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Abstract

:

The Lijiang River Basin is a humid, subtropical, karst landform in China and is listed as a World Heritage Site. However, with the rapid development of urbanization and tourism activities in recent years, it faces increasingly severe non-point source pollution. To understand the temporal and spatial variations in nitrogen and phosphorus pollution discharge and the changes in river water quality, the Jingui Small Basin, in the upper reaches of the Lijiang River, was chosen as a representative system. Changes in nitrogen and phosphorus concentrations were continuously monitored in the main river channel and the river water quality was evaluated using the comprehensive water quality identification index method. The results indicated that there were obvious seasonal changes in nitrogen and phosphorus discharge loads in the basin. Both nitrogen and phosphorus discharge loads were higher in the crop-growing season than in the non-growing season. No significant difference in nitrogen and phosphorus discharge load between different scales was found, and the scale was not the key factor affecting the nitrogen and phosphorus discharge load of Jingui River. As the river flowed from the initial water source to the outlet of the basin, water quality was characterized by the spatial pattern of the upper reaches > the middle reaches > the lower reaches. Except for the water quality at the outlet of the basin in November and December, which reached Class V, the comprehensive water quality of each sub-basin reached the target water quality of the water function zoning from May to December. The elucidation of the nitrogen and phosphorus pollution discharge patterns in the Jingui River and the changes in water quality provide a reference for the control and management of agricultural non-point source pollution in the Lijiang River Basin.
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1. Introduction


Water pollution caused by non-point source pollution has become a major environmental problem with socio-economic development [1,2]. Nitrogen and phosphorus discharge are the primary non-point source pollutants of agricultural production in China [3,4,5]. Crop fields, poultry farms, and domestic sewage at urban–rural junctions contribute to nitrogen- and phosphorus-driven eutrophication in surface waters, greatly exceeding point source pollution from urban domestic sewage and industry [6,7]. Non-point source pollution is typified by a wide distribution area that is highly random and unstable, and therefore, the research and treatment of non-point source pollution are quite challenging [8,9].



The Lijiang River Basin is a typical subtropical karst landform and a World Heritage Site. Environmental changes have recently attracted much attention in the research community. With the rapid development of industry, agriculture, and tourism in recent decades, water quality in the Lijiang River has become increasingly compromised [10,11,12]. Factors such as agricultural economic development and planting structure adjustment have led to a continuous increase in the use of chemical fertilizers and pesticides. The surplus chemical fertilizers and pesticide residues have been transferred to the Lijiang River through its tributaries, resulting in the deterioration of local water quality [13]. Research has found that nitrogen and phosphorus have gradually become the main pollutants in the Lijiang River [14,15]. Therefore, it is necessary to study both the status quo and changes to rural water environmental pollution to propose comprehensive remediation measures.



Tributaries flowing through different land use types carry pollutants into the main channel of the Lijiang River and have an important negative effect on river water quality [16]. The highest concentration of pollutants was found in the middle reaches, and the overall water quality was higher in the upper reaches than in the middle and lower reaches. Some evidence showed that fertilizer runoff from cultivated land was the main pollutant source in small basins, and the magnitude of rainfall intensity and rainfall amount impacted the generated pollution load [17]. Other evidence showed that rural residential areas were the main sources of pollution in the Lijiang River, and the changes in water temperature during wet and dry seasons would likely affect the proportion of various forms of nitrogen in total inorganic nitrogen [18]. Furthermore, analysis of the dynamic changes in nitrate in the surface water body during the dry season indicated that the nitrate was from mixed sources, and included soil organic nitrogen, human and animal manure, and sewage discharge [19]. While these studies analyzed non-point source pollution, complex underlying surface conditions such as topographic features, ditches and wetlands, soil environment, and land use type complicate pollutant migration and diffusion. Therefore, a clear understanding of the temporal and spatial variation and scale characteristics of water pollution in the Lijiang River Basin remains to be uncovered.



To address this deficit, we selected a representative tributary (the Jingui River) in the Qingshitan Irrigation District (in the upper reaches of the Lijiang River) to assess the spatial and temporal variations and characteristics of pollution discharge load and concentrations. In situ, experiments were conducted to measure nitrogen and phosphorus concentrations and runoff drainage for different water channel sections in the upper, middle, and lower reaches. The changes in river water quality were analyzed to provide a scientific basis for the prevention and control of agricultural non-point source pollution in the Lijiang River Basin.




