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• Key riverine nitrate contributors were
identified in a drinking water source.

• MCMCmodel quantified the spatial var-
iation of individual nitrate pollution
sources.

• Uncertainty, denoting variation
strength for source contributions, was
quantified.
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It is crucial to quantitatively track riverine nitrate (NO3
−) sources and transformations in drinking water source

watersheds for preventing current and future NO3
− pollution, and ensuring a safe drinking water supply. This

study identified the significant contributors to riverine NO3
− in Zhaoshandu reservoir watershed of Zhejiang

province, southeast China. To achieve this goal, we used hydrochemistry parameters and stable isotopes of
NO3

− (δ15N-NO3
− and δ18O-NO3

−) accompanied with a Markov Chain Monte Carlo mixing model to estimate
the proportional contributions of riverine NO3

− inputs from atmospheric deposition (AD), chemical nitrogen fer-
tilizer (NF), soil nitrogen (SN), and manure and sewage (M&S). Results indicated that the main form of riverine
nitrogen in this region was NO3

−, constituting ~60% of the total nitrogenmass on average (total organic nitrogen
~37%& ammonium~3%). Variations in the isotopic signatures of NO3

− demonstrated thatmicrobial nitrification of
NF, SN and M&S was the primary nitrogen transformation process within the Zhaoshandu reservoir watershed,
whereas denitrification was minimal. A classical dual isotope bi-plot incorporating chloride concentrations sug-
gested NF, SN andM&Swere themajor contributors of NO3

− to the river. Riverine NO3
− source apportionment re-

sultswere further refined using theMarkov ChainMonte Carlomixingmodel, which revealed that AD, NF, SN and
M&S contributed 7.6± 4.1%, 22.5± 12.8%, 27.4± 14.5% and 42.5± 11.3% of riverine NO3

− at the watershed out-
let, respectively. Finally, uncertainties associatedwith NO3

− source apportionmentwere quantitatively character-
ized as: SN N NF NM&S N AD. This work provides a comprehensive approach to distinguish riverine NO3

− sources
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in drinkingwater sourcewatersheds, which helps guide implementation ofmanagement strategies to effectively
control NO3

− contamination and protect drinking water quality.
Summary of the main finding from this works (Capsule): We utilized NO3

− stable isotope analysis and a Markov
Chain Monte Carlo mixingmodel to quantify riverine nitrate pollution sources in a drinking water source water-
shed in Zhejiang province, southeast China. Markov ChainMonte Carlomixingmodel output showed that NF, SN
andM&Swere the dominant sources of riverine NO3

− during the sampling period in Zhaoshanduwatershed. Un-
certainty analysis characterized the variation strength associatedwith contributions of individual nitrate sources
and indicated the greatest uncertainty for SN, followed by NF, M&S and AD.

© 2020 Elsevier B.V. All rights reserved.
1Introduction

The impact of nitrate (NO3
−) contamination in drinking water

sources is a serious global concern, especially in regionswhere available
water resources are scarce. High nitrate concentrations may cause
human health risks, such as miscarriage, cancers (e.g., stomach, esoph-
agus, bladder, kidney), and methemoglobinemia (“blue baby” syn-
drome), as well as several ecological problems, including
eutrophication, harmful algal blooms, hypoxia/anoxia and loss of
aquatic biodiversity (Burow et al., 2010; Carey et al., 2011; Hord,
2011; Nestler et al., 2011; World Health Organization, 2011).

Riverine NO3
− concentrations are determined by the interplay be-

tween anthropogenic inputs, such as chemical N fertilizer (NF), atmo-
spheric deposition (AD), and manure and sewage (M&S), and natural
processes including changes in soil nitrogen (SN) storage, nitrification
and denitrification. Riverine NO3

− source apportionment is one of the
most inherently difficult challenges for water resource managers be-
cause of the numerous sources of riverine NO3

− and complex spatial/
temporal variations of pollutant inputs and transformations within a
given watershed. Notably, preventing future contamination is much
more economical and practical compared to its remediation. Therefore,
accurately identifying the major contributors/controls on riverine NO3

−

concentrations is essential for developing effective nitrate control and
remediation strategies.

More recently, promising environmental stable isotope methods
were applied to provide information about NO3

− sources (e.g., animal
waste vs. soil nitrogen) and transformations (e.g., nitrification and deni-
trification). The theoretical basis for isotopicmethod results from differ-
ent NO3

− sources having distinctive δ15N and δ18O isotopic signatures
(Biddau et al., 2019). For example, the δ15N values from AD, SN, NF
and M&S range from −13 to +13‰, 0 to +8‰, −6 to +6‰, and +4
to +25‰, respectively (Flipse and Bonner, 1985; Kendall and
McDonnell, 1998; Xue et al., 2009). For δ18O of nitrate, atmospheric de-
position and NO3

− fertilizer are +17 to +25‰ and +25 to +75‰, re-
spectively, while the δ18O-NO3

− values sourced from microbial
nitrification of NF, SN and MS are appreciably lower than those of AD
and NO3

− fertilizer, and often vary from −5‰ to +15‰ (Kendall and
McDonnell, 1998; Mayer et al., 2001).

