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• DOC and DON export increased in rivers
in agricultural landscapes during storm
events.

• DOM source tracking with optical proper-
ties was combinedwith molecular compo-
sition.

• Bayesianmixing approach revealed signif-
icant leaching from manure DOM.

• N-containing formulas, polyphenols, and
condensed aromatics surged at peak flow.

• >60% unique formulas in the peak flow
originating from manure and affected
field soil.
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Accelerated export of nitrogen-containing dissolved organic matter (DOM) or dissolved organic nitrogen (DON) to
streams and rivers from agricultural watersheds has been reported worldwide. However, few studies have examined
the dynamics of DOMmolecular compositionwith the attention paid to the relative contributions of DON fromvarious
sources altered with flow conditions. In this study, end-member mixing analysis (EMMA) was conducted with the op-
tical properties of DOM to quantify the relative contributions of several major organicmatter sources (litter, reed, field
soil, and manure) in two rivers of a small agricultural watershed. DOC and DON concentration increased during the
storm events with an input of allochthonous DOM as indicated by an increase in specific ultraviolet absorbance at
254 nm (SUVA254) and a decrease in biological index (BIX), fluorescence index (FI), and protein-like component (%
C3) at high discharge. EMMA results based on a Bayesian mixing model using stable isotope analysis in R (SIAR)
were more accurate in source tracking than those using the traditional IsoSource program. Manure (>30%) and
field soil (also termed as “manure-impacted field soil”) (>23%) end-members revealed their predominant contribu-
tions to the riverine DOM in SIAR model, which was enhanced during the storm event (up to 56% and 38%, respec-
tively). The molecular composition of the riverine DOM exhibited a distinct footprint from the manure and manure-
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impacted field soil, with a larger number of CHON formulas and abundant polyphenols and condensed aromatics in
peak flow samples in the studied rivers. The riverine DOM during peak flow containedmany unique molecular formu-
las in both rivers (4980 and 2082) ofwhich>60% originated frommanure andmanure-impactedfield soil. Combining
the EMMAwith DOMmolecular composition clearly demonstrated the effect of manure fertilizer on the riverine DOM
of the watershed with intensive agriculture. This study provides insights into the source tracking and regulation of
DON leaching from anthropogenically altered river systems worldwide.
1. Introduction

Dissolved organic matter (DOM) plays a vital role in the global carbon
(C) and other biogeochemical cycles because of its active transformation
and exchange across the major Earth systems, namely, the lithosphere, hy-
drosphere, biosphere, and atmosphere (Aufdenkampe et al., 2011; Bauer
and Bianchi, 2011; Cole et al., 2007; Wehrli, 2013). Stream DOM is a com-
plex mixture of autochthonous (algal), allochthonous (plant and soil), and
anthropogenic (wastewater and agricultural runoff) organic matter (OM).
Thus, the composition and concentration of DOM undergo drastic changes
with hydrological, climatic, and anthropogenic disturbances in the water-
shed (Begum et al., 2019; Knapik et al., 2015; Park et al., 2018). Tracking
the sources of OM during storm events has been reported for natural
(Jung et al., 2014; Yang et al., 2015b), urban (Lee et al., 2019), and agricul-
tural watersheds (Derrien et al., 2018; Lee et al., 2020; Lee et al., 2019) by
using isotopic, spectroscopic, and chromatographic tools (Derrien et al.,
2019), in which dissolved organic carbon (DOC) receives most of the atten-
tion because of its high abundance.

Notably, studies have highlighted the importance of dissolved organic
nitrogen (DON) in aquatic biogeochemical cycles (Li et al., 2018; Osburn
et al., 2016; Pisani et al., 2017; Sipler and Bronk, 2015). Particularly, an-
thropogenic inputs of nitrogen (N) in agricultural watersheds worldwide
may lead to significant alterations in the concentration and composition
of DOM in streams and pertinent biogeochemical processes (Graeber
et al., 2015; Harrison et al., 2005; Hounshell et al., 2017; Pagano et al.,
2014; Pellerin et al., 2006). Excessive leaching of N from agricultural water-
sheds can cause intense eutrophication (Graeber et al., 2015; Smith et al.,
1999). Dissolved inorganic N (DIN) is often the main target in watershed
management, but DON fractions are also involved in critical environmental
problems such as eutrophication, hypoxia, DOM bioavailability, and green-
house gas (i.e., N2O) emissions (Chun et al., 2020; Li et al., 2018; Osburn
et al., 2016). Organic N accounts for 12–94% of the riverine dissolved N
pools (Li et al., 2016; Pisani et al., 2017; Sipler and Bronk, 2015). Studies
have reported the export of DON from DIN transformation by plants and
microbes, reemphasizing the importance of incorporating DON in N bio-
geochemistry research (Lewis et al., 2011; Li et al., 2018). The intrinsic
properties of OM control the stability of DOM in inland waters, whereas a
significant fraction of DON, namely, amino acids, urea, and amino sugars,
are considered bioavailable to the in situ microbial community (Bronk
et al., 2007; See et al., 2006; Seitzinger et al., 2002).

