
Citation: Yang, J.; Gao, C.; Zhang, X.

The Impacts of Precipitation on

Fluorescent Dissolved Organic

Matter (FDOM) in an Urban River

System. Water 2022, 14, 2323.

https://doi.org/10.3390/w14152323

Academic Editors: Giovanni

Libralato and Wen-Tao Li

Received: 24 May 2022

Accepted: 25 July 2022

Published: 27 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

The Impacts of Precipitation on Fluorescent Dissolved Organic
Matter (FDOM) in an Urban River System
Jiashuai Yang 1 , Chan Gao 2,* and Xuantong Zhang 3

1 College of Urban and Environmental Sciences, Peking University, No.5 Yiheyuan Road, Haidian District,
Beijing 100871, China; 1yangjiashuai@163.com

2 Chemical Science College, University Bordeaux, UMR EPOC CNRS 5805, F-33400 Talence, France
3 China Academy of Building Research, No. 30 Beisanhuan East Road, Chaoyang District,

Beijing 100029, China; zxt960223@163.com
* Correspondence: chan.gao@u-bordeaux.fr

Abstract: Precipitation is considered a key factor influencing the fluorescent dissolved organic matter
(FDOM) of urban rivers. However, the multiple effects of precipitation on FDOM in urban rivers
and the long-term impacts of precipitation on the spatial patterns of FDOM are seldom known.
Spatiotemporal variations of FDOM at 36 sites from the urban rivers of Jinan City during dry and
wet seasons were investigated in this study. Four components were identified using an excitation–
emission matrix and parallel factor analysis. Overall, the total fluorescence intensities in dry and
wet seasons ranged from 6.59 to 35.7 quinine sulfate units (QSU) and 3.42 to 69.3 QSU, respectively.
Significant variations were found for different components that C2 and C3 declined but C4 increased
in the wet season (p < 0.05). The temporal variations for different components could be explained
by the different combined effects of precipitation dilution and flushing. Three different reference
FDOM sources, including background water, spring water, and wastewater treatment plant (WWTP)
outlets, were illustrated using principal coordinate analysis (PCoA). The places of FDOM in most
sites were more closed to the PCoA location of WWTP outlets in the dry season while central shifted
in the wet season. The changes of FDOM sources in the wet season could be explained by the mixed
effect of precipitation. In conclusion, this study provided new insights into the multiple impacts of
precipitation on FDOM in urban river systems, and also data support for precise pollution discharge
and water resource management.

Keywords: precipitation; fluorescent dissolved organic matter (FDOM); spatiotemporal variations;
principal coordinates analysis (PCoA); EEM-PARAFAC; Xiaoqing River

1. Introduction

Urban rivers are important for city development and are a momentous contributor
to the urban ecosystem [1]. With the rapid development of urbanization, their ecosystem
service functions have been gradually diversified [2,3]. Currently, the aggregated functions
of urban rivers include the supply of water [4], shipping [5], landscape [6], the receipt of
wastewater [3], irrigation [7], and micro-climate regulation [8]. Urban rivers also serve as
spillways for flood discharge in cities with frequent rainstorms [9–12]. Due to the aggregated
functions of urban rivers, their water quality is of significant importance [13–16].

The water quality of urban rivers could be affected by various factors, such as an-
thropogenic activities, precipitation, temperature, and water source background [17,18],
and precipitation is considered to be an important factor therein [19], especially in karst
areas [20]. Current studies illustrated that precipitation had multiple effects on the aquatic
environment of urban rivers [21,22]. For example, precipitation can accelerate atmospheric
nitrogen deposition in an urban river [23]. In addition, rainfall can dilute the contaminants
in urban rivers [24]. However, it can also overflow the treatment capacity of sewage treat-
ment plants and flush leachates into urban rivers via surface runoff, resulting in higher
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riverine contamination [25]. Therefore, it is of great significance to understand the multiple
impacts of precipitation on urban rivers for the sustainable management of urban rivers
and human–environment interaction and balance [26].