Nowadays, several studies reported successful application of the
dual stable isotopes of NO3

− to characterize the sources and processes af-
fecting NO3

− in water bodies such as Adebowale et al. (2019) and Hu
et al. (2019b). Furthermore, to develop quantitative information on
NO3

− source apportionment in water bodies, Xue et al. (2012) intro-
duced a powerful tool known as the Markov Chain Monte Carlo mixing
model thatwas adopted from isotopic analysis of food-webs. They dem-
onstrated that this mixingmodel was suitable for quantifying contribu-
tions of NO3

− sources to surface waters. Since then, isotopic tracers
combined with Markov Chain Monte Carlo mixing models were exten-
sively utilized to obtain the proportional contributions of NO3

− from in-
dependent sources. For instance, Li et al. (2019) employed the Markov
Chain Monte Carlo mixing model to track NO3

− sources in the Xijiang
River (China). Their results revealed that SN and NF were the dominant
(72–73%) NO3

− sources in the wet season, whereas approximately 58%
of NO3

− originated from anthropogenic inputs (M&S and NF) in the
dry season. Most previous studies examined highly polluted water sys-
tems. In contrast, few studies investigated sources of riverine NO3

− in
drinking water source watersheds for the purpose of protecting the
vital water resources from further pollution (Zhang et al., 2018).

Considering spatio-temporal variations of isotopic composition, iso-
topic fractionation, and multiple NO3

− sources, NO3
− source apportion-

ment methods incorporate inherent uncertainties. Parnell et al. (2010)
and von Toussaint (2011) specified that point estimates
(e.g., posterior mean value) should be used with caution for evaluating
proportional contributions since they tend to lose important informa-
tion concerning uncertainty. Liu et al. (2013) highlighted the need for
uncertainty analysis when calculating proportional contributions of
NO3

− sources due to the broad range of isotopic signatures for various
NO3

− sources. According to statistical and probability theory, theMarkov
Chain Monte Carlo method is capable of providing a complete posterior
probability distribution, in contrast to unique values, for the propor-
tional contribution of each NO3

− pollution source. This provides a dis-
tinct advantage in using the Markov Chain Monte Carlo mixing model
with stable isotopes by enabling assessment of the uncertainty associ-
ated with the NO3

− source apportionment results. The lack of uncer-
tainty analysis in previous studies greatly limits the interpretation of
quantitative apportionment for practical applications of water resource
management.

In view of the above considerations, the objectives of this studywere
to: (1) apportion the sources of riverine NO3

− in a typical drinkingwater
supply watershed of southeast China through the joint application of
dual-isotopic analysis and Markov Chain Monte Carlo mixing models;
and (2) investigate the uncertainty associated with Markov Chain
Monte Carlo mixing model estimates. Results of this study enhance
our understanding of NO3

− sources, and the fate and transport of NO3
−

at the large watershed scale. Further, the results provide scientific infor-
mation for developing and implementing NO3

− pollution control plans
to ensure a sustainable clean water supply.

2Materials and methods

2.1Study area

The Shanxi drinking water source region (27°36′–27°50′ N,
119°47′–120°15′ E) is located in the uplands of the Feiyun River in
Zhejiang province of southeast China and occupies a total drainage
area of ~2300 km2 (Huang et al., 2018) (Fig. 1). The system consists of
upstream (Shanxi = 1.8 × 109 m3) and downstream (Zhaoshandu =
3.4 × 107 m3) reservoirs that provide drinking and municipal water
for the city of Wenzhou (~9.2 million population). Climate in the
study area is subtropical monsoon with cold, dry winters and hot,
rainy summers. Average annual rainfall is ~1880 mm with approxi-
mately 75% of the precipitation occurring during April–September
(Huang et al., 2017). Annual average temperature, sunshine hours,
and relative humidity are 19.60 °C, 1887 h and 83%, respectively. Pri-
mary land-use categories in thewatershed are forest (75%) and agricul-
tural land (15%) along with b5% residential land. Typical agricultural
crops in the watershed included rice, sweet potato, pea, soybeans, tea,
melons, oranges, bayberry and vegetables. Approximately 0.55 million
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Fig. 1. Location of the Zhaoshandu reservoir watershed and sampling sites.
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people live within thewatershed. Current livestock and poultry popula-
tion consists of 2803 pigs, 1078 cows, 5562 sheep, 59,800 rabbits,
60,600 chickens, and 49,900 ducks. Red soils (Oxisols/Ultisols in Soil
Taxonomy) are the dominant soil type in thewatershed. Terrain within
the watershed is dominated by mountains and hills with considerable
topographic relief (average relief = 31.5%); elevations range from 9 to
1663 m, with an average of 573 m (Huang et al., 2017). The hydro-
geomorphology of the upland river system consists of sandstone
aquifers.

