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To explore the impact of different land use modes on the contents of nitrogen and phosphorus in soil and water in the agricultural basin of the Three Gorges Reservoir, the differences in the nitrogen and phosphorus contents in soil and shallow groundwater under different land use modes were studied by using sample data collected in the field. The typical agricultural small watershed at the heart of the reservoir area was selected as the research object. The differences in the nitrogen and phosphorus loss concentrations during the rainfall process and in the daily surface runoff of the two subcatchments with different land use compositions and spatial layouts were compared. The results show that under the five land use modes, the average total nitrogen (TN) content of the paddy soil (1.51 g/kg) was the highest and was significantly higher than that of the other four land use modes (p < 0.05); the average nitrate nitrogen (NO3−-N) content of the terraced soil in dry land (30.05 mg/kg) was the highest, and the dispersion degree was the greatest; and the total phosphorus (TP) content of the three types of sloping farmland was higher than that of terraced farmland, among which the total phosphorus content of the dryland sloping farmland (1.37 g/kg) was the highest and was significantly greater than that of the other types (p < 0.05); moreover, the available phosphorus (AP) content in the soil of the closely planted mulberry garden was the highest, with an average of 36.85 mg/kg. Under the different land use modes, the concentrations of TN and NO3−-N in the shallow groundwater varied greatly, while there were no obvious differences in the TP concentrations. Influenced by fertilization, the concentrations of TN and NO3−-N in the shallow groundwater clearly increased after fertilization in spring and autumn. The concentration of TP increased slightly, and the concentration was the highest when the rainfall was concentrated in summer. A comparison of the two subcatchments revealed that the interplanted mulberry and paddy fields at the bottom of the basin effectively reduced TN and TP outputs of surface runoff in the subcatchment.
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1 INTRODUCTION
The deterioration of water quality caused by nonpoint source pollution is one of the most significant environmental problems in the world (Lee et al., 2020). Effective control of nonpoint source pollution has become a key aspect of water environment governance in many countries and regions. The generation, transportation, and final output of nonpoint source pollution are related to many factors (Islam et al., 2018), including natural factors such as soil, terrain and meteorology as well as human factors such as land use activities. Scholars have conducted extensive research on various factors, such as rainfall (Fernandez-Raga et al., 2017), slope (Tu et al., 2018), landscape pattern (Chen et al., 2019) and land use (Suescun et al., 2017). Land use is an important human factor that affects nonpoint source pollution (Anand et al., 2018; Zhou et al., 2020). Land use determines factors such as vegetation type, farmland measures, and cultivation methods, thereby affecting the input and output of pollutants (Selassie et al., 2015; Ou et al., 2017).
The process of soil nutrient loss essentially involves interactions among surface soil nutrients, rainfall and runoff (Lee et al., 2018). Driven by water, some soil nutrients are lost along the horizontal migration path of surface runoff and eroded sediment, and some are lost along the vertical migration path formed by water infiltration. The soil nutrient content is an important factor that affects the ability of rainfall runoff and infiltration to transport nutrients (Essaid et al., 2015). The main pathways for the migration and transformation of different forms of nutrients in soil are different. Many studies have shown that phosphorus is easily fixed in soil, and leaching is less common than nitrogen removal. Soil particles also strongly adsorb ammonium nitrogen, while nitrate nitrogen is rarely adsorbed by soil particles and mainly exists in soil solution in the form of solutes, facilitating its leakage into groundwater (Pierzynski et al., 2005; King et al., 2015; Bender et al., 2018). Land use modes and management measures are among the most critical human factors affecting the spatial variation in soil nutrients (Nilovna et al., 2018; Zaher et al., 2020). Unreasonable land use causes the accumulation of nutrients in the soil, posing a threat to the safety of groundwater pollution. Many scholars have conducted research on the relationship between soil and underground leakage nutrient content; however, most of the related research is currently based on runoff plots or indoor and outdoor simulation experiments (Appels et al., 2016; Li et al., 2022), and insufficient research has been conducted on in situ monitoring under natural rainfall conditions in the field. The nutrient content characteristics of shallow groundwater on natural slopes more directly reflect the impact of slope land use, while current research is mostly based on field or watershed scales (Lin et al., 2018). The runoff output of pollutants in a watershed is closely related to land use and spatial structure, and research based on landscape ecology methods (Vrebos et al., 2017; Cheng et al., 2019) and on-site monitoring methods (Du et al., 2011; Xu et al., 2022) is the most common. Currently, on-site monitoring methods often involve the collection of samples from only a single rainfall event or from several rainfall events (Li et al., 2020); moreover, insufficient continuous monitoring research exists that can comprehensively reflect the impact of land use on pollutant output under different cultivation periods and rainfall conditions. However, relatively little research has been conducted on the dynamic changes in pollutant outputs during typical rainfall events.
