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With increasing human activities, regional substrate conditions have undergone significant changes. These changes have resulted in temporal and spatial variations of non-point source pollution sources, which has a significant impact on the quality of the regional soil, surface water, and groundwater environments. This study focused on the human-disturbed Loess Plateau region and used an enhanced potential non-point-source pollution index (PNPI) model to explore the dynamic changes of regional potential non-point-source pollution (PNP) and the associated risk due to land use and land cover change (LUCC) over the past 31 years. The Loess Plateau region is mainly composed of cultivated land, grassland and forest, which together account for 93.5% of the watershed area. From 1990 to 2020, extensive soil and water conservation measures were implemented throughout the Loess Plateau region, resulting in a significant reduction in the non-point source pollution risk. Using the quantile classification method, the study area’s PNP risk values were categorized into five distinct levels. The results revealed a polarization phenomenon of PNP risk in the region, with an increase in non-point source pollution risk in the human-influenced areas and a rapid expansion of the very high-risk area. However, the non-point source pollution risk in the upstream water source area of the watershed reduced over the study period. In recent years, the rapid urbanization of the Loess Plateau region has been the primary reason for the rapid expansion of the very high PNP risk area throughout the watershed. This study highlights the significant impact of LUCC on the dynamic changes in PNP risk within the Loess Plateau region, providing crucial insights into future conservation and urban planning policies aimed at enhancing the ecological health and environmental quality of the region.
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1 Introduction

The Loess Plateau region in China is a unique ecological environment, known for its dramatic landscapes, including the Yellow River and the high mountains of the Tibetan Plateau. However, the poor soil and water resources in the region make it vulnerable to non-point source pollution, which is a major issue (Wang, 2006; Ting, 2010; Sun et al., 2012; Shen et al., 2015; Guo et al., 2022). In recent years, the Chinese government has taken active steps to protect the regional environment because the rapid urbanization of the region has had a significant impact on the quality of both surface water and groundwater within the watershed (Ritter et al., 2002; Zhang et al., 2014; Shen et al., 2015; Yang et al., 2017). As a result, water resource scarcity and pollution have emerged as serious challenges to sustainable development and the well-being of local populations (Shen et al., 2013; Lyu et al., 2019; Tao et al., 2020). While government policies and land managers have effectively controlled many water pollution problems, non-point source pollution still has an impact on environmental quality. Non-point source pollution is complex, widespread, and latent, making governance and control more difficult (Yang et al., 2013; Park et al., 2019).

Non-point source pollution, resulting from the uncontrolled runoff of various contaminants from agricultural land, urban areas, and other sources, is a significant threat to the environment (Cecchi et al., 1982; Puccinelli et al., 2013; Yang et al., 2013). Its destructive impacts include reductions in water quality, accelerated soil erosion, and increased air pollution levels (Lyu et al., 2018). This is a major cause of concern for environmental scientists and policymakers worldwide because it poses a formidable challenge to achieving the sustainable development goals (Xu et al., 2022). Non-point source pollution has been linked to the degradation of natural habitats and biodiversity loss, and has negative impacts on human health (Vörösmarty et al., 2010; Puccinelli et al., 2013; Ouyang et al., 2016; Ge et al., 2022). To address this issue, it is imperative to adopt a comprehensive and integrated approach that considers the unique characteristics of each pollution source and their interactions with the environment. Effective management strategies, such as land-use planning, implementation of best management practices, and the promotion of sustainable agricultural practices, are essential to mitigate the negative impacts of non-point source pollution (Novotny and Chesters, 1981; Mohammadi, 2001; Loague and Corwin, 2005; Gémesi et al., 2011; Yang et al., 2013). To mitigate non-point source pollution and soil erosion in the Loess Plateau, the Chinese government has implemented various projects and initiatives since 1995. These include sustainable agricultural practices since 2001, afforestation since 1999, and sediment control structures since 1995. These measures have been implemented to improve the ecological health and overall environmental quality of the region (Munafò et al., 2005; Zhang, 2008; Wang et al., 2010; Hao and Lu, 2021). These efforts have significantly decreased soil erosion and non-point source pollution, leading to improved water quality, better agricultural productivity, and increased biodiversity. However, quantifying non-point source pollution remains a challenge, because it is highly variable and difficult to predict.

