
0.02

	
1.03




	
Severe

	
0.003

	
0

	
0.001

	
0.0004

	
0.08

	
0.20

	
0.29




	
Total

	
81.53

	
13.12

	
2.75

	
1.47

	
0.91

	
0.22

	
100.00











 





Table 5. Results of SEM precision fitting.






Table 5. Results of SEM precision fitting.





	
Fitting Index

	
CFI

	
GFI

	
AGFI

	
RMSEA

	
SRMR

	
CD_Ratio

	
p_Value




	
Threshold

	
≥0.9

	
≥0.9

	
≥0.8

	
<0.1

	
<0.1

	
<3

	
>0.05






	
Areas with increased soil erosion

	
Total

	
1

	
1

	
1

	
0.003

	
0.028

	
2.428

	
0.119




	
Forest

	
1

	
1

	
1

	
0.006

	
0.01

	
2.721

	
0.099




	
Grassland

	
1

	
0.992

	
1

	
0.027

	
0

	
2.867

	
0.09




	
Cropland

	
1

	
1

	
0.999

	
0.01

	
0.012

	
2.684

	
0.101




	
Areas with reduced soil erosion

	
Total

	
1

	
1

	
1

	
0.001

	
0.019

	
1.258

	
0.262




	
Forest

	
0.999

	
1

	
0.995

	
0.025

	
0.04

	
2.882

	
0.083




	
Grassland

	
1

	
0.998

	
1

	
0.013

	
0

	
2.025

	
0.132




	
Cropland

	
1

	
0.999

	
1

	
0.008

	
0

	
2.689

	
0.102











 





Table 6. Transfer matrix for land cover types (km2)