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Abstract
Natural colloids (NCs) are heterogeneous mixtures of particles in the aquatic environments that are strongly in�uenced by land use and hydrochemical
properties between terrestrial and aquatic environments. However, the relevant study was paid little attention to the difference among the waters with
different sizes of particles (e.g., suspended particulate matter-SPM, NCs, and the truly dissolved phase). In this study, the spectral properties of these
different waters were investigated from different land-use types in the Yuan River basin, China. Results of the UV-visible absorption spectral showed that
with the particle size increased, the aromaticity, chromophoric dissolved organic matter, and humi�cation degree of organic matter increased, while the
condensation degree decreased. Data analysis from the �uorescence indices indicated that the source and the autochthonous feature of the truly
dissolved water differed from that of NCs and SPM. Whereas the protein-like component was mainly combined with the relatively larger size of particles
(i.e., SPM and NCs), especially in the downstream. Redundancy analysis revealed that the spectral characteristics of the water samples were strongly
in�uenced by the hydrochemical parameters (>45%) with comparison to land-use type (nearly 10%). Furthermore, the impact of land-use type on the
spectral properties was differed between the large and small scale of the buffer strips and between the mainstream and the tributaries. And this effect
was more signi�cant on the �uorescence properties in the mainstream and the spectral properties for NCs than for SPM. The study helps to understand
the biogeochemical effects of the waters with different particle sizes.

1. Introduction
Natural Colloids (NCs) are heterogeneous mixtures of particles and ubiquitous with at least one-dimensional between 1 nm and 1 μm in the aqueous
environment (Lead and Wilkinson, 2006). NCs not only impact the carbon cycle of the natural and anthropogenic water bodies (Derrien et al., 2019), but
also act as the important sorbent carriers for a variety of pollutants (e.g., metal ions, organic pollutants, etc.) due to the abundant active functional group
in the aqueous environment (Yan et al., 2015; Yan et al., 2020). NCs are polydisperse matters, consisting of both inorganic substances (e.g. metal oxides
and clays) and organic substances (e.g. humic substances and biopolymers) (Worms et al., 2010). Moreover, the composition of NCs varied greatly
among different particle sizes, that the �uorescence intensity of NCs decreased with the particle size increased (i.e. truly dissolved phase > 1-10 kDa > 10-
100 kDa > 100 kDa-0.7 μm) (Yan et al., 2018). Therefore, research on the characterization of NCs is always focusing and di�cult in this �eld. In addition,
as the important source of NCs, suspended particulate matter (SPM) also plays a vital role in the carbon cycle, and in determining the water quality and
the migration and transformation of contaminants (Ellis et al., 2012; He et al., 2016; Liu et al., 2016). Hence, the study on the properties of SPM helps to
understand the biogeochemistry and water quality in aquatic environments (Wang et al., 2020). In fact, much attention had been paid to the properties of
NCs or SPM, but few studies focus on the difference in the properties of both NCs and SPM.

Currently, the methods of the identi�cation and quanti�cation for characterization of NCs are becoming maturing. Among them, UV-visible spectroscopy
(UV-vis) is widely used for identifying the active components of chromophoric dissolved organic matter /Fluorescent dissolved organic matter
(CDOM/FDOM) due to the fast detection and the low cost (Rosario-Ortiz and Korak, 2017). In addition, three-dimensional �uorescence spectroscopy (3D-
EEM) could map the organic matter of different sources and compositions, and could achieve the separation and quanti�cation of NCs after combining
some analytical methods (e.g., parallel factor analysis, PARAFAC) (Stedmon et al., 2003). As a result, it is extensively applied in the identi�cation of NCs
in water, sediment/soil, and biomass (Liu et al., 2019; Sankar et al., 2019). Moreover, spectroscopy technology has been considered an effective indicator
for determining the source of NCs in water and water quality changes (Rinot et al., 2021; Tao et al., 2021).

Previous studies have demonstrated that the physicochemical properties of NCs are in�uenced by a variety of environmental factors, such as
hydrodynamic conditions, land-use types, soil properties, etc. (Kothawala et al., 2015; Wang et al., 2018; Sankar et al., 2020). For a speci�c watershed, the
land-use types especially impacted the composition and fate of NCs in water. The land-use types could change the physicochemical properties of the
soils in the watershed, which would further impact the counterparts of the rainfall and water within the watershed (Li et al., 2020). For example, NCs in
aquatic environments were mainly terrestrial sources, and NCs from the cultivated land had more terrestrial humic substances than those from
forestland. The higher proportion of forest land in the watershed, the more terrestrial NCs during a long-term rainfall, and the higher the aromatic and
humi�cation of NCs in water within the watershed (Hosen et al., 2018). A similar phenomenon was also found for NCs from the wetland (Geller and
Oceanography, 1986). In contrast, the NCs in waters in�uenced by anthropogenic land use were characterized with a higher protein-like substance due to
point-source pollution, phytoplankton degradation, and tributary inputs (Shi et al., 2020). At present, spectroscopic techniques have been successfully
used in the characterization of NCs and the relationship between soil and water under different land-use patterns. However, these studies mainly focus on
the spectral properties of organic matter in waters passed through the �lters (typically 0.45 μm or 0.7 μm), and few studies pay attention to the
differences between NCs and the truly dissolved phase.