Quantifying non-point source pollution is critical for effective watershed management. There has been significant progress in recent years in measuring and modeling non-point source pollution using methods such as remote sensing, watershed modeling, and field sampling (Munafò et al., 2005; Cotman et al., 2008; Lee et al., 2009; Zhang and Huang, 2011; Geng et al., 2015; Liu et al., 2019; Alnahit et al., 2020; Luo et al., 2022). There are still many challenges in accurately measuring the sources and impacts of non-point source pollution because they are highly variable and difficult to predict (Ouyang et al., 2010). The current methods used to quantify non-point source pollution in watersheds are mostly based on modeling, with the most widely used models being the Soil and Water Assessment Tool, Areal Nonpoint Source Watershed Environment Response Simulation (Borah and Bera, 2004; Cecchi et al., 2005; Sharma and Tiwari, 2019; de Mello et al., 2020; Hou et al., 2022). However, these models have high data volume and accuracy requirements, making them less applicable in areas with a lack of monitoring data (Borah and Bera, 2004; Cecchi et al., 2005). The potential non-point-source pollution index (PNPI) is a geographical information system (GIS)-based watershed non-point source pollution risk assessment tool (Cecchi et al., 2007; Shen et al., 2014), which describes the PNP risk of a region by generalizing the production, degradation, and transportation processes of pollutants, and has received increasing attention from researchers due to its low data requirements (Loague and Corwin, 1996; Gossweiler et al., 2021; Liu et al., 2021; Qian et al., 2021; Xu et al., 2021; Li et al., 2022). Researchers have used the PNPI model to assess the PNP risk in various regions, including the middle of Italy’s Viterbo Province (Cecchi et al., 1982) and typical watersheds in China (Munafò et al., 2005; Fan and Fang, 2020; Li H. L. et al., 2021; Ouyang et al., 2010). However, studies using the PNPI and its incorporation in improved models have mostly focused on evaluating the current situation regarding PNP in small watersheds, with much less research on the evolutionary characteristics of PNP risk in watersheds under the influence of historical land use change (Ierodiaconou et al., 2005; Clément et al., 2017; Li et al., 2020; Li et al., 2022).

The Loess Plateau region is known for having one of the highest population densities in the world, and has unfortunately experienced non-point source pollution due to human activities in the region. This has led to pollution of the water environment throughout the area (Wang, 2006; Ting, 2010; Ai et al., 2015; Shen et al., 2015; Li L. et al., 2021; Shi et al., 2022). The far-reaching effects of this pollution have had a substantial impact on both the environment and health of local inhabitants. With the continuous urbanization, water pollution levels have been rising throughout the region (Shen et al., 2015; Yang et al., 2017; Lyu et al., 2019). This study investigated the temporal and spatial variations of PNP and the risk it presents in the Loess Plateau region, considering the impact of historical LUCC from 1990 to 2020. The results will enable a better understanding of non-point source pollution in the region and enable effective strategies for pollution management and control to formulated. The findings of the study will be critical for implementing effective policies and regulations to mitigate the negative impacts of non-point source pollution. Ultimately, it is hoped that this research will contribute to a more sustainable and equitable future for the inhabitants of the Loess Plateau region, where the natural environment and human populations can thrive in harmony.




2 Materials and methods



2.1 Overview of the study area

The Loess Plateau, also referred to as the Huangtu Plateau, is a region situated in the upper and middle reaches of the Yellow River in China, ranging in latitude from 34°N to 42°N and in longitude from 105°E to 117°E. With an area covering approximately 640,000 km², it constitutes 12.5% of the total area of China (Fu, 2010; Wang et al., 2010; Lyu et al., 2019; Zhang et al., 2020). The vast area of the Loess Plateau in northern and northwestern China encompasses several provinces, including Inner Mongolia, Shanxi, Ningxia, Shaanxi, and Gansu. This area is home to approximately 40 million inhabitants and is characterized by unique geological features, which have significant ecological and environmental implications.

