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Abstract

:

A high concentration of nitrate (NO3−) in surface water threatens aquatic systems and human health. Revealing nitrate characteristics and identifying its sources are fundamental to making effective water management strategies. However, nitrate sources in multi-tributaries and mix land use watersheds remain unclear. In this study, based on 20 surface water sampling sites for more than two years’ monitoring from April 2012 to December 2014, water chemical and dual isotopic approaches (δ15N-NO3− and δ18O-NO3−) were integrated for the first time to evaluate nitrate characteristics and sources in the Huashan watershed, Jianghuai hilly region, China. Nitrate-nitrogen concentrations (ranging from 0.02 to 8.57 mg/L) were spatially heterogeneous that were influenced by hydrogeological and land use conditions. Proportional contributions of five potential nitrate sources (i.e., precipitation; manure and sewage, M & S; soil nitrogen, NS; nitrate fertilizer; nitrate derived from ammonia fertilizer and rainfall) were estimated by using a Bayesian isotope mixing model. The results showed that nitrate sources contributions varied significantly among different rainfall conditions and land use types. As for the whole watershed, M & S (manure and sewage) and NS (soil nitrogen) were major nitrate sources in both wet and dry seasons (from 28% to 36% for manure and sewage and from 24% to 27% for soil nitrogen, respectively). Overall, combining a dual isotopes method with a Bayesian isotope mixing model offered a useful and practical way to qualitatively analyze nitrate sources and transformations as well as quantitatively estimate the contributions of potential nitrate sources in drinking water source watersheds, Jianghuai hilly region, eastern China.
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1. Introduction


Nitrate is essential for the growth and survival of plants, animals, and humans. However, a high concentration of nitrate in surface and ground water brings risks to aquatic systems (e.g., eutrophication and hypoxia) and human health (e.g., reducing oxygen supply of red blood cells) [1]. Furthermore, excess nitrate in drinking water is regarded as a health hazard as it is linked to infant methemoglobinemia and esophageal cancer [2]. Therefore, the World Health Organization (WHO), the United States Environmental Protection Agency, and the Ministry of Environmental Protection of China have set NO3−-N concentration of 10 mg/L (measured as nitrogen) as the upper limit for drinking water [3,4,5]. Nitrate contamination has increasingly become an environmental problem worldwide, particularly in developing countries where drinking water is often polluted by intensive anthropogenic activities.



Revealing nitrate pollution characteristics and identifying its sources are fundamental to making effective water management strategies [6]. However, due to the wide variety of potential nitrate sources and complicated nitrogen transformation during nitrogen cycling, it is a challenge to determine nitrate sources and quantify the contribution of each source using traditional water quality monitoring methods [7]. Fortunately, the stable N isotope of nitrate provides information for nitrate sources identification and quantification, as different nitrate sources have different nitrogen isotope signatures. For example, synthetic fertilizers are produced by fixing atmosphere N2 and have a small fractionation with a δ15N-NO3− value from −4‰ to +4‰ [8]. Manure and sewage are often enriched with δ15N-NO3− (isotope vales from +5‰ to 25‰), because depleted isotope is volatized more easily than heavy isotope during ammonia volatilization process [5,9,10]. Nevertheless, it may be ambiguous to differentiate nitrate sources by using only nitrogen isotope of nitrate because of some overlaps of δ15N-NO3− among different nitrate sources. With the development of analytical techniques for δ18O-NO3−, bacterial denitrification method provides an accurate, inexpensive, and convenient way to determine dual isotopes of nitrate (δ15N-NO3− and δ18O-NO3−) simultaneously [11,12,13]. Values of δ18O-NO3− provide further information for nitrate sources and transformation. For instance, the value of δ15N-NO3− from soil microbial production (0‰–6‰) and atmospheric deposition (−13‰–13‰) may be overlapped at a certain point, but their δ18O-NO3− values often show different ranges (−10‰–15‰ from soil nitrate and 25‰–75‰ for precipitation) [5,9,14,15,16]. Moreover, dual isotopes of nitrate also provide evidence to evaluate the occurrence and level of denitrification process. Denitrifiers tend to use light isotopes of nitrate during denitrification process, which cause the enrichment of δ15N-NO3− and δ18O-NO3− with the remaining nitrate in a ratio of 1:1 to 2:1, thus the denitrification process can be evaluated by this ratio [5,17]. It provides a valuable way for qualitative analysis of nitrate sources and transformation by analyzing dual isotopes of nitrate.



The contribution proportion of each nitrate source cannot be fully elucidated without mathematical models. The basic mass balance mixing model can solve three sources using dual isotopes of δ15N-NO3− and δ18O-NO3− [3]. However, this method cannot calculate contribution proportions of nitrate from different sources when there are more than three sources, and the temporal and spatial variability of δ15N-NO3− and δ18O-NO3− in sources is not incorporated [18]. Hereafter, Bayesian framework isotope mixing models provide a way to simulate proportional contribution from multiple sources along with probability estimations. These models are the best tools for evaluating mathematically underdetermined systems nowadays, where there are more sources than isotope types [19]. A Bayesian stable isotope mixing model was developed in R statistical computing programs, which is referred to as Stable Isotope Analysis in R (SIAR) [3,18,20]. This model estimates proportions in mixtures with more than three sources and takes into account the uncertainties in tempo-spatial variabilities as well as isotopic fractionations. It has been widely applied in quantifying the diet of organisms on food sources and successfully used to estimate nitrate sources in different watersheds [7,20].



