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HIGHLIGHTS

e Fluorescence ratio of two humic DOM
components is proposed as water source
tracer.

e Water source separation of streamflow
in a mixed land-use catchment was
conducted.

e The applicability of the fluorescence
tracer was validated by water O-18 in
forest.

e The fluorescence tracer can identify
more than two pre-event water sources.
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ABSTRACT

Tracing water sources of streamflow in a mixed land-use catchment is critical for predicting pollutant emissions
from various human activities to streams but remains a major challenge. A rain event based field monitoring
study was conducted in the Jieliu catchment located in the hilly area of central Sichuan Province, southwest
China. The ratio of the maximum fluorescence intensities (Fyay) of the two humic-like dissolved organic matter
(DOM) components at excitation/emission wavelengths of 255 (315)/415 nm (component 1; C1) and 260 (375)/
480 nm (component 2; C2) was proposed as a tracer for quantifying streamflow water sources. Satisfactory
performance of using the Fpax(C1)/Fnax(C2) ratio in hydrograph separation of streamflow at the outlet of a forest
sub-catchment was verified by through comparison with the hydrograph separation results based on 5'°0 data.
The Fnax(C1)/Fnax(C2) ratio was then applied to estimate the contributions of rainwater and pre-event water
sources under different land use types to the streamflow in an agro-forest sub-catchment and the entire catch-
ment. The hydrograph separation results using the Fpax(C1)/Fmax(C2) ratio can be used to support the optimi-
zation of water resource management and the quantification of pollutant loadings from major water sources to
streams at the catchment scale.
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Z.-X. Sun et al.
1. Introduction

Water source identification of streamflow in a mixed land use
catchment is of utmost importance for optimizing the management of
the quantity and quality of rivers but remains difficult. Water isotopes
(e.g., 2H and '80) are the most commonly used conservative tracers to
distinguish event (e.g., rainfall) water from pre-event water. However,
they do not have very high specificity (i.e., different pre-event water
sources can have the same isotopic ratio). The poor specificity of isotopic
signature in various pre-event water sources precludes the use of water
isotopes to estimate the water contributions of different land uses to
streamflow in a catchment during a rain event (Abbott et al., 2016).

A variety of solutes, including natural ions (e.g., Cl~, NO3, SO‘Z;’,
Na™, and Ca2+), artificial sweeteners (e.g., acesulfame and sucralose),
and pharmaceuticals (e.g., carbamazepine, sulfamethoxazole, diclofe-
nac, and caffeine), have been used as environmental tracers to identify
water sources (Abbott et al., 2016; Buerge et al., 2009; Lubick, 2009;
Riml et al., 2013). The concentrations of some natural cations and an-
ions often differ between rainwater, groundwater, and soil water
because of various biogeochemical processes. Therefore, they can be
selected to estimate the contributions of pre-event water sources (e.g.,
soil water and groundwater) to streamflow during rainfall (Stewart
et al., 2022; Xiao et al., 2023). Nevertheless, the applicability of natural
ions for identifying water sources from different land uses remains un-
clear because their specificity has not been extensively evaluated.
Anthropogenic pollutant tracers can be used to track contaminated
water sources; however, their applications are mostly limited to small
temporal and spatial scales owing to their reactivity in the environments
(Abbott et al., 2016; Buerge et al., 2003).

Dissolved organic matter (DOM) is a biogenic tracer that may be
more versatile than other solutes for tracking water from multiple
sources. DOM is ubiquitous in various environmental media (such as
precipitation, soils, water bodies, and wastewater). In particular, the
inherent quality of plant material and land use directly control the
chemical composition of DOM (Cotrufo et al., 2022; Zhao et al., 2020).
As a mixture of thousands of dissolved carbon compounds, DOM may
have distinct properties (e.g., chemical composition, isotopic signature,
optical properties, and stoichiometry). DOM is often assumed to be
conservative; thus either a single or multiple properties of DOM can be
used to identify water source(s) and flow path(s) (Begum et al., 2023;
Ramon et al., 2021; Voss et al., 2015).

Different water sources may have the same dissolved organic matter
(DOC) concentration but different compositions, resulting from various
biogeochemical processes or human activities. Although fluorescent
compounds account for only a small portion of the total DOM pool
(Fellman et al., 2010), the conservative components of DOM have po-
tential as tracers for distinguishing water sources. Protein-like fluores-
cent compounds (e.g., tryptophan and tyrosine) are the most degradable
components of DOM in the environment (Cory and Kaplan, 2012). The
contribution of protein-like compounds to DOC concentration could lead
to a decrease in the ability of DOC concentration to trace streamflow
water sources. Our previous study found that the ratio of the maximum
fluorescence intensities of two humic-like components was as conser-
vative as 120 during the mixing of rainwater and pre-event soil water on
sloping farmland and thus may serve as a water tracer for hydrological
paths at the plot scale (Xian et al., 2018). Fluorescent DOM has also been
used to trace temporal changes in hillslope-to-stream connectivity and
to track the interactions between surface water and groundwater (Burns
etal., 2016; Hu et al., 2016; Quiers et al., 2013). Therefore, we assumed
that humic-like DOM components in potential pre-event water sources
were stable at the rain-event scale and experience conservative mixing
during rainfall-induced hydrological processes at a small catchment
scale. Moreover, the abundance ratio of the two conservative DOM
components should have a higher specificity than their DOC
concentration-normalized abundances. To the best of our knowledge, no
multiple scale field investigations have been reported on the use of the
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abundance ratio of two stable fluorescent DOM components to estimate
the contributions of water from different land uses/vegetation covers to
streamflow at the catchment scale.

The objective of this study was to evaluate the feasibility of using the
ratio of the maximum fluorescence intensities of two conservative DOM
components to quantitatively distinguish between the contributions of
rainwater and multiple pre-event water sources to streamflow in a mixed
land-use catchment. The results of this field study offer a novel tool that
can be used to support the optimization of water resource management
and the protection of major streamflow water sources from pollution by
anthropogenic activities.

2. Materials and methods
2.1. Site description

The study area (31°16' N, 105°28'E) is a small headwater catchment
(35 ha; Jieliu catchment) located in Yanting, Sichuan, Southwest China
(Fig. 1). The catchment elevation ranges from 405 to 535 m above sea
level (a.s.l.). This area features a moderate subtropical monsoon climate,
with the annual average temperature and rainfall (1981 to 2006) being
17.3 °C and 826 mm, respectively. In total, 5.9 %, 65.5 %, 19.7 %, and
8.9 % of the annual precipitation is distributed in the spring, summer,
autumn and winter, respectively (Zhao et al., 2013a). The dominant
land use type in the Jieliu catchment is sloping farmland, which ac-
counts for 42.2 % of its total area and is planted with maize and corn in
rotation. Other main land use types included forests (32.2 %), paddy
fields (9.9 %), residential areas (7.6 %), orchards (5.2 %) and grasslands
(1.7 %). The forestlands were alder-cypress mixed plantations whereas
the orchards in the middle catchment were mainly planted with lemon
trees. The slopes of the catchment are dominated by purple soil, which is
loamy and classified as an Entisol according to the soil taxonomy of the
United States Department of Agriculture. The valley area of the catch-
ment is dominated by paddy soils.