The Three Gorges Reservoir area is one of the most sensitive areas in China’s ecological environment (Zhang et al., 2020); its terrain is mainly hilly and mountainous, and it is located in a concentrated rainfall area with numerous small agricultural catchments. Agricultural nonpoint source pollutants are easily transported and transformed from source watersheds via rainfall processes and ultimately flow into the Three Gorges Reservoir via runoff (Zhang L et al., 2015; Chen et al., 2016). As relatively independent catchment units, small catchments are sources of nonpoint source pollution occurrence and development. Exploring the impact of land use modes on the output of nonpoint source pollution in small catchments can help implement corresponding countermeasures to reduce and control nonpoint source pollution in reservoir areas. The typical agricultural small catchments in the Three Gorges Reservoir area were taken as an example to analyse the characteristics of the soil nutrient content under the different land use modes. The impact of land use on the nutrient content of shallow groundwater was explored at the slope scale. The rainfall and daily surface runoff data collected from the two subcatchments were used to compare the differences in nutrient output between the two subcatchments under the different land use modes. The proposed study provides a reference and guidance for the control of nonpoint source pollution in the Three Gorges Reservoir area and for the study of nonpoint source pollution in small catchments, with agriculture as the main focus.
2 MATERIALS AND METHODS
2.1 Overview of the study area
The Wangjiagou small catchment in the study area is located on the northern bank of the Yangtze River in the northeast region of Fuling District, Chongqing, with a geographical location between 107° 30′10″- 107° 30′55″E and 29° 53′54″- 29° 54′32″N, belonging to the first-class tributary of the Yangtze River (Figure 1). The region has a subtropical monsoon climate, with an average annual temperature of 22.1°C, an average annual rainfall of 1,011 mm, and a rainy season from April to October. The soil types in the catchment are representative purple soil and paddy soil from the Three Gorges Reservoir area. The terrain, which features the typical topographic and geomorphological features of the Three Gorges area, mainly consists of low mountains and hills interspersed with gullies and valleys, and the typical sloping arable land farming in the reservoir area of crops-mulberry planting pattern is widely distributed in the catchment.
[image: Figure 1]FIGURE 1 | Location of the Wangjiagou catchment in the Three Gorges Reservoir area.
The catchment is closed and divided into two tree-shaped subcatchments (A and B) by natural landforms (Figure 2). The two outlet catchments have a total area of 82.34 hm2, the area of subcatchment A is 47.21 hm2 and that of subcatchment B is 35.13 hm2. According to the 1:1000 land use status map from 2014, combined with the field survey of land use change in the catchment in 2018, the land use status map of the Wangjiagou small catchment was drawn using ArcGIS 10.2 software (Figure 2). The main land use types and areas of the two subcatchments are shown in Table 1.
[image: Figure 2]FIGURE 2 | Map showing the land use status and layout of the sampling points in the study area (2018).
TABLE 1 | Land use and the proportion of subcatchments A and B (2018) (unit: hm2).
[image: Table 1]The land reclamation rate in the catchment is high, and the crop planting mode is relatively simple. Corn and rice are the main crops in spring, and mustard is planted in autumn. Corn is sown in mid-March, at which point basal fertilizer is applied. Top dressing was applied at the beginning of May at a rate of approximately 180 kg N/hm2 (compound fertilizer for corn, N:P2O5:K2O = 11:9:5). The corn harvest was completed in mid-July. Rice plants were transplanted before the end of April and harvested in mid-August. Fertilizer was applied to the rice fields at a rate of 40 kg N/hm2. The mustard tubers are transplanted between the end of September and early October, and fertilizer is applied at a rate of approximately 220 kg N/hm2 (compound fertilizer for mustard tubers, N:P2O5:K2O = 12:6:7). Mustard tubers are harvested at the end of January of the following year.
2.2 Layout of sample collection points, collection methods and test methods
2.2.1 Selection and collection methods for soil samples
According to the spatial distribution and areal proportions of the different land use types in the catchment, the soil sample collection points were uniformly arranged (Figure 2). A total of 32 soil sample collection points were arranged in the catchment, i.e., 6 sampling points for sloping farmland in dry land, 12 sampling points for terraced farmland in dry land, 4 sampling points for the paddy field, 4 sampling points for the dense mulberry plantation, and 6 sampling points for mulberry interplanted sloping farmland. A total of 7 soil samples were collected in 2018–2019, mainly before the planting of spring and autumn crops, at the end of crop fertilization and during the idle period of the summer rotation.
2.2.2 Design and collection methods for shallow groundwater
According to the distribution characteristics of topography and geomorphology in the study area and from the perspective of the representativeness of land use modes, 5 slopes with a clear boundary of the catchment area on the slope and not prone to return flow were selected. A shallow groundwater collection well (Figure 2) was established at the bottom of the slope at a depth of 1.5–2.5 m and a sampling depth of 0.5–1 m. The land use modes of the five water wells were as follows: W1 was a dry land terrace, W2 was dryland sloping farmland, W3 was mulberry interplanted sloping farmland, W4 was a compound slope composed of dry sloping land, a mulberry garden, forestland and rural residential land, and W5 was forestland and a small part of dry sloping land. The well water samples were collected from March to December 2018, approximately once every 4 weeks, for a total of 15 samples.
2.2.3 Subcatchment rainfall process and daily surface runoff collection method
Subcatchment rainfall process sample collection: During the rainfall event on 5 June 2019, samples were collected every 15 min in the first 2 h after surface runoff generation, every 30 min from 2–5 h, and every 60 min from 5–10 h. A total of 19 samples were collected, and each sample was 200 mL in volume.
