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Abstract: Baiyangdian lake, the largest fresh lake on the Haihe Basin in North China, has attracted
wide attention on account of the distinguished ecological water bodies in Xiong’an New Area.
Although remarkable achievements have been made in pollution control in Baiyangdian lake, the
problem facing the overall water environment remains serious. The complex pollutant sources,
drastic pollutant flux changes, and the unclear impact of the role of pollutants pose great challenges
to the water quality, water environment management, and long-term restoration of the ecological
environment. Here, the potential pollution sources, their contribution ratio, and the influence of the
pollution load of different sources on the water quality in the priority source areas of Baiyangdian lake
are discussed in detail based on collected and existing monitoring data. It is proven that the primary
pollution sources of for nitrogen, phosphorus, and organic pollutants are from agricultural and
rural non-point source pollution; the load contribution rates exceed 50%, of which the contribution
rate to the total phosphorus load reaches 73.37%. The total load contribution of runoff to the three
pollutants was small, although the contribution of soil erosion to total nitrogen was 22.95%. The
contribution of point source pollution to COD was high, with a rate of 22.33%. In order to ensure the
environmental quality of Baiyangdian lake, it is obligatory to strengthen the control of agricultural
and rural pollution discharge and to standardize the pollution discharge of livestock and poultry
breeding. This study provides a helpful support for protecting the water ecology of the national
Xiong’an New Area.

Keywords: Baiyangdian lake; pollutants source; load estimation; export coefficient model; PLOAD model

1. Introduction

With the rapid development of social economy, the excessive enrichment of nutrient
salts such as nitrogen, phosphorus, and organic pollutants can cause serious eutrophication
problems for many large lakes [1,2]. Abundant nutrients affect the growth of algae in
the water, which in turn leads to the death of fish and plankton, cyanobacterial bloom
outbreaks, and biodiversity decline, causing water pollution and seriously threatening
the health of aquatic ecosystems [3—6]. Therefore, it is of great significance to identify the
distribution and sources of pollution in critical lake regions. However, due to the spatial
extensiveness and temporal uncertainty of non-point source pollution, it is hard to obtain
accurate information on pollutants in order to control and manage the aquatic environment
of large lakes [7].

Baiyangdian lake, located in the middle of Haihe basin, is a typical shallow macro-
phytic lake in North China that was chosen as the core scope of the new-built Xiong’an
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New Area. Baiyangdian lake has irreplaceable ecological functions in regulating the cli-
mate of North China, replenishing surrounding groundwater, and maintaining the ecology
and biodiversity of Xiong’an New Area [8]. However, the location of its slow drainage
area and human activities have led to degrading environment and vulnerable ecology
around Baiyangdian lake, which seriously restricts new ecological city construction and
coordinated economic development [9]. It has been proven that 22 antibiotics, including
eight quinolones, nine sulfonamides, and five macrolides, were present and distributed in
water, sediments, and biota samples from Baiyangdian lake, which is largely due to anthro-
pogenic activities [10]. Yang et al., (2020) found that 30 PPCPs were frequently detected in
2019, of which sulfamethoxazole, ofloxacin, anhydro-erythromycin, carbamazepine, and
caffeine were appraised as the dominant PPCPs [11]. The existence of non-point source
pollution led the dissolved oxygen concentration to decrease by more than 1 mg/L [12].
Yang et al., (2022) estimated the ecological thresholds for Baiyangdian lake by applying the
PCLake + model, which showed that nitrogen and phosphorus loads exceeded the thresh-
old in 2012 and that the ecological thresholds would be exceeded in 2050 with limited
environmental policies on human waste [13].

Clarifying the source of pollution and the contribution ratio is the basis of water
environment treatment, remediation, and management, while the pollutant sources of
Baiyangdian lake are sophisticated and mutative [14]. Baiyangdian lake flows through
densely populated and industrial areas, and there are more than 200 key sewage wastewater
treatment plants with great impact on surface water quality, among which many sewage
enterprises are distributed in Mancheng, Gaoyang and Lixian counties. For historical
reasons, Baiyangdian lake has been a gathering area of upstream sewage discharge for a
long time, and the water sediment has accumulated a large number of historical pollutants
which have been released to the water body for a long time through the boundary of water
and sediment [9]. Non-point source pollution is the main source of pollutants in the surface
water of Baiyangdian lake basin [4]. The non-point source pollution in the basin is essential
to calculation of the surface water pollution load input into Baiyangdian lake.

Non-point source pollution model can simulate the migration and transformation pro-
cess of pollutants from the source to the water body under different scenarios and different
driving forces and can predict the non-point source pollutant load and its changes [15].
According to whether the formation process of the non-point source pollution is considered
in the model build, non-point source pollution models can be categorized as mechanical
models and empirically-based lumped models [16-18]. The mechanism models, such
as SWAT [16,19], AnnAGNPS [20], and SPARROW [21], use mathematical methods to
simulate the migration and formation of pollutants from non-point source pollution [22].
Such models, however, require a large amount of data to verify the model adaptation in
the current study area and to calibrate and validate the parameter, which restricts their
promotion [23]. The lumped models are known as “black box” models. These models
construct the empirical relationship between the non-point source pollution load and influ-
encing factors through regression analysis [24]. The lumped models use multiple lumped
parameters which use monitoring data on hydrology, water quality, rainfall, etc., to de-
scribe the nutrient dynamics of the basin. Although the lumped models ignore the complex
process of non-point source pollution migration and transformation, their advantages lie in
simple operation, low data requirements, and strong robustness [25]. Among the lumped
models of non-point source pollution, the Export Coefficient Model (ECM) and Revised
Universal Soil Loss Equation (RUSLE) are widely used around the world because of their
clear physical meaning and concise expression. They are simple methods for quantitatively
identifying non-point source pollution load at the basin scale, especially for regions with
significant spatial heterogeneity [15,24]. Lumped models are thus able to illustrate the
non-point source pollution load in the Baiyangdian lake basin, which is characterized by
intense human activities, complex land use, and geomorphic diversity. Existing studies
have mainly focused on the analysis of nitrogen and phosphorus pollution in local areas,
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and little research has been carried out on the estimation and source analysis of nitrogen
and phosphorus loads in the entire Baiyangdian lake basin.

