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Abstract 19 

The Beiyun river flows through a hot spot region of Beijing-Tianjin-Hebei in 20 

China that serves a majority of occupants. However, the region experiences severe 21 

nitrate pollution, posing a threat to human health due to inadequate self-purification 22 

capacity. In that context, there is an urgent need to assess nitrate levels in this region. 23 

Herein, we used δ15N-NO3, δ18O-NO3 isotopes analysis, and stable isotope analysis 24 

model to evaluate the nitrate source apportionment in the Beiyun river. A meta-analysis 25 

was then used to compare the potential similarity of nitrate sources among the Beiyun 26 

riverine watershed and other watersheds. Results of nitrate source apportionment 27 

revealed that nitrate originated from the manure & sewage (contribution rate: 89.6%), 28 

soil nitrogen (5.9%), and nitrogen fertilizer (3.9%) in the wet season. While in the dry 29 

season, nitrate mainly originated from manure & sewage (91.6%). Further, different 30 

land-use types exhibited distinct nitrate compositions. Nitrate in urban and suburban 31 

areas mostly was traced from manure & sewage (90.5% and 78.8%, respectively). 32 

Notably, the different nitrate contribution in the rural-urban fringe and plant-covered 33 

areas were manure & sewage (44.3% and 32.8%), soil nitrogen (26.9% and 35.7%), 34 

nitrogen fertilizer (23.5% and 29.4%), and atmospheric deposition (5.3% and 2.0%). 35 

Through a meta-analysis, we found nitrogen fertilizer, soil nitrogen, and manure & 36 

sewage as the main nitrate sources in the Beiyun riverine watershed or the other similar 37 

complex watersheds in the temperate. Thus, this study provides a scientific basis for 38 

nitrate source apportionment and nitrate preventive management in watersheds with 39 

complex land-use types in temperate regions.  40 

Keywords 41 

Nitrate isotope; Land-use; Source apportionment; SIAR; Beijing-Tianjin-Hebei region 42 
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1 Introduction 43 

Excess loads of nitrate occur due to population growth and extensive human 44 

activities (Jiang et al., 2021), causing eutrophication of the water environment. Nitrates 45 

then get into the human body along the food chain, resulting in methemoglobinemia in 46 

newborns or stomach cancer (Zhang et al., 2018b; Li et al., 2019). Therefore, increasing 47 

interest has been geared towards controlling or preventing nitrate from ending up in the 48 

water (Hu et al., 2019). Similarly, the need for tracing the source of nitrate in the river 49 

has heightened. 50 

Based on the current understanding, tracing the source of nitrate in the river is a 51 

topical issue. Nitrate contains stable natural isotopes of δ15N-NO3 and δ18O-NO3, which 52 

has become a favorable premise for adopting isotope technique to identify nitrate 53 

pollution sources in the river (Jani and Toor, 2018). However, the obtained isotopic 54 

values may overlap when using dual nitrate isotopes to trace the source of nitrate (Li et 55 

al., 2019). The accuracy of traceability can be greatly improved using certain statistical 56 

methods or simulating models. For example, principal component analysis and cluster 57 

analysis could connect environmental factors (hydrochemical compositions) with social 58 

variables (e.g., population density, village percentage, or land-use type) to classify 59 

nitrate sources (Ma et al., 2015; Li et al., 2019). To obtain a more accurate nitrate source 60 

apportionment result, determining the contribution ratio of each source after source 61 

trace is necessary. Notably, stable isotope analysis in the R (SIAR) model has been 62 

proved as an excellent and flexible model in estimating the proportional contributions 63 

of nitrate sources. It not only can perform quantitative calculations between different 64 

sources (e.g., atmospheric deposition, soil nitrogen, nitrogen fertilizer, and manure & 65 

sewage), but also provide an estimate between different river locations (e.g., surface 66 

and underground water, or rivers in different areas) (Yi et al., 2017; Hu et al., 2019; 67 
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Jiang et al., 2021).  68 

Nitrate source is closely linked with human behaviors and the characteristics of 69 

watersheds (e.g., the climate and land-use type) (Hu et al., 2019; Ma et al., 2019). It is 70 

challenging to trace the source of nitrate in complex watersheds because, in such areas, 71 

the pollution sources show variability with the spatiotemporal variation (Yi et al., 2017; 72 

Hu et al., 2019; Li et al., 2019). Besides, it is more difficult to get reliable universal 73 

source analytic conclusions from single research. Therefore, to obtain a more general 74 

pattern of pollution sources, a meta-analysis is adopted as a quantitative analytic 75 

method (Wang et al., 2021). It can give a comparison of the target watershed with other 76 

watersheds to generate a reliable source apportionment conclusion. The Beiyun riverine 77 

is a complex watershed linked to Beijing, Tianjin, and Hebei Province, characterized 78 

by multiple land-use types and incorporated with various economic structures. Nitrate 79 

pollution inevitably rose due to the development of urbanization in the watershed and 80 

might be harmful to the inhabitants (Zhang et al., 2020a). Although tracing the nitrate 81 

source is necessary, the complex watershed factors make the entire process challenging, 82 

because most of the water in the Beiyun riverine watershed comes from the WWTPs, 83 

and the land-use type and human social activities around the river are complex (Zhang 84 

et al., 2021). Due to the large amount of WWTPs emission, the nitrate in the basin is 85 

likely to come from manure & sewage source, but at the same time, the contribution of 86 

other sources should also be considered. 87 

This present work mainly purposed to determine the source, migration, and 88 

transformation of nitrate in the Beiyun riverine watershed by analyzing the δ15N-NO3 89 

and δ18O-NO3 values. We calculated the contribution ratio of nitrate at each nitrate 90 

source using the SIAR model. Samples were collected from 26 sites located in Beijing, 91 

