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Abstract

Rapid urbanization imposes significant pressure on riverine water environments, yet the
evolution of hydrochemical characteristics and dissolved organic matter (DOM) in rivers
across urbanization gradients within developing regions, such as the Huaibei Plain, re-
mains inadequately understood. Thus, this study investigates the hydrochemical and
DOM characteristics of rivers across distinct urbanization gradients (suburban, peri-urban,
and urban) in this area. Using an excitation—emission matrix coupled with a parallel
factor analysis (EEM-PARAFAC) and hydrochemical analyses, we found that while rock
weathering is the primary major ion source, human activities distinctly alter water pro-
files. Agriculturally dominated suburban rivers had significantly higher nitrate (NO3;™)
concentrations than those in urban and peri-urban rivers. Their DOM was predominantly
humic-like (C1, C3) with a high humification index (HIX), indicating a substantial input
of soil-derived humic substances driven by runoff from the agricultural catchment. Con-
versely, urban and peri-urban rivers exhibited higher chloride (Cl™) concentrations due
to domestic sewage. Their DOM was dominated by protein-like components (C2 and C4,
averaging 65-68%), with high biological indices (BIX) reflecting autochthonous origins.
Correlation analysis confirmed these anthropogenic impacts: NO3 ~ positively correlated
with humic-like components and HIX, while C1™ strongly correlated with protein-like
components. These findings confirm that DOM components and spectral indices are effec-
tive tracers of anthropogenic disturbance and hold promise for monitoring and predicting
water quality, thus providing a scientific basis for improved water resource management
and restoration strategies.
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1. Introduction

With the rapid increase in urbanization, water quality deterioration and aquatic ecosys-
tem degradation in urban rivers have severely restricted the sustainable utilization and
ecological development of urban aquatic resources [1]. Currently, China is experiencing
an unprecedented urban expansion process [2], which has led to the conversion of a large
number of natural and agricultural rivers into urban rivers. The global urban population is
projected to reach 2.3 billion by 2025 [3], which will further exacerbate the anthropogenic
disturbance of urban river ecosystems. As an important water diversion channel for the
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South-to-North Water Diversion Project, the major rivers in the Huaibei Plain have im-
portant water supply and ecological functions [4]. This region is also characterized by
intensive agricultural cultivation, rapid peri-urbanization, and coal mining activities, mak-
ing it highly representative for revealing anthropogenic disturbance gradients in riverine
ecosystems [5,6]. The hydrochemical composition of river water is jointly controlled by
basin geological conditions, atmospheric precipitation, climate, vegetation, and anthro-
pogenic activities [7], and the analysis of surface water hydrogeochemical characteristics
is the basis for clarifying the source of major ions and their response to the surrounding
environment [8]. Similarly, DOM is highly sensitive to changes in urbanization levels
and the comprehensive status of the aquatic environment [9]. Moreover, methods for its
detection are efficient, require small water sample volumes, and are non-destructive to the
sample structure [10].

DOM is a highly reactive heterogeneous mixture with a complex structure, composed
of humus, proteins, polysaccharides, and other organic macromolecules [11]. It has two
main sources: autochthonous sources (mainly derived from the death and decomposition
of phytoplankton and microorganisms in water) and allochthonous sources (primarily
from the decomposition of soil organic matter and plant tissues in the watershed) [12]. As
a core nutrient reservoir and carbon source in aquatic ecosystems, DOM plays a pivotal
role in linking biogeochemical cycling, pollutant transport and transformation, and water
quality evolution [13]. Compared with rivers in remote natural areas, urban rivers typically
have higher concentrations of protein-like DOM components due to intense anthropogenic
disturbances [2]. Excessive DOM in natural water bodies can not only hinder the penetra-
tion of sunlight into the deep water layer and inhibit aquatic photosynthesis [14,15], but
also lead to the formation of stable complexes with heavy metals, enhancing their mobility
and bioavailability [2]. In addition, DOM can react with disinfectants during drinking
water treatment to generate disinfectant by-products, posing a potential risk to human
health [16]. Therefore, exploring the composition and spectral characteristics of DOM is
of great significance for revealing its source apportionment, environmental behavior, and
transformation processes in aquatic ecosystems.

