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Abstract

:

Excessive nutrient input to surface water, including nitrate, exacerbates water eutrophication. Clarifying the proportions of different nitrate sources in the aquatic environment is critical for improving the polluted water. However, nitrate sources in river basins are very complex and not clearly understood. In this study, nitrogen concentrations and nitrate isotopic compositions were determined to estimate the spatiotemporal variation in nitrate sources in the Yuntaishan River basin, Nanjing, East China, from March 2019 to January 2020. The results showed that the concentrations of total nitrogen (TN), ammonium (NH4+-N), and nitrate (NO3−-N) changed in the ranges of 0.53–18.0 mg/L, 0.01–15.4 mg/L, and 0.06–9.3 mg/L, respectively, wherein NO3−-N was the main nitrogen form. Higher nitrogen concentrations appeared in winter and in the downstream parts of the river. In the entire river basin, the NO3−-N mainly originated from sewage (67%) and soil (26%), with clear spatial variations. NO3−-N in the Yunba sub-watershed was mainly derived from sewage (78%), which was higher than that in other tributaries, i.e., Shengli River (44%) and Yangshan River (49%). This was due to the fact that that Shengli and Yangshan sub-watersheds were covered by urban areas and were equipped with a complete sewage treatment system. In addition, the contributions of sewage to NO3−-N rose from 60% upstream to 86% downstream, suggesting the increasing influence of the point source of sewage. The results showed that 53% of NO3−-N in the basin outlet originated from the point source of sewage near the M4 site. Sewage contributed 75% of NO3−-N in the rainy season and 67% of NO3−-N in the dry season, suggesting the weakly temporal variation. Our results highlight the spatiotemporal variations in sources of NO3−-N. These results will aid in the development of measures needed to control nitrogen pollution in river basins.
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1. Introduction


Water eutrophication is one of the largest threats to aquatic ecosystems, causing a series of ecological and environmental problems, including outbreaks of harmful algae, hypoxia, breaks in the food chain, declining biodiversity and others [1,2,3]. Eutrophication is often caused by excessive nutrients, mainly phosphorus and nitrogen, entering the water body [4,5,6,7]. Nitrate, one of the main components of nitrogen stored in water, is mainly derived from external sources including domestic sewage, inorganic/organic fertilizer residual, soil organic nitrogen linked to mineralization and nitrification and others [8,9]. To mitigate eutrophication, water pollution management has made some progress over the recent years [10,11]; however, the water quality has not been significantly improved, particularly in developing countries [11]. Non-point-source pollution has become one of the main sources of nitrogen in aquatic environments [12,13]. Under the pressure of maintaining crop production, it is difficult to consistently reduce the consumption of nitrogen fertilizer and nitrogen pollution load from the river basin [14]. Therefore, more effective and feasible measures for reducing the release of non-point sources of nitrate to the water are urgently needed. However, the ambiguous contributions of different sources hinder the formulation of effective measures. Therefore, quantitative identification of nitrate sources is essential for evaluating the impact of nitrogen nutrients on aquatic ecosystems and to further mitigate water eutrophication.



Because of the rapid development of isotope technology and modeling [9,15,16], the nitrate isotopic composition and the Bayesian isotope mixing model have been increasingly applied to identify the potential sources and contributions of nitrate in rivers with both agricultural and urban areas [17,18]. Nitrate in water bodies originates from atmospheric rainfall, fertilizers, manure and sewage from NH4+ in fertilizers and rainfall and from nitrogen in soil organic matter (SOM) [8,9]. Land use types can affect the spatial variation in nitrate sources [19]. In watersheds dominantly covered by agricultural land, nitrate sources in rivers are mainly NH4+ from fertilizers and manure and sewage leaching, due to the large application of chemical fertilizers and the discharge of rural domestic sewage into the water bodies without proper treatment [16,20,21]. Owing to the seepage of domestic sewage and the large discharge of improperly treated wastewater from wastewater treatment plants (WWTPs), sewage contributes predominantly to nitrate in urban mainstem rivers [15,22]. Nitrate isotopic compositions have been used to assess the nitrogen biogeochemical processes [21,23,24]. The river bank and sediment bed play an important role in the nitrification and denitrification processes in rivers [25], which can transform N and cause isotope fractionation, adding complexity in detecting the contribution of N sources in aquatic systems [9]. Therefore, in complex watersheds with mixed urban and agricultural lands, the main nitrate source and the influences of different sources need to be further explored.



Different land-use types have usually led to various sources of nitrate in rivers and have further caused the different contributions of nitrate sources along the mainstream [15]. The understanding of spatiotemporal variation contributed by nitrate sources can elucidate the mechanism of nitrate dynamics in the watershed [26]. However, focusing on the characteristics of nitrate concentration and identification of nitrate sources only at the river outlets will easily neglect the changes of concentration and sources among different land-use types. In addition, analyzing the changes in nitrate sources from upstream to downstream can be helpful for understanding the contribution of high-concentration point sources to water pollution, from the perspective of the river convergence process. As the main transport medium for pollutants entering rivers, rainfall-runoff inevitably affects the contributions of nitrate non-point sources to aquatic ecosystems [27,28]. Previous studies have shown that the main nitrate source contributions display seasonal variations. Whether in agricultural or urban rivers, the contribution of domestic sewage sources to river nitrate in the dry season is larger than that in the rainy season [22,27,29,30]. In previous studies conducted in large watersheds, dual nitrate isotope determination was conducted over a few months during the rainy and dry seasons, which might cause uncertainty and overlook monthly variation during the year in the estimation of nitrate source contributions. Therefore, in addition to studying the nitrate source contributions in large watersheds, it is necessary to analyze the roles of spatiotemporal variations of the nitrate source contributions in the dynamics of nitrate in small watershed with higher temporal resolution. However, such information is scarcely found in published results.