Yuan River basin (27°33′N- 28°05′N, 113°54′E -114°37′E) originates from the northwest foot of Wugong Mountains and discharges into the Gan River, the
main tributary of the biggest freshwater lake in China-Poyang Lake. Along the river, different landscapes are dominant in the different sections of the
river. Detailly, the upstream region is dominant with forestland having many mines; the midstream region harbors a large reservoir water project; and the
downstream region is mainly composed of the agricultural and chemical industrial bases with low �ow and large sewage discharge (Figure 1). Due to the
accelerated urbanization in recent years, the surface water pollution in this region increased, which has threatened the health of the surrounding residents
and ecological safety (Xu et al., 2021). Additionally, the relative studies on the aquatic environment in the Yuan River basin were mainly focused on the
traditional pollutants such N and P, and less attention was paid to NCs and their carried pollutants.

Therefore, this study introduced UV-vis and 3DEEMs-PARAFAC to characterize NCs and the truly dissolved phase from the main and tributaries of Yuan
River. The aims of this study are to: 1) explore the impact of land use type on the spectral properties of NCs; 2) ascertain the difference of the
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�uorescence feature between different water phases containing different particle sizes (i.e., SPM, NCs, and the truly dissolved phase; 3) identify the
in�uence factors (e.g., hydrochemical parameters) on the �uorescence properties. The results could provide a theoretical basis for pollution control in the
study area.

2. Materials And Methods

2.1 Sample collection and land use types
In this study, sixteen and twenty-two sampling sites were collected from the mainstream (“M”) (upstream Y01-Y05, midstream Y06-Y10, downstream Y11-
Y16) and the tributaries (“T”) (T01-T22) of Yuan River in January 2020, respectively (Figure 1). Figure 1 also shows the land-use types in the watershed.
The land-use data of Yuan River watershed obtained from 30 m resolution Landsat 8 data from 2017, which was provided by the National Science and
Technology Infrastructure Platform-National Earth System Science Data Sharing Service Platform (http://www.geodata.cn). Different land-use types in
the study area were extracted as cropland, forestland, grassland, water, residential land, others (such as bare lands and wetland, etc.) (Xu et al., 2021),
and the “other” was excluded in the subsequent analyses due to the small portion of these land-use types accounted for less than 1% of the total
catchment. Furthermore, 500 m and 1000 m buffer strips were respectively extended from each sampling site and considered as the small and large
scale of the buffer zones. All the above analyses were operated by ArcGIS 10.2.

2.2 Sample treatment
After being transported to the laboratory, the water samples were �ltered immediately through 0.45 μm �lter membranes (PVDF, Millipore, USA). Then a
portion of the �ltered water samples was used for hydrochemical parameters testing, and the rest proceeded for NCs separation. In this study, only the
water samples from the mainstream were further isolated by a cross-�ow ultra�ltration (CFUF). The �ltrates (<0.45 μm) were introduced into the CFUF
system (Viva�ow50, Sartorius Stadium, Germany) containing a membrane molecular weight cut-off of 1 kDa (PES membrane, 5 × 103 m2 PALL, USA),
then NCs within the size ranged of 1 kDa-0.45 μm and the truly dissolved phase (<1 kDa) were gained. A concentration factor (cf) of 10 was chosen. The
other information on ultra�ltration referred to our previous study (Yan et al., 2015).

2.3 Hydrochemical parameters measurement
The �ltered water samples were subjected to the determination of the hydrochemical parameters. Dissolved organic carbon (DOC) concentrations were
determined using liquiTOCII (Elementar, Germany). The concentrations of NH4

+, NO2
-, NO3

-, and total phosphorus (TP) were determined using an

automatic discontinuous analyzer (Smartchem 200, Brook�eld, USA). While the concentration of Na+, Mg2+, K+, and Ca2+ were detected under an
inductively coupled plasma-optical emission spectrometry (ICP-OES, Agilent, USA). Br−, Cl−, F−, and SO4

2− were measured by an ion chromatography
system (ICS-2100). And pH was measured using the pH meter (PHS-3C).

2.4 Spectroscopic measurements
All raw waters (R), �ltrates (F), colloidal concentrates (C), and ultra�ltrates (U) were all processed to measure the spectral properties. The UV-Vis
absorption spectra of all water samples were measured by UV-vis spectrophotometer (UV 3300, Meproda, Shanghai) with a 1 cm path-length quartz cell.
The scan wavelength ranged from 200 nm to 800 nm at a resolution of 1 nm. The absorbance of the Milli-Q water was taken as the baseline which was
subtracted from the samples (Batchelli et al., 2009). Parallelly, all water samples were detected by a three-dimensional �uorescence spectrometer (F7100,
HITACHI, Japan). The excitation wavelength (Ex) was 200-450 nm with increments of 5 nm and the emission wavelength (Em) was 250-500 nm with
increments of 2 nm. The scanning speed was 12000 nm min−1 and the slit width was 5 nm. Milli-Q water was used as blank before the measurement,
and all samples were diluted when necessary to avoid the inner-�lter effect by detecting the absorbance lower than 0.3 at 254 nm (Ohno, 2002).

2.5 Data analysis

2.5.1 UV-vis parameters
UV254, the absorbance at a wavelength of 254 nm, is used to indicate the DOC concentration and the aromaticity (Nishijima and Speitel, 2004). The
absorption coe�cients at the corresponding wavelengths can be calculated according to the following equation, and the relative concentration of CDOM
can be expressed as α355 (Zhang et al., 2005).

                                

where αλ and Aλ represents the absorption coe�cient and absorbance at wavelength λ (m-1), and L is the path-length (m). 
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E2/E4 is the ratio of absorbance at wavelengths of 254 nm and 436 nm, which indicates the source of DOM. Moreover, E2/E4 also refers to the degree of
molecule condensation of organic matters, and it increases as the E2/E4 value decreases (Strobel et al., 2001). E3/E4 is the absorbance ratio at 300 nm
and 400 nm, which represents the degree of CDOM humi�cation; the higher the value, the lower the degree of CDOM humi�cation(Artinger et al., 2000).