2. Materials and Methods


2.1. Overview of the Study Area


The Jingui River is located in Miaoling Township, Lingui District, Guilin City, Guangxi Zhuang Autonomous Region (110°6′–110°13′ E, 25°17′–25°22′ N). It is a secondary tributary of the Lijiang River, with a basin area of 2798 hm2, located 146–418 m above sea level (Figure 1). The Jingui River Basin enjoys a typical subtropical monsoon climate with an average annual rainfall of 1860 mm and an average annual evaporation of 1300 mm. The sunshine duration is short in winter and long in summer, and the average annual temperature is 20 °C. The Qingshitan Reservoir in the upper reaches of the Lijiang River replenishes the Jingui River through the Xigan Canal every year from April to October, at a stable replenishment rate of 0.5 m3/s. From November to March, the water flow is considerably reduced as water replenishment stops. During these months, the primary source of water to the Jingui River is rainfall runoff (Figure 2).



As a typical semi-artificial ecosystem, the Jingui River Basin is representative of many tributaries of the Lijiang River. The agroecological structure in the region is stable. Land use is mixed/agricultural, and includes cultivated land, orchard, woodland, and natural pasture. The cultivated land is dominated by rice paddy fields; mid-season rice is cultivated from May to September. Before the seedlings are planted, the farmers apply compound fertilizer or farmyard manure to the field and irrigate the water to carry it out to the paddy field. The main fertilizers used in the farmland are urea (46% nitrogen) and compound fertilizers (15% nitrogen, phosphorus, and potassium). Before planting, basal fertilizers are applied at a rate of 225–375 Kg/hm2. Afterwards, topdressing is performed 1–2 times, each time applying urea and compound fertilizer at a rate of 225–562.5 Kg/hm2. Pesticides and fertilizers applied to cultivated land, rural aquatic and poultry farming, and domestic sewage are the main sources of pollutants.




2.2. Sample Layout and Data Collection


Sub-basin division of the Jingui River Basin was carried out using the SWAT model [20,21]. The Digital Elevation Model (DEM, resolution 30 m) was derived from the ASTER-GDEM data of the Geospatial Data Cloud Platform of the Chinese Academy of Sciences Computer Network Information Center (http://www.gscloud.cn, accessed on 6 November 2023). Google Earth combined with the DEM data was used to determine the actual location of the river network.



The Jingui River Basin was divided into 11 sub-basins (Figure 1) with the SWAT model. The first sub-basin is the source sub-basin and is connected to the Qingshitan Reservoir. The outlet of the end sub-basin is connected with a primary tributary of the Lijiang River. The control area of each sub-basin and the main land use types along the river are listed in Table 1. In each sub-basin, the locations with hydraulic connections were selected as sampling sections. Nitrogen and phosphorus concentrations were monitored in these sections from May to December 2016, including the crop-growing season and non-growing season. The Tianhua section is located below the water supplement outlet from the Xigan Canal and reflects the initial water quality background of the river. The outlet section is located near the end of the river, reflecting the discharge status of the entire river basin. Water sampling was conducted across the complete crop-growing season, and samples were taken every 15–30 days.



After collection, water samples were stored in the laboratory at 4 °C, and pollutants were measured within 24 h. The total nitrogen (TN) content was determined by potassium sulfate digestion UV spectrophotometry, ammonia nitrogen (NH3-N) was determined by Nessler’s reagent spectrophotometry, and total phosphorus (TP) was determined by ammonium moly date spectrophotometry. The flow rate at the monitoring sections was measured using an LJD-10A-type portable flow meter; and then converted into flow data according to the cross-sectional area of the river. River water quality assessment was established based on the comprehensive water quality identification index method.




2.3. Calculation of Nitrogen and Phosphorus Discharge Load


The calculation of nitrogen and phosphorus monthly discharge at each monitoring point along the river was calculated as follows:


  W =    ∑  i = 1  n    C  d i   ×  Q  d i    ×  10  − 3    S   



(1)




where W is the nitrogen or phosphorus discharge load in the control area of each monitoring section, kg/hm2; Cdi is the monthly average nitrogen and phosphorus concentration of the monitoring section, mg/L; Qdi is the monthly average flow of the monitoring section, m3; i and n are the serial number of the day and the number of days in the month, respectively; and S is the control area of each monitoring section, hm2.



We selected four representative sampling sections in the upper, middle, and lower reaches of the river to analyze the nitrogen and phosphorus discharge at different scales in the Jingui River Basin. The Qingmei section is located at the outlet of the source sub-basin (control area 397.4 hm2) and reflects the pollutant discharge characteristics of the first sub-basin. The Yutang section is located at the inlet of the third sub-basin (control area 745.0 hm2) and reflects the pollutant discharge characteristics of the upper reach sub-basins. The Guishan section is located at the inlet of the ninth sub-basin (control area 1252.6 hm2) and indicates the pollutant discharge characteristics of the upper and middle reaches. The water outlet of the main river channel is located at the end of the eleventh sub-basin (control area 2127.7 hm2) and reflects the pollutant discharge of the entire Jingui River Basin.




