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Abstract: In recent years, freshwater resource contamination by non-point source pollution has
become particularly prominent in China. To control non-point source (NPS) pollution, it is important
to estimate NPS pollution exports, identify sources of pollution, and analyze the pollution character-
istics. As such, in this study, we established the modified export coefficient model based on rainfall
and terrain to investigate the pollution sources and characteristics of non-point source total nitrogen
(TN) and total phosphorus (TP) throughout the Huangqian Reservoir watershed—which serves as an
important potable water source for the main tributary of the lower Yellow River. The results showed
that: (1) In 2018, the non-point source total nitrogen (TN) and total phosphorus (TP) loads in the
Huangqian Reservoir basin were 707.09 t and 114.42 t, respectively. The contribution ratios to TN
export were, from high to low, rural life (33.58%), farmland (32.68%), other land use types (20.08%),
and livestock and poultry breeding (13.67%). The contribution ratios to TP export were, from high
to low, rural life (61.19%), livestock and poultry breeding (21.65%), farmland (12.79%), and other
land use types (4.38%). The non-point source pollution primarily originated from the rural life of the
water source protection zone. (2) Non-point source TN and TP pollution loads and load intensities
showed significantly different spatial distribution patterns throughout the water source protection
area. Specifically, their load intensities and loads were the largest in the second-class protected zone,
which is the key source area of non-point source pollution. (3) When considering whether to invest in
agricultural land fertilizer control or rural domestic sewage, waste, and livestock manure pollution
control, the latter is demonstrably more effective. Thus, in addition to putting low-grade control
on agricultural fertilizer loss, to rapidly and effectively improve potable water quality, non-point
source pollution should, to a larger extent, also be controlled through measures such as establishing
household biogas digesters, introducing village sewage treatment plants, and improving the recovery
rate of rural domestic garbage. The research results discussed herein provide a theoretical basis for
formulating a reasonable and effective protection plan for the Huangqian Reservoir water source and
can potentially be used to do the same for other similar freshwater resources.

Keywords: drinking water source; total nitrogen; total phosphorus; non-point source pollution;
temporal and spatial distribution; control plan

1. Introduction

Rapid population growth and industrial development have created a serious pollution
problem that has drastically compromised the safety of potable water sources in China.
In particular, eutrophication—which results from excessive nitrogen and phosphorus in
the reservoir’s water source—is a significant problem [1–3]. Recently, eutrophication has
destroyed the ecological environment and deteriorated the water quality within the water
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source areas, thereby threatening the health of an extremely large populace [4]. Given
that extensive efforts go toward continuous point source pollution control, potable water
sources in China are much more affected by non-point source pollution (NPSP)—which
has become a major issue that needs to be urgently addressed [5,6]. Currently, more than
60% of China’s lakes have eutrophication problems, and more than 50% of the lakes’ nitro-
gen and phosphorus originate from non-point source pollution [7,8]. For example, Lakes
Chaohu [9], Taihu [10], and Dianchi [11] are typical reservoirs in China that demonstrate
the water eutrophication problems caused by non-point source pollution. They are also im-
portant potable water sources; thus, contamination by non-point source pollution seriously
threatens the health of the communities they supply. As such, prevention and management
of non-point source pollution for the purpose of protecting potable water sources have
garnered significant attention from the scientific community; characterizing non-point
source pollution is the foundation of non-point source pollution management [12].

Huangqian Reservoir is located in the Dawen River, which serves as the main tributary
of the lower Yellow River. It is an important potable water source, as it supplies drinking
water to one million people in Tai’an City, Shandong Province, China. The Huangqian
Reservoir Basin is home to 850,000 people. Instead of being safely collected and disposed
of, most of the residential garbage, sewage, and waste residue in the basin has been directly
dumped or abandoned on both sides of the river. Furthermore, relative to surrounding ar-
eas, the basin supports a higher percentage of livestock/poultry breeding, but has a smaller
number of biogas digesters; thus, animal manure is not effectively treated. In addition,
the fruit and crop planting areas account for more than 40% of the total watershed area.
Thus, annual chemical fertilizer and pesticide application is 8000 t and 300 t, respectively,
while the utilization rate of both is only 30–40%. Compounding the problem is the fact
that 55.3% of the basin area has serious soil erosion. Forests, fruit and crop planting areas,
and rural residential land experience the most serious soil and water loss. As a result,
most of the rural domestic pollution, livestock/poultry waste, and chemical fertilizers and
pesticides enter the water source via rainfall erosion and acutely pollute the receiving water
body. The monitoring section of Huangqian Reservoir implemented the “Surface Water
Environmental Quality Standards” (GB3838-2002) III standard. According to the water
quality monitoring data from 2010 to 2019, the detection of relevant units during the rainy
season has shown that the TN and TP in the Huangqian Reservoir’s water source drastically
exceed the standard, and the annual average values of total nitrogen and total phosphorus
exceeded this by 5.67- and 3.25-times, respectively. Furthermore, eutrophication was also
observed. For all these reasons, non-point source pollution in the Huangqian Reservoir
water source has attracted significant attention.