In order to determine the influence of human activities and the migration of pollu-
tants caused by natural environmental changes, we use lumped model statistical analysis
methods to analyze the potential pollution sources, pollution load, and the proportion
of pollution contribution from Baiyangdian lake based on the collected monitoring data,
aiming to quantify the impact of pollution sources and load on the water quality of Baiyang-
dian lake. To improves the accuracy and reliability of the overall calculation, the RUSLE
and PLOAD models are used to calculate the pollution load of surface runoff and ECM
is used to estimate the agricultural pollution load alone. The LOADEST model is used to
calculate the pollutant flux into the lake and compare it with the non-point source load
model results to verify the accuracy of the overall pollution load calculation.

2. Study Area and Methods
2.1. Study Area and Basin Division

Geohydrology: Baiyangdian Lake Basin is located in the middle of the Haihe River
Basin (113°40'~116°48' E, 38°10'~40°03’ N), and has an area of about 31200 km?. The
Baiyangdian lake basin belongs to the Daqing River system and is surrounded by Yongding
River on its northern part, the Tathang Mountains on its western part, the Ziya River Basin
on its southern part, and Bohai Bay to the east. Baiyangdian lake is located in the catchment
area of the lower reaches of the basin, with a total area of about 366 km? (39.5 km long
from east to west and 28.5 km wide from north to south, and with an average annual water
resource of 41.24 million cubic meters. There are nine rivers that flow into Baiyangdian
lake: Lilong River, Xiaoyi River, Tang River, Fu River, Cao River, Bao River, Qingshui River,
Ping River, and Baigouyin River. The lake is known in history as the “End of the Nine
Rivers”. The daily flow data of key sections of the rivers to Baiyangdian show that only Fu
River and Xiaoyi River had long-term flow; Baigouyin River and Bao River are seasonal
rivers which only flow into the lake during the rainy season and water supplement period,
while the rest of the rivers have been cut off or diverted for more than two years.

Climate and Meteorology: Baiyangdian lake basin is situated in a continental monsoon
climate zone. The average annual temperature is between 7~12 °C, the annual average rain-
fall is 554 mm, and the average annual evaporation is 1637 mm. The annual precipitation is
unevenly distributed, with 89.7% concentrated between May and October.

Soil and vegetation: There are 14 soil types and 31 subtypes of soil in Baiyangdian
Basin, mainly including brown soil, chestnut brown soil, calcareous stony soil, coarse bone
soil, aquiferous soil and paddy soil, etc., as shown in Figure S1. The main land use types are
paddy fields, drylands, woodlands, grasslands, orchards, and wetlands. Common woody
plants in vegetation include poplars, willows, acacia, apples, pears, etc. Shrubs include
purple locust, ceremony, mulberry, etc. Grasses consist mainly of poaceae, asteraceae, and
legumes. Aquatic vegetation mainly includes phytoplankton and aquatic vascular plants
such as algae, lotus root, reeds, and barnyard.

In this research, the scope of data collection covers the whole Baiyangdian lake Basin,
shown in Figure 1. Because not all the rivers within the basin flow into Baiyangdian lake,
we screened the four rivers (Fu River, Xiaoyi River, Baigouyin River, and Bao River) that
had flow into Baiyangdian lake in 2020 as the sub-basin (shown in Figure 2) through the
ArcSWAT model while analyzing the pollutants load and source in Baiyangdian lake.
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Figure 1. The research area of Baiyangdian lake basin.
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Figure 2. The sub-basin division of Baiyangdian lake basin.

2.2. Data Collection and Information

We collected more than 30 GB of data from social and economic statistical yearbooks,
government affairs information, internal statistical reports, and the related literature to



Water 2022, 14, 3386

50f22

screen the statistical data needed to calculate source analysis. The names and sources of the
data are shown in Table S1.

Because the data for 2020 were relatively complete, our study used the whole year
of 2020 as the research period to explore the load of total nitrogen, total phosphorus, and
chemical oxygen demand (COD) flowing into Baiyangdian lake through rivers in the
Baiyangdian lake basin.

2.3. Export Coefficient Modelling (ECM)

The Export Coefficient Modelling (ECM) approach has been broadly recommended
based on its convenient theory foundations, notably, that the sum pollutants of drainage
basin cause non-point source pollution load [26,27]. In this model approach, livestock
and poultry breeding and rural life factors such as livestock quantity and distribution
status, land use type, and rural residents are considered to obtain differentiated output
coefficients in order to analyze the agricultural non-point source pollution load and source
analysis. Based on the ECM approach, the non-point source pollution load of rural life,
livestock and poultry breeding, and agricultural planting in 2020 in Baiyangdian lake
basin was calculated and the final non-point source load of agriculture and rural areas into
Baiyangdian lake was corrected according to the relationship between the water quantity
data of the hydrological station in the upper reaches of the Baiyangdian lake basin and the
downstream water quantity data.

