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days, 5'°N/5'80-NO3 combined with a Bayesian-based SIAR model are widely used to identify riverine nitrate

sources. However, little is known regarding the effect of variations in pollution source isotopic composition on
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confirmed municipal sewage (MS) as the major nitrate source (58.5-75.7%). Nitrogen fertilizer (NF, 8.6-20.9%)
and soil nitrogen (SN, 7.8-20.1%) were also identified as secondary nitrate sources, while atmospheric depo-

sition (AD, <0.1-7.9%) was a minor source. Uncertainties associated with NF (Ulgy = 0.32) and SN (Ulgy = 0.30)
were high, whereas those associated with MS (Ulgp = 0.14) were moderate and AD low (Ulgp = 0.0087). A
sensitivity analysis was performed for the SIAR modeling and indicated that the isotopic composition of the
predominant source (i.e., MS in this study) had the strongest effect on the overall riverine nitrate source

apportionment results.

1. Introduction

Increasing nitrate (NO3) concentration in river systems is a global
environmental and human health concern resulting from anthropogenic
perturbations to the global nitrogen (N) cycle. Nitrate is a key factor
attributing to human health risks, such as “blue baby” syndrome, mis-
carriages, esophagus/stomach cancer and eutrophication/hypoxia in
aquatic ecosystems (Burow et al., 2010; Carey et al., 2011; Hord, 2011;
Nestler et al., 2011; World Health Organization, 2011). Riverine NO3
concentrations are attributed to several potential pollution sources, such
as atmospheric deposition nitrate (AD), nitrogen fertilizer (NF), soil
nitrogen (SN), municipal sewage (MS) and industrial wastewater, as
well as multiple transformations occurring within the nitrogen cycle (e.
g., nitrification and denitrification) (Kendall et al., 2007; Lu et al., 2015;
Jin et al., 2018). To effectively control and remediate riverine NO3
pollution, it is of fundamental importance to quantitatively evaluate
sources and identify key transformation processes affecting variations in
nitrate concentrations at the watershed scale.

In the past few decades, several nutrient source apportionment
models have been developed for application in a variety of aquatic
systems. These models, range from simple export coefficient models or
their modified formats (Johnes, 1996; Wang et al., 2020a), to statistical
regression models (e.g., SPARROW model; Smith et al., 1997), to com-
plex geographic information system (GIS)-based models (see Supple-
mentary materials for detailed information regarding source
apportionment approaches/models and their perceived advantages).
Common GIS-based models include the Storm Water Management
Model (Rossman, 2015), Hydrological Simulation Program-Fortran
(Donigian et al., 1984), and the most widely used Soil and Water
Assessment Tool (Arnold and Fohrer, 2005).

Despite the abundance of modeling tools, riverine nutrient source
apportionment remains a challenge, especially due to insufficient data
for parameterization and calibration/verification. For example, GIS-
based models typically require large and complex parameterization
datasets to mathematically simulate hydrological and coupled nutrient
transformation/transport processes in terrestrial-riverine systems,
which makes their application difficult. Conversely, export coefficient
models and statistical regression models generally provide a simplified
approach to assess nutrient source inputs from the watershed to rivers.
However, they also require information about watershed and river at-
tributes (e.g., land-use type, quantity of livestock and poultry, and river
flow), as well as nutrient discharge from industries and sewage treat-
ment facilities. In addition, the failure of effective hydrological simu-
lation models for plain river networks render them often unsuitable for
plain river systems. Moreover, the parameters inherent in export coef-
ficient models are often obtained from the literature or estimated by
empirical methods, and thus contain large uncertainties, especially
when applied to different watershed/river systems. The statistical
regression SPARROW model is based on spatial statistics while lacking
an explicit description of pollution source dynamics. Finally, GIS-based
models have a difficult learning-curve and require considerable exper-
tise for effective deployment.

Analysis and interpretation of stable nitrate isotopes (*°N and '20)
provide a promising approach for assessing the sources and fate (i.e.,
transformations/transport) of riverine NO3 based on different nitrate
pollution sources with unique stable isotopic characteristics and

nitrogen cycling processes with specific isotopic fractionation signatures
(Biddau et al., 2019; Hu et al., 2019; Torres-Martinez et al., 2021a).
Advantages of this approach include less ancillary information re-
quirements, easy operation, high precision and direct identification of
pollution sources. Commonly, the stable nitrogen isotope of nitrate
(6'°N-NO3) is more appropriate for identifying NO3 derived from soil
nitrogen, manure/sewage and nitrogen fertilizer (Kendall and McDon-
nell, 1998). In contrast, the stable oxygen isotope of nitrate (5180—N03_ )
is effective in differentiating NO3 originating from microbial nitrifica-
tion of reduced nitrogen forms, nitrate-bearing fertilizer and atmo-
spheric deposition (Kendall and McDonnell, 1998; Mayer et al., 2001).
An integration of 5'°N/§'80-NO3 with model analyses or simulation has
been successfully applied in many scenarios, such as rivers, reservoirs,
lakes, estuaries, and groundwater, to trace nitrate sources and trans-
formations (Ji et al., 2017; Soto et al., 2019; Jin et al., 2020; Shang et al.,
2020; Wang et al., 2020b).

Recently, a Bayesian-based mixing model known as the Stable
Isotope Analysis in R (SIAR) model has attracted a great deal of interest
since it provides quantitative information regarding NO3 source
apportionment (Parnell et al.,, 2010; Yang et al., 2013; Shang et al.,
2020). For example, Xue et al. (2012) utilized the SIAR model to assess
the proportional contributions of five potential nitrate sources in surface
waters in Flanders (Belgium), with the results identifying manure and
sewage as the largest NO3 contributors. Similarly, Divers et al. (2014)
employed the SIAR model to quantify the proportional contributions of
nitrate sources in an urban stream in Pittsburgh (USA), finding that up to
94% of stream water nitrate originated from sewage sources during
baseflow periods and an average of 67% during stormflow. Likewise,
Soto et al. (2019) used nitrate isotopes and the SIAR model to identify
nitrate sources in the Assiniboine and Red rivers (Canada). Their results
showed that manure and/or wastewater discharge contributed 62% of
the nitrate in the Assiniboine River, whereas inorganic agricultural
fertilizers contributed 40% of nitrate in the Red River.