Subcatchment daily surface runoff collection: Automatic water samplers (ISCO 6712, America) were placed at the outlets of subcatchments A and B to collect surface water samples every day. The automatic water samplers were in operation from April to December 2019. Water samples were collected daily at six hourly intervals (at 0:00, 06:00, 12:00, and 18:00). The samples were then integrated to form a composite sample that was representative of the whole day. Over the study period, the automatic water sampler was regularly transported to the laboratory for checking and maintenance.
2.2.4 Sample test method
Water sample test method: The collected water samples were stored at 4°C, and the test was completed within 48 h. The water samples were split into two portions before analysis. One part was unfiltered and analysed for total nitrogen (TN) and total phosphorus (TP) content. The other part was passed through a 0.45-μm filter and tested for nitrate (NO3−-N). TN was determined by peroxide potassium sulfate-ultraviolet spectrophotometry (GB11894-89), TP was determined by the molybdenum blue method (GB11893-89), and NO3−-N was determined by ion chromatography (DX120).
Soil sample test methods: The total nitrogen in the soil was determined by the Kjeldahl method, the total phosphorus in the soil was determined by alkali fusion-molybdenum-antimony resistance colorimetry, and 0.5 mol/L NaHCO3 extraction-molybdenum-antimony resistance colorimetry was used for soil available phosphorus (AP) analysis. The content of NO3−-N in the fresh soil samples was determined via phenol disulfonic acid colorimetry.
2.2.5 Data analysis method
The distributions and degrees of variation in the TN, TP, NO3−-N and AP contents in the soil samples and shallow groundwater samples under the different land use modes were compared and analysed with SPSS 21 software (small letters indicate the results of multiple comparisons of significant differences). The spatial distribution characteristics of the different land types in the two subcatchments were analysed via ArcGIS 10.2 software.
3 RESULTS AND DISCUSSION
3.1 Spatial distribution characteristics of different land types in the subcatchments
The types of land use in the catchment included dry land, paddy fields, mulberry gardens, forestland, pond water surfaces, and rural residential areas. Among them, dry land, paddy fields and mulberry gardens were mainly affected by artificial cultivation. Combined with the existing farming methods used for different land types in the catchment, the land use modes were subdivided into five types: dryland sloping farmland (L1), dryland terrace (L2), paddy field terrace (L3), closely planted mulberry garden (L4), and mulberry interplanted sloping farmland (L5). According to the spatial distribution in the catchment, the cumulative changes in the area proportion of the spatial relative elevation (the outlet of the subcatchments was 0, and the maximum elevation was 1) and the relative slope (the minimum slope of the field in the subcatchments was 0, and the maximum slope was 1) of the five land types were calculated by using the theory of the Lorenz curve.
3.1.1 Comparison of relative elevation values
A comparison of the standard values of relative elevation (Figure 3) revealed that the relative elevation curves of dryland sloping farmland in the two subcatchments (L1) were roughly evenly distributed, which indicated that dryland sloping farmland was widely distributed in the catchment and distributed across different elevation intervals. Paddy fields and dry land terraces (L2 and L3) were mainly distributed in the lower section of the relative elevation, and paddy fields in subcatchment A were mainly distributed in the section below the standard value of a relative elevation of 0.1, that is, the bottom of the subcatchment; however, the standard values of the relative elevation of paddy fields in subcatchment B were concentrated in the two ranges of 0.1–0.2 and 0.6–0.7, and their spatial distributions were mainly in the slope waist and the gully area in the middle and upper parts of the subcatchment. The dry land terraces in subcatchment A were mainly distributed within the range below the relative elevation standard value of 0.4, while those in subcatchment B were more widely distributed. Mulberry interplanted sloping farmland (L5) was mainly distributed within the range of 0.3–0.8 relative elevation standard values, namely, the middle and upper parts of the catchment, with subcatchment A accounting for approximately 76% and subcatchment B accounting for approximately 92%, whose spatial distribution was relatively concentrated and contiguous.
[image: Figure 3]FIGURE 3 | Lorenz curve of the relative elevation of five land types in subcatchments (A) and (B).
3.1.2 Comparison of the standard values of the relative slope
The Lorentz curves of the slopes of the different land types exhibited overall parallel distributions and were mainly distributed at the upper left of the equilibrium line (Figure 4). The distribution of various types in subcatchment B was mainly concentrated in the 0.1–0.35 range of the standard value of the relative slope, while the sloping farmland (L1, L4, L5) in subcatchment A was approximately evenly distributed in the 0.1–0.65 range, and its sloping farmland slope was greater than that in subcatchment B. The Lorenz curve of paddy fields and dry land terraces (L2 and L3) in the two subcatchments was closer to the Y-axis with the gradient, which showed that the gradient of terraces in the catchment was the slowest. The slope distribution range of dryland sloping farmland (L1) was smaller than that of mulberry interplanted sloping farmland (L5), and the relative slope standard value distribution range of the closely planted mulberry garden (L4) was the highest among the five land types, with the largest slope.
[image: Figure 4]FIGURE 4 | Lorenz curve of the relative gradients of five land types in subcatchments (A) and (B).
