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Abstract: Maintaining good water quality in the Lijiang River is a scientific and practical requirement
for protecting and restoring the environmental and ecological value of the river. Understanding the
influence of non-point source pollution on the water quality of the Lijiang River is important for water
quality maintenance. In this study, the pollutant flux in the upper reaches of the Lijiang River was
calculated based on water quality monitoring, non-point source pollution, and point source pollution
statistics. The Z–Q relation curve method, hydrologic analogy method, and contour map method
were used to estimate the flow of the Lijiang River. We then constructed a water quantity–water
quality balance model of the upper reaches of the Lijiang River based on an equilibrium equation
of water quantity and a modified one-dimensional steady-state model of the river. Water quality
changes in the upper reaches were simulated for a wet, normal, and dry season. The simulation
errors were all within −30% to 30%, which was in line with the pollution simulation requirements of
the Standard for hydrological information and hydrological forecasting (GB/T 22482-2008). The simulated
reliability of each water quality indicator is at a high level, based on the calculated Nash–Sutcliffe
efficiency coefficient. The overall model simulation results were good. The simulation results show
that the impact of non-point source pollution on the water quality of the upper reaches of the Lijiang
River was greater than that of point source pollution. The effect of different types of non-point source
pollution on the water quality of the Lijiang River was as follows: rural domestic pollution > urban
household pollution without centralized treatment > pollution from agricultural cultivation. This
study provides technical support for the long-term hydrology and water quality monitoring of the
Lijiang River and provides a basis for the reduction in non-point source pollution and the continuous
improvement of the water quality in the Lijiang River Basin.

Keywords: upstream of the Lijiang River; non-point source pollution; water quantity and quality;
model simulation

1. Introduction

Non-point source pollution is the main source of pollution affecting water quality in
rivers [1–3] and an important factor in the eutrophication of water bodies [4–6]. As the
“mother river” of Guilin, the Lijiang River shoulders the heavy responsibility of water
consumption for industry, agriculture, domestic use, and the environment [7]. In recent
years, with the implementation of a series of environmental governance measures, the
overall water quality of the Lijiang River basin is good, but there are also some tributaries
in some periods of poor water quality problems [8]. The quantitative calculation of the
impact of different pollution sources on the water quality of the Lijiang River is of great
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significance for accurately putting forward the countermeasures for the water environment
management of the Lijiang River.

As a karst area, the Lijiang River Basin is particularly susceptible to the influence of
pollutants due to its unique karst geological characteristics. The special karst land-form
leads to non-point source pollution entering the groundwater system, along with the runoff,
which poses challenges in the prevention and control of water pollution [7]. Planting
land (paddy and dryland), urban construction land, and rural residential land for human
production and living all produce pollution sources. The main land use types, including
woodland, grassland, and industrial and construction land, also produce pollutants such
as nitrogen and phosphorus [9]. The small-scale livestock farming has the characteristics of
dispersion and randomness, which makes it difficult to make an accurate statistical esti-
mation. Improving water quality requires understanding pollution sources and pollutant
transport processes. Pollutant transport calculations affect the accuracy of the environ-
ment regulation decisions for aquatic environments [10]. Many researchers have used
simulations of non-point source pollution in watersheds. The Soil and Water Assessment
Tool (SWAT) model has been used to simulate transport processes and the discharge of
pollutants to a watershed outlet [11–13]. By constructing a Best Management Practice
(BMP) optimal allocation scheme at different spatial scales, water quality improvement
can be maximized [14]. The Hydrological Simulation Program-Fortran (HSPF) model and
regression model were applied to the Luan River Basin to estimate the load of non-point
source pollutants [15]. By combining the pollution load module with the Hydro-Informatic
Modeling System (HIMS), we simulated the process of pollution generation and transport
in semi-arid and sub-humid areas and quantified the pollutant load [16]. The Dynamic
Export Coefficient Model (DECM) was used to simulate non-point source pollution in
the catchment and to quantify the effect of different underlying surfaces on effluent co-
efficients [17]. Using a combination of the Eulerian–Lagrangian Alternating Direction
Implicit Method (ELADI) and Water Quality Analysis Simulation Program (WASP) models,
we constructed a two-dimensional water environment model with orthogonal curves to
simulate and analyze the dynamic response relationship between the pollutant load and
water quality in the lower reaches of the Ganjiang River [18]. The pollutant loads at the
watershed outlet were estimated by simulating rainfall, runoff, and non-point source pro-
cesses [19]. The Source–precipitation–landscape Model (SPLM) was used to simulate the
total nitrogen pollution output of non-point sources in the Haihe River basin. The results
showed that rural domestic pollution and the agricultural industry contributed the most
to the total nitrogen emission [20]. The Water Quality Index (WQI) was used to assess the
state of the water quality of the Turnasuyu Stream, and multivariate statistical analysis
was conducted to assess the impact of agricultural activities and domestic pollution on
the water quality in the Turnasuyu Basin [21]. Artificial Neural Network (ANN) models
can be used to predict the water quality of rivers, lakes, reservoirs, ponds and streams by
capturing the relationships between water quality data [22–24]. With ammonia nitrogen,
total phosphorus, and chemical oxygen demand as pollution indicators, the Hydrodynamic
Water Environment Model was used to predict the response of sewage under different
scenarios of agricultural and urban non-point source pollution control and to evaluate the
effectiveness of the different scenarios [25]. The general water quality model is powerful;
however, it requires a large number of parameters and is not highly adaptable to the
complex water system in the study area.