Although the SIAR model offers a number of merits and has been
successfully deployed, uncertainties in nitrate source apportionment are
inevitable due to the relatively wide isotopic ranges of some nitrate
sources and isotopic fractionations occurring during nitrogen trans-
formation processes (e.g., nitrification and denitrification) (Liu et al.,
2013; Zhang et al., 2018). Fortunately, the SIAR model allows quanti-
fication of the model uncertainty associated with the uncertainty of
input data (Divers et al., 2014; Ji et al., 2017; Ju et al., 2022). The SIAR
model adopts a Monte Carlo sampling approach for each end-member (i.
e., pollution source), allowing non-Gaussian and/or observed distribu-
tions. Each sample is then applied to estimate fractions (proportional
contributions) of end-members and the sampling is repeated, generating
a probability distribution of proportional contributions (Yang et al.,
2013). One important component of nitrate pollution source appor-
tionment using the SIAR model is to determine the uncertainty of model
results and the effect of input data uncertainty on the model results.
However, the effect of variations in pollution source isotopic composi-
tion on nitrate source contributions when using nitrate isotopes and the
SIAR model has not been thoroughly investigated.

Given the above considerations, this study systematically collected
water samples from a typical rural-urban river network known as the
Wen-Rui Tang River (China) in four seasons (April, June, September and
January 2019-2020). Hydrochemistry and dual nitrate isotopes (§'°N/
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5'80-N03) of quarterly sampled river water were analyzed to: (1) trace
the sources and transformations of riverine nitrate in a typical coastal
plain river network using 5°N/5'®0-NO3 isotope analysis and subse-
quent SIAR modeling; (2) identify the inherent uncertainty of nitrate
pollution source apportionment through probability statistical analysis;
and (3) investigate the relative change in nitrate source contributions
resulting from different nitrate source isotopic composition (i.e., the
impact of input data uncertainty on the SIAR model output) via a per-
turbing method. Results of this study will inform local environmental
and water resource agencies with quantitative information on nitrate
source apportionment that will provide a better scientific basis for
developing nitrogen pollution control and remediation strategies for
maintaining healthy river systems.

2. Materials and methods
2.1. Study area

The Wen-Rui Tang (WRT) River watershed (27°51 -28°02 "N,
120°28-120°46 E) in eastern China was selected as the study site due to
its eutrophic condition and its need for nutrient remediation actions
(Fig. 1). The WRT River is a typical coastal plain river network spanning
the rural-urban interface in the densely populated Wenzhou city (~9
million population), Zhejiang province (China), with an area of 740
km?. The river originates from the Lishui Mountains, and meanders
through rural zones with agricultural lands, and a densely populated
urban area before discharging into the East China Sea. Its mainstream is
~34 km long and associated tributaries/canals are ~1200 km long with
many hardened waterways. The WRT River watershed has a subtropical
oceanic climate with annual rainfall levels of 1500-1900 mm and ~70%
of precipitation falling between April and September. Natural vegeta-
tion, built land (including residential and industrial area) and agricul-
ture are the dominant land-use categories, accounting for ~40%, ~38%,
and ~18% of the entire watershed. Due to the seasonal precipitation
pattern and plain topography (i.e., low river gradient), the WRT River
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has stagnant to low flows (<0.05 m/s) for much of the year, except when
the flood gates to the Ou River are open during high flow events (>2 m/
s; typhoons) and the river flows directly into the Ou River (Wang et al.,
2018).

2.2. Sampling and analytical methods

In this study, 24 sampling sites were selected across the WRT River
watershed (Fig. 1). To study seasonal variability in hydrochemical and
isotopic parameters, four sampling events were carried out on a quar-
terly basis. River water samples were collected in April (spring —
moderate flow), June (summer — high flow), September (autumn —
moderate flow) 2019 and January (winter — low flow) 2020. For each
sampling event, 24 river water samples were collected between 9:00 a.
m. and 16:00 p.m. in one day. Dissolved oxygen (DO) was recorded in
situ at each sampling site using a multi-parameter water-quality sonde
(YSI-EXO02, Xylem, USA). Water samples were collected from 30-cm
below the water surface in the center of a well-mixed channel segment
using a hydrophore sampler. Water samples were immediately placed in
pre-washed 500 mL polyethylene bottles and subsequently transported
with ice packs in a foam box to our lab at the university. To obtain the
site-specific isotopic compositions of potential N pollution sources,
daily-based precipitation (n = 15), top soil (1-10 cm depth, n = 32) and
chemical fertilizer (i.e., ammonium and urea, n = 10) samples were
collected within the WRT watershed.