Fluorescence spectroscopy is an effective tool for characterizing the optical proper-
ties of DOM in water [17]. Excitation-Emission Matrix—Parallel Factor Analysis (EEM-
PARAFAC) has been widely applied in the study of DOM in rivers [18], lakes [19], and
groundwater [20] due to its high sensitivity, wide applicability, and simple operation. For
example, Wang Ya et al. [18] used EEM-PARAFAC to analyze DOM composition in coastal
rivers of the Pearl River Delta and found that urban rivers had relatively high contents of
protein-like components. Peng Yigao et al. [21] revealed that high-antimony groundwater
was characterized by a higher humification index and lower fluorescence intensity via
EEM-PARAFAC. In addition, fluorescence index (FI), humification index (HIX), and biolog-
ical index (BIX) can be calculated from EEM data to identify the source and humification
degree of DOM [17].

Current studies on DOM in the urban rivers of China have mostly focused on eco-
nomically developed megacities such as Ningbo [22], Shenzhen [18], and Chongging [1],
whereas research on DOM in rivers of less developed cities in the Huaibei Plain remains
scarce [23]. Rivers are critical channels connecting the terrestrial-aquatic organic and inor-
ganic carbon cycles and play an important role in regional carbon cycling [1]. The water
quality and DOM composition of rivers across different urbanization gradients are a com-
prehensive reflection of natural processes and anthropogenic impacts in the watershed [24],
and the quantity and quality of DOM are closely linked to urbanization intensity [1]. Zhang
Hangzhen et al. [25] investigated the relationship between dissolved organic matter (DOM)
and river water quality on a global scale, demonstrating that climate change concurrently
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influences both water quality parameters and DOM sources, with DOM showing strong
correlations with key water quality indicators. Moreover, research in Bohai Bay, China, and
its tributary rivers has revealed that fluorescence-based components and spectral indices
are capable of serving as reliable predictors for water quality [26].

Therefore, it is crucial to systematically explore the spectral characteristics and source
apportionment of DOM in rivers across different urbanization gradients in Suzhou City, a
typical, less-developed city in the Huaibei Plain. This study aims to (1) clarify the spatial
differentiation patterns of major ion compositions, hydrochemical facies, and ion sources of
rivers across distinct urbanization gradients in the Huaibei Plain; (2) identify the fluorescent
components of DOM and reveal their spatial variation characteristics; and (3) explore the
coupling relationship between hydrochemical parameters and DOM spectral indices, and
screen out effective indicators for tracing anthropogenic disturbance. The results will fill
a gap in the research of DOM in less-developed urban rivers of the Huaibei Plain and
provide a scientific basis for the ecological management of river water in the region.

2. Materials and Methods
2.1. Study Area

The study area is located in Suzhou City, northern Anhui Province, which is a typical
representative of the Huaibei Plain, and sits in the warm temperate monsoon climate zone
(Figure 1a). Precipitation in this region has clear seasonal variations and an uneven annual
distribution, with abundant rainfall in summer and scarce precipitation in winter, and
concentrated rainfall is prone to cause flood disasters. Three typical rivers with different
urbanization gradients were selected as the research objects: the Hui River (suburban
river, dominated by agricultural land use), the Tuo River (urban river, dominated by urban
impervious surfaces), and the Xinbian River (peri-urban river, transitional zone between
urban and suburban areas) (Figure 1b).
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Figure 1. Distribution of sampling points and land-use map. (a) Geographic location of the study
area in the Huaibei Plain, China; (b) spatial distribution of sampling sites, land-use types, and labeled
rivers (Hui River, Tuo River, Xinbian River).

The Hui River is a suburban river dominated by agricultural land use. It originates in
Caolou in northwestern Shangqiu City, Henan Province, and is a tributary of the Huaihong
New River in the Hongze Lake system of the Huaihe River Basin. The total length of the Hui

https://doi.org/10.3390/earth7030075


https://doi.org/10.3390/earth7030075

Earth 2026, 7, 75

40f17

River is 235 km, with a drainage area of 4176 km?. The basin has low and variable annual
precipitation, limited runoff with large inter-annual fluctuations, and extremely uneven
intra-annual runoff distribution. The average annual discharge at Huangkouji Hydrological
Station is 4.19 m3/s, with an average annual natural runoff of 1.44 x 108 m3 [24,27].

The Tuo River is defined as an urban river, with urban impervious surfaces as the
dominant land use. It is a left-bank tributary of the Huaihe River, originating from Liudi
in Shanggqiu City, Henan Province. The Tuo River has a total length of 112 km, a water
depth of 0.5-1.5 m, and a drainage capacity of 3.52-72.10 m?/s. This river traverses the
core urban built-up area of Suzhou City and is strongly disturbed by domestic sewage and
urban stormwater runoff [23,27].