2.4. Water Quality Evaluation


Based on the Comprehensive Water Quality Identification Index of various indicators, the water quality status was evaluated, and the determination of categories (Class I: 0 ≤ X1.X2 ≤ 2.0; Class II: 2.0 < X1.X2 ≤ 3.0; Class III: 3.0 < X1.X2 ≤ 4.0; Class IV: 4.0 < X1.X2 ≤ 5.0; Class V: 5.0 < X1.X2 ≤ 6.0; Below Class V but not black odor: 6.0 < X1.X2 ≤ 7.0; Below Class V and black odor: X1.X2 > 7.0) is proposed by Xu [22]. The calculation formula of the comprehensive evaluation index (Iqw) is as follows:


Iqw = X1.X2 X3 X4



(2)






X1.X2 = 1/m∑(P1′ + P2′ + ⋯ + Pm′)



(3)




where X1 is the overall comprehensive water quality category of the river; X2 is the position of the comprehensive water quality in the change range of X1. X1.X2 is obtained from calculation; X3 and X4 are obtained from the comparison of results. X3 is the number of single indicators among the water quality indicators used to evaluate comprehensive water quality that is worse to the target of the water environment function zone. According to the pollution degree of the comprehensive water quality, X4 is the comparison result between the category of comprehensive water quality and the water function zone. m is the number of single water quality indicators used to evaluate the comprehensive water quality. P1′, P2′, and Pm′ are the univariate index of water quality of the 1st, 2nd and mth water quality factor, respectively, and represent the integer and the first figure after the decimal point of the corresponding single-factor water quality identification index. The calculation method of X1.X2, the single-factor water quality identification index, is shown in reference [23].





3. Results and Discussion


3.1. Temporal Variation in Nitrogen and Phosphorus Concentrations


Figure 3 shows the temporal variation in nitrogen and phosphorus concentrations at each monitoring section. From May to October, the overall trend of total nitrogen concentration in the Jingui River decreased, although nitrogen emissions increased during the crop-growing season. The reason is that there was a high water supply through the Xigan Canal and natural rainfall. As the river’s runoff increased, the capacity of water dilution and purification became stronger [24]. From November to December, the total nitrogen concentration increased, mainly due to the cessation of water supply from the artificial canal and a decrease in natural rainfall, resulting in a decrease in the water volume of the basin with fewer dilution pollutants easily aggregating [25]. The changes in ammonia-nitrogen concentration generally follow the same trend as total nitrogen concentration, with higher concentrations during the dry season compared to the wet season The average NH3-N concentration ranges from 0.22 to 0.26 mg/L. The total phosphorus concentration was higher in June, August, and December than in other months. The increase in total phosphorus concentration in June and August came down to topdressing at different stages during the swamp rice-growing season. A large amount of fertilization and a small amount of potassium dihydrogen phosphate are needed in the important period of rice transition from the heading stage to maturity stage [26]. The reason for the increase in total phosphorus concentration in December was the decline in water volume with poor fluidity.




3.2. Changes in Nitrogen and Phosphorus Concentrations along the River Course


Figure 4 demonstrates the variation in nitrogen and phosphorus concentrations along the river course. From the initial water source to the end basin outlet, the concentration of pollutants increased substantially. The average concentrations of TN, NH3-N, and TP increased by 1.24 mg/L, 0.35 mg/L, and 0.05 mg/L, respectively, during the entire study period. There was a relatively small amount of nitrogen and phosphorus pollutants in the upper reaches of the Jingui River with high water quality. After large tributary junctions, the concentration of river water pollutants tended to increase rapidly, and the water quality dropped considerably. For example, in the Yutang section, after the upper reach tributary junction, the concentrations of TN, NH3-N, and TP in the mainstream channel increased by 0.50 mg/L, 0.37 mg/L, and 0.06 mg/L, respectively. Crop planting and aquaculture in the second sub-basin led to the increase in nitrogen and phosphorus concentrations. In the Zhongqiao section, when the two lower reach tributaries were joined, the concentrations of TN and NH3-N in the river water increased, increasing by 0.79 mg/L and 0.52 mg/L, respectively. However, the concentration of TP remained fairly constant, only increasing by 0.01 mg/L. On the two tributaries’ lower reaches, farmland is mainly distributed, and the loss of phosphorus in the cultivation process is much smaller than the loss of nitrogen [27]. The higher concentrations of pollutants in tributaries than in trunk streams indicates that the main sources of pollutants are excessive use of fertilizer in many small watersheds scattered across the countryside. Overall, the trend of nitrogen and phosphorus concentrations along the mainstem was generally elevated due to agricultural and animal husbandry activities from nearby villages and towns. This result is consistent with other studies [28,29]. For the sake of environmental protection, more attention should be paid to rural areas farther from the river confluence.