In the laboratory, water sample was filtered through 0.45 pm mixed
cellulose ester membrane filter (Tengjin, Tianjin, China) for determi-
nation of dissolved inorganic nitrogen concentrations within 12 h of
sampling. Three nitrogen parameters, namely, ammonia-nitrogen
(NHP), nitrite-nitrogen (NOgz), and nitrate-nitrogen (NO3) were
analyzed within a week of sample collection. Specifically, NO3, NHj,
and NO; were analyzed using a continuous-flow analyzer (Auto-
analyser-3, Seal, German) with limit of detection (LOD) of ~0.003 mg/L
for dissolved inorganic nitrogen (NO3, NH4, NO3). Chemical fertilizer
and soil samples were air-dried, homogenized and passed through a 149-
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Fig. 1. Sampling sites of the Wen-Rui Tang River watershed.
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um screen. Powdered samples were stored in HDPE bags. All samples for
stable isotope analysis were transported with ice packs in the foam box
to the Chinese Academy of Agricultural Sciences (China). S19N/8180-
NOj3 analysis followed the bacteria denitrifier method presented by
Sigman et al. (2001) and Casciotti et al. (2002). This method uses the
denitrifying bacteria known as Pseudomonas aureofaciens, which natu-
rally lack the gaseous nitrous oxide (N20) reductive activity, to convert
NOj3 to N2O. The N0 was purified through a Thermo pre-concentrator
system and then analyzed for §'°N/5'®0-N,0 using a Thermo Delta V
isotope ratio mass spectrometer. Powdered samples were placed in tin
cups and delivered to a Elementar elemental analyzer coupled to a
IsoPrime isotope ratio mass spectrometer for nitrogen isotope analysis.
Three international nitrate standards (USGS-32, USGS-34 and USGS-35)
were employed to calibrate the measured §'°N/5'%0 values. The §'°N
value is expressed in parts per thousand (%o) relative to atmospheric No
and the analysis precision is = 0.2%o; the 580 value is expressed in %o
relative to Vienna Standard Mean Ocean Water and the analysis preci-
sion is & 0.5%o (Kendall et al., 2007).

2.3. Stable Isotope Analysis in R (SIAR) model
To calculate NO3 source contributions in the WRT River watershed,

a Bayesian-based SIAR model was implemented. The equations of the
system model can be expressed as follows (Parnell et al., 2010):

k
Xij = ZPk(Sjk + Cjk) + Eij
k=1

2
S ~ N(l"jk’ wjk) 6h)
Cjk ~ N(ljk, T/Zk)

£ij ~ N(O7 af)

where Xj; represents isotopic signature j (6'°N/5'80-NO3 in this study)
of the mixture i (river water samples in this study; i = 1, 2, 3...N); Px
denotes the estimated proportional contribution of source k (i.e., AD,
NF, SN, and MS), which obeys a Dirichlet distribution; Sj refers to the
isotope j of source k; Cj is the isotopic fractionation caused by nitrogen
transformations for isotope j of source k; and ¢;; represents the residual
error, which refers to the unquantified variation among individual
mixtures. Herein, the SIAR model was implemented by the Stable
Isotope Analysis in R software package (SIAR V4) running on the R
platform (version 3.1.2, R Core Team, 2019). Operational parameters
regarding SIAR modeling i.e., iteration maintainer, sample interval,
burn-in and run iterations were set as 30,000, 15, 50,000, and 500,000,
respectively.

2.4. Uncertainty analysis

A large number of uncertainties exist in nitrate source apportionment
arising mainly from spatio-temporal variations in the isotopic finger-
print of the pollution sources and isotopic fractionation during
biochemical nitrogen cycling processes. Herein, we used a probability
statistical method to assess the uncertainties associated with the simu-
lation results of the SIAR model, as follows: (1) sorting of the 30,000
(iteration maintainer) groups of each kind of pollution contribution
value in order; (2) assigning a frequency to each pollution contribution
value as 1/30,000, and summing the frequency of each source to equal
1; (3) determining the cumulative probability distributions of the pro-
portional contributions from different potential nitrate sources using the
proportional contribution as the x-axis and cumulative frequency as the
y-axis. The cumulative frequency profile is capable of providing the
quantile value of the simulated value, i.e. p x 100/30,000% is the
quantile point of the p™ simulated value; and (4) calculating an uncer-
tainty index (Ulgp) to characterize the uncertainty strength. The Ulgy is
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defined as the proportional contribution of the 0.95 cumulative fre-
quency distribution minus that at the 0.05 cumulative frequency dis-
tribution, and then divided by 0.9. Additional details regarding the Ulgy
calculation are documented in Ji et al. (2017) and Torres-Martinez et al.
(2021a), (2021b).

2.5. Sensitivity analysis

The SIAR model uses the mean and standard deviation of 5'°N and
580 for each pollution source as the calculated end-members. In this
study, a perturbing method was employed to evaluate the sensitivity
(the effect extent of different changes in input variables on the SIAR
outputs) of isotopic signatures for different pollution sources. This al-
gorithm changes the value of one input while keeping the others intact.
The variabilities of the model output against that of the input variables
are recorded. The most important (i.e., most sensitive) input variable is
the variable that creates the largest change in the results. With the aim of
quantifying the sensitivity of each input end-member, we established
different simulation scenarios via changing mean values of 55N for
different sources by + 50%, + 30%, + 10% and 0%. In this study, the
sensitivity of 5180 was not investigated since the 5'%0 values for several
pollution sources were obtained from established nitrification theory
rather than actual measurements.

3. Results and discussion
3.1. Overview of water quality

Overall water quality impairment was closely linked to land-use in
the WRT River watershed: built land > agriculture > natural vegetation
(Figs. S1, S2). High dissolved nitrogen concentrations are the most
serious water pollution issue and followed NH;i > NO3 >> NOj
(Table 1). Mean NHj concentration was 1.78 + 1.86 mg/L (ranging
from 0.06 to 11.14 mg/L) and constituted 57% of dissolved inorganic
nitrogen. Approximately 60% and > 30% of the 95 water samples did
not meet the NH} water quality standard Type III of 1 mgN/L
(threshold for drinking water) and Type V of 2 mg N/L (minimum
quality for supporting the health of aquatic ecosystem), respectively
(State Environment Protection Bureau of China, 2002). The NO3 con-
centrations ranged from < 0.003-3.65 mg/L, with a mean value of 1.34
+ 0.81 mg/L. NO3 concentrations were generally low, ranging from
< 0.003-0.52 mg/L. DO concentrations ranged from 0.1 to 12.2 mg/L,
with 80% of samples having > 2 mg/L (a proposed threshold for hyp-
oxic conditions facilitating microbial denitrification).

