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Slight ﬂow volume rises increase nitrogen loading to nitrogen-rich river,
while dramatic ﬂow volume rises promote nitrogen consumption
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• A model was developed to simulate
nitrogen transport and transformation
processes.
• The slight increase in ﬂow volume increases inorganic N loading in river.
• Dramatic elevated ﬂow volume promotes
inorganic N consumption.
• High ﬂow volume may enhance the role
of microbial N-related functional gene.
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A B S T R A C T

Concentrated rainfall and water transfer projects result in slight and dramatic increases in ﬂow volume over short periods of time, causing nitrogen recontamination in the water-receiving areas of nitrogen-rich rivers. This study coupled
hydrodynamic and biochemical reaction models to construct a model for quantifying diffusive transport and transformation ﬂuxes of nitrogen across the water-sediment interface and analysed possible changes in the relative abundance
of microbial functional genes using high-throughput sequencing techniques. In this study, the processes of ammonium
−
(NH+
4 –N) and nitrate (NO3 –N) nitrogen release and sedimentation with resuspended particles, as well as mineralisation, nitriﬁcation, and denitriﬁcation processes were investigated at the water-sediment interface in the Fu River during slight and dramatic increases in ﬂow volume caused by concentrated rainfall and water diversion projects.
Speciﬁcally, a slight ﬂow volume rise increased the release of NH+
4 –N from the sediment, inhibited sedimentation
of NO−
3 –N, decreased the mineralisation rate, increased the nitriﬁcation rate, and had little effect on the denitriﬁcation
process, ultimately increasing the nitrogen load to the river water. A dramatic increase in ﬂow volume simultaneously
−
increased NH+
4 –N and NO3 –N exchange ﬂuxes, inhibited the mineralisation process, promoted nitriﬁcationdenitriﬁcation processes, and increased inorganic nitrogen consumption in the river. This study provides a solution
for the re-pollution of rivers that occurs during the implementation of reservoir management and water diversion projects. Furthermore, these results indicate a potential global nitrogen sink that may have been overlooked.

⁎ Corresponding author at: Key Laboratory of Agricultural Water Resources, Center for
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1. Introduction
Although measures to limit external N have been commonly applied to
rivers, most of the rivers are still affected by eutrophication (Malone and
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denitriﬁcation efﬁciency at the water-sediment interface (Xia et al.,
2017). Therefore, it is reasonable to infer that both slight and dramatic
ﬂow increases have different effects on the resuspension and biochemical
processes of the N ﬂuxes.
Numerous methods have been used to model N transport and transformation in rivers. The combination of hydrogen and oxygen isotopes with
Bayesian models is the most classical approach to studying riverine N dynamics and can identify N input, transformation, and output processes
(Bustillo et al., 2011; Ryu et al., 2021). However, the accuracy of this
method is highly dependent on sampling frequency, and it is difﬁcult to
achieve N ﬂux predictions for a wide range of scenarios (Ren et al.,
2021). Therefore, numerical simulation techniques including LOADEST
models (Zhang and Chen, 2014), Monte Carlo methods (Worrall et al.,
2012), SWAT models (Ha et al., 2018), and empirical models (Chen et al.,
2014; van der Wulp et al., 2016) have been widely used. In these studies,
coupled river ﬂow volume, nutrient ﬂux, and nutrient dispersion models
were able to identify, to some extent, the main sources of N and the causes
of N gradients, and quantify N export ﬂuxes (Alexander et al., 2009). David
et al. (2019) argued that the existing N ﬂux models ignore or grossly generalise river resuspension ﬂuxes, leading to biased simulations of N release
from river sediments, and highlighted the irreplaceable role of resuspended
particles in N transport. Therefore, it is crucial to develop a fully coupled
physical-biochemical model that includes resuspension ﬂuxes (Dagg et al.,
2007).
In this study, a nitrogen-rich river located in a temperate monsoon zone
with regular water diversions was selected to study the physical and
biochemical N transport transformation processes at the water-sediment
interface. Models considering physical sorption and hydrodynamic and biochemical reaction processes were combined with 16S ribosomal ribonucleic acid (rRNA) high-throughput sequencing techniques to investigate
the changes in N transport and transformation processes affected by two
different ﬂow increase scenarios: a slight ﬂow volume increase due to concentrated rainfall and a dramatic ﬂow volume increase due to a water transfer project. The objectives of this study were to: 1) develop a method that
considers resuspension ﬂuxes to quantify the exchange ﬂux of N at the
water-sediment interface; 2) investigate the response of N transport and
transformation processes (physical and biochemical processes) to ﬂow volume variability at the water-sediment interface; and 3) determine their relationship to changes in the microbial communities in water and sediment.
This study can provide theoretical support for coping with the degradation
of the river water quality due to large water transfer projects and dam
construction, providing new ideas to alleviate high N loading to the water
environment.