The Xinbian River serves as the peri-urban river, representing the transitional zone
between urban and suburban areas. It is a large artificial river with a total length of 127 km
and a watershed area of 2493.3 km? within Suzhou City. The basin crosses Henan, Anhui,
and Jiangsu provinces; the main stream diverts water from the Tuo River at Qilingzi and
flows into the Lihewa of Hongze Lake at Fuyuzi in Sihong County, Jiangsu Province [24,27].

2.2. Sample Collection and Testing

A total of 27 sampling sites were systematically set in the study area, including
12 sampling sites distributed along the mainstream of the Hui River (suburban river), an-
other 10 sampling sites along the Tuo River (urban river), and the remaining 5 sampling
sites along the Xinbian River (peri-urban river). Sampling points were arranged along
the main streams of the three rivers following a uniform spatial gradient principle, cover-
ing upstream, midstream, and downstream segments to fully represent the overall water
environmental characteristics of each river system. As shown in Figure 1b, the spatial
distribution of sampling sites and land use types was mapped based on Globeland30 land
use data and Sentinel-2 remote sensing imagery (2024); the Hui River, Tuo River, and
Xinbian River were explicitly labeled on the map, and the spatial scope corresponding to
suburban, peri-urban, and urban gradients was clearly marked. All water samples were
collected in triplicate at each sampling site to ensure statistical robustness. Sampling was
completed within one day, and samples were transported to the laboratory within 4 h under
a controlled temperature of 2—4 °C. Total dissolved solids (TDS) and pH were measured in
situ. Collected water samples were stored in 1000 mL high-density polyethylene (HDPE)
bottles. Upon transportation to the laboratory, the water samples were immediately filtered
through 0.45 pm cellulose membranes to remove suspended particulate matter. For cation
analysis (Ca?*, Mg?*, Na*, and K*), the filtered samples were acidified to pH < 2 with
ultra-pure nitric acid to prevent metal precipitation and adsorption, then stored at 4 °C
in darkness until analysis. For anion analysis (C1-, S0,42~, F~, and NO3 "), the filtered
samples were stored at 4 °C without acidification. The concentrations of the major cations
and anions were determined by ion chromatography (ICS-600-900, Thermo Fisher Scientific,
Waltham, MA, USA). The measurement of HCO3~ and CO32~ was carried out using phe-
nolphthalein and methyl orange as indicators, and titration was performed with 0.05 mol/L
HC1 (DZ/T 0064.49-2021). All instrumental measurements were conducted in triplicate,
and the relative standard deviation (RSD) was controlled within 5% to ensure data precision.
Fluorescence spectroscopy was performed using an F-4700 spectrophotometer (Hitachi,
Chiyoda, Japan). Samples were scanned in a 1 cm quartz cuvette with excitation (Ex)
wavelengths from 250 to 500 nm and emission (Em) wavelengths from 250 to 600 nm, at
a scanning speed of 2400 nm/min. Ultrapure water was used as a blank to correct for
background effects. The fluorescence index (FI) is defined as the fluorescence intensity
ratio between 450 nm and 500 nm under an excitation wavelength of 370 nm [28]. The
biological index (BIX) is calculated as the ratio of emission fluorescence intensity at 380 nm
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to 430 nm under an excitation wavelength of 310 nm [28]. The humification index (HIX) is
calculated as the integral area of fluorescence signals in the emission ranges of 435-480 nm
and 300-345 nm under an excitation wavelength of 254 nm [28].

2.3. Statistical Analysis

Parallel factor analysis (PARAFAC) was performed on the excitation-emission matrix
(EEM) fluorescence spectra using Matlab 2022b combined with the drEEM toolbox. The
resolved fluorescent component information was subjected to matching analysis against
the online spectral library of DOMFluor. One-way analysis of variance (ANOVA) and
multivariate statistical analysis were conducted using IBM SPSS Statistics 24. Graphs were
plotted using OriginPro 2025 and R.