Characterized by its yellow-brown loess soil, steep mountains, and deep valleys, the Loess Plateau has an average elevation of 1000-1500 m. Its temperate continental climate is defined by strong winds, significant temperature differences between day and night, and abundant precipitation. This region is highly significant ecologically and serves as a critical source of water for the Yellow River, hence it has been referred to as the “water tower of the Yellow River.” The Loess Plateau is also renowned for its agricultural significance, with its loess soil proving highly suitable for cultivating crops such as wheat (Ierodiaconou et al., 2005; Li et al., 2020; Li et al., 2022). Figure 1 shows the geographic location of the Loess Plateau in the northwestern region of China. This region remains a critical area for ecological preservation and agricultural development within China.




Figure 1 | Location of the Loess Plateau.






2.2 Research methods



2.2.1 An enhanced PNPI model based on the coefficient of variation decision-making

The PNPI is a widely recognized tool that has been used to quantitatively assess the potential risk of non-point source pollution across various land use types within the Loess Plateau region (Ritter et al., 2002; Shen et al., 2013; Tao et al., 2020). It simplifies the processes of pollutant generation, degradation, and transport into a land cover index (LCI), distance index (DI), and runoff index (ROI), with a spatial distribution. The spatial PNP risk of the watershed can be expressed as a function of these three indexes. The enhanced PNPI model structure is shown in Figure 2.




Figure 2 | Improved PNPI Model Structure.



The PNPI integrates the function expressions of the LCI, DI, and ROI into fixed weights, which are then divided by an expert scoring method (Munafò et al., 2005). This approach lacks objectivity and applicability, making it necessary to adopt an objective weighting method based on the principle of information entropy and the coefficient of variation decision-making to improve the model. Figure 2 shows the new weighting method for the improved PNPI model. Using the enhanced PNPI model, this study simulated the temporal and spatial dynamics of PNP risk in the study area over the past 31 years, considering the influence of land use changes. By combining the results of this model with an analysis of the temporal and spatial changes in land use, this study explored the primary evolutionary characteristics of PNP risk in the Loess Plateau region and identified its dominant factors. To achieve this goal, this study developed an objective and applicable weighting method to enhance the rationality and accuracy of the PNPI model. This enhanced model was then used to investigate the potential risk of non-point source pollution in the study area. The results of this analysis revealed the distribution characteristics and dominant factors controlling the PNP risk in the Loess Plateau region.




2.2.2 Data used

The data used in the PNPI model was primarily composed of spatial and attribute data. The former encompassed digital elevation model (DEM) data, soil types, and land use and land cover change (LUCC) data (Lyu et al., 2019; Yang and Huang, 2021; Shi et al., 2022). The latter included soil permeability and land use attributes. Table 1 presents the data sources required for model calculation.


Table 1 | The satellite data used in the PNPI model.



The soils in the Loess Plateau region are diverse and can be classified into several types based on their physical, chemical, and biological properties (Fu, 2010; Zhang et al., 2020; Li L. et al., 2021; Shi et al., 2022). The Harmonized World Soil Database (HWSD) provides a comprehensive dataset of the distribution of soil types in the region. According to the HWSD, the dominant soil types in the Loess Plateau include Cambisols, Calcisols, and Luvisols, which together account for more than 80% of the total area. Cambisols are mainly distributed in the northwestern and northeastern parts of the plateau, while Calcisols are distributed in the central and southeastern areas. Luvisols are mainly found in the western and southern parts of the plateau. In addition to these dominant soil types, there are also other soil types present in the region, such as Fluvisols, Gleysols, and Vertisols. Fluvisols are distributed along the rivers and streams in the plateau, while Gleysols are found in low-lying areas with poor drainage. Vertisols are mainly distributed in the southern and southeastern parts of the plateau. The HWSD database provides valuable information on the distribution and characteristics of soil types in the Loess Plateau.

