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Abstract

:

As one of the most widespread elements, nitrogen has been broadly concerned in water bodies. Understanding variations in nitrogen is of paramount importance to ecosystem stability and human health. The spatiotemporal variations in total nitrogen (TN) and ammonia in the Middle Route of the South-to-North Water Diversion Project (MRP) during the period from 2015 to 2019 were evaluated. The correlation between anthropogenic activities based on quantitative land use cover and nitrogen concentration was addressed. The results indicated that TN increased by 0.072 mg/L from south to north over the period (p < 0.05), but ammonia decreased by 0.018 mg/L (p < 0.05), notably, in five years. In addition, Chl a had the highest concentration in autumn, showing seasonal variation. The linear regression showed that ammonia concentration was significantly negatively correlated with Chl a (p < 0.1). Furthermore, as human activities’ intensity increased by 6‰ from 2015 to 2019, TN increased and ammonia decreased. The rhythm of meteorological conditions could also result in the variation in nitrogen, which affected N concentration in the MRP. The increase in construction land and agricultural land led to TN increase, and algae absorption was one of the reasons leading to the decrease in ammonia. It could be concluded that climatic changes and anthropogenic activities were the driving forces of nitrogen changes in the MRP. Thus, land use changes around the MRP should be the focus of attention to reduce the nitrogen concentration. This study is the first report on the nitrogen distribution pattern in the MRP. It could be useful to authorities for the control and management of nitrogen pollution and better protection of water quality.
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1. Introduction


Nitrogen is an important component of ecosystems [1,2]. The nitrogen cycle is one of the basic material recycling in the environment [3], which is related to assimilation, ammonification, nitrification, denitrification, anaerobic ammonium oxidation (anammox), and nitrogen fixation [4]. Excessive nitrogen can cause adverse effects on the environment, including soil acidification [5], loss of oxygen, and subsequent fish death [6]. A high concentration of nitrogen is the main element responsible for eutrophication in the aquatic environment [7,8], which leads to a reduction in biodiversity and deterioration of water quality [9]. Furthermore, high contents of nitrogen exist in drinking water, posing a threat to human health [10]. For example, excessive nitrite in drinking water could lead to a condition known as “methemoglobinemia” or “blue baby syndrome”, and has also been associated with an increased risk of certain cancers through the formation of carcinogenic N-nitroso compounds [11], with spontaneous abortion [12], and with non-Hodgkin lymphoma [13]. The World Health Organization recommends a nitrate content of drinking water of less than 10 mg/L [14], and the Chinese standard for nitrate in groundwater (GB/T 14848-2017) is less than 20 mg/L. The increase in nitrogen concentration in water bodies is detrimental to the stability and safety of water quality.



Complex and diversified sources of nitrogen exist in surface water, including soil nitrogen mineralization, atmospheric deposition, farmland fertilization, and sewage and industrial wastewater discharges [15]. As nitrogen pollution mainly originates from the utilization of man-made synthetic nitrogen, many studies have investigated the relationship between nitrogen and anthropogenic activities [16,17]. For example, land use changes doubled the nitrogen concentration of several watersheds in Portugal [18]. In some parts of Europe, the observed perennial value of groundwater nitrate had increased with increases in agricultural activity [19]. Nitrogen contaminants mainly came from ammonia in fertilizer and rainfall, soil nitrogen, animal feces, and livestock manure in Huixian karst wetland, China [20]. The nitrogen amount in groundwater was higher in densely populated areas, and residents faced serious health risks [21]. Different research methods have been applied in studies concerning nitrogen. By using nitrogen-stable isotope technology and a Bayesian model, it was revealed that manure, domestic sewage, and industrial wastewater discharge were the main sources of nitrogen pollution in the Weihe river [8]. A regional groundwater flow and contamination transport model of the Upper Waikato Catchment was developed and showed that 77% of surface water was sourced from groundwater, which likely made the predominant contribution to the total nitrogen load in New Zealand [22]. The export coefficient model (ECM) and the net anthropogenic nitrogen inputs (NANI) method showed that anthropogenic activities were the primary contributors of fast-growing N loads in the Taihu Basin [16]. Scholars developed an algorithm model for human activity intensity and established a method for converting different land use/cover types into construction land equivalents [23]. The ratio of different pollution sources to nitrogen concentrations in waters could be accurately quantified by the human activity intensity of land surface (HAILS) [24]. With the increasing population and rapid spread of industrialization and urbanization [25], land use patterns underwent tremendous changes, which significantly influenced the nitrogen in aquatic ecosystems at diverse spatiotemporal scales [26]. Many scholars have discussed the impact of excessive anthropogenic activities on the water environment or nitrogen; however, evidence regarding the relationship between large-scale time-series of the spatio-temporal changes in nitrogen and anthropogenic activities in artificial water bodies is deficient.