3.2 Characteristics of the soil nutrient content under the different land use modes
3.2.1 TN and TP content characteristics
A comparison of the nitrogen and phosphorus contents under the five different utilization modes (Figure 5) revealed that the average TN content (1.51 g/kg) in the paddy fields was significantly higher than that in the other four types (p < 0.05). Similarly, the average TN content in the closely planted mulberry fields was 1.07 g/kg, which was the lowest. Similarly, the average TN content in the terraced fields in the dry land was significantly higher than that in the sloping fields in the dry land (p < 0.05), and the average TN content in the soil of the mulberry interplanted sloping fields was also approximately 0.11 g/kg greater than that in the dry sloping fields. In contrast to that in the closely planted mulberry fields, the fertilization intensity of the spring and autumn crops in the mulberry interplanted sloping farmland was not significantly different from that in the dry land, and the soil total nitrogen (TN) content was 0.29 g/kg higher (approximately 27% higher) than that in the closely planted mulberry fields. The soil TP content under the different land use modes exhibited the opposite trend as that of TN, and the soil TP content in the sloping farmland was greater than that in the terrace. The total phosphorus (TP) content in dry sloping soil (1.37 g/kg) was the highest and was significantly higher than that in the other land types (p < 0.05), and the average TP content in paddy fields was 0.78 g/kg, which was the lowest and was 0.59 g/kg lower than that in dry sloping farmland.
[image: Figure 5]FIGURE 5 | Contents of TN, TP, NO3−-N and AP in soil under different land use modes.
3.2.2 Characteristics of the soil NO3−-N and AP contents
The average soil NO3−-N content under the five land use modes was generally the same as the variation trend in TN. However, the NO3−-N content in the paddy field soil was lower than that in the TN, and there was no significant difference from that in the other land types. The average NO3−-N content in the terraced soil in the dry land was 30.05 mg/kg, which was the highest, and that in the closely planted mulberry garden was 17.05 mg/kg, which was the lowest. The difference in the AP content under the five land use modes was the most obvious. The AP content in the soil of the closely planted mulberry garden was 36.85 mg/kg, which was the highest, and that in the paddy field was 10.97 mg/kg, which was the lowest. The AP content in the dryland terraces was 12.38 mg/kg higher than that in the dryland sloping farmland, i.e., approximately 76% higher.
3.2.3 Comparison of dispersion degrees
A comparison of the dispersion coefficients of nitrogen and phosphorus nutrient contents in 5 different types of soils (Table 2) revealed that the dispersion coefficients of soil total nutrients (TN and TP) were significantly lower than those of quick-acting nutrients (NO3−-N and AP). The dispersion degree of the NO3−-N content was the largest, with the highest dispersion coefficient of 77.69% in dryland terraced fields, and the dispersion degree of TN was the smallest, which was less than 20%. Under the different land utilization modes, the dispersion coefficients of dryland sloping land and dryland terraces were higher than those of the other utilization modes, while the dispersion coefficient of dense mulberry orchard was lower, and its NO3−-N dispersion coefficient was only 46.86%. The dispersion coefficients of AP for the two slope cropland utilization modes (L1 and L5) were significantly higher than those of the other three modes.
TABLE 2 | Statistics of the dispersion coefficient of soil nitrogen and phosphorus contents under different land use types.
[image: Table 2]3.2.4 Land use mode impact analysis
The main utilization modes of drylands in the catchment are the mixed planting pattern of terracing, slope cultivation and mulberry, and the types of crop cultivation, fertilizer intensity and management modes of these three modes are basically the same. However, due to the better water and fertilizer retention of terraces (Jia et al., 2022), the TN, NO3−-N and AP contents of dryland terraced soils are significantly higher than those of slope cultivated soils (p < 0.05). According to Figure 3, the dryland sloping cropland in the catchment was mainly distributed in areas with relatively high terrain, which experienced rapid decomposition of soil organic matter, better aeration conditions, easier soil phosphorus fixation (Hu et al., 2013), and significantly higher TP content than did the other land types. Ding (2010) has utilized spatial interpolation to predict soil nutrients in small catchments, revealing that the distribution of TP in these catchments increases from the valley area to the surrounding highlands. A high standard deviation of the relative slope gradient of dryland sloping arable land in the catchment (see Figure 4) and a high intensity of soil erosion exacerbated the loss of AP from dryland sloping arable land soils. With the reduction in the AP content in soils, under the combined influence of fertilizer application, rainfall, and other factors, the degree of AP dissociation in the soils of dryland sloping arable land and mulberry tree-supported sloping arable land was also significantly higher than that under the other utilization modes. The surface of the densely planted mulberry garden was covered by dense branches and leaves of mulberry plants most of the time, in addition to the well-developed root system of mulberry plants, improving the erosion resistance of the soil and reducing the loss of AP (Liu et al., 2016). Under this utilization mode, the AP content is the highest, and the discrete degree is the lowest. The agricultural mulberry configuration farming conservation mode is more widely applied in the Three Gorges Reservoir area (Zhang et al., 2016). Although the fertilizer level applied to the mulberry set-aside slope cropland in the watershed was slightly lower than that applied to the dryland slope cropland, the TN and NO3−-N contents in the watershed were 9.2% and 14.1% higher, respectively, than those applied to the dryland slope cropland because the root system of mulberry planted in the set-aside region improved soil agglomeration, porosity, and other physical properties (Pu et al., 2012), promoted the formation of a good soil structure and prevented the loss of nitrogen from surface runoff. The crop cultivation pattern on paddy terraces involves planting rice and swede in turns, so the fertilizer intensity per unit area is lower than that in drylands. Due to the loose texture of the purple soil and the abundant rainfall in the Three Gorges Reservoir area (Wang et al., 2013), nitrogen fertilizer is lost in the form of NO3−-N in the process of rainfall-runoff and leaching. Rice paddy has a special redox process, and the mechanism of organic matter formation and preservation is entirely different between paddy fields and drylands, resulting in a significantly higher TN content than that of drylands, and that prolonged inundation resulted in nitrate nitrogen loss through anaerobic bacterial loss by denitrification under the action of anaerobic bacteria (Tian et al., 2021), the NO3−-N content of paddy soils is lower than that of dryland terraces. Phosphorus in paddy fields is easily sequestered by iron oxides so that the AP content will be greatly reduced, and the sequestered phosphorus in acidic soil can reach more than 80%.
