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A B S T R A C T   

Nitrate (NO3
− ) pollution poses a global aquatic threat, promoting eutrophication and endangering human health. 

Large floods can swiftly drive significant nitrogen load into rivers and downstream water bodies, nevertheless, 
precisely quantifying NO3

− sources in watersheds with complex land use patterns remains challenging. In June 
2020, heavy and persistent rainfall triggered severe floods across southeastern China, causing Lake Qiandao, the 
largest reservoir in this region, to reach its highest recorded level. This study investigated NO3

− sources and 
transformations within the Xin’an River-Lake Qiandao system, particularly focusing on the impact of the cata
strophic summer flooding event. Through extensive sampling, we identified a distinct nitrogen concentration 
gradient: from the pristine Xin’an River source, characterized by 95 % forest cover and consistently low nitrogen 
levels for the initial 125 km, to a gradual rise as the river traversed human-impacted regions, culminating in peak 
concentrations within residential and agricultural areas. Isotopic analysis identified a general upward trend in 
nitrate stable isotope (δ15N–NO3

–) associated with the expansion of agricultural and urban lands. Mean values of 
δ15N–NO3

– gradually increased from headwaters and forest-dominant catchments (+2.88 ‰) to agricultural re
gions (+6.64 ‰) and residential areas (+7.10 ‰). A Bayesian modeling identified that during the flood season, 
soil erosion and chemical fertilizers were the primary contributors, collectively accounting for 74 % of NO3

−

sources in the Xin’an River. However, accumulated sewage in tributaries and the overflow of sewage from 
treatment plants, exacerbated by the flood, significantly impacted Lake Qiandao, particularly in densely popu
lated urban areas, contributing 53 % of the total NO3

− input. Additionally, NO3
− levels and isotopic values in Lake 

Qiandao were influenced by a mixture of sources and nitrogen cycling processes, including nitrification and algae 
assimilation following the flood event. In contrast, during baseflow conditions, the contribution of domestic 
sewage and livestock wastewaters increased to 41 % in the upper river, while Lake Qiandao remained affected by 
non-point source pollution, with soil erosion and chemical fertilizers contributing 58 % to the total nitrogen 
pollution. This study sheds light on the complex dynamics of NO3

− dynamics within river–reservoir systems, 
particularly in the context of extreme flooding, emphasizing the critical need for comprehensive water quality 
management strategies along the entire watershed.   

1. Introduction 

Reservoirs, created by damming rivers, have fragmented over 50 % 
of global waterways for purposes like hydropower production, flood 
control, navigation, and drinking water supplies (Grill et al., 2019; Yang 
et al., 2021). Human activities, dramatically increasing in the past 

century, significantly contribute to nitrogen (N) enrichment in water 
bodies, primarily through agricultural over-fertilization and poor timing 
of fertilizer applications (Galloway et al., 2004). Intensified precipita
tion and flooding have further exacerbated sediment and nutrient 
transport from land to water systems (Keys et al., 2019; Neville et al., 
2021; Yue et al., 2020), leading to increased sedimentation in global 
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reservoirs and a consequent reduction in their storage capacity (Graf 
et al., 2010; Kondolf et al., 2014). Elevated N loading, mainly in the form 
of highly soluble nitrate (NO3

− ), has accelerated eutrophication, trig
gered harmful algal blooms, deteriorated water quality, and posed 
substantial risks to human health (Ho et al., 2019; Nieder et al., 2018; 
Qin et al., 2021; Xia et al., 2017). Moreover, forthcoming climate 
changes are anticipated to further impact the transformation and 
retention of nitrogen in rivers and reservoirs (Seneviratne et al., 2021). 
Given this increasingly dynamic situation, effective water quality 
management requires identification and quantification of N sources and 
understanding transport and transformation processes driving local ni
trate concentrations. 

Isotopes offer a direct method to discern nitrate sources due to their 
distinct isotopic compositions (Xue et al., 2009; Yue et al., 2020; Zhang 
et al., 2014). Additionally, biological nitrogen cycling yields predictable 
changes in isotopic ratios (Kendall, 1998; Mariotti et al., 1984; Voss 
et al., 2006). Processes like microbial N2 fixation and ammonification 
typically exhibit negligible fractionation, while other transformations, 
such as nitrification and denitrification, cause significant isotopic shifts 
(Böttcher et al., 1990; Granger and Wankel, 2016). A Bayesian model 
(stable isotope analysis in R, SIAR) ran under an open-source statistical 
software R, addresses persistent issues unhandled by simpler mixing 
models (Parnell et al., 2010). SIAR excels in apportioning over three 
sources using only two isotopes, considering source ranges and distri
butions. Additionally, SIAR can incorporate fractionation effects and 
provide complete posterior distributions for various NO3

– source con
tributions, yielding various statistics (variance, mean value, quintiles) 
from these distributions (Davis et al., 2015; Xia et al., 2019; Zhang et al., 
2018). 