On slopes, rainwater largely travels through the thin soil layer
(normally <60 cm, and particularly <50 cm on steep forestland) via
preferential flow as well as piston flow, then quickly passes through the
fractures in the mudrock and finally flows laterally over the top of the
impermeable sandstone layer underneath the mudrock into the streams
(Zhao et al., 2013a). Paddy fields have a low-permeability soil layer at a
depth of 45-50 cm (Liu et al., 2022), above which lateral flows may
occur. Therefore, in this study, the top 50 cm of the soil layer was
considered the major source of soil water contributing to the stream-
flow. Stream water flows from the northeast to southeast of the catch-
ment. There are six wells in the catchment area. Five wells were
constructed in a flat valley and were used mainly as sources of drinking
water for local farmers. Another well with no human perturbations was
located on the lower slope east of the pond. The shallow groundwater
levels in the six wells varied in the ranges of 411-431 m a.s.l. in August
2021, and 410-431 m a.s.l. in June 2022. The lowest groundwater levels
were observed in the well nearest the catchment outlet, while the
highest groundwater levels were detected in the well on the lower slope.
In this catchment, shallow groundwater is available only in the lowland
areas and no groundwater was found in the highland areas (Zhang et al.,
2019). Sloping farmlands are rain-fed, while paddy fields are sometimes
irrigated for rice growth with water pumped from wells in the valley
during dry days (Zhang, 2015).

2.2. Sampling and analysis

Sampling campaigns for rainfall, soil waters (including total and
mobile soil water) under different land uses, residential runoff (a
mixture of rainwater, overland flow, and domestic wastewater collected
by the sewerage system), streamflow, and shallow groundwater (well
water) were conducted in the Jieliu catchment.

Two representative lands of each of the five vegetation cover types
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(forest, orchard, grassland, sloping farmland, and paddy fields) in the
catchment were selected (Fig. 1). Suction cup soil water samplers (1900,
Soil Moisture Equipment Corp., Santa Barbara, CA, USA) were installed
at depths of 5-10, 15-20, 25-30 and 45-50 cm to collect mobile soil
water before and after rainfall by applying a maximum tension of —80
kPa with a vacuum. On the other hand, right before and after rainfall,
disturbed soil samples were collected with core sampler (50 mm inner
diameter) from the same four depths at three sampling points, and three
samples from the same depth were combined to form a composite
sample. Undisturbed soil cores (100 cm?) were also taken in triplicate.

Owing to difficulties and constraints encountered in the field, only
two successful sampling/monitoring campaigns were conducted during
the summers of 2021 and 2022. Two complete sets of hydro-climatic
data and samples of various types were obtained at all locations for
the rain events on August 22, 2021, and June 26, 2022. The rain event
on August 22, 2021, had a higher amount and a greater maximum in-
tensity than the rain event on June 26, 2022, and was thus defined as a
“heavy rain” in this paper for convenience. Accordingly, the rain event
on June 26, 2022 was referred to as a “light rain” hereinafter. Before
each rain event, the residential runoff samples were collected at the
outlet of residential sub-catchment, and groundwater samples were
collected from six wells (Fig. 1). Although all six wells are located in
forest areas, they can be recharged not only by forest drainage but also
by subsurface flows from potential source areas under different land
uses/vegetation covers (Zhao et al., 2013a). Therefore, groundwater
samples collected from these wells were used to represent groundwater
in the catchment. At the outlets of the Jieliu catchment (Sy;) and its
forest (1.6 ha; Sg), residential (2.02 ha; Sg) and agro-forest (12.1 ha; Sag)
sub-catchments, streamflow/runoff samples were collected at 30-min
intervals during rainfall. For each rain event, rainwater samples were
collected near all soil sampling locations in 1-1 containers until the rain
stopped. A funnel was connected to each container and a table tennis
ball was placed in the funnel to reduce evaporation. In addition, it
should be noted that 2022 (annual rainfall: 581.1 mm; annual average
temperature: 17.2 °C) was a much drier and slightly warmer year than
2021 (annual rainfall: 1389.2 mm; annual average temperature:
16.4 °C). Stream discharge was monitored every 15 min with a float-
type (Huazheng, Chongging, China)/capacitance-type (Odyssey,
Christchurch, New Zealand) water level meter using a calibration rela-
tionship between the water flux and level.
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Total soil water, which includes both matric-bound stationary water
and mobile water in soil (Landon et al., 1999), was extracted using a
cryogenic vacuum distillation system having four extraction units (West
et al., 2006). Each unit consists of extraction and collection tubes. A
sample vial containing the soil sample was placed in an extraction tube
in a heating cup. All the five units were connected to a vacuum pump.
Water vapor emanating from the sample was trapped in a collection tube
with liquid nitrogen. To ensure the complete extraction of water from
the soil sample, extraction was conducted until no more water vapor
appeared in the collection tube. Soil water collected with suction cup
samplers represents the mobile fraction of water in the soil (Brooks et al.,
2009). The bulk densities and volumetric water contents of the undis-
turbed soil core samples were measured.

Rainwater samples and all potential pre-event water samples were
analyzed for 580 and DOM fluorescence. For isotopic analysis, water
samples were filtered through 0.22 pm membrane filters into 2 mL glass
vials with a cap containing a barrier and sealed with Parafilm® to pre-
vent evaporation. The samples were stored in a refrigerator at 4 °C prior
to analysis. Oxygen isotope analysis was performed using an L2120-i
analyzer (Picarro, Santa Clara, CA, USA). The oxygen isotope data
were expressed as 5'%0, which is defined as the difference between the
measured ratios (140,/1°0) of the samples relative to the measured ratios
of the Vienna Standard Mean Ocean Water (VSMOW) (Eq. (1)). The
measurement precision for each sample was within 0.05 %o.

18 16,
O/ Osample

51805am e = (7
pl ]80/160VSM0W

_ 1) « 1000%o &)

Soil DOM was obtained by water-soil oscillation: the soil samples
were extracted with ultrapure Milli-Q water at a soil/liquid ratio of 1/10
(w/v), shaken for 24 h at 180 rpm and 25 °C, and then filtered through
0.45 pm membrane filters. An Aqualog spectrophotometer (Horiba JY,
Edison, NJ, USA) was used to analyze the fluorescence excitation-
emission matrices (EEMs) of the water samples and water extracts of
the soils. Excitation (Ex) and emission (Em) wavelength ranges were
250-500 and 200-600 nm, respectively. Milli-Q water was used as the
blank to eliminate Raman scattering peaks. Rayleigh bands and Raman
scattering in the EEM spectra are also removed. The fluorescent DOM
components were identified by conducting parallel factor analysis
(PARAFAC) using SOLO (Eigenvector Research Inc., Manson, WA, USA).
Each component was quantified in terms of the maximum fluorescence

Fig. 1. Soil and water sampling locations in the Jieliu catchment located at Yanting, Sichuan, southwest China.
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intensity (Fpnax), which was obtained by multiplying the fluorescent
component loading by the maximum value of the corresponding
excitation-emission spectral loading (Murphy et al., 2013).