The ECM equation is

m
1=

where L]- is the average export coefficient of pollutants, kg/ (km2 a); 1 is the land use
type with a total of m species; Ej; is the export coefficient of pollutants j in land use
type i (kg/km?), the excretion coefficient of each livestock and poultry of type i (kg/a),
or the export coefficient per person (kg/a); and A; is the area of land use type 7 in the
river basin (km?), the livestock quantity, or the population quantity. The acquisition of all
these data were calculated and corrected according to the relevant data in Table S1 in the
Supplementary Materials.

2.4. Revised Universal Soil Loss Equation (RUSLE)

The Revised Universal Soil Loss Equation (RUSLE) is used for loading of adsorbed
contaminants such as nitrogen, phosphorus, and COD released into water bodies through
soil erosion [28,29]. RUSLE is an empirical soil erosion model designed on the basis of
the common soil erosion equation, as shown in Equation (2). In this model, watershed
characteristics and hydrometeorological conditions can be used to predict soil erosion rates,
allowing the spatial heterogeneity of soil erosion processes to be obtained.

u

Wids = Tags X (Z Xy X Ay x Cs X t) X 10_3 (2)
u=1

Xy, =RxK, xLSxS,xM, 3)

where W, is the adsorption pollution load; t/a; 7,45 is the sediment transport ratio; u is
the land use type; X, is the annual soil erosion modulus, indicating the average soil loss
caused by erosion, which is calculated by Equation (3), in t/ hm?2; A, is the area of land
use type u, km?; C is the background concentration of pollutants in the soil, g/kg;  is the
pollutant enrichment rate; R is the driving factor for rainfall erosion; K;, is the soil erosion
factor; LS is the topographic factor; S, is the soil and water conservation factor; and M, is
the vegetation cover and management factor.
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The driving factor R for rainfall erosion in Equation (3) quantifies the impact of rainfall
on the soil and reflects the probability of erosion associated with precipitation events;
R can be estimated by the following formula [30].

2 2
1.735 x 10!-108 7, ~0.8188 "
i=1

1
R =
where P, is the average annual precipitation and P; is the average monthly precipitation.

The soil erosion factor K, in Equation (3) is the rate of soil erosion measured on
standard plots per unit rainwater erosion index, usually calculated by the soil characteristic
attribute properties:

K= {0.2 +0.3exp [—0.0256Sd (1 — 15010>] } X

s 108 0.25C
10—
[Ci i Si] X { Co + exp(3.72 — 2.95Co) | ©

S S S4
[1.0—0.7( - 100)} /{1 ~ 1og Fex [—5.51 +22.9< - 100” }

where S; is the sand content%, S; is the silt content%, C; is the clay content%, and Cy is the
organic carbon content%.

The topographic factor LS in Equation (3) reflects the effect of terrain on soil erosion.
Among them, the slope length factor L represents the effect of slope length on erosion and
the slope factor S reflects the influence of slope on erosion. LS can be calculated by the

following equation:
s (QaxLe\™ (sing\" ©)
-\ 2213 0.0896

where Q4 is the flow accumulation, L. is the cell size, and 6 is the slope.

The vegetation cover and management factor M,, in equation (3) is used to reflect the
influence of vegetation and human management behavior on the soil erosion rate, including
crop planting and farmland management in agricultural areas and the inhibition of soil
erosion by vegetation cover in forest areas. The value of this factor changes with the change
of plant growth caused by seasonal factors. M,, can be estimated by

1 m=10
M =< 0.658 — 0.34361gm 0<m<783% 7)
0 m > 78.3%

where m is the average annual vegetation cover.

According to the RUSLE model, the parameters of the study area were calculated
and a series of raster data were obtained, as shown in Figure 3. Other sources used for
parameters are recorded in Table S2.

2.5. PLOAD Model

The PLOAD model is a simplified GIS-based model for calculating non-point source
pollution loads for various sub-basins and land uses based on annual precipitation, land
use, and best watershed management measures [31,32]. In this research, the PLOAD model
was adopted to calculate the pollution load of dissolved pollutants generated by rainfall.
The equation is as follows:

u
Wiy = Ary % Y_ (P x Pj x Ryy x Ay) x Cy x 107° (8)

u=1
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where Wgy is the load of dissolved pollutants, t/a; Ag; is the river entry coefficient; P is the
rainfall, mm/a; Py is the runoff coefficient correction; Ry, is the average runoff coefficient
of the land use type u; A, is the area of land use type 1, hm?; and C, is the average output
concentration of pollutants in rainfall event under the land use type u, mg/L.
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Figure 3. Calculation results of parameters in RUSLE model in the study area: (a) Rainfall erosion,
(b) Soil erosion factor, (¢) Topographic factor, (d) Soil and water conservation factor, (e) Vegetation
cover factor, (f) Land use type.
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The runoff coefficient was calculated using the Runoff Curve Number (SCS-CN)
model [33]. This model can reflect the effects of different soil types, different land use
patterns, and previous soil moisture content on rainfall runoff. The basic equations of the
model are as follows:

