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Abstract

:

The quantitative estimation of non-point source (NPS) pollution provides the scientific basis for sustainability in ecologically sensitive regions. This study combined the export coefficient model and Revised Universal Soil Loss Equation to estimate the NPS nitrogen (NPS-N) and NPS phosphorus (NPS-P) loads and then evaluated their relationship with Primary Industrial Output Value (PIOV) in the water source area of the middle route of South-to-North Water Diversion Project (SNWDP) for 2000–2015. The estimated results show that: (1) dissolved nitrogen (DN) load increased 0.55%, and dissolved phosphorus (DP) load decreased 4.60% during the 15 years. Annual loads of adsorbed nitrogen (AN) and adsorbed phosphorus (AP) increased significantly before 2005 and then decreased after 2005. Compared with 2000, AN and AP loads in 2015 significantly decreased by 32.72% and 30.81%, respectively. Hanzhong Basin and Ankang Basin are key areas for controlling dissolved pollution, and southern and northern regions are key areas for adsorbed pollution. (2) From 2000 to 2005, NPS pollutants and PIOV showed weak decoupling status. By 2015, NPS pollutants had strong decoupling from PIOV in most counties. (3) Land use has been the main source of NPS-N and NPS-P pollution, accounting for about 75% of NPS-N and 50% of NPS-P based on the average value over the study period. In the future, various measures—such as returning cropland to forest and reducing the number of livestock—could be adopted to reduce the risk of NPS pollution. NPS pollution caused by livestock was grown over the past 15 years and had not yet been effectively controlled, which still needs to be urgently addressed. Collecting ground monitoring data and revising parameters are effective means to improve the accuracy of simulation, which deserve further study. The results will also provide scientific support for sustainable development in similar regions.
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1. Introduction


With living standards improving, people have higher demands for their living environments, in particular water quality. Simultaneously, water pollution caused by human activities is becoming increasingly prominent—it has aroused widespread concern worldwide [1,2]. Point source pollutants, mainly driven by industrial pollution, and non-point source (NPS) pollutants, mainly resulting from rural behaviors and runoff from urban areas where sewage treatment is insufficient, are the primary causes of water pollution [3]. Due to the attention received by the community, point source pollution has, for the most part, been effectively curbed, and NPS pollution has gradually become the dominant contributor to water pollution. Non-point source pollution has always been an important factor affecting water quality in the United States [4]. To solve the problem, since 1990, the United States government has invested over $100 million annually on average to solve the problem [5]. In Miksa City, Japan, 61.5% of the nitrogen load comes from non-point source pollution caused by high-intensity agricultural activities [6]. According to the First National Pollution Census Bulletin, NPS nitrogen and phosphorus loads from Chinese agricultural sources in watersheds account for 57.19% and 67.27% of total nitrogen and total phosphorus pollution, respectively [7,8]. Non-point source nitrogen and phosphorus lead to eutrophication and the decrease in dissolved oxygen in surface water, which not only damages the aquatic environment and the balance of the ecosystem, but also seriously affects the quality of human life, health, and regional sustainability [9].



Due to its randomness, extent, hysteresis, fuzziness, and latency, NPS nitrogen and phosphorus pollution is difficult to quantitatively monitor and control [10]. Simulation, estimation, and quantitative measurement are the basis for effective treatment of NPS pollution [11]. Many studies have shown that traditional terminal management technologies for point source pollution control is hard to effectively apply to NPS source pollution control [12]. With the rapid development of science and methodology, particularly the wide application of remote sensing, Global Positioning System, and Geographic Information System (3S) technologies, a large amount of NPS pollution estimation models have been introduced, which could be separated into physical models and empirical models. The physical models include the Areal Non-point Source Watershed Environment Response Simulation (ANSWERS) [13], Hydrological Simulation Program-Fortran (HSPF) [14], the Soil and Water Assessment Tool (SWAT) [15], and so on. These physical models are highly precisely and logically, but their applications are limited because of the requirement for large amounts of basic data [16]. Empirical models focus on the estimation accuracy and the temporal–spatial variation in different NPS pollutants sources at the same time. As these models are maneuverable and require less data, they have been widely used [17]. According to its move features, NPS pollution could be divided into dissolved class and adsorbed class [12,18]. For dissolved NPS pollution estimation, the export coefficient model (ECM) has been found the most effective [19]. The ECM was put forward for the first time in North America in the early 1970s to assess the relationship between land use and lake eutrophication [20]. Johnes improved upon the original ECM, avoiding the complicated process of NPS pollution, requiring fewer parameters and ensuring accuracy simultaneously [21]. The model performs well in areas such as water source area where the basic data is deficient and can meet the large-scale and long-time series simulation needs of NPS pollution. Since the model was introduced, it has been widely applied [22,23,24]. The RUSLE model makes it more convenient and available to assess soil erosion and its spatial distribution [25,26]. The ECM and RUSLE can be combined to estimate NPS pollution more accurately and effectively [12].



Realizing economic growth while reducing pollution emissions and achieving a win-win situation for economic and environmental benefits, are the fundamental requirements for regional sustainable development [27,28]. The Environmental Kuznets Curve (EKC) was first proposed in 1991, and the goal of EKC is to assess the link between economy and environment [29]. Unlike the EKC hypothesis, which only describes the nonlinear relationship between the two aspects mentioned above [30], decoupling theory could identify whether economic development and environmental pollution change synchronously or not, and the dynamic positions caused by this change. Therefore, decoupling theory has become an effective tool to study the regional economic sustainable development [31]. It has been successfully applied to various environmental issues, including the decoupling of carbon dioxide emissions and energy consumption [32], carbon dioxide emissions and traffic volume [33], socioeconomic development and environmental pressure [34], and consumption of resources and economic growth [35]. However, few studies reported the decoupling of primary industrial output value (PIOV) and NPS pollution load. PIOV is the comprehensive reflection of the output of various agricultural activities, reflecting the quality and efficiency of agricultural development. Agricultural activities are the main cause of NPS pollution [29], and the decoupling of PIOV from NPS load is one of the key tasks to achieve sustainable development. The study of the decoupling PIOV and NPS pollution can provide a useful reference for regional environmental management and sustainable development.