2.3. Selection of tracers and end-members

Two humic-like fluorescent DOM components, component 1 (C1)
and component 2 (C2), with peaks at Ex/Em wavelengths of 255 (315)/
415 nm and 260 (375)/480 nm, respectively, were detected in all
sources and streamflow samples (Fig. 2). Both C1 and C2 have complex
structures that are difficult to degrade. They are highly conservative
during mixing processes over short distances at the event scale (Abbott
et al., 2016; Stedmon and Markager, 2003; Xue et al., 2022). In addition,
although fluorescence in the region of protein-like components was
detected in some water samples, it was too weak to be distinguished
independently in most water samples. Given the relatively high biode-
gradability of protein-like component (Wickland et al., 2012), they were
not considered tracers for water sources in this study. Therefore, the
ratio of Fy,x of C1 and C2 was selected as a potential tracer to identify
the water sources contributing to the streamflow.

The potentials of the total and mobile soil waters as end-member for
tracing water sources were compared. Total soil water exhibited marked
differences from groundwater in both Fpax(C1)/Fpax(C2) ratio and 580,
whereas mobile soil water did not always differ from groundwater
(Fig. S1). Moreover, it should be noted that mobile soil water samples
were not always available at all four sampling depths, depending on the
pre-event soil moisture. Therefore, the total soil water, rather than
mobile soil water, was chosen to represent the pre-event water source
for streamflow from the soil.
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Pre-event end-member(s) from potential sources (total soil water
with different vegetation covers, residential runoff, and groundwater)
were selected based on the land-use composition and hydrologic
connection of the water sources to the stream. In particular, ground-
water was considered a potential end-member only for the catchment/
sub-catchment with the outlet located at an elevation below the
shallow groundwater table. Because the detected well water levels in the
Jieliu catchment were at least 60 m below the outlet (485 m a.s.l.) of its
forest sub-catchment, groundwater was not considered a potential end-
member of the streamflow at Sg. Therefore, rainwater and forest soil
water were selected as potential end-members of streamflow at the Sg
during rainfall. The runoff baseflow at the outlet (457 m a.s.l.) of the
residential sub-catchment was mainly domestic sewage and was
considered a potential water source for the downstream area. For the
agro-forest sub-catchment, rainwater, soil waters of forest, sloping
farmland, paddy field, and groundwater were considered potential end-
members of the streamflow at the outlet (414 m a.s.l.; Spp) during
rainfall. At the outlet (405 m a.s.l.; S;) of the Jieliu catchment, rain-
water, soil waters of forest, orchard, grassland, sloping farmland, and
paddy field, residential runoff, and groundwater were considered po-
tential end-members of the streamflow collected during rainfall.

Measurements of liquid water 180 were used to validate the results
obtained using the Fpax(C1)/Fnax(C1) ratio of DOM. The spatial vari-
ability of rainfall 80 in the small Jieliu catchment was neglected. For
each rain event, the mean values of Fya(C1)/Fmax(C1) ratio and §'80 for
rainwater samples collected at all sampling locations were used to
represent the tracer values of the event water end-member. The mean of
the depth-averaged values of Fiax(C1)/Fpax(C2) ratio and 5'%0 in total
soil water collected prior to each rain event at the two representative
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Fig. 2. The split-half validated results of excitation (Ex) and emission (Em) loadings of two major fluorescent DOM components (C1 and C2) identified using
PARAFAC across all water source and streamflow samples. Corresponding contour plots of the same components are shown.
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lands was used for each soil water end-member.

2.4. Hydrograph separation

To examine the capability of the new tracer Fp,ax(C1)/Fnax(C2) ratio,
the IsoSource model developed by Phillips and Gregg (2003) was
employed to identify the plausibility of the potential water sources of the
streamflow and their respective contributions, as it allows for the
calculation of water contributions from more than two sources with a
single tracer. The following mass balance equations were solved using
an iterative algorithm:

8 = fada + /8B + .../nON 2)
I=fa+fs+.. M 3

where Q is the discharge; § is the tracer value; f is the fraction of each
end-member; and the subscripts A, B and N refer to different end-
members.

The IsoSource model was implemented with source increments of 1
% and a mass balance tolerance of +0.5 %o, which allows uncertainty
derived from measurement error and sample variability of both sources
and streamflow (Phillips and Gregg, 2001). The mean of the feasible
contributions from each end-member was used as the final result, and
the proportions of all end-members were summed to 100 %.

The IsoSource model was also used to estimate the contributions of
rainwater and forest soil water to streamflow at the outlet of the forest
sub-catchment (based 5'80 data to validate the new tracer) and the
contributions of rainwater and pre-event total soil water to post-rain
total soil waters under different vegetation covers (based on Fy,5x(C1)/
Frax(C2) ratio and §'80 data, respectively).

2.5. Evaluation of tracer performance

The performance of Fpax(C1)/Fnax(C2) ratio in estimating water
sources was evaluated by comparing it with the source proportion re-
sults determined by the traditional water isotope tracer 20 in a single
land-use drainage area of forest. In this study, the hydrograph separation
results based on 880 data were considered as the true values (T, and
the results by Fiax(C1)/Fpax(C2) ratio were considered as the estimated
values (E;). The root mean square error (RMSE) and coefficient of
determination (R%) were calculated to evaluate the accuracy.

1

RMSE = }1 Z (Ei — T,-)z} “
i=1
i(Ei -T)
R=1-1 5)
> (T — My

i=1

where n is the number of validation samples; E; and T; are the estimated
and true value of the pre-event water’s proportion in each streamflow
sample, respectively; and M; is the mean value of the pre-event water’s
true proportions in all streamflow samples during a rain event. Lower
RMSE and higher R? indicate that the source proportion results have less
errors and are more accurate.

2.6. Statistical analysis

Statistical analyses were conducted using SPSS software (version
20.0; SPSS Inc., Chicago, IL, USA). Differences in Fpax(C1)/Fpax(C2)
ratios and 5'80 values among different water sources (rainwater, total
and mobile soil water, groundwater, and residential runoff) were
analyzed using one-way analysis of variance (ANOVA). Differences in
tracer values among the pre-event total soil waters of lands with
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different vegetation cover (forest, orchard, grassland, sloping farmland,
and paddy) were also examined using one-way ANOVA. Relationships
between Fyax(C1)/Fmax(C2) ratio and 5'%0 in each water source of
streamflow were determined through linear regression analysis.

3. Results

3.1. Conservative fluorescent DOM components in water sources and
streamflow

The excitation-emission spectral loadings of the two conservative
fluorescent DOM components (C1 and C2) found in the samples of both
the streamflow and its water sources are shown in Fig. 2. The C1 is
similar to the C6 reported by Stedmon and Markager (2005), C2 by
Williams et al. (2010), C2 by Hiriart-Baer et al. (2013), and C2 by Xian
et al. (2018), which consisted of humic fluorophores of anthropogenic
origin that are commonly present in aquatic and soil environments. The
C2 identified in this study was similar to the C2 reported by Stedmon
and Markager (2005), C3 by Kothawala et al. (2014), and C1 by Xian
et al. (2018), which consisted of fulvic acid fluorophores of terrestrial or
endogenous origin (mainly from soil microorganisms).