(P —0.25)?
= — > 0.
Q P+0.8S ’ P 2025 )
Q=0, P < 0.2S
25400
S="ry 5 (10)

where Q is the ground runoff, mm; P is the rainfall of a rainfall event, mm; S is the potential
water storage capacity of the surface, mm; CN is the comprehensive parameter of the basin
characteristics, which is related to soil characteristics, pre-humidity and land use. The final
runoff coefficient is the ratio of Q to P. The rainfall flow coefficient correlation parameters
in the study area are shown in Figure 4. The pollution concentration, river entry coefficient,
and runoff correction factors were adopted according to Li et al., (2021), Li (2007), and
Cui (2011) [4,34,35].
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Figure 4. Coefficient parameters of rainfall in the study area: (a) Runoff curves (CN), (b) Ground
runoff (Q), (c) Runoff coefficient.
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2.6. Point Source Load

Point source pollution includes sewage from industrial enterprises and sewage treatment
plants. Industrial wastewater pollution load is calculated by the following Equation (11):

K N
Wp = Ap x <Z ) (Qlw,k,n X Crw jn X 1076) +pww X Pow x (1= fiw) ¥ 103) (11)
k=1n=1

where Wp is the point source pollution load, t/a; Ap is the point source pollution into the
river coefficient; K and N are the number of industrial pollution source industry types
and the number of industrial enterprises, respectively; O,k , is the sewage discharge of
enterprise n in industry k, m3; Cryy , is the corresponding average emission concentration
of pollutants, mg/L; prw is the yield factor of per capita pollution, kg/(per person-a);
Py is the catchment area population; and f;y is the sewage treatment rate. The corre-
sponding collected data sources are shown in Table S1 in the Supplementary Materials.

2.7. LOADEST Model

LOADEST is a useful pollutant regression model based on various water quality
data [36,37]. Three methods can be used to estimate parameter valuation, including (1)
Minimum likelihood estimation, MLE [38]; (2) Adjusted maximum likelihood estimation,
AMLE [39]; and (3) Least absolute deviation, LAD [40]. Different valuation methods are
used on the basis of whether the residuals are normally distributed or whether there are
censored data.

Factors such as the characteristics of pollution sources and the proportion of point
sources and non-point sources carry an impact on the long-term flux calculation. When the
pollutants are mainly derived from the point source, the change in runoff during the year
does not change the pollutant flux of the cross-section; rather, the instantaneous concen-
tration of the pollutants changes negatively with the flow rate. When the pollutants are
mainly derived from non-point sources, such as soil erosion or endogenous release, the gen-
eration of pollutants is proportional to the runoff. When the contaminants originate from
a mix of point and non-point sources, the relationship between runoff and pollutant flux
is complicated, and positive correlation, negative correlation, and basically uncorrelated
situations may occur.

For different cases, the general flux can be calculated using the following three equations:

Wi =K)_ % (12)
i=1
W, =K) CQp (13)
i=1
n o CiQ—
W = K%leQQr (14)

where K is the time conversion coefficient calculated according to the monitoring time
frequency and flux period, C; is the instantaneous monitoring concentration of pollutants,
Q; is the instantaneous flow of water, Q, represents the mean data over the desired period,
Qp indicates the mean flow data of C;, and n represents the amount of data.

Equation (12) weakens the time change of runoff, Equation (13) emphasizes the role
of the corresponding runoff in each pollutant concentration measurement, and Equation (14)
emphasizes the average time change of the total runoff and weakens the sensitivity to runoff
change. Different formulas should be selected for the flux calculation for different situations.
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3. Results
3.1. Non-Point Source Load from Agriculture and Rural Areas

Generally speaking, non-point sources from agriculture and rural areas include rural
life, livestock and poultry farming, and agricultural planting. There are dense population
and intensive life and production activities surrounding the Baiyangdian lake district,
with a permanent population of about 240,000 in 2017 and an arable land area of about
12,000 hectares in 2018, which is the largest type of land use in the area [41,42]. In this study,
the pollutant sources from agriculture and rural areas were first calculated.

Non-point source pollution generated by rural life is mainly derived from domestic
garbage, domestic water, and human excrement [6]. The similar living habits of residents
mean that similar contents of nitrogen and phosphorus elements are commonly ingested
from food; thus, the rural population is the dominant factor that determine the intensity
of non-point source pollution in rural life. For areas with dense rural populations, the
corresponding pollution intensity is much higher. The non-point source pollution load of
rural life calculated based on rural life information is shown in Figure S2.

We obtained the non-point source load of livestock and poultry farming according
to the number of large livestock, pigs, sheep, and poultry in various districts and coun-
ties of Baiyangdian lake basin, in which the feeding method, fecal and urine treatment
method, and proportion of breeding facility were considered in the calculation, as shown
in Figure S3. Livestock and poultry are important sources of non-point source pollution in
agriculture which emit a large amount of nitrogen, phosphorus, and organic pollutants into
the environment through feces and urine during growth [4]. The environmental pollution
problems caused by livestock and poultry manure and urine exist in most of North China.

Non-point source pollution from agricultural planting is a major component of non-
point source pollution in agriculture and rural areas. The excessive use of chemical fertiliz-
ers and pesticides causes a large number of agricultural chemicals to remain on the surface
of cultivated land, and the surface runoff generated by rainfall enters the natural water
body, leading to non-point source pollution [43]. Planting and crop management methods
were dominant determinants of the pollutant load from planting non-point sources. The
non-point source pollution intensity of agricultural planting in each district and county of
Baiyangdian lake basin was calculated through land use data to obtain the planting area
of grain, vegetables, orchards, and other categories based on the correction to obtain the
output coefficient, as shown in Figure S4.

The total load of non-point source pollution in rural areas obtained by the three types
of rural life, livestock and poultry farming, and agricultural planting is shown in Figure 5.