The soil permeability classification was based on the HWSD database. The saturated infiltration rate of each soil was determined using the SPAW 6.02 software developed by the US Department of Agriculture. This value was then compared with the hydrological group (HYDGRP) standard of the US National Natural Protection Agency (NRCS) to categorize the soil permeability into one of four groups: A, B, C, or D. The soil hydrological groups in the study area were predominantly B and C. Land use attribute data comprises index values for each land use and the runoff parameters associated with different hydrological groups. These data were acquired from the existing expert rating and parameter system of PNPI. In some cases, field measurements and experimental research were used to supplement the data. Because of the diverse sources of spatial data, varying coordinate systems were used. Consequently, these systems should be projected or transformed to a consistent projection coordinate system to facilitate subsequent calculations. The soil types in the Loess Plateau are shown in Figure 3.




Figure 3 | Soil type map of the Loess Plateau.






2.2.3 The LCI

The LCI denotes the potential pollution load produced by various land use types to the receiving water body. Higher LCI values indicate a greater potential for pollution, and therefore, pose a higher pollution risk. To determine the LCI in this study, the LCI value obtained through expert scoring in the PNPI model was adopted, as detailed in previous studies (Munafò et al., 2005). Experts assigned potential pollutant production scores to different land use types based on their professional knowledge, using a scoring system ranging from 0 to 10. The involvement of more experts in the scoring process, along with a wider research field and lower scoring standard deviation, yielded more reliable results. The LCI values and scoring standard deviations associated with the research area were screened and are presented in Table 2, as per Cecchi and Munafo (Munafò et al., 2005; Cecchi et al., 2007).


Table 2 | The LCI values.






2.2.4 The DI and ROI

The DI was used to generalize the degradation processes occurring along the migration path of the pollution source in the confluence (Cecchi et al., 2007). A higher DI value indicates a shorter confluence distance, closer proximity to the river network, smaller degradation effect, and greater pollution risk. The DI was calculated by equation (1):

 

where DI is the value of the distance index, D is the confluence distance in units of cells, and k is a constant. Referring to Cecchi et al. (Shen et al., 2013; Tao et al., 2020), the value of k was determined as 0.090533.

The ROI is used to generalize the process of pollutant transport and the influence of terrain, soil, and land use on infiltration filtration. A high ROI value indicates lower infiltration filtration intensity, greater pollutant inflow into the receiving water body, and a higher pollution risk. The ROI was calculated by equation (2):

 

 

where ROI is the value of the runoff index, and CROPi is the runoff parameter of the i-th unit on the runoff path after slope correction, which ranges from 0 to 1. When the calculated result of (3) is greater than 1, the value is taken as 1. The value of n corresponds to the number of units on the runoff path, while ROP is the runoff parameter. This study used the runoff coefficient table (Table 3) and slope correction coefficient C provided by Cecchi and Wu (Shen et al., 2013; Tao et al., 2020) for different land use and hydrological groups in the study area.


Table 3 | Runoff coefficients for different land use types [11].






2.2.5 Improvement of the PNPI model

The PNPI was used to comprehensively assess the intensity of the pollution load to rivers and other surface water bodies from the various land use types in the study area. It is a comprehensive function that integrates the LCI, DI, and ROI. However, the original PNPI uses the expert scoring method (Munafò et al., 2005; Cecchi et al., 2007), and the weight is fixed, which results in insufficient objectivity and practicability.

The original PNPI formula is expressed as follows,

 

where PNPI is the potential non-point source pollution index, LCIS is the standardized land use index value, ROIS is the standardized ROI, and DIS is the standardized DI.

To overcome the limitations of the original PNPI model, this study used the coefficient of variation decision-making method to assign weights to variables according to the relative changes of each index, which was not affected by subjective factors and was a more rigorous approach (Cecchi et al., 2007). The weight assigned to each index was optimized by employing the coefficient of variation decision-making method. The following calculations were undertaken:

	1. The coefficient of variation of each index was calculated,



 

where C.V.i is the coefficient of variation of the ith index set, i is the mean of the ith index set, and σi is the standard deviation of the ith index set.

	2. The weights of each index were calculated and the PNPI was obtained,



 

 

where wi is the weight of the ith index set, and wlci, wroi and wdi are the weight coefficients of the LCI, ROI, and DI, respectively. The use of the coefficient of variation decision-making method improved the objectivity and practicability of the PNPI model.