Advanced techniques such as Fourier transform ion cyclotron resonance
mass spectrometry (FT-ICR-MS) analysis have been applied to characterize
the molecular composition of DOM in urbanized (Begum et al., 2019; Lusk
and Toor, 2016; Ye et al., 2019; Zhang et al., 2021) and agricultural rivers
(Li et al., 2018; Luek et al., 2020; Spencer et al., 2019). The high-resolution
molecular composition showed an abundance of N- and S-containing for-
mulas in anthropogenically modified rivers and streams, including urban
and agricultural watersheds (Li et al., 2018; Lusk and Toor, 2016; Zhang
et al., 2021). Spectroscopic analysis has shown that agricultural streams
contain abundant protein-like DOM and are highly biodegradable com-
pared with undisturbed waters (Begum et al., 2019; Bida et al., 2015;
Chen et al., 2020; Graeber et al., 2015; Li et al., 2018; Wilson and
Xenopoulos, 2009). Spectrometric methods are more feasible for routine
DOM monitoring but lacks molecular specificity; therefore, ultrahigh reso-
lution FT-ICR-MS analysis has become popular for its high molecular spec-
ificity (McCallister et al., 2018). However, FT-ICR-MS analysis, which
provides DONmolecular composition at an ultrahigh-resolution, has rarely
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been used to study the agricultural export of DON (Li et al., 2018). Li et al.
(2018) reported the spatial variability and transformation of DON molecu-
lar composition in agricultural drainage channels. However, this source
tracking of DONby linkingmolecular formulas between riverwater and up-
stream end-members is scarce in agricultural watersheds.

To identify the predominant sources of riverine DOM during storm
events, many studies have relied on a qualitative analysis based on a com-
parison of the optical, molecular, and isotopic descriptors of DOM between
river samples and various end-members in the watershed (Inamdar et al.,
2011; Lee et al., 2016; Yang et al., 2015a). Themore recent studies have ap-
plied quantitative approaches such as linear mixing models to estimate the
relative contributions of potential DOM sources or end-members in the
catchment using optical, molecular, and spectroscopic descriptors of DOM
(Lee et al., 2020; Lee et al., 2019; Yang et al., 2015a). The traditional linear
mixing model approach using the IsoSource program has been frequently
used because of its simplicity; however, this model does not account for
the potential variability of DOM descriptors in the end-members. Bayesian
mixing models have emerged as an effective DOM source tracking method
in R, using the “stable isotope analysis in R” (SIAR) package, to overcome
the limitation but have been constrained to isotopic descriptors (Menges
et al., 2020; Parnell et al., 2010).

In this study, we make a first attempt with end-member mixing analysis
(EMMA) using the Bayesian mixing model approach in SIAR using optical
descriptors of DOM because this approach is suitable for considering the
variability within each end-member. Isotopic descriptors (e.g., 13C, 15N,
and 18O) are preferred for higher accuracy in the source tracking of simpler
moieties in multiple processes (e.g., nitrate and sulfate sources, plant water
uptake, and animal diet) (Tewfik et al., 2016; Wang et al., 2019; Xue et al.,
2012; Zhang et al., 2020). However, optical descriptors are simpler and
cost-effective for the analysis of complex targets such as DOM using
EMMA. Furthermore, SIARmodels with isotopic descriptors require trophic
enrichment factors (TFEs) or discrimination factors, useful for studying the
trophic level or diet of animals but not applicable in source tracking of DOM
by optical descriptors (Parnell et al., 2010; Wang et al., 2019). Unlike a
limited number of isotopes, many optical descriptors can discriminate
well among various DOM sources in different anthropogenically altered
watersheds (Derrien et al., 2018; Lee et al., 2020; Lee et al., 2019; Yang
et al., 2015a), allowing feasible, accurate source tracking of DOM by a
Bayesian mixing model (SIAR). Despite many advantages, EMMA with
DOM optical descriptors is not sufficient to explore DON export from agri-
cultural watershed; therefore, DOM molecular composition is necessary
for comprehensive understanding of DON.

Continuing our studies on source tracking of DOM and particulate OM
in headwater, agricultural, and urban watersheds (Derrien et al., 2018;
Derrien et al., 2020; Lee et al., 2020; Lee et al., 2019; Yang et al., 2015a),
we aim to provide the first assessment of DON source and composition by
combining optical and molecular techniques in an agricultural watershed
duringmonsoon storm events. Themain objective of this studywas to char-
acterize the molecular composition of DON in runoff water from two rivers
flowing through agricultural catchments. Specifically, we tested the hy-
potheses that (1) the stream DOM receives a large input of DON from the
upstream agricultural watershed during storm events and (2) the optical
and molecular composition of DOM can provide a holistic view of agricul-
tural alteration in the source and composition of DON. According to our re-
view of the literature, this report is the first on source tracking of DON in
runoff water from agricultural drainage channels using EMMAwith optical
and molecular analyses.
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2. Materials and methods

2.1. Study site

The study sites are located at the most downstream reaches of two riv-
ers, the Go-Hyeon River (GH) and the Ha-Song River (HS), which flow
into the recently constructed Bohyunsan dam reservoir in South Korea
(36°7′33.93″ N, 128°56′56.29″ E) (Fig. S1). The total catchment area of
the watershed is 32.61 km2. The predominant land use of the watershed
includes 80% forest and 12% agricultural land (Table S1) (Lee et al.,
2020). The typical weather in South Korea is characterized by a summer
monsoon from late June to September, followed by a long low-flow period
until March. Similar patterns were observed in 2019 at a nearby weather
station, accounting for 61% of the annual precipitation (1038 mm) during
the monsoon.

2.2. Sample collection

Water sampleswere collected from themouths of the GH and the HS be-
fore entering the Bohyunsan Reservoir from June 26 to 30, 2019 (Fig. S1).
The sampleswere classified into two categories, “lowflow” and “high flow”
based on hydrometeorological conditions such as rainfall, discharge, water
level, and turbidity (HACH turbidimeter) (Fig. 1). Water levels used to sep-
arate the low- and high-flow periods differed for the two rivers because of
the different hydrological conditions. For example, the water levels repre-
senting a low-flow period were 0.57 m for the GH and 0.22 m for the HS,
Fig. 1. Hydrograph of storm events including precipitation, water level, and discharge i
high flow are indicated by void and filled circles, respectively.
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and the high-flow water levels were 0.73 m and 0.26 m, respectively
(Fig. 1).