Dissolved organic matter (DOM) is ubiquitous in urban rivers [27,28]. It can greatly
affect the environmental processes of pollutants [29] and plays a correlative role in multiple
biogeochemical processes [30,31]. Therefore, DOM has profound impacts on the river
ecosystem [32]. Among the multiple measurement approaches of DOM, the fluorescent
measurement can provide useful information regarding the water quality [33,34]. Therefore,
it was applied to investigate the variations of DOM in urban rivers during short-term
precipitation processes. For example, Carstea et al. [35] and Croghan et al. [29] monitored
the continuous fluorescent DOM (FDOM) variations in the Bournbrook River, Birmingham,
UK, with an hour scale and 5 min resolutions, respectively. In addition, Lee et al. [36]
evaluated the contributions of different FDOM sources in the Geumho River, South Korea,
during a storm event. Moreover, Zhu et al. [37] reported the variations of FDOM in several
polluted urban rivers in Shanghai in different weather conditions. However, to our best
knowledge, the multiple effects (such as dilution, flushing, and mixture) of precipitation on
FDOM in urban rivers and the long-term impacts of precipitation on the spatial patterns of
FDOM are hardly known.

Spatiotemporal variations of FDOM in the urban rivers of Jinan City were measured in
this study. The main objects of this study are (1) to analyze the components of FDOM in the
urban rivers of Jinan, (2) to compare the variations of individual fluorescence components in
dry and wet seasons, (3) to identify the fluorescence features of different water sources, and
(4) to explore the multiple impacts of precipitation on FDOM in the urban rivers of Jinan.
Here, we tested a hypothesis that precipitation had multiple impacts on FDOM in the urban
river system of Jinan and was a key driving factor of FDOM patterns in different seasons.
It is expected that this study could support the fundamental knowledge of the impacts of
precipitation on FDOM in urban rivers for sustainable urban ecosystem management.

2. Materials and Methods
2.1. Study Area and Sample Collection

Jinan is the capital city of Shandong Province, China. Its main urban area is located in
the corridor land between the southern hills and the hanging Yellow River [38]. Xiaoqing
River flows through the main city with multiple human-made tributaries. Jinan has a
subtropical monsoon climate with frequent rainstorms in the wet season and infrequent
precipitation in dry season [39]. Due to the low terrain, Xiaoqing River, together with its
tributaries, is the only spillway system of Jinan City. Notably, the severe Typhoon In-fa
(No. 2106) passed through Jinan during our sampling period and resulted in a rainstorm
event [40]. Therefore, Jinan provides us an opportunity to study the hypothesis.

In this study, water samples were collected from 36 sites distributed in the urban
river system of Jinan, Shandong Province, China (Figure 1) (see Table S1 for more detailed
information in Supplementary Materials). Among them, M0 to M18 were located in the
main stream of Xiaoqing River, while the other 17 sites were distributed in 10 different
branch spillways flowing into Xiaoqing River. Specifically, M0 to M3 were designed as
background sites, M18 was regarded as a declined site, and the others were considered as
control sites. The segment of Xiaoqing River from M3 to M14 and the branch spillways
included in this section were located in the urban area of Jinan, and the residual segments
were located in the suburban area. The 36 studied sites were sampled in both dry season
(18–20 May 2021) and wet season (27–29 July 2021). After sampling, the water samples
were frozen at −20 ◦C and sent back to the laboratory for analysis.
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Figure 1. Location of the sampling sites in the urban river system of Jinan, China. Sampling sites 
with red and black labels are located in the suburban and urban segments of Xiaoqing River, respec-
tively. Sampling sites with green label are located in the branch rivers. WWTP: wastewater treat-
ment plant. 