Previous investigations on nitrate sources in lakes and reservoirs 
have primarily focused on the water body itself (Jin et al., 2019; Wang, 
2020; Wang et al., 2020) or its inlet (Cui et al., 2020; Jin et al., 2015; Yi 
et al., 2017), often omitting simultaneous comparisons with inflowing 
rivers. This restricted approach may lead to an inadequate and biased 
understanding of nitrate pollution sources and transport processes. A 
comprehensive understanding necessitates monitoring nitrate concen
trations and isotopic compositions in both inflowing rivers and receiving 
lakes and reservoirs. 

This study focuses on the Lake Qiandao basin, home to the largest 
reservoir (580 km2) in southeastern China, which serves as the drinking 
water source for 10 million inhabitants (Zhu et al., 2022). The Xin’an 
River, the main inflow to Lake Qiandao, significantly contributes to its 
discharge (60 %) (Chen et al., 2020a) and nitrogen loads (70 %) (Li 
et al., 2022). Unfortunately, the diverse land uses in the Xin’an River 
catchment, including native forests, agriculture, rural, and urbanized 
areas, introduce nitrogen pollutants such as soil erosion, synthetic fer
tilizer, livestock waste, and sewage effluent (Pueppke et al., 2019). 
These pollutants pose a threat to the water quality of Lake Qiandao. 
Recent research has highlighted the increasing threats of eutrophication 
and harmful algal bloom events in Lake Qiandao (Zhu et al., 2022) in the 
context of growing urban and agricultural wastewater impacts, and 
increased rainstorm frequency (Li et al., 2020b; Zhou et al., 2020). 
Therefore, accurately identifying nitrate sources in both the mainstream 
and lake is crucial to safeguard lake’s water quality. 

The primary objective was to comprehensively understand nitrate 
dynamics and sources in the Xin’an River-Lake Qiandao system, with a 
specific focus on data of summer flood period compared to other sea
sons. Through this comparative analysis and employing nitrate isotopes, 
we aimed to unveil sources, transformation processes, and the influence 
of the extreme flood on nitrate migration. Our research highlighted the 
importance of identifying nitrate origins to safeguard Lake Qiandao’s 
water quality and offered insights into the impact of land use and 
extreme flooding. By exploring isotopic variations and cycling mecha
nisms, this study contributed to more effective water resource man
agement and pollution control, ensuring the sustainability of this vital 
aquatic ecosystem. 

2. Material and methods 

2.1. Study area 

Lake Qiandao, also known as Xin’anjiang Reservoir, is a deep (mean 
depth = 30 m) and large (storage capacity = 17.8 × 109 m3) water body 
located in Chun’an County, Zhejiang Province, China (Fig. 1). The entire 
watershed features steep slopes and thin, easily erodible soils. Forest 
land covers approximately 70 % of the upper reaches of Xin’an River and 
Chun’an County. Farmland and residential areas are mainly distributed 
in the middle and lower plains along Xin’an River, as well as the 
northeast and southwest tributaries of Lake Qiandao (Fig. 1). With an 
annual soil erosion rate of 3.21 × 105 kg•km− 2•yr− 1, the region is 
classified as slightly eroded based on the soil erosion criteria (SL190- 
2007 standard in China) (Wang et al., 2023). Tea plantations, covering 
4.5 % of the total area, are notable features in the watershed. Based on 
the Huangshan Statistical Yearbooks (2023), the application of chemical 
fertilizers in the Xin’an River basin reached 537 kg/ha in 2022, a rate 
2.5 times higher than that in developed countries and significantly ex
ceeds the national average (375 kg⋅ha− 2⋅y–1). Additionally, manure 
derived from scatter–feed livestock (chickens, ducks, geese, and pigs), is 
periodically spread throughout the year. The other two primary NO3

– 

sources in river and reservoir waters are atmospheric deposition (wet 
deposition, AD), and nitrate derived from mineralization and nitrifica
tion of organic soil nitrogen (SN). 

The region experiences a typical subtropical humid monsoon 
climate. The wet season, occurring from June to September, accounts for 
about 42 % of the total rainfall (Li et al., 2022). In July 2020, the area 
experienced its most catastrophic summer flooding since at least 1998, 
caused by a series of heavy rains from June into July. This event 
impacted extensive areas of southern China, including the Yangtze River 
and its tributaries (Li et al., 2020a). Certain parts of the Xin’an River 
basin received continuous precipitation exceeding 10 mm/h for 10 h 
from July 6 to July 7, 2020. Peak instantaneous discharge exceeded 1 
000 m3/s (Fig. S1), leading to the Qiandao Lake reaching its highest 
recorded level and the unprecedented full opening of all 9 gates of the 
dam for flood discharge. 