3.3 Characteristics of nitrogen and phosphorus contents in shallow groundwater on different slopes
3.3.1 TN, NO3−-N and TP content characteristics of shallow groundwater
Based on the comparison of the nitrogen content of shallow groundwater on the slope surface under the different land use modes (Figure 6), the average contents of TN and NO3−-N in shallow groundwater (W1) on the slope surface mainly composed of dry land terraces were 17.09 mg/L and 13.52 mg/L, respectively, which were the highest and significantly higher than those of the other four slopes (p < 0.05). The average contents of TN and NO3−-N in the shallow groundwater (W5) on the slope surface were 7.95 mg/L and 5.54 mg/L, respectively, which were the lowest. The average contents of TN and NO3−-N in W1 were 114.96% and 144.04% higher, respectively, than those in W5. There was no significant difference in the average contents of TN and NO3−-N between the shallow groundwater (W2) on the slope of the dryland and the shallow groundwater (W3) on the slope of the interplanted mulberry plant (p > 0.05). The average content of TN in W2 was slightly higher than that in W3, while the average content of NO3−-N exhibited the opposite trend.
[image: Figure 6]FIGURE 6 | Comparison of the average nitrogen and phosphorus contents and dispersion coefficients of shallow groundwater on different slopes.
Compared with the average TN content of the shallow groundwater on the different slopes, the average TP content exhibited a small difference. As W4 was close to two peasant households and was affected by daily domestic sewage discharge, the average content of TP in shallow groundwater was 0.087 mg/L, which was the highest and was significantly higher than that of the other four slopes (p < 0.05). The average TP content in W2 was 0.051 mg/L, which was higher than that in the other three slopes. The average TP content in W5 was 0.031 mg/L, which was the lowest.
3.3.2 Comparison of dispersion degrees
Based on a comparison of the dispersion degrees of the nitrogen and phosphorus contents in the shallow groundwater on the five slopes (Figure 6), the dispersion coefficients of the TN and NO3−-N contents on each slope were between 16% and 28%, which are far lower than the dispersion coefficient of TP. The TP dispersion coefficient in W1 was the highest at 83%, and that in W5 was the lowest at 47%. The dispersion coefficient of the TN concentration was mostly higher than that of NO3−-N. The TN and NO3−-N dispersion coefficients of W3 were slightly higher than those of the other four slopes, and the TN and NO3−-N dispersion coefficients of W5 were the smallest.
3.3.3 Temporal variation characteristics of shallow groundwater
Three land types, namely, dryland sloping farmland (L1), dryland terrace (L2) and mulberry interplanted sloping farmland (L5), which were significantly affected by tillage, were selected to study the characteristics of changes in shallow groundwater concentration during different tillage periods based on the average contents of TN, NO3−-N and TP. According to Figure 7, the concentrations of TN and NO3−-N in the shallow groundwater on the three slopes significantly increased after the second sampling event (March 21), while the TP began to increase after the third sampling event (April 18). During the spring crop period (between the 2nd and 7th sampling periods), affected by rainfall and fertilization, the contents of TN and NO3−-N in the shallow groundwater first increased, then decreased and peaked during the fifth sampling period (May 14), with average contents of TN and NO3−-N of 17.25 mg/L and 15.22 mg/L, respectively. During the idle period of the summer rotation (between the 7th and 10th sampling events), the average contents of TN and NO3−-N showed a downwards trend, and the average content of TP began to decline after reaching an annual peak of 0.075 mg/L. During the autumn crop period (between the 10th and 15th sampling periods), the average content of TN in the shallow groundwater on the three slopes increased rapidly, reaching an annual peak of 19.98 mg/L at the 14th sampling period, while the average content of NO3−-N was relatively stable. The average TP content increased slowly and then decreased slowly and was slightly lower than the average TP content during the spring crop period.
[image: Figure 7]FIGURE 7 | Average contents of TN, NO3−-N and TP in shallow groundwater on three slopes and their variations with sampling time.
3.3.4 Change in the NO3−-N contribution rate to TN in shallow groundwater
Based on the contribution rate of NO3−-N to TN in shallow groundwater on the three slopes (Figure 8), the nitrogen in shallow groundwater mainly originated from the NO3−-N in the soil. When the TN content of the shallow groundwater was less than 10 mg/L, the contribution rate of NO3−-N to TN was within 70%; when the TN content was 10–15 mg/L, NO3−-N had the highest contribution rate to TN, with an average of 79.09%; and when the TN content exceeded 15 mg/L, the contribution rate of NO3−-N to TN was mostly less than 70%.
