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ARTICLE INFO ABSTRACT
This manuscript was handled by Huaming Guo, Identifying the sources and transformations of riverine nitrate plays a critical role in mitigating nitrogen
Editor-in-Chief, with the assistance of Mah- enrichment of river networks. Several previous studies have used 5'®0-NO3 to quantitatively assess riverine

mood Sadat-Noori, Associate Editor nitrate contributed by atmospheric nitrate and terrestrial sources, but their results have great uncertainty due to

the wide range of 5'80-NO3 values and isotopic fractionation during nitrogen-cycling processes in terrestrial
environment. The nitrate 170 anomaly (A"O-Nof}), as an unambiguous tracer of atmospheric nitrate, is a
Stable isotopes promising tool to effectively separate atmospheric nitrate from microbially produced nitrate. However, to our
170 anomaly knowledge, A0-NO3 approach has not been previously applied to identify nitrate pollution sources in plain
Wen-Rui Tang River river networks of eastern China. In this study, we used a multiple isotope approach (5D/5'%0-H,0 and 5'°N/
SIAR 580/ A”O—NOE) for the first time to quantitatively identify sources and transformations of riverine nitrate in a
hypereutrophic coastal plain river network namely Wen-Rui Tang River located in eastern China, which is a
region receiving high inputs of atmospheric nitrogen deposition. The A'70-NO3 values in precipitation and
river water during the study period (April-June of 2021) varied from 14.83%o to 31.39%o and from — 2.82%o to
9.66%, respectively. The 5D/5'80-H,0 values revealed that river water mainly originated from recent precipi-
tation with little evaporation. Moreover, the 515N/§180-N0§ values indicated that microbial nitrification, not
denitrification, was the predominant nitrogen-cycling process in the watershed. Based on a Bayesian mixing
model (Stable Isotope Analysis in R, SIAR) using §'°N//A”0-NO3, municipal sewage was identified as the
dominant nitrate source (50.5 + 11.7%), followed by soil nitrogen (23.8 + 13.7%), atmospheric nitrate depo-
sition (14.3 + 2.9%), and nitrogen fertilizer (11.4 + 8.7%). Finally, an uncertainty analysis for nitrate source
apportionment demonstrated that the greatest uncertainty was associated with soil nitrogen, followed by
municipal sewage, nitrogen fertilizer, and atmospheric nitrate deposition. This study provides important sci-
entific information on riverine nitrate source apportionment to guide pollution control/remediation strategies
and highlights the benefits of utilizing /A'”0-NO3 to enhance nitrate source apportionment.

Keywords:
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1. Introduction serious and enduring global environmental problem that is especially
pronounced in many coastal plain zones. Nitrate contamination should

Coastal plain zones, which are occupied by 70% of the word popu- be addressed as the water quality is becoming degraded such that the
lation, are characterized by intensive anthropogenic activities (Narvaez- water cannot be used for drinking water (via desalination) and industrial
Montoya et al., 2022). Nitrate contamination in aquatic ecosystems is a or agricultural activities (Panagopoulos, 2021, 2022). High nitrate
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concentrations may increase biological productivity and ultimately lead
to altered phytoplankton communities and increased seasonal anoxia/
hypoxia, as well as potential risks to human health (e.g., “blue baby”
syndrome, thyroid disorders, stomach cancer, diabetes, and miscar-
riage) (Burow et al., 2010; Ostad-Ali-Askari et al., 2017; Shang et al.,
2020). Nitrate concentrations in river networks are controlled by the
interplay between allochthonous pollution sources and multiple inter-
acting nitrogen biogeochemical transformations. Nitrate originates from
a wide array of sources, including atmospheric nitrate deposition (AD),
nitrogen fertilizer (NF), soil nitrogen (SN), livestock excreta, and
municipal sewage (MS). Similarly, many nitrogen cycling processes (e.
g., plant/microbial uptake, ammonia volatilization, nitrification, and
denitrification) affect the form and concentrations of several nitrogen
species (Zhang et al., 2019; Ostad-Ali-Askari and Shayannejad, 2021).
To effectively control and remediate nitrate pollution, it is imperative to
trace and understand the factors controlling the fates and sources of
nitrate in a watershed.

During the past few decades, analytical techniques for stable isotopes
of nitrate (5'°N, 5'®0-NO3) have improved considerably. A major
advance was the development of the “denitrifier method” for the dual
analyses of the N/O isotopes of nitrate (Sigman et al., 2001; Casciotti
et al.,, 2002). Determination of nitrate isotopes using the denitrifier
method is easier and quicker than previous methods (e.g., ion-exchange,
cadmium-azide reduction, and AgNO3s method). Consequently, 5N/
5'80-NO3 are frequently used to assess nitrate sources and trans-
formations (Ji et al., 2017; Biddau et al., 2019; Ostad-Ali-Askari et al.,
2019; Torres-Martinez et al., 2020, 2021b; Wu et al., 2021). The theo-
retical concept for the dual-isotope approach is the characteristic 5'°N
and 5'®0-NO3 values of nitrate originating from different pollution
sources (Paredes et al., 2020). For instance, 5"°N-NO3 from AD, NF, SN,
and MS varies from — 13%o to 13%o, —6%o to 6%o, 0%o to 8%, and 4%o to
25%o, respectively (Kendall and McDonnell, 1998; Xue et al., 2009).
Further, the §'%0-NO3 of AD ranges from 25%o to 75%o, which are
appreciably higher than those derived from nitrate fertilizer (17%o to
25%0) and nitrification of NF, SN, and MS (5'%0-NO3 = —10%o to 15%o)
(Chen et al., 2020; Mayer et al., 2001). However, 5180—NO§ cannot
completely distinguish between the origin of nitrate from AD and
nitrification or nitrate fertilizer because of the wide range of 5'80-NO3
in AD and isotopic fractionation effects on 20 from nitrogen-cycling
processes. In order to overcome this limitation, a promising nitrate
70 anomaly (/A'70-NO3) has been employed as a tracer of atmospheric
nitrate deposition (Michalski et al., 2003).