Model simulation is an important research tool for analyzing non-point source pol-
lution characteristics on a river basin scale [13]. Currently, the simulation models can be
divided into two categories: the mechanical model and the empirical model. The me-
chanical models—such as SWAT [14,15], AnnAGNPS [16,17], and HSPF [18,19]—and the
empirical models—such as the export coefficient model [20]—are widely used in the study
of non-point source pollution. Cai et al. [21] adopted an improved export coefficient model
considering rainfall and pollutant migration loss to estimate the total nitrogen pollution
load of non-point sources in the Weihe River Basin. Compared to the traditional export
coefficient model, it is more realistic. Cheng et al. [22] used the improved export coefficient
model to estimate non-point source phosphorus pollution risks under complex precipi-
tation and terrain conditions, and the simulation results were satisfactory. However, the
mechanical model requires a very large quantity of complex data for accurate results [23].
Thus, from a practicality perspective, the empirical model, and particularly the export
coefficient model, is preferred, as it is not affected by the lower quantity or simplicity of the
data and has been widely used due to its high simulation accuracy [24].

Therefore, in this study, the modified output coefficient model was used to consider
the rainfall and topographic factors, in order to analyze the non-point source TN and TP
pollution characteristics in the Huangqian Reservoir watershed. The objectives of this
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investigation were to: (1) establish an environmental database of the Huangqian Reser-
voir’s potable water source region for non-point source pollution (NPSP) load estimation;
(2) estimate the Huangqian Reservoir watershed’s non-point source (NPS) TN and TP load
loss in the potable water source protection region using the modified export coefficient
method; (3) determine the pollution sources and spatial distribution characteristics of non-
point source (NPS) TN and TP throughout the Huangqian Reservoir watershed; (4) analyze
the effect of implementing the “China’s Battle Plan for Agricultural and Rural Pollution
Control in Shandong Province (2018–2020)” on reducing non-point source (NPS) TN and
TP in the Huangqian Reservoir watershed.

2. Materials and Methods
2.1. Study Area

Huangqian Reservoir Basin is comprised of four river systems: the Mata, Xiagang, Shi-
wuzhi, and Honghe Rivers. The Huangqian Reservoir’s water source is the main tributary
of the lower Yellow River (i.e., the Dawen River), which is located at 117◦4′–117◦22′ E and
36◦16′–36◦28′ N and covers a total control basin area of 292 km2 (Figure 1a,b).The elevation
throughout the water source shows significant variability, with an average altitude of
530 m. The region is characterized by a warm temperate, semi-humid, continental monsoon
climate, with an annual average temperature of 13 ◦C. The average annual precipitation is
758 mm, most of which is concentrated in summer. The Huangqian Reservoir Basin has
a total population of 850,000, with an industrial sector comprising primarily agriculture,
forestry, and livestock farming (Figure 1d). Huangqian Reservoir is an important potable
water source for Tai’an City, as it supplies 1.2 million m3 of water to the city each day and
irrigates 65 km2 annually.

Figure 1. Geographical location of Huangqian Reservoir’s potable water source. (a) Location of the
potable water source in China; (b) Water system and digital elevation of the water source; (c) The
division map of water source protection zone;(d) Land use map of water source areas in 2018.

To better protect the water quality of potable water sources, the Huangqian Reser-
voir Basin is divided into the first-class protected zone, second-class protected zone, and
quasi-protected zone (Figure 1c). Herein, non-point source pollution characteristics in the
Huangqian Reservoir Basin are systematically analyzed by using sub-basins and water
source protection zones as control units.
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2.2. Data Sources

Land use, meteorological, water quality and quantity, digital elevation, and social
and economic data associated with the Huangqian Reservoir water source were obtained
and used throughout the course of this investigation. Each data type’s uses and sources
are listed in Table 1. As shown, land use and socioeconomic data were mainly used for
pollution source analysis. Rainfall and digital elevation data were employed to analyze the
model’s rainfall and terrain influence factors, respectively. Water quality and quantity data
were primarily used to correct the modified export coefficient model.

Table 1. Data and source.

Data Type Resolution /Coverage Range Utilization Data Sources

Land use data 30 × 30 m Land use types and pollution
source analysis

Chinese Academy of Sciences
Resource and Environment

Data Center

Meteorological data

Daily rainfall from five rainfall
stations in Pengjiayu, Ximata,
Qincun, Huangqian Reservoir,

and Xiagang—2010 to 2018

Rainfall influence analysis
Tai’an Hydrological Center;

China Meteorological
Data Network

Water quality and
quantity data

Runoff and water quality data
for 2018 Model calibration

Tai’an Hydrological Center;
Huangqian Reservoir
Management Bureau

Digital elevation data (DEM) 30 m Terrain impact analysis China Geospatial Data Cloud

Socioeconomic data Huangqian reservoir water
source area

Livestock breeding and rural
life pollution analysis

Daiyue District Statistical
Yearbook of Tai’an City,

Shandong Province (2018)

2.3. The Modified Export Coefficient Model and Export Coefficient Determination
2.3.1. The Modified Export Coefficient

The modified export coefficient model has been widely used in estimating non-point
source pollution loads [23]. In recent years, experts and scholars have improved the tradi-
tional export coefficient model by introducing the rainfall influence coefficient, watershed
loss coefficient, and the rainfall and slope index [21,25–27]. The results showed that the
modified export coefficient model, which was based on regional topography and hydro-
logical conditions, was more representative of actual non-point source pollution. The
precipitation influence and the terrain influence factors were introduced to improve the
traditional export coefficient model. The model is mathematically summarized as follows:

L =
n

∑
i=1

αβEi Ai(Ii) + P (1)

where L is the loss of nutrients; the parameter α is the rainfall impact factor; β is the
topographic impact factor; Ei is the export coefficient (i.e., annual load per unit area) for the
nutrient source i; Ai is the area of land use type i or the number and population of livestock
type i; Ii is the first nutrient input; P is the nutrient input of rainfall:

(1) Precipitation impact factor α

The rainfall is the driving force behind non-point source pollution. Differences in
rainfall duration, intensity, and spatial distribution can affect non-point source pollution
by changing the watershed’s runoff behavior. However, the traditional export coefficient
model does not sufficiently represent the rainfall factors’ influence on non-point source
pollution [23]. Thus, in this study, the influence of rainfall on the dissolved pollutant load
was considered from the perspectives of rainfall interannual differences αt and spatial
distribution αs.