[image: Figure 8]FIGURE 8 | Variation in the NO3−-N contribution rate to TN concentration in shallow groundwater.
3.3.5 Analysis of the impact of slope land use practices on shallow groundwater
The formation time of purple soil was short, and the process was dominated by physical weathering; thus, purple soil has abundant capillary pores and good water permeability and is prone to infiltration when disturbed by anthropogenic production and living activities (Necpalova, et al., 2012). A comparison of the average contents of TN, NO3−-N and TP in the 5 slopes of shallow groundwater revealed that the TN and NO3−-N concentrations were more significantly affected by the land utilization mode of the infiltration slopes, but their effect on the TP concentration was not obvious. This is mainly due to the reaction of phosphorus with the soil to form soil minerals, coupled with the adsorption and fixation of phosphorus in different soil layers, which limits its ability to migrate downwards in the soil (Zhang T et al., 2015; He et al., 2022). However, owing to the negative charge of the soil particles, the nitrogen fertilizer applied to the soil had a strong adsorption capacity for ammonium ions and a weak adsorption capacity for nitrate ions (Cai et al., 2016); additionally, the nitrogen fertilizer was applied mainly in the form of solutes in the soil solution and easily leaked to the groundwater or lost from surface runoff (Molenat et al., 2008; He et al., 2016). The contribution of NO3−-N to TN in shallow groundwater can also be seen from the contribution of NO3−-N in the range of 59%–93% (see Figure 8), which was the main form of TN present in shallow groundwater. Many studies on purple soil areas also show that the contribution of NO3−-N to TN in shallow groundwater ranges from 62% to 97% (Zhu et al., 2006; Jia et al., 2007). Combined with the characteristics of shallow groundwater changes over time, the TN and NO3−-N concentrations in shallow groundwater increased after crop fertilization in spring and autumn. Especially during the spring planting period, with increasing rainfall, the NO3−-N that accumulated in the soil was more likely to leach into the shallow groundwater during the rainfall, and its contribution to TN became the greatest. According to the study of the soil on the slope, the NO3−-N content in the dryland terrace soil was significantly higher than that in the dryland sloping cultivated land (see Figure 5), and the shallow groundwater and NO3−-N content are usually considered to have a linear positive correlation; therefore, the average concentrations of TN and NO3−-N in the shallow groundwater on the terraced slope of the dryland terrace (W1) were higher than those in the dryland slope cropland (W2). The slope of W4 was distributed across several settlements, and the output of soluble phosphorus from daily life water use had a greater impact on the total phosphorus (TP) content in shallow groundwater than in the other slopes (Hou et al., 2022), which may be the main reason for the significantly higher average TP concentration in the former. Since the TP content in shallow groundwater is much lower than that of TN and NO3−-N, factors such as fertilizer application are very likely to lead to larger changes in TP concentration, and the degree of dispersion is significantly higher than that of TN and NO3−-N.
3.4 Comparison of the variation characteristics of nitrogen and phosphorus loss concentrations in surface runoff in subcatchments
3.4.1 Comparison of the rainfall process
Based on the surface runoff samples collected during heavy rain (38 mm/24 h) on June 5, the changes in the total nitrogen (TN) and total phosphorus (TP) loss concentrations in surface runoff in the two subcatchments during the rainfall process were analysed. The change in precipitation every 5 min during the rainfall process is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Changes in precipitation with time during the rainfall process (the interval time is 5 min).
As shown in Figure 10, the TN loss concentration in surface runoff from the two subcatchments did not change significantly during the four sample collections in the 1st hour after runoff generation. However, it fluctuated slightly more in subcatchment A. The TN loss concentration in the two subcatchments showed the first peak at approximately 75 min after runoff generation and then declined rapidly. Afterwards, subcatchment A fluctuated and increased with increasing rainfall duration, rising to a high level 3.5 h after runoff generation and then slowly declining, whereas subcatchment B peaked again 2 h after runoff generation and then declined rapidly after 1 h. After 6 h, a second peak occurred, after which the concentration of TN loss in surface runoff decreased gradually from the high level.
[image: Figure 10]FIGURE 10 | Change in the TN loss concentration in surface runoff in the subcatchments during the rainfall process.
Based on the comparison of the TP loss concentration in surface runoff between the two subcatchments (Figure 11), the TP loss concentration in surface runoff in subcatchment A increased rapidly 1 h after runoff generation and decreased rapidly after reaching the peak value of 0.727 mg/L. The concentration of TP loss continued to fluctuate at approximately 0.1 mg/L 2 hours after runoff generation and generally showed a gradual downwards trend. The TP loss concentration in surface runoff in subcatchment B generally showed a slow increasing trend in the first 2 hours after runoff generation, reaching a peak value of 0.982 mg/L after 2.5 h of runoff generation, and the TP loss concentration in surface runoff was high during 2–4 h of runoff generation. Afterwards, it was less affected by rainfall and showed a slow downwards trend from 6–10 h.
[image: Figure 11]FIGURE 11 | Change in the TP loss concentration in the surface runoff in the subcatchments during the rainfall process.