2.5.2 Fluorescence index
Fn280 and Fn355 indicate the relative concentration of protein-like and humic-like substances in DOM respectively. Fn280 de�ned as the maximum
�uorescence intensity of Em = 340 - 360 nm at Ex = 280 nm, while Fn355 refers to the maximum �uorescence intensity of Em = 440 - 470 nm at Ex = 355
nm (Zhang et al., 2009).

In this study, �uorescence indices were introduced to further understand the differences in the sources and properties of the water samples in the Yuan
River basin (Huguet et al., 2010). Fluorescence index (FI) describes the source of NCs and is de�ned as the ratio of �uorescence intensity at Em = 450 nm
to that at Em = 500 nm when Ex = 370 nm. FI > 1.9 and FI < 1.4 indicate NCs mainly microbial and terrestrial sources (McKnight et al., 2001). The
biological index (BIX) characterizes the autogenous properties of NCs. It is de�ned as the ratio of the �uorescence intensity at Em = 380 nm to that at Em
= 430 nm when Ex = 310 nm. The higher (> 1) the BIX value, the higher the autochthonous contribution, the greater the contribution of protein-like
component and the higher the bioavailability (Wilson and Xenopoulos, 2009); the lower the value (0.6-0.7), the less the colloidal autochthonous
components and the greater the terrestrial input or human in�uence (Huguet et al., 2009). Humi�cation index (HIX), which represents the degree of
humi�cation of NCs, was �rst proposed by Zsolnay (Zsolnay et al., 1999). It is de�ned as the ratio of the peak areas of the corresponding regions when
Ex = 254 nm, Em = 435-480 nm, and Em = 300-345 nm. The higher HIX value indicates a higher degree of humi�cation (Birdwell and Valsaraj, 2010).

2.5.3 Parallel factor analysis (PARAFAC)
PARAFAC was used to extract the �uorescent components based on the 3D-EEMs of all samples. Before modeling, the raw data were corrected for Raman
and Rayleigh scattering by MATLAB 2013 software (Zepp et al., 2004).  Moreover, the �uorescence intensity of all samples was normalized to Raman
units (r.u.) using the area of the Raman scattering peak of Milli-Q water at Ex = 350 nm (Lawaetz and Stedmon, 2009). Then all the data in the study were
analyzed and validated by the DOMFluor toolbox of MATLAB 2013 (Stedmon et al., 2003). The �nal number of components was determined by split-half
analysis, residual analysis, and loading analysis after removing some outliers. The �uorescence intensity at the �uorescence peak (Fmax, r.u.) is
considered as the concentration of the �uorescent component (Osburn et al., 2011). Fluorophore identi�cation of the output PARAFAC components was
performed by the OpenFluor online database (Murphy et al., 2014).

2.5.4 Other data analysis
Principal component analysis (PCA) for the hydrochemical parameters and different analysis of the hydrochemical parameters and spectral parameters
in the Yuan River basin are all performed in SPSS 19.0 (including t-test and ANOVA). Based on the hydrochemical parameters or land-use types data as
the explanatory variable and the spectral parameters as the response variable, redundancy analysis (RDA) was conducted in Origin 2021 to explore the
in�uencing factors of spectral parameters for the water bodies in the Yuan River basin. Besides, the spatial distribution of the �uorescence components
and the distribution of the sampling sites were drawn in Arcgis 10.2. 

3. Results And Discussions

3.1 Characteristics of land-use and the hydrochemical parameters in Yuan River Basin
The primary proportion of the land-use types in the Yuan River watershed is cropland and forestland, which accounts for 45.56%-55.20% and
11.34%-27.35%, respectively, and grassland had the least proportion of 2.83%-4.52% (Table S1). In the 500 m buffer strips (small scale), the proportion of
water was signi�cantly higher in the mainstream than that in the tributaries. In the 1000 m buffer strips (large scale), the proportion of cropland in the
mainstream decreased signi�cantly (about 9%), while the proportion of forestland increased dramatically (about 12%). A similar trend with a smaller
increase amplitude compared to those in the mainstream was also found in the tributaries. This is because the sampling sites in the tributaries are
predominantly located in the mountainous area so that there is a smaller change of land use between small and large scales compared to those in the
mainstream. The residential land, which is closely related to human activities, showed a lower proportion (3%) at the large scale in the mainstream in
comparison of the small scale; in contrast, the counterparts showed a slight increase (1%) at the large scale in the tributaries than that at the small scale.

The hydrochemical parameter values of water samples (�ltered water) in the mainstream and tributaries of the Yuan River basin are shown in Figure S1.
The results showed that the water samples in the Yuan River basin were circumneutral to weakly alkaline (pH=6.78-8.34), with a low concentration of TP
(0.04-0.48 mg L−1) and DOC (4.82-25 mg L−1). For the positive ions, the concentrations of Na+, Mg2+, K+, Ca2+, and NH4

+ were 1.77-18.23 mg L−1, 1.57-

13.99 mg L−1, 1.17-10.35 mg L−1, 9.68-80.97 mg L−1, and 0-1.99 mg L−1, respectively, with the highest concentration for Ca2+. While for the negative ions,
the concentrations of Br−, Cl−, F−, and SO4

2− were 0-0.11 mg L−1, 1.39-41.69 mg L−1, 0.10-1.66 mg L−1, and 3.97-81.49 mg L−1, respectively, with the

highest concentration for SO4
2-. According to the Environmental Quality Standards for Surface Water (GB3838-2002), the water quality of the Yuan River

watershed was Class II water, except for TP and NH4
+ in some sampling sites exceeding the Class III water standard (e.g., TP concentration for T10, and
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TP and NH4
+ concentration for T14). Notably, the pollution of phosphorus should still be paid more attention to. Based on the t-test analysis, only pH,