The Middle Route of the South-to-North Water Diversion Project (MRP) is an artificial channel with a total length of 1432 km (including 155 km of Tianjin section), which provides for the two provinces of Henan (HN) and Hebei (HB) and the two municipalities of Beijing (BJ) and Tianjin (TJ). At present, the impacts of this hydraulic project on groundwater and surface water in the future, including ecological safety, are controversial. Since December 2014, use of the MRP began, and the Danjiangkou Reservoir began to divert water to BJ and TJ. In previous investigations, studies only focused on the physical and chemical conditions, such as water quality, heavy metal concentrations, etc. [27,28,29,30]. Nitrogen concentration and distribution are not considered widely. In particular, studies on the relationship between the spatiotemporal heterogeneity of nitrogen and the surrounding land uses along the MRP are very limited.



To tackle these problems, the main objectives of this study were (1) to assess the spatial–temporal variations in nitrogen concentration in the MRP since 2015, (2) to demonstrate the land use cover changes in four provinces along the MRP since 2015, (3) to use the intensity of human activities to quantify the land use and analyze its relationship with nitrogen concentration, and (4) to figure out the driving factors affecting the nitrogen concentration in the MRP. This study will help us to gain insight into the heterogeneity of nitrogen and its response to anthropogenic activities after the utilization of the MRP.




2. Materials and Methods


2.1. Study Area


The Middle Route of the South-to-North Water Diversion Project (MRP) is located between 32.68° and 39.99° N and 111.72° and 116.27° E, with a total length of 1432 km. The MRP originates from the Danjiangkou Reservoir, which crosses two provinces, namely HN and HB, and arrives at BJ (the capital of China) and TJ. Water flows by gravity along the channel from the Danjiangkou Reservoir through the intake gate of the Taocha headwater. Along the middle route, the channel passes the west Tangbai River region, then crosses the watershed between the Yangtze River Basin and the Huaihe River Basin—named the Fangcheng pass—and runs across the Yellow River Basin, finally reaching BJ and TJ. This inter-basin project was planned to solve the problem of water shortage and provides clean water for production, living, industry, and agriculture for 20 large- and medium-sized cities along the route. By July in 2021, the MRP provided a total of 40 billion cubic meters of water transported northward, supplying 13.5 billion cubic meters to HN Province, 11.6 billion cubic meters to HB Province, 6.5 billion cubic meters to TJ, and 6.8 billion cubic meters to BJ, benefiting 79 million people. The MRP protects the groundwater and improves the local ecological environment with 3 ecological function protection zones (Figure 1).




2.2. Sample Collection and Parameter Determination


Thirty sampling sites were carefully selected to represent the whole MRP, covering the pivotal locations of the two provinces and the two municipalities. HN, HB, BJ, and TJ contained 16, 10, 2, and 2 sampling sites, respectively. Sixty sampling campaigns were conducted, spanning monthly variations from January 2015 to December 2019. To reduce the effects of special weather conditions, most of the samples were collected in a consistent environment under the same meteorological conditions as far as possible. Water samples were collected into 550-milliliter cleaned plastic bottles, stored at 4 ℃ for determination. Chlorophyll a (Chl a, μg/L) was filtered using GF/C filters (Whatman) and measured after extraction by 90% acetone spectrophotometry in 24 h. TN and ammonia were measured based on the standard methods for the examination of water and wastewater [31]. Water samples were digested at 120 ℃ for 30 min to determine total nitrogen and were filtered through 1.2-micrometer membrane filters for later measurement of ammonia, all of which were tested using a UV spectrophotometer (UV-1780).