3 Results



3.1 Land use/cover change and spatio-temporal transformation

The Loess Plateau region has undergone significant changes in LUCC in the past 31 years. A statistical analysis of LUCC in the region from 1990 to 2020 was conducted, and regional maps of land use types were obtained for each year. The distribution of land uses for the representative years is shown in Figure 4. Grassland and cropland were the dominant land use types, accounting for approximately 79.8% of the total area. The area of water bodies remained relatively stable from 1990 to 2020. However, the area of cropland and barren land displayed a decreasing trend, with cropland displaying the most significant reduction. In contrast, forest, grassland, and impervious surfaces displayed an increasing trend, with the speed of impervious surface expansion being the most substantial.




Figure 4 | Proportional area of different land uses on the Loess Plateau from 1990 to 2020.



The different land uses in the Loess Plateau region between 1990 and 2020 are presented in Figures 4, 5. They include cropland, forest, grassland, water bodies, barren land, and impervious surfaces. These different land uses provide an insight into how the region has been used over the past three decades. The figures show that the Loess Plateau region has experienced significant changes in land use over the past three decades, with some land uses experiencing declines and others experiencing increases. These changes are likely to have significant impacts on the environment, the local ecosystems, and the livelihoods of people living in the region.




Figure 5 | Land uses in the representative years. [(A) year 1990, (B) year 2000, (C) year 2010 (D) year 2020].



Figures 4, 5 show a decline in cropland over the past 30 years. In 1990, the total area of cropland was 19,539.927 km², which reduced to 17,324.595 km² in 2020, accounting for approximately 3.8% of the region. In contrast, the area of forest and grassland increased slightly over the study period, with forest cover increasing from 7,477.452 km² in 1990 to 9,074.907 km² in 2020 and grassland cover increasing from 28,370.457 km² in 1990 to 29,236.518 km² in 2020. The area of water bodies, barren land, and impervious surfaces remained relatively stable over the three decades, with only minor fluctuations. The area of barren land also increased slightly from 3,176.451 km² in 1990 to 1,687.104 km² in 2020. The area of impervious surfaces increased from 630.918 km² in 1990 to 1,818.351 km² in 2020, accounting for approximately 2.0% of the region.

The changes in land use in the Loess Plateau region of China were likely driven by a combination of factors, including urbanization, economic development, and environmental degradation. The reduction in the area of cropland, forest, and grassland may have negative consequences for the region’s ecosystem services, while the increase in the area of barren land and impervious surfaces may exacerbate environmental problems, such as soil erosion, water scarcity, and non-point source pollution.

The large-scale expansion of impervious surfaces in the downstream and middle-upper stream of the basin resulted in the conversion of grassland, barren land, and cropland to impervious surfaces from 1995 to 2020. In contrast, the establishment of ecological protection and returning farmland to forest projects in the upper stream caused the conversion of shrubland, barren land, and cropland to forest, resulting in an increase of nearly 1597.5 km² of forest in the region. To better understand the intrinsic conversion relationship of each land use type, a spatial data analysis was performed on the land use spatial data in 1990, 2000, 2010, and 2020, resulting in a land use transfer matrix (Table 4) and a land use conversion map (Figure 6) for the study area during four time periods. Combined with the results of Table 4 and Figure 6, the conversion of cropland to forest and grassland resulted in a slight increase in the area of these two types of land uses from 1990 to 2000. In the subsequent period of 2000 to 2010, the conversion of a large amount of barren land and cropland to impervious surfaces caused the rapid expansion of impervious surfaces. The small decrease in the area of grassland was mainly due to the conversion to cropland, and the small increase of forest was mainly due to the reduction of cropland and grassland from 2015−2020. Finally, the expansion of impervious surfaces from 2015 to 2020 was mainly due to the conversion from cropland.


Table 4 | Land Use Transfer Matrix in the Loess Plateau region (Unit: km²).






Figure 6 | Land use conversion in the Loess Plateau from 1990 to 2020. [(A) 1990-2020 Land use change. (B) 2000-2010 Land use change. (C) 2010-2020 Land use change].



A comprehensive analysis of the LUCC patterns and spatiotemporal transformations of the Loess Plateau region over the past two decades was conducted. The results highlight the significant impact of urbanization and ecological protection policies on LUCC in the region, providing valuable information for decision-makers to manage and utilize the region’s natural resources sustainably.