Jianghuai hilly region in eastern China is an area with a population of 13.4 million or more and covers an area of 2 × 104 km2. It is located between the Yangtze and Huaihe Rivers, and belongs to a climate transitional zone alternately affected by subtropical and temperate monsoons. Due to complicated hydrogeological conditions, groundwater resources are insufficient for routine use. As a result, surface water is the main drinking water source. However, seasonal distribution of rainfall is asymmetrical, and surface water resources are seriously scarce in this area [21]. Average available water is below 500 m3 per capita per year, which is often insufficient for basic needs. Adding to the pressure, surface water quality is sensitively affected by human activities, including agriculture and livestock breeding. With the rapid increase of fertilizer application in the region, as well as manure and sewage discharge, nitrogen concentrations in surface water of downstream areas have been rising. Despite this pressing need, to our knowledge, no research has been done in this region to understand nitrogen pollution and nitrate sources. In order to protect aquatic system health, and to provide effective management strategies to reduce N contamination, assessment of nitrogen pollution and nitrate sources is badly needed in the watersheds.



The objectives of this work were to (1) understand the spatiotemporal characteristics of nitrogen in surface water across the Jianghuang hilly watersheds; (2) analyze the nitrate sources and transformations using δ15N-NO3− and δ18O-NO3−; and (3) evaluate proportional contributions of different nitrate sources based on a Bayesian isotope mixing model.




2. Materials and Methods


2.1. Study Area Description


The Huashan watershed, located in Jianghuai hilly region, is a drinking water source protection area for Chuzhou city in Anhui Province, East China. It covers an area of 80.13 km2 (from 32°13′15′′ N to 32°18′55′′ N, and from 118°8′7′′ E to 118°16′51′′ E), and has a population of about 12,000. Xiaoshahe River, the main channel about 12 km long, is a tributary to the Yangtze River. About 16 km downstream from the watershed is the Chengxi reservoir, which holds 85.3 million cubic meters of water as drinking water for Chuzhou city. Agricultural farming and livestock breeding are intensive in the study area. Furthermore, the watershed does not have any non-agricultural industries and their impacts on nitrogen in surface water can be ignored.



The watershed is located in a transition region from subtropical zone to warm temperate zone, with an average annual temperature of 15.2 °C, sunshine duration of 2218 h, evaporation of 922 mm, and precipitation of 1048 mm. Wet season (high flow period) occurs from May to September, during which rainfall accounts for about 70% of annual precipitation amount.



The whole watershed (WW) is fan-shaped, which is composed of four sub-watersheds, namely, eastern sub-watershed (ESW), middle sub-watershed (MSW), western sub-watershed (WSW), and Zhuyuangou sub-watershed (ZSW) (Figure 1). Key sites for hydrology and water chemistry monitoring were Zhangying (ES) for ESW, Caijiqiao (MS5) for MSW, Sanchahe (WS7) for WSW, Zhuyuangou (ZS) for ZSW and Huzhang for WW (Figure 1).



The watershed is a typical mixed forest and agriculture (Figure 1 and Table 1), with 68.33% of land covered by forest, 22.66% for agriculture, 4.85% as barren, 2.84% by surface water, and 1.32% for residential area. Rice, rape, and wheat are the dominant crops in the area. Heavy application of NPK (Nitrogen, Phosphorus and Potash) compound fertilizer (containing about 18% of nitrogen) and manure (mainly animal wastes) takes place as base fertilizers for rice around May to June and for wheat around October to November when rice is transplanted and wheat is sowed into field. Urea (CO[NH2]2) is used for wheat growth in early March. Septic tanks are used to dispose human excretions on-site, which may permeate to the groundwater and may overflow to surface water when heavy storms occur. Sewage and septic waste usually flow into streams directly and animal waste accumulations transfer into rivers after rainfall. Considering the isotopic signatures of N in sewage and manure are similar, those two sources are treated as one source in this study [5,22]. In addition, groundwater resource was insufficient in this area and nitrogen concentration in ground water was much lower than that in surface water. The impact of nitrate discharging from ground water to surface water can be ignored.




2.2. Samplings Collection


Precipitation was sampled at four monitoring sites located in three sub-watersheds (Longfeng precipitation monitor site (PLF) and Chunlei precipitation monitor site (PCL) in MSW, Wangying precipitation monitor site (PWY) in WSW, and Zhengjia precipitation monitor site (PZJ) in ZSW, as shown in Figure 1c) during rainfall event from June 2013 to November 2014. Surface water was sampled twice a month at the main stream channel and major tributaries from April 2012 to December 2014. Sampling containers were washed by HCL acid and thoroughly rinsed before sampling. Each sample was filtered through 0.45 µm cellulose acetate filter papers and then filled in the pre-washed polyethylene bottles. All samples were stored below 4 °C in refrigerator before analysis.



Water chemistries (concentrations of total nitrogen, ammonia-nitrogen, nitrate-nitrogen, and nitrite-nitrogen) and dual isotopes of H2O in rainfall and surface water were all measured (see below). Nitrogen and oxygen isotopes of NO3− in surface water were determined once every two months from June 2012 to December 2013. A total of 975 samples were collected for water chemistry analysis, 189 samples for nitrogen and oxygen isotopes of nitrate, and 1126 samples for hydrogen and oxygen isotopes of water. All samples were collected by one or more of the authors in this paper.