α = αt•αs =
L(r)

L(rave)
•

rj

rave
(2)
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where L(r) is the non-point source pollution storage of annual rainfall r; L(rave) is the
non-point source pollution storage of multi-year average rainfall rave; rave is the average
annual rainfall in the basin; rj is the annual rainfall for space unit j.

According to the 2010–2018 hydrological and water quality data for the Huangqian
Reservoir Basin, the Huangqian Reservoir showed a correlation between the annual average
rainfall (r) and the storage capacity of dissolved non-point source pollutants (L) (Figure 2).
The TN and TP correlation coefficients were 0.7511 and 0.9110, respectively. The annual
average rainfall in the basin from 2010 to 2018 was 721.51 mm. Based on the correlation
between rainfall and TN/TP storage, the annual average storage loads of TN and TP were
307.89 t and 1.76 t, respectively. Based on the average rainfall and its spatial distribution,
the spatial Kriging interpolation method was employed to obtain the rainfall influence
factors on the TN and TP load in 2018. As shown in Figure 3, the values were 1.083~1.242
and 1.216~1.393, respectively. These results showed that the overall spatial distribution of
TN and TP rainfall influencing factors decreased from northeast to southwest;

Figure 2. Relationship between the rainfall and the inflow of total nitrogen (TN) and total phosphorus
(TP) from non-point source pollution.
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(2) Terrain influence factor β

Non-point source pollutants primarily migrate as rainfall runoff. Thus, the watershed
slope is the main influencing factor. Changes in slope can impact the quantity of slope
runoff and, in turn, the loss of non-point source pollutants. Studies have shown that runoff
can be expressed as the product of the slope and a constant power function. As such, the
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influence of slope on TN and TP can be expressed as the relationship between slope and
runoff [28,29] as follows:

β =
L
(
θj
)

L(θave)
=

c·θd
j

c·θd
ave

(3)

where θj is the slope of sub-watershed j; θave is the average basin slope; c and d are constants.
In this study, the values of c and d were 0.1881 and 0.6104 [30], respectively, and θave

was 13.17◦. The topographic impact factor of the water source protection area of Huangqian
Reservoir was determined to be 0.579~1.222 by spatial Kriging interpolation (Figure 4).
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2.3.2. Determination of Export Coefficient Values

The pollution sources were divided into three types: land use, livestock breeding,
and rural domestic life. Because of differences in rainfall, terrain, and land use type,
the export coefficient for each pollution source type will be unique based on the local
conditions [31–34], and therefore differ from one region to another. In this work, the export
coefficient values associated with farmland, forest land, grassland, residential land, and
other land uses were calculated by averaging the corresponding values from six regions:
Miyun Reservoir [12], Jiaozhou Bay [35], Zhangjiakou Qingshui River upstream [36],
Shandong Nansi Lake Basin [37], Liaoning Hun River Basin [38], and Yimeng Mountain
Yunmeng Lake [39].

In this study, livestock and poultry were divided into four types: bovine, pig, sheep,
and poultry. The export coefficient for livestock and poultry breeding was determined by
calculating the excretion coefficient of livestock and poultry manure, the average content
of pollutants in live livestock and poultry manure, and the transport rate of livestock and
poultry manure to water [40].

According to the 2019 China Water Resources Bulletin and the actual situation of
Huangqian Reservoir, the per capita domestic water consumption of rural residents in
Huangqian Reservoir Basin was 85 L/d, and the sewage production rate was 30%. The
monthly average concentrations of TN and TP in domestic sewage were 55 mg/L and
7 mg/L, respectively, and the loss coefficient was 90%. Therefore, the export coefficients
of TN and TP in domestic sewage were 0.4607 kg/a and 0.0587 kg/a, respectively. The
garbage generated by each rural resident in Huangqian Reservoir Basin was 144 kg/a,
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and the TN and TP in each kilogram of garbage were 34.05 g and 11.7 g, respectively.
According to the actual survey, the waste loss rate in this region was 20%. Therefore, the
export coefficients of TN and TP in rural domestic waste were 0.9806 kg·person−1·a−1

and 0.3370 kg·person−1·a−1, respectively. According to the survey, the annual feces and
urine output per person in the region were 91.25 kg and 365 kg, respectively. The nitrogen
and phosphorus contents in feces were 1.16% and 0.53%, respectively, and the nitrogen
and the phosphorus contents in urine were 0.5% and 0.1%, respectively. In this study, the
loss coefficient of feces was 20%, and the loss coefficient of urine was 50%. Therefore, the
export coefficients of domestic feces and urine in the region were 1.1242 kg·person−1·a−1

and 0.2792 kg·person−1·a−1, respectively. The export coefficient of rural life in Huangqian
Reservoir Basin was basically consistent with the research results in certain parts of the
country [41–45] (Table 2).

Table 2. Export coefficients of non-point source pollutants in the Huangqian Reservoir’s potable
water source area.