In this study, the water quality and pollution sources in the Lijiang River Basin were
investigated and analyzed, providing a basis for the reduction in non-point source pollution
and the continuous improvement of the water quality in the Lijiang River Basin, as well as
technical support for long-term hydrological and water quality monitoring of the Lijiang
River, in the future, in order to provide management countermeasures for protection of the
water environment, water pollution prevention, and pollution source control of the urban
sections of the Lijiang River. As conditions such as hydrogeological conditions and soil
types vary from region to region, the values used in this study were set within a reasonable
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range, and the model simulations achieved the desired results. The remainder of this paper
is organized as follows. Section 2 introduces the general situation of the study area and
the main data sources. We determine the intersection of the main and tributary streams
and the calculation nodes according to the distribution of the upper Lijiang River water
system and the distribution of the hydrological and water quality sections, we modify a
one-dimensional steady-state model, and establish a water quantity-water quality balance
model. Section 3 presents the validation of the water quantity-water quality balance model,
the simulation of the water quality indicator concentrations during the wet, normal, and
dry seasons, and the simulation of scenarios of pollution discharges from point sources and
different types of non-point sources. Section 4 discusses and summarizes the contributions
of point source pollution and non-point source pollution and their influences on the water
quality of the Lijiang River. In addition, the extent of the impacts of the different non-point
source pollution sources on the water quality are analyzed and compared. Finally, the
limitations of this study are analyzed and discussed, and future research is proposed.

2. Materials and Methods

The workflow of this study is shown in Figure 1. First, sub-watershed delineation was
carried out and detailed information and data were collected and collated. Second, the
amount of pollution entering the river and nodal divisions were calculated and a water
quantity-water quality balance model was constructed. Finally, model validation and
pollution source simulation were carried out for analysis and comparison.
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2.1. Overview of the Study Area

The Lijiang River originates in Mao’er Mountain (altitude 2141.5 m), the main peak
of the Yuecheng Mountain in the northwest of Xing’an County, Guilin City. The main
stream of the Lijiang River flows through Xing’an, Lingchuan, Guilin, Yangshuo, Pingle,
and other cities and counties, with a total length of 214 km [26]. The Lijiang River is a rain
source river with an annual average runoff of 4.031 billion m3. The wet season runs from
April to August and the dry season runs from December to the end of January of the next
year [8]. Guilin has less arable land per capita, and the quality of the arable land needs to be
improved. The arable land per capita is 0.085 hm2, which is lower than the 0.096 hm2 in the
region and 0.106 hm2 in the country. The extent and effectiveness of the land use and the
level of intensive land use in Guilin are not high, and the land is heavily used rather than
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maintained, with local soil erosion being more severe. The agricultural planting pollution
is extensive, complex, and random, rendering statistical analysis somewhat difficult. In
the Lijiang River Basin (urban areas), the watershed surface contains 150 enterprises with
industrial sewage discharge, of which the sewage from 46 of these enterprises did not
enter the sewage treatment plant. For the industrial enterprises that did not utilize the
sewage treatment plant, their sewage was mainly discharged directly into the river and
lake water bodies, agricultural land, ground seepage evaporation, and so on. The number
of households for which the rural domestic sewage enters the rural centralized treatment
facilities and the number of households for which the sewage enters a municipal pipe
network accounted for 23.8% of the total. The remainder of the rural household sewage was
discharged directly into farmland and local water bodies. The study area includes the Guilin
urban section of the Lijiang River as well as areas upstream and downstream. The upstream
reach includes Rongjiang Town, Xing’an County (Dabutou section). The downstream reach
includes Caoping Town, Yangshuo County. The water quality monitoring point is in the
Mopan Mountain section. From the water quality monitoring section of Dabutou to the
section of Mopan Mountain, the total length is approximately 60 km. The main tributaries
include the Gantang River, Taohua River, Xiaodong River, Nanxi River, Xiangsi River,
Huajiang River, and Chaotian River [27]. The total study area is 2759.78 km2 and includes
11 sub-basins, as shown in Figure 2.
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2.2. Pollutant Transport Calculation Unit and Node Division