The aims of our study were as follows: (1) to estimate the temporal and spatial pattern of NPS-N and NPS-P loads in the water source area (WSA) of the middle route of the South-to-North Water Diversion Project (SNWDP); (2) to analyze the decoupling states between NPS pollution load and PIOV; and (3) to discuss the differences in NPS pollution load from different sources.




2. Study Area


2.1. Brief Introduction to the Middle Route of the SNWDP


China has a large amount of water resources, but the per capita water resources is only a quarter of the world average, and the distribution is extremely uneven in time and space [36]. The water resources shortage has become a pivotal factor that restrict the sustainable development of social economy in some areas of China [37]. In China, the SNWDP is a strategic project to solve the uneven distribution of water resources and promote the coordinated development of the regions. The SNWDP includes three routes: the eastern, middle, and western. The middle route of the SNWDP diverts water from Danjiangkou Reservoir to North China (including the capital of China, Beijing) by heightening the Danjiangkou Dam. The total length of the main canal is approximately 1420 km (Figure 1). The total investment is about 92 billion yuan.



The construction of the middle route of the SNWDP started in January 2003 and formally completed in December 2014. The annual water amount transferred from the Hanjiang River Basin to North China is about 13 billion cubic meters. Solving the problem of urban water shortage in North China, including Beijing and Tianjin, is strategically significant—it also eases the contradiction between urban occupancy ecological and agricultural water consumption [38]. The ecological and environmental safety of the WSA is the key to the sustainability and stability of the middle route of the SNWDP. Since the construction of the middle route of the SNWDP, the ecological and environmental security of WSA has attracted the attention of all sectors of society, including the state, local governments, and scholars [39]. However, due to the large population, complex topography, and high land use intensity, the WSA of the middle route of the SNWDP is still experiencing environmental risks such as soil erosion, NPS pollution, and water eutrophication. According to reports, the Danjiangkou Reservoir has been in the middle nutrition state for a long time [40]. The economy of the WSA of the middle route of the SNWDP is dominated by primary industry, and the rural population accounts for more than 60% of the total population. Eutrophication caused by NPS pollution plays an important role in the water quality, the sustainable development of the WSA, and the safety of the middle route of the SNWDP.




2.2. Study Area


Our study area is the WSA of the middle route of the SNWDP, between the Qinba Mountains, where the North–South transition and the East–West alternation occur in China. It is located in the upper reaches of the Hanjiang River, which is the largest tributary of the Yangtze River. Additionally, the Hanjiang River runs from west to east across the study area. The Danjiang River occupies the northeast of the study area and flows into the Hanjiang River from the northwest to the southeast. Except for the Hanzhong Basin, the other landforms in the study area are mainly middle and low mountains and hills, with characteristic alternating valleys and basins. The study area belongs to the north subtropical monsoon zone with warm semi-humid climate, distinct seasons, uneven precipitation distribution, and obvious stereoscopic weather. The annual mean temperature of the study area is 13.7 °C. The annual mean precipitation is about 880 mm (range from 700–1200 mm). The time distribution of precipitation in the study area is uneven: 80% of the annual precipitation from May to October, and most of the rain occurs as torrential rain. In 2015, the total population of the study area was about 13.37 million, the cultivated land area was about 24,000 km2, and the gross domestic product (GDP) was about 423.90 billion yuan. The study area is located in the concentrated poverty-stricken areas of Qinba Mountains. There were 2.57 million poor people and 18 poverty-stricken counties. Compared with surrounding regions, the economic and social development level in the research area is relatively low.



The complex topography, uneven distribution of rainfall, and strong demand for social and economic development lead to a great risk of NPS pollution in the research area. The ecological security of our study area has an important strategic position for the middle route of the SNWDP. It is necessary and urgent to carry out research on NPS pollution in the study area.



According to "The 13th Five-Year Plan for Control of Water Pollution and Soil and Water Conservation in Danjiangkou Reservoir Area and Upper Reaches" [41], the administrative divisions of the WSA cover 46 counties in 14 cities in Shaanxi, Hubei, and Henan provinces, as well as some towns and townships of Wanyuan in Sichuan province, Chengkou County in Chongqing, and Liangdang County in Gansu Province, ranging from 31°31′ to 34°25′ N and 105°31′ to 112°02′ E. Considering the integrity of the administrative unit, the following adjustments were made on the basis of the above planning scope: (1) some townships (non-complete county area) of Wanyuan City, Chengkou County of Chongqing, and Liangdang County of Gansu province were excluded; (2) Xichuan County of Henan province and Fangxian of Hubei province were added; and (3) merging urban districts into urban areas. After adjustments, our study area covers 40 counties (districts) with a total area of about 108,736 km2 (Figure 2).





3. Materials and Methods


3.1. Data Source


The following datasets were used in this study: (1) Land-use datasets for 2000, 2005, 2010, and 2015 were interpreted from Landsat images. The resolution of the images was 30m, and their imaging time was ± 2 years for each year. The images were obtained from Geospatial Data Cloud, Computer Network Information Centre, Chinese Academy of Sciences [42], and interpreted using Environment for Visualizing Images (ENVI) software (version 4.8, Harris Corporation, Melbourne, FL, USA, 2010) (Figure 3b). (2) Historical rural population, livestock used in ECM, and PIOV used for decoupling analysis were obtained from the Statistical Yearbook of each city. (3) Digital elevation model (DEM) with a resolution of 30 m was also downloaded from Geospatial Data Cloud [42]. (4) Historical precipitation data sets (from 2000 to 2015) were obtained from Earth System Research Laboratory, National Oceanic and Atmospheric Administration, U.S. Department of Commerce [43,44]. (5) Soil database with properties of nitrogen content and phosphorus content was obtained from the 1:1,000,000 soil database provided by the Nanjing Soil Research Institute, Chinese Academy of Sciences (Figure 3a). Using ArcGIS software package (version 10.2, Environmental Systems Research Institute, Redlands, CA, USA, 2013), all the spatial datasets mentioned above were projected into a same projection (Albers Equal Area Conic) and the resolution was set to 30 m.