2.2. Sample Pretreatment and Instrument Analysis 
In the laboratory, the water sample was warmed to room temperature and filtered 

through a 0.45 μm nylon filter (ANPEL Laboratory Technologies (Shanghai) Inc., Shang-
hai, China). Then, the filtered sample was re-filtered through a 0.22 μm hydrophobic pol-
ytetrafluorethylene (PTFE) filter (ANPEL Laboratory Technologies (Shanghai) Inc., 
Shanghai, China) to eliminate the disturbance of small particles [41] and was decanted in 
a quartz cuvette with light path of 1 cm. 

Excitation–emission matrix (EEM) of water sample was measured on a Shimadzu RF-
6000 fluorescence spectrometer (Shimadzu Corporation, Kyoto, Japan) in 3D spectrum 
mode. The excitation wavelengths ranged from 200 to 450 nm with 5.0 nm data interval, 
while the emission wavelengths ranged from 250 to 600 nm with 5.0 nm data interval. The 
scan speed was set at 6000 nm·min−1. The spectral bandwidth was set at 5.0 nm for both 
excitation and emission spectra. 

2.3. Quality Control and Quality Assurance (QC/QA) 
The fluorescence intensity was corrected by the instrument automatically. Ultrapure 

water (18.2 MΩ·cm−1) was used as negative control for each batch. Sample was diluted 
with ultrapure water to guarantee that the fluorescence intensity of FDOM signal was 
within 10,000. The EEM data were calibrated by 10 μg·L−1 quinine sulfate in 1 M sulfuric 
acid solution, and the fluorescence intensity at Ex. 350 nm/Em. 450 nm was defined as one 
unit of quinine sulfate (QSU). 

  

Figure 1. Location of the sampling sites in the urban river system of Jinan, China. Sampling sites with
red and black labels are located in the suburban and urban segments of Xiaoqing River, respectively.
Sampling sites with green label are located in the branch rivers. WWTP: wastewater treatment plant.

2.2. Sample Pretreatment and Instrument Analysis

In the laboratory, the water sample was warmed to room temperature and filtered
through a 0.45 µm nylon filter (ANPEL Laboratory Technologies (Shanghai) Inc., Shanghai,
China). Then, the filtered sample was re-filtered through a 0.22 µm hydrophobic polyte-
trafluorethylene (PTFE) filter (ANPEL Laboratory Technologies (Shanghai) Inc., Shanghai,
China) to eliminate the disturbance of small particles [41] and was decanted in a quartz
cuvette with light path of 1 cm.

Excitation–emission matrix (EEM) of water sample was measured on a Shimadzu
RF-6000 fluorescence spectrometer (Shimadzu Corporation, Kyoto, Japan) in 3D spectrum
mode. The excitation wavelengths ranged from 200 to 450 nm with 5.0 nm data interval,
while the emission wavelengths ranged from 250 to 600 nm with 5.0 nm data interval. The
scan speed was set at 6000 nm·min−1. The spectral bandwidth was set at 5.0 nm for both
excitation and emission spectra.

2.3. Quality Control and Quality Assurance (QC/QA)

The fluorescence intensity was corrected by the instrument automatically. Ultrapure
water (18.2 MΩ·cm−1) was used as negative control for each batch. Sample was diluted
with ultrapure water to guarantee that the fluorescence intensity of FDOM signal was
within 10,000. The EEM data were calibrated by 10 µg·L−1 quinine sulfate in 1 M sulfuric
acid solution, and the fluorescence intensity at Ex. 350 nm/Em. 450 nm was defined as one
unit of quinine sulfate (QSU).
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2.4. Statistical Analysis
2.4.1. Parallel Factor Analysis (PARAFAC)

The analyses of EEM data were conducted using R 4.1.3 with the package “staR-
dom” [42]. EEMs were subtracted by blanks (ultrapure water). For each EEM, the scatter
areas of Rayleigh scattering and Raman scattering were removed, and these removed areas
were interpolated using a multilevel B-splines approach [43]. PARAFAC was employed
to decompose EEMs into discrete fluorescent components. The PARAFAC model was
run for two to six components, and the appropriate number of components was deter-
mined by R-square, split-half analysis [44], and core consistency diagnostic [45]. With the
increase in component numbers, R-square gradually elevated, but the core consistency
dramatically decreased (Table S2). At equilibrium, the four-component model was selected
as the optimal model [44,45], and the split-half analysis also illustrated an acceptable re-
sult (Figure S1). The fluorescence intensity was rescaled so the loading matrix shows the
maximum fluorescence (Fmax).