2.3. Analytical Methods


2.3.1. Chemistry and Isotopes Analysis Methods


Water samples of nitrate-nitrogen were measured using ultraviolet spectro-photometric method, which followed by a standard protocol [23]. The stable isotopes of water (δ18O and δD) were analyzed on a Picarro L2120-i isotope laser spectrometer (Picarro Inc., Santa Clara, CA, USA) after filtered through 0.22 µm filters. The measurement of nitrogen and oxygen isotopic compositions of nitrate were carried out using a bacterial reduction method based on the isotopic analysis of nitrous oxide (N2O) produced by denitrifying bacteria, Pseudomonas aureofaciens [11,12]. The N2O was concentrated and purified on a Tracer System, and then the isotopic composition was determined using the Finnigan MAT 253 isotope ratio mass spectrometry (Thermo Fisher Scientific, Bremen, Germany) at the State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Hohai University. Four international isotopic reference materials (USGS-32, USGS-34, USGS-35, and IAEA-N3) were used to calibrate the measured samples.



All stable isotope ratios are expressed in the usual delta per mil (‰) notation:


δ sample(‰) = [(R sample − R standard)/R standard] × 1000‰



(1)




where R sample and R standard are the 15N/14N, 18O/16O, or 2H (D)/1H ratios of the samples and the standards, respectively. Values of δ15N are reported with respect to N2 in air, meanwhile δ18O and δ2H values are relative to Vienna Standard Mean Ocean Water (V-SMOW). The analytical precision were <0.2‰ for δ15N-NO3−, <0.5‰ for δ18O-NO3−, <0.5‰ for δD-H2O, and <0.5‰ for δ18O-H2O. Analysis for water chemistry and dual isotopes of nitrate were performed in duplicate, and three aliquots of water samples were analyzed for hydrogen and oxygen isotopes.




2.3.2. Multivariate Statistics


	
One-way analysis of variance (ANOVA) was performed using SPSS version 20 (SPSS Inc., Chicago, IL, USA) to evaluate whether there are any significant differences between the means among three or more independent groups.



	
Before proportion nitrate sources using Bayesian isotope mixing model, normality test of nitrate sources input data was needed. In this study, Lilliefors normality test of δ15N and δ18O values in NO3− sources were conducted on MATLAB (MATLAB 2015a, The Mathworks Inc., Natick, MA, USA). Lilliefors method was based on the Kolmogorov–Smirnov test and inspects the null hypothesis that data come from a normally distributed population, when the null hypothesis does not specify which normal distribution.







2.3.3. A Bayesian Isotope Mixing Model


To quantify the proportional contributions of potential NO3− sources contributed to surface water, a Bayesian mixing model (Stable Isotope Analyses in R, SIAR) was applied. SIAR used Markov chain Monte Carlo with Metropolis–Hastings steps to simulate plausible source proportions. Dirichlet distribution was adopted as the prior distribution of source contribution, which forced the sum of source contribution to one. The posterior distributions were probability distributions for each nitrate source [24,25,26]. SIAR model was simplified as follows:


Xi,j = ∑Pk(Sj,k + Cj,k) + εj,k,



(2)






Sj,k~N(µj,k,ω2j,k),



(3)






Cj,k~N(λj,k,τ2j,k),



(4)






εj,k~N(0,σ2),



(5)




where Xi,j is the isotope value j of the mixture i, in which i = 1, 2, 3,…, N and j = 1, 2, 3,…, J; Sj,k is the source value k on the isotope j (k = 1, 2, 3,…, K) and is normally distributed with mean µj,k and standard deviation ω2j,k; Pk is the proportion of source k , which needs to be estimated by the SIAR model; Cj,k is the fractionation factor for isotope j on source k and is normally distributed with mean λj,k and standard deviation τ2j,k; and εj,k is the residual error representing the additional unquantified variation between individual mixtures and is normally distributed with mean 0 and standard deviation σ2. In this study, five potential nitrate sources (NO3− in precipitation, NP; manure and sewage, M & S; soil N, NS; NO3− fertilizer, NF; and NO3− nitrified from NH4+ in fertilizer and rainfall, NFA) were integrated by the SIAR for different watersheds (ESW, MSW, WSW, ZSW and WW) during different temporal periods (high flow season and low flow season).






3. Results and Discussion


3.1. Spatial-Temporal Characteristics of Nitrogen in the Study Area


The concentration of NH4+-N, NO3−-N, and total nitrogen (TN) in precipitation (n = 129) were 0.15–5.11 mg/L (mean value of 1.26 mg/L), 0.12–5.14 mg/L (mean value of 0.78 mg/L), and 0.37–15.15 mg/L (mean value of 2.61 mg/L), respectively. Based on one way ANOVA, there was no significant difference for nitrogen (NH4+-N, NO3−-N, and TN) in rainfall among the three sub-watersheds, which means that spatial heterogeneity of nitrogen in atmosphere can be ignored. In addition, as Figure 2 shows, the NH4+-N concentration in precipitation (mean 1.26 mg/L, n = 129) was much higher than that in surface water (mean 0.20 mg/L, n = 639), suggesting that precipitation was regarded as an NH4+-N source to surface water and the influence of NH4+-N in rainfall should take into consideration when proportion nitrogen sources in this region.



The NH4+-N in surface water ranged from 0.01 to 4.86 mg/L, with a mean value of 0.20 mg/L (n = 639) in the whole watershed. As shown in Figure 3, there was a slight increasing trend in NH4+-N from upstream to downstream (mean value from 0.16 mg/L to 0.23 mg/L). This was due to less proportion of croplands and residential living in upstream as compared to the downstream (as shown in Table 1). According to the national quality standards for surface waters in China (GB3838-2002) [27], ammonia-nitrogen concentration should below 1 mg/L for drinking water. All the water samples of NH4+ in ESW (n = 41), 98.3% in MSW (n = 120), and 98.2% in WSW (n = 282) were below 1 mg/L. By contrast, about 14.9% in ZSW (n = 101) exceeded the guideline. The ANOVA results indicated that NH4+-N concentration in ZSW was significantly different with that in other sub-watersheds. Furthermore, surface water NH4+-N in ZSW during wet season (from 0.03 to 4.86, with mean value 0.62) was much higher than in dry season (from 0.02 to 1.01, with mean value 0.16). About 21.2% in high flow period (n = 66) could not be treated as drinking water directly in ZSW, as ammonia-nitrogen concentration surpassed the guideline. Surface water in ZSW, which had the highest proportion of croplands in the study area, was affected easily by cultivated activities such as the application of fertilizers and manure.