Pollution
Source Unit Category TN Export

Coefficient
TP Export
Coefficient

Land use t·km−2·a−1

Farmland 2.302 0.13
Forestland 0.434 0.015
Grassland 1.152 0.035

Residential land 1.296 0.032
Water area 1.500 0.036

Livestock/
poultry breeding kg·head (only)−1·a−1

Bovine 16.412 1.204
Pig 1.208 0.243

Sheep 0.37 0.132
Poultry 0.023 0.01

Rural life

kg·a−1 Domestic
sewage 0.4607 0.0587

kg·person−1·a−1 Domestic waste 0.9806 0.337
Feces, urine 1.1242 0.2792

2.4. Non-Point Source Pollution Load Estimation and Model Validation

The calculated value of the export coefficient model represents the number of pollu-
tants lost to the surrounding environment. However, due to vegetation interception and
natural sedimentation, only a fraction of the pollutants lost to the surrounding environment
enter the water body. The inflow coefficient is a ratio that relates the concentration of pollu-
tants entering the water body to the concentration of lost pollutants. The inflow coefficient
mainly depends on the underlying surface conditions and the distance of pollutants to the
nearby river. Determining a reasonable inflow coefficient is key to accurately estimating the
non-point source dissolved pollutant inflow [45]. The inflow coefficient value in this work
refers to the relevant research results—λTN = 0.3 and λTP = 0.2. In 2018, the non-point
source TN simulation value in the Huangqian Reservoir was 212.13 t, while the measured
value was 238.80 t—a relative error of 11.17%. The non-point source TP simulation value
was 22.884 t, while the measured value was 19.35 t—a relative error of 18.26%. The results
showed that when based on the Huangqian Reservoir’s rainfall terrain, the modified export
coefficient model is superior to that of the traditional model and can be used to analyze the
non-point source pollution characteristics in the Huangqian Reservoir water source.

3. Results and Discussion
3.1. Source Analysis of Non-Point Source Total Nitrogen and Total Phosphorus Pollution in
the Watershed

The modified export coefficient model was used to determine the sources of non-
point TN and TP pollution loads in the Huangqian Reservoir watershed, and the results
are shown in Table 3. Obviously, there were significant differences in non-point source
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pollution load and load intensity among different land use types. The non-point source
TN and TP load (231.08 t and 14.63 t, respectively) and load intensity (2.53 t (km2·a)−1

and 0.16 t (km2·a)−1) of farmland were significantly higher than those of other land use
types. With respect to livestock/poultry breeding, non-point source TN pollution load
was mainly produced by cattle (39.28 t) and sheep (28.20 t), while TP pollution load was
mainly produced by sheep (11.28 t) and poultry (6.87 t). Interestingly, the proportion of
rural domestic life TN and TP pollution sources in the watershed was relatively large and
originated from feces and urine (104.04 t and 28.96 t, respectively), as well as domestic
waste (90.75 t and 34.96 t, respectively).

Table 3. Main sources of non-point source pollutants in the Huangqian Reservoir’s potable water
source area.

Pollution
Source Category

TN TP

Load/t·a−1 Load
Percentage/%

Load Intensity
/t·(km2·a)−1 Load/t·a−1 Load

Percentage/%
Load Intensity

/t·(km2·a)−1

Land use

Farmland 231.08 61.94 2.53 14.63 74.47 0.16
Forestland 76.83 20.60 0.52 3.01 15.33 0.02
Grassland 32.16 8.62 1.36 1.10 5.62 0.05

Waters 8.17 2.19 1.26 0.22 1.12 0.03
Residential

land 24.81 6.65 1.40 0.68 3.47 0.04

Total 373.05 100.00 7.07 19.64 100.00 0.30

Livestock
and poultry

breeding

Cattle 39.28 40.65 - 3.23 13.04 -
Pig 15.05 15.57 - 3.39 13.69 -

Sheep 28.20 29.18 - 11.28 45.54 -
Poultry 14.10 14.59 - 6.87 27.74 -

Total 96.63 100.00 - 24.77 100.00 -

Rural life

Domestic
sewage 42.64 17.96 - 6.09 8.70 -

Domestic
garbage 90.75 38.22 - 34.96 49.94 -

Stool and
urine 104.04 43.82 - 28.96 41.37 -

Total 237.43 100.00 - 70.01 100.00 -

In 2018, the non-point source TN and TP pollution loads in the Huangqian Reservoir
water source were 707.09 t and 114.42 t, respectively. The non-point source TN pollution
load generated by rural life was the highest (237.43 t), accounting for 33.58%. Non-point
source TN pollution load of farmland ranked second, reaching 231.08 t, accounting for
32.68%. Livestock/poultry breeding produced the lowest amount of the non-point source
TN pollution load (96.63 t) and accounted for 13.67%. The maximum non-point source
TP pollution load originated from rural domestic life (70.01 t) and accounted for 61.19%.
Livestock/poultry breeding came in second, with a non-point source TP pollution load
of 24.77 t, which accounted for 21.65%. Farmland produced the lowest amount of non-
point source TP pollution load (14.63 t) and accounted for 12.79%. Other land use types
contributing to non-point sources TP pollution accounted for 4.38% (Figure 5).

In summary, rural life was the largest contributor to non-point pollution within the
water source protection area.
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Figure 5. Contribution of non-point source total nitrogen (TN) and total phosphorus (TP) load source
in the Huangqian Reservoir’s potable water source area.