Newton, 2020; Räike et al., 2020). Sediment plays a major role in the transportation and transformation of nutrients in rivers because of its capacity to
store and release different compounds in the water (Brigolin et al., 2011;
Schacht et al., 2008). The release of N from sediments contributes to instant
concentrations of N in eutrophic lakes, accounting for 30–44 % of the total
loading (Shayo and Limbu, 2018). Exploring the mechanism of N exchange
at the water-sediment interface is important for studying eutrophication in
rivers, which is a concern for the global N cycle (Conley et al., 2009;
Ferguson et al., 2020).
N exchange between water and sediment shows heterogeneity in time
and space, and is affected by water temperature, water depth, pH, dissolved
oxygen (DO), and hydrodynamic disturbance (Gao et al., 2021; Zhang et al.,
2020). Furthermore, in recent years, the impact of human activities on ﬂow
volume of rivers has become more pronounced than that of seasonal
changes (Brase et al., 2018; Lv et al., 2021). Large-scale hydraulic projects,
such as water diversions and dam construction, are widely carried out
worldwide to satisfy water supply in water-deﬁcient areas. However, dramatic increases in ﬂow volumes in water-receiving areas are also accompanied by higher total N loading and poorer water quality (Lv et al., 2021; Tao
et al., 2019). This phenomenon is particularly pronounced in nitrogen-rich
rivers (Yu and Zhang, 2021). Therefore, to eliminate the negative effects of
concentrated rainfall and large man-made hydraulic projects on N loading
to rivers, the response of N transport and transformation processes at the
water-sediment interface to different variations in ﬂow volume (seasonal
variations leading to slight increase in ﬂow volume and water transfers
leading to dramatic increase in ﬂow volume) needs to be explored (Wang
et al., 2018).
Different patterns of N release and microbial interactions at the watersediment interface have been observed, with slight and dramatic increases
in ﬂow volume (Leu et al., 1996; Mihiranga et al., 2021). Wiegner et al.
(2013) found that when the ﬂow volume increased slightly, the total nitrogen (TN) load to the river increased slightly, with dissolved organic N being
the predominant component (Hitchcock and Mitrovic, 2013). During extreme rainfall periods with sharp increases in ﬂow volume, TN load to the
river increased signiﬁcantly, with ammonium nitrogen (NH+
4 –N) concentration showing a logarithmic relationship with the peak ﬂow rate
(Ballantine and Davies-Colley, 2013). Closed interactions between the microbial community at the river water-sediment interface, and particulate
organic N and resuspended particles exist during slight increases in ﬂow
volume, whereas microbial community activity is associated only with resuspended particles under dramatic increases in ﬂow volume (Yang et al.,
2021). However, the processes and mechanisms of N exchange affected
by slight or dramatic increases in ﬂow volume at the water-sediment interface are still not fully clear.
It is generally accepted that an increased ﬂow volume could affect the
vertical transport ﬂux of N across the water-substrate interface by stimulating resuspension processes (physical processes) and altering the rate of
remineralisation, nitriﬁcation, and denitriﬁcation (biochemical processes)
associated with microorganisms (Kuypers et al., 2018; Queste et al., 2016;
Reisinger et al., 2016). Both the processes (physical and biochemical) are
closely related to the concentration of resuspended particles. Speciﬁcally,
an elevated ﬂow volume increases the shear stress at the streambed,
which greatly increases the concentration of resuspended particles, releasing N from particles initially adsorbed on sediment into water or causing
N in the water to adsorb onto the resuspended particles (Wang et al.,
2021a, 2021b). Resuspended particles provide a unique habitat for water
and sediment microorganisms, and their ﬂux affects the composition and
diversity of microbial communities within rivers and further interferes
with the N transformation processes in rivers (Harrison et al., 2011;
Lin et al., 2020) which directly inﬂuences the probability of microbial
contact with organic particles and affects the rate of N mineralisation
(Karthäuser et al., 2021). Microorganisms with denitriﬁcation genes
(nirS) are more likely to attach to resuspended particles (Tao et al., 2021;
Wang et al., 2021a, 2021b). The surface layer of the resuspended particles
forms a speciﬁc micro-redox transition environment that facilitates the
coupled processes of nitriﬁcation and denitriﬁcation, leading to increased

2. Materials and methods
2.1. Study area and sampling
The study area, along the course of the Fu River, spans from east of
Baoding City to the estuary of Baiyangdian Lake (38°48′–38°55′ N,
115°34′–115°91′ E; Fig. 1). Baiyangdian Lake is the largest freshwater
lake on the North China Plain and the core waters of the Xiong'an New
Area, a new national zone in China. Among the eight rivers that ﬂow into
Lake Baiyangdian, the only perennial one is the Fu River, which is mainly
polluted by municipal sewage (with or without primary treatment) from
Baoding City (Zhu et al., 2019). This has resulted in a TN content of
1000–3000 mg/kg in the sediment. The study area has a temperate monsoon climate and a concentrated rainfall period. The average annual temperature is approximately 7 °C, with an average of −9 °C in January and
21 °C in June. The annual rainfall was 615.7 mm in 2020, of which approximately 60 % occurred between July and September. August is usually the
month with concentrated rainfall (Fig. 2). The annual runoff of the Fu River
is 1.83 billion m3/a. It has been receiving at least 100 million m3/a of
Yellow River water from every December to February since 2018. The
water transferred to the river increased to 4.3 billion m3/a in 2020, causing
a considerable impact on its hydrodynamic conditions.
2
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Fig. 1. The study area is located in the North China Plain (NCP, a), with evident seasonal variations in temperature and precipitation in 2020 (Data from National Meteorological Science Data Centre of China, b). Seven sampling sites located along the course of Fu River (c).

Fig. 2. Nitrogen concentrations in water and sediment and ﬂow volume along Fu River before (June, a) and during concentrated rainfall (August, b), and water diversion
—
−
period (December, c). The mini-plot shows ﬂow volume and levels of NH+
4 –N, NO3 N, and NO2 –N in sediment.
3

J. Lü et al.

Science of the Total Environment 844 (2022) 157013

denitriﬁcation, constitute the main N transport and transformation processes at the river water-sediment interface. Considering that the Fu River
−
is nitrogen-rich, the levels of NH+
4 –N and NO3 –N in the water and sediment were assumed to be sufﬁcient for both physical transport and
microbially mediated biochemical processes. Accordingly, the widely
used models of physical transport and biochemical reactions of N have
been coupled in the form of a direct superposition to construct mechanistic
models capable of quantifying N transport and transformation ﬂuxes at the
river water-sediment interface (Yu et al., 2017; Zhong et al., 2017). The
values of model parameters were shown in Supplementary Table 1.