Tianjin, and Hebei in the mainstream and tributaries of the whole Beiyun riverine 92 



5 

 

watershed in the wet and dry seasons for four months. Mechanistically, we performed 93 

a meta-analysis of regions with similar geographical characteristics to the Beiyun 94 

riverine watershed and analyzed the various sources of nitrate under different climate 95 

and land-use types. Of note, the resolution of traceability had been improved through 96 

multiple statistical analyses. 97 

2 Materials and Methods 98 

2.1 Study area and sampling design 99 

The Beiyun riverine watershed is located in a hotspot region of urbanization in the 100 

Beijing-Tianjin-Hebei region with complex land-use types and economic structures. 101 

Due to a shortage of water resources, wastewater from the WWTPs is imported to 102 

supplement the river course (Zhang et al., 2021). The whole watershed area is about 103 

6166 km2. The mountainous area and a vast forest cover the riverine source of the 104 

upstream which accounts for 16% and 8.7% of the watershed, respectively. The 105 

remaining area is plains, which consist of dry land and construction land (Fig. 1a), and 106 

the plain area is mainly composed of alluvial-diluvial fans along rivers (Wu et al., 2020). 107 

The upstream tributaries are the urban area of Beijing. The mainstream and tributaries 108 

of the downstream are dry land with villages in Tianjin and Hebei province (Liu et al., 109 

2018; Zhang et al., 2020). Land-use data came from the Computer Network Information 110 

Center, Chinese Academy of Sciences (www.gscloud.cn). And the detailed hydrology 111 

and climate information are shown in SI.  112 
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 113 

Fig.1. Study area and sampling sites in the Beiyun riverine watershed.  114 

A total of 26 sampling sites were selected in the Beiyun riverine watershed (Fig. 115 

1b). They covered most of the land-use types in the humanities and natural environment. 116 

Specific information about the sampling sites is listed in Table S1. Sampling was 117 

conducted in June and September 2019 (wet season) and in November 2019 and 118 

January 2020 (dry season). We conducted grab sampling in the central part of each river. 119 

2.2 Water quality analysis 120 

The collected water samples were filtered through pre-combusted and pre-121 

weighed glass fiber filters (Whatman, GF/F, 47 mm in diameter, GE, UK), and stored 122 

at 4ºC for subsequent analyses. Measurements of pH, dissolved oxygen (DO), and 123 

electrical conductivity (EC) were taken in situ using the YSI electrode (Xylem 124 

Company, New York, USA). The NO3-N, NO2-N, NH4-N, and TN were detected using 125 

a UV-visible spectrophotometer (HACH DR 2800, USA). We conducted an ion 126 

chromatography (IC) system 90 (Dionex Corp, Sunnyvale, CA, USA) to measure the 127 

Cl-, with a precision below 5%. 128 

Dual nitrate isotopes were tested in the Institute of Vertebrate Paleontology and 129 

Paleoanthropology, Chinese Academy of Sciences. The collection of dual nitrate 130 

isotopes was based on the ion-exchange method (Silva et al., 2000), which transferred 131 
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the dissolved NO3-N in water into the solid AgNO3. Then, AgNO3 was analyzed for 132 

δ15N-NO3 and δ18O-NO3 using a Flash 2000 HT and Fisher 253 Plus continuous flow 133 

isotope ratio mass spectrometer (Thermo, USA), which was equipped the constant flow 134 

device Conflo IV. The δ15N-NO3 value was reported in parts per thousand or per mil 135 

(‰) relative to the atmospheric N2 and CO isotopic standard. The international isotopic 136 

reference material USGS 25 (δ15N=-30.4‰, air N2), USGS 42 (δ18O=+8.56‰, 137 

VSMOW), EMA P2 (δ18O=+26.88‰, VSMOW), IAEA-NO3 (δ15N=+4.7‰, air N2, 138 

δ18O=+25.6‰, VSMOW) were measured to monitor analytical accuracy. The standard 139 

deviation for duplicate analysis was less than ±0.2‰ for δ15N-NO3 and less than ±0.4‰ 140 

for δ18O-NO3. Stable isotope ratios were reported in per mil (‰) using the conventional 141 

delta notation.  142 

δsample(‰)= ( Rsample

Rstandard
-1) ×1000(‰)                                                                            (1) 143 

Notably, δsample denoted the stable isotope ratio in the water samples. Rsample and 144 

Rstandard denoted the ratios of 15N/14N or 18O/16O in water samples and the standards, 145 

respectively. 146 

2.3 SIAR modeling 147 

The stable isotope analysis in the R (SIAR) model was adopted to estimate the 148 

contributions of multiple nitrate sources in individual water samples. The equations 149 

were as follows: 150 

Xij= ∑ pk(Sjk+Cjk)+εij

k

k=1
                                                                                           (2) 151 

Sjk~N (μjk,ωjk
2 )                                                                                                                (3) 152 

Cjk~N(λjk,τjk
2 )                                                                                                                  (4) 153 

εjk~N(0,σk
2)                                                                                                                     (5) 154 
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Where Xij denotes the isotope value j of the water sample i (i=1, 2, 3,…, i and j = 155 

1, 2, 3,…, j). Sjk denotes the source value k on isotope j (k=1, 2, 3,…, k) and is normally 156 

distributed with mean μjk and standard deviation ωjk. pk denotes the proportion of source 157 

k, estimated by the SIAR model. Cjk denotes the fractionation factor for isotope j of 158 

source k and is normally distributed with mean λjk and standard deviation τjk. εjk denotes 159 

the residual error, representing additional unquantified variation between individual 160 

samples and is normally distributed with mean 0 and standard deviation σj. A more 161 

detailed description of the SIAR model can be found elsewhere (Jackson et al., 2019).  162 