This study focused on water quality released from Zhaoshandu res-
ervoir as it represents an integrator site for the entire upstream water-
shed and it is the diversion point for the source water utilized for
municipal use. The tandem reservoirs consist of a multi-annual
regulating reservoir (Shanxi reservoir — mean water residence time =
~1yr)with a downstreamwater diversion reservoir (Zhaoshandu reser-
voir — mean water residence time = ~5 days) located ~30 km down-
stream (Huang et al., 2017). Given this configuration, the reservoir
releases represent a time and space integrated sample for the entirewa-
tershed area. To better understand the spatial distribution of nitrate
sources, we examined water released from the upstream Shanxi Reser-
voir and several tributary inputs between Shanxi and Zhaoshandu res-
ervoirs. Approximately 70% of the water released from the
downstream Zhaoshandu reservoir originates from Shanxi reservoir re-
leases. Therefore, the tributary inputs between Shanxi and Zhaoshandu
reservoirs contribute only a small water volume compared to Shanxi
reservoir. Point source nutrient pollution was largely eliminated within
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the watershed area as polluting industries were forced to close or move
outside the water source conservation area by regulatory authorities to
protect drinking water sources in 2012. Thus, the primary sources of
NO3

− in the watershed originate from nonpoint sources associated
with atmospheric deposition (AD), N fertilizer (NF), soil nitrogen (SN),
and manure and sewage (M&S).
sampleÞi;Sj
2.2Water sampling and laboratory analysis

Surface water sampling was conducted under stormflow condi-
tion in June 2019 when eutrophication potential was most pro-
nounced. We collected water samples from 11 sampling sites using
a hydrophore sampler from a 30-cm depth in the center of a well-
mixed stream segment between 10:00 and 14:00 within a single
day. Eight sites were located in tributary streams (Yuquan (YQ),
Jiuxi (JX), Sixi (SX), Shuanggui (SG), Dudu (DD), Lijing (LJ),
Shanxikeng (SXK), and Pinghe (PH)), and three sites were located
along the mainstem of the Feiyun River from upstream (M1) to mid-
stream (M2) and downstream (M3) (Fig. 1). Dissolved oxygen (DO)
was determined in situ using a multi-parameter water-quality sonde
(EXO2, YSI, USA). We collected ~500mL of water at each site in a pre-
cleaned, high-density polyethylene bottle. Samples were stored on
ice and transported to the laboratory for quantification of total nitro-
gen (TN), ammonium (NH4

+), nitrite (NO2
−), nitrate (NO3

−), total or-
ganic nitrogen (TON), total phosphorus (TP), phosphate (PO4

3−),
total organic carbon (TOC), chloride (Cl−), δ15N-NO3

− and δ18O-
NO3

−. TN, TP and TOC were determined on non-filtered samples
while dissolved constituents were determined on samples filtered
through a 0.45 μm Millipore nitrocellulose membrane. TN and TP
were determined as NO3

− and PO4
3−, respectively, following persul-

fate oxidation. Concentrations of NO3
−, NH4

+, NO2
−, and PO4

3− were
determined using a continuous flow analyzer with a limit of detec-
tion of ~0.003 mg/L (AA3, Seal, Germany). Herein, we estimated
TON as: TON = TN – NH4

+ − NO3
− − NO2

− (Sarkkola et al., 2009; Li
et al., 2017). TOC and Cl− were measured using a TOC analyzer
(limit of detection ~ 0.1 mg C/L; TOC-L, Shimadzu, Japan) and ion
chromatography system (limit of detection ~0.001 mg/L; Compact
IC plus 882, Metrohm, Switzerland), respectively.

For dual δ15N-NO3
− and δ18O-NO3 isotope analysis, 20 mL of fil-

tered sample was transported on ice to the Environmental Stable Iso-
tope Lab at the Chinese Academy of Agricultural Sciences (Beijing,
China). The δ15N-NO3

− and δ18O-NO3
− values were obtained using

the denitrifier method to convert NO3
− to gaseous nitrous oxide by

Pseudomonas aureofaciens for detection using a continuous-flow iso-
tope ratio mass spectrometer (IRAM, Isoprime100, Cheadle, UK).
Stable isotope ratios are expressed in parts per thousand (‰) rela-
tive to atmospheric N2 and Vienna Standard Mean Ocean water for
δ15N-NO3

− and δ18O-NO3
−, respectively (Kendall et al., 2007). Sample

analysis had an average precision of ±0.20‰ for δ15N-NO3
− and ±

0.50‰ for δ18O-NO3
−. Additional details regarding the denitrifier

method can be found in Ji et al. (2017).
Table 1
Specific δ15N and δ18O values of potential NO3

− sources.