3.2. Differences in Fpgx(C1)/Fmax(C2) ratio and 580 among various
water sources

The F,ax(C1)/Fnax(C2) ratios of total and mobile soil water (data sets
for all vegetation cover types are shown), groundwater, and residential
runoff prior to rainfall were significantly different from those of rain-
water on both August 22, 2021, and June 26, 2022 (Fig. S1). For the
2021 rain event, the differences in Fpnax(C1)/Fpax(C2) ratio were sig-
nificant among the total soil water, residential runoff and groundwater;
however the difference was insignificant between mobile soil water, and
groundwater. In contrast, for the 2022 rain event, significant differences
were observed between all four pre-event water source types. The lowest
mean values of Fy,,x(C1)/Fnax(C2) ratios were detected in the rainwater
for both events. It appears that under hydro-climatic conditions
Fnax(C1)/Fnax(C2) ratios in mobile soil water, groundwater, and resi-
dential runoff are more variable than total soil water. In particular,
higher Fnax(C1)/Fnax(C2) ratios (i.e., greater relative abundance of
humic fluorophores) in pre-event groundwater were observed in drier
and warmer conditions in 2022.

However, for both rain events, significant differences in 580 among
all pre-event water sources were observed, except between total soil
water and residential runoff, with the lowest mean values of 580
detected in rainwater and the highest mean values of §'%0 found in pre-
event mobile soil water. The §'80 varied within a narrower range across
all pre-event water sources for the rain event in the drier and warmer
2022. The detected higher mean values of 520 in pre-event mobile soil
water than in pre-event total soil water and groundwater can be
attributed to the stronger evaporation occurring in mobile water holding
in large pores (water held at suctions > —80 kPa) prior to rainfall
(Sprenger et al., 2018; Zhao et al., 2013b). The observed lower mean
values of 5'%0 in groundwater than in both total and mobile soil water
indicate that rainwater from the earlier events (not monitored) before
the two events investigated in this study preferentially recharged the
groundwater, probably through the macropores in the thin soil layer and
the fractures in the underlying mudrock (Zhang et al., 2016; Zhao et al.,
2013a; Zhao et al., 2016).

The Fp,3x(C1)/Fnax(C2) ratios of total and mobile soil water exhibited
similar variations. In contrast, the 5'%0 value of the total soil water
varied within a narrower range than that of the mobile soil water,
indicating that the evaporation effect was more variable in the mobile
soil water (Sprenger et al., 2018; Brooks et al., 2009; Goldsmith et al.,
2012). In addition, the difference in 6'80 variation between total and
mobile soil water was greater in the drier and warmer conditions in
2022. Both the Fynax(C1)/Fmax(C2) ratio and 580 were more stable in the



Z.-X. Sun et al.

total soil water than in the mobile soil water.

3.3. Differences in Fpgx(C1)/Fnax(C2) ratio and s%o among pre-event
total soil waters of lands with different vegetation covers

The values of Fy,4(C1)/Fnax(C2) ratio and 5'%0 in the pre-event total
soil water of lands with different vegetation cover are shown in Fig. S2.
Before both rain events, the highest mean values of Fpx(C1)/Fpax(C2)
ratio were detected in the soil water from grasslands and the lowest
mean values of Fpax(C1)/Fpax(C2) ratio were found in the soil water
from paddy fields. The Fy,(C1)/Frmax(C2) ratios in the soil water were
significantly higher in grasslands and forestlands than in sloping farm-
lands, orchards, and paddy fields, where crop straws and fertilizers are
often applied. The significantly lower Fpax(C1)/Fpax(C2) ratios in the
soil water of paddy fields than those of both sloping farmlands and or-
chards indicate that flooding may lead to a greater relative abundance of
fulvic acid fluorophores (Li et al., 2013). The mean values of Fy,x(C1)/
Fnax(C2) ratio in soil water varied in a slightly wider range (1.26-1.79)
across different vegetation covers in the drier and warmer 2022.

However, for both rain events, the lowest mean values of 580 were
detected in the pre-event soil water in the paddy fields, which can be
attributed to their higher soil water storage under flooded conditions.
Nevertheless, the differences in 5'%0 in soil water among the vegetation
cover types did not reach a significance level of 0.05.

The Fpax(C1)/Fiax(C2) ratio showed a higher potential than 580 for
distinguishing soil waters of lands under different vegetation cover
types, despite the insignificant differences (p > 0.05) in Fyax(C1)/
Fiax(C2) ratio of soil water found between grasslands and forestlands, as
well as between sloping farmlands and orchard lands. Similar distribu-
tion patterns of Fyyax(C1)/Fiax(C2) ratio in the soil water across different
vegetation cover types were observed prior to the two rain events,
reflecting the stable nature of Fiax(C1)/Fpmax(C2) ratio required for
tracers.

3.4. Relationships between Fp,qx(C1)/Fpmax(C2) ratio and 5'80 in water
sources and streamflow

Tracer value in a specific pre-event water source can show temporal/
spatial variability (Birkel et al., 2020). The 80 in soil water can be
enriched with time and depth owing to evaporative fractionation (Zhao
et al., 2016). The DOM fluorescence of soil water can vary with depth
because of the increase in microbial-derived DOM and decrease in plant-
derived DOM with depth (Hu et al., 2016; Ye et al., 2020). The results of
linear regression analysis between Fpax(C1)/Fpax(C2) ratio and 580 in
rainwater and pre-event water sources are shown in Fig. S3.

A significant and positive relationship between Fp,qx(C1)/Fpax(C2)
ratio and %0 in groundwater was observed prior to the August 22,
2021 rain event but not before the June 26, 2022, rain event, implying
that a higher spatial variation in recharging source composition of
groundwater and poorer hydrologic connectivities among the moni-
toring wells could occur in a drier year. Significant linear Fp,x(C1)/
Fmax(C2) ratio vs §'%0 regression equations (p < 0.01 or 0.05) were
found for pre-event total soil waters under all different vegetation covers
in the drier 2022, indicating that the Fp,x(C1)/Fnyax(C2) ratio was as
conservative as 5'20. Nevertheless, the relationships between Fp,,x(C1)/
Fnax(C2) ratio and 580 in residential runoff and soil waters of grassland
and sloping farmland prior to the August 22, 2021, did not reach a
significance level of 0.05, reflecting the greater temporal (runoff base-
flow) or spatial variations (between pre-event soil waters of two repli-
cate lands) in Fpax(C1)/Finax(C2) ratio. In both years, the relationships
between Fax(C1)/Fmax(C2) ratio and 520 in pre-event soil waters of the
forestland, orchard lands and paddy fields were significant (p < 0.01 or
0.05), reflecting that the conservative nature of F,5x(C1)/Fyax(C2) was
not affected by the inter-annual climatic changes.