3. Results
3.1. Characteristics of Conventional Ion Contents

The statistical characteristics of major cation and anion concentrations in rivers across
different urbanization gradients in the study area are shown in Table 1. Three rivers were all
slightly alkaline (pH 7.42~8.50), with significant differences in pH values among different
urbanization gradients: the peri-urban river had the highest average pH (8.39), followed by
the urban river (8.26), and the suburban river had the lowest (7.75). This may be related to
the differences in anthropogenic nutrient input and aquatic microbial metabolism among
different rivers.

Table 1. Descriptive statistical analysis of hydrochemical parameters in rivers across different
urbanization gradients.

River pH HCO3;~ CO32- K* Na* Ca?* Mg?*  SO42- Cl- NO;~ F-
Mean 7.75 295.65 0.00 7.42 101.27  57.00 2521 10219  90.69 6.30 0.83

Suburban Ri Max 8.03 324.31 0.00 8.72 131.95 7441 2923 12428  110.78 8.76 0.97
uburban River Min 7.42 229.12 0.00 5.05 26.04 49.93 13.12 29.06 36.10 1.05 0.68
SD 0.19 23.91 0.00 1.16 40.70 8.19 493 37.90 25.65 2.40 0.09

Mean 8.39 30475  10.53 1317 17671  47.80 4173 16292 16753 1.57 0.85

Periurban Ri Max 8.50 38746  15.00 1326 18636  52.54 4204 16527 17413 2.04 0.89
eri-urban River Min 8.22 212.64 0.00 13.08  172.06  44.47 4129 16073 16201 1.14 0.82
SD 0.11 81.48 6.00 0.07 5.68 3.38 0.37 1.95 482 0.42 0.02

Mean 8.26 416.47 5.10 1189 16275  56.17 4320 15724  160.01 2.28 0.86

Usban Ri Max 8.50 49576  18.00 1245 17886 6596 4455 16795  168.95 3.65 0.91
rban River Min 8.04 372.20 0.00 1124 13922  48.63 4191 149.77  151.07 0.66 0.79
SD 0.14 43.62 7.49 0.33 17.37 5.40 0.98 8.00 7.16 1.07 0.04

Among the anions, HCO;~ was dominant. HCO3 ™ concentrations in the suburban
river ranged from 229.12 to 324.31 mg/L, with a mean value of 295.65 mg/L, while those
in the urban river varied from 372.20 to 495.76 mg/L, with a mean of 416.47 mg/L. In
the peri-urban river, concentrations ranged from 212.64 to 387.46 mg/L, with a mean of
304.75 mg/L. Hence, HCO3~ concentrations were highest in the urban river, followed
by the peri-urban river and then the suburban river. The order of concentrations for
major cations and anions was consistent in both the peri-urban river and the urban river:
Na* > Ca?* > Mg?* > K*, and HCO;~ > SO,4?~ > Cl~ > F~. In contrast, the order for major
anions in the suburban river was HCO3~ > Cl~ > SO,%~ > F~.

3.2. Controlling Factors of Hydrochemical Characteristics

The Piper trilinear diagram is a classic method for identifying hydrochemical facies
and has been widely applied in the analysis of aquatic hydrochemical compositions [29].
As shown in Figure 2, HCO3~ was the dominant anion in all three rivers, followed by C1~
and SO42~; Na* was the predominant cation, followed by Ca?* and Mg?*. The average

https://doi.org/10.3390/earth7030075


https://doi.org/10.3390/earth7030075

Earth 2026, 7, 75

60f17

milliequivalent percentages of Na* in total cations for the suburban, peri-urban, and
urban rivers were 47.1%, 56.7%, and 52.5%, respectively, and the corresponding average
milliequivalent percentages of HCO3™ in total anions were 50.9%, 38.1%, and 46.7%,
respectively. The hydrochemical facies of both urban and peri-urban river waters were
classified as the Na-HCOj type, indicating that the ion composition of urban and peri-urban
rivers is significantly affected by rock weathering. In addition, Na* accounts for more than
half of the total cation assemblage, indicating that its concentration is not only regulated by
rock weathering but also subjected to intense anthropogenic interference. Domestic sewage
discharge, detergent emissions, urban runoff, and agricultural irrigation return flow are
dominant exogenous sources of Na*, which cause substantial enrichment of sodium ions
in urban and peri-urban rivers [30]. For the suburban river, 75% of the water samples were
Na-HCOj; type, and 25% were Ca-HCOj3 type, suggesting that the suburban river is jointly
affected by silicate weathering (Na* release) and carbonate weathering (CaZ* release),
which is consistent with the geological background of the Huaibei Plain [31].