3.2. Estimation of NPS Pollutants Amounts


Dissolved NPS pollutants are commonly delivered by rainfall to waters and mainly generated by agriculture practices, such as land-use, rural population living, and livestock breeding. The values can be estimated using the export coefficient model (ECM). The adsorbed NPS pollutants are mainly controlled by soil erosion and they can be estimated using the Revised Universal Soil Loss Equation (RUSLE) [12].


ENPS=Edis+Ead



(1)




where ENPS is the total NPS pollution load (t/year), Edis and Ead represent loads of the dissolved NPS pollution and adsorbed NPS pollution, respectively (t/year).



3.2.1. Export Coefficient Model


Dissolved nitrogen and phosphorus (DN and DP, respectively) loads could be calculated using the export coefficient model (ECM). The ECM improved by Johnes in 1996 was used in this study to estimate dissolved NPS pollution loads [21]. Taking the land-use classifications into consideration, the output coefficients of different pollution sources were determined using the ECM model on the basis of the rural population and livestock and the discharge and treatment of NPS pollutants [45]. The general expression of the model is


Edis=∑i=1n∑j=1mEijAij+Pi



(2)




where Edis is the dissolved NPS pollution load (t/year); m is the type of pollutant, which is dissolved nitrogen (DN) and dissolved phosphorus (DP); Eij is the export coefficient for pollution source j (kg/km2·year for land use or kg/ca·year for human or livestock discharge) in unit i; Aij represents the area of land-use type or the number of population (rural life) or livestock in unit i; and Pi indicates the pollution input from rainfall in unit i. Due to the lack of data, the input nutrient pollution from rainfall was omitted in this study.



There are two methods to obtain export coefficient Eij: field monitoring and literature review. Because field monitoring is expensive and time consuming, we referenced research results in neighboring regions from other scholars to determine the export coefficients (Table 1) [45,46]. Using the results of previous studies will bring uncertainties to our results. However, we focused more on the change tendency of NPS pollution, not the absolute values. This approach can achieve this aim.




3.2.2. RUSLE Model


Adsorbed pollutants are transported by soil erosion. The amount of adsorbed nitrogen (AN) and phosphorus (AP) can be assessed using the equation [12]


Ead=λ×(∑i=1nRuslei×Si×Cj×β)



(3)




where Ead is the adsorbed NPS pollution load (t/year), and λ is a coefficient that affects the AP and AN loads drained into the lake. According to previous results, the value of λ was reported as 0.28 [47]. Ruslei represents the mean soil loss from land use type i in Equation (4), Si is the area of land use type i, and Cj is the background content of nitrogen or phosphorus in the soil (%), which can be available in the 1:1,000,000 soil database. The β of nitrogen or phosphorus are 1.35 and 1.28, respectively, according to the previous literature [48].



Different scholars have assessed soil erosion in a variety of ways, by using the Instituto Nacional para la Conservación de la Naturaleza (ICONA) model [49] and RUSLE model [50,51,52]. Sediment dynamics at the catchment scale depend primarily on climate (especially the rain intensity), soil, and vegetation characteristics, and factitious factors such as agricultural activities or dam construction and operation [53].



The sum of annual soil loss for unit i is calculated by the equation


Ruslei=Ri×Ki×LSi×Ci×Pi



(4)




where Ruslei is the amount of annual soil loss for unit i (t/(ha × year)); Ri denotes the precipitation erosivity element; LSi is the slope length-gradient element, come a combination of the slope steepness factor and slope length factor; Ci is the crop-management practice factor; and Pi is the conservation support practice factor. The Ci, and Pi factors referenced results of other scholars [54].



The descriptions and sources of the inputs needed in the RUSLE model in our study were as follows. All input GIS maps or rasters for accurate results were conducted in the same projection and linear meter units.



(1) Rainfall erosivity index (R): A GIS raster dataset with an erosivity index value for each unit, reflecting climate properties. The R factor is the annual long-term mean of the product of events of rainfall kinetic energy, which quantifies the effect of rainfall and associated runoff impact [26,55]. In this study, we refer to Wischmeier’s results as [56]


R=∑i=1121.735×10(1.5×log10(Pi2P)−0.08188)



(5)




where R represents the rainfall erosivity factor ((MJ × mm)/ha × h ×⋅year), Pi represents monthly average rainfall (mm), and P represents annual rainfall (mm).



(2) Soil erodibility (K): K is a GIS raster dataset with a soil erodibility value for each unit. K is a measurement index of the sensitivity susceptibility of soil particles to detachment and transport though rainfall and runoff. The dataset was mainly cited from previous results that focused on central China [57]. The K values for different soil types are listed in Table 2.



(3) Topographic factor (LS): LS is calculated by multiplying slope length factor (L) and slope steepness factor (S). In this study, we referenced the following algorithms, which were previously developed to calculate the LS factor [58,59,60]


L=(λ/22.13)u



(6)






u=n/(1+n)



(7)






n=(sinθ/0.0896)/[3.0(sinθ)0.8+0.56]



(8)




where λ represents the horizontal projection (unit: m), 22.13 is the RUSLE unit plot length (unit: m), and θ is slope degree.



The S factor is calculated according to the angle using the equations [59]


S=10.8sinθ+0.03  θ<5°










S=16.8sinθ−0.5   5°≤θ<10°



(9)






S=21.91sinθ−0.96  θ≥10°











(4) Crop-management practice factor (C): C factor is a floating point value between 0 and 1.



(5) Conservation support practice factor (P): P is the support practice factor for the RUSLE model, and a floating point value is between 0 and 1.



Because the Three Gorges area is close to the study area and they have many similarities, the C value and P value were directly obtained from Liu’s [54] research results in the Three Gorges Reservoir area.