Source n δ15N δ18O

Mean SD Mean SD

AD 6 −1.49 1.75 58.18 14.22
NF 4 −0.53 0.22 4.14a 1.89a

SN 6 2.18 2.59 0.63 2.01
M&S 7 10.49 4.53 3.45 2.63

a The value of δ18O-NO3
− in chemical fertilizer is calculated based on themeasured δ18O

values of atmospheric O2 and ambient water at nearby Fuzhou station.
2.3Markov Chain Monte Carlo mixing model

Weemployed theMarkov ChainMonte Carlomixingmodel to quan-
tify the proportional contribution of each potential source to the mix-
ture of riverine NO3

− in surface waters. The linear mass-balance
mixing model can be solved using the Markov Chain Monte Carlo
method with a Bayesian framework based on the assumption that the
proportional source contribution follows a Dirichlet distribution
(Parnell et al., 2010). The Markov Chain Monte Carlo technique uses
random sampling from both prior knowledge of unknown parameters
(i.e., proportional contributions of different sources) and probability
distributions for each input variable (i.e., NO3

− source; isotope
fractionation factor). Equations for the system model were:

}\fleqno \rm \kern-10pt(1)

whereXijrepresentstheobservedisotopecompositionjofthemixtureðwater

Based on field investigations and previous research findings (Dong
et al., 2016; Huang et al., 2017), we assumed that the riverine NO3

− con-
tent in Zhaoshanduwatershedwas primarily attributable to inputs from
AD, NF, SN and M&S. Isotopic signatures for these designated sources
were obtained from the nearby Changle River watershed (~180 km)
(Ji et al., 2017). The δ18O-NO3

− value for NF was amended based on
the δ18O signature of atmospheric O2 and ambient water from Fuzhou
station (~190 km). Table 1 summarizes the mean values and standard
errors for each of the NO3

− sources. The model operational parameters
were set as: run iterations= 500,000; burn-in = 50,000; sample inter-
val = 15; and iteration maintainer = 30,000.

Uncertainty index

The uncertainty index (UI90) was defined by Ji et al. (2017) for char-
acterizing uncertainty based on the posterior distribution and repre-
sents the difference of proportional contribution between the
minimum and maximum values of the rapidly increasing segment
(90% cumulative probability) divided by a given certain probability
(90%) (Fig. S1, Supplementary material). UI90 denotes the uncertainty
strength under a high probability condition (90%) and thereby elimi-
nates the effect of extreme values having a small probability (10%).
Thereby,UI90was calculated to delineate thedegree of uncertainty asso-
ciated with apportionment results.

Results and discussion

Water quality characteristics

A summary of water quality variables measured at the 11 sampling
sites in the Zhaoshandu reservoir watershed during the investigative
period is provided in Table 2.Water quality values for each independent
site and the corresponding water quality standards for surface water in
China (GB3838-2002) (State Environment Protection Bureau of China,
2002) are listed and described in Tables S1 and S2 (Supplementary ma-
terial), respectively.

The coefficient of variation for the water quality variables ranged
from 14.6 to 116.9%, implying considerable spatial variability among
sampling sites (Yang et al., 2013b) (Table 2). DO concentrations varied
from 4.50 to 7.30 mg/L, with most of the samples classified as meeting
the type III water quality standard (≥5 mg/L). The higher levels of DO
signified that the surface waters of Zhaoshandu watershed are not fa-
vorable for denitrification, but some denitrification may occur within
anoxic sediments within the system (Rivett et al., 2008).

Excessive nitrogen derived from non-point source pollution is con-
sidered the most serious pollutant in Zhaoshandu reservoir (Xiao



Table 2
Descriptive statistics of water quality variables (mg/L).

Parameters N Mean SD CV (%) Minimum Maximum

DO 11 5.91 0.86 14.6 4.50 7.30
TN 11 1.52 0.70 46.3 0.85 3.04
NH4

+-N 11 0.04 0.05 102.4 b0.01 0.14
NO2

−-N 11 0.02 0.02 116.3 b0.01 0.08
NO3

−-N 11 0.90 0.42 47.2 0.46 1.84
TON 11 0.56 0.28 49.59 0.04 0.98
TP 11 0.03 0.03 90.9 0.01 0.12
PO4

3−-P 11 0.02 0.02 116.9 b0.01 0.09
Cl− 11 1.96 0.49 25.1 1.31 2.78
TOC 11 2.02 0.89 44.1 0.96 3.97

N number of samples, SD standard deviation, CV coefficient of variation.
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Fig. 2. (a) Relationship between δ15N-NO3
− and δ18O-NO3

− values, and (b) relationship
between δ15N-NO3

− and NO3
−-N concentrations in the Zhaoshandu reservoir watershed.
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et al., 2011). TN concentrations ranged from 0.85 to 3.04 mg/L, with an
average of 1.52 mg/L. In terms of water quality standards, 100% and
~65% of the samples did not meet the desired type II water quality stan-
dard of 0.50mg/L (acceptable as first-grade protection zone for central-
ized drinking water source) and type III water quality standard of
1.00 mg/L (lower threshold for drinking water), respectively. The aver-
age NH4