I suburban River
Peri-urban River
Urban River

Ca’* Cr

Figure 2. Piper trilinear diagrams of rivers under different urbanization levels.

Gibbs diagrams are an effective tool to distinguish the contributions of evaporation—
crystallization, atmospheric precipitation, and rock weathering to the hydrochemical char-
acteristics of surface water [31,32]. As shown in Figure 3, all sampling points are con-
centrated in the rock weathering dominance area, with a small number of points close to
the evaporation—crystallization area. This indicates that rock weathering is the primary
controlling factor of the hydrochemical characteristics of rivers in the study area, and
evaporation—crystallization has a secondary influence. Combined with the ion concen-
tration characteristics, anthropogenic activities (agricultural non-point source pollution,
domestic sewage discharge) have altered the relative content of partial ions (NO3~, C1™)
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on the basis of natural rock weathering [24]. This is the main reason for the differences in
hydrochemical parameters among rivers with different urbanization gradients.

100000 100000

(2)
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CI/(CI+HCO;) Na"/(Na™+Ca*")

Figure 3. Gibbs diagrams illustrating natural hydrochemical controlling factors for river water
under different urbanization gradients. (a) Relationship between TDS and Cl1~/(C1~+HCO;™);
(b) relationship between TDS and Na* /(Na*+Ca2").

3.3. EEM-PARAFAC Components

Four fluorescent components were identified from the EEM-PARAFAC combined
with core consistency diagnosis and split-half validation (Figure 4), and the spectral char-
acteristics and source analysis of each component were obtained by matching with the
DOMFluor database (Table 2). C1 and C3 exhibited excitation and emission wavelength
maxima (380 nm < Em) characteristic of humic-like substances, whereas C2 and C4 dis-
played spectral signatures (Em < 380 nm) consistent with protein-like components [33].
C1 (Ex/Em =250(310)/394 nm) is a terrestrial humic-like fluorophore associated with
microbially processed terrestrial organic matter, potentially influenced by agricultural
activities [33,34]. The fluorescent component C1 in the suburban river was significantly
higher (p < 0.05) than that in the urban and peri-urban rivers (Figure 5).

The maximum excitation wavelength of component C2 was 285 nm, and the maxi-
mum emission wavelength was 336 nm, which was close to the position of the traditional
T peak and could be identified as a tryptophan-like substance [35,36]. Component C3 ex-
hibited a maximum emission peak at 470 nm, which is characteristic of a typical terrestrial
humic-like component [37,38]. Component C3 generally displayed higher peak intensities
in catchments strongly disturbed by anthropogenic activities and in wastewater, in com-
parison with surface water and groundwater under natural background conditions [39].
Component C4 showed a maximum excitation wavelength of 265 nm and a maximum
emission wavelength of 298 nm, and was identified as a tyrosine-like substance [40]. As
a protein-like component, C4 is generally related to high eutrophication and strong au-
tochthonous production. The tyrosine-like component (C4) has a low molecular weight
and high bioavailability, and can be used to indicate the contemporary primary produc-
tivity and microbial activity of the water body. Moreover, the proportion of protein-like
components increases in catchments that are strongly disturbed by human activities or in
polluted areas [41].
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Figure 4. Four fluorescent components identified by EEM-PARAFAC.

Table 2.
fluorescent components.

Spectral characteristics and source apportionment of four PARAFAC-identified

Number of
Component Ex/Em (nm) Probable Source OpenFluor Matches
C1 250(310)/39%4 Microbial humic-like fluorescence, Peak ‘M’. 83
c2 285/336 Tryptophan-like component, Peak ‘T’ 32
C3 250(360) /470 Terrestrial humic-like substances, Peak ‘A+C’ 91
C4 265/298 Protein-like substances, Peak ‘B’ 7
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Figure 5. Abundances of PARAFAC components in rivers under different urbanization levels. Note:
*** indicates a significant difference at p < 0.001; **** indicates an extremely significant difference at
p < 0.0001; ns represents no significant difference.