2.2. Field sampling 

The study comprised 67 sampling sites, 33 of which were located in 
the Xin’an River and 34 distributed across various regions of Lake 
Qiandao (Fig. 1). These river sampling sites represented a diverse range 
of land uses, including undisturbed mountainous regions, forests, set
tlement areas, and those impacted by anthropogenic factors such as 
wastewater and agricultural land use. For specific information con
cerning sampling sites, please refer to the Text S1. Sampling campaigns 
were conducted to capture seasonal variations and an extreme flood 
event’s impact on nitrogen migration and cycling. One sampling 
occurred during the high flow season in July 2020, while three addi
tional samplings were done in late October 2020, January 2021, and 
April 2021 during the low flow seasons. 

In-situ measurements of water temperature (WT), pH, and dissolved 
oxygen (DO) were taken using an EXO multi-parameter water–quality 
analyzer. Water samples were collected at 20 cm depth in the middle of 
Xin’an River and at the surface layers (0.5 m below the surface) at Lake 
Qiandao sites. Approximately 100 mL of raw water samples were 
directly collected into pre-cleaned polyethylene bottles and subse
quently frozen at − 20 ◦C until the determination of total nitrogen (TN) 
concentration. Additionally, 500 mL of water samples were filtered 
through 0.22 μm Whatman GF/F membrane filters, and the resulting 
filtrate was also frozen at − 20 ◦C for subsequent analysis. 

2.3. Water quality and stable isotope analysis 

In the laboratory, TN concentration was measured 
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spectrophotometrically after digestion with alkaline potassium persul
fate. The filtrate for NO3

––N and NH4
+–N concentrations was analyzed 

photometrically on a continuous flow analyzer (Skalar San++, the 
Netherlands), chloride (Cl− ) concentration was measured using ion 
chromatography (ICS-1100, Dionex, USA). Chlorophyll a concentration 
(Chl a) was extracted from GF/F filters with hot 90 % ethanol and 
measured by spectrophotometry (Jin and Tu, 1990). Suspended partic
ulate matter (SPM) was categorized into inorganic (SPIM) and organic 
(SPOM) parts, with weights determined using a weighing method (Liu 
et al., 2019). Phytoplankton samples were collected and immediately 
preserved in Lugol’s iodine solution (1 %, V/V). After sedimentation for 
at least 24 h, algal species were counted under an Olympus BX53 mi
croscope. The phytoplankton density and biomass were identified ac
cording to the methods described by (Guo et al., 2019). 

The values of δD–H2O and δ18O–H2O were analyzed using an isotope 
ratio mass spectrometer (Thermo Mat 253 Plus) at the State Key Labo
ratory of Lake Science and Environment in Nanjing Institute of Geog
raphy and Limnology. The international calibration materials of Vienna 
Standard Mean Ocean Water (VSMOW) were used for correction. For 
δ15N–NO3

– and δ18O–NO3
– analysis, the ammonium-zinc-cadmium 

reduction method was employed to convert nitrate to nitrous oxide (Li 
et al., 2021; McIlvin and Altabet, 2005), and the resulting gases were 
analyzed using isotope ratio mass spectrometry via Gasbench II 
(Gashench-DELTAplus XP; Thermo-Finnigan, USA) at the Third Institute 

of Oceanography, Ministry of National Resources, China. All stable 
isotope results are expressed as δ values, representing deviations in per 
mil (‰) relative to atmospheric N2 and Vienna Standard Mean Ocean 
Water (VSMOW): 

δ(%) = [(Rsamble − Rstandard)/ Rstandard ] × 1000 (1)  

where Rsample and Rstandard are the isotopic ratio (e.g., D/H, 15N/14N or 
18O/16O) of the measured sample and standard, respectively. The 
reference ratio of 15N/14N is N2 in air, the D/H and 18O/16O reference is 
VSMOW. Two international reference materials, USGS-32 and USGS-34 
were utilized for calibration. δ > 0 indicates that the heavy isotopes in 
the sample are more abundant than the standard; conversely, it means 
that the sample is deficient in heavy isotopes. 

2.4. Nitrate source contributions quantification and isotopic fractionation 
integration 

To estimate the proportion of NO3
– source contributions, we 

employed Bayesian stable isotope mixing models based on the approach 
described in Parnell et al. (2010). This modeling, implemented using the 
“SIAR” (Stable Isotope Analysis in R) package, allows us to consider 
more than two sources and incorporate fractionation effects, as 
demonstrated in previous studies (Parnell et al., 2010; Xue et al., 2012). 

Fig. 1. Geographic location and sampling sites of Xin’an River and Lake Qiandao. NW, NE, SW, SE, and C representing the northwest, northeast, southwest, 
southeast, and central regions of Lake Qiandao, respectively. 
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For the characterization of potential source isotopic compositions 
(Table S1), we conducted a comprehensive survey and collected samples 
of precipitation, soil, chemical fertilizers, manure, and sewage. Seven 
precipitation samples were collected from the meteorological observa
tion station in Chun’an County, Weiping Town, between November 
2020 and February 2021. Additionally, six sewage samples were 
collected, comprising untreated wastewater from the influents of urban 
sewage treatment plants and domestic wastewater from residential 
properties along the riverbanks. 