The results of linear regression analysis between Fp,qx(C1)/Fiax(C2)
ratio and 5'20 of streamflow at four sampling locations were shown in
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Fig. S4. At the outlets of the Jieliu catchment (S;) and its three sub-
catchments (Sg, Sg, and Sar), significant linear relationships between
Finax(C1)/Fpax(C2) ratio and 5180 were observed during the heavier rain
event in the wetter 2021, implying that the contributing sources water to
streamflow might remain unchanged throughout the rain event. The
linear relationships between Fp,ax(C1)/Fpax(C2) ratio and 580 of
streamflow at Sg and Sar during the lighter rain event in the drier 2022
did not reach a significant level of 0.05, which can be attributed to the
observed lower antecedent wetness in forest soil on steep slopes, as also
reported previously (Wang et al., 2015). Source areas on slopes start to
contribute to streamflow only after the soil moisture exceeds a storage
threshold (Buttle et al., 2004). In contrast, a significant linear relation-
ship between Fp,5x(C1)/Fpax(C2) ratio and 5'80 was observed at SiL
during the June 26, 2022, rain event. Therefore, it can be inferred that
the heterogeneity of water sources can be overcome by increasing the
catchment size for monitoring through overlying land-use and topog-
raphy effects. Similarly, positive and linear relationships between
Fnax(C2)/Fmax(C1) ratio and 5'80 were observed in surface runoff and
fracture flow in a 0.15 ha sloping farmland plot located in the same
catchment as this study (Xian et al., 2018). The significant linear re-
lationships between Fp,,4(C1)/Fnax(C2) ratio and 5'80 observed in the
streamflow at the outlet of the Jieliu catchment for the two contrasting
rain events indicate that the two tracers are identically conservative.
Notably, higher p values of relationships between Fpax(C1)/Fax(C2)
ratio and §'®0 were observed in the streamflow at all four sampling
locations during the lighter rain event in the drier 2022, reflecting
higher spatial (Sg, Sar, and Sy) or temporal (at Sg) variations in hy-
drologic connectivity between source areas and the stream. The capa-
bility of Fpax(C1)/Fpax(C2) ratio to track the water sources of
streamflow in a mixed land-use catchment may vary with climatic
conditions.

3.5. Responses of streamflow discharge, Fmax(C1)/Fmax(C2) ratio, and
5180 to rain events

Temporal variations in the discharge, Fi,ax(C1)/Fnax(C2) ratio, and
5'80 of streamflow at four locations in the Jieliu catchment in response
to two rain events are shown in Fig. 3, and rainfall-induced streamflow
depths are listed in Table 1.

During both rain events, the quickest response of streamflow
discharge and the simultaneous occurrence of maximum discharge and
maximum rainfall intensity (Imax) Were observed at the outlet (Sg) of the
residential sub-catchment which was dominated by an impermeable
paved surface (e.g., concrete). During the August 22, 2021, rain event,
the longest delay (45 min) of maximum discharge (relative to the
occurrence of In,x) occurred at the outlet (Spp) of the agro-forest sub-
catchment and a 30 min delay of maximum discharge was observed at
the outlet (Sy) of the Jieliu catchment. During the June 26, 2022, rain
event, the longest delay (1 h) of maximum discharge also occurred at
Sar, and a 45 min delay of maximum discharge at Sj;, was observed. For
the lighter rain event in 2022, delays in the maximum streamflow
discharge at the outlets of the Jieliu catchment and its forest (Sg) and
agro-forest sub-catchments were longer by the same magnitude (15
min).

The streamflow depths at the outlets of the catchment and its three
sub-catchments accounted for much lower fractions of rainfall during
the rain event in drier and warmer 2022, which can be attributed to the
observed lower levels of both pre-event soil moisture and groundwater
(data not shown). During both rain events, it is not surprising that the
highest streamflow depth to rainfall amount ratios (0.31 and 0.10 on
August 22, 2021, and June 26, 2022, respectively) were observed at Sg
while the ratios at Sy;, (0.16 and 0.06 on August 22, 2021, and June 26,
2022, respectively) were the highest among the other three sampling
outlets.

Among four sampling locations, the Fp,0x(C1)/Fpnax(C2) ratio
exhibited the highest values (2.25 + 0.72 on August 22, 2021; 2.09 +



Z.-X. Sun et al.
Time
En 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00
= 0 | L | L | — | L | L | L | i
£ [ ] | |_| SRR =
0 1S
8 100 £
= £
= _ 1 &
z 0 z
£ g
& 15 - 001G
= [ Rainfall a
e 3
g
&
=
e
g
§ 1l qe— -— —g= —n
‘L'*‘ Rainwater
0 r——r 1T 17T 17T "1 7T71T ™1
;\E 2
z 127
@)
% |—
= 16 Rainwater —— —8
o
Vj‘ _20 I T I T I T I T I T I T I T I
IS SgT =S5,
(a)
Time
Ep 12:.00 12:30 13:00 13:30 14:00 14:30 15:00 15:30 —
2 0ol L ILI L |_| o IR I =
E N
| = o 5
£ | ©
E 54 = : s ﬁt\" . £
—
= v v =
= ©
E 10 // \ 0.01 §
4 - 01 2
[ Rainfall a
N
S , W
g 1 - \/— v —y— v v —v
g [ Rainwater
S
0 r—r 1717 71T 7T 1T 7T 1T T
. -10 4
£
Z 12
=
g
5 -14 Rainwater
B T T T T T ™1

17

TV Sp A ST S Sy,

(b)

Fig. 3. Responses of discharge, Fax(C1)/Fpax(C2), and 5'80 of streamflow at
the outlets of the Jieliu (S;;) catchment and its nested forest (Sg), residential
(Sr), and agro-forest (Sar) sub-catchments to the August 22, 2021 (a) and June
26, 2022 (b) rain events.
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0.12 on June 26, 2022) in residential runoff at Sg. This phenomenon
may be attributed to the presence of abundant domestic sewage in the
runoff, which is rich in microorganism originating from humic compo-
nents and protein-like substances as well (Li et al., 2014). At the rising
stage of the streamflow discharge, the F,ax(C1)/Fp,ax(C2) ratio respon-
ded by varying magnitudes, with the strongest responses observed at the
Sg for both rain events. At the receding stage, the Fpax(C1)/Fpax(C2)
ratios in streamflow rebound gradually by varying magnitudes but did
not return to the levels of the first samples for both rain events. It should
be noted that the Fyax(C1)/Fnax(C2) ratio in the streamflow from
drainage areas with different land-use compositions generally varied in
distinct ranges during the June 26, 2022, rain event, indicating that the
potential of Fax(C1)/Fipax(C2) ratio for tracing water sources under
different land uses could be higher in a lighter rain event in a drier year.

For both rain events, the 580 values in the first rainfall generated
streamflow samples collected at four sampling locations were much
higher than those in rainwater samples, reflecting that pre-event water
(s) with enriched 5'®0 constituted varying proportions of streamflow. At
the rising stage of streamflow hydrograph, the 5'%0 generally decreased
with increasing discharge, reflecting that the contribution of the low
580 rainwater to streamflow increased. At the receding stage, the §'%0
increased gradually but did not rebound to the levels of the first
streamflow sample, implying that large portions of pre-event soil water
(s) were displaced by rain event water.