In the atmosphere, mass-independent isotopic fractionation occurs
when ozone (Os) is formed resulting in the 5'70-0O3 value being signif-
icantly greater than the expected value according to §'%0-Os. This
phenomenon is termed an “isotopic anomaly” and can be expressed as
A0 =670 - 0.52 x 5180 (Xia et al., 2019). Nitrate derived from
atmospheric deposition is characterized by anomalous ’O enrichment
given that 170-enriched Os is transferred to nitrate during NO, oxidation
(Michalski et al., 2004). The A'0-NO3 of AD is positive and is
generally reported within the range of 17%o to 35%o. Conversely, the
majority of terrestrial nitrogen-cycling processes, such as nitrification
and denitrification, are mass-dependent fractionation processes, which
leads to A17O-NO§ derived from terrestrial sources being close to 0%eo.
A17O—NO§, as an unambigous tracer, was employed to identify nitrate
sources in several studies. For example, Liu et al. (2013) used triple
nitrate isotopes to determine that unprocessed atmospheric nitrate
accounted for 0-7% of nitrate in the Yellow River (China). Similarly,
Hundey et al. (2016) applied A0, 5'°N, and 5'80-NO3 to apportion
the sources of nitrate at Uinta Mountain (Utah, USA), and they found
that at least 70% of nitrate in aquatic systems originated from
anthropogenic-derived atmospheric deposition. Xia et al. (2019) inves-
tigated the AA'70-NO3 values of the Yellow River and Changjiang River
source regions located in the Qinghai-Tibetan Plateau. They found that
atmospheric sources contributed 10 + 4% of riverine nitrate in the
Qinghai-Tibetan Plateau and the AY0-NO3 values in rainwater
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(average value = 16.4%0) were lower than those reported for low-
elevation regions (19-30%q). In eastern China, AD pollution is a
serious issue because of the intensive anthropogenic activities including
agricultural activities and fossil fuel combustion during recent decades,
which leads to a dramatic increase in the emission of reactive nitrogen
(Zhu et al., 2015; Liu et al., 2016). For the Wen-Rui Tang River water-
shed, Liao et al. (2015) estimated the nitrate flux from the atmosphere to
be 13-32 kg NO3-N/ha-yr, which confirms the AD might be an impor-
tant riverine nitrate source. Therefore, conducting additional research is
highly warranted to advance the application/interpretation of A70-
NOs for differentiating/quantifying nitrate pollution sources in surface
waters of eastern China. However, until now, the application of A’0O-
NOj3 to nitrate source apportionment remains very limited. Little is
known regarding the detail characteristics of /A”0-NO3 in rainwater
and river water of eastern China. To the best of our knowledge, AY0-
NO3 approach has not been previously applied to identify nitrate
pollution sources in plain river networks of eastern China.

In view of the above considerations, this study aims to: (1) investi-
gate the characteristics of AUO—NOg in river water and rainwater of a
coastal plain river network of eastern China; (2) identify the fates/
transformations of nitrogen at the watershed scale; and (3) determine
the proportional contributions of the various nitrate pollution sources
using isotopic analysis in combination with a Bayesian-based stable
isotope mixing model (SIAR model) based on 55N/ A17O—NO§ . This
study provides a process-level understanding of nitrate pollution at the
watershed scale and improves the accuracy of nitrate source appor-
tionment. The novelty of this study is the application of A”0-NO3 for
tracing riverine nitrate sources in eastern China for the first time, which
will provide some new insights into riverine nitrate source contributions
for developing effective nitrate pollution control strategies.

2. Materials and methods
2.1. Study area

The Wen-Rui Tang River watershed (27°51'-28°02' N,
120°27'-120°46' E) is situated in rapidly developing Wenzhou City of
eastern China (Fig. 1) where has >2 million people living in the urban
zone and a total population of ~ 9 million (Liao et al., 2021). The Wen-
Rui Tang River is a representative plain river network, covering an area
of ~ 740 km? with 75% located in a flat alluvial plain (elevations =
3.0-4.2 m). The main stem length is ~ 34 km and an extended tributary
network of ~ 1200 km with many hardened waterways. The forest land
is mainly located on high elevations of the hills whereas the built
(including residential and industrial) and agriculture lands are distrib-
uted to low elevations of the alluvial plain. Forest and built lands are the
dominant land-use types, accounting for ~ 40% and ~ 38% of the entire
watershed area. Residential land with the central to northern area
containing Wenzhou city center is densely populated with intensive
commercial and services activities. Light industries including electro-
plating, hardware, shoe and leather industries are the predominant in-
dustrial types within the watershed. At present, ~100% of the industrial
effluents are collected and treated (Wenzhou Municipal People’s Gov-
ernment, 2020). Agricultural land covers ~ 20% of the watershed area
with staple crops being fruits (e.g., melons, oranges, and bayberry),
vegetables, soybeans, sweet potato, rice, tea, and flower gardens. The
application rates of nitrogen fertilizer are ~ 300 kg N/ha, and the most
commonly used nitrogen fertilizers for local farmers are ammonia-based
composite fertilizers and urea. Climate is subtropical monsoon with
annual rainfall, precipitation days, and temperature of 1800 mm, ~160
days, and 18 °C, respectively. Rainfall is concentrated (~70%) during
the period from April to September. River flows are nearly quiescence
for much of the year due to the plain topography, except when gates to
the Ou River are open for releasing flood water during storm events (e.
g., typhoons) or occasionally for flushing heavily polluted waters during
the dry season. Owing to rapid urbanization and industrial/agricultural
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Fig. 1. Map showing sampling sites and major land-use categories in the Wen-Rui Tang River watershed.

development of Wenzhou beginning in the 1980s, water quality in the
Wen-Rui Tang River was seriously deteriorated. Since 2015, a series of
water resource protection practices such as relocation of livestock/
poultry breeding farms, strict ban on factory effluent discharge to river,
removal of river sediments, improvement in the sewage collection, and
establishment of sewage treatment facilities have been implemented to
improve water quality, especially to address eutrophication.