In this study, δ15N-NO3 and δ18O-NO3 (j=2) values were applied to estimate the 163 

contribution of four predefined sources, including atmospheric deposition, fertilizer 164 

nitrification, soil nitrogen, and manure & sewage. The mean and standard deviation of 165 

each source was cited from literature, as indicated in Table S2 (Liu et al., 2018). The 166 

fractionation factors for all sources were set as zero (Cjk=0) in the condition of the 167 

surface river (Jiang et al., 2021). Using the Kolmogorov-Smirnoff test, we examined 168 

the normality of potential source values.  169 

2.4 Statistical analysis  170 

One-way ANOVA analysis was used to test the differences in hydrochemical 171 

indicators between seasons and sites. Differences were considered significant for p-172 

values less than 0.05. With cluster analysis, we used the squared Euclidean metric with 173 

Ward’s method to explore the possible similar correlation of different nitrogen 174 

indicators and the land-use type among sites to sites. The raw data set was standardized 175 

to avoid incorrect clustering because different indicators had massively varying 176 

dimensions and units. The heatmap of cluster analysis revealed stronger similarity 177 

between the sites, the closer the matrix distance between them, and the bluer the color. 178 

Furthermore, for correlation analysis of different hydrochemical indicators, we used the 179 
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Pearson test by corrplot package in R. The correlation coefficient was reflected in 180 

different colors. Pearson test was used for all linear regressions.  181 

To disentangle the impact of different factors such as the condition of temperate 182 

continental monsoon climate (CMC), complex urban and rural environment (CURE) 183 

on each nitrate source. A meta-analysis based on a linear mixed model was conducted 184 

(lme4 package in R was used to operate all the calculations). The relationship equation 185 

in linear mixed model was as follows: 186 

Result <- lmer (ln (RR). Source ~ ‘fixed variables 1 + fixed variables 2 + ...’ ~ ‘fixed 187 

variables 1 × fixed variables 2 × ...’+(1|random factor), Weights=wt. Source)       (6) 188 

Where Result is a final effect value ‘ln (RR)’ of condition CMC or CURE. ln (RR). 189 

Source are each ln (RR) values of nitrogen fertilizer, soil nitrogen and manure & sewage, 190 

which calculation equation is equation (1) in SI. fixed variables 1, 2, … include the type 191 

of CURE/CMC and its corresponding δ15N-NO3 value in each nitrate source. random 192 

factor is the number of samples included in this study, which can eliminate the 193 

autocorrelation within the same study. Weights are the weighting coefficient of the 194 

number of samples included in this study, which calculation equation is equation (2) in 195 

SI. All the statistical analyses were performed using R, version 3.6.3.  196 

3 Results and discussion  197 

3.1 Spatiotemporal variations of nitrate 198 

The concentrations of dissolved inorganic nitrogen and nitrate isotope values at 199 

each site in the main streams (n=8) and tributaries (n=18) of the watershed are shown 200 

in Fig. 1. The average concentration of NO2-N and NH4-N was lower than 0.20 mg L-1 
201 

and 1.5 mg L-1 (Fig. 2a, 2b) in the wet and dry seasons, respectively. However, NO3-N 202 

and TN in two seasons exceeded 5.0 mg L-1 (Fig. 2c, 2d), which was sufficient to cause 203 

eutrophication of surface water. The average concentration of NO3-N was 6.5 mg L-1 204 
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and 8.3 mg L-1 in the wet and dry season, respectively (Fig. 2c), which had exceeded 205 

the grade V of China surface water environmental quality standard (GB3838-2002). Of 206 

note, in all seasons, NO3-N was the main form of the nitrogen in the Beiyun river (Fig. 207 

S4). For δ15N and δ18O-NO3, the δ15N-NO3 value mainly fluctuated between 0.6‰ to 208 

26‰ (Fig. 2e). The mean value in the wet season and dry season was 15.1±5.1‰ and 209 

14.4±2.9‰, respectively. And the δ18O-NO3 value mainly fluctuated between -13.3‰ 210 

to 9.9‰ (Fig. 2f). The mean value in the wet season and the dry season was 0.6±2.9‰ 211 

and -5.6±3.3‰, respectively. Through ANOVA analysis, we revealed that from the 212 

temporal perspective, the concentration of NH4-N, NO3-N, and TN was not 213 

significantly different (p>0.05) except NO2-N (p<0.05), which might be attributed to 214 

the varying conversion reaction of nitrogen in different seasons (Zhang et al., 2018a). 215 

From the spatial aspect, NH4-N, NO3-N, and TN concentration were still not significant 216 

(p>0.05), but NO2-N concentration showed significant difference (p<0.05) in tributaries, 217 

which could be due to different pollution sources in the tributaries being more complex 218 

than the mainstream (Yi et al., 2017). And neither δ15N-NO3 nor δ18O-NO3 value 219 

showed a significant spatiotemporal difference in the main streams and tributaries 220 

(p>0.05). However, it is too limited to discuss the difference of isotope values only from 221 

the main streams and the tributaries. Therefore, the discussion of different land use 222 

types was carried out in section 3.2 and 3.3. 223 
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 224 

Fig. 2. Spatiotemporal variations of inorganic nitrogen and nitrate isotopes (a) NO2-N (b) 225 