Overall, the Fax(C1)/F,ax(C2) ratio, despite its gentler responses to
rainfall compared to 5'%0 (except its continuing dramatic decrease in
the residential runoff during the late receding stage of the August 22,
2021, rain event, probably as a result of high proportion replacement of
pre-event water by rainwater (Fig. S5)), appears to be a better tracer
than 5'80 for distinguishing water sources under different land uses.

3.6. Comparison of hydrograph separation by F;qx(C1)/Fax(C2) ratio
and 80 in a single land-use drainage area

The hydrograph separation results of streamflow at the outlet of the
forest sub-catchment during two monitored rain events based on
Fmax(C1)/Fmax(C2) ratio and 5'80 data were shown in Figs. 4 and S5 and
Table 2. The separation results based on Fpax(C1)/Fipax(C2) ratio data
showed that the estimated contributions of soil water to streamflow
varied in the ranges of 25.5-75.5 % and 54.4-85.4 % during the August
22, 2021, and June 26, 2022, rain events, respectively. The contribu-
tions of soil water estimated from 580 data were found to vary in
similar ranges during the August 22, 2021 (25.7-71.1 %) and June 26,
2022 (58.8-78.5 %) rain events as the ranges estimated from Fp,,x(C1)/
Fiax(C2) ratio data. The mean contribution of rainwater to streamflow
during the August 22, 2021, rain event (56.0 % and 56.7 % estimated
from Fpax(C1)/Finax(C2) ratio and 580 data, respectively) was much
higher than that during the June 26, 2022, rain event (27.0 % and 27.6
% estimated from Fp,,x(C1)/Finax(C2) ratio and 580 data, respectively).
No delay in the maximum rainwater contribution relative to the
maximum streamflow discharge was observed for either rain events,
indicating the dominance of piston flow in the generation of streamflow.
Source apportion results, estimated from both Fy,x(C1)/Fpax(C2) ratio
and 5180, for streamflow (Figs. 4 and S5) and soil waters (Figs. S6 and

Table 1
Streamflow discharges at four locations in the Jieliu catchment during two rain events.
Rain event date PD Rain amount Rain duration Imax Streamflow depth
(day) (mm) (h) (mm (15 min) 1) (mm)
S Sk SAF S
August 22, 2021 2 57.90 7.0 11.10 1.01 17.71 3.99 9.03
June 26, 2022 3 30.65 4.0 5.34 0.27 2.97 0.16 1.88

Notes: PD is preceding dry day; Inay is maximum rainfall intensity; flow depth was calculated by dividing cumulative discharge excluding the base flow discharge (if

present) during each rain event by the projected drainage area.
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Fig. 4. Estimated proportions of rainwater and pre-event forest soil water in streamflow at the outlet of the forest sub-catchment (Sg) during the August 22, 2021 (a)
and June 26, 2022 (b) rain events from Fp,,x(C1)/F,ax(C2) ratio data. The vertical dashed lines indicate the times of the streamflow peak discharges and separate the
rising and receding stages. The intervals of water sampling and discharge measurement were 30 min and 15 min, respectively. Only the time differences between
peak rain water contribution and peak discharge >30 min were regarded as valid differences.

S7) showed that rainwater could eventually replace a major portion of
the water in the topsoil and small portions of the water in deeper soil
layers and become the principal water source of streamflow during
heavy rain events. Similarly, during a storm event, rainwater almost
entirely replaced the pre-event water in the topsoil of sloping farmlands
located in the same catchment as in the present study (Zhao et al.,
2013b).

Statistical analysis showed that the hydrograph separation results
based on Fpax(C1)/Fpax(C2) ratio data were satisfactorily consistent
with those by §'20 data, as indicated by the small RMSE values (4.4 %
and 7.8 % for the August 22, 2021, and June 26, 2022, rain events,
respectively) and the high R? values (0.948 and 0.629 for the August 22,
2021, and June 26, 2022, rain events, respectively) (p < 0.05). This
validates the applicability of using Fmax(C1)/Fnax(C2) ratio data to
identify the water sources of streamflow in a small forest catchment.

3.7. Application of Fiuax(C1)/Fmax(C2) ratio to streamflow hydrograph
separation in mixed land-use drainage areas

Given that the Fp5x(C1)/Fnax(C2) ratio can distinguish more than
two water sources of streamflow and appears to be conservative during
the mixing of rainwater and pre-event water in various single land-use
drainage areas (e.g., forest and sloping farmland), as indicated by the
satisfactory result of comparison with 5'80 in this study and our previ-
ous study (Xian et al., 2018), it is plausible to assume that the F,,x(C1)/
Frpax(C2) ratio is also applicable to the hydrograph separation of
streamflow in mixed land-use drainage areas. The hydrograph separa-
tion results of the streamflow at the outlets of the Jieliu Catchment (S;;)
and its agro-forest sub-catchment (Spr) under the two monitored rain
events based on Fp,,x(C1)/Fnax(C2) ratio data are shown in Fig. 5 and
Table 2. It should be noted that the inclusion of residential runoff
baseflow at the Sg as an end-member of streamflow resulted in unac-
ceptably high standard deviations of the hydrograph separation results
with IsoSource. Therefore, residential runoff, given its very low
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Table 2
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Statistical and uncertainty results of water source proportions of streamflow at the outlets of the Jieliu (S;;) catchment and its forest (Sg) and agro-forest (Sag) sub-

catchments estimated from Fy,,x(C1)/Fpax(C2) ratio data using the IsoSource model.

Rain event date Outlet Source water contribution to streamflow
Rainwater Forest SW Orchard SW Sloping Farmland SW Paddy SW Grassland SW Residential runoff Groundwater
- Mean + SD -
- (uncertainty range) -
S0 -
August 22, 2021 Sy 56.0 £ 10.1 44.0 £ 10.1 NS NS NS NS NS NS
(NU) (NU)
Sar 36.5 + 6.0 13.7 £ 1.6 NS 15.1 + 2.8 234 +5.2 NS NS 11.3 +3.9
(13.4-17.1) (9.1-13.1) (9.7-14.4) (16.3-19.3) (4.3-7.8)
SiL 25.3 + 6.0 11.0 + 0.5 14.1 + 0.4 13.7 £ 0.9 17.2 4+ 2.0 11.7 £ 1.0 NS 7.1+28
(10.5-16.7) (8.6-10.5) (7.9-11.7) (7.9-11.1) (9.8-15.8) (5.6-8.8) (3.2-6.0)
June 26, 2022 Sg 27.0 £9.7 73.0 £9.7 NS NS NS NS NS NS
(NU) (NU)
Sar 15.6 + 2.5 172+ 1.3 NS 24.3 £ 3.5 33.0+2.1 NS NS 10.0 + 4.1
(15.6-16.2) (16.4-17.2) (17.2-17.4) (17.4-17.6) (9.6-10.1)
SiL 11.1+1.5 13.6 +1.1 225+ 1.7 23.4+0.8 10.0 £ 0.2 13.7+ 1.4 NS 5.8 +2.0
(5.4-6.9) (7.6-11.4) (8.4-13.6) (8.7-11.9) (5.6-7.8) (5.7-9.7) (2.4-3.9)

Notes: SW is total soil water; SD is standard deviation; NU means that no uncertainty was obtained for the two end-member analysis at Sg; NS means there is no feasible
solution if this water source is included in modeling; mean and standard deviation of each water source’s contribution to streamflow at the outlet of a particular
drainage area during a rain event were calculated from the mean values of source proportions estimated for each stream sample.

discharges (Fig. 3 and Table 1), was excluded as a pre-event water
source for streamflow at Sy, in hydrograph separation.