The preparation process of theDOM source end-memberwas performed
as described by Lee et al. (2020). Based on a preliminary survey of the
upper catchments, collection in triplicate was performed for potential or-
ganic source materials that might influence the downstream DOM, includ-
ing fallen deciduous broad leaves (e.g., beech, chestnut tree, oak, royal
foxglove tree) in forest, riparian reeds (Phragmites communis), field soil,
and manure, often used for compost in this watershed area (Fig. S1) (Lee
et al., 2020). The organic source materials were oven-dried at 45 °C for
three days. The dried plants were cut into pieces of about 1 cm2 before
grinding. The soils were sieved with a 2-mm sieve. The dried manure was
finely pounded into a mortar. The water-extractable OM (WEOM) from
each organic source material was obtained as the DOM source end-
member by mixing the materials with Milli-Q water at a solid-to-solution
ratio of 1:10 for the soil and manure samples or 1:20 for the plant samples.
Mixing was performed for 24 h at 130 rpm at room temperature (~25 °C).
Before filtration, the WEOM was centrifuged at 8000 rpm for 10 min. The
supernatants were finally filtered through pre-ashed 0.7-μm GF/F filters
(Whatman).

2.3. Analytical methods

2.3.1. Concentrations and optical properties of DOM
The concentrations of DOC and total dissolved nitrogen (TDN) were

measured in filtered water samples (pre-ashed GF/F; 0.7 μm) using a total
n the Go-Hyeon River (a) and Ha-Song River (b). Samples collected during low and
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organic C and N analyzer (TOC-VCPN, Shimadzu, Japan). Suspended solids
(SS) were measured as the difference between the filter weights before and
after filtering and drying at 60 °C for 48 h. The concentrations of nitrite-N
(NO2

−-N), nitrate-N (NO3-N), and ammonium-N (NH4
+-N) were measured

using ion-exchange chromatography (790 Personal IC, Metrohm,
Switzerland). DON concentration was calculated by subtracting the DIN
species (NH4

+-N, NO2-N, and NO3-N) from the TDN (DON = TDN – DIN).
Absorption spectra from 200 to 600 nm were scanned at 1 nm intervals
by an ultraviolet (UV)–visible spectrophotometer (UV-1800, Shimadzu,
Japan). The specific UV absorbance (SUVA254) was calculated based on
the decadic UV absorption coefficient at 254 nm divided by the DOC con-
centration (Weishaar et al., 2003).

Fluorescence excitation-emission matrices (EEMs) were recorded using
a luminescence spectrometer (F-7000, Hitachi, Japan) at an emissionwave-
length (Em) of 280–550 nm with 1 nm resolution by stepwise increasing
the excitation wavelength (Ex) from 220 nm to 500 nm at 5 nm. The exci-
tation and emission slits were adjusted to 10 nm. Thefluorescence response
to distilled water were subtracted from the measured spectra to obtain the
final EEM data of the DOM samples. Samples for measurements were
diluted until the UV absorption coefficient at 254 nm dropped below
0.05 cm−1 to minimize the inner-filter effects (Ohno, 2002). The samples
were rescaled to account for dilution. Raman units (R.U.) were used to rep-
resent fluorescence intensities (Lawaetz and Stedmon, 2009). Common
fluorescence descriptors, including the fluorescence index (FI), humifica-
tion index (HIX), and biological index (BIX) values, were calculated accord-
ing to the definitions described in the Supplementary Information
(Table S2) (Huguet et al., 2009; McKnight et al., 2001; Zsolnay et al.,
1999). Themajor fluorescent DOM (FDOM) components were decomposed
from the corrected EEMs by parallel factor analysis (PARAFAC) inMATLAB
software (MathWorks, Natick, USA) using the DOMFluor toolbox (Stedmon
and Bro, 2008).

2.3.2. FT-ICR-MS analyses
For solid-phase extraction (SPE), river water, and WEOM samples were

adjusted to pH 2.0. The sample was discharged through a pre-washed SPE
cartridge at a flow rate of 10mLmin−1 and then eluted with 6 mL of meth-
anol. The same steps were performed for the blank sample. Eluted samples
were stored at−20 °C until the FT-ICR-MS analysis (Chen et al., 2016; He
et al., 2016).

Ultrahigh-resolution mass spectrometry measurements were performed
by a 15 T FT-ICR-MS interfaced with an Apollo II electrospray ionization
source (15T-FT-ICR-MS, Bruker Daltonik, Germany), located at the Korea
Basic Science Institute in Ochang, South Korea. A negative ion mode
(NanoMate, Advion Biosciences, USA)was used because the DOMis usually
negatively charged. The instrument was operated in the broadband mode
between 150 and 1200 m/z. Samples were injected using a Hamilton
syringe at a flow rate of 2 μL min−1. The spray current was set to
−3.0 kV, and the drying gas temperature was 180 °C with a 4.0 L min−1