NH4-N (c) NO3-N (d) TN (e) δ15N-NO3 (f) δ18O-NO3. Dashed are the median line, dotted are 226 

the lines of upper and lower quartiles, and the monitoring data points are concentrated in 227 

the saturation region of violin plot. 228 

The Pearson correlation of nitrate isotopes and other hydrochemical indicators is 229 

presented in Fig. 3. In the wet season (Fig. 3a), NO3-N had was positively correlated 230 

with NO2-N, TN and Cl-, but it had a negative correlation with DO and δ15N-NO3. 231 

Additionally, δ15N-NO3 showed a positive correlation with NO2-N, whereas it showed 232 
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a negative correlation with NH4-N and DO. There are two possibilities for this result: 233 

(Ⅰ) In the wet season, nitrification process transformed NH4-N into NO2-N. Then, NO2-234 

N was oxidized into NO3-N under the high DO condition (Liu et al., 2018). In 235 

comparison, denitrification consumed NO3-N, thereby increased the δ15N-NO3 value 236 

(Yang and Toor, 2016; Bu et al., 2017). (Ⅱ) For continuous anthropogenic emissions, 237 

the amount of sewage discharged during the wet season was greater, which leaded to 238 

stronger correlations between indicators. Notably, Cl- is usually found in sewage, and 239 

high NO3-N concentration is usually accompanied by high Cl- concentration (Yi et al., 240 

2017; Ma et al., 2019). The high correlation between NO3-N and Cl- in the wet season 241 

also indicated that the amount of sewage discharged in the wet season was large. And 242 

for a detailed discussion of Cl- can be seen at section 3.2.1. However, in the dry season 243 

(Fig. 3b), NO3-N was positively correlated with DO and δ15N-NO3. On the other hand, 244 

δ15N-NO3 was positively correlated with NO2-N and DO, while it was negatively 245 

correlated with NH4-N. These results were contrary to those in the wet season, which 246 

might be due to the lack of obvious denitrification during the dry season (Liu et al., 247 

2018). 248 

 249 

Fig. 3. Correlation between nitrate isotopes and hydrochemical indicators in the (a) wet 250 

season and (b) dry season. 251 
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3.2 Source apportionment of nitrate  252 

3.2.1 Source apportionment of nitrate by isotopes and stable chemical 253 

ion 254 

The nitrate sources in different seasons and different branches are shown in Fig. 4. 255 

Source apportionment of nitrate was obtained via isotope fractionation (Jani and Toor 256 

2018). Different nitrate sources showed different ranges of dual-isotope values (Fig. 4), 257 

including atmospheric deposition, NO3-fertilizer, NH4-fertilizer, soil nitrogen, and 258 

manure & sewage. The value of δ15N-NO3 ranged between +0.6‰ to +26.0‰ and +6.0‰ 259 

to +24.7‰ in the wet season and the dry season, respectively. Besides, the value of 260 

δ18O-NO3, -8.6‰ to +5.3‰ and -13.3‰ to +9.9‰ in the wet season and the dry season, 261 

respectively. In the wet season, the nitrate originated from NH4-fertilizer, soil nitrogen, 262 

and manure & sewage, whereas they originated from manure & sewage in the dry 263 

season. 264 

The fluctuating nitrate dual-isotope values were attributed to human activities and 265 

climatic changes. For instance, in the wet season, fertilizers were frequently used for 266 

agriculture in the watershed (Peters et al., 2019). A lot of nitrogen-containing soil 267 

particulates were flushed into the water aided by soil erosion (Li et al., 2019). Thus, 268 

fertilizer and soil nitrogen sources are considered to occur mainly in the wet season 269 

rather than in the dry season. In the dry season, all nitrate was traced from manure & 270 

sewage. Of note, the atmospheric deposition source did not show significant influence 271 

in both two seasons. A high δ18O-NO3 value usually appears in rainfall rather than the 272 

surface river (Hu et al., 2019), and the contribution of precipitation to surface water 273 

was, in most cases, low in the temperate watersheds. (Liu et al., 2018; Kruk et al., 2020).  274 
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 275 

Fig. 4. Nitrate isotopic value in the Beiyun river together with typical nitrate isotope source 276 

members. The theoretical δ18O-NO3 value of nitrification was in the range of -10‰ to 5.7‰ 277 

(Li et al., 2014a; Liu et al., 2018). The various nitrate isotope sources in the plot are adapted 278 

from previous studies (Shin et al., 2013; Jani and Toor, 2018). 279 

Furthermore, the microbial reaction contributed to the fluctuation of nitrate dual-280 

isotope values. Nitrification and denitrification were essential in the occurrence and 281 

characteristics of the nitrate in the river ecosystem (Yang and Toor, 2016). In general, 282 

microorganisms preferentially generate δ14N-NO3 in the nitrification process, this 283 

explains why the measured value of δ15N-NO3 was low (Zhang et al., 2020b). δ18O-284 

NO3 in the nitrification process could be described by equation (7) (Li et al., 2019; 285 

Fadhullah et al., 2020). Based on previous calculations (Li et al., 2014a; Liu et al., 2018). 286 

the theoretical δ18O-NO3 value of nitrification in the Beiyun river was -10‰ to 5.7‰ 287 

(Fig. 4), in which most of the sampling sites in the two seasons were located in this 288 

range. 289 

δ18O-NO3(nitrification)= 1
3⁄ δ18O-O2+ 2

3⁄ δ18O-H2O                                               (7) 290 

During denitrification, microorganisms eliminate nitrate and use δ14N-NO3 and 291 
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δ16O-NO3 preferentially under the hypoxic environment (Aechana et al., 2018). 292 

Therefore, denitrification would increase δ15N-NO3 and δ18O-NO3 value at the same 293 

time. Notably, the theoretical denitrification ratio between δ15N-NO3 and δ18O-NO3 is 294 