2.2. Sampling and analysis

River water was collected from 17 sites distributed along the Wen-
Rui Tang River and its tributaries (Fig. 1). Three river water sampling
campaigns were performed in April, May, and June of 2021, and a total
of 51 river water samples were collected. We specifically choose the wet
season (April, May, and June) because it depicts a time period when the
entire watershed is contributing water and associated nitrogen to the
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river network, which provides a representative snapshot of watershed-
scale nitrogen sources. For each river water sampling event, field pa-
rameters such as water temperature (T), dissolved oxygen (DO), pH,
electrical conductivity (ECys °¢), and chlorophyll a (Chla) content were
recorded directly in situ using a multi-parameter water-quality sonde
(YSI-EXO02, Xylem, USA). At the same time, river water was collected
using an organic glass hydrophore sampler from a 30 cm depth in the
center of the stream segment. The collected river water samples were
immediately stored in pre-cleaned 0.5 L high density polyethylene
bottles and subsequently placed in a foam box with ice packs.

To acquire isotopic signatures of potential pollution sources, samples
of rainwater, soil, and nitrogen fertilizer were also collected within the
watershed. Specifically, a total of 38 rainwater samples were collected
using a funnel/bottle collector on a daily basis. Among the 38 rainwater
samples, 28 samples were collected at one site in our university (site R1,
Fig. 1) throughout the study period of April-June 2021, and the other 10
samples were collected at twice rainwater sampling events conducted
from additional five monitoring sites (sites R2-R6, Fig. 1) in May and
June. Owing to funding constraints, 24 representative samples were
selected from the 38 rainwater samples for analysis of isotopic compo-
sition. A total of 32 surface soil samples were collected in agricultural/
forest lands within the watershed at depth of 10 cm using a shovel.
Ammonium salts (N-P-K compound fertilizers, n = 7) and urea (n = 3),
as the major nitrogen fertilizer, were purchased from the local market.

In the laboratory, half of each rainwater and river water sample was
filtered through a 0.45 pm mixed cellulose ester membrane filter
(Tengjin, Tianjin, China) to remove large particulates within 12 h.
Filtered samples were used for determination of dissolved ion concen-
trations and stable isotope compositions, while non-filtered water
samples were used for total nitrogen (TN), total phosphorous (TP), and
total organic carbon (TOC). Filtered and non-filtered samples were then
stored at — 20 °C prior to completion of analyses within seven days.

Nutrient concentrations were analyzed colorimetrically with a
continuous-flow analyzer (Autoanalyser-3, Seal, Germany), and each
sample was determined in duplicate. The following colorimetric
methods were applied: salicylate method for NH4-N, hydrazine reduc-
tion method for NO3-N, sulfanilamide/N-1-naphthylethylene method
for NO3-N, the molybdenum-antimony method for POz -P, alkaline
potassium persulfate digestion combined with hydrazine reduction
method for TN, and potassium persulfate digestion combined with
molybdenum-antimony method for TP. Furthermore, ion chromatog-
raphy (Compact IC plus 882, Metrohm, Switzerland) was used for
chloride (C17) determination, and a total organic carbon analyzer (TOC-
L, Shimadzu, Japan) was utilized for TOC determination. CI~ and TOC of
each sample were determined in duplicate. Detection limits were TN/TP
= ~0.02 mg N or P/L, NH}-N/NO3-N/NO3-N/PO3 P = ~0.003 mg N
or P/L, CI” = ~0.1 mg Cl/L, and TOC/TC/IC = ~0.1 mg C/L.

The §'°N, 5!70, and §'0-NOj3 values of each sample were analyzed
using the bacterial denitrifier method at the Institute of Applied Ecology,
Chinese Academy of Sciences (Shenyang, China). Nitrate was trans-
formed to gaseous nitrous oxide (N2O) by denitrifying bacteria called
Pseudomonas aureofaciens (ATCC 13985, United States), which naturally
lack the reductase activity of N2O. Subsequently, the N,O was analyzed
for 5'°N, 6170, and §'%0 by trace gas pre-concentrator coupled to isotope
ratio mass spectrometry (IsoPrime PrecisION, IsoPrime Ltd., U.K.). The
analytical precision of the 5'°N, 6§70, and §'®0-NO3 values were +
0.3%o, +0.5%0, and + 0.6%o, respectively. A170-NO§ values were
calculated as A'70-NO3 = §'70-NO3 - 0.52 x §'80-NO3. For 6D/5'0-
H»0 analyses, H>O was first converted into CO and H; at 1280 °C. The
resulting Hy and CO were respectively measured for 5D-H,O and 5'%0-
H»0 on a water vapor isotope analyzer (Picarro L2140-I, Picarro, USA)
at the Chinese Academy of Agricultural Sciences (Beijing, China). The
analytical precision of 6D-H,0 and 5'80-H,0 were + 3%o and & 0.2%,
respectively. Nitrogen fertilizer and soils were dried, homogenized, and
ground to pass a 149-um nylon screen. The powdered samples were
acidified with 0.5 M HCI and rinsed to a neutral pH with deionized
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water. Nitrogen in the fertilizer/soil samples was reduced to N, by high
temperature combustion by Elementar Element Analyzer, and then, the
51N values of the resulting N, was determined via isotope ratio mass
spectrometry (IsoPrime 100, IsoPrime Ltd., U.K.). The analytical preci-
sion for 5'°N was + 0.2%.. Replicate standard samples were determined
at ~ 10 sample intervals during the isotopic composition analyzed in the
lab to ensure that the isotopic data are of high quality and reproduc-
ibility. Stable isotope ratios were expressed as delta (§) notation by
referring to the deviations in per mil (%o) relative to the international
standards as follows:

Rmm?e
5(%o) = <7l’ _

standard

1> % 1000 &)

where Rsample and Rtandard are the isotope ratios (i.e., 15N/14N, Y70,/1%0,
180,10 and D/'H) of the samples and standards. The standards for N
isotope and the other isotopes (i.e., 5170/5180-N0§ and 5D/§180-H20)
are N3 in air and Vienna Standard Mean Ocean Water, respectively.