2.2. Data collection
Water and sediment samples were collected from the six sampling sites,
of which the sites F1 and F1–1 were located approximately 3 km downstream of the mainstem and tributaries ﬂowing through Baoding City
(Fig. 1). F2 was located 3.8 km downstream of the tributary conﬂuence
and was the ﬁrst section to monitor the main stream of the Fu River. F5
was located approximately 3.3 km upstream from the Fu River inlet to
Baiyangdian Lake. F3 and F4 were evenly distributed between F2 and F5.
Sample collection and in-situ measurements were conducted three
times on 25th June, 24th August, and 17th December 2020, representing
the time before and during the summer rainy season, and the winter
water transfer period, respectively. Before sampling, physicochemical
parameters such as water temperature, pH, electrical conductivity, and
oxidation-reduction potential were measured using a portable meter
(HORIBA U-51，Horiba, KYO, JPN). The ﬂow volume was measured
using Doppler ﬂowmetry (River Surveyor-S5/M9, YSI Corporation, OSU,
USA). Water samples were collected from depths exceeding 20 cm from
the water surface in the centre of the river and loaded into three 500 mL
and three 100 mL polyethylene bottles for deoxyribonucleic acid (DNA)
extraction and physicochemical analysis for deoxyribonucleic acid (DNA)
extraction and physicochemical analysis at −80 °C and 4 °C respectively.
To avoid sampling from the active aerobic nitriﬁcation zone at the
water-sediment interface (top few millimetres) and to ensure that the samples represented recent sediment environment, sediment samples were collected from a depth of 1–2 cm. Three samples were collected from each
sampling site after homogenising the sediment at the ﬁve locations in a
1 × 1 m area. The samples were sealed in 10 mL aseptic centrifugal tubes
for DNA extraction and in sterile zip-lock bags weighing 1 kg for physicochemical analysis (Campos et al., 2021; Gayathri et al., 2021). All sediment
samples were frozen on dry ice immediately after collection and stored at
−80 °C until the start of experiments (Yang et al., 2017).
−
The concentrations of NO−
2 and NO3 in the water were determined
using ion chromatography (Dionex ICS-900), and the results were veriﬁed
by anion and charge balance to ensure a credible margin of error within
±5 % (Hodgkins et al., 1998). The TN and NH+
4 –N of water were measured
using the Kjeldahl method and alkali solution diffusion method, respectively (Singh et al., 2004). TN and NO−
2 –N contents in the sediment were
determined using the Kjeldahl method (Staﬁlov et al., 2020) and potassium
chloride solution extraction–spectrophotometric method (Kaveeshwar
+
et al., 1991), respectively. NO−
3 –N and NH4 –N contents in the sediment
were quantiﬁed by ﬂow injection analysis (Hiroshi, 1991). In addition,
the organic N content was calculated by subtracting the inorganic N content
from the TN content (Czerwionka, 2016). The instruments used included a
UV spectrophotometer (SB-823, HACH, COLO, USA), Titrette 50 mL
digital titrator (C-20, Brand, BSE, GER) and Continuous Flow Analyzer
(AutoAnalyzer 3, Bran+Luebbe, BER, GER). The particle size (PS) of the
river sediment samples was analysed using a laser particle size analyzer
(Mastersizer 3000).

2.3.1. Nitrogen transport ﬂux at the water-sediment interface
−
The molecular diffusion of NH+
4 –N and NO3 –N was modelled using
Fick's ﬁrst law (Meng et al., 2020; Müller et al., 2003). According to
validation of indoor experiments, the sorption and desorption of NH+
4 –N
were described using the Langmuir model and mathematical models
of primary kinetic reactions, and the sorption and desorption of NO−
3 –N
were simulated using quasi-secondary kinetic models (Huang, 2017;
Vandenbruwane et al., 2007). The widely accepted Garcia's model
(García and Parker, 1993) was used to calculate resuspension ﬂux as sorbent concentration in these models. The adsorption and desorption of
−
NH+
4 –N and NO3 –N to the resuspended particles were assumed to occur simultaneously. This study quantiﬁed the release ﬂuxes of NH+
4 –N and
NO−
3 –N during resuspension using a desorption model minus sorption
model. The model parameters were derived from ﬁeld measurements and
empirical values reported in the literature. Therefore, the model describing
NH+
4 –N transport ﬂuxes at the water-sediment interface is
F NH 4 ¼


qmax

K L Es
−E s  CNH4  K d
1 þ K L Es

AZ 5u

Es ¼ 
A 5
Zu
1þ
0:3
Z 5u ¼

u  
f Rep
wr





∂C
þ φ  Ds 
∂X

ð1Þ

ð2Þ

ð3Þ

where FNH4 is the ﬂux of NH+
4 –N transport at the water-sediment interface
(mg·m−2·d−1), qmax is the maximum adsorption capacity of the sediment
(mg·kg−1), KL is the equilibrium adsorption constant, Es is the sediment entrainment ﬂux during resuspension (mg·m−2·d−1), CNH4 is the concentra−1
tion of NH+
), Kd denotes the
4 –N in the sediment from ﬁeld data (mg·L
∂C
desorption equilibrium constant, ∂X
is the concentration gradient of
the material at the water-sediment interface (mg·L−1 ·cm −1 ), and D s
is the actual molecular diffusion coefﬁcient considering the sediment
bending effects (m2·s−1). The empirical relationship with porosity is
represented as D s = φD 0 (φ < 0.7);D s = φ 2 D 0 (φ > 0.7), where D 0 is
the ideal diffusion coefﬁcient for an inﬁnitely dilute solution
(cm 2 ·s −1 ) and φ is the sediment porosity and is calculated using the
PS measured in the laboratory. A is an empirical constant equal to
1.3 × 10−7, u∗ denotes the bed shear velocity (m·s −1), wr is the gravpﬃﬃﬃﬃﬃﬃﬃﬃﬃ3
gRPS
itational settling speed (m·s−1). The Reynolds coefﬁcient Rep ¼ v ,
where R is the settling speciﬁc gravity, PS is the sediment particle size
(μm); g is the acceleration of gravity and takes the value of 9.8 m·s−2,
and v is the dynamic viscosity coefﬁcient of the water (Pas).
Based on the results of the indoor experiments, models suitable for the
+
adsorption/desorption processes of NO−
3 –N and NH4 –N were different.
For NO−
–N,
the
most
suitable
models
for
sorption
and uptake are the
3
quasi-secondary kinetic model and mathematical model for the primary
kinetic reaction, respectively (Huang, 2017). Thus, the transport ﬂuxes of
NO−
3 –N at the water-sediment interface are:

2.3. Model description
−
NH+
4 –N and NO3 –N are the main inorganic N components in aquatic
environments and are important contributors to N pollution (Gao et al.,
2019; Lunau et al., 2013). It is generally accepted that molecular diffusion
of pore water occurs in static water systems due to concentration gradients
and microbially mediated N transformation processes (Müller et al., 2003).
In dynamic water systems, there is a logarithmic relationship between the
release of TN during resuspension and the ﬂow rate because of the different
−
sorption-desorption characteristics of NH+
4 –N and NO3 –N on particulate
matter (Wu et al., 2016; Wu et al., 2015). Therefore, it was hypothesised
−
that the transport mechanisms of NH+
4 -N and NO3 –N at the river watersediment interface are molecular diffusion and resuspension processes
that coexist and do not interfere with each other, resulting in the
physical release or sedimentation of N. These physical processes, together
with biochemical processes including mineralisation, nitriﬁcation, and



∂C
F NO3 ¼ E s  ðqes −qea Þ þ φ  Ds 
∂X
4

ð4Þ
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 12
Hs
qes ¼
ks

Table 1
Physicochemical properties of water and sediment in the ﬁeld.