The concentration of NO3−-N in surface water ranged from 0.02 to 8.57 mg/L, with a mean value of 1.17 mg/L (n = 639). None of these water samples went over the 10 mg/L limit for drinking water. Natural background and threshold nitrate-nitrogen concentrations were estimated by using cumulative probability graph method [28,29]. The inflection points on the probability graph indicated an interpretable breakdown of the distribution of the logged values. The threshold at 3.12 mg/L was expressed to be the upper bound of the present-day background. Concentrations above the upper value would likely include nitrate-nitrogen from some anthropogenic sources, such as N fertilizers, animal waste as well as septic effluent. For the samples with NO3−-N concentrations between 0.14 and 3.12 mg/L, the anthropogenic and natural NO3−-N sources were an amalgam of soil organic matter from crop residues, combustion products and evaporation of ammonia from compound fertilizers as well as atmospheric deposition. The NO3−-N in WSW, however, was significantly different from other sub-watersheds (Figure 4). An exponential decrease in nitrate in WSW was noticeable (y = 8.99 × exp(−0.31x), R2 = 0.988). Although dramatically decline of nitrate occurred along the stream, denitrification was not found by analyzing δ15N-NO3− and δ18O-NO3− (see discussion in Section 3.2). From WS1 to WS5 in WSW, nitrate-nitrogen reduced about 75% to a relative low level (i.e., from 6.71 to 1.69 mg/L) (Figure 4), while the distance between WS1 to WS5 only accounts for 29.58% of the stream in WSW. More specifically, a wetland was located between sites WS4 and WR (Figure 1) where plants assimilate nitrate for growing. Consequently, the mean value of nitrate-nitrogen in WS4 during summer months (June to August) when aquatic plants growing fast was 1.66 mg/L (n = 13), which was much lower than that in winter (January, February and December) (mean 2.43 mg/L, n = 6). It could be concluded that decline of nitrate in this WSW was mostly due to dilution, aquatic plants absorption, 99.98% forests cover at the headwater catchment between the sites WS1 or WS2, and lack of any human activities. However, abnormally high nitrate-nitrogen concentrations (maximum 8.57 mg/L) were observed at the source areas of WSW. Water samples were collected up to the end of the creek, which was recharged by precipitation and seeps. However, nitrate-nitrogen in rainfall near WS2 was never higher than 2.22 mg/L. Therefore, those abnormally high nitrate concentrations were attributed to seeps of springs. High nitrate concentrations in headwater catchments were also detected in Hubbard Brook Experimental Forest, New Hampshire, USA [30]. These results suggested that elevated nitrate could come from groundwater in forest headwater catchments without human activities.



Total nitrogen (TN) was the sum of dissolved inorganic nitrogen (ammonia, nitrate, and nitrite nitrogen) and organically bonded nitrogen. The TN in surface water was found to range from 0.34 to 21.14 mg/L, with a mean of 2.01 mg/L. The content of NO3− occupied the largest proportion of TN in different sub-watersheds (ranging from 45.97% to 68.22% as shown in Table 2). Due to the unstable property of NO2−, it was easily oxidized to NO3−. Therefore, the proportion of nitrite in TN was the lowest, only accounting for less than 2.48%. Dissolved inorganic nitrogen (DIN) in WSW was the dominant component in surface water TN, accounting for 78.05%. By contrast, the dissolved organic nitrogen (DON) in MSW and ZSW exported more than that in ESW and WSW. It should be noted that organic nitrogen productions from manure and sewage were much higher in MSW and ZSW as a result of intensive agriculture and livestock feeding activities.




3.2. Identification of the Potential Nitrate Sources and Transformation


3.2.1. Nitrate Isotope Characteristics and Qualitative Analysis of Potential Sources


A dual isotope bi-plot approach (δ15N-NO3− and δ18O-NO3−) is adopted to qualitatively identify predominant NO3− sources for surface water in different periods [4]. The ranges of δ15N-NO3− and δ18O-NO3− in precipitation were from −10.9‰ to 6.8‰ and from 49.8‰ to 70.2‰, respectively. Other potential source isotopic values (M & S, NS, NF and NFA) were based on the relevant literature [8,31,32,33,34,35,36,37,38,39,40], as shown by boxes in Figure 5.



It is clear to see nitrate concentrations being affected by the five sources. Large parts of samples fall into the M & S and NS source windows, demonstrating that manure, sewage, and soil nitrogen might be the dominant sources in this watershed. As shown in Figure 5, the δ18O values in surface water varied more during the sampling period than δ15N values. Nitrate from atmosphere deposition was generally enriched in δ18O, because of isotopic exchange reactions involving ozone (O3) that is anomalously enriched in heavy oxygen isotopes [5]. Moreover, δ15N-NO3− in precipitation during wet season (mean: −6.14‰, n = 4) was much lower than that in dry season (mean: 0.94‰, n = 6). This seasonal isotopic pattern was similar to previous studies [41]. Isotope shift in NOx and lightning inputs were regarded as main reasons [5,9].