1:1.3 to 1:2 (Divers et al., 2014). However, the denitrification in the Beiyun river was 295 

not evident because the DO concentration in the river was beyond 2.0 mg L-1 (Table S4) 296 

and the ratio did not meet the theoretical denitrification ratio (Fig. S4). But some weak 297 

denitrification potentially occurred in September since NO3-N and δ15N-NO3 showed a 298 

negative correlation (Fig. S5). This denitrification might occur in submerged subsoil 299 

due to the rains in September, and in the riparian or hyporheic zone in the tributaries 300 

(Yi et al., 2017). In addition, the Beiyun river mainly received effluent from wastewater 301 

treatment plants (Zhang et al., 2020a), and the inflow of external sewage masked the 302 

signal of biochemical processes. Overall, a majority of the nitrate in Beiyun River 303 

originated from manure & sewage especially sewage. 304 

Chloride is a stable ideal indicator which can be utilized to evaluate the extra 305 

sewage input and biogeochemistry. Its concentration varies only when the surface water 306 

is mixed with other sources of water (Li et al., 2019). Of note, when Cl- positively 307 

correlates with NO3-N, the Cl- input is mainly influenced by the anthropogenic effect 308 

(Yi et al., 2017). The relationship between Cl- and NO3-N is highlighted in Fig. 5. 309 

During the wet season, the concentration of Cl- and NO3-N depicted a positive 310 

correlation (R2=0.31, Fig. 5a). However, in the dry season, a weaker positive correlation 311 

was reported compared to the wet season (R2=0.12, Fig. 5a). Beiyun riverine watershed 312 

was not characterized by typical sediment erosion, which had an implication that the 313 

Cl- primarily came from sewage, particularly during the wet season.  314 

Manure & sewage source are, in most cases, characterized by high Cl- 315 

concentration and low NO3/Cl- molar ratio (Sui et al., 2020). Herein, the ratio of 316 
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NO3/Cl- in the wet season was lower than that in the dry season (Fig. 5b and S6.), which 317 

implied that the manure & sewage mainly came from the wet season. Moreover, the 318 

molar ratio of NO3/Cl- potentially reduced as the denitrification eliminated nitrates (Lu 319 

et al., 2015) or the nutrients in the water are absorbed by plants (Liu et al., 2019). As 320 

highlighted in Fig. S6, weak denitrification occurred in the wet season. Importantly, the 321 

concentration of the Cl- was negatively correlated with NO3/Cl- molar ratio in both two 322 

seasons, which implicated that the wastewater majorly originated from daily residential 323 

sewage discharge (Zhao et al., 2019). Also, pollution was more severe in the dry season 324 

since this correlation was significant.  325 

 326 

Fig. 5. Cross-plot of (a) Cl- and NO3 molarity. (b) Cl- molarity and NO3/Cl- molar ratio.  327 

3.2.2 Source apportionment through statistical analysis 328 

As mentioned above, the main source of nitrate pollution in the Beiyun riverine 329 

watershed was manure & sewage, but there was still a problem, which was the 330 

insignificant difference in nitrate isotope values between the main stream and the 331 

tributary caused the unclear source of pollution in manure & sewage. To obtain a more 332 

precise treatment plan, we need to clarify where the manure or sewage in the watershed 333 

came from. Therefore, we used cluster analysis combined with hydrochemical 334 

indicators and land-use type to explore the specific source of manure & sewage. In the 335 
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wet season, all sites were classified into 6 clusters (Fig. 6a and S7a.), including cluster 336 

Ⅰ: M6, T10, T18 (NO3-N=4.6±0.7 mg L-1), cluster Ⅱ: M8, T5, T7 (NO3-N=1.1±0.1 mg 337 

L-1), cluster Ⅲ: M1, M2, T2, T8 (NO3-N=5.9±0.9 mg L-1), cluster Ⅳ: T6, T11, T17 338 

(NO3-N=10.1±4.1 mg L-1), cluster Ⅴ: M7, T3, T4, T9, T12 (NO3-N=7.9±2.3 mg L-1) 339 

and cluster Ⅵ: M3-M5, T1, T13-T16 (NO3-N=7.1±1.2 mg L-1). The sites in clusters Ⅳ 340 

and Ⅴ contributed the most amount of nitrate. These sites were nearly located in the 341 

rural-urban fringe areas (land-use proportion: 62.5%), consisting of the villages and 342 

counties away from the urban center. Besides, they had a relatively large population 343 

following a report by field sampling and the interpretation of China Population and 344 

Employment Statistics Yearbook, 2019 (data.cnki.net). These sites were characterized 345 

by serious nitrate pollution because of the daily life practices of the inhabitants, 346 

agriculture, and livestock farming (especially in the downstream in Tianjin-Hebei 347 

region) during the wet season (Peters et al., 2019), low efficiency of wastewater 348 

treatment, and the lack of riverine management (Yi et al., 2017). Therefore, manure & 349 

sewage in these clusters were almost manure from the livestock farming in the wet 350 

season. Cluster Ⅰ and Ⅱ contributed the least amount of nitrate, and these sites were 351 

located in the urban center in the Beijing and Tianjin (urban type land-use proportion: 352 

66.7%). In these areas, wastewater treatment plants were highly efficient (Xian et al., 353 

2016), as well as the management practices, such as channel cleanout, which was 354 

wholesome. Therefore, manure & sewage in these clusters were almost sewage from 355 