3.2 Variations in PNP risk

Using the quantile classification method, the PNPI in the Loess Plateau was categorized into five risk levels: very low, low, moderate, high, and very high. Taking 1990 as the reference year, the changes in PNP risk levels in the Loess Plateau from 1990 to 2020 were assessed (Figure 7). The results showed a significant change in the distribution of PNP risk levels, with an increase in high and very high-risk areas downstream of urban areas along the Yellow River. The temporal changes of the proportional area of PNP risk in the Loess Plateau (Table 5) indicated that the very low-risk area remained stable from 1990 to 2020. However, the area of moderate-risk and very high-risk areas decreased, with very high-risk areas decreasing by almost 5.6% in 2020 compared to 1990. In contrast, the region designated as low-risk and moderate-risk expanded progressively over time. Specifically, the low-risk area increased by 6.45% between 1990 and 2005, followed by additional growth of 2% between 1990 and 2020. However, between 2005 and 2020, the low-risk area reduced by nearly 4.2%.




Figure 7 | Distribution of the PNP risk on the Loess Plateau over time. [(A) year 1990, (B) year 2000, (C) year 2010, (D) year 2020].




Table 5 | Proportional Areas of Different Non-Point Source Pollution (PNP) Risk Levels from 1990 to 2020 (Unit: %).



To accurately depict the inherent transformation in the area of each risk level, a comprehensive spatial analysis of the PNPI data from 1990 to 2020 was conducted. The aim was to provide a detailed assessment of the PNP risk distribution over time. The results of the analysis are presented in Figure 8, which shows a PNP risk distribution map, and Figure 9, which shows the proportional area of PNP risk grading. The area under each risk level changed slightly from 1990 to 2020. There was a modest transformation from moderate risk areas to low-risk areas, resulting in a slight increase in the latter category. Similarly, there was a partial shift from very high-risk to high-risk areas, which led to a slight increase in high-risk areas. These changes were consistent over the entire study period and were supported by the statistical analyses.




Figure 8 | Proportional areas of the different PNP risk levels on the Loess Plateau from 1990 to 2020.






Figure 9 | Conversion of PNP risk levels on the Loess Plateau from 1990 to 2020. [(A) 1990-2000 PNP risk levels change, (B) 2000-2010 PNP risk levels change, (C) 2010-2020 PNP risk levels change].



From 1990 to 2000, the area of each risk level experienced relatively minimal changes, except for a considerable increase in the very low-risk area. The observed increase in the very low-risk area was primarily due to the transformation from moderate-risk, high-risk, and very high-risk areas to very low-risk areas. Between 2000 and 2005, the area of each risk level underwent significant changes, with a considerable decrease in very high-risk areas. The observed decrease in the very high-risk area was primarily transformed to moderate and high-risk areas. Additionally, there was a partial increase in the low-risk area, which was attributable to the transformation from moderate-risk areas to low-risk areas. From 2005 to 2010, there was a slight decrease in the number of low-risk areas and an increase in the proportion of very high-risk areas. mainly due to the shift from high-risk areas and low-risk areas to very high-risk areas. Between 2010 and 2015, the area of each level of risk underwent significant changes, while the proportion of very high risk areas decreased, shifting towards high risk areas and low risk areas. Finally, from 2015 to 2020, there was a further change in each level of risk, with an increase in the high-risk area mainly due to the transformation from moderate-risk, very low-risk, low-risk, and high-risk areas to very high-risk areas. These findings provide valuable insights into the dynamic nature of risk level transformations and highlight the importance of the ongoing monitoring and assessment of such areas.

High-risk and very high-risk areas were concentrated in the middle and lower reaches of the Yellow River for much of the study period. From 1990 to 2020, the PNP risk in the Loess Plateau region changed in a polarized manner. Moderate-risk areas in heavily affected urban areas, such as Guanzhong Plain urban agglomeration area (GPUAA) (Figure 7), transformed into high-risk areas, while very high-risk areas expanded radially along the downstream riverbank, increasing by 40%. The increase in very high-risk areas was the result of transformation from a large area of high-risk areas. Additionally, the PNP risk decreased upstream toward the water source area.