The WRT River consists of a complex river network comprising rural
to highly urbanized/industrialized regions in eastern China. Due to
rapid economic development and urbanization that began in the 1980 s
and lagging wastewater treatment infrastructure, the rivers in eastern
China receive a large amount of nutrient input from municipal/indus-
trial/agricultural effluents. Consequently, these rivers experienced se-
vere nutrient pollution, and many portions of the river often experience
black colored, malodorous and hypoxic conditions. Black-odorous wa-
ters form in Oy-depleted waters/sediments when metals precipitate with

Table 1
Statistical summary of water quality parameters for quarterly sampling (4 time
periods) of 24 sampling sites in the Wen-Rui Tang River network.

Parameters N* Mean SD” Minimum Maximum CV* (%)
DO (mg/L) 95 5.0 3.0 0.1 12.2 60
NH; (mg/L) 95 1.78 1.86 0.06 11.14 104
NO3 (mg/L) 95 1.34 0.81 < 0.003 3.65 61
NO3 (mg/L) 95 0.09 0.07 < 0.003 0.52 79

@ One sample in April 2019 was missing during transport;
b SD denotes standard deviation;
¢ CV denotes coefficient of variation.
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sulfide and stain the water black; the odorous compounds result from
volatile organic and inorganic compounds generated from degradation
of sulfur-containing organic matter or microbial sulfate reduction (Liang
et al.,, 2018). Dissolved oxygen depletion results from microbial
decomposition of organic materials (e.g., sewage, industrial wastes,
algal biomass), as well as microbial oxidation of NHJ to NO3 via the
nitrification process.

Within the WRT River network, 92% of the river segments did not
meet the Type V national water quality standard (minimum type to
support aquatic ecosystem health) in 2010 (Chen et al., 2016). Given
this dilemma, regulatory authorities initiated a series of strict water
resource protection practices beginning in 2015 to sustain/remediate
water quality and avoid further water quality deterioration. Based upon
our investigation, water quality within the WRT River network has
significantly improved since 2010. For example, the mean DO concen-
tration increased from 2.5 mg/L during 2000-2010 to 5.0 mg/L, and
NHJ decreased from 8.07 mg/L during 2000-2010 (Mei et al., 2014) to
1.78 mg/L. Notably, the ratio of NO3 versus NH increased from ~0.2
in 2010 (Ji et al., 2013) to > 0.75 in the present study, with > 55% of
samples greater than 1. Considering the NHJ or organic nitrogen is the
predominant nitrogen form in sewage-derived effluents (Zhu et al.,
2010), nitrogen fertilizer (ammonium and urea) and soil nitrogen, these
sources are unlikely to directly export NO3 to the receiving waters.
Therefore, the higher NO3: NHj ratio results from greater wastewater
treatment that removes/oxidizes NH4, and higher DO concentrations
that facilitates greater nitrification of NHf to NO3 within the water
column. This trend highlights that NO3 now plays a more important role
in regulating nitrogen pollution of the WRT River system than previ-
ously. These findings are consistent with other coastal plain river net-
works located in rapidly developing regions of eastern China where
enhanced environmental protection requires a quantitative under-
standing of NO3 sources and transformations to further advance nitro-
gen mitigation strategies.

3.2. Nitrogen transformations as assessed by §'°N-NO3 and §'%0-NO3

Herein, we used the dual nitrate isotope approach to provide insights
into specific nitrate sources and the dominant nitrogen-cycling processes
within the WRT River watershed (Li et al., 2019; Yang and Toor, 2016).
5'°N-NOj3 ranged from — 2.38-22.81%,, with a mean value of 7.38%o,
and 5'®%0-NO3 from — 6.9-16.56%c with a mean value of 2.05%o.
(Fig. 2). Temporal patterns for 515N-NO§ were 2.85-14.17%o,
4.28-12.54%0, — 2.38-16.62%0, and 2.29-22.81%c for April, June,
September and January samples, respectively. Corresponding values for
5'80-NO3 were — 0.62-16.56%0, — 5.22-3.73%0, — 6.90-3.81%0, and
— 4.17-8.76%o in April, June, September and January, respectively.
There were no distinct seasonal patterns identified for 5'N-NO3 and
5'80-NO3; however, April 5'%0-NO3 values were generally higher than
those for the other seasons (Fig. 2). In general, the higher 615N-NO§
appeared in the residential regions having a higher population density
and industry distribution, whereas the lower 5'°N-NO3 values were
found in the agriculture and natural vegetation regions (Fig. S3). In
contrast to 5'°N-NO3, 5'80-NO3 showed an inconspicuous spatial
pattern as shown in Fig. 54.

In theory, microbially-produced §'%0-NO3 can be determined
because one oxygen is derived from atmospheric O, and the other two
oxygens are derived from ambient Hy0O (Chen et al., 2020; Paredes et al.,
2020; Torres-Martinez et al., 2020, 2021b; Carrey et al., 2021; Liu et al.,
2021; Xuan et al., 2022). Based on the end-member 5'%0 values of
23.50%0 and — 14.16-— 0.92%o0 determined for atmospheric O and
ambient water (from nearby Fuzhou International Atomic Energy As-
sociation station, ~240km), respectively, we estimated that
microbially-produced §'80-NO3 should fall within the range of
— 1.61-7.22%o0 on the basis of 5'50-NO3 = 2 x [6'%0-H,01/3 + 1 x
[6180-02]/3. However, it must be noted that 6180-NO§ derived from
nitrification may exceed the theoretical maximum value by up to 5%o.
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Fig. 2. (a) Correlation diagram between 5'°N-NO3 and §'®0-NO3 values, and
(b) relationship between 5'°N-NO3 and NO3 concentrations. Grey rectangle
represents the theoretical range for 5'®0-NO3 formed by nitrification; §!°N-
NO3 and §'®0-NOj3 values for one sample in June 2019 was not obtained due to
a low nitrate content, hence N = 23 in June 2019.