4. Discussion

4.1. Differences in Conventional Ion and Fluorescence Parameters of Rivers Across Different
Urbanization Levels

A comparison of ion concentrations showed that Cl~ concentrations in the overlying
water of urban and peri-urban rivers were significantly higher (p < 0.05) than those in sub-
urban rivers, while SO42~ and NO3 ™~ concentrations in suburban rivers were significantly
higher (p < 0.05) than those in urban and peri-urban rivers (Figure 6). The suburban river wa-
tershed is dominated by agricultural land and coal mines (Qinan and Qidong Coal Mines),
where agricultural non-point source pollution is characterized by high NO3; ™ input (from
chemical fertilizer application) and mine drainage discharges with high concentrations of
SO42~. This pattern is consistent with the findings of previous studies on groundwater in
agricultural areas of the Huaibei Plain and rivers affected by mining drainage [42], indicat-
ing that the combined effects of agricultural fertilization and mining activities are a typical
characteristic distinguishing suburban rivers from urban rivers. In this study, the significant
enrichment of Cl1~ in urban rivers (mean concentration > 150 mg/L) is consistent with the
findings reported by Jiang Yaqi et al. [7] for rivers in similarly rapidly urbanized regions,
which collectively confirms that domestic sewage discharge serves as a critical indicator of
anthropogenic disturbance to hydrochemical characteristics in such areas.
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Figure 6. Contents of major ions in the overlying water of rivers with different urbanization levels.
(a) Concentrations of major cations (Na?*, K*, Mg?*, Ca*, C1~, SO,42~, and HCO;™); (b) concentra-
tions of major anions (NO3~, and F7).

The relative abundances of the four fluorescent components in rivers across different
urbanization gradients are shown in Figure 5. The fluorescence intensities of humic-like
components (C1 and C3) in the suburban river were significantly higher than those in
urban and peri-urban rivers (p < 0.05). The average proportions of C1 and C3 in the
suburban river were 38.05% and 27.89%, respectively, with a total proportion of 65.94%.
This indicates that DOM in the suburban river is dominated by humic-like components,
which is due to the intensive agricultural activities in the suburban watershed: a large
amount of soil humus is transported into the river by rainfall erosion and surface runoff,
resulting in a high proportion of land-derived DOM [43]. In contrast, the fluorescence
intensities of protein-like components (C2 and C4) in urban and peri-urban rivers were
significantly higher than those in the suburban river (p < 0.05). The total proportions of C2
and C4 in urban and peri-urban rivers were 65.78% and 67.83%, respectively, indicating that
DOM in urban and peri-urban rivers is dominated by protein-like components. The high
proportion of protein-like components is closely related to the large amount of domestic
sewage discharge in urban and peri-urban areas. Tryptophan and tyrosine in domestic
sewage are the main sources of protein-like DOM, and the weak hydrodynamic conditions
of urban rivers also facilitate the accumulation of protein-like components [9]. Our results
are consistent with those reported for several rapidly urbanized regions. Wang Ya et al. [18]
documented high abundances of protein-like components (C2, and C4) in urban rivers
of the Pearl River Delta, which was attributed to wastewater discharge. Similarly, Zhang
Liuging et al. [1] found that urbanization enhances autochthonous protein-like signals in
dissolved organic matter. In contrast with those findings, suburban rivers in our study area
exhibited a notably higher proportion of humic-like components (C1+C3, approximately
66%), reflecting the strong influence of agricultural runoff in this region and demonstrating
a distinct effect of the urbanization gradient on dissolved organic matter composition.