The extreme values of δ15N-NO3− (minimum: −5‰, maximum: 20.7‰) in surface water were found at ZSW in May and December, separately. ZSW has the largest proportion of crop land and water body. High level of NH4+ fertilizers was used as base fertilizers for rice around May to June. The lowest δ15N-NO3− value was the result of isotopic fractionation from microbial nitrification process. The Zhuchong reservoir in ZSW was a place raising ducks, and three livestock farms (mostly feeding pigs and sheep) were near the monitoring site. Animal wastes could have been discharged into the stream directly, and manure for crops could have seeped into surface water after irrigation. The highest δ15N value was derived from manure and sewage in ZSW.




3.2.2. Nitrification Processes of Ammonia


Given the heavy application of ammonia-containing fertilizers and high ammonia concentration in precipitation, nitrification process in surface water in this region should be taken into account. During nitrification process (NH4+ oxidized to NO3−), it has revealed that there exists considerable isotopic exchange of oxygen in H2O and NO3−. The variation range of δ18O offers useful information to identify nitrates derived from microbial nitrification. NO3− generated via the nitrification process contains one O atom from dissolved O2 and the others from H2O [9,42]. Thus, δ18O-NO3− can be interpreted as a mixture of two oxygen atoms from H2O and one from O2. The expected δ18O value of NO3− can be estimated as follows:


δ18O-NO3− = 1/3(δ18O-O2) + 2/3(δ18O-H2O)



(6)




where δ18O-H2O and δ18O-O2 were assumed to be O atoms of ambient H2O and O2, respectively. The δ18O value in the atmosphere was +23.5‰ and the δ18O values in water range from −16.7‰ to 4.4‰, which were calculated using δ18O in precipitation and surface water in the study area. Therefore, the range of δ18O derived from nitrification of NH4+ was from −3.3‰ to +10.78‰, which was close to (but a little narrower than) the values found in other studies (−5‰–+15‰) [43,44]. The local theoretical nitrification lines provide a referable range for nitrification (as shown in Figure 5).




3.2.3. Denitrification Process


Denitrification is a process that leads to an increase of δ15N-NO3− and δ18O-NO3− as NO3− concentration decreases. Some studies reported that this process causes δ15N and δ18O to increase in ratios roughly from 2:1 to 1:1 that indicate evidence of denitrification [5]. In our study, the roughly 2:1 to 1:1 enrichment of δ15N and δ18O were not found during wet and dry seasons (as shown in Figure 5). Thus, denitrification processes in surface water could be neglected in this area.



The observed linear ratios between the δ18O and δ15N values of the five sub-watersheds were below 0.5 or above 2.3, which implied that no obvious denitrification has occurred in the sub-watersheds. Moreover, the average depth of stream was less than 2 meters and fish in streams did well, which reflected that the dissolved oxygen in surface water should be above 4 mg/L [45]. The occurrence of the denitrification process requires anaerobic conditions, where dissolved oxygen concentrations could not be higher than 2 mg/L [46]. Thus, the denitrification in surface water can be ignored in the study area. The fact that denitrification seldom occurred in surface water was also found in many other studies [25,34,35,36,37].





3.3. Evaluation of Proportional Contributions of Different Nitrate Sources


After analyzing the potential nitrate sources, the contribution proportions of each nitrate source to the mixtures of the stream samples can be evaluated for different sub-watersheds. Dual isotopes of nitrate were applied to calculate proportional contributions of the five nitrate sources (NP, M & S, NS, NF, and NFA) in both wet and dry seasons based on the SIAR model.



The source values of δ15N-NO3− and δ18O-NO3− for NP were measured from the precipitation samples in the watershed (as shown in Table 3); The δ18O values that nitrified from NH4+ in fertilizer and rainfall were calculated using isotopic signatures of O2 and H2O in the study area (see Section 3.2.2 for details). Lilliefors test was conducted to verify that the δ15N and δ18O values of NP and NFA sources were normally distributed. Other end member isotopic compositions were obtained from relevant studies [8,31,32,33,34,35,36,37,38,39,40]. It was assumed that the fractionation factors equal zero, as denitrification did not occur in surface water in the study area. As shown in Figure 6, confidence intervals of the model results revealed information of nitrate source probability distribution. The contribution proportions of different sub-watersheds in different sampling periods (wet season and dry season) were estimated using the posterior mean values (see details in Table 4) in the following analysis. The Dirichlet distributions in the model treated input nitrate sources as independent and made the mean proportions of output to sum to unity. Thus, it is meaningful to use the posterior mean values straightforwardly as the estimations of sources proportions than median values or maximum posterior probability values (mode values) [24,25].



The SIAR model results showed that source contributions varied significantly among different rainfall conditions and different land uses. For the whole watershed, M & S was the largest nitrate contributor, accounting for 28% and 36% during wet and dry seasons, respectively. The output amount of M & S was relatively stable as human wastes or manure usage only change within a narrow range, but the discharge of stream was much lower in dry season than in wet season, so the proportion of M & S was much higher in dry season under this condition. Relative studies in Flanders, Belgium and Panxi River, West China, also found similar results [34,38]. Moreover, NS was another major nitrate source, contributing about 24% to 27% from wet season to dry season. By contrast, NP, NF, and NFA contributed more NO3− in wet season than those in dry season because precipitation in the wet season was about twice more than that in dry season, which brought more atmospheric nitrogen deposition and carried more fertilizers from crop fields to streams. It can be concluded that rainfall was regarded as a driving force for nitrogen transportation from lands to rivers.