flow rate. The skimmer voltage was set to −30 V. One hundred transient
scans, collected with a 4 MWord time domain, were co-added to one
mass spectrum. External calibration with arginine clusters and internal re-
calibration with Suwannee River Fulvic Acid (SRFA) as a built-in mixture
was adopted to achieve a mass accuracy of <0.050 ppm. Procedural blanks
were obtained and subtracted from each corresponding sample. A conser-
vative magnitude threshold was set to an S/N ratio >10 to avoid potential
false positives. All ions were singly charged, confirmed by the isotopic spac-
ing pattern (1.00335 Da) of the corresponding 12Cn and 13C12Cn−1 mass
peaks. Spectra were evaluated in the mass range of 200–800 m/z. The
mass accuracy threshold was |Δm|≤2 ppm. The nitrogen rule and double
bond equivalent (DBE = 1 + 1/2(2C − H + N)) rule (permitting only
positive integers) were applied (Koch and Dittmar, 2006). The criteria of
elemental ratios were implemented as 2.25 > H/C > 0.3, O/C < 1.2, N/
C < 0.5, and S/C < 0.2. Several selected indices, such as the intensity-
weighted average (wa) molecular masses, elemental ratios, modified aro-
matic index (AImod = (1 + C − 0.5O − S − 0.5(N + H)) /
(C − 0.5O − N − S)), and DBE were calculated from the normalized
4

peak intensities (Koch and Dittmar, 2016). Assigned formulas were classi-
fied intofive compound groups: aliphatics, peptides, highly unsaturated hy-
drocarbons, polyphenols, and condensed aromatic structures (CAS) (Chen
et al., 2021; Spencer et al., 2014). The detailed criteria of the implemented
elemental ratios of the five groups are listed in Table S3 (Chen et al., 2021).

2.4. EMMA

Relative contributions of the collected DOM end-members to the river
waters were estimated using the SIAR package in R, based on a Bayesian
mixing model. SIAR and other Bayesian mixing models have been success-
fully applied for source partitioning of consumers' food by using C, N, and
other stable isotopes (Menges et al., 2020; Parnell et al., 2010). Stable C
and N isotopic composition of the end-members are included in the
supporting Information (Table S4) from a previous study on the same wa-
tershed (Lee et al., 2020). In this study, we attempted a SIAR model with
optical properties of DOM instead of stable isotopes and set the trophic en-
richment factor (TEF) to zero. Two optimumDOMoptical parameters were
selected for the analysis by following established criteria in the literature
(Derrien et al., 2018; Lee et al., 2019; Yang et al., 2015a; Yu et al., 2019).
In brief, DOM optical parameters were excluded if the storm sample
exceeded the range of the end-members. Discriminatory analyses, such as
t-tests, were also conducted between the low- and high-flow river samples.
Student's t-test was conducted if the data followed a normal distribution
(Shapiro–Wilk test), and Mann–Whitney Rank Sum Tests were applied oth-
erwise (SigmaPlot version 14.5). The two best candidates were chosen for
the model based on the p values of the t-tests. The values of the selected pa-
rameters in the riverine DOM (mixture), end-member DOM (sources), and
TEF (fractionation corrections) were used as the input parameter. The
model fitting via Markov Chain Monte Carlo simulation is known to pro-
duce plausible values for end-member contribution to the riverine DOM,
and outputs are presented as the average and standard deviations. The
model output also includes a posterior distribution representing a true
probability density for the selected parameters, which is used to evaluate
model performance (Parnell et al., 2010). Because the application of this
approach is the first attempt, a more common linear mixing model ap-
proachwith IsoSourcewas also conducted. The same set of DOMoptical pa-
rameters was used in the IsoSource programwith a source increment of 3%
and a mass balance tolerance of 1‰.

3. Results and discussion

3.1. Water quality during low and high flow

3.1.1. Rainfall and storm events
Two consecutive storm events had a cumulative rainfall of 190 mm.

Water levels measured during the sample collection ranged from 0.57 m
to 0.73 m and from 0.22 m to 0.26 m in the GH and the HS, respectively
(Fig. 1). The short lag time between rainfall and discharge suggests a
short water retention time in the small watershed and the dominance of
surface runoff. SS and turbidity increased during the storm events
(1357 mg L−1 and 1569 NTU, respectively) by two orders of magnitude
from the base flow (2 mg L−1 and 3 NTU) (Table S5).

3.1.2. C and N concentrations
DOC concentrations were highly variable during the storm events with

an average of 3.85 mg L−1 (2.60–8.11 mg L−1), with higher levels during
the high-flow than the low-flow period in the GH and the HS (Fig. 2;
Table 1). Similar observations of an increase in DOCwere reported in rivers
during storm events (Lee et al., 2019) and monsoon seasons (Ittekkot et al.,
1985), attributed to the input of allochthonous OM from soil and terrestrial
systems (Lee et al., 2019; Raymond et al., 2016). Additionally, TDN and
NO3

− concentrations in the HS were significantly lower (p < 0.05) during
the high-flow period (3.32 and 2.17 mg L−1, respectively) than the low-
flow period (6.41 and 5.38 mg L−1). Although the use of manure fertilizer
in agricultural watersheds might lead to increased N concentrations in



Fig. 2. Mean C and N concentrations during low and high flow in the Go-Hyeon
(GH) and Ha-Song (HS) rivers in the agricultural Bohyunsan watershed.
Significant differences between the low- and high-flow samples at p < 0.05 and
p < 0.01 are indicated by * and **, respectively.
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monsoonal rainfall or winter snowmelt (Jiang et al., 2014; Luek et al.,
2020), enhanced microbial activity, shorter water retention time, and
plant uptake could lower the TDN and NO3

−-N concentrations during
storm events (Jiang et al., 2014). DON concentration was significantly
higher (p < 0.01) during the high-flow period (1.32 mg L−1) in the GH
than in the low-flow period (0.57 mg L−1), whereas the increase in the
HSwas not statistically significant (Fig. 2; Table 1). Higher DON concentra-
tions were also reported in agricultural runoff with inputs of organic and in-
organic fertilizers compared with runoff without fertilizer (Li et al., 2018).
The concurrent increase in DOC and DON concentrations suggests that sig-
nificant amounts of allochthonous DOMmay enter rivers with a significant
fraction of DON from disturbances in the landscape such as tilling,
cropping, and applying fertilizer (Graeber et al., 2015). While DOC and
DON export exceeded the dilution effect during storm events in the riverine
DOM, relatively smaller amount of inorganic C or N export was probably
offset by dilution from rainfall and discharge.