3.4.2 Analysis of the response of the rainfall processes
Several studies have suggested that the loss of TN decreases rapidly due to the dilution effect of runoff in the early stage of rainfall (Fang et al., 2021), while the change in TN loss in the early stage of rainfall in the two sub-watersheds in the present study was not significant, which may be related mainly to the size of the watersheds and the land-use pattern near the outlet of the watersheds. The larger the watershed is, the longer the time for the surface runoff carrying the nutrients to be pooled at the outlet (Bauwe et al., 2015); thus, at the beginning of the rainfall period, the surface runoff at the outlet mainly consisted of rainwater and surface runoff from nearby slopes. The selected watersheds in this study are relatively small in size, with a high percentage of paddy fields at the bottom of the slope in subbasin A, into which the surface runoff from paddy fields at the outlet at the beginning of the rainfall period converged. Therefore, the concentration of TN loss gradually increased, while the concentration of TN loss in subbasin B slowly increased because of the predominance of drylands in the vicinity. With the continuation of rainfall, the nitrogen in the soil of sloping cultivated land was dissolved in the water and flowed to the outlet. As spring crops such as corn and rice in the catchment grew rapidly in early June, the ground was mostly covered with vegetation; thus, the impact of the loss of TN was relatively small (Araya et al., 2011). However, subbasin A had a high ratio of mulberry gardens and mulberry set-aside sloping cropland areas, and frequent mulberry leaf harvesting activities disturbed the topsoil, resulting in surface runoff carrying many soil particles at the beginning of the rainfall period; thus, the TP concentration in surface runoff increased rapidly. Under the influence of high-intensity rainfall on soil splash erosion in the middle stage of rainfall (Dunne et al., 2010; Ma et al., 2022), soil particles from dryland cornfields were separated into runoff water bodies, and the TP concentration in subbasin B peaked rapidly, whereas disturbed surface soil particles from mulberry gardens and mulberry planting slope cultivated land were carried by initial rainfall runoff. Moreover, the weakening of the kinetic energy of raindrops by branches and leaves and the anchoring of soil by the root system weaken the erosive effect of rainfall in the later stage. Together with the high distribution of paddy fields at the bottom of the slope in subbasin A (see Figure 2), which can effectively intercept the particulate phosphorus carried by surface runoff from dryland slopes (House et al., 1994; Cao et al., 2006), the TP loss continued to decrease after a rapid decline. The concentrations of TN and TP loss in the two subbasins decreased steadily in the later stages of rainfall, but the concentration of TN loss in subbasin B was approximately twice as high as that in subbasin A due to the differences in land-use practices and spatial patterns.
3.4.3 Comparison of daily surface runoff
The basic fertilizer for spring corn in the studied area was applied mainly in mid- and late March. The TN loss concentration in the daily surface runoff in the subcatchments increased rapidly at the beginning of April but began to decline rapidly in mid- and late April. From the end of April to the beginning of May, the dry land corn crop in the basin received topdressing, and the TN loss concentration in the two subcatchments peaked again in the middle of May (Figure 12). In the middle of June, affected by the increase in rainfall and rainfall intensity, the TN loss concentration in the two subcatchments peaked for the third time, after which the TN loss concentration slowly decreased. During the spring crop season, the average loss concentration of TN in subcatchment B was 8.69 mg/L, which was approximately 37.23% higher than that of 6.33 mg/L in subcatchment A. In particular, when the TN loss concentration was high, such as when the TN loss concentration was higher than 10 mg/L, the TN loss concentration in subcatchment B was approximately 48.64% greater than that in subcatchment A. The TN loss concentration in the two subcatchments was low due to low amounts of rainfall and few rainfall events during the summer idle period. At the beginning of October, the autumn crop (mustard) was transplanted into the two subcatchments. Affected by fertilization, the TN loss concentration in surface runoff exhibited the fourth highest peak in the year, after which it slowly decreased. During this period, the difference in the TN loss concentration between the two subcatchments was more obvious than that in the spring crop period.
[image: Figure 12]FIGURE 12 | Change in the TN loss concentration in the daily surface runoff of the subcatchments.
Based on a comparison of the TP concentrations in the surface daily runoff in the two subcatchments, the TP loss concentration in subcatchment A fluctuated slightly during the different periods, and 16 samples with loss concentrations higher than 0.1 mg/L mainly appeared in the early stage of crop fertilization in spring and autumn and during the heavy rainfall period (Figure 13). However, subcatchment B was different. The TP surface runoff loss concentration increased significantly in the early stage of fertilization and during heavy rainfall. Among the 141 daily runoff samples collected, 53 had loss concentrations higher than 0.1 mg/L. Furthermore, 12 TP concentrations exceeded 0.5 mg/L. Combined with the analysis of surface runoff during the rainfall process (Figure 11), the TP loss concentration in surface runoff at the outlet of subcatchment B was more likely to fluctuate than that in subcatchment A, and the high level lasted for a long time. The difference in the average loss concentration of TP was more obvious than that of TN in the daily surface runoff of the two subcatchments. The average loss concentration in subcatchment A was 0.055 mg/L, and that in subcatchment B was 0.145 mg/L, which was 1.64 times that in subcatchment A.