+ and NO2
− concentrations were 0.04 mg/L (range ≤ 0.01–0.14-

mg/L) and 0.02 mg/L (range ≤ 0.01–0.08 mg/L), respectively, and all
samples complied with type I water quality standards for NH4

+

(0.15 mg/L). Mean NO3
− concentration was 0.90 mg/L (range =

0.46–1.84 mg/L) and was the dominant form of N (~60% of TN) in the
watershed. While the NO3

− concentrations were far below the 10 mg
NO3

−/L limit for drinking water set by the World Health Organization,
the high NO3

− may contribute to harmful algal blooms that render the
water unsuitable as a drinkingwater source, aswell as ecological degra-
dation. TON concentrations varied from 0.04 to 0.98mg/L with an aver-
age value of 0.56 mg/L that represented ~37% of TN making it a much
higher contributor of nitrogen than NH4

+ andNO2
−, but lower than NO3

−.
Average TP concentration was 0.03 mg/L (range = 0.01–0.12 mg/L)

and most sites complied with the type II water quality standard
(0.1 mg/L for river and 0.025 mg/L for reservoir). PO4

3− concentrations
ranged from b0.01 to 0.09 mg/L. Concentrations of Cl− ranged between
1.31 and 2.78 mg/L and TOC between 0.96 and 3.97 mg/L. These results
demonstrate that the major surface water issue in the Zhaoshandu wa-
tershed was elevated NO3

− concentrations. Consequently, identifying
the riverine NO3

− sources is a priority for water managers to protect
water quality in the Zhaoshandu reservoir system.

Isotopic composition of NO3
−

The δ15N-NO3
− and δ18O-NO3

− values for water samples in the
Zhaoshandu watershed ranged between 0.93 and 6.41‰ and
2.74–10.92‰, respectively (Fig. 2a). Dual stable isotopic (δ15N-NO3

−

and δ18O-NO3
−) signatures can provide meaningful insights into nitro-

gen transformation processes (i.e., nitrification and denitrification) con-
trolling NO3

− content within watersheds (Li et al., 2019; Yang and Toor,
2016).

As for nitrification, the δ18O-NO3
− composition of the newly pro-

duced NO3
− depends on the δ18O values of ambient water and air

(Mayer et al., 2001; Wassenaar, 1995). In theory, nitrifying bacteria uti-
lize two oxygen atoms from the surrounding water and one oxygen
atom from atmospheric oxygen for oxidizing NH4

+ to NO3
− (Kendall

andMcDonnell, 1998). According to the δ18O of 23.50‰ for atmospheric
O2 and−14.16‰ to−0.92‰ in ambient water collected from a nearby
station of the International Atomic Energy Association station at Fuzhou
(~190 km), microbially-produced δ18O-NO3

− values were estimated to
range within −1.61‰–7.22‰. It has, however, been documented that
microbially-produced δ18O-NO3

− can exceed this calculated theoretical
maximum by up to 5‰ (Kendall, 1998; Mayer et al., 2001; Xue et al.,
2009). Samples from Zhaoshandu watershed had δ18O-NO3

− values in
the range of −1.61‰–12.22‰. This local theoretical range provided
clues about the role of microbial nitrification in producing NO3

− (Li
et al., 2010; Yang et al., 2013a;Wexler et al., 2014). Namely, the isotopic
compositions of δ18O-NO3

− for all samples (2.74–10.92‰) fell within the
expected domain for a microbial nitrification source (−1.61–12.22‰).
Furthermore, nitrogen in SN, NF, and M&S is mostly in reduced forms
and thereby riverine NO3

− derived from these sources will undergo mi-
crobial nitrification (Kendall and McDonnell, 1998; Yang et al., 2013a).
Consequently,we posit that the riverineNO3

− originated largely fromni-
trification of NF, SN and M&S sources.

Denitrification results in a progressive decrease in NO3
− concentra-

tions with a corresponding increase in both δ15N-NO3
− and δ18O-NO3

−

in the residual NO3
− fraction. The denitrification enrichment ratio for

δ18O-NO3
−:δ15N-NO3

− generally ranges within 0.4–0.7 in the field and
up to 1.0 in the laboratory (Aravena and Robertson, 1998; Granger
et al., 2008; Liu et al., 2006; Mariotti et al., 1981). As illustrated in
Fig. 2a, a significant positive linear relationship was not found between
δ18O-NO3

− and δ15N-NO3
−. Additionally, no significant negative relation-

ship existed between NO3
− concentrations and δ15N-NO3

− (Fig. 2b).
Therefore, we conclude that denitrification was not a dominant nitro-
gen transformation process in the Zhaoshandu watershed during the
sampling period. The generally aerobic conditions (DO N 2mg/L)within
the surface waters inhibit denitrification (an anaerobic process); how-
ever, some denitrification may occur in the anoxic subsurface soils/sed-
iments and groundwater within the aquatic system.