ð5Þ

Indicators

 12
Ha
qea ¼
ka

ð6Þ
Water

T (°C)
ECb (μs/cm)
ORPb (mv)
TDSb (g/L)
DOb (mg/L)
pH
Sediment PSb (μm)
pH
EC (μs/cm)

NO−
3 –N

where FNO3 is the ﬂux of
transport at the water-sediment interface
(mg·m−2·d−1), qes/qea denote the equilibrium desorption/adsorption
(mg·kg−1) (), Hs/Ha represent the initial desorption/adsorption rate
(Huang et al., 2017), ks/ka denote the quasi-secondary reaction rate
(kg·mg−1·min−1).

O2
O2 þ K min O2

ð7Þ

ð9Þ

where NN represents the nitriﬁcation rate at the water-sediment interface
(mg·L−1·d−1), CNH4 and O2 are the near-bottom concentrations (mg·L−1),
kNO is a coefﬁcient that parameterises the effects of a characteristic local nitriﬁcation rate and an average rate of diffusion between the sediments and
water (d−1), vN is the temperature-rate coefﬁcient for nitriﬁcation, T is the
water temperature from ﬁeld data (°C, Table 1), KNIT represents the nitriﬁcation half-saturation constant for oxygen (g·m−3), and O2 represents the
dissolved oxygen.
Oxygen inhibits denitriﬁcation while increasing NO−
3 , and temperature
increases rate of denitriﬁcation. The effects of DO, temperature, and NO−
3
on denitriﬁcation were simulated using the inverse Michaelis–Menten
equation (Chapelle, 1995):

K DO
NO3
K DO þ O2

3.93 ± 3.40
2181.34 ± 1157.65
−93.17 ± 29.06
2.34 ± 0.99
13.01 ± 1.81
6.91 ± 0.02
19.50 ± 5.14
8.55 ± 0.45
1228.33 ± 602.42

2.4.1. DNA extraction and polymerase chain reaction (PCR) ampliﬁcation
Total DNA was extracted from the sediment ﬁltered through a 0.22 μm
microﬁltration membrane using a FastDNA® Spin Kit for Soil (MP Biomedicals, CA, U.S.), according to the manufacturer's instructions. The DNA extract was analysed on a 1 % agarose gel, and DNA concentration and
purity were determined using a NanoDrop 2000 UV–VIS spectrophotometer (Thermo Scientiﬁc, Wilmington, DE, USA).
The V3–V4 hypervariable regions of the bacterial 16S rRNA gene were
ampliﬁed with primers 338F (5′–ACTCCTACGGGAGGCAGCAG–3′)/806R
(5′–GGACTACHVGGGTWTCTAAT–3′) (Xu et al., 2016) using an ABI
GeneAmp® 9700 PCR thermocycler (ABI, CA, USA). The PCR conditions
were: 3 min of denaturation of template DNA at 95 °C, 27 cycles of 30 s
at 95 °C, 30 s for annealing at 55 °C, and 45 s for elongation at 72 °C, and
a ﬁnal extension at 72 °C for 10 min.



2.4.2. Illumina MiSeq sequencing
Amplicons from each PCR sample were normalised to equimolar
amounts and sequenced using 468-bp chemistry on a MiSeq PE300 platform (Illumina, San Diego, CA, USA) at Majorbio Bio-Pharm Technology
Co. Ltd. (Shanghai, China). The sequencing data were submitted to the National Centre for Biotechnology Information's Sequence Read Archive database under accession number PRJNA811317. Subsequently, 16S rRNA
sequencing data were processed using the MOTHUR MiSeq pipeline; details
are provided in the Supplementary Information (Kozich et al., 2013).


N D ¼ −kN 2 νT−20
D

28.76 ± 1.38
598.90 ± 156.65
859.88 ± 124.49
0.36 ± 0.09
6.47 ± 3.15
8.34 ± 0.50
19.19 ± 6.47
8.15 ± 0.50
280.02 ± 118.19

2.4. Microbial determination

ð8Þ

2.3.3. Nitriﬁcation/denitriﬁcation
The nitriﬁcation rate is related to oxygen, temperature, and NH+
4 . These
relationships were simulated using the inverse Michaelis–Menten equation
(Chapelle, 1995):

O2
CNH4
K NIT þ O2

27.23 ± 1.30
883.59 ± 327.51
342.81 ± 32.61
0.553 ± 0.21
7.41 ± 2.73
9.19 ± 0.57
19.19 ± 6.40
7.9 ± 0.50
628.63 ± 335.00

2.3.4. Validation
To verify the accuracy of the N transport model proposed in this study,
−
the total variation of NH+
4 -N and NO3 –N in sediment was veriﬁed based on
actual sampling data over a 30-day period. The validation results showed
that the model ﬁt accurately and predicted the N transport processes in
the sediment for June, August, and December. The validation process is
described in the Supplementary Material.

where KminO2 is the half-saturation coefﬁcient for mineralisation (g·m−3)
and O2 is the DO of water (mg·L−1, ﬁeld data).

N N ¼ kNO νT−20
N

Decembera

a

where Nmin represents the rate of mineralisation at the water-sediment interface (mg·L−1·d−1), minNs is the benthic mineralisation rate of organic
N at 0 °C (d−1), KT is the rate of increase in temperature (°C−1), T is the
temperature (°C), Nos is the organic N concentration of sediment particles
(μg·g−1·dw), and f(O2) is the oxygen limitation expressed by the
Michaelis–Menten equation (Chapelle, 1995) as:
f ðO2 Þ ¼

Augusta

June represents the pre-concentrated rainfall period (low ﬂow volume period),
August represents the concentrated rainfall period (medium ﬂow volume period),
and December represents the water diversion period (high ﬂow volume period).
b
T: Temperature; EC: Electrical conductivity; ORP: Redox potential; TDS: Total
dissolved solids; DO: Dissolved oxygen; PS: Particle size.