3.2. Dynamics of DOM optical descriptors

3.2.1. Fluorescent DOM components
Three FDOM components (C1, C2, and C3) were identified using

PARAFAC modeling. C1, C2, and C3 were assigned to humic-like (C1), ter-
restrial humic-like (C2), and protein-like (C3) components (Fig. S2) based
on similarities with the peaks reported in the literature (Cory et al., 2010;
Fellman et al., 2010; Lee et al., 2020). The FDOM components were also
matched with the OpenFluor database (Murphy et al., 2014), and 214,
62, and 110 matches were found for the C1, C2, and C3 components, re-
spectively (Table S6). The intensity of the FDOM components, relative to
the total fluorescence, termed %C1, %C2, and %C3, is presented in this
Table 1
Dissolved organic carbon (DOC) concentration and optical descriptors of the river samp
lected dissolved organic matter (DOM) optical descriptor for the end-member mixing an

DOC [mg g−1] DON [mg g−1] SUVA2

End-members (n = 3) Litter 40.50 0.54 2.18
Reed 41.00 3.48 1.04
Field soil 0.16 0.02 5.38
Manure 14.50 1.83 4.89

[mg L−1] [mg L−1]
Go-Hyeon River (n = 11) Average 3.66 1.11 4.66

Minimum 2.86 0.38 3.08
Maximum 4.82 2.00 6.92

Ha-Song River (n = 6) Average 4.19 0.91 4.21
Minimum 2.60 0.59 3.18
Maximum 8.11 1.43 6.23

Validated range X
t-Test, p-value (low vs high) 0.016

Rejecte
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study as optical descriptors of allochthonous and autochthonous DOM in
the rivers and end-members.

3.2.2. Characteristics of end-members
DOC concentrations in the WEOM of the end-members were variable

among litter (40.50 mg g−1), reed (41.00 mg g−1), field soil
(0.16mg g−1), and manure (14.50 mg g−1) (Table 1). DON concentrations
in the end-members were in the following order: reed (3.48 mg g−1) >ma-
nure (1.83 mg g−1) > litter (0.54 mg g−1) > field soil (0.02 mg g−1)
(Table 1). SUVA254 and HIX were the highest in the field soil (5.38 L mg
C−1 m−1 and 11.89), followed by manure (4.89 L mg C−1 m−1 and
3.35) (Table 1). The much higher HIX in field soil suggests intense humifi-
cation of DOM in the soil as opposed to manure, although both end-
members have a predominant aromatic fraction, indicated by high
SUVA254 (Inamdar et al., 2012; Yang et al., 2015a). The lower values of
BIX and FI in field soil indicate insufficient presence of biologically pro-
duced fresh DOM, whereas the higher values in manure suggest the state
of its early composting phase when the manure-derived DOM is exported
(Lee et al., 2020). Humification of DOM in field soil was also evident by
its higher%C2 (61%) and lower%C1 and%C3 (Fig. S3; Table 1), consistent
with studies that reported a predominant contribution from terrestrial
DOM in soil leachate (Derrien et al., 2018; Derrien et al., 2020; Lee et al.,
2020). By contrast, manure DOM contained higher amounts of humic- (%
C1: 42%) and protein-like (%C3: 37%) components andwas depleted in ter-
restrial humic-like DOM (Fig. S3; Table 1). Even though humic-like DOM is
usual in soil and terrestrial sources, other sources including manure can
also contain a small fraction of humic-like fluorophores (Zhang et al.,
2012).

Litter and reed end-members exhibited different DOM compositions
from field soil and manure counterparts with very high %C3 and low
SUVA254, suggesting the presence of labile DOM with only small fractions
of humic-like substances and aromatic content (Derrien et al., 2020; Lee
et al., 2020). Additionally, the lower HIX in the reed-derived DOM (0.29)
than in the litter-based DOM (1.09) suggests that the reed end-member
did not undergo humification as much as the litter end-member. The latter
showed a lower BIX (0.37) and FI (1.54) than the former, indicating a lack
of biological and/or fresh DOM in litter end-members (Table 1). Our find-
ings are in line with studies reporting a relatively higher level of humifica-
tion in leaf litter and soil DOM, a labile protein-like content in reed DOM,
and the dominance of fresh biological products in manure-derived DOM
(Derrien et al., 2020; Inamdar et al., 2011; Lee et al., 2020; Lee et al., 2019).

3.2.3. Characteristics of riverine DOM
Optical characteristics of the river water samples showed dynamic

changes between the two rivers under different flow conditions. SUVA254

increased from low to high flow in the GH (range: 2.68–6.01 L mg
C−1 m−1) and HS (range: 2.76–5.41 L mg C−1 m−1) (Table 1). The con-
comitant increase in DOC concentration and SUVA254 indicates that
les and four end-members in the Bohyunsan watershed. The section criteria and se-
alysis are indicated in bold font at the bottom row.