Fluorescence parameters of DOM can reveal information, such as its source, humifica-
tion degree, and autochthonous characteristics [9]. FI can be used to identify the sources of
DOM. When the FI value is greater than 1.9, this suggests that the DOM is predominantly
autochthonous. When it is between 1.4 and 1.9, this indicates a combined influence of
terrestrial sources and autochthonous production. When the FI value is less than 1.4, this
implies that DOM shows strong terrigenous characteristics [44]. The FI values for the subur-
ban river mostly fell between 1.4 and 1.9, indicating that its DOM contained contributions
from both terrestrial and autochthonous sources [9]. In contrast, the FI values of urban
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and peri-urban rivers were slightly higher than 1.9, which could be attributed to direct
anthropogenic disturbances leading to elevated levels of protein-like components [45].
HIX can be used to indicate the humification degree of DOM [46]. The HIX values of
the suburban river ranged from 2.41 to 4.41, with a mean value of 3.05, whereas those
of the urban river varied between 0.70 and 0.85, with an average of 0.77, while those of
the peri-urban river ranged from 0.79 to 0.92, with a mean of 0.86. It is evident that the
HIX value of DOM in the suburban river was significantly higher (p < 0.05) than those
in the urban and peri-urban rivers, indicating a higher humification level of DOM in the
suburban river [44]. Soil DOM exhibits a high HIX value, as macromolecular humus in
soil is poorly bioavailable and shows a high degree of humification. Meanwhile, a higher
HIX value indicates distinct terrigenous characteristics of DOM and is associated with the
input of agricultural non-point source pollution [47]. BIX is another important indicator
for identifying DOM sources. A BIX value greater than 1 suggests that DOM is mainly
autochthonous [48]. The BIX values of the suburban river were approximately 1, with some
sites showing BIX values below 1, indicating that the suburban river was influenced by both
terrigenous and autochthonous sources. However, those of urban and peri-urban rivers
were all greater than 1, implying significant autochthonous characteristics in these rivers.
Furthermore, r(T/C) was applied to evaluate the pollution status of rivers, and an r(T/C)
value > 2 suggests the impact of wastewater discharge [44]. Urban and peri-urban rivers
presented relatively high r(T/C) values, with average values of 2.84 and 2.67, respectively.
In contrast, the r(T/C) value of the suburban river (average: 0.79) was significantly lower
(p < 0.05) than those of urban and peri-urban rivers (Table 3). Therefore, DOM in the
suburban river was mainly controlled by terrigenous sources, whereas DOM in urban and
peri-urban rivers was dominated by autochthonous sources and significantly affected by
sewage discharge.

Table 3. Statistical analysis of DOM spectral indices in rivers across different urbanization gradients.

. Suburban River Peri-Urban River Urban River
Indicator
Average SD Average SD Average SD
FI 1.85 0.038 1.91 0.013 1.91 0.021
BIX 0.98 0.08 1.32 0.014 1.32 0.054
HIX 3.05 0.041 0.86 0.014 0.77 0.018
T/C 0.79 0.15 2.67 0.21 2.84 0.44

4.2. Relationship Analysis Between Hydrochemical Parameters and DOM

The assessment of surface water quality is usually based on physical, chemical, and
biological indicators, and the use of fluorescence spectral parameters to characterize water
quality characteristics has been verified as an effective method [26]. Previous studies have
mostly focused on the relationship between DOM spectral indices and heavy metals or
nutrient indicators (COD, TP, and NH,*-N) [44,49], while the coupling relationship be-
tween major hydrochemical parameters (dominant anions and cations) and DOM spectral
indices remains unclear. In this study, Pearson correlation analysis was used to explore
the relationship between hydrochemical parameters, DOM fluorescent components, and
spectral indices (Figure 7). NO3 ™ exhibited significantly positive correlations (p < 0.05)
with humic-like components (C1 and C3) and HIX. Humic-like components (C1 and C3)
are mostly derived from the terrestrial soil environment; in particular, agricultural activi-
ties import terrigenous DOM into aquatic ecosystems, thereby increasing the sources of
allochthonous organic matter in aquatic ecosystems [25,50]. Meanwhile, rivers dominated
by agricultural land usually present high concentrations of NO3;~ [51]. Consequently,
humic-like components serve as important parameters for indicating agricultural non-point
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source pollution [52]. C1~ and SO42~ showed strong positive correlations with protein-
like components (C2 and C4) (p < 0.001). In natural water bodies, CI~ and SO4*~ are
mostly associated with anthropogenic disturbances [31]. Therefore, protein-like compo-
nents are important indicators for reflecting anthropogenic disturbance [46]. Furthermore,
Mg?*, Na*, and K* also exhibited strong positive correlations with the protein-like compo-
nents (C2 and C4), and some studies have suggested that DOM is related to water—rock
interactions [53]. Previous research has indicated that an increase in dissolved organic
carbon concentration in water is often accompanied by rising levels of Mg?*, Na*" and
HCO;™ [54]. It can be seen that the relationships between DOM fluorescent components
and anions/cations are complex. Nevertheless, increasing evidence has confirmed the
feasibility of using DOM fluorescent components and spectral parameters to character-
ize anthropogenic disturbances [52]. In general, the correlation analysis further verifies
that DOM fluorescent components and their spectral indices can effectively characterize
the type and degree of anthropogenic disturbance in rivers across different urbanization
gradients, and the coupling relationship between hydrochemical parameters and DOM
provides a new perspective for the comprehensive assessment of river water quality in the
Huaibei Plain.
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Figure 7. Correlation analysis between hydrochemical parameters, fluorescent components, and
optical indices. Note: *: p < 0.05; **: p < 0.01; ***: p < 0.001.