3.3. Decoupling Analysis


The following mathematical expression is used to calculate decoupling index (DI)


DI = ∆ENPS/∆VPIOV = (ENPSi/ENPSi−1 − 1)/(∆VPIOVi/∆VPIOVi-1 − 1)



(10)




where ∆ENPS and ∆VPIOV are the change in the rate of NPS pollution loads (t/year) and PIOV, respectively; ENPSi and VPIOVi represent the pollution loads and PIOV at the last phase, respectively; and ENPSi-1 and VPIOVi-1 represent the corresponding value in the base period. There are six possible combinations of ∆ENPS and ∆VPIOV , and the different decoupling degrees are described in Table 3 [29]. Figure 4 shows the basic data required for this study, as well as the intermediate calculation process and results.





4. Results


4.1. DN and DP Estimation


4.1.1. Temporal Variations in DN and DP


The estimated results of DN and DP loads for 2000–2015 are shown in Figure 5.



It can be seen in Figure 5 that the amount of DN and DP estimation fluctuated in different patterns. The annual amount of DN load enlarged before 2010 but declined after 2010 with a peak of 164,625.51 t/year. The DN load in 2015 increased slightly compared with 2000, with an increase of 0.55%. For DP load, the inflection point from increase to decline was 2005 with a peak value of 7293.33 t/year. In 2015, the DP load in the study area was 7293.33 t/year, with a slight decrease of 4.60% compared with 2000. The analysis above shows that the DN loads increased slightly over the 15-year period, but the growth trend was restrained after 2010. The DP load decreased significantly during the study period, and the decreasing tendency was significant after 2005.



Over the past 15 years, significant changes have taken place in land use in the study area, as shown in Table 4.



As can be seen from Table 4, the area of cultivated land (including dry land and paddy land) in the study area has decreased obviously. Cultivated land made the largest contribution to DN and DP loads and account for 32.75% and 37.43%, of the total amount of dissolved NPS pollution, for multi-year average. Compared with 2000, DN and DP loads caused by cultivated land decreased by 1350.01 t/year and 75.91 t/year in 2015, with a reduction of 2.5% and 2.62%, respectively. The decrease of cultivated land area was beneficial to reduce DN and DP loads. The area of residential land and barren land were increasing significantly. Compared with 2000, DN and DP loads caused by residential land and barren land increased by 77.32% and 76.83% in 2015, respectively. Although the multi-year average ratio of DN and DP loads caused by residential land and barren land to the total amount of dissolved NPS pollution were 0.30% and 0.36%, the increase of residential and barren land could increase the risk of NPS pollution.



In addition, due to the impacts of immigration and urbanization, the rural population in the study area has decreased significantly over the past 15 years. In 2000, 2005, 2010, and 2015, the rural population was 11.82 million, 11.76 million, 11.39 million and 8.61 million, respectively. Compared with 2000, the rural population decreased by 27.16% in 2015, and the DN and DP loads caused by rural life decreased by 6272.19 t/year and 687.32 t/year respectively. The decrease of rural population can reduce the loads of DN and DP. It is worth noting that in the past 15 years, the total amount of livestock in the study area has been increasing. Compared with 2000, the amount of livestock increased by 105.47% in 2015, and the DN and DP loads caused by livestock increased by 8212.73 t/year and 396.48 t/year respectively. The increase of livestock would increase the risk of NPS pollution.



The variation of DN and DP loads in the study area was the result of the interaction of the parameters mentioned above. The changes in these parameters may be due to the following reasons: In 2006, the State Council of China approved and implemented “The Danjiangkou Reservoir Area and Upper Reaches Water Pollution Prevention and Control and Soil and Water Conservation Plan”, which began to comprehensively prevent and control the environmental pollution in the study areas. As important parts of the above plan, the Small Watershed Comprehensive Management Project, the Conversion of Farmland to Forestry Project, and the Ecological Migration Project have been implemented. The implementation of these projects may has played a positive role in the control of NPS pollution in the study area.




4.1.2. Spatial Variations in DN and DP


The annual load intensities of DN and DP in different counties during the simulated years are shown in Figure 6.



The spatial distributions of DN and DP loads intensities observed over the study years exhibited a similar pattern and did not change much. Counties with high DN and DP loads intensity were mainly concentrated in two regions in the west: Hanzhoung Basin and Ankang Basin. This may be due to the large amount of cultivated land and the high density of rural population in these two basins. According to the Statistical Yearbooks, in 2015, pure nitrogen and phosphorus fertilizer intensity of cultivated land in Hanzhong Basin and Ankang Basin were about 1.84 t/ha and 0.73 t/ha, respectively. While the average values in Hubei, Henan, and Shaanxi were about 0.26 t/ha and 0.13 t/ha, respectively, in the same year. Heavy fertilizer use intensity might be the cause of high estimated results of DN and DP in Hanzhong Basin and Ankang Basin [61]. Figure 6e–h shows that the number of counties with high DP load intensity decreased over the study period. Notably, Xichuan County, which is located in the east of the study area, had relatively high DN and DP load intensities. Xichuan had a large amount of cultivated land, accounting for 42.77% of its total area in 2015. Although the rural population of Xichuan decreased from 640,000 in 2000 to 456,000 in 2015 due to emigration and urbanization, its total rural population was still larger than that of other counties. The large rural population led to intensive utilization of cultivated land, which might be the cause of high intensity NPS pollution load.



From the above analysis, we concluded that the dissolved NPS pollution load intensities in the western region were relatively high and need to be given priority. Xichuan County also needs to be an area of focus due to its high dissolved NPS pollution load intensity.



Since the county is the basic unit of administration in China, the analysis of the total DN and DP loads of different counties can provide more information for the implementation of preventive operational measures. The spatial pattern evolution of DN and DP loads in different counties are shown in Figure 7. Over the 15-year period, the spatial distribution pattern of counties with high DN load did not change much. Counties with high DN load were primarily distributed in the eastern and center regions, and gradually converged to the eastern part. Counties with high DP load were mainly concentrated in the eastern and western regions, and continuously gathered in the eastern region. The number of counties with high DP load decreased from eight to four from 2000 to 2015. Although the intensity of dissolved pollution load in most eastern counties was relatively low compared to the western counties, the total load of these counties was consistently high because of their large area. In the future, more attention also should be given to the eastern counties to prevent and control the dissolved NPS pollution.