DOC, Na+, Ca2+, and Br− showed statistically signi�cant differences between the mainstream and the tributaries. Namely, the relatively higher
concentrations of Na+ and Br− are observed in the mainstream, and the relatively higher concentrations of pH, DOC, and Ca2+ are detected in the
tributaries. These results indicated that there's not much difference in the hydrochemical parameter values between the mainstream and the tributaries. It
is worth noting that DOC concentrations, which usually showed a higher correlation with the spectral properties of water samples, are higher in tributaries,
suggesting that the pollution in tributaries may be worse than that in the mainstream, but further veri�cation is needed. Additionally, PCA was introduced
to explore the contamination characteristics of the 14 hydrochemical parameters (KMO = 0.542, P < 0.001), and 6 principal components were su�cient to
explain the characterization with the total explanation high of 86.2%. Thereinto, the higher weighting was related to Cl−, Ca2+, DOC, F−, Mg2+ and NO2

−,
suggesting that the pollution of the Yuan River basin was mainly attributed to these parameters.

3.2 Spectral indices of water samples in the Yuan River basin

3.2.1 UV-vis parameters of water samples in the Yuan River basin
The UV-vis parameters (including UV254, α355, E2/E4, and E3/E4) values of the raw and �ltered water in the mainstream and tributaries of the Yuan River
basin are shown in Figure 2A. The UV254 value of the raw water was 0.049 ± 0.009 in the mainstream and 0.066 ± 0.043 in the tributaries; and the
counterparts of the �ltered water were 0.036 ± 0.011 in the mainstream and 0.040 ± 0.020 in the tributaries, respectively. The α355 value of the raw water
was 3.680 ± 0.842 in the mainstream and 6.144±5.456 in the tributaries; and the counterparts of the �ltered water were 2.880 ± 0.897 in the mainstream
and 3.611 ± 1.725 m−1 in the tributaries, respectively. The E2/E4 ratio of the raw water was 6.43 ± 2.04 in the mainstream and 5.88 ± 2.01 in the
tributaries; and the counterparts of the �ltered water were 16.65 ± 6.54 in the mainstream and 11.77 ± 8.25 in the tributaries, respectively. The E3/E4 ratio
of the raw water was 2.39 ± 0.40 in the mainstream and 2.37 ± 0.46 in the tributaries; and the counterparts of the �ltered water were 1.78 ± 0.30 in the
mainstream and 1.79 ± 0.51 in the tributaries, respectively.

According to the results of different analyses, there were no signi�cant differences between the mainstream and the tributaries for all the four UV-vis
parameters in both raw and �ltered water. This result indicated that the aromaticity, CDOM concentration, the condensation degree of the molecular, and
the humi�cation of the organic matter make little difference between the mainstream and the tributaries in the Yuan River basin. However, there was a
signi�cant difference between the raw and �ltered water for all the four UV-vis parameters. That is, the value of UV254, α355, and E3/E4 was relatively high
in the raw water, and a higher ratio of E2/E4 was detected in the �ltered water. These results suggested that the organic matter in SPM (> 0.45 μm) could
not be ignored which made the aromaticity, CDOM concentration, and the humi�cation degree of the organic matter higher in the raw water. Whereas the
condensation degree of the molecular in SPM was lower than NCs which resulted in the lower condensation degree of the molecular in the raw water.

The distribution characteristics of the four UV-vis parameters in different water samples (including raw water, �ltered water, and ultra�ltered water) of the
mainstream were further analyzed in this study (Figure 2B). The results showed that except for E2/E4, the average values of the other three parameters all
showed a descending order as follows: raw water > �ltered water > ultra�ltrates. The results of ANOVA showed that the UV254, α355, and E3/E4 values of
the raw water were signi�cantly higher than those of the �ltered water and ultra�ltrates. On the contrary, the highest value of E2/E4 was found in
ultra�ltrates and signi�cantly higher than those in raw and �ltered water. The results indicate that with the particle size increased, the aromaticity, CDOM
concentration, and humi�cation degree of organic matter increased, and the condensation degree decreased. 

3.2.2 Fluorescence indices of water samples in the Yuan River basin
Fn280 and Fn355 was the indicator of the concentration of the protein-like and the humic-like substances, respectively. In the Yuan River basin (Figure 3A),
Fn280 value of the raw water was 0.18 ± 0.05 r.u. in the mainstream and 0.18 ± 0.06 r.u. in the tributaries; and the counterparts of the �ltered water were
0.17 ± 0.07 r.u. in the mainstream and 0.20 ± 0.10 r.u. in the tributaries, respectively. While Fn355 value of the raw water was 0.12 ± 0.02 r.u. in the
mainstream and 0.14 ± 0.06 r.u. in the tributaries; and the counterparts of the �ltered water were 0.12 ± 0.03 r.u. in the mainstream and 0.13 ± 0.06 r.u. in
the tributaries, respectively. These results revealed that: 1) the concentration of protein-like substances in the Yuan River basin is signi�cantly higher than
that of humic-like substances; 2) the concentration of the �uorescent substances in water samples from the tributaries are similar to those from the
mainstream; 3) the concentration of the protein-like and the humic-like substances in raw and �ltered water made no signi�cant difference. Moreover, the
results 2) and 3) were veri�ed by the statistical test that no signi�cant difference of Fn280 and Fn355 values were found between the mainstream and the
tributaries and between the raw water and the �ltered water. In other words, the protein-like and humic-like substances of the water samples in the
mainstream and the tributaries made few differences, and the concentration of the �uorescent substances in SPM were low which were primarily exist in
the �ltered water. Figure S2 displays the spatial distribution of Fn280 and Fn355 values in the Yuan River basin. Results showed that both two indices were
generally increased along the water �ow direction, suggesting the higher �uorescent substance and the worse water pollution of the downstream in Yuan
River basin.