WWTPs emissions in the wet season. Sites in cluster Ⅵ and Ⅲ were mainly in the 356 

suburban areas within the dry land (suburban type land-use proportion: 66.7%). These 357 

clusters contributed a moderate amount of nitrate and were located in an undeveloped 358 

region and they were associated with the complex land-use type. However, from the 359 

perspective of individual land-use types, most of the upstream cluster Ⅲ is close to the 360 

javascript:;
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urban area of Beijing, while the downstream cluster Ⅵ is mostly in the center of the 361 

suburban areas. Therefore, manure & sewage in cluster Ⅲ were almost sewage but in 362 

cluster Ⅲ were almost manure in the wet season. Based on the heatmap (Fig. S7c.), 363 

most of the sites in the suburban area, urban area, and rural-urban fringe did not show 364 

apparent similarities, which means nitrate sources were complex in the wet season (Hu 365 

et al., 2019).  366 

Similar to the wet season, the sites in the dry season were classified into 4 clusters 367 

(Fig. 6b and S7b.), including cluster Ⅰ: M8, T5, T7 (NO3-N=1.0±0.2 mg L-1), cluster Ⅱ: 368 

M1, M3, T3, T4, T6, T8-T12 (NO3-N=10.8±1.8 mg L-1), cluster Ⅲ: T1, T13, T14, T17 369 

(NO3-N=7.0±1.8 mg L-1), and cluster Ⅳ: M2, M4-M7, T2, T15, T16, T18 (NO3-370 

N=8.6±1.1 mg L-1). Sites in cluster Ⅱ contributed the most amount of nitrate, which 371 

were located in the urban fringes (land-use proportion: 60.0%). Due to the daily life in 372 

the dry season, manure & sewage in this cluster was almost sewage from residential 373 

and WWTPs emissions in the dry season. Cluster Ⅲ and Ⅳ ranked second after Cluster 374 

II, and these sites were mainly located in the suburban areas (land-use proportion: 375 

69.2%). And manure & sewage in this cluster was almost sewage from residential 376 

emissions because the livestock farming behavior became less frequent than the wet 377 

season. Cluster Ⅰ provided the least amount of nitrate, and these sites were located in 378 

the urban center (land-use proportion: 100%) thus nitrate came from the sewage in 379 

WWTPs emissions. Based on the heatmap (Fig. S7d.), all sites exhibited significant 380 

similarity except for sites in the urban areas (T5, T7, and M8 in the urban center). In 381 

the dry season, the flow of the river was lower than in the wet season (Peters et al., 382 

2019); also human activities were simplex. Therefore, pollution was severe in the dry 383 

season (Liu et al., 2018), and most sites had a similar pollution source which was 384 

sewage from residential emissions. 385 
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 386 

Fig. 6. Cluster map in the (a) wet season and (b) dry season.  387 

3.3 Contributive proportion of different nitrate sources 388 

The contributions of each nitrate source in all seasons were estimated via the SIAR 389 

model (Fig. 7). In the wet season, manure & sewage contributed most of the riverine 390 

nitrate, and the mean probability estimate (MPE) was 89.6%. They were followed 391 

closely by soil nitrogen (5.9%), nitrogen fertilizer (4.9%), and atmospheric deposition 392 

(0.6%). Compared to the wet season, the contribution of manure & sewage source 393 

increased slightly (MPE from 89.6% to 91.6%) in the dry season. Besides, the 394 

contributions of nitrogen fertilizer and soil nitrogen decreased (4.9% to 3.3%, and 5.9% 395 

to 3.9%, respectively), indicating that fertilizer usage and soil erosion reduced due to 396 

the low temperature and less amount of rainfall (Peters et al., 2019). The SIAR model 397 

showed that the contribution of manure & sewage was dominant. Also, it proved that 398 

daily human activities were the primary source of nitrate. However, the contributions 399 

of soil nitrogen and nitrogen fertilizer were relatively lower. Of note, the contribution 400 

of atmospheric deposition source was the least in all the seasons, which was consistent 401 

with other watersheds (Kruk et al., 2020). In this study, the sampling events occurred 402 
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in one year. The nitrate source may be associated with the dynamic changes which are 403 

unexplainable using a one-year sampling. Moreover, climatic conditions, human 404 

activities, and nitrate concentrations in water samples differed between the wet and dry 405 

seasons (Yi et al., 2017). Therefore, long-term observation or multielement sampling 406 

would better identify different contributions and demonstrate the dynamic change 407 

process of nitrate sources in the watershed (Hu et al., 2019). In this study, we explained 408 

this dynamic change process from the aspect of different land-use types.  409 

 410 

Fig. 7. The contribution rates of four potential nitrate sources at (a) different sampling 411 

periods and (b) different land-use types. 412 

To distinguish the nitrate sources in different land-use areas, we classified the 413 

respective watershed into four categories: Urban areas, suburban areas, the rural-urban 414 

fringe areas, and plant-covered areas. The contributions of each nitrate source in the 415 

four land-use types are presented in Fig. 7. Different regions showed different source 416 

apportionment patterns. In the urban areas, manure & sewage contributed the most to 417 

the nitrate sources (90.5%), followed by soil nitrogen (4.7%), nitrogen fertilizer (3.6%), 418 
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and atmospheric deposition (1.2%). Urban areas probably had intensive human 419 

activities, thus, the proportion of manure & sewage discharged was relatively high 420 

(Archana et al., 2018). A few investigations showed that the leaking of sewers and the 421 

rainfall-runoff were also dominantly linked to urban nitrate pollution (Divers et al., 422 

2013; Hale et al., 2014). This pollution usually resulted from the roof, road, and 423 

greenbelt in a dead-end of urban pollution prevention and control. Therefore, except for 424 

the control of direct sewage discharge, the management of these dead-end should be 425 

given more attention in future assessments. In the suburban areas, the highest nitrate 426 

contributor was manure & sewage (78.8%), followed by soil nitrogen (10.4%), nitrogen 427 

fertilizer (8.4%), and atmospheric deposition (2.4%). The high manure & sewage ratio 428 

could be attributed to a large amount of incomplete treatment wastewater released into 429 

the river, revealing poor riverine management in suburban areas (Yi et al., 2017). In 430 

rural-urban fringe areas, manure & sewage contributed the most of nitrate (44.3%), the 431 