2.4.2. Principal Coordinates Analysis (PCoA)

PCoA was applied to explore the spatiotemporal variations of FDOM. The analysis was
implemented in R package “vegan” [46]. Bray–Curtis distance was employed to generate
the dissimilarity matrix.

3. Results and Discussion
3.1. Optical Properties of FDOM Components

Four fluorescent components from the EEM dataset of FDOM in the river system
of Jinan were identified using the PARAFAC model. The spectral characters of each
component are presented in Figure 2. Based on the excitation–emission peak location,
both autochthonous and allochthonous components were recognized. Component 1 (C1,
Ex/Em = 235, 255, 295/385 nm) was categorized as terrestrial fulvic-like substances [47].
Component 2 (C2) was defined as terrestrial humic-like fluorophores (two peaks:
Ex/Em = 260/460 nm and Ex/Em = 360/460 nm) [48,49]. Component 3 (C3) was noted as
tryptophan-like substances with Ex/Em = 230, 275/325 nm from autochthonous biogenic
metabolism [31,50,51]. Component 4 (C4) was reported as tyrosine-like substances with
Ex/Em = 220/290 nm [31].
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Figure 2. Fluorescent components identified by PARAFAC model. (a) Component 1, (b) Component 2,
(c) Component 3, and (d) Component 4. The contour plots indicate the fluorescence signatures, and
the line plots illustrate the spectral curves of excitation and emission of each component.

3.2. Temporal Variations of FDOM during Dry and Wet Seasons

Table 1 compares the fluorescence intensity of different components during dry and
wet seasons in the urban river system of Jinan. In the dry season, the fluorescence in-
tensities ranged from 1.47 to 10.6 QSU (7.01 ± 2.74 QSU on average), 1.12 to 4.80 QSU
(3.25 ± 1.08 QSU), 3.31 to 9.57 QSU (6.90 ± 1.78 QSU), and 0 to 15.5 QSU (3.31 ± 4.32 QSU)
for C1, C2, C3, and C4, respectively. In the wet season, the fluorescence intensities ranged
from 0.75 to 15.4 QSU (6.64 ± 3.07 QSU), 0.41 to 6.00 QSU (2.27 ± 1.14 QSU), 1.10 to
15.5 QSU (4.54 ± 2.46 QSU), and 0 to 32.3 QSU (5.66 ± 5.81 QSU on average) for C1, C2,
C3, and C4, respectively. Overall, the total fluorescence intensities did not show significant
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variations during the two seasons (6.59 to 35.7 QSU in the dry season, 3.42 to 69.3 QSU in the
wet season, p = 0.533); however, significant variations were found for different components.
Specifically, all fluorescent components except C1 showed significant temporal variations
(p < 0.05) that demonstrated that C2 and C3 declined but C4 increased in the wet season.
Our results were different from the patterns of the polluted rivers of Shanghai [37].

Table 1. Temporal variations of FDOM components in urban river of Jinan, China.