2.3. Data Collection and Analysis


2.3.1. Data Collection


The data files of land use were downloaded from the Resource Environment Data Cloud Platform (http://www.resdc.cn/), and Landsat 5 Thematic MapperTM (Hubei&Hebei&Beijing&Tianjin) images in 2018 were obtained from the United States Geological Survey (USGS; http://glovis.usgs.gov). Then, 1-kilometer-resolution national land cover data for China were extracted from Landsat TM images using remote-sensing-based supervised classification methods (ArcGIS 10.2 software). Land use cover data in 2015 represent 2015 to 2017, and those in 2018 represent 2018 to 2019. Fertilizer consumption, urban area, and resident data for the four districts were downloaded from the Chinese yearbook website (https://data.stats.gov.cn/index.htm) (Table S1).




2.3.2. Human Activities Intensity Assessment


Based on the perspective of the land use/cover concept, human activity intensity of land surface was defined as the degree of use, transformation, and exploitation of land surface by humans in a certain region. This degree could be reflected by land use/cover types. Obviously, human activity intensity of land surface belongs to the conceptual category of general human activity intensity, which refers to the influence of economic and social activities on a certain regional natural complex. The use, transformation, and exploitation of land surface can be seen as the main body of human activity, but not the whole. Human activity intensity of land surface could be expressed as follows [24]:


   HAILS   =       S  CLE    S     ×   100 %   



(1)






   S CLE  =  ∑  i = 1  n  (  SL i  ×  CI i  )  



(2)




where HAILS indicates human activity intensity of land surface; SCLE is the area of construction land equivalent; S is the total land area; SLi is the area of land use/cover type; CIi is the conversion coefficient of type i for construction land equivalent; and n represents the number of land use/cover types.




2.3.3. Data Calculation and Statistical Analysis


The concentration data from CAB and self-determined data were processed in Excel (2019, Microsoft). Regarding space, the monitoring stations and sampling sites were divided into four units according to their districts. The spatial concentration variation was assessed using ArcGIS Esri 10.2 (Redlands, CA, USA), and the inverse distance weighting method was used to map spatial patterns [25]. Before performing statistical analysis, outliers were screened and removed to avoid errors due to abnormal factors. All the data are expressed as average and standard error (SE) values. In terms of the temporal series, the monitoring stations or sampling sites were considered as a whole, and a year was regarded as a classified unit. Comparisons of concentrations were conducted using GraphPad Prism (8.0, GraphPad). Significant differences between the mean values of parameters at the spatial and temporal scales were evaluated with the Kruskal–Wallis test and ANOVA. The Mann–Kendall test was used as an effective way to illustrate the trend of nitrogen in the channel in the time series. The non-parametric test was used to determine the rank statistics and the significance level of temporal trends from 2015 to 2019. The Mann–Kendall test was completed in MATLAB 7.0 (Natick, MA, USA), and p < 0.05 was considered statistically significant [32]. The land use was further classified into six categories: agricultural land, forest, grassland, water body, construction, and unused land; then, the increasing ratio was calculated in the four districts. Human activity intensity of land surface was expressed using qualification formula and was compared between districts along the channel.






3. Results


3.1. Spatial–Temporal Variation in Nitrogen


3.1.1. Temporal Variation


The TN concentration ranged from 0.490 to 2.627 mg/L. The mean value of TN concentration was 1.041 ± 0.259 mg/L (summer) > 1.033 ± 0.201 mg/L (winter) > 1.016 ± 0.274 mg/L (spring) > 0.936 ± 0.169 mg/L (autumn). The Kruskal–Wallis analysis exhibited that the TN value in autumn was significantly lower (p < 0.001) than that in summer, winter, and spring (Figure 2a). Furthermore, Figure 2b shows that TN decreased from 2015 to 2016 and then increased from 2016 to 2019. The lowest annual mean concentration of TN was 0.864 ± 0.131 mg/L in 2016. The Kruskal–Wallis analysis showed that the difference in TN concentration among the five years was significant (p < 0.001), with the exception of 2016 and 2017 (p < 0.05). In addition, the Mann–Kendall test illustrated the trend of total nitrogen concentration in the time series, according to which the concentration of TN increased from 2015 to 2019 in the MRP (Figure 2c).