The computing units in the tributaries of the upper reaches of the Lijiang River
correspond to the sub-basins, and the computing nodes are located at the outlet of the
sub-basins. The computing node located at the outlet of the sub-basin controls the pollution
load discharge of the sub-basin (Figure 2). In order to better match the sub-watershed with
the water quality calculation node, the Taohua River basin, Qixing basin, and Overseas
Chinese Farm basin were subdivided as part of the calculation.

Seven main stream computing nodes and six intervals were selected from existing
monitoring points established by states, districts, and municipalities and the new moni-
toring points in this study. The upstream-to-downstream section nodes were: Dabutou
(municipal), Sugar Garden, Bedding Face (municipal), Jiefang Bridge, Jingping Bridge,
Gangjian Bridge, and Mopan Mountain (district). The tributary nodes were set at the outlet
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of major tributaries, including the Gangtan River, Taohua River (municipal), Nanxi River
(municipal), Xiaodong River (municipal), Wayao River, Liangfeng River, Huajiang River,
Jiansha River, and Chaotian River. The pollution load calculation units, nodes division, and
interval distances in the study area are shown in Table 1. The water quantity and water
quality were measured at each monitoring point. Field sampling was carried out with refer-
ence to The Technical Specification for Surface Water and Sewage Monitoring (HJ/T 91-2002) [28],
using a Plexiglas water sampler to collect mixed water samples directly from river sections
at different depths. The samples were stored in rinsed 1000 mL brown glass bottles. The
parameters recorded at each site included the flow velocity, water level, water tempera-
ture, pH, and dissolved oxygen content. The cross section was measured using a dipstick.
Furthermore, water level buoy methods and a handheld electro wave radar velocity meter
(Stalker II SVR) were used to determine the flow velocity. An ultrasonic sounder or tower
gauge was used to determine the water depth and channel geometry, a portable dissolved
oxygen meter was used to determine the dissolved oxygen content, and a portable pH
meter was used to determine the pH. The water samples collected on the same day were
stored in the laboratory at a low temperature of 0–4 ◦C, and the samples were processed
and analyzed within 24–48 h of collection. The water quality indexes determined were
the total nitrogen (TN), ammonia nitrogen (NH3-N), and chemical oxygen demand (COD).
Referring to The Analytical Methods for Water and Wastewater Monitoring [29], the TN of
the Alkaline potassium persulfate digestion UV spectrophotometric method (HJ 636-2012),
the NH3-N was determined using the Nessler’s reagent colorimetric method (HJ 535-2009),
and the COD was determined using the potassium dichromate method (GB 11914-89). The
monitoring period was between October 2019 and October 2020. The monitoring frequency
was once a month.

Table 1. Calculation unit, main stream, and tributary.