4.2. AN and AP Estimation


4.2.1. Temporal Variations in AN and AP


The estimated results in AN and AP loads are shown in Figure 8.



From Figure 8, the estimated results of AN and AP loads fluctuated in similar patterns. The annual loads of AN and AP increased obviously before 2005 and then decreased after 2005, with peaks at 8062.75 t/year and 2871.12 t/year, respectively. Compared with 2000, the AN and AP loads in 2015 significantly decreased by 32.72% and 30.81%, respectively.



The loads of AN and AP are mainly controlled by the intensity of soil erosion. According to RUSLE (Equation (4)), the average soil erosion intensity in 2000, 2005, 2010, and 2015 were 119.13 t/(ha × year), 154.57 t/(ha × year), 109.79 (t/(ha × year) and 82.61 t/(ha × year), respectively. In the past 15 years, the intensity of soil erosion in the study area decreased significantly, which was the main reason for the decrease of AN and AP estimation. The above phenomenon can be explained as follows. Since 2005, the construction of the middle route of the SNWDP has been in a critical period. In order to guarantee the water quality, in October 2007, the Chinese governments started the “Water and Soil Conservation Project in the WAS of the Middle Route of SNWDP” [62]. The government has paid much attention to this area and a series of projects have been formulated and implemented, such as the closing hills for afforestation, the conversion of cropland to forest or grassland, the land consolidation, and the Small Watershed Comprehensive Management Project. The area of cultivated land (including dry land and paddy land) in the study area has decreased obviously. Compared with 2000, the cultivated land area decreased by 2.42% in 2015. At the same time, the area of forests (including woodland and shrubbery) increased by 0.99%, and the area of water increased by 21.73%. Under the combined effect of the above changes, the soil erosion has been effectively restrained. Notably, the rainfall intensity in 2010 and 2015 was lower than usual, which might have contributed to the decline in AN and AP loads as well. Under the combined effect of the above factors, AN and AP loads decreased significantly.




4.2.2. Spatial Variations in AN and AP


The intensities of the AN and AP loads in different counties during the observed years are shown in Figure 9.



Compared to the dissolved pollutants, the load intensities of the adsorbed pollutants indicated a very different spatial distribution pattern. Counties with high AN load intensity were primarily located in the southern and northern regions of the study area. The number of counties with high AN load intensity decreased significantly, and the decrease in the northern region was more obvious. Counties with high AP load intensity were mainly concentrated in the southern region, the number of which decreased significantly over the 15-year period. The northern and southern regions have steep topography and relatively low vegetation coverage, which resulted in strong soil erosion. Since adsorbed pollutions are mainly controlled by soil erosion, strong soil erosion might be the main cause of high AN and AP load intensity. As for AN load, the soil type in the northern part is mainly semi-argosols, which contains relatively high amounts of background N. This may be also an important reason for the heavy AN load intensity in the northern region. In the future, measures for soil and water conservation in the southern and northern mountainous areas should be strengthened, such as the closing hills for afforestation and returning farmland to forests. The sensitive counties mentioned above should receive a spatially targeted approach to reducing adsorbed pollution.



From the spatial variations in total AN and AP loads of different counties (Figure 10), we learned that the spatial distribution of counties with high AN and AP loads has good consistency with the spatial distribution of intensities. Over the 15-year period, the total AN and AP loads in most counties showed a decreasing trend. We must focus on the fact that the total loads of AN and AP in southern counties were still relatively large, and these counties should be given priority support in terms of funds and policies.





4.3. Decoupling NPS Pollution from PIOV


The decoupling states NPS pollution from PIOV in 2000, 2005, 2010, and 2015 in the study area are shown in Table 5. From 2000 to 2005, the growth rate of PIOV was 53.07%, and the growth rates of NPS-N and NPS-P estimation were 3.42% and 8.43%, respectively. The growth rate of PIOV was much larger than that of NPS pollution, which resulted in a weak decoupling (WD) relationship between NPS pollutants and PIOV. From 2005 to 2010, the growth rate of PIOV increased to 112.51%, while the growth rate of NPS-N and NPS-P estimation were −1.28% and −8.12%, respectively, characterizing a strong decoupling (SD) relationship between them. After 2010, the increasing trend of PIOV did not change but the decreasing trend of NPS pollution was more obvious, which resulted in SD relationship between NPS pollution and PIOV.



Since the implementation of the construction of the middle route of the SNWDP, the governments have focused their attention on environmental protection and have implemented various methods to control NPS pollution while promoting the development of primary industry, such as accelerating the transformation and upgrading of agricultural structure and intensifying the efforts of rural environmental renovation. Under various efforts, the risk of NPS pollution caused by the development of primary industry has been gradually reduced.



The analysis of the decoupling situation in different counties can provide more scientific and technological supports for the formulation of relevant policies. The spatial pattern evolution of decoupling NPS pollution from PIOV in each county is shown in Figure 11.



From 2000 to 2005, the development of primary industries in most of counties showed WD from NPS pollutants. Three counties showed a strong coupling (SC) relationship between NPS-N and PIOV, and one county showed a SC relationship between NPS-P and PIOV. From 2005 to 2010, the development of primary industries in about half the counties was strongly decoupled from NPS-N pollution, and most counties were strongly decoupled from NPS-P pollution. From 2010 to 2015, most counties reached WD. Notably, there were some counties in the eastern counties (around Danjiangkou Reservoir) that were still in a WD state from NPS-N in 2015.



From 2000 to 2015, and especially after 2010, the development of primary industry in the study area gradually decoupled from NPS pollutants emissions. The above achievements may result from the environmental actions taken by the government, such as the strengthening of environmental protection, adjustment of agricultural structure, and the vigorous implementation of environmental renovation.