FDOM Components Statistics
Season

p-Values 1
Dry Wet

C1
Range 1.47–10.6 0.75–15.4

0.440Median 7.92 6.39
Mean ± SD 2 7.01 ± 2.74 6.64 ± 3.07

C2
Range 1.12–4.80 0.41–6.00

0.024Median 3.74 2.82
Mean ± SD 3.25 ± 1.08 2.77 ± 1.14

C3
Range 3.31–9.57 1.10–15.5

1.88 × 10−5Median 7.39 4.44
Mean ± SD 6.90 ± 1.78 4.54 ± 2.46

C4
Range 0–15.5 0–32.3

1.46 × 10−3Median 1.68 4.31
Mean ± SD 3.31 ± 4.32 5.66 ± 5.81

All
Range 6.59–35.7 3.42–69.3

0.533Median 21.6 19.0
Mean ± SD 20.5 ± 5.98 19.6 ± 10.3

Notes: 1 Paired t-test with null hypothesis of true difference in means is equal to zero. 2 SD: standard deviation.

The temporal variations of different components could be explained by the precip-
itation in the wet season. On the one hand, precipitation could dilute the concentration
of internal fluorescent substances and result in a decreased fluorescence intensity [35,52];
on the other hand, precipitation could also flush external fluorescent substances into the
spillway and cause an increased fluorescence intensity [26,52,53]. For terrestrial fulvic-like
fluorophores (C1), the insignificant temporal trend might be interpreted by the approxi-
mately balanced effect of direct dilution and external flushing. However, for terrestrial
humic-like substances (C2), the temporal trend seemed to be dominated by the dilution
effect of precipitation. As for the temporal trend of autochthonous protein-like fluorophores
(C3), our interpretation is that the offsetting effect of stronger biogenic metabolism in the
wet season with high temperatures might remove the dilution impact of heavy rainfall. In
contrast, C4 showed an increasing trend in the wet season. Correlation analysis illustrated
that C4 showed no correlations to any of the other components (Figure S2). This implied
that the probable sources of C4 might be diversified. The possible sources could be external
flushing and further internal degradation. The influence of dilution via precipitation on C4
should be limited.

3.3. Spatial Distribution of FDOM

The spatial distribution of each FDOM component is displayed in Figure 3. Here, the
coefficient of variation (CV) was applied to evaluate the spatial heterogeneity. C1, C2, and
C3 all showed a smaller spatial heterogeneity in both seasons (CV < 0.6), but the spatial
heterogeneity was relatively larger in the wet season. The CV values of C1, C2, and C3 were
0.39, 0.33, and 0.26 in the dry season and 0.46, 0.41, and 0.54 in the wet season, respectively.
However, C4 showed obvious spatial heterogeneity in both seasons, with CV values of 1.31
and 1.03 in dry and wet seasons, respectively. C4 was found to have higher fluorescence
intensities in the background sites (M0 to M2) and the Xingji River sites (B2-1 to B2-3)
(Figure 3d). On the one hand, the water source of the Xiaoqing River comes from the Yufu
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River via the Muli Sluice, and the Yufu River originates from the Wohushan Reservoir
and flows through a suburban area [54]. Hence, the higher fluorescence intensities of C4
in M0 to M2 reflected the background input. On the other hand, the Xingji River also
originates from water sources located in the valleys of the southern mountains in Jinan [54].
However, the highest fluorescence intensities were not found at the upstream site of the
Xingji River (B2-3). Instead, the highest fluorescence intensities of C4 were investigated
at the B2-2 site adjacent to the residential area, especially in the wet season. Thereby, the
higher fluorescence intensities of C4 in the Xingji River not only reflected the background
input but anthropogenic emissions as well.
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3.4. Source of Apportionment of FDOM