3.2. Spatial Distribution Characteristics of Non-Point Source Pollution in the Watershed

In this work, the spatial distribution maps of TN, TP load, and load intensity were
obtained by the ARC GIS 10.6 software. The TN and TP pollution loads differed significantly
between the sub-basins. In 2018, the non-point source TN and TP pollution loads in the
basin were 2.73–82.76 t·a−1 and 0.11–13.91 t·a−1, respectively (Figure 6). Pollution loads
were largest in the second-class protected zone. The order of the non-point source TN
and TP loads from large to small were as follows: the second-class protected zone, the
quasi-protected zone, and the first-class protected zone. The non-point source pollution
load intensity represents the pollutant load per unit land area—an important indicator for
analyzing land pollution. Non-point source pollution load intensity is related to various
factors—such as basin area, population density, and industrial structure. The analysis of
non-point source pollution in the water source area showed a TN and TP load intensity
of 0.69~4.99 t·(a·km2)−1 and 0.04~1.10 t·(a·km2)−1, respectively. As depicted in Figure 7,
the largest load intensities of NPS total nitrogen (TN) and total phosphorus (TP) were
mainly distributed in the second-class protected zone, which is the middle of the basin.
Non-point source TN and TP pollution load intensities in the second-class protected zone
were 2.83 t·(a·km2)−1 and 0.46 t·(a·km2)−1, respectively. The coverage of forest grassland
reached more than 60% in the upper reaches of the Mata River and the Xiagang River, while
there were few rural residents, and the region was the quasi-protected zone of the potable
water source. Thus, non-point source total nitrogen and total phosphorus pollution loads
and load intensities were small.

Figure 6. Spatial distribution of total nitrogen (TN) and total phosphorus (TP) pollution load.
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Figure 7. Spatial distribution of total nitrogen (TN) and total phosphorus (TP) pollution load intensity.

Furthermore, the Huangqian Reservoir’s water source second-class protected zone
was the key non-point source pollution source.

3.3. Analysis of Watershed Non-Point Source Pollution Load Control Scheme

Based on the above analysis, the main factors contributing to high non-point source
pollution in the Huangqian Reservoir water source included a low recovery rate of rural
domestic sewage and garbage, domestic feces and urine, and large-quantity application of
chemical fertilizers and pesticides on agricultural land.

According to the requirements of “China’s Battle Plan for Agricultural and Rural
Pollution Control in Shandong Province (2018–2020)”, prior to 2020, the province’s rural
livestock/poultry manure treatment and utilization rate was 90%, rural domestic sewage
treatment utilization rate was 63%, and rural domestic waste and manure pollutants com-
prehensive utilization rate was 81%. Furthermore, the province implemented the fertilizer
reduction and efficiency project to control pollution from farmland fertilizer loss. The
project entailed promoting in-depth soil testing and formula fertilization, comprehensively
implementing cultivated land quality monitoring, improving the fertilization formula accu-
racy, and increasing the fertilizer utilization rate to more than 40%. Studies have shown
that a 30% reduction of the fertilizer application will not significantly impact crop yields
for wheat, maize, and other crops, but it will reduce yields for chestnut, cherry, walnut,
and other fruit trees to a certain extent [46]. In the Huangqian reservoir water source
protection area, the coverage area of fruit trees is about three-times that of crops. As such,
a 15% reduction in chemical fertilizer was selected as a realistic control for agricultural
land. Thus, to determine the most effective control scheme for the basin in its entirety,
three non-point source pollution control schemes were evaluated: Scheme 1—only animal
breeding and domestic rural life pollution were controlled; Scheme 2—only agricultural
pollution was controlled; Scheme 3—animal breeding, domestic rural life, and agricultural
pollution were controlled (Table 4).

Table 4. Evaluated non-point source pollution control schemes.

Scheme Fertilizer Application
Rural Livestock and

Poultry Manure
Utilization Rate

Rural Domestic
Sewage Utilization

Rate

Domestic Waste and
Fecal Pollutant
Utilization Rate

Present Situation (S0) Unchanged Unchanged Unchanged Unchanged
Scheme 1 (S1) Unchanged Reached 90% Reached 63% Reached 81%
Scheme 2 (S2) Reduced 15% Unchanged Unchanged Unchanged
Scheme 3 (S3) Reduced 15% Reached 90% Reached 63% Reached 81%



Water 2022, 14, 211 11 of 14

The results of each scheme, i.e., the pollution load reduction in the Huangqian Reser-
voir water source protection area, were analyzed and compared (Figure 8). As shown in
Figure 8, pollution reduction due to the implementation of Scheme 3 (S3) was the most
remarkable. The overall TN and TP storage pollution load decreased by 42.92% and
68.97%, respectively. Specifically, the TN and TP storage pollution load in the first-class
protected area decreased by 38.21% and 72.41%, respectively, in the second-class protected
area by 45.77% and 69.80%, respectively. The TN and TP inflow pollution load in the
quasi-protected areas decreased by 40.41% and 68.13%, respectively.
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Controlling the rural domestic life exclusively and livestock/poultry breeding pol-
lutants (S1) can reduce the TN and TP inflow by 37.86% and 66.95%, respectively, while
only controlling chemical fertilizer loss in agricultural land (S2) can reduce the TN and TP
inflow by 5.07% and 2.01%, respectively. Clearly, rural domestic life and livestock pollution
control are far more effective than land use and soil erosion control. Although chemical
fertilizer loss from agricultural land accounts for a large proportion of the pollution load
within the water source area, it is difficult to control chemical fertilizer pollution for the
following reasons: (1) the planting structure within the study area is difficult to change;
(2) reducing the amount of chemical fertilizer use may impact the agricultural yield; (3) the
basin is prone to acute soil erosion; (4) chemical fertilizer utilization efficiency is low due to
the uniqueness of the geographical environment.