2.3.2. Mineralisation
The mineralisation model (Chapelle, 1995) was used to quantify organic N in the sediment that was mineralised to NH+
4 –N by microorganisms. It can simulate rate of mineralisation in sediment, considering
sediment mineralisation as a function of temperature and dissolved oxygen
(Serpa et al., 2007):
N min ¼ minN s  eðKTT Þ  N os  f ðO2 Þ

b

Month
Junea

ð10Þ

2.5. Statistical analysis
To analyse the high-throughput data, quantitative insights into microbial ecology (QIIME) version 1.9.1 was used to classify the sequences into
operational taxonomic units (OTUs) using a 97 % identity threshold
(Caporaso et al., 2010). The α-diversity, Sobs, Shannon, and coverage indices were calculated using MOTHUR (Schloss et al., 2009). R language tools
were then used to create rarefaction curves. Based on the data tables in the
tax_summary_a folder, multi-level species and sunburst plots were drawn
using R language tools to demonstrate the community composition of

where ND represents the denitriﬁcation rate at the water-sediment interface
(mg·L−1·d−1), NO3 and O2 are the near-bottom concentrations (mg·L−1),
kN2 is a coefﬁcient that parameterises the effects of a characteristic local denitriﬁcation rate and an average rate of diffusion between the sediments
and water (d−1), vD is the temperature-rate coefﬁcient for denitriﬁcation,
T is water temperature (°C), KDO is the critical oxygen concentration for inhibition of denitriﬁcation (mg·L−1), O2 represents the DO, and NO3 represents NO—
3 N content in ﬁeld.
5
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3.2. Nitrogen transport processes

microbial samples at the minimum genus level (Sui et al., 2016). Based on
the 16S sequencing results, the PICRUSt software package was used to predict the functional gene composition of the microbial community in water
and sediment samples. Screening for functional genes associated with nitriﬁcation, denitriﬁcation and mineralisation processes at the KO level,
followed by calculation of their cumulative abundance. The results were
plotted using Origin version 2018 (OriginLab Inc., Northampton, MA,
USA) as cumulative histograms (Sodhi et al., 2021).

−
N ﬂuxes of NH+
4 -N and NO3 –N between water and sediment in the Fu
River for different sampling periods are shown in Fig. 3, calculated from
Eqs. (1) and (4), respectively. Controlled by concentration gradients,
the ﬂuxes of NH+
4 –N between the water and sediment interface were
positive in all studied periods, indicating that NH+
4 –N was released
from sediment to water (Fig. 3a). The mean NH+
4 –N release ﬂux in June
was 3.90 mg·m−2·d−1, which decreased to 3.75 mg·m−2·d−1 and
2.40 mg·m−2·d−1 in August and December, respectively. This suggests
that an increase in ﬂow reduces the release of NH+
4 –N caused by the concentration gradient. The ﬂux of NO−
3 –N was positive in June and December
(mean ﬂux of 1.25 and 0.15 mg·m−2·d−1, respectively, Fig. 3b), while it
was negative in August (mean ﬂux of −0.74 mg·m−2·d−1), indicating
−
that the sediment changed from a ‘source’ of NO−
3 –N to a ‘sink’ of NO3 –N
due to the concentrated rainfall, and became a ‘source’ again during periods
of water transfer. Under static release conditions, the release ﬂux of NH+
4 -N
was signiﬁcantly greater than that of NO−
3 –N.
Controlled by resuspension processes, NH+
4 –N ﬂux was positive and
NO−
3 –N ﬂux was negative, indicating that the desorption capacity of
NH+
4 –N for resuspended particles was greater than the adsorption capacity,
whereas the opposite was true for NO−
3 –N (Fig. 3). The release ﬂux by resuspension was an order of magnitude greater than that by the concentration gradient (approximately 10–30 times for NH+
4 –N and 25–2300 times
for NO−
3 –N), which indicates that the increased ﬂow volume led to a con−
siderable release of NH+
4 –N from sediment and settling of NO3 –N to sediment by enhancing the resuspension process. This phenomenon is similar
to the results obtained by Rysgaard and Berg (1996) and Wang et al.
−2 −1
(2017). For NH+
·d ,
4 –N, the mean ﬂuxes were 19.67 mg·m
29.11 mg·m−2·d−1, and 233.71 mg·m−2·d−1 in June, August, and December, respectively. For NO−
3 –N, the average values of ﬂuxes were − 25.30
mg·m−2·d−1, −21.04 mg·m−2·d−1, and − 345.56 mg·m−2·d−1 in June,
August, and December, respectively.
The total ﬂuxes of NH+
4 –N between water and sediment by the concentration gradient and resuspension process were positive, while those of
NO−
3 –N were negative, suggesting that the Fu River sediment was a source
−
of NH+
4 –N and a sink for NO3 –N (Fig. 3). Concentrated rainfall affected
—
the ﬂuxes of NH+
-N
and
NO
4
3 N slightly, whereas anthropogenic water
diversion had a dramatic effect. The mean ﬂuxes of NH+
4 –N were
24.13 mg·m−2·d−1, 32.86 mg·m−2·d−1, and 236.11 mg·m−2·d−1 in June,
August, and December, respectively, whereas the mean ﬂuxes of NO−
3 –N
were − 23.75 mg·m−2·d−1, −21.78 mg·m−2·d−1, and − 345.41
mg·m−2·d−1 in June, August, and December, respectively. The ﬂuxes of
NO−
3 –N responded more signiﬁcantly to high ﬂow volumes. This suggests

3. Results
3.1. Nitrogen distribution in water and sediment
The ﬂow volume of the Fu River varied with seasonal variations and the
operational status of water diversion (Fig. 2). The average value of ﬂow
volume was the lowest (2.10 m3/s) in June, slightly higher (2.34 m3/s) in
August, and the highest (3.83 m3/s) in December. Seasonal variations in
the water temperature were also evident. The water temperature did not
ﬂuctuate signiﬁcantly during the rainy season, remaining at approximately
28 °C. It dropped to 3.93 °C during the water transfer period in winter
(Table 1).
TN content in water ranged from 3.01 to 8.86 mg/L (mean 5.12 mg/L),
3.13 to 5.67 mg/L (mean 4.02 mg/L), and 1.55 to 12 mg/L (mean 7.29
mg/L) in June, August and December, respectively. The TN concentration
in August decreased by 21.48 % due to concentrated rainfall and increased
by 42.38 % in December due to water diversion, compared to that in June
before the concentrated rainfall period. TN and NO−
3 –N concentrations
showed decreasing trend from F2 to F5, except for sites F1-1 and F1,
where the water sources of the tributaries were different. The predominant
−
+
forms of N in water were NO−
3 –N and NO2 –N in June, NH4 –N in August,
−
+
and NO3 –N and NH4 –N in December.
TN content in sediment during different sampling periods was also pronounced, ranging from 583.00 to 3263.10 mg/kg (mean 1581.44 mg/kg),
299.00 to 2320.00 mg/kg (mean 1319.00 mg/kg), and 815 to 2920 mg/kg
(mean 1810.88 mg/kg) in June, August and December, respectively. The
TN content of the sediment decreased by 16.60 % in August and increased
by 14.51 % in December compared with that in June. The dominant form
of N in the sediment was organic N, followed by NH+
4 -N. The highest and
−
lowest contents of NO−
3 –N and NO2 –N were observed in August and
December, respectively.
These differences suggest that the transport and transformation processes of N at the water-sediment interface vary considerably under different hydrodynamic conditions.