Overall, Dingzhou City, Tang County and Yi County were the three areas with the
highest non-point source loads in agriculture and rural areas in Baiyangdian River Basin,
which accounted 19.6% for nitrogen, 18.5% for phosphorus and 26.9% for COD of the total
agricultural and rural non-point source load. According to the Baoding Economy Statistical
Yearbook (2020), the total area of crop planting in Dingzhou City in 2019 was as high as
159,000 hectares, of which 117,000 hectares were planted with grain and 18,000 hectares
were planted with vegetables. In 2019, 6.53 million poultry were output, including 870,000
head of pigs. In addition, the rural population of Dingzhou City ranked fourth among all
the cities and counties of Baiyangdian river basin, leading to the highest pollution output.
Similarly, Tang County and Yi County had large-scale farming and planting activities,
resulting in high non-point pollution sources.

However, Baiyangdian lake basin included the catchment area of all rivers naturally
exported into Baiyangdian lake. In fact, many of the rivers were cut off or artificially
diverted and no longer transmit water to Baiyangdian lake, meaning that the pollution load
generated by the whole basin cannot be equated with the sediment load. Thus, we divided
Baiyangdian lake basin into sub-basins based on the four rivers (Fu River, Xiaoyi River,
Baigouyin River, Bao River) that transport water into the lake [44]. The corresponding
potential sedimentation of non-point source pollution in agriculture and rural areas was
rectified, and the resulting total nitrogen load, total phosphorus load, and total COD load
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were 1073.82 tons, 102.72, tons and 3349.33 tons, respectively (see Table 1). Among them, the
contribution rate of livestock and poultry breeding to COD exceeds 70%, the contribution
rate of agricultural planting to total phosphorus reaches 73.12%, and the contribution rate
of the three types of non-point sources to total nitrogen is basically equal, of which the
contribution rate of rural life is slightly higher at 38.48%.
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Figure 5. The total load of non-point source pollution in agriculture and rural areas in Baiyangdian
lake: (a) Total nitrogen load, (b) Total phosphorus load, (¢) COD load.
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Table 1. Non-point source loads in agricultural and rural areas.
Percentage(%)
Pollutant Amount (t) : .
Rural Life Livestock an'd Poultry Agrlc'ulh:lral
Breeding Cultivation
Total 1073.82 38.48 29.59 31.93
nitrogen
Total 102.72 7.93 18.95 73.12
phosphorus
COD 3349.33 18.15 70.16 11.69

It can be seen that livestock and poultry breeding have a significant impact on COD
pollutants in downstream water bodies; thus, efficient treatment of aquaculture pollution,
especially emphasizing the management of the small-scale decentralized breeding, should
be considered to control the release of organic pollutants into Baiyangdian lake. In addition,
the application of excessive agrochemicals in agricultural planting causes a large amount
of nutrients to remain on the farmland soil surface, which flow into natural water bodies
by rainfall, resulting in eutrophication. Therefore, adopting scientific fertilization methods
and intensive farmland management methods are advisable measures to reduce non-point
source pollution in agricultural planting.

3.2. Pollutant Loads from Surface Runoff Erosion

Precipitation causes surface water-soluble pollutants to migrate to water bodies and
causes soil particles to enter the water body by eroding the topsoil [28]. Pollutants such as
nitrogen, phosphorus, and organic matter adsorbed on the surface of soil particles have
become important sources of non-point source pollution in water bodies. Due to long-term
cultivation, the topsoil of farmland in the Baiyangdian lake basin is usually polluted
by adsorbed organic matter and inorganic nitrogen, phosphorus. Outdoor farmland
soil without mulching is easily washed away by precipitation, causing topsoil erosion.
Therefore, the pollution load caused by soil erosion should be considered when calculating
the non-point source pollution caused by rainfall in the Baiyangdian lake basin.

3.2.1. Adsorbed Pollutant Loads

In order to distinguish between the dissolved pollutants from rainfall runoff and the
particulate pollutants carried by soil erosion, the total nitrogen and phosphorus content of
the topsoil in the soil database was used to subtract the adsorbed nitrogen and adsorbed
phosphorus content that was easily soluble in water, and the difference obtained was used
as the particle pollutant content. For the soil COD pollutant background value, the soil
organic matter content was used directly as the particle contaminant content.

On the basis of the calculation of each parameter by Equation (2), the adsorption
pollutant load generated by soil erosion in Baiyangdian lake is shown in Figure 6.

It can be seen that the non-point source pollution load caused by soil erosion in
the whole basin is generally low. The high load areas are concentrated in the Taihang
Mountains, especially the upper reaches of Lilong River and Tang River. The difference
between the loads of the three pollutants is mainly due to their different contents in the
surface soil, generally in the order of total nitrogen > total phosphorus > soil organic matter.
The non-point source pollution load from soil erosion was rectified based on the sub-basins
of the four main rivers (Fu River, Xiaoyi River, Baigouyin River, Bao River), showing that
the total adsorption load generated by soil erosion was 94.1 tons for nitrogen, 20.8 tons for
phosphorus, and 1262.9 tons for COD, as shown in Table 2.
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Figure 6. Adsorption pollutant loads from soil erosion in Baiyangdian lake: ((a) Soil organic matter,
(b) Adsorbed nitrogen, (c¢) Adsorbed phosphorus.
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Table 2. The load of adsorbed pollutants generated by soil erosion.