(Kendall and McDonnell, 1998; Xue et al., 2009). In addition, the min-
imum 6'80-NO3 value observed in the WRT River was — 6.90%o, which
suggests that part of the 5'80-NO3 produced from nitrification was
below the theoretical range for the 5180—NO§ value (Snider et al., 2010).
Given these constraints, the expected range of 5'®0-NO3 in the WRT
River network from nitrification would fall within — 6.90-12.22%.. As
displayed in Fig. 2, the measured §'%0-NO3 values ranged from
— 6.90-16.56%o, with > 90% of the values falling within the theoretical
range for nitrification. Hence, we posit that the dominant source of ni-
trate in the WRT River watershed was produced by microbial
nitrification.

Microbially denitrification is the reduction of NO3 to Ny, N3O or NO
under anaerobic conditions (or generally at a DO limit of < 2 mg/L)
(Chen et al., 2020). During denitrification of NO3, anaerobic microbes
preferentially consume the light isotopes of NO3 (i.e., N and °0),
resulting in a simultaneous enrichment of '°N and 80 in the residual
NOg3, along with a corresponding decrease in NOj3 concentrations
(Nestler et al., 2011; Hu et al., 2019; Xuan et al., 2022). Typically, the
ratio of 5'°N-NO3: §'80-NOj3 resulting from denitrification ranges from
1.3: 1-2.1: 1 (Liu et al., 2006; Torres-Martinez et al., 2020). Therefore,
the slope of the 5'°N-NO3 versus 5'80-NO3 regression line within a
range of 0.48-0.77 and a significant negative relationship between
515N-N0§ and NOj3 concentration provide evidence for denitrification in
the system. In this study, we found no strong positive correlation
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between 5'°N-NO3 and 5'80-NO3, nor a negative relationship between
615N—NO§ and NOs for the four sampling periods (Fig. 2). Although
there was a positive correlation (R = 0.48, p < 0.05) existing between Ln
[NO3] and 5'°N-NO3 in September 2019 without the two outlier data
points at the left side of Fig. 2b, no significant positive relationship
between §'°N-NO3 and §'%0-NO3 (R = 0.34, p = 0.12) with the ex-
pected slope value was observed (Fig. S5). We ascribe this lack of a
strong denitrification signal in the WRT River network to the absence of
hypoxic/anoxic conditions (mean DO was 5 mg/L) necessary to facili-
tate denitrification. While some denitrification may occur in anoxic sites
of soils and riverine sediments, the post-denitrification NO3 concen-
trations maybe insufficient to alter the overall isotopic signature owing
to the high NO3 concentrations in the water column.

3.3. Identification of main riverine NO3 sources

We used the classical and widely used dual-NOg3 isotope cross-plot
diagram to acquire qualitative information concerning the dominant
riverine NO3 source to the WRT River network (Hu et al., 2019; Taufiq
et al., 2019; Torres-Martinez et al., 2020, 2021b; He et al., 2022). The
cross-plot diagram of 5'°N-NO3 versus 5'80-NO3 showed typical char-
acteristics of NO3 pollution sources originating from a mixture of soil
nitrogen and municipal sewage (Fig. 3). The §'°N-NO3 versus 5'80-NO3
distribution excluded atmospheric deposition as a primary NO3 source,
in spite of a relatively high nitrate flux from atmospheric deposition
(13-32 kg NO3-N/ha-yr; Liao et al., 2015). This phenomenon might
result from most atmospheric deposition nitrate inputs to receiving
waters undergoing some biogeochemical processing within the water-
shed (Sebestyen et al., 2019). Nearly all the data points were distributed
within the sewage dominion, with 58 points within the soil
nitrogen-sewage overlap zone and 19 within the sewage zone. Accord-
ingly, municipal sewage was identified as a possible primary source of
riverine NO3 pollution, although inputs from soil nitrogen are also likely
important NO3 sources. Combined with the previous section revealing
that microbial nitrification was the main nitrogen transformation pro-
cess, we infer that NHJ originating from untreated wastewaters un-
dergoes substantial nitrification within the river network leading to NO3
with a high overall 5'°N-NO3 signature, characteristic of a sewage
origin. In summary, municipal sewage was identified as a possible
important NO3 source in the WRT River network providing water
quality agencies with critical information to guide remediation
practices.
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Fig. 3. Isotopic compositions of §'°N-NO3 and 5'®0-NO3 for surface water
samples together with typical nitrate source regions for atmospheric deposition
nitrate (AD), nitrogen fertilizer (NF), soil nitrogen (SN) and municipal sewage
(MS). The §'°N values for MS are adapted from the nearby Changle River
watershed (~160 km; Ji et al., 2017) and the other sources were measured from
local pollution sources. §'%0 values for AD were measured from local precipi-
tation samples and the other sources were calculated using nitrification theory.
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3.4. Estimation of proportional contributions from potential nitrate
sources

Table 2 summarizes the specific §'°N and 5'®0 values for each ex-
pected NO3 end-member source evaluated in this study. Accordingly,
the 8'N values for atmospheric deposition, nitrogen fertilizer, soil ni-
trogen and municipal sewage end-members were set as — 2.63
+ 1.26%0, — 2.25+ 1.75%0, 5.04 + 1.85%0, and 10.49 =+ 4.53%o,
respectively; corresponding 580 values were 76.83 + 8.72%o for at-
mospheric deposition, 3.45 + 2.63%0 for municipal sewage and 4.14
=+ 1.89%o for both the nitrogen fertilizer and soil nitrogen end-members.
The Wen-Rui Tang River is a large river with a mainstream length of
~34 km and tributaries/canals adding ~1200 km to the river network.
In this complex watershed including soil, farmland, wetlands and
riverine transformations of N, the biological processes driving N cycling
were deemed sufficient to initiate significant isotopic fractionation
(Denk et al., 2017; Yu et al., 2020). Thus, we incorporated I5N-frac-
tionation factors for atmospheric deposition nitrate (0%o), nitrogen fer-
tilizer (3.9 % 2.3%o), soil nitrogen (—4.1 + 1.4%o) and municipal sewage
(—0.6 £ 1.2%0) during the SIAR modeling process (Ostrom et al., 1998;
Loo et al., 2017; Zhang et al., 2018; Ren et al., 2022).