54 [m2 g−1] HIX BIX FI %C1 %C2 %C3

1.09 0.37 1.54 25 14 61
0.29 0.67 1.76 14 4 82
11.89 0.44 1.41 27 61 13
3.35 0.75 1.93 42 21 37

5.40 0.81 1.74 55 22 23
4.33 0.73 1.67 50 16 20
6.75 0.89 1.82 64 27 27
6.56 0.76 1.70 54 26 20
4.07 0.61 1.59 46 19 13
8.39 0.81 1.79 60 37 28
O X O X O O
0.165 0.370 0.004 <0.001 0.206 0.011

d Rejected Rejected Selected Rejected Rejected Selected
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allochthonous DOM rich in aromatic content entered the river from up-
stream catchments during storm events (Ittekkot et al., 1985; Lee et al.,
2019; Yang et al., 2015a). BIX (0.61–0.89) and that FI (1.59–1.82) values
were higher during the low flow in both rivers than high flow, suggesting
declined production of fresh DOM during the storm events (Table 1). %
C1 (46%–64%) in riverine DOM decreased substantially during the high
flow in both rivers, whereas %C3 (13%–28%) increased (Table 1). How-
ever, no clear trends were observed in the HIX and %C2 values between
the two flow periods. The contrasting pattern of increasing SUVA254 versus
decreasing BIX and FI agreed well with the typical trend in DOM character-
istics during storm events in forested (Inamdar et al., 2011; Yang et al.,
2015a) and urban watersheds (Lee et al., 2019). Therefore, the riverine
DOM during storm events is presumed to be enriched with aromatic and
humified DOM constituents, possibly stemming from soil and terrestrial
sources. However, a simple comparison of the optical properties between
riverine DOM and various end-members is limited in quantifying the rela-
tive contributions from the end-members in the catchment. EMMA can fa-
cilitate quantitative evaluations.

3.2.4. EMMA using optical descriptors of DOM
A set of DOM optical descriptors including SUVA254, HIX, BIX, FI, %C1,

%C2, and%C3were considered for EMMA on the basis of (1) their applica-
bility in the literature and (2) their independent nature or normalization
with DOC concentration (Derrien et al., 2018; Derrien et al., 2020; Lee
et al., 2019; Yang et al., 2015a). SUVA254, BIX, and%C1 values in the rivers
were not within the range of end-member values; thus, they were excluded
from EMMA (Table 1). HIX and %C2 were also excluded because differ-
ences between the low- and high-flow samples were not statistically signif-
icant. Finally, FI and%C3were selected as the most suitable parameters for
EMMA because the values of riverine samples werewithin the end-member
range and showed good discrimination between the low- and high-flow
samples in the t-test (p < 0.05) (Table 1; Fig. 3a).

EMMA conductedwith FI and%C3using SIAR revealedmajor contribu-
tions frommanure and field soil in the rivers of the agricultural watershed,
regardless of the flow season. However, distinct patterns were observed in
the contributions of the low- and high-flow riverine DOM (Figs. 3b, S4, S5).
The contribution of litter end-members decreased from 19% to 3% in the
Fig. 3. End-member mixing analysis (EMMA) plot based on FI and %C3 (a). Relative c
model using Stable Isotope Analysis in R (SIAR) (b) and IsoSource program (c). Go-Hy
different symbols.
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GH and from 23% to 18% in the HS during the high-flow period
(Fig. 3b). The contribution from the reed DOM also decreased from
18% to 2% in the GH and from 24% to 15% in the HS. By contrast,
field soil (23%–38%) and manure (30%–56%) exhibited greater contri-
butions to the high-flow riverine DOM than litter and reed because of
the higher accessibility of DOM leaching from the manure-applied soil
in the watershed (Inamdar et al., 2011; Lee et al., 2019). Although the
two rivers belong to the same watershed, contributions of the two
end-members varied between the rivers, presumably because of their
different land use and hydrology (Fig. 3b; Table S1). For instance, the
contribution from the manure end-member increased drastically in the
GH during the storm event, whereas the contribution of field soil was
greater in the HS than in the GH. Both sub-catchments are occupied by
forest lands (>70%), but agricultural lands are much more dominant
in the GH (15.5%) than in the HS catchment (3.5%), which can cause
a higher contribution of manure to the GH (Fig. 3b). DON concentration
in the manure (1.83 mg g−1) was much higher than those in the soil
(0.02 mg g−1) and litter (0.54 mg g−1) end-members, consistent with
the EMMA results. The highest DON concentration observed in reed
WEOM (3.48 mg g−1) was contradictory to a previous study reporting
highest C/N ratio in humic fraction of reed and riparian plant WEOM
in agricultural watersheds (Lee et al., 2020).

The EMMA results from the IsoSource programwith the same set of op-
tical tracers (i.e., FI and %C3) as input parameters showed predominant
input from the field soil but failed to provide reasonable estimates of the
contribution from the manure end-member (Fig. 3c). The variability in
end-member contributions between low and high flow did not conform
with the patterns found in the SIAR model and the frequent use of manure
as agricultural activities. For example, the contribution from field soil end-
members during a storm event usually increases due to enhanced leaching
and flushing of soil DOMwith surface runoff and subsurface flow (Inamdar
et al., 2012; Inamdar et al., 2011; Lee et al., 2019; Yang et al., 2015a); how-
ever, the IsoSource model exhibited a decrease in field soil contribution
from low to high flow (Fig. 3c). SIAR model outputs (Fig. 3b) including
the proportion density plots (Figs. S4, S5) clearly show the distinct contri-
bution of each end-member DOM during low flow versus high flow. There-
fore, the SIARmodel performs better than the IsoSourcemodel in this study
ontributions of organic matter sources to storm samples estimated from the EMMA
eon (GH) and Ha-Song (HS) rivers during low and high flow are distinguished by
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with only four end-members and two small rivers in the Bohyunsan water-
shed where agricultural practices are active.