2.3. Bayesian isotope mixing model

The proportional contributions of multiple potential nitrate sources
were calculated using a Bayesian isotope mixing model known as Stable
Isotope Analysis in R (SIAR) model based on 515N/A17O—NO§. SIAR
model, which is an open-source software package within the R
computing program (https://cran.rproject.org/web/packages/siar/i
ndex.html), is proposed to estimate the proportional contributions of
end-members (i.e., different sources) to a mixture (Parnell et al., 2010).
In the model framework, end-members are considered as random vari-
ables characterized by a probability function, and the Dirichlet distri-
bution is the prior contribution of proportional contribution.
Considering that the analytical forms of posterior distribution of the
proportional contribution are difficult to determine, the SIAR model
employs Markov Chain Monte Carlo method for generating a large
amount of realizations for characterizing proportional contribution of
each end-member. The SIAR model assumes that the stable isotopic
values and fractionation factor of nitrate sources follow a normal dis-
tribution; as such, it necessitates the use of the mean value and standard
deviation of isotopic signatures and fractionation factor of each nitrate
pollution source as model inputs. The key benefit of using SIAR model is
that it allows users to analyze the uncertainties associated with the
source apportionment problem (Ju et al., 2022). The model can be
expressed as follows:

k
Xy = Pi(Si+ Ci) + & @
k=1
S ~ N(Mjk, wﬁ) 3)
Cix ~N (/% Tﬁ) (€]
& ~ N(O, D‘_?) 5)

where Xj; is isotopic signature j (515N-N0§ and A17O-NO§ ) of the river
water sample i (i = 1, 2, 3...N); Sjx denotes the potential NO3-N source k
(e.g., municipal sewage, soil nitrogen, nitrogen fertilizer and atmo-
spheric nitrate deposition) of isotope j; Py represents the estimated
proportional contribution of source k, which obeys a Dirichlet distri-
bution; Cj refers to the isotopic fractionation associated with nitrogen-
cycling processes (e.g., denitrification) for isotope j of source k; and ¢ is
the residual error, which represents the unquantified variation among
individual mixtures. Additional details concerning the application of
this modeling approach can be found in Yang et al. (2013) and Gibrilla
et al. (2020). In the current study, the SIAR model was implemented on
the R 3.1.2 software, and the modeling protocol used iterations =
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500,000, burn-in = 50,000, and iteration maintainer = 30,000. The
isotopic signatures of potential nitrate sources considered in this study
are summarized in Table 1. Specifically, the 515N values for AD, NF, SN,
and MS were set as — 2.71 &+ 1.67%o, —2.25 =+ 1.75%o, 5.04 & 1.85%o,
and 10.49 + 4.53%, respectively; corresponding A0 values were
23.80 + 3.30%o for AD and — 2.82 =+ 1%o for terrestrial sources such as
MS, SN, and NF (see Supplementary Material for details).

3. Results
3.1. Hydrochemical variables and isotopic compositions in surface water

The 13 hydrochemical variables and five stable isotopes obtained
from the 17 monitoring sites in the Wen-Rui Tang River network on a
monthly basis during April-June 2021 are shown in Table S3 of the
Supplementary Material and further summarized in Table 2. DO con-
centrations varied from 0.71 to 10.05 mg/L, with 72.5%, 25.5%, and
10.0% of the samples meeting the class V (>2 mg/L, unfavorable for
denitrification), class III (>5 mg/L), and class I (>7.5 mg/L) water
quality standard of China, respectively. Environmental quality stan-
dards for surface water in China (GB 3838, 2002) (State Environment
Protection Bureau of China, 2002) are described in Table S4. The pH
values ranged from 7.35 to 8.68, which indicated that the surface waters
were neutral-to-weakly alkaline. Electrical conductivity (ECgs °c) de-
notes the amount of dissolved ions. In this study, ECys °¢ ranged from
100 to 650 pS/cm, which implied relatively dilute ion concentrations.
Chlorophyll a (Chla) exhibited wide spatio-temporal variations from 0.8
to 118.1 pg/L, with an average value of 12.1 ug/L.

TN concentrations varied from 1.27 to 12.51 mg/L, with nearly all
samples (~95%) exceeding the class V water quality standard of 2 mg/L.
Spatially, TN concentrations decreased in the following order: sampling
sites located at tributaries in old urban area (sites 5, 11, 12, and 17) and
old industry zone (site 4) of Wenzhou City > sites located at new urban
zone (sites 14 and 15), mainstream (sites 1, 2, 3, 7, 9, and 13), upstream
(sites 6 and 8), and wetland (site 16) > site located at river segment for
swimming (site 10). The high TN concentrations were found at site 17,
reaching 12.51, 8.91, and 9.83 mg/L in April, May, and June 2021,
respectively. By contrast, the lowest TN concentration (1.27 mg/L) was
observed at site 10 due to that this river segment was severed as a
swimming river for residents and was thus well protected by local
government. The spatio-temporal variations of NHJ-N concentrations
were similar to those of TN. The average NHZ-N concentration was 2.71
+ 2.63 mg/L (range = 0.20-11.45 mg/L), with > 40% and ~ 80% of the
samples exceeding class V (2 mg/L) and class III (1 mg/L) water quality
standards, respectively. The NO3-N concentrations (mean = 1.87 +
1.33 mg/L; range = 0.004-5.45 mg/L) were generally lower than NH}-
N, constituting ~ 40% of TN concentration on average. The NO3-N
concentrations were generally higher in the mainstream, upstream, and
wetland areas than those in tributaries of old urban area, with the

Table 1
Average isotopic values and standard deviations for the four potential nitrate
sources considered for the Wen-Rui Tang River watershed.

Source Sampling time 55N (%o0) A0 (%0)
Mean SD* Mean SD*
Precipitation nitrate April-June 2021 -2.71 1.67 23.80 3.30
Nitrogen fertilizer” December 2020 -2.25 1.75 -2.82°  1.00°
Soil nitrogen December 2020 5.04 1.85 -2.82¢ 1.00¢
Municipal sewage — 10.49° 4.53° -2.82¢ 1.00¢

2 SD denotes standard deviation.

> Ammonia-based composite fertilizers and urea.

¢ Set as the minimum value for AA'”0-NOj3 in river water.