Area Unit Main Stream Node Interval Interval
Distance/km

The Inflow of Major
Tributaries

Lingchuan Sub-basin Dabutou-Sugar Garden 31.5 /
Gantang River Sub-basin Sugar Garden -Bedding Face 1.8 Gantang River

Qixing Sub-basin1, Taohua River
Sub-basin2 Bedding Face-Jiefang Bridge 9.0 /

Taohua River Sub-basin1, Nanxi River
Sub-basin

Wayao Sub-basin, Qixing Sub-basin2
Jiefang Bridge-Jingping Bridge 6.0 Taohua River, Nanxi River,

Xiaodong River

Liangfeng River Sub-basin, Qixing
Sub-basin3

Overseas Chinese Farm Sub-basin1
Jingping Bridge-Gangjian Bridge 12.3 Liangfeng River

Huajiang River Sub-basin, Chaotian
River Sub-basin

Overseas Chinese Farm Sub-basin2
Gangjian Bridge-Mopan Mountain 6.4 Hua River, Chaotian River,

Jiansha River

2.3. Establishment of Water Quantity–Water Quality Balance Model

According to the point source pollution and non-point source pollution emissions from
the second pollution source census [30], as well as the latitude and longitude coordinates
of each enterprise in the pollution census statistics, the location information of industrial
pollution emissions was converted into a point vector file using the ArcGIS software.
Then, the overlay analyses of other factors (e.g., basin and basin boundary) and the basin
boundary segmentation analysis were carried out on the file.

The distribution of industry, livestock industry, and pollutant emissions in each sub-
watershed was calculated using segmentation, screening, and statistical analysis for each
sub-watershed as a unit. The urban domestic pollution production in each sub-watershed
was calculated using the environmental statistics of urban per capita annual domestic
pollution emissions in Guilin city, combined with the population of each sub-watershed.
According to closed tests by Guilin Drainage Company in 2020, only 73.4% of the domestic
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sewage enters the sewage treatment plant through the urban pipe network. This means
that 26.6% of the domestic sewage is discharged as pollution. From this information, we
calculated the pollutant discharge of each sub-basin. The output coefficient method was
used to calculate the non-point source pollution of agricultural crops and the emission of
land use pollutants. The pollution statistics for the administrative region were transformed
into the pollution statistics of the sub-watershed. Using these pollution statistics and water
quantity and quality data, a water quantity–water quality balance model was constructed.

2.3.1. Equilibrium Equation for Water Quantity

Without considering the effect of evaporation, the equilibrium equation of water
quantity of the upper and lower reaches of the main stream of the Lijiang River can be
expressed as:

QB = QA + ∑ n
1 Qt + Qs + Qg − Ql (1)

where QA is the flow of upstream node A, m3/s; QB is the flow of downstream node B, m3/s;
∑n

1 Qt is the inflow of tributaries between A and B, m3/s; Qs is the replenishment amount
of surface runoff entering from A to B, m3/s; Qg is the supply amount of underground
runoff entering from A to B, m3/s; and Ql is the flow rate of leakage from A to B into a
river bed, karst cave, or underground crack, m3/s.

2.3.2. Equation for Pollutant Flux Calculation

The pollutant flux of the river section is the product of discharge, pollutant concentra-
tion and time:

W = Q × C × T (2)

where W is the pollutant flux in the river section, ton; Q is the average monthly discharge
of the river section, m3/s; C is the monthly average concentration of pollutants in the river
section, mg/L; and T is time (a month is calculated as 30 days) T = 2,592,000 s.

2.3.3. Modified One-Dimensional Steady-State Model

A modified one-dimensional steady-state model was used to simulate the transport
of pollutants between sections (nodes) of the main stream of the Lijiang River. A one-
dimensional steady-state model of rivers can be expressed as:

C = C0 × exp
[
−(K)× x

86, 400u

]
(3)

where C is the pollutant concentration of the calculated section, mg/L; C0 is the pollutant
concentration of the initial section, mg/L; K is the synthetic attenuation coefficient, 1/d;
u is river velocity, m/s; and x is the reduction distance from the initial section to the
downstream computed section, m.