Fn280 values of the raw water, �ltered water, and ultra�ltrates in the mainstream of Yuan River were 0.18±0.05 r.u., 0.17±0.07 r.u., and 0.14±0.05 r.u.; and
Fn355 values of the raw water, �ltered water, and ultra�ltrates in the mainstream were 0.12±0.02 r.u., 0.12±0.03 r.u., and 0.11±0.03 r.u., respectively (Figure
3B). These results showed that the concentrations of the protein-like and humic-like substances were similar for the raw and �ltered water, and then
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slightly decreased from the �ltered water to ultra�ltrates. Unfortunately, no signi�cant difference was found among these water samples, which might be
attributed to the low concentration of NCs in the �ltered water so that there is no signi�cant difference of �uorescent substances between the �ltered
water and the truly dissolved water (i.e., ultra�ltrates) (Xu et al., 2018).

To gain insight into the source and compositions of the �uorescence components in the different size waters from the Yuan River basin, three
�uorescence indices (i.e., FI, HIX, and BIX) were introduced to characterize the sources, humi�cation, and authigenic properties of organic matter in the
waters with different size of particles, and the results are shown in Figure 3. FI values of the raw water, �ltered water, and ultra�ltrates in the mainstream
of Yuan River were 1.52 ± 0.05, 1.48 ± 0.05, and 1.52 ± 0.03, respectively; FI values of the raw and �ltered water in the tributaries were very close (1.40 ±
0.05). Combined with Figure S3 which showed the �uorescence indices distribution of water samples, the FI values of all water samples in both
mainstream and tributaries were generally lower than 1.5, suggesting that the organic matter in water in the Yuan River basin were mainly a terrestrial
source with a small contribution of autogenous productivity and microbial activity. Different analyses indicated that there were no statistically signi�cant
differences of FI values between mainstream and tributaries, as well as the raw and �ltered water in mainstream and tributaries. Based on the above
discussion that the �uorescent substances were dominant in the �ltered water, it could result in a similar source of the �uorescent substances in raw and
�ltered water. However, a signi�cant difference of FI value was found between the raw / �ltered water and the ultra�ltrates, indicating that the source of
the �uorescent substances in SPM / NCs and the truly dissolved water were the essential differences. 

HIX values of the raw water, �ltered water, and ultra�ltrates in the mainstream of Yuan River were 3.39 ± 0.59, 3.83 ± 0.65, and 3.88 ± 1.03, respectively;
HIX values of the raw and �ltered water in the tributaries were 3.55 ± 0.79 and 3.83 ± 1.21, respectively. Combined with Figure S3, the HIX values in this
study were overall lower than 6, suggesting the low humi�cation degree of the organic matter in the Yuan River basin. Different analyses showed that
there were no statistically signi�cant differences of HIX values between mainstream and tributaries and between the raw and �ltered water both in
mainstream and tributaries, revealing that it made little difference of the humi�cation degree of the �uorescent substance between mainstream and
tributaries, and between SPM and NCs. Besides, there was a statistical difference between the raw water and ultra�ltrates in the mainstream, which
meant that the humi�cation degree of organic matter in SPM and the truly dissolved phase made an obvious difference, i.e., the higher value humi�cation
degree of samples was related to the truly dissolved water. Whereas, this difference was not observed between the �ltered water and the ultra�ltrates,
indicating that the humi�cation degree of NCs was somewhere in-between SPM and the truly dissolved water.

BIX values of the raw water, �ltered water, and ultra�ltrates in the mainstream of Yuan River were 0.84±0.07, 0.87 ± 0.10, and 0.94 ± 0.21, respectively; BIX
values of the raw and �ltered water in the tributaries were 0.84 ± 0.10 and 0.80 ± 0.04, respectively. Combined with Figure S3, the BIX values in this study
were general ranged from 0.8 to 0.9, demonstrating that the organic matter in the water samples was primarily terrestrial input or human in�uence with a
mixture of some autochthonous sources in the Yuan River basin. The results of different analyses of BIX values were consistent with those of FI values,
indicating that: 1) the contribution of the autochthonous origin for water samples was similar between the mainstream and the tributaries, as well as
SPM and NCs; 2) the contribution of the autochthonous origin in the truly dissolved water was higher than those in SPM and NCs.

In comparison to the literature, the �uorescence indices of the waters in the Yuan River basin were in the range of the values reported in other waters
(Table S2). For example, the FI values in this study were slightly lower than those in Dian Lake (1.5-1.7), while much lower than those in Chao Lake (1.60-
2.40), indicated that the higher possibility of terrestrial source for the waters in Yuan River basin. Similarly, the HIX values in this study were also not high
and in accordance with those in the rural watersheds and Chao Lake demonstrated that the lower degree humi�cation of waters in the Yuan River basin.
Due to the various waters (i.e., raw water, �ltered water, and ultra�ltrates) were selected in this study, the BIX values span a relatively large range which
was agreed with those in other waters.