MPE of soil nitrogen and nitrogen fertilizer was 26.9% and 23.5%, respectively. In 432 

these areas, the population composition and human activities were complex (Yi et al., 433 

2017). Also, the daily life of the residents contributed to most of the nitrate. The lack 434 

of proper environmental management may be associated with soil erosion (Lu et al., 435 

2015) and irregular use of fertilizers (Li et al., 2019). The plant-covered areas highly 436 

contributed to soil nitrogen among the four land-use types (35.7%), followed by manure 437 

& sewage (32.8%), nitrogen fertilizer (29.4%), and atmospheric deposition (2.0%). The 438 

ratio of fertilizer and sewage inputs due to human activities were limited in these areas 439 

(Lu et al., 2015). The above results showed that different land-use types are nitrate 440 

sources. Among them, nitrate in densely populated areas mainly originated from 441 

sewage. In the untraversed areas such as plant-covered areas, nitrate was mainly derived 442 

from soil nitrogen. This finding provides a basis for nitrate control in the complex 443 
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watershed. 444 

3.4 Comparison of the nitrate source with other twenty-five 445 

similar watersheds 446 

The nitrate source would show dynamic variation with the changing human 447 

activities and time sequences. The difference in the land-use structure was associated 448 

with different development levels and climate change, as a result, the nitrate source 449 

varied among different watersheds. Therefore, the quantitative comparison results 450 

among watersheds could be used as data support to predict the nitrate source. Notably, 451 

there was almost no δ15N-NO3 in the range of atmospheric deposition through the 452 

literature screening in the meta-analysis. Therefore, the final result was obtained based 453 

on the source of nitrogen fertilizer, soil nitrogen, and manure, and sewage. The contour-454 

enhanced funnel chart demonstrated that except for atmospheric deposition, the 455 

literature reports on three sources were not associated with publication bias (Fig. S3). 456 

The ln(RR) values at different climate and land-use types are shown in Fig. 8. The 457 

ln(RR) values of nitrogen fertilizer, soil nitrogen and manure, and sewage in the 458 

temperate continental monsoon climate were 0.19, 0.01, and -0.06, respectively. At the 459 

same time, the values of these sources in the non-temperate continental monsoon 460 

climate (close to subtropical monsoon climate) were -0.23, 0.09, and 0.12, respectively. 461 

The positive ln(RR) value indicated that the corresponding source was the main 462 

contributing source of nitrate and vice versa. For the nitrogen fertilizer source, the 463 

ln(RR) value in the temperate continental monsoon climate was 0.42, which was higher 464 

than that of the non-temperate continental monsoon climate. Thus, we concluded that 465 

nitrogen fertilizer was the major source in the temperate continental monsoon climate. 466 

The watersheds in a temperate continental monsoon climate are more beneficial in 467 

developing dryland agriculture. For instance, nitrogen fertilizer was the primary nitrate 468 
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source of nitrate due to the use of nitrogen fertilizer in the North China and West Canada 469 

(Bu et al., 2017; Peters et al., 2019; Kruk et al., 2020). While in South China and North 470 

Malaysia (Hu et al., 2019; Fadhullah et al., 2020), nitrogen fertilizer was not the primary 471 

source of nitrate. For the soil nitrogen source, the ln(RR) value in the non-temperate 472 

continental monsoon climate was 0.08, higher than that of the temperate continental 473 

monsoon climate, an implication that soil nitrogen was the primary source in the non-474 

temperate continental monsoon climate. The subtropical monsoon climate experience 475 

adequate rainfall, which might accelerate soil erosion. At the same time, paddy 476 

agriculture was an important reason that contributes to soil erosion in this climate type. 477 

This observation concurred with the results from the Xijiang River in China (Li et al., 478 

2019) and the peninsular in Malaysia (Fadhullah et al., 2020), which contributed to 479 

more than 35% among the four sources. Moreover, the ln(RR) value of manure & 480 

sewage in the non-temperate continental monsoon climate was 0.18, higher than that of 481 

the temperate continental monsoon climate. This implicated manure & sewage as the 482 

primary source in the non-temperate continental monsoon climate. Of note, because of 483 

multiple population composition and high-density population distribution (Fig. S8), 484 

human activities in non-temperate continental monsoon climate were more complicated 485 

than temperate continental monsoon climate. A large amount of artificial sewage was 486 

also applied in this area. Previous studies showed that the contribution of manure & 487 

sewage to nitrate source could reach up to 90% in the non-temperate continental 488 

monsoon climate and densely populated area (e.g., Taihu Lake watershed, Panxi river) 489 

(Zhang et al., 2015; Yi et al., 2017).  490 

In addition, the land-use type is an essential factor affecting the source of nitrate 491 

(Lu et al., 2015; Hu et al., 2019a). The ln(RR) values of nitrogen fertilizer, soil nitrogen 492 

and manure, and sewage in the complex urban and rural areas were 0.02, 0.09, and 0.03, 493 
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respectively. While the values of these sources in the non-complex urban and rural 494 

environment (almost agricultural land) were 0.21, -0.25, and -0.13, respectively. For 495 

the nitrogen fertilizer source, the ln(RR) value in the non-complex urban and rural areas 496 

was 0.19, higher than that of the complex urban and rural areas. Thus, these two land-497 

use types, nitrogen fertilizer was the primary source in non-complex urban and rural 498 

areas due to advanced agricultural systems in these areas (Li et al., 2014b; Peters et al., 499 