The concentration of ammonia varied from 0.000 to 0.308 mg/L. The mean value of ammonia was 0.059 ± 0.036 mg/L (spring) > 0.057 ± 0.037 mg/L (summer) > 0.044 ± 0.034 mg/L (winter) > 0.041 ± 0.025 mg/L (autumn). The ammonia value in autumn was significantly lower (p < 0.001) than that in spring and summer, and there was no significant difference between autumn and winter (p > 0.05), nor between spring and summer (p > 0.05) (Figure 2d). The Mann–Kendall test showed that the ammonia concentration decreased from 2015 to 2017 and then increased from 2017 to 2019 (Figure 2e). The highest concentration of ammonia was 0.073 mg/L in 2015, and the lowest was 0.035 mg/L in 2017. The ANOVA indicated that the ammonia concentration had greatly significant differences among the five years (p < 0.001). In general, the concentration of ammonia decreased over time (Figure 2f).




3.1.2. Spatial Variation


The mean concentration of TN in all sampling sites was 1.007 ± 0.233 mg/L (Figure 3a). The TN concentration increased from HN to HB and then decreased from HB to BJ. The lowest concentration of TN was 1.000 mg/L in HN, while the highest concentration of TN was 1.016 ± 0.010 mg/L in HB. The TN concentration in HN and HB exceeded 2.000 mg/L. The Kruskal−Wallis analysis showed that there was no significant difference among the four districts (p > 0.05). To sum up, the TN concentration increased slightly along the channel over time, except in TJ (Figure 3c).



The annual mean concentration of ammonia was 0.050 ± 0.013 mg/L. The highest levels were found at the intersection of Xiheishan, which divides the main channel into two branches, of which one flows to BJ (0.060 mg/L) while the other flows to TJ (0.058 mg/L) (Figure 3b). The lowest concentration of ammonia was 0.037 mg/L in HN, where the water source is located. The ANOVA substantiated that HN was significantly different compared to the other three districts (p < 0.01). Spatial variation in nitrogen increased simultaneously from HN to BJ and TJ along the channel, regardless of temporal variations (Figure 3d). The high regression fit of TN and ammonia (r2 = 0.82 and 0.78, respectively) could explain the validity and authenticity of the large proportion of data point distribution.





3.2. Land Use Changes and Human Activity Intensity


3.2.1. Land Use Changes


The area of forest, water body, and construction land use types in the four surrounding regions along the MRP increased during the entire study period; construction land in particular showed notable growth in each district. The largest average change rate of construction was in HB Province, but HN Province had the largest occupied area, covering 21,855 km2. The expansion of construction area surged yearly. Forest area also increased to a certain proportion in the four areas, and the biggest increase rate was in TJ, accounting for 12.62%, while the lowest occupation was 1.57% in HN Province. In addition, water bodies increased in HN, HB, and TJ, but not BJ. Conversely, agriculture and grassland areas reduced in size from 2015 to 2019 (Table 1). The area of agricultural land declined in all four areas, especially in TJ and BJ, with change rates of −16.17% and −8.89%, respectively. Furthermore, grassland and unused land decreased in HN and HB but increased in the BJ and TJ districts in the MRP (Figure 4a,b).




3.2.2. Human Activity Intensity


Human activity intensity of land surface (HAILS) was used to quantify the pollution risk of land use changes. It could be seen that HAILS was higher in the latter period (2018–2019) than that in the period of 2015–2017, which increased by 6‰ from 2015 to 2019 (Figure 5a). In addition, HAILS decreased from HN across HB to BJ, while it increased from HN across HB to TJ. The order of HAILS was TJ > HN > HB > BJ (Figure 5b), meaning that the area with the greatest HAILS was TJ. However, the biggest increase in HAILS was in BJ, which had increased its intensity by 1.72%, and the proportion of increase in HAILS was 0.98%, 0.02%, and 0.02% in TJ, HB, and HN, respectively.