−
Fig. 3. Nitrogen ﬂuxes of NH+
4 –N (a) and NO3 –N (b) between water and sediment caused by concentration gradients and resuspension, separately and together before (June)
and during concentrated rainfall (August), and water diversion period (December). Positive values of release ﬂux represent the release of nitrogen from sediment to water
while negative values represent the sedimentation of nitrogen from water to sediment.
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that dramatic increase in river ﬂow volume accelerates N transport processes at the water-sediment interface, posing a signiﬁcant threat to water
quality. However, the average ﬂux of NO−
3 –N decreased slightly during
periods of concentrated rainfall, suggesting that the factors inﬂuencing
changes in NO−
3 –N ﬂuxes when the ﬂow volume increased slightly were
complex and need to be studied in conjunction with N transformation processes at the water-sediment interface.

reads per sample) and clustering, 23,336 OTUs were obtained with 97 %
identity, and the number of OTUs ranged from 1869 to 3020 per sample
for sediment microorganisms and from 183 to 1868 per sample for water
microorganisms (Supplementary Table 1). Good's coverage for the
observed OTUs was approximately 92 % and 97 % in water and sediment,
respectively, with rarefaction curves showing a clear asymptote (Supplementary Fig. 3), which together indicated near complete sampling of the
community. In addition, the microbial number of OTUs, diversity, and community composition in the water and sediment were similar in June and
August, while dramatic changes occurred in December (Supplementary
Fig. 4).

3.3. Nitrogen transformation processes
Fig. 4 represents the results of the nitriﬁcation, denitriﬁcation, and
mineralisation rates in the Fu River sediments calculated using Eqs. (7),
(9), and (10). At the river water-sediment interface, mineralisation was
the dominant N transformation process, followed by denitriﬁcation
(Fig. 4a, b, and c). The nitriﬁcation rate was the lowest. In Fu River, the
average mineralisation, denitriﬁcation, and nitriﬁcation rates ranged
from 342.68–29,170.49 mg·L−1·d−1, 11.57–467.42 mg·L−1·d−1, to
0.006–7.117 mg·L−1·d−1, respectively.
During periods of concentrated rainfall and water diversion, nitriﬁcation, denitriﬁcation, and mineralisation processes showed signiﬁcant temporal variations. Due to concentrated rainfall, nitriﬁcation rates in sediment
increased by approximately 42 times from June (mean 0.016 mg·L−1·d−1)
to August (mean 0.682 mg·L−1·d−1), while denitriﬁcation rates remained almost unchanged (mean 30.42 mg·L−1·d−1 in June and 32.91 mg·L−1·d−1 in
August). During the water diversion period, nitriﬁcation and denitriﬁcation
rates in sediment increased by approximately 2980 times (mean 3.88
mg·L−1·d−1) and 523 times (mean 327.55 mg·L−1·d−1), respectively. Mineralisation rates in sediment decreased by 61.57 % during concentrated rainfall period (mean 13,581.84 mg·L−1·d−1 in June and mean 5218.60
mg·L−1·d−1 in August) and by 94.28 % during the period of water diversion
(mean 776.66 mg·L−1·d−1 in December). Rising ﬂow volume increased the
rates of nitriﬁcation and denitriﬁcation in the sediment; however, it decreased the rate of mineralisation.
−
In contrast, the average NH+
4 –N and NO3 –N transport rates at the river
−1 −1
water-sediment interface were 21.74 mg·L ·d and 24.72 mg·L−1·d−1 in
June, 32.86 mg·L−1·d−1 and 21.78 mg·L−1·d−1 in August, and 236.11
mg·L−1·d−1 and 345.41 mg·L−1·d−1 in December, respectively. These numbers far exceed the nitriﬁcation rates and are almost equal to denitriﬁcation
rates. Therefore, the effects of physical transport and biochemical reactions
−
of NH+
4 –N and NO3 –N on N ﬂuxes at the Fu River water-sediment interface
cannot be ignored.

3.5. Microbial nitrogen functional gene prediction
The relative abundance of functional microbial genes in water and sediment was predicted at the KO level to explain the rates of mineralisation,
nitriﬁcation, and denitriﬁcation processes at the water-sediment interface.
Overall, the relative abundance of microbial mineralisation, nitriﬁcation,
and denitriﬁcation functional genes showed a pattern of low in June,
high in August, and low again in December (Fig. 5). In addition, the relative
abundances of mineralisation- and denitriﬁcation-related functional genes
were almost identical in the water and sediment. In June and August, the
functional genes associated with nitriﬁcation dominated the sediment;
and in December, their relative abundance decreased in the sediment and
increased in the water.
The sediment microbial community had the highest relative abundance
of mineralisation functional genes, followed by denitriﬁcation functional
genes and nitriﬁcation functional genes. The relative abundances of functional genes related to mineralisation ranged from approximately 0.021
to 0.024 for sediment microbes, 0.000009 to 0.00003 for nitriﬁcation,
and 0.0116 to 0.0119 for denitriﬁcation.
4. Discussion
4.1. Slight or dramatic ﬂow volume increases had different effects on N transport
processes at the river water-sediment interface
It is generally accepted that increased ﬂow volume leads to increased N
release from the sediment due to the increased static release of N controlled
by concentration gradients and increased N transport controlled by resuspension processes (Tong et al., 2016). The input of large volumes of freshwater over a short period of time, such as concentrated rainfall and
artiﬁcial water transfers, strongly dilutes river water, resulting in a decrease
in the TN content of the water. The increased N concentration gradient between water and sediment promotes the static release of N (Arheimer et al.,
1996; Caffrey and Day, 1986). At the same time, elevated ﬂow volume effectively increases resuspension ﬂuxes and N release from sediments
(Depinto et al., 1994; Kelderman et al., 2012; Wang et al., 2013). Therefore,