Fig. 4. NO3
−/Cl− molar ratio with Cl− molar concentration in the Zhaoshandu reservoir

watershed.
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Qualitative identification of NO3
− sources

With the aim of acquiring qualitative information about the domi-
nant sources affecting NO3

− concentrations in the river system, we uti-
lized a classical dual isotope bi-plot approach. The δ15N-NO3

− vs. δ18O-
NO3

− of samples was plotted along with isotope envelopes characteriz-
ing potential NO3

− sources that could influence surface water. Our sam-
pling points for δ15N-NO3

− vs. δ18O-NO3
− did not fall into the “AD” source

window, indicating little or no riverine NO3
− contribution directly from

AD (Fig. 3). However, it is important to consider that most atmospheric
nitrate inputs to receiving waters undergo some processing within the
watershed thereby obscuring the identity of the AD source (Sebestyen
et al., 2019). In contrast, six points fall in the NF-SN-M&S overlap
zone, four points lie within the NF-SN overlap zone, and the remaining
one point falls in the SN-M&S overlap zone. This assessment infers that
NF, SN and M&S are the likely primary contributors of NO3

− in the
Zhaoshandu watershed.

Elevated riverine Cl− concentrations are derived from various an-
thropogenic origins (e.g., human/livestock waste), and thereby Cl− is
often an effective indicator of mixing between different pollutant
sources. Given that Cl− acts as a conservative tracer, it can often serve
as an indicator of different pollutant sources (Widory et al., 2004; Xi
et al., 2015). For example, NF is generally characterized as having high
NO3

− contents with low Cl− contents, while M&S has a high Cl− content
resulting in a lowNO3

−/Cl−molar ratio (Liu et al., 2006). In addition, as a
natural source, SN has a low Cl− content along with a low NO3

−/Cl−

ratio. Therefore, investigation of the NO3
−/Cl− molar ratio versus Cl−

molar concentration often provides additional information for NO3
−

source identification. Corresponding data from the study site indicated
moderate levels of Cl− and NO3

−/Cl− molar ratios indicating that river-
ine NO3

− was affected by anthropogenic inputs, such as M&S (Fig. 4).
Quantitative tracking of NO3
− sources

Although the dual isotope bi-plot approach applied to the data set
provided qualitative results about the sources of NO3

−, it fails to give a
quantitative assessment regarding the proportional contribution from
each source type. Ideally, a quantitative assessment is necessary for
helping decision makers and stakeholders develop appropriate strate-
gies to control nitrate pollution at the watershed scale. Here, we
employed a Markov Chain Monte Carlo mixing model to quantify NO3

−

source apportionment. Based on our initial analyses, denitrification
Fig. 3. Isotopic signatures of δ15N-NO3
− and δ18O-NO3

− for river water samples and
potential NO3

− sources in the Zhaoshandu reservoir watershed. The isotopic ranges of
the four suspected dominant sources were adapted from Nestler et al. (2011) with
updated values from Xu et al. (2014).
was assumed to be negligible in the Zhaoshandu system andwas there-
fore not considered in the model.

Fig. 5 illustrates the proportional contributions for the four potential
NO3

− sources estimated by the Markov Chain Monte Carlo mixing
model. High variability was evident for the proportional contribution
of each potential NO3

− source among sampling sites because of site-
specific nitrogen emissions, along with differences in transport and
fate dynamics of NO3

− during delivery from each source to the receiving
waters. From the mean probability estimate, AD was the lowest source
contribution (2.8 ± 3.2–16.5 ± 5.6%) among all sites. The NF source ex-
hibited a contribution of 21.5± 11.8–39.7± 17.7%, alongwith a similar
contribution from SN (25.5 ± 13.3–40.3 ± 16.8%). The highest esti-
mates (N30%) for NF and SN were observed at five sampling sites (YQ,
SX, DD, PH and M1). M&S contributions fell a range of 17.1 ±
13.3–42.5±11.3%with the highest value (42.5±11.3%) at Zhaoshandu
reservoir outlet (M3). Markov ChainMonte Carlomixingmodel outputs
were consistent with the general results of dual isotope bi-plots as they
both indicated that NF, SN and M&S were dominant sources of riverine
NO3

− during the sampling period. However, the Markov Chain Monte
Carlo mixingmodel providedmore precise information on the predom-
inant NO3

− sources, as well as other potential sources.
As for the Zhaoshandu reservoir outlet site (M3— the integrator site

for the entire watershed), riverine NO3
− concentrations followed M&S

(42.5 ± 11.3%) N SN (27.4 ± 14.5%) N NF (22.5 ± 12.8%) N AD (7.6 ±
4.1%). Nowadays, pollution from livestock within the Shanxi drinking
water source region (upper reservoir) is highly regulated. Following a
strict ban on large-scale livestock and poultry breeding farms in 2012,
the amount of livestock decreased remarkably from 182,602 to 15,163
pig-equivalents during the 2010–2017 period. Nevertheless, there are
many villages located near the river having poor municipal infrastruc-
ture that leads to untreated domestic wastewater being directly
discharged into the river system. This untreated or incompletely treated
domestic sewage is believed to be the primary component of M&S pol-
lution at this time. This finding was further supported by the progres-
sive increase in M&S contribution together with NO3