3.3 Dynamic characteristics of PNP risk and risk transformation

The dynamic characteristics of PNP risk in the Loess Plateau region were analyzed by considering the LUCC and PNP risks. To accurately capture the spatiotemporal transformation relationships of different risk level areas, a rigorous analysis of the spatial PNPI data transformation process was conducted for three distinct periods:1990−2000, 2000−2010, and 2010−2020. The results obtained from this analysis were expressed as a PNPI risk transfer matrix (Table 6) and PNPI risk transformation diagram (Figure 9), which offered valuable insights into the dynamics of risk transfer and transformation across time and space.


Table 6 | Transfer matrix of PNP risk levels from 1990 to 2020 (Unit: km²).



It was observed that the downstream basin areas of towns and farmland were consistently identified as high-risk and very high-risk areas. Specifically, during the period of 1990−2020, the downstream basin was primarily dominated by irrigated farmland, and the urbanization level was relatively low. The very high PNP risk areas were mainly concentrated in downstream towns and along the riverbanks. Since 2005, the towns in the Loess Plateau have undergone rapid expansion, leading to a corresponding rapid expansion of very high PNP risk areas surrounding these towns. The expansion of towns is considered the main contributing factor for the increase in very high-risk areas.

Additionally, since 1999, ecological protection projects such as returning farmland to forest and afforestation have been implemented in the Loess Plateau (Fu, 2010; Zhang et al., 2020). This has led to the transformation of shrubland, agroforestry land, and arable land into forest, resulting in a year-on-year increase in the forest area. This has ultimately led to a decrease in PNP risk in the upstream basin. The spatial transformation of PNP risk from 1990 to 2020 is shown in Figure 9.





4 Discussion

	The Loess Plateau region is characterized by a dominant land use pattern of grassland, cropland and forest, which are primarily concentrated in the middle and lower reaches of the watershed, accounting for approximately 93.5% of the total watershed area. From 1990 to 2020, there was a significant increase in the area of impervious surfaces in the middle and lower reaches of the watershed, which replaced a substantial portion of the original grassland and cropland. In the upper reaches of the watershed there was a transformation of barren land, grassland, and cultivated land into forest, resulting in an annual increase in forest area of approximately 1600 km² over the 31-year period.

	Over the 31-year period spanning from 1990 to 2020, the Loess Plateau region experienced significant spatiotemporal changes in the risk of non-point source pollution, which exhibited a clear bipolarization trend. Specifically, the risk of PNP in the middle and lower reaches of the watershed and the cultivated land along the river channel, which are highly influenced by human activities, exhibited a notable increase of 40%. This increase was accompanied by a significant expansion of the high-risk area. In contrast, the risk of PNP in the upper reaches of the watershed exhibited a decreasing trend over the same period. These findings indicate the need for targeted management strategies aimed at mitigating the risk of PNP in the middle and lower reaches of the watershed, especially in cultivated areas that are highly influenced by human activities.

	The spatiotemporal changes of PNP risk showed a high degree of consistency with land use patterns, with the high-risk and very high-risk areas mainly concentrated in the urban land in the middle and lower reaches and the cultivated land along the river channel. Low-risk and very low-risk areas were mainly concentrated in forest areas in the upper reaches. The expansion of urban areas in the watershed was the primary reason for the growth of very high-risk PNP areas, while the growth of forest areas was the primary reason for the expansion of low-risk and very low-risk PNP areas.

	From 1990 to 2020, the combination of urbanization development and ecological protection measures had a significant impact on land use changes in the Loess Plateau region. Consequently, the PNP risk faced by the downstream water environment increased year-on-year, while the PNP risk in the upper reaches of the watershed decreased annually.

	In the future, the urban land in the lower reaches and the cultivated land along the river channel should be prioritized as the key management areas for watershed comprehensive management. To mitigate pollution risks, low impact development measures such as vegetation filtration belts and artificial wetlands should be implemented. The implementation of these measures can significantly reduce the NPSP risk and improve the ecological health and environmental quality of the region.