The proportional contribution of potential nitrogen sources to
riverine nitrate concentrations in the WRT River were estimated from
the SIAR model (Fig. 4). Nitrate source contributions in June, September
and January followed the order: municipal sewage > nitrogen fertilizer
> soil nitrogen > atmospheric deposition, whereas the April contribu-
tions followed: municipal sewage > nitrogen fertilizer > atmospheric
deposition = soil nitrogen. Notably, the SIAR model identified munic-
ipal sewage as the likely major NO3 pollution source with contributions
ranging from 58.5% to 75.7% throughout the year. Soil nitrogen
(7.8-20.1%), nitrogen fertilizer (8.6-20.9%) and atmospheric deposi-
tion (<0.1-7.9%) comprised the additional sources. The bi-plots (Fig. 3)
and the SIAR model provided consistent results in identifying municipal
sewage as a primary pollution source. However, the SIAR model pro-
vides a quantitative estimate of source contributions, which can not be
inferred from the bi-plot method alone (Fig. 3).

Overall, the integration of isotope tracing approaches using the dual
isotopes of NO3 showed strong efficacy for evaluating nitrate pollution
sources in surface waters of the WRT plain river network. The riverine
NO3 source apportionment results determined in this study were
consistent with field evidence and inferences from previous water
quality assessments as discussed below.

Annual domestic sewage discharge within Wenzhou was 18,232 ton
N/yr in 2019 (Wenzhou Environmental Technology Inc., 2021). Today,
most urban domestic sewage (>95%) is collected and transported to
wastewater treatment plants for processing (Wenzhou Municipal Peo-
ple’s Government, 2018). However, some domestic sewage/animal
waste still enters the river network from sanitary and combined sewer
overflows during storm events (e.g., typhoons), leakage from sewer
infrastructure and runoff from animal husbandry in the rural portion of
the study area. As several wastewater treatment plants do not directly

Table 2
Isotopic characteristics (mean + standard deviation) of suspected end-members
used in the Stable Isotope Analysis in R (SIAR) model.

Source Sampling time N Isotopic characteristics

580 (%o)

5N (%0)

Precipitation nitrate April-June 2021 15 —2.63+£1.26 76.83 + 8.72
Nitrogen fertilizer December 2020 10 —2.25+1.75 4.14 +1.89"
Soil nitrogen December 2020 32 5.04 +1.85 4.14 +1.89°
Municipal sewage — 7 1049 + 4.53"  3.45+ 263"

2 Data are calculated according to the §'®0-O, and §'®0-H,O from nearby
Fuzhou station (~240 km);

b Data obtained from the nearby Changle River watershed (~160 kmy; Ji et al.,
2017).
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Fig. 4. Proportional contribution of potential local nitrate pollution sources in (a) April 2019, (b) June 2019, (c) September 2019, and (d) January 2020 according to
the SIAR model. AD, NF, SN and MS denote atmospheric deposition nitrate, nitrogen fertilizer, soil nitrogen and municipal sewage, respectively. Box plot denotes 5%,

25™ 50™, 75™ and 957 percentiles; white circles represent mean value.

discharge into the Ou River or East China Sea; a portion of the treated
wastewater, which still contains high nitrogen concentrations (TN =
7-18 mg/L) and enriched in NH{, is discharged into the WRT River
network for ultimate transport to the ocean. This is further supported by
NHj frequently being the dominant form of dissolved inorganic N in the
river system, Consequently, the identification of municipal sewage as
the possible major source of riverine NO3 by the SIAR model is fully
consistent with field evidence.

High rates of nitrogen fertilization for agricultural production are
common within the study region. Typical agricultural crops planted in
this watershed include vegetables, fruits (e.g., melons, oranges,
bayberry), sweet potato, rice, soybeans, flower gardens and tea. The
application rates of N-fertilizer are ~300 kg N/ha in this region
(Wenzhou Statistic Bureau, 2013) with only ~35% being absorbed by
agricultural crops (Yu and Shi, 2015). This unabsorbed N-fertilizer
coupled with existing soil nitrogen stocks, including legacy N accumu-
lated in soils over time (Chen et al., 2014), is subsequently lost to the
river system by rainfall-runoff and groundwater pathways. The decrease
in NOj3 sourced to fertilizer in April coincides with the beginning of the
crop season (prior to fertilizer application) and the end of the dry season
when antecedent runoff/leaching from agricultural lands is lowest.
Given that ~40% of the watershed land area has an agricultural land
use, it is not surprising that an appreciable NO3 load (16.4-41.0% as
determined by the SIAR model) is ascribed to soil nitrogen and nitrogen
fertilizer.