The pollution abatement capacity of a river (e1) is related to the comprehensive at-
tenuation coefficient K, the abatement distance x, and the flow rate u, and is calculated
as follows:

e1 = exp
[
−(K)× x

86, 400u

]
(4)

In this study, water and pollutants in each sub-watershed entered the main stream of
the Lijiang River through tributaries. However, under heavy rainfall conditions, runoff
and pollutants also enter the main stream via sheet flow from both sides. Underground
runoff recharge and riverbed leakage also occur along the course, providing opportunity
for pollutants enter or flow out of the main stream [31]. Therefore, when a one-dimensional
steady-state model is applied in this study, the reduction distance of pollutants is general-
ized, and the average reduction distance is considered to be half of the distance between
main flow nodes (sections), or 0.5x. The combined pollutant reduction capacity (e2) of the
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tributary inflow, surface runoff recharge, underground runoff recharge, and leakage loss
can be calculated as:

e2 = exp
[
−(K)× 0.5x

86, 400u

]
(5)

2.3.4. Water Quantity–Water Quality Balance Model

In the water quantity balance Equation (1), both sides are multiplied by pollutant
concentration C and time T. The pollutant concentration imported into point A and interval
(A–B) was reduced according to the modified one-dimensional steady-state model. The
established water-quality balance model is expressed as:

QB × CB × T = (QA × CA)e1 × T +(
∑n

1 Qt × Ct + Qs × Cs + Qg × Cg + We − Ql × Cl
)
e2 × T

(6)

where CB is the pollutant concentration of the downstream node (section) B, mg/L; CA is
the pollutant concentration of the upstream node (section) A, mg/L; Ct is the concentration
of pollutants in tributaries that enter between A and B, mg/L; Cs is the base concentration
of pollutants replenished by surface runoff when there is no exogenous pollution discharge,
mg/L; Cg is the base concentration of pollutants replenished by runoff when there is no
exogenous pollution discharge, mg/L; and Cl is the pollutant concentration of leakage
between A and B, mg/L.

According to the equation for pollutant flux (2), Equation (6) can be expressed as:

WB = WA × e1 +
(
∑ n

1Wt + Ws + Wg + We − Wl
)
e2 (7)

where We in Equations (6) and (7) represents the monthly amount of point and non-point
source pollution into the river within the interval AB (the calculation time here is in months).

2.4. Source and Calculation of Model Parameters
2.4.1. Concentration and Discharge of Pollutants in Main Stream and Tributaries

• Pollutant concentration

The pollutant concentrations for the main stream of the Lijiang River were obtained
from measured data at Dabutou, Sugar Garden, Bedding face, Jiefang Bridge, Jingping
Bridge, Gangjian Bridge and Mopan Mountain. The concentration of pollutants in the
tributaries of the Gangtan River, Taohua River, Nanxi River, Xiaodong River, Wayao River,
Liangfeng River, Huajiang River, Jiansha River and Chaotian River were measured data
from this study.

• Water flow data collection and calculation

1. Flow data collection

In this study, we collected data on water level, discharge, and water quality in the Dab-
utou section and Guilin Hydrological station. We collected water level and water quality
data in the Bedding face section and Mopan Mountain section. In the main stream section,
the Z–Q curve of the Darong River (Dabutou) was established to obtain the corresponding
fitting equation. The Z–Q curves of the Chaotian River, Daxu (Jiansha River), Liangfeng
River (Xiangsi River), Nanxi River, Huajiang River, and Taohua River were established in
the tributary section to obtain their fitting equations. Some sections along the Z–Q curves
needed to be appropriately extended with high and low water, so the corresponding high
and low water extension lines should be made to improve the fitting degree of different
water periods.

2. Flow calculation

To calculate flow for sections without measured values, we used the water level
flow (Z–Q) relation curve method [32], hydrologic analogy method (distance interpolation
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method) [33], contour map method [34], and other methods, depending on what data was
available (Table 2).

Table 2. Flow interpolation method for main stream and tributary nodes.

Node Method Node Method

Main stream

Dabutou Z–Q curves

Tributary

Gantang river Hydrologic analogy
method

Sanjie Z–Q curves Taohua river Z–Q curves
Gantan pontoon

bridge
Hydrologic analogy method,

contour map method Nanxi river Z–Q curves

Bedding face Hydrologic analogy method,
contour map method Xiaodong river Hydrologic analogy

method

Jiefang bridge Hydrologic analogy method,
contour map method Liangfeng river Z–Q curves

Jingping bridge Measured data from Guilin
hydrologic Station Huajiang river Z–Q curves

Gangjian bridge hydrologic analogy method,
contour map method Jiansha river Z–Q curves

Mopan Mountain Hydrologic analogy method,
contour map method Chaotian river Z–Q curves

2.4.2. River Leakage and Pollutant Concentration

The average leakage rate in the middle and lower reaches of the Lijiang River is
approximately 12% [35]. Due to the differences in the riverbed properties and karst devel-
opment, the leakage rate of different sections varies. Using the research results and taking
into consideration the influence of karst development and other factors on the leakage
amount, this study estimated the leakage amount for each section. We then generalized the
leakage concentration of pollutants in the river by taking the average value of the upper
and lower sections.