[image: Figure 13]FIGURE 13 | Change in the TP loss concentration in the daily surface runoff of the subcatchments.
3.4.4 Analysis of the impact of land use patterns and their spatial patterns
At the watershed scale, the correlation between the land-use structure and spatial combination of land use structures in watersheds and between the water quality and surface runoff is more significant (Molina et al., 2017; Wan et al., 2021). Combined with the current land use status of the two subbasins (see Figure 2) and Lorenz curve analysis (see Figure 4; Figure 5), the differences in land use patterns and spatial patterns of the two subbasins are mainly manifested as follows. First, subbasin A had a high ratio of forested land, mulberry gardens, mulberry plantations, and paddy fields, with fewer dryland sloping cropland and more terraced fields; dense mulberry gardens were distributed in all the regions with high relative slopes; and paddy fields were located mainly at the bottom of the slopes where the standard value of the relative elevation difference was relatively low. Second, the dryland slope cultivated land and dryland terraces in subbasin B are adjacent to the water outlet, with a high proportion of slope cultivated land, and the paddy fields are mostly distributed in the slope waist, the middle and upper parts of the subbasin, and the paddy fields are relatively dispersed. After fertilization in spring, frequent and intense rainfall led to generally high losses of TN and TP in surface runoff (Rixon et al., 2020). During this period, influenced by land use and spatial patterns, the decrease in the TN concentration in subbasin A was lower than that in subbasin B. Considering the sub-rainfall event, the TP loss was probably influenced mainly by the spatial distribution pattern of the paddy fields, and the paddy fields in subbasin A effectively intercepted the loss of particulate phosphorus, while the TP loss from surface runoff in the two subcatchments did not increase. Many studies have also shown that paddy fields at the bottom of slopes could effectively intercept nutrient loss from the upper end of slopes and reduce the intensity of nutrient removal from slopes (Wang et al., 2019; Chen et al., 2020). In the fall, there was less heavy rainfall and less TP floating in the two subcatchments, so the loss of TN increased rapidly after fertilization and then declined slowly. As influenced by the ratio of swede acreage, the loss of TN in subcatchment A was lower than that in subcatchment B.
4 CONCLUSION

(1) Based on a comparison of the soil nitrogen and phosphorus contents under the different land use modes, the average TN content in the paddy fields was the highest at 1.51 g/kg, and the average TP and AP contents were the lowest at 0.76 g/kg and 10.97 mg/kg, respectively. The average TN and NO3−-N contents in dry land terraces were significantly higher (P < 0.05) than those in dry land sloping farmland, the average TP content was significantly lower (P < 0.05) than that in dry land sloping farmland, and the dispersion degree of NO3−-N in dry land terraces was the greatest. The average TN and NO3−-N contents in the soil of the closely planted mulberry garden were the lowest, the AP content was the highest at 36.85 mg/kg, and the dispersion degree of TP and AP was the smallest.
(2) The sloping land use mode had a significant impact on the concentrations of TN and NO3−-N in shallow groundwater but had a small impact on the concentration of TP. The concentrations of TN and NO3−-N in shallow groundwater with dry land terraces were the highest at 17.09 mg/L and 13.52 mg/L, respectively. However, the concentrations of TN and NO3−-N in shallow groundwater on slopes with a higher proportion of forestland and less affected by human activities were significantly lower than those on other slopes (P < 0.05), and the dispersions of TN, TP and NO3−-N were the smallest. The average concentration of TN in the shallow groundwater on the three slopes strongly affected by cultivation was the highest in the autumn crop period, while the average concentration of NO3−-N in the spring crop period was the highest. The average concentration of TP increased slightly after fertilization of the spring and autumn crops, but its peak value occurred mainly during the summer rotation idle period. The contribution rate of NO3−-N to TN in shallow groundwater ranged from 59%–93%. When the TN content was 10–15 mg/L, the contribution rate of NO3−-N to TN reached 79.09% on average.
(3) Influenced by the land use structure and spatial layout, the TN and TP loss concentrations during the rainfall process and daily surface runoff of the two subcatchments significantly differed. The area ratio of forestland to mulberry interplanted sloping farmland in subcatchment A was high, and paddy fields were mainly distributed at the bottom of the subcatchment. The TN concentration fluctuated slightly during each rainfall event, with an average loss concentration of 3.2 mg/L, which was 43.5% lower than the average concentration in subcatchment B. The TP concentration was more stable. After 2 h of runoff generation, the TP loss concentration in subcatchment A continued to reach a low level, while that in subcatchment B started to decline slowly after 6 h of runoff generation. The difference in the TN loss concentration in the daily surface runoff between the two subcatchments was the most obvious in the autumn crop period, while the difference in TP concentration was mainly manifested in the early stage of crop fertilization in spring and autumn, and the higher the TN and TP loss concentration was, the more significant the difference was.
(4) At the slope scale, the soil nutrient content is closely related to rainfall and surface runoff, and the relationships between the nutrient content of soil and between shallow groundwater and surface runoff can provide a more comprehensive understanding of the impact of land use on pollutant output from land sources. Furthermore, the “source‒sink” landscape theory is a new research method for landscape pattern analysis that can be used to effectively integrate landscape patterns with ecological processes at the watershed scale and can more accurately interpret the differences in the characteristics of the pollutant outputs of two subcatchments.
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