	As a decision support system, the PNPI model has several advantages, including its simplicity, ease of use, minimal data requirements, and production of results that are easy to understand. The model can quickly provide the spatial distribution of PNP and evaluate the environmental impact of different land use plans in areas with limited or no data. However, due to climate conditions, land use intensity, and land use management patterns in different regions, some empirical parameters and weights in the PNPI model may not be universally applicable. They will require adjustments based on the specific characteristics of each region to ensure their universality and applicability. Overall, the PNPI model can effectively evaluate the PNP risk and spatial distribution in the Loess Plateau region, and it has the potential for application in other regions with similar characteristics.

	The present study has shed light on the underlying causes and patterns of non-point source pollution in the Loess Plateau, thereby enabling the development of more effective and sustainable management strategies.



Despite the contributions of this study, some limitations should be acknowledged. For instance, the study area was not analyzed from multiple perspectives. Therefore, future research should be conducted on the Loess Plateau from different angles, such as sustainable agricultural practices, afforestation, and sediment control structures. This will allow for a more comprehensive investigation of measures to control non-point source pollution from various perspectives.




5 Conclusion

This study examined the spatiotemporal changes of PNP risk in the Loess Plateau region over the past 31 years using an improved PNPI model. The Loess Plateau, which is heavily influenced by human activities, was selected as a case study to explore the impact of different historical environmental conditions on PNP risk.

To accurately reflect the actual situation in the watershed, the PNPI model, which was originally developed by Italian researchers to measure PNP, was improved in three aspects: the land use categories were expanded, comparisons of land use categories were made, and the soil types were divided into different permeability levels. This enhanced model could comprehensively evaluate non-point source pollution characteristics in a watershed influenced by human activities. The spatial distribution maps of the LCI, ROI, and DI, as well as the PNPI and qualitative analysis results, were consistent with the actual situation in the Loess Plateau region (Wang et al., 2010; Liang et al., 2015; Li H. L. et al., 2021; Liu et al., 2021; Qian et al., 2021; Li et al., 2022; Shi et al., 2022). Therefore, the model was found to be applicable to the study area.

Our study provides valuable insights into the spatial and temporal distribution of PNP risk. The results of this study could serve as a basis for the development of effective policies and strategies aimed at mitigating the risk of PNP. It is recommended that future studies should further investigate the underlying causes of the observed changes and assess their potential implications on the environment and public health.
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Time (Year)

1990-2000

2000-2010

2010-2020

PNP risk level Very low Low Moderate High
Very low 102490.52 6445.89 3124.89 2385.85
Low 8628.16 98600.73 27179 9316.97 208.94
moderate 3461.60 4598.63 108679.25 4855.25 892932
high 258491 9541.40 5327.20 88690.41 7106.05
Very high 303.18 249.52 10594.48 637635 99150.12
Very low 100619.77 11108.10 3485.13 1942.69 31246
Low 5790.33 99789.44 6822.61 6671.86 36217
moderate 2913.11 2585.72 105026.25 1127649 818636
high 263997 10828.58 4911.29 86472.84 676146
Very high 47053 31345 9019.46 6786.07 9923024
Very low 100746.13 6385.03 2537.96 2298.25 468.03
Low 7007.72 103222.02 5211.45 8684.48 499.64
moderate 463692 3128.20 107368.52 6004.60 8129.16
high 2362.57 8502.91 5140.27 89963.94 7202.93
Very high 455.79 24478 7781.26 12772.07 93598.39
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Land Cover Standard

Land Use Type

Index (0-10) Deviation
Water 0.14 0.38
Cropland 7.73 ‘ 2.16
Forest 0.44 ‘ 0.88
Grassland 1.94 227
Barren 0 0
Impervious 822 222
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Risk levels

Veut Moderate Very high
1990 19.25 19.85 21.85 1936 19.69
1995 19.46 20.18 2173 2024 1839
2000 19.70 19.93 2175 19.05 19.58
2005 18.90 2113 21.57 2025 18.15
2010 18.89 2078 21.64 1927 19.42
2015 19.41 20.68 2137 19.78 1876
2020 19.38 2025 2144 2034 1859
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