2.4.3. Base Value of Runoff Recharge and Pollution Concentration

Using the equilibrium equation of water quantity, the total runoff recharge was cal-
culated by subtracting the flow at point A, tributary inflow, and seepage from the flow
at point B of the main stream. The runoff replenishment was divided into surface runoff
replenishment and underground runoff replenishment (underground runoff is also called
base flow). The runoff segmentation of the Qingshitan Reservoir in the Lijiang River Basin
showed that the base flow index was 15–34% [36]. Based on this study, we allocated the
total runoff volume in the study area to 80% of surface runoff and 20% underground runoff.
Using the section from Dabutou to Sugar Garden as an example, there is a low amount of
karst in the reach from Dabutou to sugar Garden, the leakage rate is 3% of the average flow
of Dabutou and Sugar Garden reaches, the runoff recharge is the flow of Sugar Garden
section minus the flow of Dabutou section plus the leakage, and the total runoff recharge is
divided into 80% surface runoff and 20% underground runoff (Table 3).

Table 3. Water balance parameters from DaButou to Sugar Garden (in m3·s−1).

Water Period Dabutou Sugar Garden Leakage Total Runoff
Recharge

Surface Runoff
Recharge

Underground
Runoff Recharge

Wet season 104.33 183.80 4.32 83.79 67.03 16.76
Normal season 20.75 59.17 1.20 39.63 31.70 7.93

Dry season 7.79 21.47 0.44 14.12 11.30 2.82

In their natural state, without the influence of human activities, soil and groundwater
already contain a certain amount of nitrogen and phosphorus [37]. For this study, a base
value of nitrogen and phosphorus was assigned to the runoff water recharging to the Lijiang
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River. This base value in the surface runoff was based on the pollutant concentration in the
month with the best water quality. The base value in the underground runoff was based on
the Class II groundwater standard. Appropriate adjustments were made according to the
simulation results.

2.4.4. Point and Non-Point Source Pollution Loads into the River

The load of point and non-point source pollution into the river between two main
stream cross-sections (nodes) was equal to the sum of the pollutant load into the river of
the corresponding sub-basin in the interval. For example, the pollutant load into the river
between Dabutou and Sugar Garden cross-sections was the pollutant load into the river in
the Lingchuan sub-basin. The pollutant load into the river from Damian to Jiefang Bridge
was the sum of the pollutant load into the river from the two sub-basins of Qixing District
Sub-basin 1 and Taohuajiang Sub-basin 2.

3. Results and Analysis
3.1. Model Verification

The water quality and flow data of the Lijiang River’s multiple cross-sections between
October 2019 and October 2020 were used to validate the water quantity–water quality
balance model constructed in this study. In order to reduce the influence of accidental
errors, the above period was divided into three seasons: wet, normal, and dry. The monthly
average concentrations and average flow rates were used as simulation calculations for
each season. Using NH3-N concentration as an example, the simulation results are shown
in Figure 3.
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According to the Standard for hydrological information and hydrological forecasting (GB/T
22482-2008), the allowable error of water quality simulation is ±30% of the measured
value. As Figure 3, it can be seen that the NH3-N concentration simulation errors for each
monitoring point are between −30% and 30%. This indicates that the model successfully
simulates the NH3-N concentrations. The other indicators are also in line with this range
based on the calculated Nash–Sutcliffe efficiency coefficient (NSE) [38,39], that is, the NSE
range of the NH3-N of each computed node is 0.586–0.912, with an average value of 0.737.
The NSE of the COD ranges between 0.622 and 0.818, with an average value of 0.729. The
NSE of the TN ranges between 0.388 and 0.605, with an average value of 0.470. Based on
the calculated NES values, the NSE values of the COD and NH3-N are closer to 1 and are
comparable to those of other models (Table 4); this indicates that the model has credibility.
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Table 4. Reported NSE values of different hydrological models (adapted by Moriasi et al. [40]).