3.3 Distribution of the �uorescence components of water samples in the Yuan River
basin 

3.3.1 PARAFAC component characteristics
Based on the PARAFAC model, three �uorescent components were extracted from the water samples in the Yuan River watershed, including one humic-
like �uorescent component (C1) and two protein-like �uorescent components (C2 and C3) (Figure S4). The maximum Ex/Em wavelengths of the
�uorescence peaks are 245/430 nm (C1), 225(275)/330 nm (C2), and 235(300)/350 nm (C3), respectively. A comparison with the online OpenFluor
database showed (Table S3) that the Tucker convergence coe�cient (TCC) values, which represents the matching degree between the component in this
study and the published model, were all higher than 0.98, indicating that the �uorescent components in Yuan River watershed are all common �uorescent
substances in the environment. The C1 component resembles the traditional humic-like substance (Zhou et al., 2021), and the excitation and emission
characteristics were usually associated with the terrestrial organic matter which was composed of high molecular weight and aromatic organic
compounds (Kowalczuk et al., 2009). C2 component is a protein-like substance, which could be used to predict the degree of contamination in water
bodies (Zhu et al., 2015). C3 component is also a protein-like substance, which mainly planktonic degraded tryptophan-like class authigenic substances.

3.3.2 Distribution of �uorescence components of water samples in Yuan River basin
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The distribution of the three �uorescent components in the Yuan River basin is shown in Figure 4. The �uorescence intensity of C1 component in the raw
water, �ltered water, and ultra�ltrates in the mainstream was 0.35±0.07 r.u., 0.35±0.07 r.u., and 0.30±0.09 r.u., respectively; and the �uorescence intensity
of C1 component in the raw and �ltered water in tributary were 0.38±0.15 r.u. and 0.36±0.14 r.u., respectively. The �uorescence intensity of C2 component
in the raw water, �ltered water, and ultra�ltrates in the mainstream were 0.34±0.07 r.u., 0.29±0.11 r.u., and 0.21±0.06 r.u., respectively; and the
�uorescence intensity of C2 component in the raw and �ltered water in tributary were 0.36±0.11 r.u. and 0.39±0.21 r.u., respectively. The �uorescence
intensity of C3 component in the raw water, �ltered water, and ultra�ltrates in the mainstream was 0.14±0.04 r.u., 0.16±0.10 r.u., and 0.13±0.05 r.u.,
respectively; and the �uorescence intensity of C3 component in the raw and �ltered water in tributary were 0.13±0.06 r.u. and 0.13±0.06 r.u., respectively.
The �uorescent intensity of the three components was ordered as follows: C1≈C2>C3, revealing that the protein-like substances are dominant
�uorophores of the water samples in the Yuan River basin. It has been reported that the protein-like substances were an indicator of water pollution, i.e.,
the higher concentration of the protein-like substances, the worse the water quality (Meng et al., 2013). Therefore, the water quality of Yuan River might be
not good and needs to be paid more attention to. Results of the different analyses indicated that the signi�cant difference was only observed for the C2
component between the raw / �ltered water and the ultra�ltrates, which con�rmed that the protein-like component was mainly combined with the
relatively larger size of particles (i.e., SPM and NCs) rather than the truly dissolved water, which is consistent with the results in previous studies
(Trubetskoj et al., 2018).

The proportion of C1-C3 components in the Yuan River basin is displayed in Figure 5. The proportion of C1 component in the raw water, �ltered water, and
ultra�ltrates in the mainstream were 42.41±4.42 %, 44.65±5.00 %, and 45.82±9.09 %, respectively; and the proportion of C1 component in the raw and
�ltered water in tributary were 42.76±7.10 % and 42.99±9.82 %, respectively. The proportion of C2 components in the raw water, �ltered water, and
ultra�ltrates in the mainstream were 41.65±3.89 %, 36.26±4.93 %, and 33.73±5.64 %, respectively; and the proportion of C2 components in the raw and
�ltered water in tributary were 42.16±6.43 % and 42.57±11.22 %, respectively. The proportion of C3 components in the raw water, �ltered water, and
ultra�ltrates in the mainstream were 15.94±3.37 %, 19.09±5.29 %, and 20.45±5.51 %, respectively; and the proportion of C3 components in the raw and
�ltered water in tributary were 15.09±4.36 % and 14.44±2.72 %, respectively. Obviously, the proportion of C1 was the highest (average, 43.13%), followed
by C2 (average, 40.76%), and C3 (average, 16.11%) had the lowest proportion. Different analyses revealed that the signi�cant difference was only found
for the proportion of C2 between the raw water and the �ltered water / ultra�ltrates in the mainstream, suggesting that the protein-like substance in SPM
was signi�cantly higher than those in NCs or the truly dissolved water. And combined with the results of the �uorescence intensity of the components, the
protein-like substance in NCs was more than that in the truly dissolved water, yet lower than those in SPM, which might be attributed to the low
concentration of NCs in waters.

The spatial distribution of the concentration and proportion of the three �uorescence components in mainstream and tributaries from the Yuan River
basin is shown in Figure S5. It can be seen that the distribution of the �uorescent components from the upstream to the downstream both in the
mainstream and tributaries changed slightly. In further, a different analysis of the �uorescent components among the upstream, midstream, and
downstream of the Yuan River basin was made. It found that there was a signi�cant difference of C3 component between the upstream and the
downstream for both raw and �ltered water in the mainstream (P=0.010, raw water; P=0.025, �ltered water). In addition, the obvious difference of the C2
component in raw water of the mainstream between the upstream and the downstream was also detected (P=0.029). In the tributaries, only the C2
component in raw water was signi�cantly different between the upstream and the downstream of the river (P=0.015). The concentrations of the
�uorescent components in the upstream, midstream, and downstream are shown in Table 1. Results showed that the concentration of both C2 and C3
components was higher in the downstream neither the mainstream nor the tributaries, and neither the raw water nor the �ltered water. These results
demonstrated that the protein-like components were higher in downstream, illustrating the worse water quality of downstream of the river. 