To improve calculation precision, we incorporated isotopic frac
tionation in our modeling. According to the Rayleigh equation, biolog
ical N removal can be identified by a negative linear correlation between 
the isotope values and ln(N) (Jiang et al., 2021). The isotopic enrich
ment factor (ε) during NO3

− assimilation or denitrification process can be 
obtained from the slope of the relationship between dual nitrate isotopes 
and ln(NO3

− ) (Chen et al., 2020b; Yue et al., 2020). 
SIAR produces an extensive set of realizations representing the pro

portional contributions of sources using Markov Chain Monte Carlo 
(MCMC) (Parnell et al., 2010). The properties of posterior probability 
distributions of the source contributions (e.g., the mean, standard de
viation, and quartiles et al.) can be obtained via analyzing these 
generated realizations. 

3. Results 

3.1. Spatial and temporal variations in nitrogen concentrations 

Originating from the pristine headwaters of the Xin’an River, char
acterized by 95 % forest cover and minimal human impact, the Xin’an 
River-Lake Qiandao system displayed a clear nitrogen concentration 
gradient (Fig. 2). NO3

− − N was the dominant form of dissolved inorganic 
nitrogen (DIN, comprising NO3

− − N and NH4
+− N), accounting for 60 % of 

total DIN in both the Xin’an River and Lake Qiandao waters during the 
sampling period. Nitrogen concentrations were lowest at the Xin’an 
River’s source (TN: 0.65 ± 0.04 mg/L (average ± S.E.); NO3

––N: 0.39 ±
0.15 mg/L) (Table S2, Fig. 2a) and remained constantly low along the 
first 125 km forested-section. Following that, nitrogen levels steadily 
increased as the river passed through regions impacted by human ac
tivities, reaching their peak in residential areas (TN: 1.90 ± 0.91 mg/L; 
NO3

––N: 0.99 ± 0.40 mg/L) and agricultural land use (TN: 1.47 ± 0.55 
mg/L; NO3

––N: 0.94 ± 0.44 mg/L). Notably, the highest TN concentra
tions were observed in residential regions, reaching up to 5.70 mg/L, 
while agricultural lands exhibited the highest NO3

––N levels at 1.99 mg/ 
L. Subsequently, as the water transitioned from the river to the reservoir, 
nitrogen concentrations exhibited a gradual decline along the main 
flow, from the inflow northwestern region (TN: 1.31 ± 0.42 mg/L; 
NO3

––N: 0.75 ± 0.35 mg/L) to the southeastern region just before the 

dam (TN: 0.78 ± 0.10 mg/L; NO3
––N: 0.50 ± 0.26 mg/L). Overall, 

NO3
––N concentrations increased by 75 % from headwater to the riv

er–reservoir breakpoint. 
In addition to assessing spatial nitrogen distribution, our study 

revealed a distinct seasonal pattern (Table S2; Fig. 2b). Nitrogen levels 
in the Xin’an River increased from spring to summer, notably peaking 
following the July 2020 flood event (TN: 1.63 ± 0.71 mg/L; NO3

––N: 
0.97 ± 0.46 mg/L), comparable to those observed during winter (TN: 
1.96 ± 1.24 mg/L; NO3

––N: 0.98 ± 0.53 mg/L). Autumn exhibited the 
lowest concentrations (TN: 1.27 ± 0.64 mg/L; NO3

––N: 0.70 ± 0.38 mg/ 
L). In contrast, during Lake Qiandao’s flood periods, nitrogen concen
trations remained relatively low (TN: 0.83 ± 0.33 mg/L; NO3

––N: 0.34 ±
0.30 mg/L) compared to the elevated levels observed in spring and 
winter (TN averaging 0.98 mg/L; NO3

––N averaging 0.70 mg/L). 

3.2. Isotopic characteristics of nitrate 

The nitrate isotopic compositions (δ15N–NO3
– and δ18O–NO3

–) of 
samples from the Xin’an River and Lake Qiandao exhibited significant 
variations during the investigation period (Table S2, Fig. 3 and Fig. 4). 
Land use strongly influenced nitrate isotopic patterns and sources within 
the Xin’an River basin (Table S2 and Fig. S2). Mean and maximal values 
of δ15N–NO3

– gradually increased from forests (+2.88 ‰ and + 8.71 ‰) 
to agricultural regions (+6.64 ‰ and + 14.02 ‰) and residential areas 
(+7.10 ‰ and + 15.22 ‰) (Fig. S2). Conversely, the means of δ18O–NO3

– 

remained relatively consistent, measuring 4.24 ‰, 2.52 ‰, and 2.80 ‰ 
for forested land, farmland, and residential areas respectively. 
Regarding Lake Qiandao, its isotopic values in the northwest and 
northeast regions resembled those in the lower reaches of the Xin’an 
River, while the isotopic values in the central and southern lakes 
generally showed enrichment compared to those in the Xin’an River and 
the northern lakes (Table S2). 