3.3. Temporal Variation in Nitrogen and Phosphorus Discharge Loads


Figure 5 demonstrates the temporal variation in nitrogen and phosphorus discharge load for typical monitoring sections. Large seasonal fluctuations were observed for nitrogen and phosphorus discharge loads. During the crop-growing season (May–September), the nitrogen and phosphorus discharge loads for the study area were higher than those in the non-growing season (October–December). In the area of agricultural production activities, the discharge of pollutants in rivers has obvious seasonal differences, which is consistent with the results of Steinhoff-Wrześniewska et al. [30]. At the outlet of the upper reaches (Yutang section), the monthly discharge loads of TN, NH3-N, and TP from May to September were 145.3%, 97.3%, and 193.5% higher, respectively, than those from October to December. At the outlet of the middle reaches, the monthly discharge loads of TN, NH3-N, and TP from May to September were 112.5%, 43.4%, and 180.0% higher, respectively, than those from October to December. At the outlet of the lower reaches, the monthly discharge loads of TN, NH3-N, and TP from May to September were 28.1%, 28.0%, and 14.8% higher, respectively, than those from October to December. Fertilizer and pesticide residues flowed into the Jingui River from tributaries with soil erosion and surface runoff caused by heavy rainfall during the crop-growing season [31,32]. During the non-growing season, the nitrogen and phosphorus discharge loads decreased due to the reduction in the use of fertilizers [33]. But the pollution discharge exhibited an increase in December in the Yutang section, which may be related to the wastewater operation of the aquaculture industry. The seasonal differences of the nitrogen and phosphorus discharge loads were largest in the upper reaches of the river, and smallest in the lower reaches of the river. This seasonal change was closely related to the control area of each monitoring section. The larger the control area, the lower the seasonal difference in the pollutant discharge load, consistent with the research results of Cui Yuanlai et al. [34]. During the crop-growing season, the TP discharge load at each monitoring section increased obviously in June and particularly August and was consistent with the temporal variation trend of TP concentration controlled by fertilizer topdressing stages.




3.4. Spatial Characteristics of Nitrogen and Phosphorus Discharge Loads


In order to study the scale characteristics of nitrogen and phosphorus discharge loads, we compared the monthly nitrogen and phosphorus discharge loads in different control areas (all sub-basin areas above the corresponding monitoring section). Figure 6 shows the nitrogen and phosphorus discharge loads among different scales. Compared to the upper reach outlet of the Jingui River, although the TN discharge load of the lower reach outlet decreased by 10.88%, and the TP discharge load decreased by 29.24%, there was no significant difference in TN and TP discharge loads between the four control areas. This indicates that, while the different land use patterns in the study area affect TN and TP discharge, there was essentially no difference in the total nitrogen and phosphorus discharge pressure for the river sections. The scale was not the key factor affecting the TN and TP discharge loads in the Jingui River. But some scholars found that as the spatial scale of the basin increases, the pollutant discharge load is reduced. A larger basin area compared to a smaller basin area has more foothills and plains, providing a larger sedimentation space for pollutants, reducing the erosion rate of pollutants, and thus reducing the nitrogen and phosphorus discharge load [35,36]. The reason for the differences in research results compared to others may be due to the distribution of plains in the study area, which is mostly located in farmland, cultivated land, and residential areas. Not only does it not provide sufficient settlement space for pollutants, but it will also increase pollutant discharge. This is similar to the results of Chen Manyu et al. [37], when the proportion of paddy fields, which are the main source of pollutants, increases with the increase in scale. The pollutant discharge load will not decrease with the increase in scale.



The NH3-N discharge load increased by 12.56% at the upper reach outlet versus the lower reach outlet. The NH3-N discharge load in the Yutang section was significantly higher than that at other monitoring sections, indicating that the NH3-N discharge from the second sub-basin increased. The ammonia nitrogen discharge load in the Yutang section control area is significantly different from that in the other three control areas. The reason is that there is a fish pond at the upper reach water outlet, and the fish pond sewage and sediment release a large amount of ammonia nitrogen through microbial action [38]. This change was affected by the difference in sources and composition of the pollutants in different regions.