Due to the rapid economic development in recent decades, the Yangtze River Delta region has experienced high urbanization [31]. This study examined the spatiotemporal characteristics of nitrogen concentration in a tributary of the Yangtze River, the Yuntaishan River. Based on dual-isotope analyses and a Bayesian isotope mixing model, this study identified nitrate sources in rivers and quantified the contributions of different sources in the tributaries and mainstems. The main research aims are to (1) analyze the characteristics and spatiotemporal variations of nitrogen composition in rivers; (2) identify the spatiotemporal variations in nitrate sources in rivers; (3) estimate the contributions of different nitrate sources. The results can provide a reference for understanding nitrogen dynamics in river basins and provide innovative support for nitrogen management practices in regions with both urban and rural areas. In contrast with previous studies, the monthly dense sampling in the small watershed was conducted in this research, which can markedly reduce the uncertainty in the spatiotemporal analysis of source contributions. In addition, this region was in the transitional stage from agricultural to urban land [32], which is a good representative of the rapidly urbanized areas in China. Therefore, the results can provide high spatiotemporal resolution information about nitrogen pollution and be helpful to develop new strategies for mitigating water pollution in small watersheds.




2. Materials and Methods


2.1. Study Area


The Yuntaishan River is located in Nanjing City, which is one of the megacities in the Yangtze River Delta region. The total length of the Yuntaishan River is 9.4 km with a total drainage area of 183.2 km2. The Yuntaishan River has two upstream tributaries (Yunba and Shengli Rivers) and one downstream tributary (Yangshan River) (Figure 1). The areas of three sub-catchments, Yunba River, Shengli River and Yangshan River, are 38.4 km2, 64.6 km2 and 30.8 km2, respectively. The Yuntaishan basin is a semi-urbanized area covered by 38% agricultural land and 22% urban land (Table 1). The geomorphology of the area is characterized by a hilly area whose slopes gradually increase from northeast to southwest. The study area is characterized by a subtropical monsoon climate, with an average annual air temperature of 15.7 °C. The annual mean precipitation is 1067 mm, most of which occurs between June and September. During the sampling period (from March 2019 to January 2020), the cumulative rainfall was 627.5 mm, with 66% of total rainfall occurring between June and September, and the average water temperature was 20.5 °C. The river velocity in the mainstem river ranged from 0.24 m3/s to 2.87 m3/s during the sampling period (Table 2). The daily rainfall data were obtained from Nanjing Meteorological Station.




2.2. Sample Collection and Measurement


Water samples were collected monthly from March 2019 to January 2020 at eight sampling sites (Figure 1). Duringthe water sampling campaign, water temperature and discharges were measured in situ inside the river using water thermometer and flowmeter (LS-1206B, Jiangsu Nanshui Water Technology Co. Ltd., Nanjing, China) at three stations (M3, M6, T7) (Table 2). Three sampling sites, T1, T2 and T7, were located at the outlets of tributaries of Yunba River, Shengli River and Yangshan River, respectively, which were analyzed for the impacts of different land-use types on river water quality (Figure 1). Five sampling sites (M3-M6 and M8), located at the mainstem of the Yuntaishan River, in which M3 is located at the beginning of the Yuntaishan River and M8 located in the outlet of the Yuntaishan River. Water samples were collected at eight sites monthly from both near river shores and the open rivers at a water depth of 50 cm using a sampler cleaned with deionized water. After sampling, all samples were immediately stored in a cold closet in the dark until laboratory measurement. Nitrogen-related indicators were analyzed within 24 h, and nitrate isotopes were frozen at −18 °C until laboratory measurement.



Water samples were filtered through glass microfiber filters (aperture 1.2 μm, GF/C, Whatman) for the measurement of ammonium nitrogen (NH4+-N), nitrite nitrogen (NO3−-N), δ15N-NO3 and δ18O-NO3, and residual unfiltered water samples were measured for TN. The concentrations of TN, NH4+-N and NO3−-N were determined using a continuous injection analyzer (Skalar San plus, Netherlands) with detection limits of 0.01 mg/L for TN, NH4+-N and NO3−-N, respectively. The values of δ15N-NO3 and δ18O-NO3 were measured using the denitrified method [33,34]. NO3−-N was transformed to gaseous nitrous oxide (N2O) by utilizing denitrifying bacteria lacking N2O-reductive activity. The product N2O was extracted, purified and analyzed through a trace-gas detection system, following the values of δ15N-NO3 and δ18O-NO3, being determined by an isotope ratio mass spectrometer (IRMS; IsoPrime 100, Elementar, Cheadle, UK). The standard nitrate reference USGS32, USGS34 and USGS35 were added to each sample batch. δ15N-NO3 values were denoted as per mil deviation relative to N2 in atmospheric air with a precision of ±0.2‰, and δ18O-NO3 values were reported relative to the Vienna Standard Mean Ocean Water with an analytical precision of ±0.5‰. The values for δ15N and δ18O were calculated as follows:


  δ    ( ‰ )  =    (     R  s a m p l e      R  s t a n d a r d     − 1  )  × 1000  



(1)




where Rsample and Rstandard are the measured isotopic ratios (e.g., 15N/14N or 18O/16O) of the sample and standard, respectively. The ratio of the 15N/14N reference is N2 in the atmosphere.