The total contributions of all pre-event water sources to streamflow
at Sar varied in the ranges of 51.6-85.5 % and 81.9-88.3 % during the
August 22, 2021, and June 26, 2022, rain events, respectively. The mean
contribution of rainwater to streamflow at Syr during the heavier rain
event on August 22, 2021 (36.5 %) was much higher than that during
the lighter rain event on June 26, 2022 (15.6 %). The maximum
contribution of rainwater to streamflow at Sar occurred 45 min earlier
than the maximum streamflow discharge during the August 22, 2021,
rain event, implying the preferential movement of rainwater through
large soil pores and mudrock fractures, as well as overland flow to the
stream, particularly on sloping farmlands. This explanation is supported
by the stronger preferential flow on sloping farmland than on forestland
observed at the same site in previous studies (Wang et al., 2013; Zhao
et al., 2013a) and the finding at other sites that rainwater could be the
main component of the streamflow during high rainfall intensity events
(Genereux and Hooper, 1998; McGlynn and McDonnell, 2003). Never-
theless, the maximum contribution of rainwater to the streamflow at Spr
occurred at the same time as the maximum streamflow discharge during
the lighter rain event on June 26, 2022.

The total contributions of all pre-event water sources to streamflow
at Sy, varied in narrower ranges (67.4-85.6 % and 85.5-89.8 % during
the August 22, 2021, and June 26, 2022, rain events, respectively) than
those at Sar. The mean contributions of rainwater to streamflow at Sy,
(25.3 % and 11.1 % during the August 22, 2021, and June 26, 2022, rain
events, respectively) were much lower than those at Sy, which can be
attributed to the involvement of two more vegetation cover types (or-
chard land and grassland) in the highland area. The soils of orchards and
grassland are better structured and exhibit higher water storage capac-
ities than the macroporous soils of sloping farmlands and forestlands
(Wang et al., 2013; Zhao et al., 2013a). Therefore, orchard land and
grassland are two important water sources for the streamflow at the
outlet of the Jieliu Catchment. The maximum contribution of rainwater
to streamflow at Sy, occurred 1.5 h after the maximum streamflow
discharge during the heavier rain event on August 22, 2021, reflecting
the increased dominance of piston flow in the movement of pre-event
soil water and, consequently, a longer time for rainwater to enter the
stream. In contrast, no delay in the maximum rainwater contribution
relative to the maximum streamflow discharge was observed at Sy,
during the lighter rain event on June 26, 2022. This result agrees with a
previous finding that high pre-event soil water content and high rain

intensity favor the occurrence of piston flow (Zhao et al., 2013b).

Among the various pre-event water sources, the greatest mean
contribution (23.4 % and 33.0 % during the August 22, 2021, and June
26, 2022, rain events, respectively) to streamflow at Syr came from the
soil water of paddy fields in the valley area during both rain events. The
contribution of soil water from paddy fields to streamflow is more
dominant during the lighter rain event in 2022. The greatest mean
contribution (17.2 %) of pre-event water to streamflow at Sy, on August
22, 2021 also came from the soil water of the paddy fields, particularly
during the rising stage of the streamflow hydrograph. Nevertheless, the
soil water of sloping farmlands, which accounted for the highest pro-
portion of the total area of the Jieliu Catchment, made the greatest mean
contribution to the streamflow at Sy, during lighter rain in 2022. For
both rain events, the soil waters of the sloping farmland and orchard
land were the second-largest contributor to streamflow at Sar and Sy,
respectively (Table 2).

4. Discussion
4.1. Specificity of Fnax(C1)/Fnax(C2) ratio in water sources

Significant differences were observed in the ratio of Fy,x of the two
conservative DOM components (i.e., Cland C2) among water sources,
including rainwater and pre-event waters (total soil water, groundwater
and residential runoff) (Fig. S1), indicated the potential of using the
abundance ratio of conservative DOM components for the separation of
water sources under different land uses. However, the differences in Fyax
(C1)/Fpnax (C2) ratios among the pre-event soil waters under different
vegetation cover types did not always reach a significance level of 0.05
(Fig. S2), which may be partly responsible for the uncertainties associ-
ated with the streamflow hydrograph separation results estimated from
Fax (C1)/Fpax (C2) ratio data (Table 2). In addition, the lower p values
of Fax(C1)/Fmax(C2) ratio vs 580 regressions for water sources (except
the groundwater and paddy field, which have high water storage and are
saturated) observed for the lighter rain event in 2022 indicate that
values of both tracers in each water source were highly subject to
evaporation process and thus exhibited higher capabilities for tracing
water source(s) in a drier and warmer year (Fig. S3).

4.2. Scale of conservative mixing of Fmgx(C1)/Fmax(C2) ratio

The most conservative tracer of water source is the isotopic signature
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Fig. 5. Estimated proportions of rainwater and pre-event waters in the streamflow at the outlets of the Jieliu catchment (S;;) and its agro-forest sub-catchment (Sar)
during the August 22, 2021 (a) and June 26, 2022 (b) rain events from Fp,,x(C1)/Fi,ax(C2) ratio data. The vertical dashed lines indicate the times of the peak
streamflow discharges and separate the rising and receding stages. The intervals of water sampling and discharge measurement were 30 min and 15 min, respec-
tively. Only the time differences between peak rain water contribution and peak discharge >30 min were regarded as valid differences.

of the water itself, which allows for the precise separation of event and
pre-event water at multiple spatial and temporal scales (Jasechko et al.,
2016; Kirchner, 2016; McDonnell, 1990; Zhao et al., 2013a, 2013b).
Nevertheless, the observed much poorer specificity of 5§'%0 in different
pre-event water sources than that of DOM Fp,ax(C1)/Fyax(C2) ratio in
this study precludes the applicability of §'%0 to tracking more than two
water sources (e.g., rain event water and > 2 pre-event waters) (Figs. S1
and S2). Previously reported conservative mixing at large river conflu-
ences highlighted the potential of DOM as a tracer for water source
discrimination over short distances (Xue et al., 2022). The higher p
values of Fiax(C1)/Fpax(C2) ratio vs 5180 regressions for streamflow
observed at the Jieliu catchment and its agro-forest sub-catchment (both
with mixed land uses) during the lighter rain event in the drier and
warmer 2022 (Fig. S4) resulted from the greater total contributions of
pre-event water sources (mean: 89.0 % and 84.5 %, respectively;
Table 2) and the mixing of pre-event water sources having more
distinctive ranges of Fyax(C1)/Fpax(C2) ratio but similar ranges of 5%0

10

(Fig. S3). The observed more significant linear relationships (p = 0.001
or p < 0.001) between Fiax(C1)/Fax(C2) ratio and 520 in the
streamflow at multiple spatial scales (i.e., Sp, Sap, and S;;) during the
heavier rain event in the wet 2021 was not surprising and can be
attributed to the much higher contributions of rainwater to streamflow
(Fig. S4; Table 2).