Model Value Reference

HSPF >0.80 Donigian et al. [41]
APEX >0.40 Ramanarayanan et al. [42]
DHM >0.75 Motovilov et al. [43]
SWAT >0.50 Santhi et al. [44]

SWAT and HSPF >0.65 Singh et al. [45]

3.2. Scenario Simulation

The constructed water quantity–water quality balance model was applied to simulate
the impact of point source and non-point source pollution discharge on the water quality
of the Lijiang River. Using the concentration of NH3-N in the dry season as an example, six
scenarios of changes in the point source discharge concentrations (±25%, ±50%, and ±75%)
were used to calculate the associated NH3-N concentrations in the Li-jiang River cross-
section/node (Figure 4). The non-point source pollution in the Lijiang River basin includes
agricultural cultivation, rural development, and urban development without centralized
treatment. Using the NH3-N concentration in the dry season as an example, six scenarios of
change in agricultural pollution emissions (±25%, ±50%, and ±75%) were used to calculate
the associated NH3-N concentrations in the section/node of the Lijiang River (Figure 4).
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There are three urban sewage treatment plants in the Jingping Bridge–Gangjian Bridge
section, resulting in a high proportion of point source pollution and abnormal simulated
data. The simulation results presented in Figure 4 show that, with the exception of the
Gangjian Bridge section, the water quality fluctuates significantly in response to changes
in non-point source pollution emissions. The impact of non-point source pollution on
the water quality of the Lijiang River is greater than that of point source pollution. The
simulation results show that changes in the discharge of different types of non-point source
pollution result in fluctuations in the water quality in all sections in the study area. The
degree of impact of different types of non-point source pollution is: Rural development >
Urban development without centralized treatment > Agricultural cultivation.
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4. Discussion and Conclusions

The special topography, geological structure, karst distribution, and groundwater
burial characteristics in the Lijiang River Basin (urban area) affect the migration of pollutants
and the number of pollutants into the river to different degrees. The influence of the
topography and geomorphology on the inflow coefficient is mainly reflected in the influence
of the different slopes on the runoff process. In areas such as valleys and basins with
steeper topographic slopes, the amount of surface runoff from rainfall that flows into the
nearby river network is higher than in the plain areas. Areas with a high degree of karst
development contain drop caves, caves, and underground rivers, for example, the number
of caves found in the eastern part of Lijiang River is 223, with a density of 5.58 caves/km2,
and the area of the underground caves accounts for 43.93% of the total area. The special
karst topography causes non-point source pollution to enter the groundwater system
with the runoff, which in turn leads to a reduction of the amount of non-point source
pollution discharged that directly enters the river. In areas with shallow groundwater
depths, the amount of surface runoff recharging the groundwater is smaller, the amount
of surface runoff entering the nearby river network is relatively high, and the amount of
pollution entering the river is relatively high. In areas with deeper groundwater depths,
the surface runoff infiltrates into the ground and recharges the groundwater in the process
of flowing into the river network, which in turn leads to surface source pollution entering
the groundwater, and the amount of pollution entering the river is relatively small.

According to long-term water quality monitoring, the pollutant concentrations and
loads were found to be significantly different in the wet, normal, and dry periods. In the
different seasons, the concentrations of each indicator were dry season > normal season >
wet season, and the loadings were wet season > normal season > dry season. Due to the
large flow in the wet season, the dilution effect of the river was also large, and the pollutant
reduction capacity along the river was strong; therefore, the concentration was low in the
wet season. The concentration was slightly higher in the normal season and was higher in
the dry season. This is consistent with the results of previous studies [46,47]. The water
quality was relatively stable and fluctuated little during the dry season. The water quality
fluctuated greatly during the wet season due to heavy rain-fall and flood peaks. In fact, the
amount of non-point source pollution entering the river was greatly affected by rainfall and
runoff, and in the months with greater rain-fall, the amount of non-point source pollution
entering the river was also larger. The contribution rate of the non-point source pollution
was higher in the wet season than in the dry season. The contribution of the point source
pollution was higher in the dry season than in the wet season.