However, the differences in the proportion of the �uorescent components among different parts of the river were not consistent with the concentration of
the �uorescent components’ distribution. Although no signi�cant difference in the concentration of C1 components among different parts of Yuan River,
a relatively higher proportion of C1 components in the midstream was found both in the �ltered water and the ultra�ltrates in the mainstream, indicating
that the humic-like substance was mainly present in the small size of particles (i.e., NCs and the truly dissolved water), which might be on account of the
higher proportion of water in the midstream. Previous studies had shown that terrestrial humic-like substances were often derived from the
decomposition of plant litter and soil, or microbial metabolism and high microbial activity in the water bodies (Huang et al., 2015; Zhao et al., 2018). Due
to the high proportion of the humic-like substances in midstream, the proportion of the protein-like components was reduced, especially for C2. Instead,
a signi�cantly higher proportion of C2 in the upstream was found than those in the midstream both in the �ltered water and the ultra�ltrates in the
mainstream. While the proportion of C3 in downstream (in the raw and �ltered water) was obviously higher than that in the upstream. These results
demonstrated that C2 and C3 was the protein-like substance sourced differently and C3 might be an indicator of water pollution. In the tributaries, the
signi�cant differences of all �uorophores were only found for the �ltered water between the midstream and the downstream, i.e., the proportion of C1 and
C3 was higher in the downstream, and the proportion of C2 was higher in the midstream. This different proportion of the �uorescent components among
the different sections of the river in the mainstream and the tributaries might be because of the difference of the land use from the mainstream to the
tributaries. In the midstream, the sampling sites of the land use type in the mainstream and the tributaries were water and residential land, while the
counterparts in downstream were residential land and cropland. But the impact of land-use types on the distribution of the �uorescent components in the
Yuan River basin was need further study.

3.4 Redundancy Analysis (RDA)

3.4.1 Interpretation by the hydrochemical parameters
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RDA was processed to explore the impact of the hydrochemical parameters on the spectral characteristics of the water samples in the Yuan River basin
(Figure S6). The total explanation of all the hydrochemical parameters for the spectral parameters in the raw and �ltered water was 75.30% and
45.95%, respectively. The explanation for the �rst and second axes in the raw water samples was 68.82% and 5.74%; and the corresponding explanations
in the �ltered water samples were 45.06% and 0.55%, respectively. These results illustrated that the spectral characteristics of the water samples were
in�uenced by the hydrochemical parameters to some extent. As Figure S6 shown, the black and red arrows in the �gure represent the hydrochemical
parameters and the spectral parameters, respectively; and the cosine value of the angle between them represents their correlation. It could be seen that
the relative higher eigenvalues were observed for Cl−, DOC, Mg2+, K+, and NO3

−, and a higher positive correlation was found between them; in contrast,

Ca2+, NO2
−and F− showed the higher eigenvalues in the opposite direction of the former hydrochemical parameters either in the raw water or in the �ltered

water. It indicated that these parameters greatly in�uenced the spectral parameters. In addition, the results that these hydrochemical parameters had
higher eigenvalues were in accordance with those in PCA. Speci�cally, E2/E4 and E3/E4 in raw water were positively correlated with NO2

− and SO4
2−, and

α355, C1, HIX, and Fn355 values were positively correlated with DOC, K+, and Cl−. The α355 value in �ltered water was positively correlated with TP and DOC,

and E2/E4 was positively correlated with F−. These results revealed that the hydrochemical parameters strongly impacted the spectral characteristics of
the water samples in the Yuan River basin.

3.4.2 Interpretation of by land-use types
The total explanation, as well as the explanation of the �rst and second axes of the spectral parameters by the land use types in the Yuan River basin are
shown in Table 2. In general, the total explanation of the spectral parameters by land-use types was much less than by the hydrochemical parameters. It
was differed according to the selected sampling sites (i.e., the mainstream, the tributaries, and the total river basin). Additionally, the explanation changed
with the land-use types from the different distance buffer zones. For all the spectral parameters, the land-use types in the 500 m and 1000 m buffer strips
explained 10.3% and 6.4% of the overall river watershed, respectively; and the corresponding explanation in the 500 m buffer strips (15.3%) for the
mainstream was higher than those for the total river basin, but the corresponding explanation in the 1000 m buffer strips (17.3%) for the tributaries was
relatively higher. These results indicated that the land use types at the small scale impacted greater on the spectral parameters in the mainstream, and
more effective was obtained for the tributaries when the land use types in the buffer strips at the larger scale. Interestingly, this phenomenon was
consistent with the higher percentage of residential land in the mainstream at small scales and in tributaries at large scales, implying the signi�cant
in�uence of human activities on the spectral characteristics of the water. It had been proved that the protein-like component could re�ect the sewage
disposal performance(Tao et al., 2021). In addition, the optical signature of DOM could re�ect the developmental level of the city, i.e., the higher protein-
like component was found for the developed cities, whereas the humic-like component was high for the undeveloped cities (Shang et al., 2021). 

Furthermore, the impact of the land-use types at the small and the large scale on the UV-vis and �uorescence characteristics of water was also studied. It
was found that the explanation of the UV-vis parameters by the land use types both at the small and the large scale in both mainstream and tributaries
was similar to the explanation of all the spectral parameters of the water samples in the Yuan River basin. These results suggested that the effect of
land-use types on the spectral parameters of water is mainly featured as the UV-vis parameters, rather than the �uorescence parameters. Nevertheless,
the explanation of the �uorescence parameters by the land use types at the small scale was higher than that of all the spectral parameters. In detail, the
corresponding explanation both increased nearly 3% in the tributaries and the overall river basin and increased to 51% in the mainstream, revealing that
the effects of the land use types on the �uorescence parameters of water were greater at the small scales, especially for the mainstream. In contrast, the
explanation of the �uorescence parameters by the land use types at the large scale was decreased to a certain extent to 4.3% and 23.4% in tributaries and
mainstream, respectively. This result con�rmed that the in�uence of the land use types on the �uorescence parameters was more signi�cant in the
mainstream even at a large scale.