3.3. Influencing Factors


A significant linear relationship between TN, ammonia, and HAILS was found (Figure 5c,d) (p < 0.05). The results revealed that TN concentration was positively correlated with HAILS. However, ammonia concentration was negatively correlated with HAILS in the MRP. As HAILS rose, the concentration of nitrogen increased.



Meanwhile, it was revealed that the concentration of Chl a was highest in autumn. Moreover, mean concentrations of Chl a changed in the following order: 4.043 ± 3.132 mg/L (autumn) > 3.222 ± 2.306 mg/L (summer) > 3.095 ± 2.878 mg/L (spring) > 2.753 ± 3.185 mg/L (winter). (Figure 6c). The relationship between TN, ammonia, and Chl a was analyzed by linear regression (Figure 6a,b). The results showed that ammonia concentration was significantly negatively correlated with Chl a (p < 0.1), while TN concentration was not significantly correlated with Chl a in the MRP (p > 0.05) during the investigation period along the channel. In summary, as the concentration of Chl a increased, the concentration of ammonia decreased.





4. Discussion


4.1. Spatial Heterogeneity of N in the MRP


The MRP has been in use since December 2014. Few studies have been conducted on the N heterogeneity in the MRP. This study found that TN and ammonia concentrations at the end of the channel (BJ, TJ) were higher than those at the beginning (HN), where water enters from the Danjiangkou Reservoir (Figure 3). The N concentration increased from upstream to downstream, which revealed the spatial heterogeneity of N distribution in the MRP. This spatial variation was also observed in other rivers; for example, the nitrogen concentration in the Lancang River increased from upstream (0.45 mg/L) to downstream (0.87 mg/L) [33], and TN and ammonia concentrations in the Yalu Tsangpo River increased from upstream (13.99 μmol/L) to downstream (54.66 μmol/L) [34], which might be caused by the spatial heterogeneity of hydraulic conditions [35].



As with natural rivers crossing different latitudes that tend to form different regions [36], the MRP, with a length of 1432 km, spans eight degrees of latitude and four degrees of longitude, comprising different regions with different hydraulic conditions. In particular, Xiheishan (XS) is an intersection site where the main channel is divided into two branches—one flowing to TJ and the other flowing to BJ—and where water velocity and discharge change greatly. The discharge decreased from 46.63 ± 14.33 m3/s (XS) to 21.29 ± 0.11 m3/s (BJ) and 3.53 ± 1.22 m3/s (TJ). Compared to upstream, downstream (TJ and BJ) showed lower water velocity, less water discharge, and a longer retention time; these hydraulic conditions in the long-distance water diversion could become some of the most important reasons leading to the spatial heterogeneity of nitrogen [37,38]. Additionally, climatic change was another reason for N spatial heterogeneity due to its effects on rainfall and surface run-off [20,39]. A certain amount of rainfall containing N could directly enter the open channel; furthermore, rainfall affects the surface run-off and atmospheric nitrogen wet deposition, and both processes could bring N into the channel of the MRP. Indeed, nitrogen deposition (wet/dry deposition) is the main pathway for atmospheric N to enter water bodies, which was proven in Lake Dianchi [40], the West Yellow Sea [41], and Lake Taihu [16]. One study reported NH3 deposition exhibiting a markedly different spatial pattern, which was related to climatic change and anthropogenic activities [42]. It substantiated that the concentration of N deposition was much higher in agricultural and urban regions with high residential density [43]. The MRP crosses numerous agricultural and urban regions, presenting obvious N spatial heterogeneity.