2.3. NO3−-N Source Identification and Contribution Estimation


According to previous research in the region, the nitrate sources include chemical fertilizers, atmospheric deposition, manure and sewage and nitrogen in soil organic matter in surface water and groundwater [9]. Similar to many studies [16,20,21], this research mainly focused on the contributions of non-point source pollution to nitrate in rivers. Although groundwater may also contribute the nitrate pollution in the river, to the best of our knowledge, the contribution is very small in our research area [16,20,21]. In addition, because none of the samples fell within the range of NO3− in fertilizer (NIF), NIF was not applied as a source for the calculation. Studies have shown that the δ15N-NO3 value in domestic sewage was lower than that in manure, with the range of 4–19‰ [9]. There was no obvious manure source in the study region, such as large animal breeding sites, and δ15N-NO3 values of most samples were below 19‰. In addition, to the best of our knowledge of this area, there were no significant differences between the untreated sewage and treated sewage. In particular, δ15N-NO3 and δ18O-NO3 in WWTPs were 13.88 ± 5.86‰ and 2.34 ± 3.39‰ [35], respectively, which were close to the values in raw sewage (11.4 ± 2.3‰ and 2.5 ± 2.2‰) [27]. Therefore, domestic sewage was considered as the main source of the NO3−-N in our study area. Due to the small difference between raw sewage and treated sewage in the area, we used values of raw sewage for all sewages in the current study. Therefore, there are four potential NO3−-N sources in the water environment: sewage (MS), nitrogen in soil organic matter (SOM), NH4+ in fertilizer (NF) and atmospheric precipitation (AP) [13,17]. The ranges of nitrate isotopic composition from potential sources have been well testified in previous publications [21,27,36]. Similar to many studies, this research referred to published values from similar research areas (Table 3). Based on the differences in δ15N-NO3 and δ18O-NO3 values among the four potential sources, this study adopted the dual-isotope bi-plot approach (δ15N-NO3 versus δ18O-NO3) to identify the dominant sources of NO3−-N in the research sites [13]. The scattered points (δ15N-NO3 versus δ18O-NO3) of the samples fell within a single or overlapping area of the NO3−-N source frame, suggesting that the NO3−-N derives from this source (the single area) or the corresponding multiple sources (overlapping areas).



The Stable Isotope Analysis (SIAR) based on the MixSIAR package in the R software was applied to quantitatively estimate the proportions of different NO3−-N sources. Based on the Bayesian framework, SIAR uses Dirichlet as the prior logic distribution of the contribution rate of the pollution source. When the isotope information is input, the updated information is included in the posterior distribution. Based on the Bayesian equation, the posterior distribution characteristics of each source and the probability distribution of each source contribution are obtained. According to the results of the probability distribution, the proportions contributed by each source are calculated [34]. The mixing model is described as follows:


   X  i j   =   ∑   k = 1  k   P k   (   S  j k   +  C  j k    )  +  ε  i j    



(2)






   S  j k   ~ N  (   μ  j k   ,    ω  j k  2   )   



(3)






   C  j k   ~ N  (   λ  j k   ,    τ  j k  2   )   



(4)






   ε  i j   ~ N  (  0 ,    σ j 2   )   



(5)




where    X  i j     is the observed isotope value  j  of the mixture  i , in which  i  = 1, 2, 3, …, N and  j  = 1, 2, 3,…,  j ;    S  j k     is the source value  k  on isotope  j  ( k  = 1, 2, 3,…, K) and follows a normal distribution with mean    μ  j k     and standard deviation    ω  j k  2    (Table 3);    P k    is the proportional contribution of source  k  and needs to be determined;    C  j k     is the fraction factor for isotope j on source k and is normally distributed with mean    λ  j k     and standard deviation    τ  j k  2   ;    ε  i j     is the residual error for isotope value  j  in the mixed sample  i  and follows a normal distribution with mean = 0 and standard deviation    σ j 2   . In this study, the fractionation factor    C  j k     was set to 0 because denitrification was not identified in the Yuntaishan River waters (see details in Section 4.2).



There are uncertainties in proportional contributions based on the SIAR. This study used an uncertainty index (UI90) to characterize the uncertainty strength [16]. UI90 refers to the difference of the proportions between the maximum and minimum values contributed by four sources from the 5 to 95% cumulative probability divided by 90%.




2.4. Statistical Analysis


Data were checked for normality and homogeneity of variance prior to statistical analyses. Spatial and temporal differences in nitrogen concentration among different sites and months were tested using one-way analysis of variance (ANOVA) followed by Duncan’s Multiple Range Test. Pearson Product-Moment Correlations were conducted to analyze the correlations between nitrogen concentration with rainfall and different sources. All statistical analyses were performed using software SPSS version 19.0 (SPSS Inc., Chicago, IL, USA).





3. Results


3.1. Spatiotemporal Variations in Nitrogen Concentration


The concentrations of TN, NH4+-N and NO3−-N changed in the ranges of 0.53–18.0 mg/L, 0.01–15.4 mg/L and 0.06–9.3 mg/L, with the averages of 5.4 ± 3.0 mg/L, 1.1 ± 1.8 mg/L and 3.4 ± 2.3 mg/L over all sites during the research period, respectively (Figure 2). NO3−-N, as the primary form of nitrogen, accounted for 58.2% of TN, while the proportion of NH4+-N to TN was only 18.4%. The NO3−-N/NH4+-N ratios showed the spatial variation between tributaries, with the ratios of 4.8 in T1, 2.2 in T2 and 1.2 in T7.



Temporally, there were obvious monthly variations in nitrogen concentration in the Yuntaishan River basin from March 2019 to January 2020 (Figure 2A). The TN concentration in December (8.5 ± 1.4 mg/L) was significantly higher than those from May to September (mean 3.8 ± 1.8 mg/L) (p < 0.05), while no statistical differences with those in the remaining months (mean 6.6 ± 3.1 mg/L) in Yuntaishan River basin. The NH4+-N concentration in March (3.1 ± 5.0 mg/L) was significantly higher than those from April to October (mean 0.6 ± 0.8 mg/L) (p < 0.05), but no significant difference with those from December to January (mean 1.4 ± 1.2 mg/L) (p > 0.05). The NO3−-N concentrations in November and December (mean 5.9 ± 1.7 mg/L) were significantly higher than those from March to September (mean 2.5 ± 1.8 mg/L) (p < 0.05), but not significantly different from those in January and October (mean 4.1 ± 2.2 mg/L) (p > 0.05). Overall, the concentrations of TN and NO3−-N generally decreased from March to August and gradually increased from August to November, and then decreased with some fluctuations from November to January of the next year in the Yuntaishan River catchment. There were seasonal patterns. The TN concentration was significantly higher in winter (mean 7.6 ± 1.9 mg/L) and autumn (6.1 ± 2.7 mg/L), but lower in summer (3.6 ± 2.0 mg/L) and spring (4.4 ± 3.5 mg/L) (p < 0.05). Similarly, the NO3−-N concentration was significantly higher in winter (4.9 ± 2.3 mg/L) and autumn (4.2 ± 2.2 mg/L) but lower in summer (2.0 ± 1.7 mg/L) and spring (2.9 ± 2.0 mg/L) (p < 0.05). However, the NH4+-N concentration showed no obvious seasonal pattern.