The isotopic data following the flood event exhibited distinctive 
variations compared to other periods (Fig. 3). During the flood season, 
there was relatively limited overlap in the δ15N–NO3

– and δ18O–NO3
– 

values between the Xin’an River and Lake Qiandao, with significantly 
higher values observed in the central and southern regions of Lake 
Qiandao compared to the Xin’an River (p < 0.01). Additionally, during 
this season, the Xin’an River recorded its lowest annual lowest 
δ15N–NO3

– and δ18O–NO3
– levels (δ15N: 5.10 ± 5.27 ‰; δ18O: − 2.88 ±

4.43 ‰), while Lake Qiandao displayed its highest annual values for 
δ15N–NO3

– and δ18O–NO3
– (δ15N: 9.56 ± 3.32 ‰; δ18O: 5.93 ± 4.32 ‰) 

(Fig. 3). These elevated values in Lake Qiandao implied distinct nitrate 
sources and transport patterns compared to the Xin’an River. In contrast, 
during other seasons, both the Xin’an River and Lake Qiandao exhibited 
narrower overall ranges in δ15N–NO3

– and δ18O–NO3
– values compared to 

the flood season. 

Fig. 2. Longitudinal trends in mean TN and NO3
––N concentrations along the Xin’an River to Lake Qiandao, averaged across four seasons (July 2020, October 2020, 

January 2021, and April 2021) (a). Seasonal variations in NO3
––N concentrations between the Xin’an River and Lake Qiandao (b). Box plots illustrate the 25th, 50th 

and 75th percentile; the whiskers indicate the 2.5th and 97.5th percentiles; and the points represent data outliers. 
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3.3. Isotopic characteristics of water 

The variations in δ18O and δD values of water are depicted in Fig. S3, 
with the local meteoric water line (LMWL) derived from data obtained 
from local precipitation samples. During the June 2020 flood period, 
Lake Qiandao samples plotted on the upper right obviously deviated 
from the LMWL (Fig. S3a). This deviation may be associated with 
evaporation, since 18O enrichment surpasses that of deuterium during 
evaporation (Gonfiantini, 1986), consequently elevating oxygen and 

hydrogen isotopic values and causing a systematic deviation from the 
LMWL (Hu et al., 2019b). 

Moreover, the average δD–H2O (–44.3 ‰) and δ18O–H2O values 
(–7.0 ‰) in Lake Qiandao water during the flood period were markedly 
higher than those in Xin’an River water (δD–H2O: –52.2 ‰; δ18O–H2O: 
–8.2 ‰) compared with other periods (Fig. S3). The distinct isotopic 
signatures between river and lake samples suggest that, besides the 
influx from the Xin’an River, a substantial portion of water during this 
period likely originates from alternative sources, such as surrounding 

Fig. 3. Seasonal variations in δ15N-NO3
− (a) and δ18O-NO3

− (b) between the Xin’an River and Lake Qiandao.  

Fig. 4. Scatterplot of δ15N–NO3
– and δ18O–NO3

– values in the Xin’an River and Lake Qiandao. The δ15N–NO3
– and δ18O–NO3

– values in each source (NO3
– in atmospheric 

deposition, chemical fertilizer, soil N, and manure and sewage) were summarized by Kendall et al. (2007) and Xue et al. (2009). 
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tributaries. Conversely, the overlapping water isotopic compositions 
between river and lake water during other sampling periods (Fig. S3) 
indicate that Xin’an River water constitutes a notable source for Lake 
Qiandao (Hu et al., 2019a). 

4. Discussion 

4.1. Land use impact on nitrate concentrations and isotopic variations in 
the Xin’an River basin 

Our findings revealed notable spatio–temporal variations in NO3
– 

concentrations and isotopic values, potentially linked to factors like land 
use types, anthropogenic activities, and storm events. This is in line with 
numerous prior studies that have demonstrated an increasing trend in 
exported nitrogen concentration and δ15N ratios corresponding to 
increased agricultural land, urbanization, and population density at the 
watershed-scale (Ding et al., 2014; Divers et al., 2014; Kaushal et al., 
2011). In the Xin’an River basin, we also explored the relationship be
tween mean nitrate isotopic signatures (δ15N/δ18O) and the proportions 
of agricultural and residential land use (Fig. S2). Our analysis identified 
a general upward trend in δ15N–NO3

– with expanding agricultural and 
urban lands (Fig. S2a). In contrast, δ18O–NO3

– showed no significant 
correlation with major land use types (Fig. S2b). This may be due to 
δ18O–NO3

– variations influenced by: 1) reactive isotope fractionation 
during nitrate formation, 2) temperature and hydrological conditions, or 
3) minor yet variable direct atmospheric nitrate inputs into the river 
system (Mueller et al., 2016). 