4 Set as doubled the value of analytic precision (Xia et al., 2019).

¢ Data from nearby Changle River watershed (~160 km to the north; Ji et al.,
2017).
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Table 2
Statistical summary of hydro-chemical variables and isotopic compositions for
river water samples from the Wen-Rui Tang River watershed.

Parameters Number Mean SD* Minimum Maximum CV
(O/O)h

T (°C) 51 23.1 2.9 18.2 28.5 12.4

DO (mg/L) 51 3.68 231  0.71 10.05 62.9

pH 51 7.75 0.25 7.35 8.68 3.3

ECas °c (uS/ 51 350 120 100 650 34.6
cm)

Chla (pg/L) 51 12.1 236 0.8 118.1 194.6

TN (mg/L) 51 4.67 231  1.27 12.51 49.4

NH;-N (mg/ 51 2.71 2.63  0.20 11.45 97.2
L)

NO3-N (mg/ 51 1.87 1.33  0.004 5.45 70.9
L)

NO3-N (mg/ 51 0.10 0.06  0.01 0.44 65.6
L)

TP (mg/L) 51 0.28 0.23  0.08 1.32 82.7

PO -P(mg/ 51 0.19 0.19  0.02 0.95 99.6
L)

TOC (mg/L) 51 4.0 2.1 1.1 12.3 52.8

Cl™ (mg/L) 51 27.2 131 7.4 58.3 48.1

5D (%) 51 -2599 514 —36.01 -15.54 19.8

5'80-H,0 51 -5.11 0.64 —6.32 -3.14 12.6
(%0)

5'°N-NO3 514 8.91 3.20 272 17.72 35.9
(%o0)

5'%0-NO3 51°¢ 7.36 9.27 -9.36 35.99 126.0
(%0)

A0-NO3 51°¢ 1.06 228 -2.82 9.66 216.2

(%o0)

2 SD denotes standard deviation.

b €V denotes coefficient of variation.

¢ Six samples did not produce N,O during the bacteria denitrifier method.
4 One sample is outlier.

highest value at site 2 in June and lowest value at site 12 in June. The
NO3-N concentrations (mean = 0.10 + 0.06 mg/L) were much lower
than the NHZ-N and NO3-N concentrations because of its unstable redox
characteristics in most natural waters. Therefore, NO5-N had a minimal
impact on the isotopic characteristics of NO3-N. Mean values of TP and
PO3~-P were 0.28 + 0.23 and 0.19 + 0.19 mg/L, respectively, with ~
85%, ~50%, and 8% of the samples meeting the class V, class III, and
class II water quality standard of 0.4 mg/L, 0.2 mg/L, and 0.1 mg/L for
TP, respectively. TP and PO} -P concentrations showed similar spatio-
temporal variations to those of TN. TOC concentrations ranged from
1.1 to 12.3 mg/L (mean = 4.0 + 2.1 mg/L), and Cl” concentrations
ranged from 7.4 to 58.3 mg/L (mean = 27.2 + 13.1 mg/L). Overall,
these results identify that nitrogen pollution was the most serious sur-
face water impairment in the Wen-Rui Tang River network.

The 6D and 5'®0-H,0 values in surface water of the Wen-Rui Tang
River were from — 36.01%o to — 15.54%o (average = — 25.99 + 5.14%o)
and — 6.32%o to — 3.14%o. (average = — 5.11 + 0.64%o), respectively.
The §'°N-NO3 in surface water fluctuated from 2.72%o to 17.72%o
(average = 8.91 £ 3.20%0), with ~ 90% and ~ 50% of the samples
exceeding the 5'°N boundaries of NF (6%o) and SN (8%o), respectively.
5'®0-NOj3 in surface water ranged from — 9.36%o to 35.99%. with a
mean value of 7.36 + 9.27%o. Most of the 6180—NO§ values concentrated
within — 5%o to 15%0 which represented the theoretical range of 5'%0-
NOj3 formed from nitrification. The range of AUO-NOQ was narrower
than that of 5%0-NO3, and it ranged from — 2.82%o to 9.66%. (average
= 1.06 £ 2.28%o). The highest A”o-Nog was observed at site 2 in
June, while the lowest value was found at site 7 in April.

3.2. Nitrogen concentrations and isotopic compositions in atmospheric
precipitation

The values of nitrogen (TN, NHZ-N, NO3-N, and NO3-N) and isotopic
parameters in rainwater samples are shown in Table S5 of the
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Supplementary Material and summarized in Table 3. During the study
period, TN concentrations showed high spatial and temporal variations,
ranging from 0.16 to 6.58 mg/L (average = 1.71 + 1.25 mg/L). Dis-
solved inorganic nitrogen (NH-N + NO3z-N + NO3-N) was the main
form of nitrogen in precipitation, accounting for > 80% of the TN con-
centration. Concentrations of NH4-N ranged from 0.13 to 3.06 mg/L
(mean = 0.74 + 0.58 mg/L) and NO3-N from 0.11 to 2.12 mg/L (mean
= 0.64 + 0.49 mg/L). By contrast, NO2-N concentrations were much
lower (range = <0.003-0.05 mg/L).

During the study period, §D-H0 values in precipitation ranged from
— 76.60%0 to — 4.51%0 (mean = — 38.00 £ 25.70%q) and 6'°0-H,0
values from — 10.99%o to — 2.39%o (mean = — 6.41 + 3.08%o). The
5'°N-NO3 values in precipitation fluctuated from — 5.98%o to — 0.05%o
with a mean value of — 2.71 + 1.67%o., and 5180—NO§ ranged from
42.70%0 to 94.92%o with a mean value of 72.55 + 11.01%o. In compar-
ison with 5'%0-NO3, the A70-NO3 in precipitation had narrower
ranges of 14.83%o to 31.39%o, which was higher than those found in
groundwater from the Yellow River basin by Liu et al (2013) (range =
7.8-23.3%o), but it was comparable to those of surface waters reported
by other studies, such as Hundey et al. (2016) (range = 15.0-30.7%o;
Uinta Mountains, Utah, USA) and Huang et al. (2020) (range =
18.3-32.7%0; headwater region of Hun River, northeast China). The
narrow range of A!”0-NO3 values is beneficial for separating
atmospheric-derived nitrate from microbially produced nitrate, which
provides more conclusive discrimination of nitrate sources in surface
waters and groundwater. In addition, relatively moderate to significant
spatio-temporal variations were found in the nitrogen concentrations
and isotope (615N/6180/ A”o-Nog and 6D/6180-H20) values of pre-
cipitation (see Figs. S1-S6 in Supplementary Material), which implied
that future works should create long-term (at least two years) precipi-
tation monitoring network considering more sampling sites to obtain
representative data.