There were obvious spatial variations in nitrogen concentration in the Yuntaishan River catchment (Figure 2B). The average concentrations of TN and NO3−-N in the mainstem river (mean 6.0 ± 2.4 mg/L and 3.9 ± 2.1 mg/L) were higher than those in tributaries (mean 4.5 ± 3.6 mg/L and 2.5 ± 2.3). The NH4+-N concentrations in mainstem river (mean 0.9 ± 0.9 mg/L) were lower than those in tributaries (mean 1.2 ± 2.7 mg/L) (p > 0.05). The larger standard deviation (STD) in tributaries might be caused by the lower discharge in the tributaries. In the mainstem river, M4 had higher concentrations of TN (6.9 ± 1.9 mg/L) and NO3−-N (5.1 ± 1.8 mg/L) than other sites, whereas M8 had higher NH4+-N concentration (1.2 ± 1.4 mg/L) than other sites. In the tributaries, T7 had higher concentrations of TN (6.4 ± 4.3 mg/L) and NH4+-N (2.5 ± 4.4 mg/L) than T1 and T2, whereas T1 (3.2 ± 3.1 mg/L) and T7 (3.1 ± 1.6 mg/L) had higher concentrations of NO3−-N than T2 (1.2 ± 1.3 mg/L).



There were clearly monthly variations in discharge in sites M3, M6 and T7 (Table 2). In the mainstem river (M3 and M6), the discharge changed in the range of 0.2–2.9 m3/s, and average discharges from October to January (0.6 ± 0.3 m3/s and 1.0 ± 0.7 m3/s) were much lower than those from March to September (1.6 ± 0.9 m3/s and 1.9 ± 0.9 m3/s). In tributary T7, the discharge ranged from 0.1 m3/s to 0.7 m3/s with the average of 0.3 ± 0.2 m3/s. The average discharge from October to January was similar to those from March to September.




3.2. Spatiotemporal Variations in δ15N-NO3 and δ18O-NO3


The nitrate isotopic compositions at the eight sites were further measured to identify the NO3−-N sources. The values of δ15N-NO3 and δ18O-NO3 varied within the ranges of 0.83‰–21.7‰ and −5.8‰–27.6‰ (n = 78), with averages of 13.2 ± 4.3‰ and 3.2 ± 4.1‰ over all sites during the research period (Figure 3A). The highest and lowest δ15N-NO3 values appeared in November and January, with values of 16.2 ± 2.9‰ and 9.3 ± 5.6‰. The highest δ18O-NO3 values appeared in July and January, with the mean value of 4.8 ± 2.2‰, while the lowest δ18O-NO3 values occurred in September (mean 1.1 ± 3.2‰). There were no significant differences in δ18O-NO3 values between different months (p > 0.05). Spatially, the δ15N-NO3 values in T1 (15.6 ± 5.2‰), M5 (15.5 ± 2.9‰) and M8 (16.1 ± 1.8‰) were significantly higher than those in T2 (7.7 ± 4.5‰), M3 (11.2 ± 3.6‰) and T7 (11.2 ± 2.3‰) (p < 0.05), but no statistical differences with the values in M4 (14.4 ± 2.7‰) and M6 (14.1 ± 3.3‰) (p > 0.05) (Figure 3B). It is worth noting that the δ15N-NO3 value increased markedly from M3 to M5, indicating a possible pollution source with high δ15N-NO3 in this river section. The δ18O-NO3 value in T2 (7.9 ± 7.4‰) was significantly higher than the values in the other seven sampling sites (p < 0.05), whereas there were no statistical differences between the other seven sites.




3.3. Nitrate Sources and Contributions in Rivers


The results of the study showed that most of the samples fell within the range of MS (Figure 4), indicating that the manure and sewage made the largest contribution (67%) to NO3−-N in Yuntaishan River basin (Figure 5A). The SIAR results showed that NH4+ in fertilizer and soil organic nitrogen contributed 6% and 27% to the overall NO3−-N in the Yuntaishan River basin (Figure 5A). The dispersed distribution of scattered points of samples indicates the spatial differences in the NO3−-N sources among river reaches. The values of δ15N-NO3 and δ18O-NO3 in tributary T1 fell within the range of MS (Figure 4), indicating that manure and sewage were the dominant contributor to NO3−-N in Yunba River with the contribution of 78% (Figure 5B). The values of δ15N-NO3 and δ18O-NO3 in tributary T2 mainly fell within the ranges of MS and SOM, indicating the multiple source contribution to NO3−-N (Figure 4). The values of δ15N-NO3 and δ18O-NO3 in tributary T7 mainly fell within the ranges of MS, suggesting that it was the dominant source contribution (manure and sewage) to NO3−-N (Figure 4). Soil organic nitrogen and manure and sewage contributed, respectively, 36% and 44% NO3−-N to the tributary T2 and 44% and 49% NO3−-N to the T7 tributary (Figure 5B).