The 36 sites in the current study include 3 kinds of reference sites with definite sources.
B6-2 and B7-2 are located downstream of the moat in Jinan directly receiving the water of
many famous springs, such as the Wulongtan Springs, Baotu Spring, Heihu Spring, and
Zhenzhu Spring (Figure 1). Therefore, these two sites were regarded as the reference sites
of spring water sources. M0 to M2 are distributed upstream of the Xiaoqing River, where
M0 is at its origin located behind the Mulizha Sluice, and M1 and M2 are distributed in the
suburban area. Hence, M0 to M2 were considered as the reference sites of background water.
B3 and B10 are arranged at the outlets of two known wastewater treatment plants (WWTPs)
(Figure 1) and were thereby identified as the reference sites of a municipal wastewater
source. Here, the Fmax and FDOM profiles of the reference sites in different seasons are
displayed in Figure 4a. It is obvious that spring water showed the lowest Fmax values,
compared to the other reference sites. Background water and WWTP outlet water showed
similar Fmax values of approximately 20 QSU but presented quite different FDOM profiles.
C4 constituted approximately over 50% of the fluorescent substances for background water,
whereas it was barely observed in the WWTP outlet water. The profile of WWTP outlet
water was dominated by C1, followed by C3 and C2.

To further clarify the sources of FDOM and the impacts of precipitation on FDOM,
PCoA analysis was employed using the Bray–Curtis distance. This analysis considered
both the occurrence and profile of FDOM. In total, 86.25% of the variances were explained
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by the first two principal coordinates (Figure 4b), and the loadings of each fluorescence
component are listed in Table S3. The three kinds of reference sites are separated well in
the two-dimension PCoA plot. The reference sites of background water, spring water, and
WWTP outlets in both seasons are distributed in the top-left, bottom-left, and middle-right
areas of the PCoA plot, respectively. Our results illustrated that different sources of FDOM
were identified by PCoA, and the FDOM sources of other sites could, therefore, be revealed.

According to Figure 4b, in the dry season, the locations of FDOM in most sites were
closer to the location of WWTP outlets, implying that FDOM in the river system of Jinan
was mostly influenced by anthropogenic emissions. In the wet season, the positions of
almost all sites were left-shifted (Figure 4c), showing a mixed source feature. Here, we
considered that the scenario in the wet season probably ascribed to the “mixed effect” of
precipitation. On the one hand, rainfall elevated the runoff fluxes of the main and branch
spillways [55] and accelerated the mixture of the water body [56]. On the other hand,
rainfall also provided sufficient supply to the underground and surface water, resulting
in elevations of spring water and surface runoff [57,58]. The higher water fluxes of spring
water with a lower prevalence of FDOM together with higher surface runoff input “diluted”
the impact of municipal wastewater in a limited outlet flux [59]. For example, M7 and M17
were designated as the mixed cross-sections of WWTP outlets (B3 and B10, respectively)
to the Xiaoqing River. Evidently, FDOM features in M7 and M17 were more like WWTP
outlets in the dry season, and their similarities were greatly decreased in the wet season
(Figure 4b,c). Similar cases could also be found for sites in the Quanfu River (B9-1 to B9-3).
Moreover, B7-1 is located in the estuary of the East Moat River, and its FDOM feature was
identified as a WWTP outlet in the dry season and spring water in the wet season, which
supports our point to some extent.
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Figure 4. Spatiotemporal variations of fluorescent dissolved organic matter (FDOM) in the urban
river system of Jinan, China. (a) Fmax and FDOM profiles of reference sites with different sources.
(b) Principal coordinates analysis (PCoA) of Bray–Curtis distances of FDOM components. Labels in
red and green indicate dry and wet seasons, respectively. (c) Offsets of studied sites in PCoA plot.
Offset was calculated by locations in dry season minus those in wet season.
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4. Conclusions

The multiple impacts of precipitation on FDOM in the urban rivers of Jinan City were
studied. Four fluorescent components were identified, and the spatiotemporal features
for each component were different. It was explained by the different combined effects of
dilution and the flushing of precipitation. Three different reference FDOM sources were
well illustrated, and the FDOM sources during different seasons were recognized. The
changes of FDOM sources in wet season were ascribed to the mixed effect of precipitation.
In conclusion, this study provided new insights into the multiple impacts of precipitation
on FDOM in an urban river system.
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Loadings of different fluorescence components for principal coordinates analysis; Figure S1. Split-
half analysis of optimal four-component PARAFAC model; Figure S2. Correlations of different
fluorescent components.
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