Atmospheric nitrogen deposition (as TN) in the study area is in the

range of 30-50 kg N/ha-yr, with the DIN component being comprised of
similar amounts of NH and NO3 (Liao, 2015). Thus, the contribution of
atmospheric deposition is only on the order of ~15% of the
fertilizer-derived nitrogen. In addition, much atmospheric nitrate in-
filtrates into soil and is then retained in groundwater/soil or undergoes
biological processing (e.g., uptake by plants or microorganisms,
dissimilatory nitrate reduction to ammonia). As a result, only a portion
of the atmospheric nitrogen is transported to streams without being
retained or biologically transformed (Sebestyen et al., 2019). Hence,
atmospheric deposition was identified as a relatively minor source
(<0.1-7.9%) of riverine NO3. Subsequent studies, utilizing the 170.NO3
isotopic signature could further improve and validate the accuracy of
the atmospheric nitrogen contribution (Xia et al., 2019).

3.5. Management implications for nitrate pollution remediation

Considering that municipal sewage was recognized as the primary
NOj3 source based on the SIAR model, controlling municipal sewage
discharge in the WRT River watershed or other plain river networks with
similar watershed characteristics would provide the most cost-effective
method for riverine NO3 pollution attenuation. Several practical stra-
tegies are identified: (1) developing sewage collection pipeline systems
to separate stormflow and sewage collection/transport to avoid release
of sewage to the river system during storm events; (2) replacing dete-
riorating/leaking sewer pipes in older urban areas; (3) reducing runoff/
leaching from animal husbandry; (4) improving wastewater treatment
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processes (i.e., tertiary treatment) to reduce nitrogen concentrations of
treated sewage effluents discharged to waterways; and (5) direct ocean
disposal of treated wastewater versus disposal to the river system.
Furthermore, soil nitrogen and nitrogen fertilizer were identified as
secondary nitrate sources. Although converting farmland into forests or
grasslands is able to mitigate farmland runoff and soil erosion, it is
generally not a practical solution given the financial loss of agricultural
commodity production. As such, the following economic practices
should be considered: (1) incorporating farmland ecological ditches and
vegetative buffers between farmland and rivers to reduce soil nitrogen
and nitrogen fertilizer losses; and (2) encourage farmers to apply bio-
based and controlled-released fertilizers based on soil fertility tests to
increase N-use efficiency, thereby decreasing nitrogen fertilizer pollu-
tion. Notably, considering the stagnant nature of the WRT River during
the dry season, the N inputs tend to accumulate rather than being
transported (flushed) to the ocean. Thus, the use of biological floating-
beds (i.e., floating wetlands) and submerged plants could be incorpo-
rated into some heavily polluted river segments to mitigate nitrogen
pollution through plant uptake/harvest practices.

3.6. Uncertainty analysis

When using a modeling approach, it is important to assess the un-
certainty of the projected results to demonstrate the potential margin of
error associated with the simulations. We evaluated the degree of un-
certainty in the nitrate source apportionment results generated by the
SIAR models using Ulgy values calculated for the contributions from
each source. Additionally, to assess uncertainties induced by isotopic
fractionation occurring during nitrogen transformation processes, we
developed a SIAR model that did not include I5N-fractionation and
compared it to a model including '°N-fractionation processes. As shown
in Fig. 5a, the proportional contribution of atmospheric deposition ni-
trate was relatively stable as demonstrated by the low Ulgy value of
0.0087, whereas larger uncertainties were associated with nitrogen
fertilizer (Ulgp = 0.32) and soil nitrogen (Ulgy = 0.30). Municipal
sewage (Ulgp = 0.14) exhibited a moderate degree of uncertainty. By
way of comparison, our Ulgy values considering °N-fractionation
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factors were lower than those in nearby Changle River watershed
(eastern China; Ulgp range = 0.06-0.62) and the Shanxi drinking water
source area (eastern China; Ulgy range = 0.08-0.67), but higher than
those from Comarca Lagunera (northern Mexico; Ulgy range =
0.05-0.24) (Ji et al., 2017; Shang et al., 2020; Torres-Martinez et al.,
2021a). Notably, the SIAR model ignoring the °N-fractionation effects
(fractionation factors set as zero) produced significantly greater un-
certainties than comparable SIAR model incorporating °N-fractionation
factors for each different N source. The Ulgy values for atmospheric
deposition nitrate, nitrogen fertilizer, soil nitrogen, and municipal
sewage in the SIAR models with and without isotopic fractionation were
0.0087 vs. 0.0086, 0.32 vs. 0.25, 0.30 vs. 0.55, and 0.14 vs. 0.34,
respectively (Fig. 5b). These results indicated that including isotopic
fractionation factors for the different N sources within the SIAR model
can significantly reduce the uncertainties and consequently improve the
accuracy of the SIAR model.

Generally, the uncertainties associated with nitrate pollution source
apportionment are attributable to two main factors: (1) site-specific
isotope fractionation processes comprising nitrogen cycling (e.g., nitri-
fication, denitrification, ammonia volatilization); and (2) large spatial-
temporal variations of nitrate sources and their isotopic composition
within a given watershed. Quantification of the fractionation degree and
elucidating the initial isotopic composition of different sources at the
watershed scale are important tasks, but are extremely challenging en-
deavors owing to the potential occurrence of multiple nitrogen trans-
formations and the coexistence of multiple fractionation processes (e.g.,
equilibrium vs kinetic fractionations). This highlights the need for in-
tegrated in situ and laboratory experiments to obtain better estimates for
isotopic fractionation factors of each nitrate source. Additionally, un-
certainties for different pollution sources arise from the inherent un-
certainty associated with the isotopic composition of end-member
sources. In this study, we constrained the §'°N values for the various
end-members through direct measurement of several representative
local sources or through the use of relevant published values from
nearby locations. However, to further improve the quantitative identi-
fication of nitrate sources, it is warranted to more rigorously investigate
the spatial-temporal variations in the isotopic composition of the end-
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Fig. 5. Cumulative probability distributions for proportional contributions from different nitrate sources based on outputs of (a) SIAR model considering °N-
fractionation and (b) SIAR model with no accounting for 15N-fractionation. AD, NF, SN and MS denote atmospheric deposition nitrate, nitrogen fertilizer, soil ni-

trogen and municipal sewage, respectively.
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member sources and the effects this variability has on modeling results.