Headwaters and forest-dominant catchments exhibited δ15N–NO3
– 

variation from 0.96 ‰ to 3.73 ‰ (Fig. 4), consistent with reported 
ranges for forested watersheds (− 1‰ ~ 5 ‰) (Ding et al., 2022), and 
displayed low mean NO3

––N concentrations of 0.38 mg/L. However, 
forested catchments with over 20 % agricultural land-use showed a 
marked a positive δ15N–NO3

– increase up to 5 ‰, indicating the influence 
of nitrogen sources associated with agricultural practices, like excessive 
application of organic manure and chemical fertilizers. Additionally, the 
semi-urban areas surrounding the sampling points along the Xin’an 
River featured mixed agricultural and residential land use. In regions 
with a higher proportion of agricultural land, elevated NO3

– concentra
tions were likely attributed to local fertilizer and manure volatilization. 

Chloride (Cl− ) is a useful chemical indicator to distinguish between 
chemical fertilizer and domestic sewage sources. Its concentrations 
primarily change through mixing within the river system, due to its 
biological and chemical inertness (Ding et al., 2014; Yin et al., 2020). 
Notably, high levels of Cl− and δ15N–NO3

– values are typically observed 
in residential areas, where Cl− may originate from anthropogenic 
sources, particularly sewage/manure and industrial/domestic waste 
(M&S). Additionally, chemical fertilizers used in the study area typically 
did not contain Cl− (Yang et al., 2013). During the flood season, the 
observed lowest Cl− concentrations (Table S2) both in the Xin’an River 
and Lake Qiandao water could be attributed to a significant increase in 
water volume (Xia et al., 2017), whereas the highest concentrations 
occurred in the fall and winter seasons, highlighting the increased M&S 
contribution during these seasons. Additionally, we noted slightly 
higher averaged Cl− concentrations in the southwestern (2.49 mg/L) 
and central lake regions (3.39 mg/L), with the highest δ15N–NO3

– values 
(10.87 ‰) identified in southwestern lake region during the flood period 
compared to other lake areas. The two regions are characterized by the 
most concentrated area of population distribution in the entire Lake 
Qiandao watershed. Residential areas consistently exhibited higher Cl−

concentrations than other land use types, particularly when compared to 
nearly pristine forested areas. Correspondingly, we also observed 
elevated NO3

–− N concentrations (1.92 mg/L) and the highest δ15N–NO3
– 

value (15.22 ‰) in the residential areas along the mid-to-lower Xin’an 
River sections, where the population is approximately 750,000, indi
cating that M&S had a greater impact on these waters. 

4.2. Nitrogen transformation processes in the river-reservoir system 

Numerous previous studies have shown different NO3
– isotopic 

compositions are influenced not only by diverse NO3
– sources but also by 

nitrogen transformation processes (e.g., nitrification, assimilation and 
denitrification) (Chen et al., 2012; Mueller et al., 2016; Yang and Toor, 
2016). According to Kendall et al. (2007), theoretically, two of the ox
ygens in NO3

– derive from H2O and one derives from air during microbial 
nitrification (δ18O–NO3

– = 1/3 δ18O–O2 + 2/3 δ18O–H2O). Our mea
surements of δ18O–NO3

– in the Xin’an River and Lake Qiandao waters 
(approximately + 2.9 ‰ and + 4.9 ‰, respectively) align closely with a 
theoretically calculated nitrification range of 1.3 ‰ to 4.3 ‰ (Fig. 5a), 
indicating that nitrification dominated the NO3

– oxygen isotopic 
composition during the sampling period. Especially during the high-flow 
summer season with high temperature, decreased δ18O–NO3

– in the 
Xin’an River might in part attribute to the enhanced mobilization of 
isotopically lighter nitrate formed by bacterial nitrification processes 
converting reduced or organic soil nitrogen (Yi et al., 2017). Simulta
neously, inputs of organic-rich soil and the oxygen-rich environment in 
Lake Qiandao supported microbial nitrification. A robust correlation 
between δ18O–NO3

– and δ18O–H2O during the high-flow period (Fig. 5b) 
also suggested that nitrate isotopic compositions were predominantly 
shaped by nitrification associated with ambient water rather than soil 
(Yue et al., 2020). Notably, lake water exhibited higher δ18O–NO3

– 

values compared to river water, which could be attributed to significant 
lake water evaporation, and the incorporation and exchange of evapo
rated O–H2O into NO3

– during the nitrification process (Hu et al., 2019b). 
Additional biological processes within aquatic systems create natural 

variations in NO3
− isotopic composition. Mechanistic studies have 

demonstrated that denitrification/assimilation yield a slope ratio of 
1:2–1:1 on a plot of the δ18O vs. δ15N of NO3

− (Kendall et al., 2007). 
Compared with the Xin’an River, Lake Qiandao’s extended water resi
dence times facilitated biological transformations of nitrogen to occur 
(Jiang et al., 2021). Indeed, during the flood season, co-enrichment of 
δ15N and δ18O-NO3