Besides the impact of hydraulic conditions and climatic change, anthropogenic activities (e.g., land use changes, pollution discharge, fertilizer use, etc.) significantly affect aquatic environmental conditions, resulting in the spatial heterogeneity of N in water [44,45]. Non-point N pollution (i.e., nutrients, organic compounds, etc.) originating from anthropogenic activities in the region of the MRP should not be ignored, despite the main channel being under close-off management. There are thousands of highways and hundreds of railways over the channel; therefore, more soluble pollutants than insoluble ones in the short term and high amounts of insoluble pollutants in the long term could enter into the MRP [46,47]. Thus, the accumulative effect of pollution should be considered seriously [48]. These pollutants might increase the N concentration and affect water quality [49]. Highways and railways are the result of the development of transportation networks; excluding these, the spatial heterogeneity of nitrogen pollution was closely related to land use types [17], such as construction land, urbanization rate [16,50], etc. In this study, the construction land area showed a notable increase (Figure 4d), which meant the increase in urbanization rate. It could be deduced that the four regions along the MRP were undergoing urban expansion (Figure 4d). During the process of urbanization, high-intensity anthropogenic activities produced a large amount of nitrogenous domestic sewage and wastewater discharge, and part of the sewage and wastewater indirectly went into the main canal, which affected the water quality [51]. In addition, the continuous agricultural activity and utilization of nitrogen fertilizers resulted in the spatial variations in N concentration in the run-off, precipitation, and atmospheric nitrogen deposition [18,44,52]. In this study, though the agricultural area decreased significantly, the crop yields increased over time, which meant more fertilizers were used in addition to the improvement of agricultural techniques to obtain higher gross agricultural output than before. The records showed that nitrogen fertilizer consumption reached at least 2.16 × 106 tons/year in HN, 1.31 × 106 tons/year in HB, 3.66 × 104 tons/year in BJ, and 7.31 × 104 tons/year in TJ, and the gross agricultural output in all areas except BJ increased over five years. Meanwhile, nutrients from fertilizers were absorbed and dissolved in run-off and transported to waters, which led to the increase in N concentration [53,54]. It can thus be concluded that the land use pattern from the upper to the lower reaches significantly influenced the spatial distribution of N in the MRP.




4.2. Temporal Heterogeneity of N in the MRP


N temporal heterogeneity has been proven in different aquatic systems [18,21]. The seasonal variations in TN and ammonia in the MRP were confirmed, showing that TN and ammonia concentrations gradually decreased from spring to autumn, and the lowest concentrations were observed in autumn; then, they increased significantly in winter. The results were in accordance with a previous study showing that TN and ammonia reduced from spring to autumn, where the lowest concentrations of TN and ammonia were both in autumn [27]. Overall, TN increased and ammonia decreased in the past five years in the MRP.



Nitrogen is one of the most important elements for algal cells [55]; inorganic nitrogen is the preferential source for algae [56]. Ammonia can be directly absorbed by algal cells, whereas other types of nitrogen need to be converted into ammonia through various ways and then used by algal cells [55]. It was proven that absorption of ammonia by phytoplankton was greater [57]. Our results showed that there was a significant relationship between Chl a and ammonia concentration (p < 0.05). The variations in ammonia could be attributed to algal absorption [27]. Ammonia uptake by phytoplankton in San Francisco Bay dominated DIN uptake [57], which was the nitrogen source used the earliest and that decreased the fastest. Therefore, absorption by algae was one of the reasons for ammonia declining in the MRP. Due to the significant seasonal variation in algal growth, the uptake dynamics of ammonia showed notable temporal heterogeneity.



Seasonal weather changes could also significantly affect nitrogen concentration in the MRP. For instance, ammonia exhibited considerable seasonal variation, with the maximum ammonia concentration occurring in summer, and the minimum value in autumn [58]. A study verified that seasonal variations in nitrogen were associated with the rhythm of meteorological conditions [40]. Under the influence of heavier precipitation during the wet season, atmospheric N finally entered the channel, and run-off produced more pollutants from different land use types [59], which enhanced the N concentration in the MRP.



Besides the above, the seasonality of anthropogenic activities (e.g., crop planting periods) resulted in nitrogen entering the water bodies. Studies have evidenced the positive correlations between nitrogen variations and agricultural land uses, especially in farming seasons [44]. TN increased along the channel over the study period (Figure 2 and Figure 3). This might be related to the consecutive application of nitrogen fertilizers, which led to the increase in N emission [60]. For instance, more than 65% of the fertilization and more than 50% of livestock led to peak ammonia emissions in spring and summer [20]. Frequent agricultural activities, application of nitrogen fertilizers, and higher temperatures collectively led to an increase in ammonia concentration [58], which explains the highest ammonia concentration in spring and summer.