3.4. Overview of microbial community in water and sediment
To further investigate the mechanisms of biochemical reactions affecting N ﬂuxes at the Fu River water-sediment interface, 75,758,512 highquality 16S rRNA sequences were generated from 174 samples. After
subsampling each sample to an equal sequencing depth (over 30,000

−
Fig. 4. Rates of release of NH+
4 –N (a) in sediments, sedimentation of NO3 –N (b), nitriﬁcation (c), denitriﬁcation (d), mineralisation (e) in sediments at each monitoring
section along the Fu River before (June) and during concentrated rainfall (August), and water diversion period (December).
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Fig. 5. Predicted relative abundance of microbial mineralisation (a), nitriﬁcation (b), and denitriﬁcation (c) functional genes in Fu River sediments before (June) and during
concentrated rainfall (August), and water diversion period (December).

in previous studies, inorganic N release ﬂuxes at the water-sediment interface have been positively correlated with ﬂow volume.
−
However, in this study, NH+
4 -N and NO3 –N responded differently to increased ﬂow volumes. Compared with June, the ﬂow volume increased by
11.43 % and 82.38 % in August and December, respectively. As the ﬂow
volume increased, NH+
4 -N tended to transfer from the sediment to the
water, whereas NO−
3 –N followed the other way round. This tendency was
also reported in the Yellow River (Cheng et al., 2015a) and Yangtze River
(Cheng et al., 2015b). Scientists have speculated that this phenomenon is
caused by a combination of the sediment N content and pH value. Slightly
alkaline sediments can facilitate the release of NH+
4 -N from the sediment to
water (Yu et al., 2015). In nitrogen-rich rivers, NO−
3 –N tends to settle from
the water into the sediment (Lefebvre et al., 2004). The Fu River sediment
has a pH value >8 (Table 1) with a long history of N accumulation, making
it a nitrogen-rich river (Jun et al., 2010).
At the same time, slight and dramatic increases in ﬂow had different ef−
fects on NH+
4 –N and NO3 –N ﬂuxes at the water-sediment interface. A
slight increase in the ﬂow volume caused by concentrated rainfall accelerated the release of NH+
4 –N (by 36.15 %); however, it inhibited the sedimentation of NO−
3 –N (by 17.56 %). The dramatic increase in ﬂow volume
due to water transfer caused a signiﬁcant increase in NH+
4 -N release (by
878.31 %) and NO−
3 N sedimentation (by 1555.18 %). The reasons for
this include streambed particle redistribution and dilution processes, and
−
properties of NH+
4 –N and NO3 –N.
The slight increase in ﬂow volume facilitated the redistribution of river
sediment particles, resulting in a smaller mean PS and reduced porosity of
sediment particles in the lower section of the Fu River, thereby inhibiting
molecular diffusion of the pore water, which is controlled by concentration
−
gradients of NH+
4 –N and NO3 –N. The data from this study showed that the
porosity of the water-sediment interface was reduced by nearly 100 %. The
−
concentration gradient-controlled release efﬁciency of NH+
4 –N and NO3 –N
−2 −1
−2 −1
decreased from 3.90 mg·m ·d
to 3.75 mg·m ·d
and from
1.25 mg·m−2·d−1 (sediment as ‘source’) to −0.74 mg·m−2·d−1 (sediment
as ‘sink’), respectively, after concentrated rainfall. Water diversion resulted
in a sharp increase in the ﬂow volume, which strongly diluted the river
water. Compared to June, the NO−
3 –N concentration in the water decreased
by approximately 70.78 % owing to dilution. Therefore, it was presumed
that the sediment NO−
3 –N pore-water release process was enhanced. In addition, the rate of NH+
4 –N release from pore water might have been
inhibited by low temperatures (3.93 °C in December) by 2.40 mg·m−2·d−1.
In natural rivers with evident hydrodynamic disturbances, resuspension
is the main mechanism causing changes in water-sediment N ﬂuxes
compared to concentration gradients (Qian et al., 2011). In general, an increase in the ﬂow volume can lead to a rapid increase in the inorganic N release. However, once a critical ﬂow is reached, the inorganic N resolution/
absorption process becomes important, resulting in ﬂuxes that remain
constant or decrease slightly (Zhong et al., 2017; Yu et al., 2017). The
data from this study showed that both slight and dramatic ﬂow volume increases, caused by concentrated rainfall and water transfer, respectively,
promoted the desorption of NH+
4 –N at the water-sediment interface