5. Conclusions

In this study, water samples were collected from typical rivers across different urban-
ization levels in the Huaibei Plain. By integrating Piper trilinear diagrams, Gibbs diagrams,
EEM-PARAFAC, and Pearson correlation analysis, we systematically characterized the
hydrochemical properties of river waters across different urbanization gradients, identified
the fluorescent components of DOM, and elucidated the coupling relationships between
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hydrochemical parameters and DOM spectral characteristics. The main conclusions are
as follows:

(1) All river waters in the study area exhibited weak alkalinity, with significant gradient
differences in hydrochemical parameters. Rock weathering dominates the hydrochemical
background of regional rivers, while anthropogenic activities drive the gradient differen-
tiation of ion components. Urban and peri-urban rivers were characterized by elevated
Cl~, indicative of domestic sewage input, whereas suburban rivers exhibited significantly
higher NO;~ and SO42~, reflecting the combined pressure from agricultural non-point
sources and mining drainage.

(2) DOM components present a clear urbanization gradient differentiation pattern. The
variations in DOM spectral indices among rivers with different urbanization gradients were
highly consistent with the characteristics of DOM fluorescent components. Suburban rivers
are dominated by terrigenous humic-like components (C1+C3, 65.94%) with high HIX,
while urban and peri-urban rivers are dominated by autochthonous protein-like compo-
nents (C2+C4, 65.78% to 67.83%) with high BIX, which directly reflects the source transition
of DOM from agricultural allochthonous input to urban autochthonous production.

(3) Explicit coupling relationships were found between hydrochemical parameters
and DOM fluorescent components/spectral indices, providing a reliable basis for tracing
different types of anthropogenic disturbances. NO3; ™~ was significantly positively correlated
(p < 0.05) with terrestrial humic-like components (C1, C3) and HIX, serving as a key indica-
tor for agricultural non-point source pollution in the study area. Chloride (C1™) showed an
extremely significant positive correlation (p < 0.001) with protein-like components (C2 and
C4) and r(T/C), which directly reflected the contributions of domestic sewage discharge
and urban anthropogenic disturbances to the river water quality. These relationships
demonstrate that DOM fluorescence spectroscopy is not merely a complementary tool but
can effectively decode the complex mixture of anthropogenic pressures, translating water
chemistry into actionable source identification.

6. Limitations and Future Perspectives

While our study identified clear gradients in hydrochemistry and DOM character-
istics linked to urbanization, several limitations should be acknowledged to properly
contextualize the findings and guide future research.

(1) Our study adopted a one-time cross-sectional sampling strategy, without long-term
continuous observations. Riverine DOM and ion concentrations are known to exhibit
significant seasonal variations driven by precipitation, temperature, and agricultural cycles.
Consequently, the patterns reported here may not fully represent the annual dynamics or
extreme conditions such as post-fertilization periods, stormflow events. Future studies
incorporating high-frequency, seasonal, or event-based sampling are needed to unravel the
temporal stability and drivers of the observed gradients.

(2) EEM-PARAFAC analysis, while powerful for characterizing fluorescent DOM, does
not fully capture the molecular complexity or biogeochemical lability of the DOM pool.
Non-fluorescent or weakly fluorescent DOM, as well as the specific chemical structures and
bioavailability of identified components, remain unexplored. Coupling optical spectroscopy
with high-resolution mass spectrometry (FT-ICR MS) in future investigations will be crucial
to reveal the molecular-level transformations and reactivity of DOM across urbanization
gradients, offering deeper mechanistic insights.

(3) The assessment of anthropogenic influence relied primarily on spatial gradients
(suburban, peri-urban, and urban) and land use categorization. While effective, this ap-
proach provides a qualitative rather than a quantitative linkage between specific human
activities and water quality parameters. Future work would benefit from integrating quan-
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titative metrics, such as population density, fertilizer application rates, sewage discharge
volumes, or impervious surface area percentages, into statistical models such as PMF or
land use regression to more precisely apportion and predict anthropogenic contributions.
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DOM Dissolved organic matter

EEM-PARAFAC  Excitation-emission matrix coupled with parallel factor analysis
NO3~ Nitrate

HIX High humification index
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TDS Total dissolved solids

r(T/C) The ratio of fluorescence intensity at peaks T and C
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