River into Load of Adsorbed Pollutants Generated by Soil Erosion (t/a)
Baiyangdian Lake COD Total Nitrogen Total Phosphorus
Bao River 19.9 1.0 0.6
Fu River 585.9 275 153
Baigouyin River 495.4 56.4 2.6
Xiaoyi River 161.7 9.2 22
Total 1262.9 94.1 20.8

3.2.2. Dissolved Pollution Loads

Surface runoff is the driving force of most non-point source pollution, and the differ-
ential generation and migration of non-point source loads in agriculture and rural areas
are caused by rainfall. Thus, the non-point source loads in agriculture and rural areas
calculated using ECM model are essentially dissolved pollutant pollution loads caused by
surface runoff. Here, the calculation of the dissolved pollutant load uses the pollution load
generated by other land uses with surface pollution by rainfall, with the exception of land
for agriculture planting. Combined with the average yield of rainfall and the concentration
of pollutants in different regional production streams, the distribution of the dissolved
pollutant load caused by rain erosion in the unit area of land use excepting agricultural
planting land was finally calculated; see Figure 7.

The non-point source pollution load of the rainfall in the four inflow river basins
was obtained (see Table 3) according to the sub-basin division in Figure 2. It was proven
that the pollution load of rainfall showed less impact on the pollutant load than that from
agriculture and rural areas.

Legend

[] Baiyangdian lake

Dissolved nitrogen loads
(excluding farmland)

kg/km’
) High 98.6 0o 10 20 40 Kilometers
w0
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Figure 7. Cont.



Water 2022, 14, 3386 15 of 22

Legend
[ Baiyagghian lake

Dissolved phosphorus loads
(cxcluding farmland) ’

kg/kﬂlz_ 10 20 40 Kilometers
ngh M . . T Y I |
.0
(b)
)
Legend

Baiyangdian lake
Dissolved COD loads
(excluding larmland)
kg/km’

High : 262.0
- Low : 0

40 Kilometers.

()

Figure 7. Dissolved pollutant load of rainfall per unit: (a) Total nitrogen load, (b) Total phosphorus
load, (c) COD load.
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Table 3. Non-point source pollution load of rainfall.
Pollutant Fu River Baigouyin River Bao River Xiaoyi River Surrounding Total
Total nitrogen (t/a) 38.80 37.88 1.72 27.20 2.31 107.91
Total phosphorus(t/a) 1.34 1.10 0.04 0.93 0.05 347
COD (t/a) 201.74 199.43 8.54 144.14 11.09 564.94

3.3. Point Source Pollutant

Point source load is completely based on the survey statistics of industrial enterprises
and sewage treatment plants in Baiyangdian lake shown in Table S1. Through the compre-
hensive collation of the environmental disclosure information of the key sewage discharge
units in 2021 by the Baoding Municipal Bureau of Ecology and Environment, there were a
total of 37 key enterprises in Dingxing County, 20 key enterprises in Anguo City, 17 key
enterprises in Qingyuan District, 36 key enterprises in Boye County, 12 key enterprises in
Laiyuan County, 69 key enterprises in Lixian County, 37 key enterprises in Lianchi District,
133 key enterprises in Mancheng, 30 key enterprises in Yixian County, 19 key enterprises in
Gaobeidian, 20 key enterprises in the high-tech zone, 38 key enterprises in Jingxiu District,
29 key enterprises in Tang County, 61 key enterprises in Xushui District, 69 key enterprises
in Zhuozhou City, 27 key enterprises in Laishui County, 14 key enterprises in Wangdu
County, 66 key enterprises in Gaoyang County, and 26 key enterprises in Quyang County.
After excluding unclear data, incorrect reporting, and production stoppages, the remain-
ing 682 items of enterprise information were sorted out, of which about one third of the
enterprises had no obvious sewage discharge. Thus, 254 pieces of point source discharge
information were finally obtained. The calculated total amount of pollutant discharge from
point sources in 2020 was calculated as 271.01 tons of total nitrogen, 21.49 tons of total
phosphorus, and 1302.56 tons of COD. As the point source pollution loads were mainly
based on collected data, we should note that the reliability and accuracy of released data
must have a great impact on the calculation results.

3.4. Flux of Pollutants

Based on the collected useful data, the total flux of nitrogen, phosphorus, and organic
pollutants of the four rivers (Fu River, Xiaoyi River, Baigouyin River and Bao River) flowing
into Baiyangdian lake in 2020 was calculated and summarized as shown in Table 4. It
can be seen that Fu River delivered the largest amount of water into Baiyangdian lake,
close to the sum of the other three rivers, as Fu River was filled with almost 87% upstream
replenishment. Baigouyin River delivered 0.8 billion cubic meters of water to Baiyangdian
lake in 2020, of which 35% came from upstream replenishment. Correspondingly, Fu River
carried the most pollutants into Baiyangdian lake, with a total amount of 2813.3 tons of
COD, 844.8 tons of total nitrogen, and 27.6 tons of total phosphorus, of which the input of
COD, total nitrogen, and total phosphorus accounts for as much as 55.35%, 66.39%, and
75.64%, respectively, as shown in Table 4 and Figure 8. From the perspective of the water
volume proportion, Fu River input 47.38% of the total water entering the Baiyangdian lake
in 2020. It can be seen that the input proportion of each pollutant exceeded the proportion
of water volume, indicating that the pollutants concentration transported by Fu River was
higher than that of the other three rivers. A possible reason for this may be because there
are more villages and farmland along the Fu River, especially in the section from east of
Baoding City to Baiyangdian lake, resulting in more non-point source pollution dominated
by nitrogen and phosphorus. The Bao River owned the best water quality, and the amount
of each pollutant entering Baiyangdian lake was less than 10% of the total. Therefore, in
general, the average pollutant content of Fu River was higher than that of the other three
rivers, and should be given more attention for decreasing pollution.
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Table 4. The amount of water and pollutants entering Baiyangdian lake in 2020.
River into the Total Traffic Water Replenishment The Total Amount of Pollutants (t)
Baivanedian Lake (100 Million Cubic (100 Million Cubic .