The values of δ15N-NO3 and δ18O-NO3 at the M3 site mainly fell within the ranges of MS and SOM (Figure 4). The results of SIAR suggested that sewage and soil organic nitrogen contributed 60% and 32% of total NO3−-N (Figure 5B). The values of δ15N-NO3 and δ18O-NO3 in mainstem river (M4-M8) all fell within the range of MS (Figure 4), which indicated that the NO3−-N in the mainstem was mainly derived from manure and sewage with the contribution ranging from 70% (M4) to 86% (M8). From M3 to M4, TN concentrations increased from 2.6 mg/L to 4.2 mg/L, NH4+-N concentrations grew from 0.5 mg/L to 1.0 mg/L and NO3−-N concentrations increased from 2.2 mg/L to 5.1 mg/L (Figure 2B), respectively, indicating that there was point source pollution effluence in the M3-M4 river reach. Therefore, nitrogen in Yuantaishan River basin was mainly derived from manure and sewage.



There were monthly variations in NO3−-N sources in the Yuntaishan River basin (Figure 5C). The annual change of manure and sewage contributions was a bimodal curve, with the maximums in June (82%) and December (84%) and the minimums in May (55%) and January (55%). In contrast, the maximums of soil nitrogen contribution appeared in May (35%) and January (33%), while the minimums occurred in June (13%) and December (12%). Nevertheless, manure and sewage contributed 75% and 67% of NO3−-N to Yuntaishan River basin in the rainy season and dry season.



Similar to many studies, however, there are uncertainties of the results. During the research period, the contributions of AP, MS, NF and SOM ranged from 0.01% to 1%, from 61% to 73%, from 0.4% to 17% and from 12% to 35%, respectively (Figure 5A). Therefore, the UI90 for AP, MS, NF and SOM were 0.01, 0.15, 0.22 and 0.32, respectively, indicating higher uncertainty for NF and SOM and lower uncertainty for AP and MS. In general, the estimation uncertainty of sewage sources was low, indicating that estimated contributions of different sources were acceptable.




3.4. Contribution of Tributaries to the Mainstem River NO3−-N


Based on the above analysis results, this study estimated the contributions from tributaries of T1, T2 and T7 and point source of sewage near the M4 to the mainstream NO3−-N (M8). Owing to the unavailable nitrate isotopic composition of the point source of sewage, this study adopted the nitrate isotopic composition in the M5 river section (downstream of the discharge point) as an approximate replacement. The results of SIAR showed that 53%, 28%, 7% and 13% of NO3−-N in M8 originated from the point source of sewage, tributary T1, tributary T2 and tributary T7, respectively (Figure 6).



In order to verify the above results, this study also calculated the contribution of tributaries of T1, T2 and T7 and point source to NO3−-N in M8 river section based on the mass balance. According to the semi-distributed hydrological model constructed for this research area by our research team, the annual runoff of the three tributaries at T1, T2 and T7 and the mainstream at M8 were simulated. The details of model construction and parameter calibration and verification can be found in reference [37]. The annual NO3−-N loads of three tributaries and M8 were calculated by multiplying the simulated annual runoff volume by the average concentration of the measured NO3−-N. The results were shown in Table 4. The contribution of point source pollution was calculated by the difference between the total load and three tributaries. Based on the simulation results, point source of sewage, tributary sites T1, T2 and T7 and point source of sewage contributed 44%, 29%, 5% and 22% of NO3−-N to M8 river section, respectively (Figure 6). The absolute difference between mass balance simulation results and source identification based on the SIAR was below 10%. Both methods indicated the significant contribution of the point source of sewage to NO3−-N in the M8 river section.





4. Discussion


4.1. Spatiotemporal Variation in Nitrogen


Water quality monitoring is important for understanding the potential water pollution [38]. In this study, the nitrogen was investigated using a dual isotopic approach in the Yuntaishan River catchment, East China. The concentrations of TN, NH4+-N and NO3−-N in the Yuntaishan River catchment were consistent with the nitrogen composition in rivers in the agricultural region of the Taihu Lake Basin, East China [39]. The intense nitrification oxidizes NH4+ to NO3− in agricultural rivers, which leads to a high proportion of NO3−-N to TN [40,41]. Previous studies indicated that the unbalanced distribution of annual precipitation and various land-use types in the catchment lead to spatiotemporal heterogeneity of nitrogen in rivers [42,43]. For example, monthly accumulative rainfall was significantly negatively correlated with nitrogen concentration [28]. Both land use and complex mixes of spatial descriptors of different scales were found to be significantly associated with water quality parameters [42].



Variations in rainfall can affect the nutrient, including nitrogen, input from terrestrial ecosystems to the river [44]. Rainfall runoff carries unused fertilizers including nitrogen in soil into the adjacent rivers, causing the increase in nitrogen concentration in water [45]. In addition, continuous rainfall could lead to higher flows entering adjacent rivers, which dilutes the nitrogen pollutants in river water, resulting in a lower nitrogen concentration [46]. However, Jacobs et al. found increasing NO3−-N concentrations during the periods of high discharge in the catchment with natural forest, smallholder agriculture, and commercial tea and tree plantations [47]. These double effects complicate the relationships between rainfall and nitrogen concentrations in rivers. In our study, monthly accumulative rainfall exhibited a significant negative linear correlation with the average NO3−-N concentration over all sites (r2 = 0.38, p < 0.05); however, there were no significant relationships with average TN concentration (p > 0.05) and average NH4+-N concentration (p > 0.05). In the Yuntaishan River catchment, the farmlands were located under the river embankment or were intercepted with impervious roads, which caused less nitrogen in the surface runoff from farmland to river. Therefore, the rainfall dilution may play a more important role in nitrogen concentration in the Yuntaishan River. For example, in site M3, the average discharge from October to January was much lower than those from March to September. Notably, in the same site, M3, the average concentrations of TN and NO3−-N from October to January were markedly higher than those from March to September. In addition, strong water turbulence and higher water temperature may promote the degradation of nitrogen in the rainy season (from April to September), resulting in seasonal differences in nitrogen concentrations [39].