5. Discussion


5.1. Uncertainty of the Estimation Results


It must be noted that, since we used empirical models in this study, we have not been able to obtain long-term ground monitoring data in this area. The calculation results were only estimates of NPS pollution in this area. Some coefficients used in the models such as λ and β in the RUSLE model (Equation (3)), were cited directly from previous results, resulting in uncertainty in the estimated results. It is necessary to analyze the influence of the variation of these coefficients on the estimation results. With the estimated value in 2015 as an example, the estimated value of NPS-N and NPS-P would be reduced by 0.09% and 0.62%, respectively, for each decrease of the value of λ by 0.01. When the ratios β of N and P in Equation (3) were reduced by 0.01, the estimated values of NPS-N and NPS-P would be reduced by 0.02% and 0.14%, respectively. From the analysis above, it can be seen that the coefficients have an important impact on the estimated results of the model, and the influences on the estimation results of NPS-P were greater than that of NPS-N. When using the model to estimate NPS pollution, special attention should be given to determine these coefficients scientifically to improve the preciseness of the model.



In addition, Eij used in the ECM model (Equation (2)) may have an impact on the estimated results. Collecting ground monitoring data with good quality to calibrate the coefficients used in the model are important, which will surely improve the simulation accuracy for environmental assessment—this deserves further research. Although there was uncertainty, the coefficients that we adopted were the previous results in adjacent regions with similar natural and social conditions, and our focus was more on the temporal changes and spatial comparisons of NPS pollution in the study area—the results of our research are of scientific value. In addition, the estimated results are also affected by input parameters, such as the number of rural population and livestock. Scenario analysis of these parameters is conducive to more detailed analysis of the uncertainty of model estimation results. The results of these scenario simulation can also help to put forward the preventive measures of NPS pollution.




5.2. Measures for Prevention


5.2.1. Composition Analysis of NPS Pollution


From the estimated results, the NPS-N load was much higher than the NPS-P load over the 15-year period. In comparing dissolved and adsorbed pollution, DN and DP loads controlled by land use, rural life, and livestock were much higher than AN and AP loads caused by soil erosion, accounting for 96.46% and 78.13% of the total NPS pollution, respectively, for multi-year average values. Dissolved pollution was the absolute source of NPS-N pollution in the study area (Figure 12).



In terms of the source of NPS pollutants (Figure 12), land use was the predominant contributor of NPS-N and NPS-P pollution, accounting for about 75% of NPS-N and 50% of NPS-P based on the average value over the study period. Therefore, it is necessary to adopt various measures to strengthen land use management and to moderately reduce the intensity of land use. Although the rural population in the study area has decreased by 27.16% in the past 15 years, and the intensity of soil erosion has also been effectively controlled, rural life and soil erosion were the other two important sources of NPS-P pollution in addition to land use, which also needs to be an area of focus. In the future, rural environmental infrastructure construction and soil and water conservation measures, such as land consolidation, can be strengthened to control NPS-P pollution. Notably, over 15 years, the amount of livestock increased by 105.47%. NPS pollutants caused by livestock grew significantly and have not been effectively controlled. Even though livestock was not the main source of NPS pollution, it also needs to be addressed immediately.



From the above analysis, the following conclusions could be drawn: (1) land use activities were the main source of NPS pollution in the study area; (2) rural life and soil erosion were important factors of NPS-P pollution; and (3) measures must be taken to curb the growth of NPS pollution caused by livestock.




5.2.2. Measures for NPS Pollution Control


From the above analysis, it can be seen that the simulated values of NPS pollution load were controlled by land use, rural life, livestock breeding and soil erosion. Therefore, the measures to control NPS pollution can be considered from the above aspects. With the estimated value in 2015 as an example, we tried to find measures to reduce the emission of NPS pollution. Possible measures are as follows:

	
Measure 1 (M1): Reducing the number of livestock.



	
Measure 2 (M2): Reducing the rural population.



	
Measure 3 (M3): Improving the capacity of waste treatment.



	
Measure 4 (M4): Conversion of cropland to forest.








In order to compare and analyze the effects of different measures on NPS pollution emissions, the changes of estimated values of NPS pollution were evaluated for each 1% change of the given variable in different measures. The results are shown in Figure 13.



It can be seen in Figure 13 that the conversion of cropland to forestry (M4) has the greatest impact on the estimated value of NPS pollution emissions. When other conditions remain unchanged, the estimated value of NPS-N and NPS-P pollutant in 2015 would be reduced by 0.33% and 0.42%, respectively, while 1% of cultivated land was converted into woodland. The second is Measure 2 (M2). For every 1% reduction of the rural population, the estimated emissions of NPS-N and NPS-P pollutants will be reduced by 0.14% and 0.29%, respectively. Therefore, we should focus on the works of returning cropland to forest. If practical conditions are feasible, reducing the rural population is also an efficient means of decreasing the amount of NPS pollution.



Of course, the measures mentioned above can be carried out in a variety of combinations at the same time to lead to more sustainable management. It is worth pointing out that the cost of taking different measures varies. What measures or combinations of measures to take in the future needs to be determined according to cost estimates in different regions.





5.3. Comparison with Previous Studies


5.3.1. Previous Studies in Other Regions


Madjid Delkash et al. [22] found that the prediction accuracy of the SWAT model was higher than that of the ECM model after comparing the two models’ capacity to predict NPS pollution. At the same time, they pointed out that the predicted results of ECM on NPS-P were significantly affected by the coefficients, and the coefficients used in the ECM model should be various for different basins. The coefficients of the ECM model used in this paper were derived from previous results in adjacent regions with similar natural and social conditions—there were inherent uncertainties. However, the model has obvious advantages in analyzing the long-term variation and large-scale spatial contrast of NPS pollution. Collecting ground monitoring data and modifying model coefficients will be our future research direction. Daniel Ierodiaconou et al. [19] combined remote sensing data with the ECM model to study the changes of nitrogen and phosphorus loads in the Glenelg–Hopkins region in Australia over the past 22 years. The results showed that the ECM model is of great significance to the regions lacking long-term historical monitoring data. The situation in this study area is similar, so it is feasible and necessary to use the ECM model to estimate NPS pollution.