− were evident in Lake Qiandao (R2 = 0.71, p < 0.01, 
slope = 1.1) (Fig. 5c). The δ15N–NO3

– and δ18O–NO3
– versus the logarithm 

of NO3
− –N (ln(NO3

− –N)) plots also revealed significant negative corre
lations in Lake Qiandao water (Fig. 5d), indicating the presence of NO3

– 

removal processes such as dissimilatory nitrate reduction to ammonium 
(DNRA), assimilation, and denitrification (Kendall et al., 2007; Soto 
et al., 2019). However, substantial DNRA and denitrification in Lake 
Qiandao were excluded due to DO concentrations exceeding 6 mg/L 
(Table S2), a level unsupportive of these anaerobic (DO < 2 mg/L) 
processes (Guo et al., 2020; Rivett et al., 2008; Wang, 2020). Moreover, 
the isotope enrichment factors were approximately 3.0 ‰ for δ15N–NO3

– 

and 5.0 ‰ for δ18O–NO3
– (Fig. 5d), falling outside the denitrification 

range (10 ‰–30 ‰) (Dähnke et al., 2008). Instead, these values aligned 
with the assimilation range (0.7 ‰–23 ‰) (Granger et al., 2008). Hence, 
apart from inputs from sources rich in δ15N–NO3

– and δ18O–NO3
–, such as 

domestic and animal wastes, as well as leachate from septic tanks, NO3
– 

assimilation by lake phytoplankton was also the dominant mechanism 
behind the simultaneous increase of δ15N–NO3

– and δ18O–NO3
– during the 

rainy season in lake water (Fig. 5c). In freshwater ecosystems, where 
dissolved forms of inorganic nitrogen (NO3

− –N and NH4
+–N) are typically 

assimilated and transformed into organic nitrogen by plants, phyto
plankton, and microbes (Yang et al., 2021). The elevated NO3

– concen
tration from the upstream Xin’an River in July 2020, coupled with 
longer hydraulic residence time in Lake Qiandao, facilitates the assim
ilation of nutrients by phytoplankton. Our observations consequently 
revealed elevated levels of Chla, phytoplankton density, and biomass 
(Fig. S4b-d). Additionally, we noted the highest suspended particulate 
matter (SPM) content, with SPOM constituting up to 75 % in July 
(Figure. S3a). The organic components (SPOM) within SPM represent 
the organic fractions of phytoplankton, detritus, and bacteria, etc. (Liu 
et al., 2019). Meanwhile, the lower NO3

––N concentration (0.34 mg/L) in 
Lake Qiandao could be in part ascribed to algal uptake, alongside the 
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dilution effect from increased water volume. During low flow periods, 
no significant negative linear correlations were found between 
δ15N–NO3

–, δ18O–NO3
– and ln(NO3

–) (p > 0.05), suggesting limited influ
ence of NO3

– assimilation or denitrification. Instead, the observed dual 
isotopic behavior was likely driven by conservative mixing of multiple 
sources. 

4.3. Effects of the extreme flooding on nitrate source contributions and 
isotopic fractionations 

Nitrogen cycling, involving nitrification, assimilation, and denitrifi
cation, leads to isotopic fractionations that can obscure the original 
source signal and introduce considerable uncertainty when appor
tioning nitrate to various sources (e.g., atmospheric deposition, chemi
cal fertilizer, soil N, manure/sewage). Utilizing a robust Bayesian mixing 
model enables the analysis of mixing fractions and source identification 
(Zhang et al., 2018). To minimize uncertainty, we systematically eval
uated various combinations of sources and fractionation factors to 
determine the contribution of nitrate sources in both the Xin’an River 
and Lake Qiandao waters. 

During the flood period, NO3
− assimilation processes and isotope 

fractionation were obviously observed, particularly in Lake Qiandao 
(Fig. 5). Isotopic fractionation of assimilation was determined from the 
slope of the relationship between dual nitrate isotopes and ln(NO3

− ) (Eq. 

(2)). As shown in Fig. 5d, isotopic enrichment factor (ε) values for δ15N 
and δ18O were 3‰ and 5‰, respectively. We compared the posterior 
distributions of contributions from the four NO3

− sources in Lake Qian
dao for July 2020 in two cases (C1 and C2): one considering the isotopic 
enrichment factor due to assimilation and the other ignoring it. The 
results in Fig. S5a-b showed that incorporating the isotopic enrichment 
factor made the posterior probability distributions of CF and M&S 
contributions more symmetric and closer to a normal distribution in C2. 
The mean values of posterior contributions revealed an increase in 
contributions from SN and CF, while AD and M&S contributions 
decreased with the incorporation of ε values (Fig. S5c-d). Notably, apart 
from the northwestern lake region where soil nitrogen dominated, 
mirroring results observed in the upstream Xin’an River, all other Lake 
Qiandao regions consistently featured M&S as the primary contributor, 
exceeding 40 % in each case. In the densely populated southwestern lake 
region, with a high population density of 233 capita/km2, this propor
tion increased to 53 %. NO3