In recent years, ecological villages have been constructed in the Huangqian Reser-
voir water source protection area. Within these villages, the concept of “changing water,
changing toilets, changing circles” has been comprehensively promoted; household biogas
pools have been established; scientific composting studies have been conducted; resource
utilization efficiency has been improved. Part of the village domestic sewage was treated
by biogas digesters, and the rest was collected and treated by other means. In addition, do-
mestic waste management within the water source protection area has gradually increased,
resulting in an improved waste treatment system that includes “household collection,
village collection, town transportation, and county treatment.” Thus, when considering
whether to invest in agricultural land fertilizer control or rural domestic sewage, waste,
and livestock manure pollution control, the latter is demonstrably more effective.

4. Conclusions

Non-point source pollution has become an important source of pollution in drinking
water, and it is one of the major environmental problems facing the world. Excessive N, P,
and other non-point source pollutants entering drinking water sources are one of the impor-
tant reasons for eutrophication and harmful algal blooms in water bodies, which seriously
threaten the safety of the drinking water environment. In this study, the modified export
coefficient method was used to simulate and evaluate NPS TN and TP pollution loads
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entering the Huangqian Reservoir potable water source. In summary, the main sources of
non-point source pollution in the Huangqian Reservoir potable water source are as follows:
(1) rural life (domestic garbage and sewage); (2) agricultural land (large application of
chemical fertilizers and pesticides); (3) livestock and poultry breeding (feces and urine of
livestock and poultry); (4) other land use types (loss of soil nutrients caused by rainfall
erosion). According to the analysis of the non-point source pollution characteristics of the
watershed, the non-point source pollution load of the water source is mainly concentrated
in the secondary protection area with a large population density and a large proportion
of agricultural land. In order to ensure the safety of drinking water, the environmental
protection department has launched the “China’s Battle Plan for Agricultural and Rural
Pollution Control in Shandong Province (2018–2020)”. The plan proposes a series of cleaner
production measures, such as soil testing, precise fertilization, the establishment of house-
hold biogas digesters, township garbage treatment plants, and sewage treatment plants.
The paper studied the non-point source pollution control plan of the water source protec-
tion area. The results showed that the joint implementation of reducing the application
of agricultural and chemical fertilizers and increasing the treatment rate and utilization
rate of domestic sewage, garbage, and livestock manure is more effective in the control
of non-point source pollution in water sources. This achievement has important practical
significance and theoretical value for the comprehensive treatment of non-point source
pollution in drinking water source areas.
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software, L.H.; investigation, L.H. and Z.Z.; data curation, F.D. and J.L. (Jianxin Li); writing—
original draft preparation, L.H., Z.Z. and F.D.; writing—review and editing, L.H., Z.Z., F.D. and
J.L. (Jingqiang Liu); funding acquisition, F.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Water Pollution and Treatment Science and Technology
Major Project (No. 2017ZX07101004-001), the National Natural Science Foundation of China (No.
51809288), the Water Source Comprehensive Supervision Project (No. WE0149B052020), and the
Shandong Province Graduate Education Quality Improvement Plan (No. SDYAL19128).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Acknowledgments: We would like to express our deepest gratitude to the Hydrological Center of
Tai’an City for their help in data support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wang, R.J.; Wang, Q.B.; Dong, L.S.; Zhang, J. Cleaner agricultural production in drinking-water source areas for the control of

non-point source pollution in China. J. Environ. Manag. 2021, 285, 112096. [CrossRef]
2. Wang, G.Q.; Li, J.W.; Sun, W.C.; Xue, B.; Yinglan, A.; Liu, T. Non-point source pollution risks in a drinking water protection zone

based on remote sensing data embedded within a nutrient budget model. Water Res. 2019, 157, 238–246. [CrossRef] [PubMed]
3. Yu, L.A.; Liu, X.D.; Hua, Z.L. Occurrence, distribution, and risk assessment of perfluoroalkyl acids in drinking water sources

from the lower Yangtze River. Chemosphere 2021, 287, 132064. [CrossRef]
4. He, J.; Charlet, L. A review of arsenic presence in China drinking water. J. Hydrol. 2013, 492, 79–88. [CrossRef]
5. Ou, Y.; Wang, X. Identification of critical source areas for non-point source pollution in Miyun reservoir watershed near Beijing,

China. Water Sci. Technol. 2008, 58, 2235–2241. [CrossRef]
6. Zhang, M.; Xu, J. Nonpoint source pollution, environmental quality, and ecosystem health in China: Introduction to the special

section. J. Environ. Qual. 2011, 40, 1685. [CrossRef]
7. Xu, Q.G.; Xi, B.D.; Cao, J.L. Eutrophication and Regional Differences of Lakes in China; Science Press: Beijing, China, 2016.
8. Ongley, E.D.; Zhang, X.L.; Yu, T. Current status of agricultural and rural non-point source Pollution assessment in China. Environ.