− concentrations
from M1 → M2 → M3 (Figs. 5 and S2). Annual NF application rates in
this region are ~518 kg N/ha, which is ~1.7 times the national average
(300 kg N/ha). There was an estimated 6.01 × 106 kg (=518 kg N/ha/
yr × 77,400ha×15% agricultural land area) of nitrogen fertilizer applied
in the watershed annually. Liao (2015) estimated the amount of nitro-
gen deposited from the atmosphere to be ~34 kg/ha/yr, indicating that
AD inputs were approximately 2.63 × 106 kg annually (=34 kg/ha/
yr × 77,400 ha), which was ~50% of NF inputs. However, unprocessed
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Fig. 5. Proportional contributions of four potential NO3
− sources at different sampling sites according to theMarkov ChainMonte Carlo mixingmodel. Bottom tick labels:● ismain stream

sites and + is tributary sites; box plot denotes 25th, 50th, and 75th, percentiles; the whiskers refer to 5th and 95th percentiles; the small white circles represent the mean probability
estimates.
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atmospheric nitrate only accounted for 7% of the total nitrate estimated
in the reservoir releasewaters. Twomain phenomenamay contribute to
this discrepancy. First, much of the nitrate from atmospheric deposition
infiltrates into soils andmay accumulate in shallow subsurfacewater or
groundwater (i.e., transient storage). Second, most atmospherically-
deposited nitrate is taken up by plants/microorganisms within the wa-
tershed and/or undergoes significant biological processing
(e.g., denitrification) before transport to receiving waters via surface
runoff or baseflow. In China, nitrogen utilization efficiency is only
~35% (Yu and Shi, 2015) resulting in large amounts of unutilized NF re-
maining in the soil system as a legacy nitrogen source (Chen et al.,
2018). This NFmay be lost to rivers or transformed to SN via soil micro-
bial nitrogen-cycling processes (e.g., assimilation) and soil colloid ad-
sorption. Thus, NF and SN contributed appreciable NO3

− loads to
Zhaoshandu watershed. As illustrated by this watershed analysis, the
Markov ChainMonte Carlomixingmodel results provide amore precise
NO3

− source apportionment for local water resource protection agencies
to develop more site-specific and scientific-based riverine NO3

− control
strategies that directly target the major NO3

− sources.

Management strategies

According to the NO3
− source contributions determined above, effec-

tive methods for attenuating riverine NO3
− pollution in the Zhaoshandu

watershed should consider: (1) developing/improving waste water
treatment plants and expanding sewage pipeline systems, combined
with small septic systems or constructed wetlands to minimize
domestic sewage discharge without proper treatment; (2) applying fer-
tilizer/manure nitrogen amounts in accordance with crop demands and
soil nutrient availability during different plant growth stages; (3) using
controlled release and stabilized fertilizers instead of conventional fer-
tilizers to increase the fertilizer utilization rate and decrease NO3

−

leaching; and (4) adopting widespread recycling of farmland drainage
for paddy irrigation to enhance nitrogen removal. Additionally, best
management practices (i.e., buffer strips, riparian plantings and con-
structed wetland) should be implemented to reduce runoff from SN,
NF and manure applications to further enhance riverine NO3

− pollution
mitigation (National Research Council, 2001; Haas et al., 2017; Zak et al.,
2018).

Uncertainty analysis

Uncertainty is a crucial issue to address in quantitative identification
of riverine NO3

− pollution sources. The posterior probability estimates
for individual source contributions obtained by the Markov Chain
Monte Carlo mixing model had relatively wide ranges, which reflect
large uncertainty in modeled apportionment results (Fig. 6). Most pre-
vious studies provided deterministic evaluations of source contribu-
tions that only reported mean probability estimate, while the
uncertainties associated with the mean probability estimate values
were not specified (Ding et al., 2014; Li et al., 2019; Lu et al., 2015).

Markov Chain Monte Carlo mixing models have the ability to pro-
vide both point (e.g., mean probability estimate, median value) and in-
terval (e.g., 95% credible interval) contribution estimates. Taking NF at
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the M3 site (Zhaoshandu reservoir outlet) as an example (Fig. 7), the
Markov Chain Monte Carlo model determined a point estimate of
22.5% (mean probability estimate), but also that there were 50% and
5% probabilities that the contribution was N22.1% (median value) and
42.2%, respectively, and 95% of the predicted contribution values ranged
within 1.4–47.8% (95% confidence interval).