As for the sub-watersheds, NS contributed much more in ESW (from 36% to 31% in wet season to dry season) than other nitrate sources and in other sub-watersheds. It was attributed to the fact that ESW has relatively higher forests coverage (about 79.82%), where soils held more organics (tree leaves) and moisture that were more suitable for nitrification processes of microbial activities. Nitrification from soil nitrogen acted as dominant source to stream in forest areas were also found in other studies [36,47,48]. In MSW, the contribution of M & S was the highest in both wet and dry seasons (mean probability estimations (MPE) were 31% and 42%, respectively), followed by NS and NF (MPE about 20% and 18% during wet and dry seasons). The largest proportion of M & S was due to the most inhabitants and domestic animals in this area. This result was in agreement with the analysis of organic nitrogen and TN in Section 3.1, and the source allocation pattern was similar to previous findings in other areas [36,37]. NS contributed the most (MPE 29%) in WSW during wet season, whereas M & S occupied the largest proportion (37%) in dry season. Relatively larger forest area (73.2%) and high density of human residence caused this phenomenon. In ZSW, the contribution of NF was the highest (MPE 27%) during wet season. However, the contribution of NF was not higher (MPE 23%) than M & S (MPE 32%) and NS (MPE 24%) in dry season. Furthermore, NP in ZSW was the lowest contributor (only accounting for 4%) in dry season as compared to that in other sub-watersheds. This was attributed to the highest proportion of reservoir, ponds, and crop lands (about 46.59%) that reduced water carrying nutrients into stream. The NS contribution in wet season was lower than that in dry season in ZSW. This result indicated that the larger area of paddy fields (39.39%) with high soil water content during wet season could not be eligible for nitrification processes by microbial activities. In different sub-watersheds with different land covers and anthropologic activities, the nitrate source proportional contributions varied significantly.



As a whole, the nitrate sources estimated by SIAR were reasonable and consistent with the qualitative analysis results present in Section 3.1 and Section 3.2. The SIAR model offers many advantages, as it incorporates multiple nitrate sources, uncertainty in different sources, and isotopic fractionation [3,19]. However, some factors also can lead to some uncertainties in the results. In this study, the end member isotopic signatures of M & S, NF, NFA, and NS were based on other relevant studies (rather than measured directly in this study). In addition, sources from manure and sewage, as well as nitrate derived from NH4+ fertilizer and rainfall, were difficult to distinguish. Moreover, the posterior distributions of the output have a large range, and dynamic varieties of nitrate source contributions at finer time scales should be further studied.





4. Conclusions


Multi-tributaries with different land uses perplexed nitrate sources identification in the Huashan watershed located in the upper stream of drink water source of Chuzhou city, China. In this study, coupled water chemistry and dual isotopes were applied to elucidate nitrate characteristics and sources in this watershed. The results demonstrated that nitrate content in surface water was relatively low in the downstream (<10 mg/L), but spatial heterogeneities were remarkable among different sub-watersheds. Extremely high nitrate was observed at the source of the river in one of the sub-watersheds, which exhibited an exponential decline along the stream due to dilution, absorption by aquatic plants, and high forest cover. Higher ammonia in precipitation and surface water may also lead to increased nitrate concentration via microbial nitrification. Meanwhile, isotope analysis revealed no obvious denitrification occurring in this area.



Proportional contributions of five potential nitrate sources were estimated using a Bayesian isotope mixing method. The results indicated nitrate sources varied significantly among different rainfall conditions, land use types, as well as anthropologic activities. In the whole watershed, M & S and NS were major nitrate sources in both wet and dry seasons (from 28% to 36% for M & S and from 24% to 27% for NS, respectively). As for sub-watersheds, NS was the largest contributor where forest accounted for the most (79.82%), while manure and synthetic fertilizers also had great influence on nitrate output in intensive agricultural areas.



In summary, coupling dual isotopes of nitrate (δ15N-NO3− and δ18O-NO3−, simultaneously) with a Bayesian isotope mixing model offers a useful and practical way to qualitatively analyze nitrate sources and transformations as well as quantitatively estimate the contributions of potential nitrate sources in surface water. Furthermore, long-term field sampling from April 2012 to December 2014 helped to capture temporal dynamics of nitrogen in the study area. It was the first time to thoroughly understand the nitrogen characteristics and nitrate source proportions in Jianghuan hilly region, eastern China. With the assessment of nitrate sources and characteristics, effective management strategies can be implemented to reduce N export and improve water quality in drinking water source watersheds in this region. A domestic sewage treatment system (pipelines and disposal ponds) is needed to reduce wastewater flow into the stream directly. In addition, application of manure and compound fertilizers should be adjusted based on soil nutrition, crop demands, and rainfall conditions. Wetlands and aquatic plants can sustain water quality and need to be protected.
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Figure 1. Location of the Huashan watershed in eastern China (a) and (b), along with its sub-watersheds, water sampling sites (dots), and land use types (c). The whole watershed is divided into four sub-watersheds (red curves) based on the tributaries: Eastern sub-watershed (ESW), Middle sub-watershed (MSW), Western sub-watershed (WSW), and Zhuyuangou sub-watershed (ZSW). 
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Figure 2. NH4+-N and NO3−-N concentrations in precipitation and surface water in different sub-watersheds and the results of one way ANOVA. Boxplots illustrate the 25th, 50th, and 75th percentiles; the whiskers indicate the 5th and 95th percentile; diamonds in boxplots denote mean values. Letters above the upper whiskers are ANOVA results, and n is sample size. 
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Figure 3. NH4+-N concentration of surface water in different sampling sites and results of one-way ANOVA. 
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Figure 4. NO3−-N concentration of surface water in different sampling sites and results of one-way ANOVA. 
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Figure 5. Range of δ15N and δ18O values for potential nitrate sources and in the Huashan watershed. NP means NO3− in precipitation; M & S for manure and sewage; NS for soil nitrogen; NF for NO3− fertilizer; and NFA for NO3− nitrified from NH4+ in fertilizer and rainfall. 
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Figure 6. Proportional contributions of five potential nitrate sources in wet season (a) and dry season (b) estimated by SIAR (Stable Isotope Analysis in R). Boxplot illustrate the 90%, 75%, 50%, and 1% confidence intervals from light to dark. 
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Table 1. Drainage areas and land uses of the Huashan watershed (WW) and its sub-watersheds. ESW means Eastern sub-watershed, MSW for Middle sub-watershed, WSW for Western sub-watershed, and ZSW for Zhuyuangou sub-watershed.
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Watersheds