4. Discussion
4.1. River water sources

Stable hydrogen and oxygen isotopes of water (sD/5'80-H,0) in
precipitation and river water are widely used for hydrological tracing
because they provide climatic and environmental information (Hu et al.,
2019; Wallace et al., 2021; Wassenaar et al., 2011). A regression line of
the observed 6D-H50 vs. 5'80-H,0 for local rainwater was determined as

Table 3
Statistical summary of nitrogen concentrations and isotopic compositions for
rainwater samples from the Wen-Rui Tang River watershed.

Parameters Number  Mean SD* Minimum  Maximum  CV
(% )I;

TN (mg/L) 38 1.71 1.25 0.16 6.58 73.0

NHi-N (mg/ 38 0.74 0.58 0.13 3.06 78.4
L)

NO3;-N (mg/ 38 0.64 0.49 0.11 2.12 76.6
L)

NOz-N (mg/ 38 0.02 0.01 <0.003 0.05 58.3
L)

5D (%o) 24 —-38.00 2570 —76.60 —4.51 67.6

5'80-H,0 24 —6.41 3.08 -10.99 -2.39 48.1
(%0)

5'°N-NO3 244 —2.71 1.67 -5.98 —0.05 57.1
(%0)

5'80-NO3 24¢ 72.55  11.01 42.70 94.92 15.2
(%o)

AY0-NOz 24¢ 23.80 3.33 14.83 31.39 14.0

(%0)

@ SD denotes standard deviation.

b CV denotes coefficient of variation.

¢ Two samples did not produce N,O during the bacteria denitrifier method.
4 Three data points are outliers.
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the local meteoric water line (LMWL). The LMWL (6D-H50 = 5180-H20
+10,R=0.99, p < 0.01) was calculated according to rainwater samples
collected within the Wen-Rui Tang River watershed during April-June
2021. The LMWL was similar to that determined for the nearby Yongan
watershed (~95 km to the north; 6D-H;0 = 7.585180—H20 4 14.66) and
Qiandao Lake watershed (~230 km to the northwest; 6D-HyO =
8.435180—H20 +17.46) (Jin et al., 2019; Hu et al. 2020). Herein, a plot
of the measured 5D-H50 vs. 5180-H20 for river water (n = 51) and
LMWL was employed to assess water source dynamics in the Wen-Rui
Tang River watershed. Fig. 2 shows the linear relationship between
8D-H50 and 6180-H20 in river water (R = 0.73, p < 0.01), with the slope
of the regression line for river water (5.88) lower than the LMWL (8.27).
These results were attributed to evapotranspiration taking place within
the watershed. The 18O—HZO becomes more enriched than deuterium
during evaporation, which increases the oxygen and hydrogen isotopic
values and generates a systematic deviation from the LMWL (Gonfian-
tini, 1986). Moreover, the scatter of sD-H0 vs. 8'80-H,0 values
generally fell close to LMWL, indicating that recent rainfall served as the
main water source in the Wen-Rui Tang River watershed during the
study period.

4.2. Nitrogen transformation processes

We used 5'°N/5'%0-NO3 to provide evidence for major nitrogen-
cycling processes (e.g., nitrification and denitrification) controlling
NO3-N concentrations in the Wen-Rui Tang River watershed (Yang and
Toor, 2016; Li et al., 2019). Nitrification is a multi-step process of
oxidizing NH4-N to NO3-N and then NO3-N to NO3-N. In theory, ni-
trifying bacteria produce NO3-N by utilizing one oxygen atom from
oxygen gas in the air and two oxygen atoms from ambient water; thus,
the ratio of oxygen incorporation from water and oxygen gas is 2:1
(Wassenaar, 1995; Kendall and McDonnell, 1998; Mayer et al., 2001). In
this study, considering 5'80 value of 23.5% for atmospheric oxygen and
from — 14.16%o to — 0.92%o in ambient water measured at the nearest
Global Network of Isotopes in Precipitation monitoring station at Fuz-
hou (~240 km, International Atomic Energy Association), we estimated
that the 5'80-NO3 values from nitrification should vary from — 1.61%o
to 12.22%0 based on 6'%0-NO3 = 2 x [6'%0-H201/3 + 1 x [6'%0-021/3.
We also considered that the 5'80 values of microbially formed nitrate
may be up to 5%o higher than the calculated theoretical maximum value
(Xue et al., 2009). Accordingly, the theoretical 5180—NO§ values for the
Wen-Rui Tang River watershed derived from microbial nitrification
were calculated to fall within the range of — 1.61%o to 12.22%o. As

0 7 v
O Rainwater a,L’
® River water 0
- - - LMWL 0o
220 [
rs
$ 8
5-40— L’ oD-H,0=5.886"%0-H,0+4.03
2 M R=0.73, p < 0.01
0 ~
-60 & pmwL
.~ 5D-H,0=8.276*0-H,0+15.03
o o R=0.99, p < 0.01
'80 = T T T 1
-12 -9 -6 -3 0

3'80-H,0 (%)

Fig. 2. 6D-H,0 and 5'80-H,0 of rainfall and river water in Wen-Rui Tang River
watershed plotted along with the Local Meteoric Water Line (LMWL).
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shown in Fig. 3, most 5'80-NO3 values fell into the theoretical nitrifi-
cation range in the Wen-Rui Tang River watershed. This result demon-
strated that nitrification was a dominant nitrogen transformation
process in the Wen-Rui Tang River watershed. Further, these findings
suggest that the riverine nitrate mainly formed from the nitrification of
nitrogen originating from NF, SN, and MS.