The analysis results of the pollution sources show that, based on the emission statistics
of the pollution discharge, the proportions of non-point source pollution for each of the
pollution indicators were 89.99% for COD, 84.18% for NH3-N, and 78.64% for TN. The
non-point source pollution in the Lijiang River Basin accounted for approximately 85%
of the total emissions, indicating that the non-point source pollution was the main source
of pollution in the Lijiang River Basin. The major non-point sources of pollution were
rural development pollution, agricultural planting pollution, urban development without
centralized treatment, and so on. The contribution of the industrial sources to the pollution
load of the Lijiang River Basin was relatively small. In terms of the emissions per unit
area, the emissions per unit area of the rural and urban living were much higher than
that of agricultural cultivation, and the pollution emissions were more concentrated. The
emissions per unit area of the rural domestic pollution were greater than those of the urban
domestic pollution, primarily because of the high rate of collection and treatment of urban
domestic sewage and the low rate of decentralized discharge and centralized treatment of
rural domestic sewage. This is consistent with the results of other studies. Cheng et al. [21]
found that agricultural cultivation, rural domestic pollution, and animal husbandry were
the top three sources of pollution impacting the river water quality. Zhang et al. [48]
found that the river water quality in the LP area in the Minjiang River Basin was mainly
affected by non-point source pollution from agricultural activities and domestic pollution,
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and that fertilizer application strategies and livestock rearing management need to be
optimized and advanced technologies developed to reduce rural septic tank and domestic
pollution discharges.

The constructed water quantity–water quality balance model integrated the equilib-
rium equation of water quantity and the pollutant flux calculation equation and improved
the one-dimensional steady-state model to calculate the influence of the emission changes
of different pollution sources on the pollutant flux and concentration at downstream nodes.
The simulation of water quality changes in wet, normal, and dry seasons for the upper node
of the Lijiang River basin resulted in simulation errors between −30% and 30%. The overall
simulation results were good. The simulation results for different emission scenarios of
point and non-point sources showed that the water quality of all sections fluctuated sub-
stantially with changes in pollution emissions, with the exception of the Gangjian Bridge
section. The impact of non-point source pollution on the water quality of the Lijiang River
was greater than that of point source pollution. The degree of impact of different types of
surface source pollution was: Rural development > Urban development without central-
ized treatment > Agriculture. Zhang et al. [49] found that the non-point source pollutants
in Luoyang, Henan Province, had an impact on the water quality in the following order:
agricultural planting pollution > rural domes-tic pollution > livestock manure pollution.
As Henan is a major agricultural planting province, agricultural fertilization may be the
most serious source of non-point source pollution.

The simulation accuracy of the water quantity–water quality balance model con-
structed in this study was good. However, there were some errors, which were caused by
the aspects listed below. These sources of error must be improved upon in future research.

• The error in representing the monthly average by substituting it with the daily moni-
toring value during the actual monitoring of water quality;

• The error in the allocation of total pollutant emission statistics to individual months;
• The error caused by the linear distribution of the total discharge of non-point source

pollutants to the periods of wet, normal, and dry water;
• The error caused by the model’s insufficient consideration of pollutant transport and

transformation mechanisms in rivers.

Under the current water quality conditions, environment management measures for
the Lijiang River water should focus on the prevention and control of non-point source
pollution. Comprehensive management should be conducted according to the basin con-
ditions, pollutants, industries, types of pollution sources, and seasons. Water quality and
quantity should be considered to inform integrated management. The construction of urban
sewage treatment plants should be further improved, sewage networks and rural sewage
treatment facilities should be constructed to increase the collection rate of domestic and
industrial sewage, and the occurrence of such phenomena as direct discharge of sewage
without treatment should be avoided. We suggest that the supervision and management of
rural sewage treatment facilities be strengthened, with regular verification and assessment
of the capacity of most sewage treatment stations, as far as possible, and real-time or regu-
lar monitoring of the quality of tailwater discharge. In future research, regular or online
monitoring should be conducted to differentiate the data of the discharge destination,
water quality index, and discharge from each pollution source in order to further improve
the accuracy of the statistical data. We suggest that real-time monitoring equipment for
hydrological and water quality indicators be added to accurately monitor the monthly
average values, or even daily average values, to avoid such errors. Monitoring the changes
in pollutant concentrations during rainfall can be considered in future studies to obtain
data on pollution caused by rainfall and to facilitate a more comprehensive analysis of
pollution transport and transformation mechanisms.
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