yang Meters) Meters) COD Total Nitrogen Total Phosphorus
Fu River 1.63 1.42 2813.3 844.8 27.6
Xiaoyi River 0.65 0.65 919.1 223.6 4.2
Baigouyin River 0.80 0.28 1063.2 150.5 3.7
Bao River 0.36 0.36 286.7 53.6 0.99
Total 3.44 2.71 5082.3 1272.5 36.5

Percentage of water and pollutants entering the Baiyang Lake in 2020
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Figure 8. Percentage of water and pollutants entering Baiyangdian lake in 2020.

4. Discussion

In the 1970s, the water quality of Baiyangdian Lake began to deteriorate gradually [45];
since the 1990s, it has become a typical eutrophic lake [46]. The inflow of Baiyangdian Lake
dropped sharply from 2000 to 2015, and the deterioration of the water quality intensified,
reaching a peak in 2012 and 2013. During this period, chemical oxygen demand, ammonia
nitrogen, and total phosphorus were the main pollutants [47]. After 2015, the degree
of eutrophication in Baiyangdian Lake has changed from moderate to mild. Especially
following the establishment of Xiong’an New Area in 2017, the nutrient load from point
sources in Biayangdian lake basin has been significantly reduced [8].

The calculated pollution load entering the lake from the basin is shown in Table 5.
The loads of total nitrogen, total phosphorus, and COD were 1885.35 t, 140.01 t, and
5832.35 t, respectively. Compared with similar studies, the results of calculation in this
study are basically within the range of results of similar studies (Table 6). According to
the spatial distribution map of COD load in the Baiyangdian watershed calculated by
Li et al. (2021) through the ECM method, it was estimated that the COD pollution potential
of the four sub-basins in this study was about 7000-10,000 t [4]. Those results were higher
than ours, probably because those studies focused on the pollution production potential,
rather than the pollution load flowing into the lake.
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Table 5. The load of total pollutants entering Baiyangdian lake.

Load Sources

Total Nitrogen Total Phosphorus Total COD

Amount (t) Percentage (%) Amount (t) Percentage (%) Amount (t) Percentage (%)

Point pollutants 271.01 14.37 21.49 15.35 1302.56 22.33
Agriculture and rural life 1073.82 56.96 102.72 73.37 3349.33 57.43
Runoff 107.91 5.72 3.47 2.48 564.94 9.69
Soil erosion 432.61 22.95 12.33 8.81 615.52 10.55
Total 1885.35 140.01 5832.35
Flux of pollutants 1272.5 - 36.5 - 5082.3 -

Table 6. The comparison of total pollutants load entering Baiyangdian lake.

Total Nitrogen (t) Total Phosphorus (t) Year Reference
2123 175 1992 Cui, 1995 [45]
1966 - 2007 Zhang et al., 2012 [48]
3463 405 2007 Zhu, 2011 [49]
1234 97 2008 Shi, 2012 [50]
1356 - 2005-2010 Zhao, 2013 [51]
2018 313 1995-2015 Zhang et al., 2021 [52]

The load ratio disclosed that the primary pollution sources of nitrogen, phosphorus,
and organic pollutants were non-point sources, including agricultural and rural non-point
sources, runoff, and soil erosion. The contribution rate of non-point sources all exceeded
70%. In Li et al. (2021), who calculated the results of pollution load in Baiyangdian lake
basin in 2018, the proportion of total nitrogen load, total phosphorus load, and COD load of
non-point sources were 77.11%, 86.93%, and 71.61%, respectively, which were close to the
results of our study [4]. Zhao (2013) calculated the total nitrogen load of pollution sources
in the Baiyangdian lake basin and found that the proportion of point source pollution loads
decreased gradually [51]. With the establishment of Xiong’an New Area in 2017 and the
tightening of environmental management policies, the quality of sewage from point sources
has improved, and the discharge has been significantly less. As a result, the proportion of
point source pollution loads has continued to decline.

Among all non-point sources, agricultural and rural non-point sources had the highest
contribution rate of pollution load, all exceeding 50% for total nitrogen, total phosphorus,
and COD. The pollution load of agricultural production and rural life activities imports
large amounts of nitrogen and phosphorus into the environment, while extensive man-
agement methods lead to low utilization of those nutrients, making agricultural activities,
especially agricultural planting activities, a huge potential source of nitrogen and phos-
phorus pollution [6]. The contribution rate to the total phosphorus load reaches were as
high as 73.37%. The proportion of total phosphorus load was significantly higher than
that of other pollutants, which may be due to the stricter restrictions on total phosphorus
in industrial sewage and domestic sewage discharge standards and the large amount of
phosphorus used in agricultural activities. Cui et al. (2011) found that the contribution rate
of agricultural non-point sources in Baiyangdian lake basin to ammonia nitrogen, chemical
oxygen demand, and other pollutants exceeded 50% [35]. Li et al. (2021) showed that the
proportion of total nitrogen load, total phosphorus load, and COD load of agricultural and
rural non-point sources were 50.63%, 52.03%, and 60.49%, respectively [4].