3.7. Sensitivity analysis

The reliability of the SIAR model is closely related to the isotopic
signatures of end-member pollution sources. To investigate the relative
effects of source isotopic composition on modeling outputs, we per-
formed a sensitivity analysis examining the effects of changes in input
data for end-member isotopic composition on the resulting source
apportionment (Fig. 6). The largest changes in source contributions
resulted from differences in the mean §'°N values for municipal sewage.
For example, in scenario 4, the nitrogen fertilizer, soil nitrogen and
municipal sewage contributions changed by ~25%, 26% and ~50%,
respectively, due to variations in the mean input values of §'°N for
municipal sewage. In contrast, source contributions showed a moderate
sensitivity to changes of soil nitrogen (scenario 3) and low sensitivity to
variations in atmospheric deposition nitrate (scenario 1) and nitrogen
fertilizer (scenario 2). This sensitivity analysis clearly identifies that the
isotopic composition of the possible major source (i.e., municipal
sewage in this study) had the strongest effect on overall results for ni-
trate source apportionment. Notably, the standard deviation for 55N
values of municipal sewage measured in this study was the highest
among the end-member sources. This highlights the necessity of accu-
rately characterizing the isotopic signatures of pollution sources to
reduce the uncertainty associated with SIAR-based nitrate source
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apportionment. Given the high cost and labor associated with nutrient
remediation activities, we recommend water resource managers/re-
searchers first identify the primary pollution sources using a §'°N-NO3
versus 5'80-NO3 diagram and isotopic composition of pollution sources
before investigating the site-specific isotopic composition of the possible
major sources within the entire study area. These preliminary analyses
will allow for targeted analyses to distinguish and quantify nitrogen
source apportionment at the watershed scale.

4. Conclusions

This study integrated hydrochemistry and stable nitrate isotopes
(515N/6180-NO§) into a SIAR modeling framework to determine riverine
nitrate contributions from four potential sources (e.g., atmospheric
deposition nitrate, nitrogen fertilizer, soil nitrogen, and municipal
sewage) in the Wen-Rui Tang River of eastern China. Furthermore, we
quantified the uncertainties associated with nitrate source contributions
and identified the sensitivity of each input end-member. Our study
demonstrated that nitrate (mean = 1.34 + 0.81 mg/L) is now an
important form of nitrogen pollution in the WRT River network, as
compared to ammonium being the predominant form in the past de-
cades. Distributions of §'°N/5'80-NO3 revealed that riverine NO3 was
derived predominantly from microbial nitrification, whereas microbial
denitrification was not deemed to significantly affect the isotopic
composition of nitrate. The utilization of the 5'°N-NO3 versus §'80-NO3
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Fig. 6. Sensitivity analysis based on the perturbation method. (a) scenario 1: 5'°N for atmospheric deposition nitrate (AD) changed by + 50%, + 30%, 4+ 10% and
0%; (b) scenario 2: 5'°N for nitrogen fertilizer (NF) changed by + 50%, + 30%, + 10% and 0%; (c) scenario 3: 55N for soil nitrogen (SN) changed by =+ 50%,
+ 30%, + 10% and 0%; and (d) scenario 4: 5'°N for municipal sewage (MS) changed by + 50%, + 30%, + 10% and 0%.
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cross-plots and SIAR modeling identified municipal sewage as the
dominant nitrate source across all four sampling seasons. SIAR modeling
results demonstrated that municipal sewage contributed the most NO3
(58.5-75.7%) to the river network, followed by nitrogen fertilizer
(8.6-20.9%), soil nitrogen (7.8-20.1%) and atmospheric deposition
(<0.1-7.9%). The degree of uncertainty associated with the different
pollution source contributions followed: nitrogen fertilizer (Ulgp = 0.32)
> soil nitrogen (Ulgp = 0.30) > municipal sewage (Ulgp = 0.14)
> atmospheric deposition nitrate (Ulgp = 0.0087). Model sensitivity
analysis identified the isotopic composition of the major source (i.e.,
municipal sewage) as the most sensitive model input variable. Overall,
the comprehensive isotope tracing approach utilized in this study pro-
vided an efficient and effective tool to guide nitrate pollution control
and remediation of river networks at the watershed scale. However, it
must be acknowledged that isotopic fractionation during nitrogen
cycling processes was not explicitly considered in this study. Further
work should focus on conducting in situ and laboratory experiments to
better quantify the '°N isotopic fractionation effects associated with
different nitrogen transformations. Furthermore, it is warranted to apply
the conservative oxygen isotope, known as anomalous 7O enrichment
(A0), which provides an independent assessment of atmospheric
nitrate and terrestrial source contributions as it does not change during
biogeochemical transformations. Incorporation of AUO will reduce 180
fractionation uncertainties, thereby improving the accuracy of nitrate
source apportionment results. In addition, it is recommended to collect
ancillary water quality and GIS data for developing alternative modeling
results (e.g., Chemical Mass Balance model, SWAT model) to serve as a
measure of cross-validation with the SIAR isotopic method.
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Statement of environmental implication

Nitrate is a hazardous material contributing to human health risks
and eutrophication/hypoxia/harmful algae blooms in aquatic ecosys-
tems. Nowadays, 5'°N/5'%0-NO3-based SIAR modeling is widely
employed to identify riverine nitrate sources. However, the effect of
variations in nitrogen-source isotopic composition on nitrate-source
contributions when using SIAR models has not been previously inves-
tigated. In this study, we estimated contributions from various nitrate
sources and quantified their uncertainties. Importantly, we investigated
the sensitivity of each input end-member for the first time, which
complemented our understanding of riverine nitrate source
contributions.
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