– pollution primarily originated from point 
sources of overflow sewage discharged in a diffuse manner, due to 
incomplete domestic sewage networks and limited treatment capacity. 
Even during periods of low discharge, M&S retained a significant role 
(36 ± 5 %) in Lake Qiandao, nearly equaling SN (34 ± 3 %), followed by 
CF (24 ± 6 %) and AD (6 ± 2 %) (Fig. 6a), which was related to the 
decreased non-point source due to reduced biological activities and 
fertilizer application in dry season (Li et al., 2023). Furthermore, CF 

Fig. 5. δ18O-H2O vs. δ18O-NO3
– correlation across all seasons (a) and summer specifically (b). Three lines in (a) represent theoretical curves under different con

ditions. During June 2020 flood period, δ15N–NO3
– vs. δ18O–NO3

– in the Xin’an River and Lake Qiandao (c); and isotopic compositions vs. logarithmic NO3
––N 

concentration in Lake Qiandao (d). 
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contributed over 25 % of NO3
– in spring, coinciding with intensive 

nitrification and leaching due to frequent fertilizer application for tea 
production. This highlighted the need for precise fertilizer management 
during this period. 

During the flood period in Xin’an River, a remarkable feature was the 
exceptionally high turbidity, with an inorganic suspended particle pro
portion reaching as high as 85 %, as vividly illustrated in Fig. S6. A 
significant portion, up to 78 %, of nitrate during this period originated 
from nonpoint sources (SN, CF, and AD), with SN alone constituting a 
substantial 44 % to this proportion. Flooding emerged as the primary 
driving force, leading to an increased inflow of soil particulates and pre- 
existing NO3

– from the surrounding terrestrial environments flushing 
into the river. Nitrate derived from microbial uptake, mineralization, 
and nitrification processes in these submerged soils, serves as a major 
source to Xin’an River (Kaushal et al., 2011). Furthermore, an elevated 
M&S contribution occurred during normal flow seasons in upper river 
(51.9 %) (Fig. 6b), likely attributed to substantial manure application 
from farmland, a dense population (>161 capita/km2), and abundant 
livestock in residential areas (Zhang et al., 2022). 

5. Uncertainties and limitations 

Our research found that SIAR-derived source contributions align 
reasonably well with hydrochemical analysis. Nonetheless, several un
resolved issues necessitate further investigation and enhancements. In 

this study, mean and variance values of two sources (soil nitrogen and 
chemical fertilizers) were primarily referenced from published litera
ture. Future studies should prioritize acquiring site-specific and more 
accurate isotope data of N and O isotopes for different sources within the 
study area. Additionally, considering that SIAR assumes normally 
distributed sources, the presence of non-normally distributed isotope 
values may introduce bias. Moreover, as depicted in Fig. S5a-b, posterior 
distributions of source contributions display wide ranges, suggesting 
significant uncertainty in the apportionment results. Employing more 
accurate source information can help mitigate this uncertainty. 

6. Conclusions 

This study investigated the impact of land use changes and a historic 
summer flooding event on nitrate dynamics and isotopic signatures in 
the Xin’an River-Lake Qiandao system, a vital water supply for 
approximately 10 million inhabitants in southeastern China. Human 
activities and land use significantly influenced nitrate levels and shaped 
nitrate isotopic patterns. Notably, residential and agricultural areas 
exhibited the highest nitrate concentrations. Isotopic analysis revealed 
that flood-induced soil erosion and chemical fertilizers collectively 
contributed to around 74 % of the nitrate in the Xin’an River, while Lake 
Qiandao remained impacted by these two non-point sources, contrib
uting 58 % to total nitrogen pollution. However, during flooding, the 
accumulation of domestic sewage in tributaries, along with overflow 

Fig. 6. The proportional contributions of different nitrate sources by the SIAR model estimation. NW, NE, SW, SE, and C representing the northwest, northeast, 
southwest, southeast, and central regions of Lake Qiandao, respectively. 
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from sewage treatment plants, amplified the contributions of sewage in 
Lake Qiandao. Furthermore, the relationship between δ15N–NO3

− and 
δ18O–NO3

− , alongside elevated levels of Chla and phytoplankton 
biomass, highlighted the crucial role of nitrification and assimilation in 
Lake Qiandao, especially during the high-flow summer season. The 
northwest lake region, acting as a transitional zone with hydraulic 
connections to upstream rivers, consistently demonstrates isotopic 
abundance and primary nitrogen sources similar to those found in the 
upstream Xin’an River basin. This region receives inputs of nutrients and 
soil particles from upstream, particularly during large and rapid flood 
events, significantly enhancing nutrient and sediment transport into the 
reservoir. These findings underscore the importance of water quality 
management in river-reservoir systems, especially given the increased 
occurrence of extreme flood events. This encompasses enhanced soil 
erosion control, precise fertilizer application, and improved wastewater 
treatment in densely populated regions. 
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