2019). For the soil nitrogen source, the ln(RR) value in the complex urban and rural 500 

areas was 0.34, higher than that of the non-complex urban and rural areas. Therefore, 501 

in these two land-use types, soil nitrogen was the primary source in the complex urban 502 

and rural areas. In the sophisticated urban and rural areas, soil erosion was caused by 503 

agriculture irrigation activities (Yi et al., 2017), urban rainwater runoff (Yang and Toor, 504 

2016), and sewer leaks (Divers et al., 2014) at the same time. The single agricultural 505 

land contributed less to nitrate from soil nitrogen. Soil nitrogen accounted for only 25% 506 

of the four sources in a recent study on the Huaihe River (Ma et al., 2019).  507 

Moreover, the ln(RR) value of manure & sewage in the complex urban and rural 508 

areas was 0.16 higher than that of the non-complex urban and rural areas. Thus, we 509 

suggested that in these two land-use types, manure & sewage was the primary source 510 

in the complex urban and rural areas. Complex urban and rural areas had complex 511 

population composition and intensive population density, which led to the most 512 

artificial pollution. Moreover, manure & sewage in these areas could generally 513 

contribute more than 80% of nitrate (Yi et al., 2017; Liu et al., 2018). According to the 514 

comparison results among the Beiyun riverine watershed and other similar watersheds, 515 

nitrate mainly was derived from nitrogen fertilizer and soil nitrogen. Similarly, the 516 

amount of nitrate in manure & sewage continuously rose with the progression of future 517 

urbanization and the increase in human activities. 518 
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 519 

Fig. 8. The weighted response ratios ln(RR) of climate type, land-use type, and different 520 

sources of nitrate. The solid dots are the mean value of ln (RR), the straight line is 95% 521 

confidence intervals, and the sample size is in parentheses.  522 

4 Conclusion 523 

This study adopted the nitrate dual isotopes technique integrated with 524 

hydrochemical index and statistical methods to trace the nitrate in the Beiyun riverine 525 

watershed. Based on the findings, nitrate was revealed to be the main form of nitrogen 526 

pollution in the watershed, and it was more massive in the dry season. For the nitrate 527 

source apportionment, nitrate in the wet season mainly originated from the rural-urban 528 

fringe area in the Tianjin-Hebei region. On the contrary, nitrate came from the rural-529 

urban fringe area in the Beijing-Hebei region in the dry season. At the same time, the 530 

SIAR model showed that manure & sewage were the primary sources in both two 531 

seasons, reaching 89.6% and 91.6%. Moreover, for different land-use types, manure & 532 

sewage was recorded at 90.5%, 78.8%, 44.3%, and 32.8% in urban areas, suburban 533 

areas, the rural-urban fringe areas, and plant-covered areas, respectively. Through a 534 

meta-analysis, the Beiyun riverine watershed, located in a region with a temperate 535 
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continental monsoon climate, was characterized by complex land-use types. Nitrate 536 

originated not only from human sewage but also from soil nitrogen and nitrogen 537 

fertilizer, especially NH4-fertilizer in the big picture. This study provides insights into 538 

the prevention and control of nitrate in the Beijing-Tianjin-Hebei region. In the future, 539 

taking into accounting the spatiotemporal variations of nitrate sources and the 540 

relationship with the isotopic composition of nitrate, watershed restoration and 541 

management strategies need to consider the potential for major changes in the source 542 

due to changes in climate and hydrological conditions. As a long-term strategy, it is 543 

possible to regulate the agriculture and livestock farming in downstream of the 544 

watershed, to improve the nitrogen fixation capacity of the soil on both sides of the 545 

river, and appropriately reduce the direct discharge of WWTPs to the river. Such an 546 

approach will also of great significance to improve the denitrification potential of 547 

nitrate in the watershed. However, in this study, some small-micro water bodies had 548 

dried up for a long time, so the source of them had not been traced. Therefore, it is 549 

recommended that these water bodies should be considered for nitrate trace or water 550 

source investigation in future assessments.  551 
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Figures

Figure 1

Study area and sampling sites in the Beiyun riverine watershed. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 2

Spatiotemporal variations of inorganic nitrogen and nitrate isotopes (a) NO2-N (b) NH4-N (c) NO3-N (d)
TN (e) δ15N-NO3 (f) δ18O-NO3. Dashed are the median line, dotted are the lines of upper and lower
quartiles, and the monitoring data points are concentrated in the saturation region of violin plot.



Figure 3

Correlation between nitrate isotopes and hydrochemical indicators in the (a) wet season and (b) dry
season.



Figure 4

Nitrate isotopic value in the Beiyun river together with typical nitrate isotope source members. The
theoretical δ18O-NO3 value of nitri�cation was in the range of -10‰ to 5.7‰ (Li et al., 2014a; Liu et al.,
2018). The various nitrate isotope sources in the plot are adapted from previous studies (Shin et al., 2013;
Jani and Toor, 2018).



Figure 5

Cross-plot of (a) Cl- and NO3 molarity. (b) Cl- molarity and NO3/Cl- molar ratio. 3.2.2 Source
apportionment through statistical analysis



Figure 6

Cluster map in the (a) wet season and (b) dry season. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.

Figure 7

The contribution rates of four potential nitrate sources at (a) different sampling periods and (b) different
land-use types.



Figure 8

The weighted response ratios ln(RR) of climate type, land-use type, and different sources of nitrate. The
solid dots are the mean value of ln (RR), the straight line is 95% con�dence intervals, and the sample size
is in parentheses.
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