Pollut. 2010, 158, 1159–1168. [CrossRef] [PubMed]
9. Cheng, H.; Lin, C.; Wang, L.; Xiong, J.; Peng, L.; Zhu, C. The Influence of Different Forest Characteristics on Non-point Source

Pollution: A Case Study at Chaohu Basin, China. Int. J. Environ. Res. Public Health 2020, 17, 1790. [CrossRef]

http://doi.org/10.1016/j.jenvman.2021.112096
http://doi.org/10.1016/j.watres.2019.03.070
http://www.ncbi.nlm.nih.gov/pubmed/30954699
http://doi.org/10.1016/j.chemosphere.2021.132064
http://doi.org/10.1016/j.jhydrol.2013.04.007
http://doi.org/10.2166/wst.2008.831
http://doi.org/10.2134/jeq2011.0170
http://doi.org/10.1016/j.envpol.2009.10.047
http://www.ncbi.nlm.nih.gov/pubmed/19931958
http://doi.org/10.3390/ijerph17051790


Water 2022, 14, 211 13 of 14

10. Zhu, Q.D.; Sun, J.H.; Hua, G.F.; Wang, J.H.; Wang, H. Runoff characteristics and non-point source pollution analysis in the Taihu
Lake Basin: A case study of the town of Xueyan, China. Environ. Sci. Pollut. Res. 2015, 22, 15029–15036. [CrossRef]

11. Dong, Y. Coupling Simulation and Control Strategy of Urban and Rural Non-Point Source Pollution in Dianchi Lake Basin. Ph.D.
Thesis, Tsinghua University, Beijing, China, 2016.

12. Geng, R.Z.; Wang, X.Y.; Jiao, S.; Meng, F. Estimation and characteristic analysis of non-point source pollution load in the Miyun
Reservoir watershed. Acta Sci. Circumstantiae 2013, 33, 1484–1492.

13. Worrall, F.; Burt, T.P. The impact of land-use change on water quality at the catchment scale: The use of export coefficient and
structural models. J. Hydrol. 1999, 221, 75–90. [CrossRef]

14. Lam, Q.D.; Schmalz, B.; Fohrer, N. Assessing the spatial and temporal variations of water quality in lowland areas, Northern
Germany. J. Hydrol. 2012, 438–439, 137–147. [CrossRef]

15. Abdelwahab, O.M.M.; Ricci, G.F.; De Girolamo, A.M.; Gentile, F. Modelling soil erosion in a Mediterranean watershed: Compari-
son between SWAT and AnnAGNPS models. Environ. Res. 2018, 166, 363–376. [CrossRef] [PubMed]

16. Shamshad, A.; Leow, C.S.; Ramlah, A.; Hussin, W.M.A.W.; Sanusi, S.A.M. Applications of AnnAGNPS model for soil loss
estimation and nutrient loading for Malaysian conditions. Int. J. Appl. Earth Obs. Geoinf. 2008, 10, 239–252. [CrossRef]

17. Tamanna, M.; Pradhanang, S.M.; Gold, A.J.; Addy, K.; Vidon, P.G.; Bingner, R.L. Evaluation of AnnAGNPS Model for Runoff
Simulation on Watersheds from Glaciated Landscape of USA Midwest and Northeast. Water 2020, 12, 3525. [CrossRef]

18. Yang, Y.F. Simulation of Non-Point Source Pollution in Yixing Plain River Network Based on HSPF Model. Master’s Thesis, Xi’an
University of Architecture and Technology, Xi’an, China, 2015.

19. Bai, X.Y.; Wei, S.; Shi, X.; Chen, X.H. Impact analysis of precipitation in Dongjiang River Basin on non-point source pollution
based on HSPF model. J. Irrig. Drain. 2018, 37, 112–119.

20. Johnes, P.J.; Heathwaite, A.L. Modelling the impact of land use change on water quality in agricultural catchments. Hydrol.
Processes 1997, 11, 269–286. [CrossRef]

21. Cai, M.; Li, H.E.; Zhuang, Y.T. Application of improved export coefficient method in non-point source pollution load estimation
of watershed. J. Hydraul. Eng. 2004, 35, 40–45.

22. Cheng, X.; Chen, L.D.; Sun, R.H.; Jing, Y.C. An improved export coefficient model to estimate non-point source phosphorus
pollution risks under complex precipitation and terrain conditions. Environ. Sci. Pollut. Res. 2018, 25, 20946–20955. [CrossRef]

23. Singh, J.; Knapp, H.V.; Arnold, J.G.; Demissie, M. Hydrological modeling of the iroquois river watershed using HSPF and SWAT.
J. Am. Water Resour. Assoc. 2005, 41, 343–360. [CrossRef]

24. Li, J.K.; Peng, K.; Hao, G.R.; Li, H.E.; Li, S. Research progress on quantification and control of non-point source pollution load in
the Yellow River Basin. Water Resour. Prot. 2021, 37, 90–102.

25. Ding, X.; Shen, Z.; Hong, Q.; Yang, Z.; Wu, X.; Liu, R. Development and test of the Export Coefficient Model in the Upper Reach
of the Yangtze River. J. Hydrol. 2010, 383, 233–244. [CrossRef]

26. Ding, Y.; Zhao, J.Y.; Dong, F.; Xu, Z.H.; Ma, B.; Peng, W.Q. Estimation and analysis of agricultural non-point source pollution load
in Guishui River Basin. Water Resour. Hydropower Technol. 2020, 51, 139–146.

27. Liu, Q.Q.; Singh, V.P. Effect of Microtopography, Slope Length and Gradient, and Vegetative Cover on Overland Flow through
Simulation. J. Hydrol. Eng. 2004, 9, 375–382. [CrossRef]

28. Aschmann, S.G.; Anderson, D.P.; Croft, R.J.; Cassell, E.A. Using a watershed nutrient dynamics model, WEND, to address
watershed-scale nutrient management challenges. J. Soil Water Conserv. 1999, 54, 630.

29. Zhang, N.M.; Yu, Y.; Hong, B.; Chen, J. Influencing factors of phosphorus pollution load in farmland soil runoff in Dianchi Lake
Basin. Environ. Sci. 2003, 24, 155–157.