Scholars have also carried out relevant studies in other areas of China. Cheng et al. [63] studied the effects of different factors on NPS-P pollution in semi-arid areas of northern China by using the improved ECM model. They found that the rural population contributed the most to NPS phosphorus emission, while land use had the least impact, which was different from this study. The above situation shows that the same factor may differ greatly in the impact of NPS pollution in different areas, and it is necessary to conduct a specific analysis before employing control measures. Research by Zhang et al. [64] in the Three Gorges Reservoir Area showed that there was a close relationship between rural net income and NPS pollution. This paper analyzed the relationship between the PIOV and NPS pollution and analyzed the temporal and spatial changes of this relationship in different counties. Our research was more detailed than Zhang’s. Yang et al. [29] found that the relationship between grain production and NPS pollution in Heilongjiang land consolidation area was weak decoupling for most of the years. NPS pollution is not only controlled by grain production, but also rural population and livestock, etc. PIOV is more representative of the intensity of agricultural activities. This paper analyzed the relationship between NPS pollution and PIOV, which is a meaningful complement to Yang’s research.



The existing literature is quite abundant, and it is difficult to make a complete description. Some other results which provide important references for this study have been cited elsewhere in this paper.




5.3.2. Previous Studies in the Same Area


Previous studies estimated the NPS-N and NPS-P loads of the study area. Han. et al. [45] calculated the NPS-N load based on the ECM for a typical watershed in this region. However, they did not estimate the NPS-P pollution and did not consider the adsorbed NPS pollution, which may have resulted in an underestimation of NPS pollutants. The load intensity of NPS-N load in this study was 1.48 t/km2 in 2015, which was much lower than Han’s result of 2.96 t/km2 in 2014. The main reason was that Han’s research only focused on a typical small watershed in our study area, where the total agricultural population, cultivated land, and livestock may be higher than that in the entire study area in this paper. Fang, et al. [46] calculated the NPS-N load based on the ECM for the Danjiangkou Reservoir Area (only six counties). In this study, the load intensities of NPS-N and NPS-P were 1.532 t/km2 and 0.091 t/km2 in 2000, respectively, which was equivalent to Fang’s research result of 1.886 t/km2 and 0.094 t/km2 in 2000, respectively. Wang, et al. [65] estimated the agricultural NPS pollutant loss in catchment areas of Danjiangkou reservoir based on the ECM and Fractal Theory, focusing on the eastern part of our study area. According to their research results, the total NPS-N and NPS-P loads were 0.74 t/km2 and 0.11 t/km2. Their estimation are lower and higher than ours, respectively. Xin, et al. [66] used the flux method to estimate point source and NPS pollution (CODMn and TP) of major rivers in Danjiangkou reservoir area in 2013. They found that NPS pollution was the main factor of regional CODMn and total phosphorus emissions, indicating that the estimation of NPS pollution in the region is of great significance for the sustainable development of the region. Unfortunately, they did not estimate NPS-N emissions, and the time scale and research scope were limited.



By comparing with the previous studies, we found that some studies on NPS pollution in the WSA of the middle route of SNWDP have been completed, and some progress has been made. However, these studies had the following limitations: (1) the research scopes were generally small, with the research area being a small watershed; (2) the time span of the previous studies was always too short to demonstrate the temporal trend in NPS pollution load; and (3) in terms of research content, most previous studies estimated NPS pollution based on the export coefficient model, and did not consider adsorbed NPS pollution. The results provided in this paper could be an effective supplement to previous studies and can provide scientific support for regional ecological protection and sustainable development.






6. Conclusions


The quantitative estimation of NPS pollution related to the sustainable development of regions, especially in ecologically sensitive areas—such as water source areas—has attracted increasing attention from all around the globe. We effectively combined the ECM with the RUSLE, and comprehensively estimated the NPS nitrogen and phosphorus pollution in the study area in 2000, 2005, 2010, and 2015. By quantitatively estimating and measuring NPS-N and NPS-P pollution, we effectively analyzed the spatial and temporal evolution patterns and sources of NPS pollution, which provided scientific and technological supports for the sustainable development of the WSA of the SNWDP.



Over the past 15 years, the estimated value of annual DN loads increased significantly before 2010 and decreased after 2010. For DP load, the inflection point from increase to decline was 2005. The estimated loads of AN and AP increased significantly before 2005 and then decreased after 2005. Both the NPS-N and NPS-P loads of the area decreased over the study period. Counties with high DN and DP load intensity were mainly concentrated in two regions in the west: the Hanzhong Basin, and the Ankang Basin. Counties with high AN load intensity were mainly concentrated in the southern and northern regions. Counties with high AP load intensity were mainly concentrated in the southern region. A series of spatially targeted approaches should be implemented to protect these sensitive areas.



From 2000 to 2005, NPS pollutants and PIOV showed weak decoupling. By 2015, all NPS pollutants had strong decoupling from PIOV. While developing primary industry, the governments also strengthened the prevention and control of NPS pollution, and the effect on the ecological environment was beneficial.



For the composition of different NPS pollutants, land use was the main controlling factor of NPS pollution, accounting for about 80% of NPS-N and 50% of NPS-P, respectively. Rural life and soil erosion were also important sources of NPS-P pollution. Various measures such as conversion of cropland to forestry and reducing the number of livestock could be implemented to reduce the risk of NPS pollution in the future. NPS pollutants caused by livestock have been growing over the past 15 years and have not yet been effectively controlled, which is a problem that needs to be addressed.
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	NPS
	Non-point Source



	NPS-N
	Non-point Source Nitrogen



	NPS-P
	Non-point Source Phosphoru



	DN/DP
	Dissolved Nitrogen/Phosphorus



	AN/AP
	Adsorbed Nitrogen/Phosphorus



	ECM
	Export Coefficient Model



	RUSLE
	Revised Universal Soil Loss Equation



	WSA
	Water Source Area
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	South-to-North Water Diversion Project