The load contribution of runoff to nitrogen, phosphorus, and organic pollutants was
comparatively small, while the contribution of soil erosion to the total phosphorus was
high, with a load ratio of 22.95%. The contribution rates of point source pollution to
organic and phosphorus pollution were higher than that caused by runoff and soil erosion,
reaching 22.33% and 15.35%, respectively. Normally, areas with low vegetation cover and
farmland with only crops are prone to soil erosion occurring due to rainfall, which can
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cause dissolved pollutants and soil particles to contribute to agricultural non-point source
pollution [29,53]. Thus, the total nitrogen and total phosphorus entering the Baiyangdian
lake is mainly derived from agricultural non-point sources and corresponding soil erosion.

Non-point sources in agriculture and rural areas and point sources in enterprise
sewage discharge are the main sources of COD in water bodies of Baiyangdian lake,
accounting for 57.43% and 22.33% of the total COD, respectively. Among the non-point
sources, livestock and poultry breeding in agricultural activities causes 70.16% of the COD
pollution load, which is about 40% of the total COD load, as shown in Section 3.1 and
Table 5. Thus, it is necessary to focus on the management of pollution discharge in breeding
activities to reduce the total COD load entering Baiyangdian lake. In addition, industrial
production activities produce sewage containing high concentrations of COD; thus, point
source pollution is a main source for COD. However, the scale of pollution produced
by industrial production is smaller than that from non-point agricultural sources (rural
domestic sewage, aquaculture sewage, rainfall erosion, etc.), and the COD load was smaller
than that of agricultural non-point sources.

Compared with the flux results of pollutants calculated by the LOADEST model with
the inland four rivers in 2020, the load of total nitrogen, total phosphorus, and total COD
from point source pollution and non-point source pollution (agriculture and rural areas
pollution, runoff pollution, and soil erosion pollution) were significantly higher, at about
1.5 times, 3.8 times, and 1.15 times higher than the flux results, respectively. The main
reason for the difference between the loads and the flux was the loss of pollutants in the pro-
cess of migration and transportation, as the pollutants were gradually separated from the
water body through decomposition, adsorption, sedimentation, and other self-purification
processes. For example, ammonia nitrogen can be converted and absorbed through nitrifi-
cation by microorganisms. Compared with total nitrogen, dissolved phosphorus is more
likely to be adsorbed, precipitated, and separated from the water body, leading to a higher
loss rate of total phosphorus in the process of long-distance transport [54]. Therefore, only
about one third of the total phosphorus eventually entered Baiyangdian lake.

The non-point source pollution load in regions with significant spatial heterogeneity
can be clarified from a global perspective using lumped non-point pollution models. It
should be noted that although lumped models avoid describing the overcomplicated
mechanisms that affect the implementation of the model, only the main influencing factors
are used in the generalization process, which inevitably leads to deviations between the
model results and reality. Further experiments need to be carried out in typical areas of
Baiyangdian lake basin to optimize the pollution generation coefficient and river inflow
coefficient of the ECM and to verify the applicability of RUSLE and PLOAD.

5. Conclusions

This study used the ECM model, RUSLE model, and LOADEST model to describe a
systematic work for the identification of pollution released into Baiyangdian lake. It was
calculated that a total nitrogen load of 1614.34 tons, total phosphorus load of 118.52 tons,
and total COD load of 4529.79 tons were generated from non-point sources in the whole
Baiyangdian lake basin in 2020. The primary pollution source was proven to be agricultural
and rural pollution, with a load contribution rate exceeding 50%, of which the contribution
rate to the total phosphorus load reached 73.37%. Among the sources of agricultural and
rural pollution, the contribution rate of livestock and poultry breeding to COD exceeded
70%, while the contribution rate of agricultural planting to total phosphorus reached 73.12%.
Among all the sub-basins, Dingzhou City, Tang County and Yi County were recognized as
the most polluted areas, with the highest non-point source load in agriculture and rural
areas. It was affirmed that Fu River delivered the most pollutants into the Baiyangdian
lake, which should be paid attention to.

In conclusion, non-point source pollution was the main source of nitrogen, phospho-
rus, and COD. Such pollution sources are diverse and difficult to supervise and control.
According to our study, agricultural activities, especially livestock and poultry breeding,
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had a relatively strong impact on water quality in Baiyangdian lake. Developing the
ecological livestock breeding industry and realizing the resource recovery of livestock
breeding manure would contribute to a harmonious environment. In order to ensure the
environmental quality of Baiyangdian lake, it is necessary to strengthen the control of
agricultural planting pollution discharge, standardize the pollution discharge of livestock
and poultry breeding, and manage soil erosion and runoff with the aim of reducing the
impact of pollution sources on eutrophication in Baiyangdian lake.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /w14213386/s1, Table S1. Data collection information; Table S2 Pa-
rameters sources used in RUSLE model; Figure S1. The soil type of Baiyangdian lake Basin; Figure
52. Non-point source pollution load of rural life in all districts and counties of the Baiyang Lake
(a: Total nitrogen load; b: Total phosphorus load; c: COD load); Figure S3. Non-point source pollution
load of livestock and poultry in various districts and counties of Baiyang Lake (a: Total nitrogen load;
b: Total phosphorus load; c: COD load); Figure S4. Non-point source pollution load of agricultural
planting in various districts and counties of Baiyang Lake (a: Total nitrogen load; b: Total phosphorus
load; ¢: COD load).
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