(47.95 % and 1087.94 % increase, respectively); however, they inhibited
and promoted the sedimentation process of NO−
3 –N (16.85 % decrease
and 1265.63 % increase, respectively). This might indicate that the critical
ﬂow volume of NH+
4 –N was high and it was released at the water-sediment
interface with a slight or dramatic ﬂow volume increase. In turn, a slight increase in ﬂow volume due to concentrated rainfall reached the critical ﬂow
−
volume for the NO−
3 –N sedimentation process, causing a decrease in NO3 –
N sedimentation. However, when the ﬂow volume increased dramatically
due to water transfer, the rate of NO−
3 –N sedimentation increased further,
indicating the possibility of a staged equilibrium ﬂux of NO−
3 –N exchange
in the ﬂowing water system, that is, the ﬂow volume continued to increase
dramatically after the reaching a critical value, and eventually the ﬂux of N
exchange increased.
Overall, a slight increase in the ﬂow volume resulted in an increase in
−
the ﬂux of NH+
4 –N release and a decrease in the ﬂux of NO3 –N sedimentation at the water-sediment interface. Dramatic increases in ﬂow volume re−
sulted in a simultaneous increase in NH+
4 –N release and NO3 –N
sedimentation at the water-sediment interface. This phenomenon is mediated by several processes, including the redistribution of sediment particles,
dilution, and adsorption and desorption of N. This suggests that slight and
dramatic increases in ﬂow volume could affect the ﬂuxes of NH+
4 –N and
NO−
3 –N caused by pore water release and resuspension at the watersediment interface by different mechanisms.
4.2. Slight or dramatic ﬂow volume increases had different effects on nitrogen
transformation processes at the water-sediment interface
N transformation processes in aquatic environments are mediated by
key microorganisms. Of these, mineralisation, nitriﬁcation, and denitriﬁcation have received much attention because of their ability to signiﬁcantly
inﬂuence the amount of N and transformation of N forms in water. The efﬁciency of mineralisation, nitriﬁcation, and denitriﬁcation is reported to be
proportional to the relative levels of functional genes associated with microorganisms. Therefore, the composition of functional genes is an indicator of N transformation processes in aqueous environments. In the present
study, the relative abundance of nitrogen-related functional genes was
low in June, high in August, and low in December, which is justiﬁed by
the promotion of microbial colonisation via external loading of N due to
high temperatures, increased ﬂow volume, and soil ﬂushing during periods
of concentrated rainfall, whereas the lower temperature in December
(3.93 °C) inhibited the activity of most microorganisms. However, model
simulations of the efﬁciency of mineralisation, nitriﬁcation, and denitriﬁcation processes showed that the efﬁciency of mineralisation decreased by
94.28 % with increasing ﬂow volume, whereas the efﬁciency of nitriﬁcation and denitriﬁcation increased signiﬁcantly (2980 and 523 times,
respectively). This indicates that the efﬁciency of N transformation in an
aqueous environment is controlled by both the relative abundance of
nitrogen-related functional genes and ﬂow volume.
Long hydraulic residence times are one of the main factors affecting
mineralisation rates in sediments (Sundbäck et al., 1990). The hydraulic
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residence time decreased considerably with increasing ﬂow volume, leading to a continuous decrease in mineralisation rates at the water-sediment
interface during periods of concentrated rainfall and water delivery
(Fig. 3c). The efﬁciency of the nitriﬁcation and denitriﬁcation processes
was closely related to the ﬂow volume, which signiﬁcantly inﬂuenced the
N release from the water-sediment interface. Nitriﬁcation occurred in the
aerobic surface zone, whereas denitriﬁcation occurred in the anoxic zone,
with a maximum thickness of a few millimetres for both the zones (Zheng
et al., 2019). Abril et al. (2000) suggested that in rivers, nitriﬁcation processes occur in oxygenated water, whereas denitriﬁcation occurs in oxygenated mud. At the same time, high ﬂow rates would promote microbial
activity at the river water-sediment interface because microorganisms prefer to settle on resuspended particles (Fries et al., 2008). Thus, at high ﬂow
volume, the resuspension process intensiﬁed, the nitriﬁcation and denitriﬁcation zones, i.e. the mixed layer of water and mud, became thicker. Microorganisms move frequently with the resuspended particles and the
−
probability of contacting the reaction feedstock (NH+
4 –N and NO3 –N)
rose, potentially leading to a much higher rate of nitriﬁcation and denitriﬁcation in the sediment. This study found that both slight and dramatic ﬂow
volume increases signiﬁcantly inhibit the mineralisation process because
the microorganisms do not have sufﬁcient time to come into contact with
organic particulate matter. Slight ﬂow increases did not contribute signiﬁcantly to the efﬁciency of nitriﬁcation and denitriﬁcation processes,
whereas a dramatic increase in ﬂow volume did. Therefore, when using
nitrogen-related functional genes of river microbial communities to infer
spatial and temporal changes in the efﬁciency of N cycling processes, attention should also be paid to changes in river ﬂow volume.

interface was constructed based on hydrodynamic models and biochemical
reaction models. This model was proposed to assess the response of N loading to river waters to slight or and dramatic increases in river ﬂow volume
caused by natural factors (concentrated rainfall) and anthropogenic factors
(large hydraulic projects) contributed by sediment. It emphasises the importance of ﬂow volume control in river environmental management.
The results of this study showed that a slight increase in ﬂow volume
promoted the release of NH+
4 –N from sediment but prevented the
sedimentation of NO−
3 –N in water, increasing the inorganic N load to the
river water. A dramatic increase in ﬂow volume simultaneously promoted
nitriﬁcation-denitriﬁcation processes, leading to inorganic N consumption
increasing. In large-scale anthropogenic regulation of rivers, such as reservoir management and water transfers, rational ﬂow volume allocation across
seasons should be considered to reduce the overall N load to nitrogen-rich
river. This study provides a solution to the phenomenon of river repollution in nitrogen-rich rivers. At the same time, these results also suggest
that the enhanced denitriﬁcation due to dramatic increase in ﬂow volume is
a potential global nitrogen sink that may have been overlooked.
Furthermore, possible changes in the relative abundance of functional
microbial genes based on high-throughput sequencing techniques suggested the efﬁciency of N transformation processes in aquatic environments
was controlled by the relative abundance of nitrogen-related functional
genes and ﬂow volume, and changes in river ﬂow volume should be
taken into account when using nitrogen-related functional genes of microbial communities to infer spatial and temporal changes in the efﬁciency
of N cycling.
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River sediments are always weakly alkaline and are, therefore, always a
source of NH+
4 –N (Fanning and Pilson, 1971). In nitrogen-rich rivers, sediments tend to act as NO−
3 –N sinks. This study showed that a slight increase
in ﬂow volume promoted the release of NH+
4 –N from the sediment,
inhibited NO−
3 –N sedimentation, reduced mineralisation rates, promoted
nitriﬁcation processes, and had little effect on denitriﬁcation rates. Ultimately, a high-N load was imposed on the river water. The dramatic increase in ﬂow volume resulted in a simultaneous increase in NH+
4 –N
release and NO−
3 –N sedimentation at the water-sediment interface, an evident decrease in mineralisation rates, and a noticeable increase in both nitriﬁcation and denitriﬁcation rates. Therefore, a dramatic increase in ﬂow
volume inhibited inorganic N production and promoted inorganic N consumption, resulting in a transient low inorganic N load in the aquatic environment. This hints at a potential global N sink that may have been
overlooked in the past. However, by drastically increasing the concentration of resuspended particles, the water transfer project signiﬁcantly increased the TN loading in the short term, leading to the deterioration of
water quality in the water receiving area. Thus, ﬂow volume control is
important when planning water-transfer projects.
−
NH+
4 -N and NO3 –N, as the main inorganic forms of N, are important
contributors to excess N in water. To the best of our knowledge, this is
the ﬁrst study to use a combination of modelling and microbial sequencing
techniques to systematically analyse the impact of slight and dramatic ﬂow
volume increases on water-sediment N transport and transformation. This
study suggests that in large-scale anthropogenic regulation of rivers, such
as reservoir management and diversion planning, consideration should be
given to the rational allocation of ﬂow volume across the seasons to reduce
the overall N load to nitrogen-rich rivers. A solution was provided to address the phenomenon of re-pollution of water during the implementation
of reservoir management and water transfer projects. New ideas were provided to prevent eutrophication.
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