5. Conclusions


During the study period, the average value of TN and ammonia was 1.007 ± 0.233 and 0.050 ± 0.013 mg/L, respectively. TN and ammonia levels were higher in spring and summer than in other seasons. As the human activity intensity increased by 6‰, TN increased significantly from south to north; ammonia decreased significantly over the five years, which illustrated the spatio-temporal heterogeneity of N in the MRP. Additionally, linear regression proved that Chl a had a negative relationship with ammonia, which also showed seasonal variation. Besides algal absorption, hydraulic conditions, and climatic changes, the land use changes caused by human activities significantly affected the variation in nitrogen concentration in the MRP.



Due to the short time of operation of the MRP, the long-term effects of meteorological conditions still cannot be studied. Thus, long-term monitoring studies are required to provide data to validate the relationship between human activities’ intensity and nitrogen heterogeneity in order to figure out the most closely related factors to control potential pollution and ensure the good quality of the MRP. For future research, we suggest setting up a new project to monitor the concentrations of N in draining areas around the MRP. This will help researchers to analyze N pollutant sources entering the main open channel.
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Figure 1. Sketch map of the 30 water quality monitoring stations along the Middle Route of the South-to-North Water Diversion Project. 
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Figure 2. Temporal variation in nitrogen in the Middle Route of the South-to-North Water Diversion Project. (a) Seasonal variations in TN concentration. (b) Annual variations in TN concentration. (c) Correlations between TN and years. (d) Seasonal variations in ammonia concentration. (e) Annual variations in ammonia concentration. (f) Correlations between ammonia and years. 
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Figure 3. Spatial variation in nitrogen in the Middle Route of the South–to–North Water Diversion Project. (a) Box plot of regional variations in TN concentration. (b) Box plot of regional variations in ammonia concentration. (c) Spatial distribution of TN concentration along the channel. (d) Spatial distribution of ammonia concentration along the channel. 
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Figure 4. Land use cover changes and spatial–temporal variation in urbanization and construction rates in four regions along the Middle Route of the South-to-North Water Diversion Project in 2015 and 2018. (a) 2015–2017 land use cover. (b) 2018–2019 land use cover. (c) Urbanization rate. (d) Construction rate. 
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Figure 5. Human activity intensity in four regions along the Middle Route of the South–to–North Water Diversion Project. (a) Temporal variations in HAILS. (b) Spatial variations in HAILS. (c) Correlations between TN and HAILS. (d) Correlations between ammonia and HAILS. 
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Figure 6. Regression analysis of correlation between TN, ammonia, and Chl a along the Middle Route of the South-to-North Water Diversion Project. (a) Seasonal variations in Chl a. (b) Correlations between TN and Chl a. (c) Correlations between ammonia and Chl a. 
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Table 1. Spatial variation of land use in four surrounding regions along the Middle Route of the South-to-North Water Diversion Project.
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Land Use Type

	
HN Area (km2)

	
HB Area (km2)

	
BJ Area (km2)

	
TJ Area (km2)

	
Annual Average Change Rate




	
2015

	
2018

	
2015

	
2018

	
2015

	
2018

	
2015

	
2018

	
HN

	
HB

	
BJ

	
TJ






	
Agricultural land

	
106,637

	
103,475

	
96,583

	
90,273

	
4410

	
3697

	
6503

	
5925

	
−2.97%

	
−6.53%

	
−16.17%

	
−8.89%




	
Forest

	
26,791

	
27,212

	
36,847

	
37,891

	
7335

	
7541

	
420

	
473

	
1.57%

	
2.83%

	
2.81%

	
12.62%




	
Grassland

	
9328

	
8858

	
33,411

	
32,474

	
1282

	
1299

	
192

	
314

	
−5.04%

	
−2.80%

	
1.33%

	
63.54%




	
Water body

	
4076

	
4184

	
3924

	
5153

	
471

	
419

	
1749

	
1836

	
2.65%

	
31.32%

	
−11.04%

	
4.97%




	
Construction

	
18,669

	
21,855

	
15,136

	
21,165

	
2881

	
3413

	
2514

	
3153

	
17.07%

	
39.83%

	
18.47%

	
25.42%




	
Unused

	
61

	
31

	
1922

	
1314

	
1

	
19

	
67

	
293

	
−49.18%

	
−31.63%

	
1800.00%

	
337.31%
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