The wastewater discharge into rivers during the flow confluence process can introduce a higher concentration of pollutants, including nitrogen, downstream than upstream [15,19]. The concentrations of TN and NO3−-N in the middle and lower reaches (M4-M8) were significantly higher than those upstream (M3) in the Yuntaishan River (p < 0.05) (Figure 2B), which might be caused by wastewater inflow in the river flow confluence process. The field survey found the significantly increased concentrations of TN and NO3−-N from M3 to M4 were caused by the effluence of domestic sewage after improper treatment with a still high concentration of nitrogen. From M4 to M8, the concentrations of TN and NO3−-N decreased slightly, indicating that dilution and degradation may exist in the confluence process. Active nitrification in Yuntaihan River basin water (see Section 4.2) without the input of high-concentration NH4+-N pollutant led to no obvious spatial difference of the NH4+-N concentration(p > 0.05) in this region.



The spatial heterogeneity of land use types in the sub-catchment can influence the main nitrogen pollution sources and further cause spatial variations in nitrogen concentrations in water [48,49]. Previous studies suggested that urban waters have become pools of nutrients and hotspots of regional pollution [50]. The site T1 sub-catchment was covered mainly by rural residential areas and farmland, so the input of domestic sewage from rural residences into the water may cause the high nitrogen concentration in the T1. In our study, the T7 sub-catchment had a larger proportion of urban land (42.8%) than the T2 sub-catchment (20.6%), and thus nitrogen concentration in T7 was much higher than T2 and T1. In addition, the upstream of T2 was connected to the reservoir, and relatively clean water diluted the water pollution in T2, which might have caused lower nitrogen concentrations. Previous studies indicated that nitrogen concentration in rivers in forest areas was lower than that in agricultural and urban areas, and the difference was attributed to low human activities [19,51]. However, this study shows limited evidence of forest coverage in affecting nitrogen distribution. This was possibly due to the fact that the forest areas were distributed upstream and were different among the sub-watersheds (Table 1), with little influence on the nitrogen distribution.




4.2. Nitrate Transformation and Source Identification


As an important process of nitrate removal in rivers, denitrification can cause isotopic fractionations during nitrogen cycling and change the isotope composition of nitrate, resulting in deviation in the identification of nitrate sources [52,53]. During the denitrification process, NO3− is finally reduced to N2. The lighter 14N isotope is incorporated in this process, resulting in an increase of δ15N in the residual NO3−-N [54]. Studies have shown that the δ15N-NO3 has a positive linear correlation with the δ18O-NO3 and a negative correlation with the concentration of NO3−-N when denitrification exists [8,24]. In the present study, the δ15N-NO3 value exhibited insignificant positive correlation with the δ18O-NO3 value (p > 0.05) but a significantly positive correlation with the NO3−-N concentration (p < 0.05) (Figure 7). In addition, the dissolved oxygen (DO) concentration in natural rivers is generally higher than that required for denitrification (DO < 2.0 mg/L) [39,55]. Therefore, all the evidence indicates the absence of denitrification processes in our study region; this is consistent with the results from rivers in the Changle River catchment, Panzhuang Irrigation District, and Taihu Lake Basin in China [16,21,27]. Nitrate from nitrification of ammonium nitrogen in soil, chemical fertilizer and manure had δ18O-NO3 values ranging from −10‰ to 10‰ [8], with one exception. Therefore, NO3−-N was mainly from nitrification of ammonium in our research region, which was consistent with the results obtained in other agricultural areas [16,21,27].



In the Yuntaishan River basin, the manure and sewage was the dominant source of NO3−-N (67%), which was higher than in other agricultural rivers in the Taihu Lake Basin (20%) and the Xijiang River (16%) in China [27,29]. Guan et al. [56] found that the rural domestic wastewater per capita increased from 0.68 to 1.01 kg d−1 cap−1 between 2012 and 2020 in Zhejiang, East China. It is estimated that 32–47 tons of rural domestic wastewater was generated in Yuntaishan River Basin every day. Similar to many areas in China, waste management is practiced well in cities, but it is still poor in rural areas [56]. The direct discharge of rural domestic sewage and the effluence of wastewater treatment plants are the predominant sewage sources for NO3−-N, which are widely observed in other regions, such as the Changle River basin, and the Three Gorges Reservoir in China [16,35].



Chemical fertilizer is the largest contributor to river nitrate in the agricultural area [35]. However, the contribution of fertilizer in this study was lower than those in other regions, such as Flander agricultural area [20], Sanjiang Plain agricultural area [57], and Changle River agricultural area [16]. The research period from March 2019 to January 2020, was relatively drier with an accumulative rainfall of only 627.5 mm. In Yuntaishan River basin, a large amount of unused land is in the transitional stage from agricultural to urban land. In these cases, it limits farmland runoff to enter the river directly, further reducing the contribution from fertilizer. Nitrification of organic nitrogen in soil was another contributor to river NO3−-N [9]. Field investigations found that the riparian zone was covered by a large amount of vegetation. Therefore, soil organic nitrogen from decaying plants in arable land and riparian zone was leached into the river by rainfall-runoff [19], with the consequence of high contribution of soil organic nitrogen in tributaries of T2 and T7.