3.5. Changes in Comprehensive River Water Quality


The comprehensive water quality identification indices are shown in Figure 7. According to China’s current surface water environmental quality standards and the definition of water environmental function zoning, the water quality of Jingui River basin requires level IV. Except for November and December, when the water quality at the basin outlet reached class V, the comprehensive water quality of other monitoring sections in each period reached between class II and class IV. Except for the basin outlet, the comprehensive water quality of each sub-basin from May to December reached the target water quality of water function zoning.



The comprehensive water quality during the crop-growing season was higher than that of the non-growing season, due to more rainfall and artificial replenishment in the crop-growing season than in the non-growing season. Water quality is positively correlated with rainfall and runoff volume [39]. The Xigan canal stopped water replenishment during the non-growing season, leading to reduced water volume in the river. Although the use of chemical fertilizers had been dropping, the pollutant concentration was not improved. In space, the water quality was characterized by the upper reaches > the middle reaches > the lower reaches. The rivers in the middle and lower reaches, where farmland and residential areas are mainly located, generally exhibit such spatial distribution characteristics of water quality [40,41]. With the increase in flow distance in the downstream reaches of the river, pollutants continued to accumulate from the river bank, and the water quality of the drainage outlet of the river basin deteriorated. In particular, the middle reaches and the lower reaches flow through scattered settlements and irrigated rice paddies and orchards. which is consistent with the research results of Orzepowski et al. [42]. In mixed agricultural and residential areas, water quality is affected by both agricultural activities and unregulated sewage discharges by residents, exacerbating water pollution.





4. Conclusions


This study investigated nitrogen and phosphorus concentrations in different sections and sub-basin outlets of the Jingui River (a secondary tributary of the Lijiang River) and analyzed the characteristics of pollutant discharge and water quality. The results are summarized by the following conclusions.



There were obvious seasonal changes in nitrogen and phosphorus discharge loads in the basin. Both nitrogen and phosphorus discharge loads were higher in the crop-growing season than in the non-growing season. With the cessation of canal water replenishment and the reduction in rainfall, the water self-purification capacity weakened, the concentration of nitrogen and phosphorus in the river water increased, and the water quality decreased. There was no significant difference in nitrogen and phosphorus discharge load between different scales, indicating that scale was not a key factor influencing TN and TP discharge loads in the Jingui River. As the river flowed from the initial water source to the outlet of the basin, nitrogen and phosphorus concentrations gradually increased, and water quality was characterized by the spatial pattern of the upper reaches > the middle reaches > the lower reaches. Compared with the initial water source, the concentrations of TN, NH3-N, and TP at the outlet of the end basin increased by 1.24 mg/L, 0.35 mg/L, and 0.05 mg/L.



Except for the water quality at the outlet of the basin in November and December, which reached Class V, the comprehensive water quality of each sub-basin reached the target water quality of the water function zoning from May to December.
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Figure 1. Geographic information and monitoring section in the Jingui River Basin. 
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Figure 2. Variations in rainfall and water flux in the Jingui River Basin during the experimental period. 
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Figure 3. Temporal variations in the concentration of nitrogen and phosphorus for each monitoring section. 
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Figure 4. Spatial variations in the concentration of nitrogen and phosphorus along the Jingui River. 
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Figure 5. Temporal variations in nitrogen and phosphorus discharge loads for typical monitoring section. 
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Figure 6. Comparison of monthly nitrogen and phosphorus discharge loads among different scales. Data with the same superscripts denote no significant difference (p > 0.05), and data with different superscripts denote significant differences. 
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Figure 7. Comprehensive Water Quality Identification Index of Jingui River. 






Figure 7. Comprehensive Water Quality Identification Index of Jingui River.



[image: Water 16 00104 g007]







 





Table 1. Drainage area and land use type for each sub-basin in the Jingui River Basin.
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Reach

	
Sub-Basin

	
Sampling Section

	
Lat & Long

	
Land Use Type






	
Upper reaches

	
1st

	
Tianhua section

	
110.185 E, 25.354 N

	
Paddy field, orchard, woodland




	
Shangzhai section

	
110.189 E, 25.354 N




	
Qingmei section

	
110.191 E, 25.342 N




	
Middle reaches

	
3rd

	
Yutang section

	
110.190 E, 25.340 N

	
Paddy field, woodland, grassland, fish pond




	
Lower reaches

	
9th

	
Guishan section

	
110.196 E, 25.325 N

	
Paddy field, grassland, village and town




	
Xiaqiao section

	
110.195 E, 25.311 N




	
11th

	
Zhongqiao section

	
110.221 E, 25.309 N

	
Grassland, woodland, paddy field




	
Water outlet

	
110.228 E, 5.306 N
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