4.3. Hydrograph separation based on Fpq(C1)/Fnax(C2) ratio

Land use can affect both the quantity (discharge and dynamics) and
the quality of streamflow (Klaus and McDonnell, 2013). Isotope-based
hydrograph separation may be limited in enabling new process in-
sights (e.g., regarding temporal-spatial variations in the contributions of
soil waters from different land uses to streamflow). The Fpax(C1)/
Fnax(C2) ratio, as a DOM composition parameter showing a more con-
servative nature and higher specificity than dissolved organic carbon
concentration, can be used in the hydrograph separation of streamflow/
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runoff not only at the plot scale (Xian et al., 2018) but also at the
catchment scale (as shown in this study). Moreover, because the two
humic components (C1 and C2) of DOM are much more conservative
than the protein-like component during their transport by water, they
can also be used to identify the water sources of rivers, shallow
groundwater, and deeper aquifers, and to examine water exchanges
among these water bodies (Hu et al., 2016).

As anovel tracer, the Fp,0x(C1)/Fpax(C2) ratio can be used to analyze
temporal variations in the proportions of rainwater and various pre-
event waters (e.g., soil water under different vegetation covers, resi-
dential runoff, and groundwater). Uncertainties associated with the
hydrograph separation results (Table 2) obtained using Fpax(C1)/
Fiax(C2) ratio as the only tracer can be partially attributed to the
observed insignificant (p > 0.05) differences in Fyax(C1)/Fnax(C2) ratio
between some pre-event soil water end-members (i.e., between grass-
lands and forestlands and between sloping farmlands and orchards),
particularly in drier 2022 (Fig. S2). Developing more tracers with
distinct properties and using multiple tracers with high specificity
among water sources can reduce uncertainty and improve the process
understanding across catchments (Abbott et al., 2016).

Key factors affecting streamflow composition include land use,
landscape (e.g., topography, geology, and vegetation cover), antecedent
soil moisture conditions, rainfall characteristics and catchment size
(Klaus and McDonnell, 2013). The greater dominance of the contribu-
tion of paddy fields to the streamflow at the outlet of the agro-forest sub-
catchment observed during the lighter rain event in drier 2022 can be
attributed to the lower antecedent soil water contents detected in
farmlands (data not shown) in drier 2022. The pre-event soil water in
the paddy fields flowed into ditches connected to the main stream
through piston infiltration and subsequent lateral seepage above the
impermeable soil layer, as observed in the field. Forestlands accounted
for the second largest portion of the Jieliu catchment’s total area;
however, the contribution of their soil water to streamflow was dis-
proportionally low, which could be attributed to the lower water storage
of thinner forest soil layer (mostly <50 cm) distributed largely on
relatively steep (10.0°-21.5°) slopes. The greater total contribution
(55.9 %) of soil waters from sloping farmlands, orchards, and paddy
fields observed at the outlet of the Jieliu catchment during the June 26,
2022, rain event might have led to a greater loading of pollutants
(various agrochemicals applied) to the stream.

4.4. Limitations and future research needs

This study has two limitations. First, only two rain events in two
contrasting years were investigated, which does not allow the evaluation
of the applicability of Fiax(C1)/Finax(C2) ratio to hydrograph separation
of streamflow in response to different rain characteristics in the same
year with similar climatic contexts in summer. Second, the sizes of the
study catchment and its nested sub-catchments area were relatively
small, and an ideal comparison across hydrologically independent
catchments of different sizes and land uses/vegetation covers was not
made for a more systematic and extensive validation. Despite these
limitations, the findings of this study provide a novel, cost-effective and
promising approach for quantitatively identifying more than two
streamflow water sources based on distinct signatures of conservative
fluorescent DOM components that originate from diverse organic ma-
terials applied/discharged to lands and are subject to biogeochemical
transformation (Graeber et al., 2015; Park et al., 2018).

Novel tracers can open new possibilities for more precise water
resource management and implementation of better targeted water
pollution control in mixed land-use mosaic catchments. In a broad set of
anthropogenic, topographic, and climatic contexts, the combined use of
multiple tracers of different types (e.g., water isotopes and conservative
solutes resulting from various natural biogeochemical processes or
anthropogenic activities) can lead to more reliable hydrograph separa-
tion results (Bauer et al., 2001).
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A number of questions remain to be answered by future studies on
the water source tracing method using the Fpax(C1)/Fpax(C2) ratio of
DOM: First, do the Fpax(C1)/Fnax(C2) ratios of water sources remain
constant during the course of a rain event? Second, what is the signifi-
cance of temporal and spatial variations in the F,ax(C1)/Fp,ax(C2) ratio
across sampling locations for each land-use/vegetation cover type in a
mixed land use catchment of a larger size? Third, in hilly catchments
with a thin soil layer, how do we consider the potential effect of spatial
variations in soil thickness (within each land-use type and across
different land types) on streamflow hydrograph separation using the
Frax(C1)/Fipax(C2) ratio? Fourth, are there any other land-use indices
that can be used together with the Fp,4(C1)/Fpax(C2) ratio to reduce the
uncertainty of hydrograph separation results?

Knowledge of water sources and their flow pathways to streams is
essential for effective pollution control in a mixed land-use catchment
(Lv et al., 2018). There is a clear need to develop a targeted sampling
strategy for crossing the DOM F,x(C1)/F,2x(C2) ratio with other tracers
to determine both the water source and flow path.

5. Conclusions

Various pollutants are discharged into streams via hydrological
process as a result of diverse land uses, and there is clearly a need to
develop new tools for tracing water sources in mixed-land-use catch-
ments. In this study, the ratio of Fypax of two relatively stable DOM
components in environmental media is proposed as a novel water tracer.
The applicability of using Fmax(Cl)/Fnax(C2) ratio for hydrography
separation was validated in a forest sub-catchment of the Jieliu catch-
ment by comparing with the hydrography separation results based on
5'80 data during two rain events. The water source tracking method
using the Fpax(C1)/Fpax(C2) ratio was then applied to an agro-forest
sub-catchment and the entire catchment (both with multiple land
uses/vegetation covers). Among the pre-event water sources, soil water
from paddy fields made the highest contribution to streamflow at the
outlet of the agro-forest sub-catchment. At the outlet of the Jieliu
Catchment, sloping farmlands were the greatest contributors of pre-
event water during the lighter rain event in drier 2022, whereas
paddy fields were the greatest contributors of pre-event water to
streamflow during the heavier rain event in wetter 2021. Hydrograph
separation results based on Fp,ax(C1)/Fpax(C2) ratio data can be used to
support the optimization of water resource management and the esti-
mation of pollutant loadings from major water sources to streams at the
catchment scale.
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