Table 3 displays the results of theUI90 calculated to compare the un-
certainty levels for the proportional contribution of each source. The
UI90 values for AD fell into a range of 0.08–0.20. These small values dem-
onstrate that the contribution of AD was relatively stable. The largest
uncertainty was associated with the SN contribution as reflected by
the high UI90 values (0.48–0.63). Similarly, large uncertainties were ex-
hibited in the UI90 values for NF (0.43–0.67) and M&S (0.37–0.46).
These values were lower than those for SN, but much higher than
those of AD. The average UI90 values for each pollution source followed:
SN (0.54) N NF (0.51) N M&S (0.42) N AD (0.16). This indicates that the
uncertainty of different sources exhibited differential variability, largely
Fig. 7. Cumulative probability distributions of the proportional contributions from four
potential NO3

− sources for the watershed outlet sampling site (M3).
due to the inherent uncertainty associated with source isotopic
composition.

To reduce uncertainties associatedwith NO3
− apportionment results,

specific isotopic measurements of local atmospheric deposition, fertil-
izer, soil nitrogen, and manure & sewage are necessary for locations
throughout the watershed. These data should provide a narrower and
more accurate range of local nitrate sources. Additionally, we acknowl-
edge that a single sampling event hinders the full interpretation of ni-
trate source dynamics and transformations, even at watershed
temporal/spatial integrator sites such as the reservoirs used in this
study. Therefore, dual isotope records collected for long periods
(e.g., annual & seasonal scales), under different flow conditions (low,
medium and high flows), as well as high frequency sampling during
storm events, are strongly warranted.

A more rigorous temporal sampling design would enhance in-
sights to processes affecting temporal variability of different nitrate
sources, and further address possible changes in NO3

− sources associ-
ated with contrasting hydrologic flowpaths (e.g., groundwater, soil
interflow, surface runoff). For example, previous research demon-
strated that NO3

− can be transformed en route to rivers from subsur-
face soil and groundwater flowpaths (Hu et al., 2019a; Miller et al.,
2016; Schilling and Zhang, 2004). Given that the potential for oxygen
deficiency in subsurface soil and groundwater exists, microbial deni-
trification may alter the original isotopic composition of NO3

−. There-
fore, fractionation associated with denitrification requires further
investigation when interpreting changes in isotopic composition be-
tween the initial NO3

− source and residual NO3
− fraction discharged

into surface waters.
The Shanxi drinking water source watershed considered in this

study is one of the largest centralized water sources in the Zhejiang
province of China. It is capable of supplying 1.34 billionm3/yr of potable
water for N5 million inhabitants. Here, we collected information from
two large reservoirs that provide both a temporal (~1 yr) and spatial
(entire watershed area) integration of water inputs. Such samples are
much less susceptible to temporal/spatial variability of unregulatedwa-
tershedswhere large changes inwater quality occur on storm event and
seasonal time scales. Thus, the use of temporal/spatial integrator sites
provides an effective approach to reduce uncertainty at the watershed
scale.

Conclusions

This study demonstrated that NO3
− was the predominant compo-

nent contributing to water quality impairment in the Zhaoshandu
reservoir watershed of southeast China. Variations in δ15N-NO3

−

and δ18O-NO3
− isotopic signatures indicated that riverine NO3

− origi-
nated largely from the nitrification of NF, SN and M&S sources. By
contrast, there was no evidence for microbial denitrification, which
was consistent with the generally aerobic conditions associated
with the surface water system. A classical dual isotope bi-plot
coupled with Cl− concentrations provided support for the riverine
NO3

− consisting of a mixture of NF, SN and M&S inputs. A Markov
Chain Monte Carlo mixing model quantified source apportionment
and found that the proportional contributions of NO3

− sources were
highly variable among sampling sites. At the watershed outlet, M&S
contributed the most NO3

− (42.5 ± 11.3%) to the river system,
followed by SN (27.4 ± 14.5%), NF (22.5 ± 12.5%), and AD (7.6 ±
4.1%). Finally, an uncertainty analysis associated with the apportion-
ment results quantitatively characterized an uncertainty trend for
the individual sources of SN N NF N M&S N AD. Outcomes of this
study provided specific recommendations for reducing the uncer-
tainty of the dual NO3

− isotopic approach (δ15N-NO3
− and δ18O-

NO3
−) for source apportionment, and demonstrated the efficacy of

the method for providing quantitative data for developing beneficial
management practices to protect drinking water sources from NO3

−

impairments at the watershed scale.



Table 3
Uncertainty index of each source at different sampling sites.

Source YQ JX SX SG DD LJ SXK PH M1 M2 M3 Average

AD 0.08 0.20 0.09 0.20 0.19 0.13 0.11 0.18 0.20 0.20 0.14 0.16
NF 0.67 0.47 0.51 0.43 0.60 0.48 0.48 0.52 0.53 0.45 0.46 0.51
SN 0.63 0.51 0.58 0.48 0.56 0.54 0.55 0.54 0.54 0.50 0.52 0.54
M&S 0.46 0.39 0.45 0.37 0.44 0.41 0.41 0.42 0.42 0.38 0.41 0.42
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