	
Land Use Types




	
Forest

	
Crop Land

	
Residential

	
Bare Land

	
Water Body

	
Sum






	
ESW

	
Area (km2)

	
7.04

	
1.06

	
0.01

	
0.21

	
0.5

	
8.82




	
Proportion (%)

	
79.82

	
12.02

	
0.11

	
2.38

	
5.67

	
100




	
MSW

	
Area (km2)

	
32.97

	
12.34

	
0.93

	
3.04

	
1.19

	
50.47




	
Proportion (%)

	
65.33

	
24.45

	
1.84

	
6.02

	
2.36

	
100




	
WSW

	
Area (km2)

	
13.14

	
3.82

	
0.13

	
0.57

	
0.29

	
17.95




	
Proportion (%)

	
73.2

	
21.28

	
0.72

	
3.18

	
1.62

	
100




	
ZSW

	
Area (km2)

	
1.3

	
1.04

	
0.01

	
0.1

	
0.19

	
2.64




	
Proportion (%)

	
49.24

	
39.39

	
0.38

	
3.79

	
7.2

	
100




	
WW

	
Area (km2)

	
54.75

	
18.16

	
1.06

	
3.89

	
2.28

	
80.13




	
Proportion (%)

	
68.33

	
22.66

	
1.32

	
4.85

	
2.84

	
100
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Table 2. Ratios between NH4+/-N, NO3−-N, NO2−-N, DIN, DON and TN in different sub-watersheds.
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Watersheds

	
NH4+/TN (%)

	
NO3−/TN (%)

	
NO2−/TN (%)

	
DIN/TN (%)

	
DON/TN (%)






	
ESW

	
12.14

	
52.97

	
2.09

	
67.2

	
32.8




	
MSW

	
10.58

	
45.97

	
1.82

	
58.37

	
41.63




	
WSW

	
8.47

	
68.22

	
1.36

	
78.05

	
21.95




	
ZSW

	
16.41

	
42.39

	
2.48

	
61.28

	
38.72








Notes: NH4+-N means ammonia nitrogen; NO3−-N for nitrate nitrogen; NO2−-N for nitrite nitrogen; DIN for dissolved inorganic nitrogen; DON for dissolved organic nitrogen; and TN for total nitrogen; ESW means Eastern sub-watershed; MSW for Middle sub-watershed; WSW for Western sub-watershed; and ZSW for Zhuyuangou sub-watershed.
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Table 3. Mean and standard deviation of nitrate concentration and isotopic signatures.
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Watersheds

	
Sites

	
Long. (°)

	
Lat. (°)

	
TN (mg/L)

	
NO3− (mg N /L)

	
NH4+ (mg/L)

	
δ15N-NO3− (‰)

	
δ18O-NO3− (‰)

	
δD-H2O (‰)

	
δ18O-H2O (‰)






	
ESW

	
ER

	
118.23

	
32.28

	
1.48 ± 0.15

	
0.17 ± 0.10

	
0.10 ± 0.12

	
6.5 ± 0.9

	
−0.4 ± 3.7

	
−40.0 ± 7.1

	
−5.5 ± 1.4




	
ES

	
118.22

	
32.28

	
1.17 ± 0.65

	
0.68 ± 0.53

	
0.14 ± 0.16

	
6.2 ± 1.4

	
3.6 ± 4.3

	
−37.3 ± 12.3

	
−5.2 ± 2.3




	
MSW

	
MR1

	
118.25

	
32.26

	
1.42 ± 0.36

	
0.35 ± 0.26

	
0.19 ± 0.22

	
4.5 ± 1.8

	
1.2 ± 3.9

	
−41.1 ± 8.0

	
−5.4 ± 1.5




	
MS1

	
118.22

	
32.25

	
0.85 ± 0.20

	
0.56 ± 0.45

	
0.06 ± 0.01

	
4.9 ± 1.3

	
5.0 ± 5.7

	
−41.1 ± 12.8

	
−5.2 ± 2.0




	
MR2

	
118.19

	
32.23

	
1.38 ± 0.78

	
0.72 ± 0.75

	
0.06 ± 0.04

	
4.7 ± 1.9

	
−1.2 ± 2.6

	
−41.2 ± 8.4

	
−5.0 ± 2.0




	
MS2

	
118.20

	
32.25

	
0.93 ± 0.83

	
0.15 ± 0.21

	
0.05 ± 0.02

	
3.2 ± 5.6

	
2.2 ± 5.5

	
−34.8 ± 15.7

	
−3.9 ± 2.4




	
MS3

	
118.20

	
32.26

	
0.79 ± 0.02

	
0.08 ± 0.07

	
0.07 ± 0.06

	
3.9 ± 2.2

	
1.8 ± 4.7

	
−38.4 ± 12.0

	
−4.47 ± 2.1




	
MS4

	
118.22

	
32.27

	
1.19 ± 0.83

	
0.40 ± 0.19

	
0.24 ± 0.47

	
6.1 ± 4.1

	
3.2 ± 8.7

	
−35.8 ± 12.3

	
−4.5 ± 2.1




	
MS5

	
118.21

	
32.27

	
1.02 ± 0.52

	
0.53 ± 0.33

	
0.12 ± 0.13

	
4.6 ± 1.2

	
5.1 ± 6.9

	
−37.2 ± 10.4

	
−4.9 ± 1.7




	
PLF

	
118.25

	
32.26

	
2.07 ± 1.68

	
0.60 ± 0.56

	
0.81 ± 0.67

	