3.3. Molecular composition of the end-member and riverine DOM

The detected molecular formulas ranged between 4181 and 7303 in the
GH and 3032–7780 in the HS, much lower than the field soil (7883) and
manure (11139) end-members (Fig. 4, Table S7). CHO compounds were
the most abundant in both rivers, followed by CHON, CHOS, and CHONS
(Fig. 5; Table S7). DOM in the GH is abundant with CHO compounds
(27%–81%), except for peak discharge (14%), and CHON formulas were
more dominant during the peak discharge (47%) (Fig. 5). In the HS, the
number of CHON formulas increased during the high-flow period up to
67%, and the CHO formulas decreased (Fig. 5). A relatively smaller but dis-
tinct increase in the number of CHONS molecular formulas was also ob-
served in the GH (up to 35% in peak flow) and the HS (11%) during the
high-flow period. The abundant CHON formulas in peak discharge provide
evidence of additional DON inputs from the manure or manure-applied
field soil, which contained many CHON formulas (37% and 45%, respec-
tively) than the litter (21%) and reed (31%) DOM end-members (Fig. 5).
The abundance of N-containing formulas (CHON + CHONS) in manure
DOM (65%) is consistent with the high DON concentration (Figs. 4 and 5;
Tables 1 and S7). Higher fractions of N formulas in riverine DOM under
peak discharge indicate substantial export of DON from the field soil and
manure to the receiving rivers (Pang et al., 2021; Wagner et al., 2015). A
study in agricultural watersheds reported a high abundance of CHON in
manure and manure-impacted soil, with high biodegradability of DON
(Luek et al., 2020). Another study also confirmed the leaching of DON
from the biological transformation of inorganic N fertilizers in a controlled
soil experiment (Lusk and Toor, 2016). This finding suggests that active
transformation of inorganic N content in manure by plants and microbes
Fig. 4. Van Krevelen diagrams of the detected molecular formulas in
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could enhance DON export from the catchment to the rivers (Ardón et al.,
2010; Lusk and Toor, 2016).

Among the detected molecular formulas, highly unsaturated hydrocar-
bons were the most abundant biomolecular compounds in the rivers,
followed by polyphenols, aliphatic hydrocarbons, and CAS (Fig. S6;
Table S7). Variability in DOM molecular composition was observed in the
CAS and polyphenol compounds between low- and high-flow samples. In
the GH, CAS compounds increased from 5.5% to 7.4% on average from
low to high flow, and the increase in polyphenols ranged from 13.5% to
15.5% (Fig. S6; Table S7). In the HS, changes between low flow and high
flow were more drastic as CAS compounds increased from 6.4% to 12.0%
and polyphenols increased from 14.9% to 18.7% (Fig. S6; Table S7).
These increases in CAS and polyphenol compounds in the riverine DOM
suggest a predominant contribution from the field soil and manure end-
members during peak flow, containing higher CAS (20.8% and 13.2%, re-
spectively) and polyphenols (22.4 and 29.3%), as opposed to litter
(<15%) and reed end-members (<10%) (Fig. S6). Although the GH sub-
catchment has more agricultural land use than that of the HS, the detailed
molecular composition can differ, as we observed in this case. Nevertheless,
the abundance of CAS compounds in the end-members and the two rivers
supports ourfinding fromEMMA thatfield soil andmanure are the predom-
inant contributors of riverine DOM in the agricultural watershed. Although
no study has reported enhanced CAS compounds in DOM from agricultural
watersheds, a high abundance of polyphenols was reported in the Yangtze
basin during the high-flow period (Pang et al., 2021).

3.4. Comparisons between end-members and riverine DOM

The detected molecular formulas were compared between the river
samples and end-members, and 536 formulas were commonly present in
the DOM of all samples. Among the river samples, 825 and 641 common
litter (a), reed (b), field soil (c), and manure (d) end-members.



Fig. 5. Relative abundance of molecular groups identified from FT-ICR-MS analysis in the Go-Hyeon (a) and Ha-Song (b) rivers and the four end-members (c).
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formulas in the GH and the HS, respectively, were observed. Such common
formulas can represent the refractory (termed “stable”) fraction of DOM
over the period (Figs. 6 and 7). Molecular formulas present in two or
Fig. 6. Stable (common), resistant (common in ≥2 samples), and unique molecular for
molecular formulas and sampling times are included above each box. Similarities betwee
shown in a Venn diagram.
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more riverine DOM samples were considered semi-labile and were termed
as “resistant”. Unique or newly identifiedmolecular formulas in each of the
riverine DOM samples were termed as “unique” formulas. In the GH, the
mulas during two consecutive storm events that affected the Go-Hyeon River. Total
n the end-members and the unique molecular formulas from the peak flow (#9) are



Fig. 7. Stable (common), resistant (common in ≥2 samples), and unique molecular formulas during the storm events in the Ha-Song River. Total molecular formulas and
sampling times are included above each box. Similarities between the end-members and the uniquemolecular formulas from the peak flow (#5) are shown in a Venn diagram.
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number of resistant DOM formulas in the low-flow samples (i.e., #1 and
#7) and the high-flow samples ranged from 1552 to 3775 and from 2493
to 3470 during the first and the second storm events, respectively, except
for the peak discharge (#9) (Fig. 6). The DOM molecular composition in
the peak discharge (#9) exhibited an unusually large number of uniquemo-
lecular formulas (>4980 formulas), indicating newly added allochthonous
DOM through surface runoff and subsurface leaching during the peak dis-
charge (Pang et al., 2021). In the HS, the resistant molecular formulas
from low-flow (#2) and high-flow samples ranged from 1267 to 2577,
and DOM in the peak discharge sample featured 2082 unique formulas
(Fig. 7). When the DOM composition of the end-members was compared
with the unique molecular formulas in the peak flow, it was evident that
contributions from manure (1718 and 594) and field soil (3054 and
1315) end-members were predominant in the GH and the HS (Figs. 4 and
6). However, approximately 30% of the unique molecular formulas in the
GH (1585) and the HS (704) during the peak flow were not found in any
of the four end-members, which can be explained by either the (1) presence
of an additional source of DOM in the catchment (e.g., riparian plants,
algae, groundwater, and deep soil), (2) occurrence of fresh DOM produced
in situ from microbial exudates, (3) breaking down of complex lignin com-
pounds, or (4) aggregation of smaller molecules (Benner and Biddanda,
1998; Romera-Castillo et al., 2014; Ward et al., 2013). A study implied ad-
ditional contributions from different soil layers, such as increasing input
from deep soil in riverine DOM during peak flow (Lee et al., 2019). Simi-
larly, many unique molecular formulas have been reported in the Yangtze
River, mainly ascribed to products from lignin degradation, leached from
a soil DOM pool during a high-flow period (Pang et al., 2021). These find-
ings indicate that using only four end-members might be insufficient to
track the DOM source, particularly in large river systems with multiple an-
thropogenic stresses. Therefore, careful evaluation is necessary for selecting
end-members for accurate mixing model outputs. Furthermore, the
Bayesian mixing model provides the optimum solution to end-member
DOM contributions to rivers, unlike the linear mixing models, which
provide a range of feasible solutions (Wang et al., 2019). However, the
SIAR program can fit a model even if the mixture values (riverine
9