30. Liu, R.M.; Yang, Z.F.; Ding, X.W.; Shen, Z.Y.; Wu, X.; Liu, F. Research on the impact of land use/cover change on non-point source
pollution in the upper reaches of the Yangtze River. Environ. Sci. 2006, 27, 2407–2414.

31. Li, G.; Mao, F. Evaluation of my country’s soil erosion-type non-point source pollution load and its economic loss. China Soil
Water Conserv. 2008, 9–11, 60.

32. Xing, B.X.; Chen, H. Estimation of agricultural non-point source pollution load and river inflow coefficient in Beijing. China Soil
Water Conserv. 2016, 34–37, 77.

33. Li, N.; Han, W.Z.; Shen, M.N.; Yu, S. Estimation of agricultural non-point source pollution load in reservoir catchment area based
on export coefficient model. J. Agric. Eng. 2016, 32, 224–230.

34. Liang, C.D.; Long, T.Y.; Li, J.C.; Liu, L.M. Research on Non-point Source Nitrogen and Phosphorus Loads in the Three Gorges
Reservoir. Resour. Environ. Yangtze River Basin 2007, 16, 26–30.

35. Wang, Y.X.; Zhong, P.L.; Yu, G.; Zou, L.; Zhen, Y.; Li, L. Estimation and time-space analysis of non-point source pollution load of
nitrogen and phosphorus in Jiaozhou Bay. J. Ocean. Univ. China 2019, 49, 85–97.

36. Hao, G.Z.; Song, F.Z.; Xu, L.; Zhu, G.Y. Estimation of agricultural non-point source pollution load in the upper reaches of Qingshui
River based on the export coefficient model. Sci. Technol. Eng. 2020, 20, 13919–13927.

37. Jing, Y.D.; Zhang, H.M.; Sun, X.X. Non-point source pollution output risk assessment based on the export coefficient model in
Nansi Lake Basin. Bull. Soil Water Conserv. 2017, 37, 270–274, 278.

38. Zhang, J.; He, J.S.; Zhou, F.; Yin, Z. Estimation and analysis of non-point source pollution load in the Hunhe River Basin.
South–North Water Divers. Water Conserv. Sci. Technol. 2011, 9, 69–73.

http://doi.org/10.1007/s11356-015-4709-y
http://doi.org/10.1016/S0022-1694(99)00084-0
http://doi.org/10.1016/j.jhydrol.2012.03.011
http://doi.org/10.1016/j.envres.2018.06.029
http://www.ncbi.nlm.nih.gov/pubmed/29935449
http://doi.org/10.1016/j.jag.2007.10.006
http://doi.org/10.3390/w12123525
http://doi.org/10.1002/(SICI)1099-1085(19970315)11:3&lt;269::AID-HYP442&gt;3.0.CO;2-K
http://doi.org/10.1007/s11356-018-2191-z
http://doi.org/10.1111/j.1752-1688.2005.tb03740.x
http://doi.org/10.1016/j.jhydrol.2009.12.039
http://doi.org/10.1061/(ASCE)1084-0699(2004)9:5(375)


Water 2022, 14, 211 14 of 14

39. Meng, X.Y.; Yu, X.X.; Pan, X.Q. The impact of land use change on non-point source nitrogen pollution load in Yunmeng Lake
Basin. Environ. Sci. 2012, 33, 1789–1794.

40. Department of Natural Ecology Protection, General Administration of Environmental Protection China. Investigation and Control
Measures of Pollution in Large-Scale Livestock and Poultry Breeding Industry; China Environmental Science Press: Beijing, China, 2002.

41. Ye, F.; Bian, X.M.; Hu, D.W.; Li, S.M. Regional Difference Evaluation and Control Countermeasures of Agricultural Non-point
Source Pollution in Jiangsu Province. Water Resour. Prot. 2006, 22, 86–88.

42. Zheng, Y.T.; Wang, X.Y.; Yin, J.; Wang, L.R. Analysis on the characteristics of domestic waste generation in different types of
villages in water source protection areas. J. Agric. Environ. Sci. 2008, 27, 1450–1454.

43. Feng, Q. Investigation of Rural Living Pollution Characteristics and Public Environmental Awareness. Master’s thesis, Capital
Normal University, Beijing, China, 2006.

44. Zhu, M. Estimation and Evaluation of Agricultural Non-Point Source Pollution Load in Haihe River Basin. Ph.D. Thesis, Chinese
Academy of Agricultural Sciences, Beijing, China, 2011.

45. Chen, X.K.; Liu, X.B.; Peng, W.Q.; Dong, F.; Huang, Z.H.; Feng, S.X.; Wang, R.N. Estimation of non-point source pollution load in
Chenghai Basin and its control countermeasures. Environ. Sci. 2018, 39, 77–88.

46. Gao, X.Z. Fertilizer Practical Manual; China Agricultural Press: Beijing, China, 2002.


	Introduction 
	Materials and Methods 
	Study Area 
	Data Sources 
	The Modified Export Coefficient Model and Export Coefficient Determination 
	The Modified Export Coefficient 
	Determination of Export Coefficient Values 

	Non-Point Source Pollution Load Estimation and Model Validation 

	Results and Discussion 
	Source Analysis of Non-Point Source Total Nitrogen and Total Phosphorus Pollution in the Watershed 
	Spatial Distribution Characteristics of Non-Point Source Pollution in the Watershed 
	Analysis of Watershed Non-Point Source Pollution Load Control Scheme 

	Conclusions 
	References