	

	
−67.5 ± 25.7

	
−10.0 ± 3.4




	
PCL

	
118.19

	
32.25

	
2.54 ± 1.56

	
0.70 ± 0.46

	
1.37 ± 1.12

	

	

	
−61.4 ± 23.5

	
−9.0 ± 2.9




	
WSW

	
WS1

	
118.14

	
32.26

	
7.43 ± 1.60

	
6.71 ± 1.48

	
0.08 ± 0.02

	

	

	

	




	
WS2

	
118.15

	
32.26

	
5.26 ± 1.75

	
4.49 ± 1.62

	
0.09 ± 0.12

	

	

	

	




	
WS3

	
118.15

	
32.27

	
4.44 ± 1.84

	
3.81 ± 1.61

	
0.07 ± 0.07

	

	

	

	




	
WS4

	
118.15

	
32.27

	
2.86 ± 1.42

	
2.45 ± 1.39

	
0.10 ± 0.18

	
2.9 ± 1.8

	
4.7 ± 3.6

	
−48.2 ± 14.5

	
−6.9 ± 1.8




	
WR

	
118.16

	
32.27

	
2.53 ± 1.55

	
1.90 ± 1.35

	
0.14 ± 0.25

	

	

	

	




	
WS5

	
118.17

	
32.27

	
2.12 ± 1.10

	
1.69 ± 1.09

	
0.07 ± 0.03

	

	

	

	




	
WS6

	
118.18

	
32.28

	
1.35 ± 0.68

	
0.85 ± 0.58

	
0.13 ± 0.12

	
6.4 ± 3.0

	
2.9 ± 2.6

	
−41.3 ± 7.2

	
−5.5 ± 1.9




	
WS7

	
118.20

	
32.28

	
1.34 ± 0.71

	
0.70 ± 0.54

	
0.20 ± 0.23

	
5.5 ± 1.4

	
2.1 ± 4.3

	
−45.2 ± 11.9

	
−6.2 ± 2.5




	
PWY

	
118.16

	
32.27

	
2.73 ± 1.27

	
0.69 ± 0.57

	
1.58 ± 0.77

	

	

	
−60.1 ± 18.5

	
−8.8 ± 2.3




	
ZSW

	
ZR

	
118.19

	
32.30

	
2.18 ± 1.42

	
0.18 ± 0.10

	
0.36 ± 0.56

	
6.1 ± 3.5

	
−2.8 ± 2.0

	
−35.0 ± 11.9

	
−2.9 ± 1.9




	
ZS

	
118.20

	
32.29

	
2.13 ± 2.67

	
0.67 ± 0.38

	
0.46 ± 0.81

	
5.0 ± 5.9

	
0.9 ± 4.3

	
−43.4 ± 11.6

	
−5.6 ± 2.6




	
PZJ

	
118.21

	
32.29

	
2.69 ± 2.41

	
0.85 ± 0.80

	
1.24 ± 0.94

	
−1.9 ± 4.9

	
59.0 ± 6.58

	
−46.2 ± 31.1

	
−6.82 ± 3.8




	
WW

	
WW

	
118.21

	
32.29

	
1.48 ± 0.92

	
0.72 ± 0.45

	
0.21 ± 0.21

	
5.8 ± 3.6

	
2.2 ± 3.8

	
−46.2 ± 31.1

	
−6.82 ± 3.8








Notes: ESW means Eastern sub-watershed; MSW for Middle sub-watershed; WSW for Western sub-watershed; ZSW for Zhuyuangou sub-watershed; and WW for the whole watershed; TN means total nitrogen; NH4+-N for ammonia nitrogen; NO3−-N for nitrate nitrogen; PLF means Longfeng precipitation monitor site; PCL for Chunlei precipitation monitor site; PWY for Wangying precipitation monitor site; and PZJ for Zhengjia precipitation monitor site. Others mean for stream water sample monitor sites.
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Table 4. Mean probability estimates of source contributions apportioned by SIAR (Stable Isotope Analysis in R). ESW means Eastern sub-watershed; MSW for Middle sub-watershed; WSW for Western sub-watershed; and ZSW for Zhuyuangou sub-watershed; Wet means nitrate proportional contributions during wet season; Dry means nitrate proportional contributions during dry season.
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Sources

	
ESW

	
MSW

	
WSW

	
ZSW

	
WW




	
Wet

	
Dry

	
Wet

	
Dry

	
Wet

	
Dry

	
Wet

	
Dry

	
Wet

	
Dry






	
NP

	
0.18

	
0.12

	
0.15

	
0.08

	
0.17

	
0.09

	
0.11

	
0.04

	
0.15

	
0.09




	
M & S

	
0.21

	
0.29

	
0.31

	
0.42

	
0.26

	
0.37

	
0.25

	
0.32

	
0.28

	
0.36




	
NS

	
0.36

	
0.31

	
0.20

	
0.19

	
0.29

	
0.25

	
0.17

	
0.24

	
0.24

	
0.27




	
NF

	
0.11

	
0.16

	
0.21

	
0.17

	
0.14

	
0.16

	
0.27

	
0.23

	
0.19

	
0.16




	
NFA

	
0.14

	
0.11

	
0.13

	
0.14

	
0.14

	
0.12

	
0.20

	
0.17

	
0.14

	
0.11
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