For the water samples with different sizes of particles, the explanation of all the spectral parameters by the land-use types at the two scales in the �ltered
water was higher than that in the raw water, indicating that the impact of land-use types on the spectral parameters for NCs was greater than that for
SPM. In general, the land-use types at the small scale had a greater impact on spectral parameters compared to those at the large scale. Owing to the
limitation of the number of sample sites, it could not obtain the explanation of the spectral parameters of the water samples by land use in the
mainstream. But with combined the results in tributaries and the overall river basin, the effect of land-use types at a small scale on the spectral
parameters of SPM was greater in the mainstream, and the corresponding effect on the spectral parameters of NCs was greater in tributaries; in contrast,
the effects of land-use types at large scale on the spectral parameters of both SPM and NCs were greater in tributaries.

4. Conclusions
In this study, the effect of the hydrochemical properties and the land use type on the spectral characterization of the waters with different sizes of
particles (i.e., SPM, NCs, and the truly dissolved water) were investigated in the Yuan River basin. In general, there was no signi�cant difference in the
spectral properties between the mainstream and the tributaries, but some important variations were observed among the waters with different sizes of
particles. Results of UV-vis showed that the aromaticity, CDOM concentration, and the humi�cation degree of the organic matter in SPM could not be
ignored which had a lower condensation degree of the molecular than that of NCs. However, the �uorescence feature between SPM and NCs made little
difference. The protein-like substance was the primary �uorescence with the relatively higher concentration in the waters with larger size particles in
downstream. Although redundancy analysis revealed that the hydrochemical properties made more contribution to the spectral properties compared to
the land use types, the hydrochemical properties were inevitably impacted by the land use types. In this sense, the spectral properties of the waters were
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strongly in�uenced by land use. Furthermore, human activities made a vital role in the spectral characteristics of the waters, especially for NCs. This
study demonstrated that the hydrological properties and the land use type affect the spectral properties of the waters with different sizes of particles, and
these results provide important data for the protection and prevention of the water in the Yuan River.
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Tables
Table 1 Statistical description and difference analysis of the �uorescence components for the water samples from the upstream, midstream, and
downstream of Yuan River basin

C2-R C3-R C3-F C1%-F C1%-U C2%-F C2%-U C3%-R C3%-F

upstream 0.29±0.06
a

0.11±0.05
a

0.11±0.05
a

43.36±4.19
a

38.94±13.85
a

41.73±4.50
a

37.22±9.00
a

14.28±5.03
a

14.90±0.56
a

M midstream 0.36±0.08
ab

0.15±0.03
ab

0.14±0.02
ab

49.67±1.86
b

52.86±2.04
b

31.79±1.42
b

29.23±1.11
b

16.37±1.86
ab

18.54±1.24
ab

downstream 0.38±0.05
b

0.17±0.03
b

0.24±0.13
b

41.43±4.87
a

48.04±2.73
ab

34.83±2.76
b

31.67±1.54
ab

18.62±1.75
b

23.75±6.67
b

upstream 0.28±0.03
a

    44.06±9.61
ab

  42.67±11.14
ab

    13.26±1.88
a

T midstream 0.34±0.12
ab

    35.16±7.00
a

  51.71±9.06
a

    13.13±3.65
a

downstream 0.42±0.11
b

    48.36±9.15
b

  35.39±8.72
b

    16.26±1.38
b

 Table 2 Interpretation of the spectral parameters by land-use types for the water samples from Yuan River basin (%)
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All T M All T

500m (spectral parameters) RDA1 9.1 10.1 14.6 500m (R) RDA1 18.1 13.5

RDA2 1.2 1.1 0.5 RDA2 1.5 1.6

total interpretation 10.3 11.3 15.3 total interpretation 19.6 15.1

1000m (spectral parameters) RDA1 6.3 16.6 1.0 500m (F) RDA1 27.2 31.1

RDA2 0.1 0.7 0.3 RDA2 0.3 0.3

total interpretation 6.4 17.3 1.3 total interpretation 27.7 31.6

500m (UV-vis) RDA1 9.1 10.2 14.6 1000m (R) RDA1 5.0 12.2

RDA2 1.2 1.1 0.4 RDA2 1.2 2.4

total interpretation 10.3 11.3 15.1 total interpretation 6.3 14.7

1000m (UV-vis) RDA1 6.3 16.7 1.0 1000m (F) RDA1 17.9 42.7

RDA2 0.1 0.7 0.2 RDA2 0.1 0.3

total interpretation 6.4 17.4 1.2 total interpretation 18.0 43.0

500m (�uorescence) RDA1 13.3 13.9 46.2

RDA2 0.6 0.9 4.2

total interpretation 14.0 14.8 51.0

1000m (�uorescence) RDA1 1.8 3.5 22.8

RDA2 0.3 0.8 0.5

total interpretation 2.1 4.3 23.4

Figures

Figure 1

Distribution of land use and sampling points in Yuan River basin
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Figure 2

UV-vis parameters of water samples from the Yuan River basin (letters in the �gure indicate the signi�cant differences, P < 0.05)

Figure 3

Fluorescence indices of water samples from the Yuan River basin
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Figure 4

Fluorescence intensity of C1-C3 for the water samples from the Yuan River basin

Figure 5

Proportion of C1-C3 for the water samples from the Yuan River basin
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