	PIOV
	Primary Industrial Output Value



	DI
	Decoupling Index



	SD
	Strong Decoupling
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Figure 1. Schematic map of the middle route of the South-to-North Water Diversion Project: (a) topography and major cities along the middle route and (b) annual rainfall distribution (2015) and major rivers. 
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Figure 2. Basic information of the study area: (a) location of the study area, (b) regional zoning, and (c) river distribution and topographic characteristics. 
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Figure 3. (a) Soil map and (b) land-use map (2015) of the study area. 
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Figure 4. Flowchart of this study. 
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Figure 5. The dissolved nitrogen (DN) and dissolved phosphorus (DP) loads from 2000 to 2015. Source: own elaboration. 
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Figure 6. Spatial distribution of annual load intensity of (a–d) DN and (e–h) DP in different counties (2000–2015). Source: own elaboration. 
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Figure 7. Spatial pattern evolution of (a–d) DN and (e–h) DP loads at the county scale. Source: own elaboration. 
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Figure 8. Load variation of adsorbed nitrogen (AN) and adsorbed phosphorus (AP) in the study area. Source: own elaboration. 
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Figure 9. Spatial distribution of the annual load intensity of (a–d) adsorbed nitrogen (AN) and (e–h) adsorbed phosphorus (AP) in different counties (2000–2015). Source: own elaboration. 
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Figure 10. Spatial pattern evolution of (a–d) adsorbed nitrogen (AN) and (e–h) adsorbed phosphorus (AP) loads at the county scale. Source: own elaboration. 
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Figure 11. Spatial pattern evolution of decoupling (a–c) non-point source nitrogen (NPS-N) and (d–f) non-point source phosphorus (NPS-P) from PIOV at the county scale. Source: own elaboration. 
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Figure 12. Composition of (a) NPS-N and (b) NPS-P pollution from 2000 to 2015. Source: own elaboration. 
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Figure 13. Change of NPS pollution with a 1% change of the given variable in different measures. Source: own elaboration. 
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Table 1. Export coefficients of different NPS pollution sources
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NPS Pollution Sources

	
Export Coefficients




	
DN

	
DP






	
Paddy field (kg/(km2 × year))

	
2625

	
182




	
Dry land (kg/(km2 × year))

	
1921

	
79




	
Forestland (kg/(km2 × year))

	
655

	
18




	
Shrubland (kg/(km2 × year))

	
1032

	
23




	
Grassland(kg/(km2 × year))

	
1135

	
38




	
Residential land(kg/(km2 × year))

	
636

	
36




	
Barren land(kg/(km2 × year))

	
1121

	
64




	
Rural population (kg/((ca × 104) × year))

	
19,547

	
2142




	
Cattle (kg/((ca × 104) × year))

	
113,715

	
2179




	
Pigs (kg/((ca × 104) × year))

	
26,667

	
1417




	
Goats (kg/((ca × 104) × year))

	
15,134

	
450




	
Poultry (kg/((ca × 104) × year))

	
459

	
54
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Table 2. Soil erodibility values from previous studies.
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	Soil Types
	K-Value
	Soil Types
	K-Value





	Yellow-brown soils
	0.225
	Skeletol soils
	0.190



	Yellow-cinnamon soils
	0.245
	Lime concretion black soils
	0.262



	Brown earths
	0.273
	Mountain meadow soils
	0.254



	Dark-brown earths
	0.281
	Fluvo-aquic soils
	0.292



	Cinnamon soils
	0.340
	Paddy soils
	0.253



	Red clay soils
	0.310
	Dark felty soils
	0.321



	Purplish soils
	0.241
	Yellow earths
	0.248



	Litho soils
	0.255
	–
	–
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Table 3. Classification and criteria for decoupling
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	Decoupling Degrees
	Relationship between PIOV and Total NPS Pollution Load





	Strong decoupling (SD)
	∆ENPS ≤ 0, ∆VPIO > 0, DI < 0



	Recessive coupling (RC)
	∆ENPS ≥ 0, ∆VPIO < 0, DI ≤ 0



	Weak decoupling (WD)
	∆ENPS > 0, ∆VPIO > 0, 0 < DI < 1



	Expansive coupling (EC)
	∆ENPS > 0, ∆VPIO > 0, DI ≥ 1



	Weak coupling (WC)
	∆ENPS < 0, ∆VPIO < 0, 0 ≤ DI < 1



	Recessive coupling (RC)
	∆ENPS < 0, ∆VPIO < 0, DI ≥ 1
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Table 4. Land use area in different years.
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	Land Use Types
	2000
	2005
	2010
	2015





	Barren land (km2)
	10.80
	10.80
	11.76
	24.27



	Dry land (km2)
	15,766.81
	15,497.21
	15,473.18
	15,440.34



	Grassland (km2)
	4118.02
	4135.09
	4103.15
	4057.47



	Paddy field (km2)
	9060.50
	9004.65
	8889.55
	8785.12



	Residential land (km2)
	566.37
	628.93
	765.85
	995.24



	Shrubland (km2)
	51,529.33
	51,712.11
	51,824.92
	51,729.63



	Waterbody (km2)
	976.84
	1037.55
	1110.10
	1189.12



	Woodland (km2)
	26,707.76
	26,710.09
	26,557.95
	26,515.25
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Table 5. Results of decoupling NPS pollution from PIOV
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Year

	
Growth Rate (%)

	
DI

	
Degrees of Decoupling/Coupling




	
PIOV

	
NPS-N

	
NPS-P

	
NPS-N

	
NPS-P

	
NPS-N

	
NPS-P






	
2000–2005

	
53.07

	
3.43

	
8.43

	
0.06

	
0.16

	
WD

	
WD




	
2005–2010

	
112.51

	
−1.28

	
−8.12

	
−0.01

	
−0.07

	
SD

	
SD




	
2010–2015

	
62.78

	
−2.72

	
−10.15

	
−0.04

	
−0.16

	
SD

	
SD








Note: PIOV, DI, WD, and SD are the primary industries output value, the decoupling index, the weak decoupling, and the strong decoupling, respectively.
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