DOM) remain outside the mixing polygon of source signatures (end-
member DOM); thus, data should be evaluated carefully before attempting
to model in SIAR (Parnell et al., 2010). Despite these limitations, quantifi-
cation of the contribution of end-members by EMMA models coupled
with the molecular composition of DOM in the small agricultural water-
shed provided a clear indication of the impact of manure on field soil and
riverine DON pool.

3.5. Comparison between optical properties-based EMMAand FT-ICR-MS results

The predominant end-member contribution from field soil and manure
found in EMMA using DOM optical descriptors were consistent with FT-
ICR-MS results (Figs. 3, 6, 7). For example, a relatively higher number of
CHON, CHONS, CAS, and polyphenols formulas found in peak flow were
similar to those of field soil andmanure (Figs. 5, S6). The similarity analysis
of DOMmolecular composition between riverine DOM also revealed that a
large number of the unique molecular formulas were introduced during
peak flow (Figs. 6, 7). Over 60% of these unique molecular formulas
came directly from the field soil and manure end-members. In addition, a
principal component analysis (PCA, performed in R with vegan package)
also displayed clear clusters of low and high flow samples (Fig. S7). The
two major principal components explained 64% of the total variance.
High flow samples were aligned along the PC1 (40.4%) suggesting close as-
sociation with field soil and manure end-members as well as with CHON,
CHONS, CAS, and polyphenols formulas (Fig. S7; Table S8). The two optical
descriptors used in EMMA, FI, and %C3 were aligned along the PC3 and
PC2, respectively (Fig. S7; Table S8). Litter and reed end-members were
scattered indicating relatively smaller contribution to the riverine DOM
(Fig. S7), which was consistent with our findings from DOM optical
descriptor-based EMMA and similarity analysis of DOM molecular com-
position. Despite using only four end-members, which is the minimum
number of sources required for SIAR model, the enhanced export of
DON from manure-impacted agricultural watershed was revealed by
combining DOM optical and molecular compositions. However, includ-
ing more DOM end-members such as algae, sediments, and ground
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water will increase the accuracy of the EMMA (Lee et al., 2019; Lee
et al., 2020).

3.6. Environmental implications of DON

Management of DIN has been reported in agricultural and urban water-
sheds to improve water quality by controlling eutrophication, harmful algal
blooms, and greenhouse gas emissions (Chun et al., 2020; Smith et al.,
1999). However, many studies have reported a significant contribution of
DON to agricultural runoff affected by inorganic fertilizer or manure
(Graeber et al., 2015; Hussain et al., 2020; Li et al., 2018; Luek et al.,
2020; Manninen et al., 2018). High DON concentrations can interfere
with instream processes, such as nitrification and ammonification, and
change N transformations in affected rivers (Li et al., 2018). DON used to
be considered available only for bacteria, but studies have provided evi-
dence of planktonic uptake of DON, particularly in DIN-depleted environ-
ments (Berthelot et al., 2021; Bronk et al., 2007). The relatively low
concentration range of DON observed in the small Bohyunsan watershed
might bemuchmore pronounced in watersheds heavily affected by agricul-
tural activities. Therefore, the rising N pollution in agricultural watersheds
worldwide warrants further research on the source, composition, and con-
trol of DON at higher spatial and temporal resolutions to complement the
knowledge on DIN and for improved management of N leaching.

4. Conclusion

Source tracking of DOM in two rivers of an agricultural watershed re-
vealed enhanced contribution from manure and manure-impacted field
soil to the riverine DOM, particularly during peak flow of storm events.
The predominant contribution of manure DOM in the rivers quantified by
EMMAwith optical descriptors was consistent with the molecular composi-
tion of DOM. Increases in CHON and CHONS formulas up to 67% and 35%,
respectively, and a decrease in the CHO formulas during the peak flow sug-
gest a significant alteration in the end-members contribution to DON.
Similarity analysis for molecular composition also confirmed that manure
and field soil were the major sources of the molecular formulas uniquely
contained in riverine DOM during peak flow. Many studies have focused
solely on DIN export from agricultural catchments due to the use of inor-
ganic fertilizers; however, manure application has been considered a fre-
quently used alternative to N and P fertilizers without paying much
attention to DON leaching from the watershed. Therefore, this study pro-
vides useful insights into the environmental implications of DON in anthro-
pogenically impacted river systems. Due to changing climate with an
increase in precipitation in the tropical and temperate regions, the leaching
of DON might be enhanced further and cause challenging environmental
problems associated with DON.
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