Denitrification is an important microbially facilitated pathway for
removing NO3-N from aquatic ecosystems under anoxic/hypoxic con-
ditions (DO < 2 mg/L) by reducing NO3-N into dinitrogen (N3), with
NO3-N, nitric oxide (NO), and N3O as intermediate products (Hinshaw
et al.,, 2020). During denitrification of NO3-N, anaerobic microbes
preferentially consume the light isotopes of NO3-N (i.e., 14N and °0),
resulting in simultaneous enrichment of °N and %0 in the residual
NO3-N fraction along a ~ 2:1 linear line as NO3-N concentrations
decrease (Nestler et al., 2011; Yue et al., 2014). That is, a significant
positive relationship between 5'°N-NO3 and 5*%0-NO3 with the slope of
regression line being ~ 0.5 as well as a significant negative relationship
between 5'°N-NO3 and NO3-N concentrations frequently serve as a
denitrification diagnostic in water systems. Fig. 3 shows that the ex-
pected positive relationship between §!°N-NO3 and §'%0-NO3 with
slope value of ~ 0.5 was not found in April (R = — 0.48, p = 0.098, slope
value = — 1.51), May (R = — 0.84, p < 0.01, slope value = — 2.26) and
June (R = — 0.85,p < 0.01, slope value = — 1.64). Additionally, there
was no significant negative linear correlation between 5'°N-NO3 and
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Fig. 3. (a) 6'"°N-NO3 vs. §'®0-NO3 and (b) §'°N-NO3 vs. NO3-N concentrations
for river waters in the Wen-Rui Tang River watershed.
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nitrate concentration in April (R = 0.023, p = 0.94), May (R = — 0.07,p
= 0.79) and June (R = 0.38, p = 0.19). Consequently, we inferred that
denitrification was an insignificant process controlling isotopic compo-
sitions of NO3-N in surface water of the Wen-Rui Tang River during the
study period. This finding is consistent with the generally aerobic con-
ditions (mean DO = 3.68 + 2.31 mg/L) within the surface waters, which
restricts the anaerobic denitrification process.

4.3. Sources of nitrate

Chloride is generally considered a conservative constituent in natu-
ral waters that is not changed through physical, chemical or microbio-
logical processes. Thus, Cl™ is often used as an effective indicator of
mixing of different NO3-N sources (Widory et al., 2004; Xi et al., 2015;
Javadinejad et al., 2019; Bertrand et al., 2022). For instance, high CI™
concentrations are often found in human/livestock waste, whereas
mineral fertilizers generally have high NO3-N contents and low Cl™
contents (Liu et al., 2006). Thus, we utilized the molar ratio of Cl~ versus
NO3-N/Cl™ to obtain more information on pollution source identifica-
tion. Most of our river samples (especially samples in April) had high C1~
and low NO3-N/Cl”, which indicated that municipal and livestock
sewage were the likely sources of riverine NO3-N (Fig. 4).

To obtain qualitative information regarding predominant pollutant
sources affecting nitrate concentrations in the river network, we utilized
a dual isotope (§'°N, A'”0-NO3) plot approach. Herein, we assumed
that the sources of riverine nitrate in the Wen-Rui Tang River watershed
included a combination of AD, NF, SN, and MS (livestock numbers are
low within the watershed due to the strict ban of livestock/poultry
breeding farms). As shown in Fig. 5, most sampling points for 5'°N-NO3
vs. A70-NO3 distributed in the MS field, whereas 8 points including 5
points in June fell between the AD and terrestrial source fields. This
assessment implies that MS was likely a predominant nitrate source, and
AD also contributed to the riverine nitrate loads in the Wen-Rui Tang
River.

With the purpose of analyzing the relative importance of different
nitrate sources, most efforts were focused on applications of SIAR model
based on 615N/5180—NO§ (Yue et al., 2014; Nyilitya et al., 2021). In this
study, we implemented a SIAR model based on §'°N/A!”0-NO3 for the
first time in eastern China to provide a quantitative estimate for the
probability distribution of the proportional contributions of nitrate from
four potential sources (i.e., AD, SN, NF, and MS). The SIAR modeling
estimated that MS, SN, AD, and NF contributed 50.5 + 11.7%, 23.8 +
13.7%, 14.3 + 2.9%, and 11.4 + 8.7% of riverine nitrate, respectively,
in the Wen-Rui Tang River watershed (Fig. 6). Overall, MS was the
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Fig. 4. Correlation between NO3-N/Cl™ molar ratio and Cl- molar concen-
tration as an indicator of agricultural versus manure and municipal
sewage inputs.
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Fig. 5. Scatter plot of §'°N-NO3 and /AA'”0-NO3 values in river water, rainwater and potential nitrate sources in the Wen-Rui Tang River watershed. AD: atmospheric
deposition nitrate, NF: nitrogen fertilizer (ammonia-based composite fertilizers and urea); SN: soil nitrogen; MS: municipal sewage.
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Fig. 6. Proportional contributions from potential nitrate sources based on SIAR
model of 5*°N/AY0-NO3. Box plots illustrate the 25th, 50th, and 75th per-
centiles; the whiskers represent the 5th and 95th percentiles; the small white
circles denote the mean value. AD: atmospheric deposition nitrate; NF: nitrogen
fertilizer (ammonia-based composite fertilizers and urea); SN: soil nitrogen; MS:
municipal sewage.

greatest nitrate contributor, which was in good agreement with the
qualitative results from the dual stable isotope and hydrochemical (e.g.,
Cl™ content) assessments. Notably, AD accounted for 14.3 + 2.9% of
riverine nitrate, indicating the importance of considering atmospheric
nitrate inputs to coastal plain river networks of eastern China. The AD
nitrate input is expedited by low soil infiltration in residential/urban
areas where impervious surfaces and storm runoff events during the wet
season result in rapid transport of runoff waters into the river network.
Notably, in this study, river water and rainwater samples collected
during the wet season were assumed to reflect the riverine nitrate with
the influence of precipitation and terrestrial pollution sources. Owing to
the low or no precipitation during the dry season, sampling campaigns
were not carried out. It appears that the contribution of MS might

increase while that of NF, SN, and AD might decrease sharply during the
dry season due to the less precipitation and few leaching effects of NF
and SN. Considering lack of dilution effect of precipitation, the nitrate
concentration in the Wen-Rui Tang River network during the dry season
might be higher than that during the wet season (Ji et al., 2016).