The contributions of different NO3−-N sources also showed spatial variation in the Yuntaishan River basin. In the tributaries, the different land-use types in the sub-catchments influence the contributions of various NO3−-N sources. δ15N-NO3 generally increased with the increasing portions of agricultural land, and the increasing inflow of agricultural domestic wastewater into the stream network enhanced δ15N-NO3 [51]. The upstream area of T1 is characterized by a large amount of scattered rural residential areas, where a certain amount of domestic sewage entered the river, causing the large sewage contribution. However, the upstream areas of T2 and T7 were covered by urban land, and effective sewage collection and treatment can reduce the sewage inflowing into rivers. In the mainstem, the tributaries might play an important role in the contribution of NO3−-N sources. The NO3−-N sources in the M3 river section were the combination of sewage in T1 and soil organic nitrogen in T2 sections. Therefore, the δ15N-NO3 values might have the formulation of δ15NM3 = f1 × δ15NT1 + f2× δ15NT2 and 1 = f1 + f2, which calculated the values of f1 and f2 as 0.45 and 0.55, respectively. The NO3−-N concentrations in T1 and T2 sites were 3.2 mg/L and 1.2 mg/L, respectively. Based on the values of f1 and f2, the NO3−-N value at M3 was calculated as 2.3 mg/L, which was very close to the measured value of 2.2 mg/L. In addition, there was a drainage outlet in the M4-M5 river section, which discharged poor treated sewage to the mainstem of Yuntaishan River. From M3 to M5, the contributions by sewage increased from 60% to 81%, while the NO3−-N concentration increased by 2.3 times. In addition, the contributions of tributaries to mainstem NO3−-N showed that point source effluence near the M4 supplied more NO3−-N to M8. Therefore, the point source effluence of domestic sewage near the M4 might cause the large sewage contribution to downstream. In addition, NO3−-N concentrations over the sampling points were positively correlated with sewage contributions (r2 = 0.51, p < 0.05), which further suggested that the changing sewage contributions during the river confluence process played an important role in the spatial variation in NO3−-N concentration.



The contributions of NO3−-N sources in the Yuntaishan River showed that the contribution of sewage in summer was higher than those in other seasons, which was consistent with other results [19,22,27,29,58]. Rainfall is an important factor for the temporal variation in nitrate sources in the study area, and some studies have focused on the relationship between rainfall and source changes [17,22]. During the intensive rainfall periods, more flushing of soil organic nitrogen and fertilizer from cultivated land is brought to waters [29]. Over the current research period, the accumulative rainfall was 627.5 mm, lower than the average precipitation (1001 mm excluding February). In addition, the Yuntaishan River basin was in the transitional stage from agricultural to urban land, which might cause more farmlands to be compacted and further constrain the flushing of soil organic nitrogen and fertilizer from cultivated land in the wet season. However, the sewage contributions were less affected by rainfall. Therefore, the factors mentioned above resulted in increased NO3−-N from the sewage source in the wet season.




4.3. Mitigating Nitrogen Pollution in Rivers


After the identification of NO3−-N sources, effective measures should be implemented to reduce nitrate pollution and stop further environmental pollution [59]. Based on the results, sewage was the predominant contributor to NO3−-N in the Yuntaishan River (Figure 7), which mainly originated from rural residential areas [60]. Notably, an important contributor was the sewage point source pollution near the M4 site. Therefore, rural wastewater treatment should be improved to reduce the discharge of domestic sewage with high nitrogen loads [61]. In the last decade, the Chinese government has paid increasing attention to the environment [62] due to serious environmental contamination and human health damage. China enacted a new Environmental Protection Law in January 2015 [63]. To sustainably reduce nitrogen pollution, the government needs to reinforce the strict treatment of civil sewage and industrial wastewater to reduce nitrogen pollution. In addition, ecological restoration projects, such as artificial wetlands, can be conducted in the Yunba River (T1 site) to absorb nutrients and improve water quality. Soil organic nitrogen was the secondary contributor to NO3−-N in the Yuntaishan River, mainly from the riparian zone. Hence, it is important to manage soil pollution and reduce the flow of pollutants from watersheds to rivers [64]. With further funding, more sponge cities can be constructed to mitigate floods and reduce nutrient input to rivers [65,66].




4.4. Future Research


This study applied spatiotemporal variations in the proportions contributed by nitrate sources to elucidate the mechanism of nitrate dynamics in the watershed based on the nitrate isotopic compositions. These results provide important theoretical support for urban non-point-source pollution control and river water quality improvement. Our study was conducted from March 2019 to January 2020, and the results showed seasonal changes in nitrogen in the Yuntaishan River basin. Future studies with an extended sampling period could provide more information on annual changes in nitrogen pollution. The coupled isotope and hydrological model methods have been confirmed to be a good tool to improve our understanding of the sources and contributions of nitrogen in rivers [67]. This study referred to the values of nitrate isotopic compositions in sewage and soil from similar urban rivers in China and our own measurement of atmospheric NO3− [21,36]. Future studies, including more in situ measurements, will improve the accuracy of the isotope composition of NO3−-N source. Overall, further field measurements of different nitrogen sources at more river sites will expand our understanding of nitrogen pollution in the watershed area and will be helpful for further science-based water management policies.





5. Conclusions


Water eutrophication caused by excessive nutrients, including nitrogen, has been a global environmental problem. This study analyzed the dynamics of nitrogen in the Yuntaishan River, a mixed watershed of agricultural and urban areas in Nanjing, East China. The dual-isotope method was applied to identify the spatiotemporal characteristics of the NO3−-N sources. The results showed strong spatiotemporal variations in nitrogen concentration in the Yuntaishan River basin. Higher nitrogen concentrations appeared in the downstream and in winter, while lower values were observed in the upstream and summer. The NO3−-N in the rivers was mainly derived from sewage and soil organic nitrogen. The high nitrogen concentrations in the lower reaches were mainly related to the sewage point source pollution discharged in the middle reaches. The sewage point source and tributary T1 made the dominant contribution to NO3−-N in the riverine outlet. In addition, the tributary T1 with rural residential areas had more NO3−-N from sewage, whereas the tributaries of T2 and T7 with urban areas had more NO3−-N from sewage and soil organic nitrogen. The urban areas were connected to WWTPs, leading to reduced sewage contribution to rivers. This was clearly shown in the different proportional contributions of sewage between T1 and T2 (and T7). It was worth noting that the chemical fertilizers contributed less NO3−-N to rivers in the Yuntaishan River basin covered by more agricultural area. Therefore, wastewater discharge control was important to reduce nitrate exports in the Yuntaishan River. The variations in the sewage contributions during the river confluence and monthly cumulative rainfall led to the spatiotemporal difference in NO3−-N concentration in the watershed. The results can provide an important basis for managing non-point-source nitrogen pollution at the watershed scale and mitigating water pollution.
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Figure 1. Location of sampling sites and land use types in Yuntaishan River basin, Nanjing, East China. 
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Figure 2. The temporal (A) and spatial (B) variations in concentrations of TN, NH4+-N and NO3−-N in eight sites in the Yuntaishan River basin. Letters on boxes represent statistical significance, and different letters and same letters indicate difference between these two boxes is significant (p < 0.05) and insignificant (p > 0.05) based on an ANOVA, respectively. Each month in (A) is an average of all stations, and each sampling site in (B) means the yearly average. 
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Figure 3. The temporal (A) and spatial (B) variation in δ15N-NO3 and δ18O-NO3 in eight sites in the Yuntaishan River basin. Letters on boxes represent statistical significance, and different letters and same letters indicate difference between these two boxes is significant (p < 0.05) and insignificant (p > 0.05) based on an ANOVA, respectively. Each month in (A) is an average of all stations, and each sampling site in (B) means the yearly average. 
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Figure 4. Dual δ15N-NO3 and δ18O-NO3 in the Yuntaishan River basin. Five areas show different nitrogen sources. The range of the δ15N-NO3 and δ18O-NO3 values are from Kendall et al. (2008) and Xue et al. (2009). NIF is NO3− in fertilizer, NF is NH4+ in fertilizer and precipitation, SOM is nitrogen in soil organic matter, MS is manure sewage and AP is atmospheric precipitation. 
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Figure 5. Fractional contributions of different sources to NO3−-N in Yuntaishan River basin. (A) Contributions from four main sources; (B) contributions in eight sampling sites; (C) contributions indifferent months. AP is atmospheric precipitation; MS is manure and sewage; NF is NH4+ in fertilizer; SOM is nitrogen in soil organic matter. The data in the table show the mean contributions of different sources. The line within the box represents the mean values. The box spans the 0.25 and 0.75 quantiles, and the whiskers represent the 0.05 and 0.95 quantiles. 
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Figure 6. Contributions of tributaries (T1, T2 and T7) and point source to NO3−-N in the outlet of Yuntaishan River. Simulation was conducted based on the mass balance. 
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Figure 7. δ15N-NO3 versus δ18O-NO3 and NO3−-N in the Yuntaishan River. 
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Table 1. Different land-use types in of Yuntaishan River sub-catchments.
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Land Use Types

	
Sub-Catchments




	
Shengli River

	
Yunba River

	
Mainstem

	
Yangshan River






	
Urban land

	
20.6%

	
7.3%

	
22.4%

	
42.8%




	
Rivers/Ponds

	
2.4%

	
2.9%

	
2.6%

	
2.3%




	
Agricultural land

	
42.4%

	
39.0%

	
37.8%

	
27.4%




	
Forest land

	
14.2%

	
33.0%

	
17.1%

	
11.4%




	
Rural residence/unused land

	
20.5%

	
17.9%

	
20.1%

	
16.2%




	
Total area (km2)

	
64.6

	
38.4

	
49.5

	
30.8
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Table 2. Monthly accumulative rainfall, water temperature and discharge in Yuntaishan River basin from March 2019 to January 2020.
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Months

	
Monthly Rainfall (mm)

	
Water Temperature (℃)

	
Discharge (m3/s)




	
M3

	
M6

	
T7






	
Mar

	
49.5

	
15.8

	
2.52

	
Na

	
Na




	
Apr

	
20

	
20.0

	
2.48

	
Na

	
0.52




	
May

	
35

	
25.2

	
0.42

	
1.63

	
0.11




	
Jun

	
92.5

	
26.2

	
1.75

	
2.87

	
0.13




	
Jul

	
191.5

	
26.0

	
0.61

	
0.61

	
0.17




	
Aug

	
76.5

	
29.2

	
1.17

	
2.52

	
0.10




	
Sep

	
52.5

	
25.5

	
2.05

	
2.10

	
0.74




	
Oct

	
7

	
20.6

	
0.72

	
1.72

	
Na




	
Nov

	
12.5

	
15.9

	
0.24

	
0.40

	
0.52




	
Dec

	
58

	
11.0

	
0.42

	
0.40

	
0.16




	
Jan

	
32.5

	
9.7

	
0.92

	
1.53

	
0.24








Note: Na represents the lack of data.
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Table 3. Values of δ15N-NO3 and δ18O-NO3 in different sources of nitrogen. Values in brackets represent the standard deviation.
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	Sources
	δ15N-NO3 (‰)
	δ18O-NO3 (‰)
	References





	Manure and sewage
	16.3 (5.7)
	7.0 (2.7)
	[21]



	NH4+ in fertilizer
	−0.2 (2.3)
	−2.0 (8.0)
	[36]



	Atmospheric NO3−
	0.79 (2.5)
	80.01 (1.6)
	This study



	Nitrogen in soil organic matter
	4.7 (0.3)
	−2.0 (8.0)
	[27]
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Table 4. Annual nitrate load of each tributary and watershed.
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	Catchments
	Rivers
	Area

(km2)
	Annual Runoff

(×104 m3)
	Loads

(t)





	Yunba River
	Tributary T1
	38.4
	1190.8
	31.4



	Shengli River
	Tributary T2
	64.6
	526.2
	5.68



	Yangshan River
	Tributary T7
	30.8
	853.7
	23.8



	Yuntaishan Basin
	Basin outlet M8
	183.2
	3483.6
	108.69
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