This study identified MS as the predominant source of riverine ni-
trate in the Wen-Rui Tang River network. Despite recent efforts to collect
and conveyed all wastewater to central wastewater treatment plants, a
certain amount of municipal sewage appears to enter the nearby river
via sewer overflow caused by storm flow, as well as leaking sewer sys-
tems in parts of the study region. Therefore, urban sewage collection and
pipeline networks should be improved to assure effective collection of
sewage. Further, an adequate stormwater system is necessary to prevent
municipal sewage mixing with stormwater runoff during storm events
(e.g., typhoons). SN and NF were also identified as important nitrate
sources. Hence, enhancing nitrogen fertilizer-use efficiency utilizing the
4R (right source, rate, time, and place) nutrient stewardship initiative
would be a practical method to reduce nitrogen fertilizer leaching.
Finally, AD was identified as an important contributor of nitrate to the
Wen-Rui Tang River network. With continuing improvements to do-
mestic sewage treatment processing capacity/efficiency and decreasing
fertilizer application rates in China, the relative contribution of the AD
nitrate source to the Wen-Rui Tang River is expected to increase in the
future. Incorporating “sponge city” management practices to reduce
direct runoff and promote infiltration can significantly reduce nitrate
transport and facilitate nitrate losses (e.g., plant utilization and deni-
trification along groundwater pathways). Furthermore, the use of green
infrastructure, such as bioswales, riparian plantings, and buffer strips,
may provide additional opportunities to attenuate riverine nitrate con-
tributions from AD, NF, SN, and MS before these waters/nutrients enter
the coastal plain river network.

4.4. Uncertainty analysis

An uncertainty index (Ulyo), presented by Ji et al. (2017), was
calculated to characterize the degree of uncertainty associated with the
apportionment results of the 5'°N/A70-NO3 method. Ulgy denotes the
difference in the proportional contribution between the 5% and 95%
quantiles divided by 0.9 (see detailed information in Shang et al., 2020;
Torres-Martinez et al., 2021a, 2021b; Ju et al., 2022). A small Ulgg
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demonstrates that the source contribution is quite stable, whereas large
values indicate strong variability in the source contribution. As shown in
Fig. 7, AD contributions were relatively stable, displaying a Ulgy of
0.105, whereas the strongest uncertainty was associated with SN (Ulyg
= 0.486). MS and NF exhibited moderate uncertainties, with Ulgg values
of 0.426 for MS and 0.305 for NF. The increased uncertainty for SN and
MS may be attributed to the inherent spatio-temporal variations for the
isotopic composition of these sources. More rigorous investigation on
the spatio-temporal variations in the isotopic composition of these ni-
trate pollution sources and determination of the isotopic fractionation
factor during the biochemical processes are important to further reduce
the uncertainties for enhancing the quantitative apportionment of ni-
trate sources. In addition, as suggested by Ju et al. (2022), future works
should focus on incorporating extraneous information associated with
the natural distribution of the input parameters and then extracting the
covariate information if a strong factor that causes a pseudo-replicate in
mixture samples exists.

5. Conclusions

We used environmental isotopes in combination with water chem-
istry characteristics to identify nitrate sources and transformations in a
typical coastal plain river network in eastern China. The novelty of this
study is the application of A'70-NO3 to identify riverine nitrate sources
in eastern China for the first time. Nitrate was a major pollutant
contributing to water quality degradation (e.g., eutrophication, hypox-
ia/anoxia) in the Wen-Rui Tang River watershed. The nitrate concen-
trations varied from 0.004 to 5.45 mg/L with an average value of 1.87 +
1.33 mg/L during the study period. §D-H0 and 5'80-H,0 compositions
indicated that river water primarily consisted of modern/recent pre-
cipitation, with minor alteration by evaporation. The 5°N/s5'%0-NO3
values revealed no detectable denitrification, whereas nitrification was
revealed as a predominant nitrogen-cycling process. The A70-NO3
values in river water and rainwater of the Wen-Rui Tang River water-
shed ranged from — 2.82%o to 9.66%0 and from 14.83%c to 31.39%,
respectively. The SIAR model based on 5'°N/AY0-NO3 provided
apportionment for the proportional contributions of potential pollution
sources (AD, NF, SN, and MS). The SIAR modeling results indicated that
MS (50.5 + 11.7%) was the dominant source of nitrate, followed by SN
(23.8 + 13.7%), AD (14.3 + 2.9%), and NF (11.4 + 8.7%). The uncer-
tainty analysis identified the greatest uncertainty for SN (Ulyg = 0.486),
followed by MS (Ulgy = 0.426), NF (Ulgy = 0.305), and AD (Ulyy =
0.105). Notably, the A'70-NO3 values for precipitation and river water
provided the first quantitative estimate for AD, revealing AD as an
important nitrate source for rivers in eastern China, a region experi-
encing high inputs of atmospheric nitrogen deposition.

Overall, the results showed that A”O—NOg was more effective than
5'80-NO3 for enhancing riverine nitrate pollution source apportion-
ment, especially for the identification of atmospheric nitrate contribu-
tion. The reasons are as follows: (1) AUO—NO;,T values are stable and
cannot be changed during the nitrogen biogeochemical transformation
processes occurring in the terrestrial systems. Conversely, the initial
5'80-NO3 values of AD might be altered by 20 fractionation during
nitrogen cycling and thereby blur the estimation results; (2) the isotopic
range of A0-NO3 in AD is narrower than that of 5'80-NO3, which is
beneficial to reinforce the accuracy of the nitrate source apportionment
results. The results of this study can have significant implications for
local water resource managers because they can develop effective target
nutrient control and remediation strategies at the watershed scale with
quantitative information regarding riverine nitrate sources. Future
studies should exploit long-term and high-frequency sampling regimes
covering different climate and hydrological conditions, which could
provide detailed information regarding nitrogen discharge patterns
related to human activities, climate conditions, watershed hydrology,
and seasonality, and thus further improve our understanding of riverine
nitrate pollution sources.
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