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Agricultural non-point source pollution (ANP) had become an important source
of water pollution, which seriously restricted the coordinated development of
Beijing, Tianjin and Hebei. As the primary agricultural production base in the
region of Beijing-Tianjin-Hebei, Hebei had serious ANP. In order to clarify the
current status of ANP in Hebei and figure out themain pollution source and areas,
ANP load of Hebei from 2000 to 2021 were evaluated by the export coefficient
modeling (ECM) and spatial-temporal characteristics were carried out using
geographic information system (GIS). In addition, ANP severity and emission
characteristics of Hebei in 2021 were evaluated. The results showed that the
environmental impact of ANP in southwest area was obviously more serious than
that in northeast area of Hebei. Especially, ANP emissions in Hebei showed
significant decreasing inflection points in 2007 and 2017, respectively,
reaching a minimum by 2021. The TN and TP emissions of ANP in Hebei were
315,026.1 t and 50,323.76 t in 2021, respectively. The contribution of agricultural
land, livestock and poultry breeding and rural life to TN and TP emissions were
37%, 34%, 29% and 20%, 61% and 18%, respectively. The ANP pollution mainly
came from livestock and poultry breeding in Hebei Province. Based on cluster
analysis, cities in Hebei were divided into four types, and the control strategies for
ANP environment management were put forward.
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1 Introduction

Water pollution seriously affected the safety of drinking water, food, ecology as well as
human settlement environment (Wang et al., 2024), which had been considered as one of
the bottlenecks of the sustainable development of social and economic development in
China. With the gradual effectiveness of industrial, agricultural and urban life point source
pollution control measures, agricultural non-point source pollution (ANP), which was
more difficult to control, had become another important source of water pollution in China

OPEN ACCESS

EDITED BY

David William O’Connell,
Trinity College Dublin, Ireland

REVIEWED BY

Yukun Ma,
Beijing Normal University, China
Stevo Lavrnic,
University of Bologna, Italy

*CORRESPONDENCE

Lei Wang,
wangleicraes@163.com

Ji Li,
liji@szpt.edu.cn

Yanna Xiong,
18811785922@163.com

RECEIVED 29 May 2024
ACCEPTED 29 July 2024
PUBLISHED 12 August 2024

CITATION

Li T, Niu Y, Pang J, Geng S, Wang Y, Li J, Xiong Y
and Wang L (2024) Temporal and spatial
characteristics of agricultural non-point source
pollution in Hebei Province from 2000 to 2021.
Front. Environ. Sci. 12:1439806.
doi: 10.3389/fenvs.2024.1439806

COPYRIGHT

© 2024 Li, Niu, Pang, Geng, Wang, Li, Xiong and
Wang. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Environmental Science frontiersin.org01

TYPE Original Research
PUBLISHED 12 August 2024
DOI 10.3389/fenvs.2024.1439806

https://www.frontiersin.org/articles/10.3389/fenvs.2024.1439806/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1439806/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1439806/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1439806/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1439806/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2024.1439806&domain=pdf&date_stamp=2024-08-12
mailto:wangleicraes@163.com
mailto:wangleicraes@163.com
mailto:liji@szpt.edu.cn
mailto:liji@szpt.edu.cn
mailto:18811785922@163.com
mailto:18811785922@163.com
https://doi.org/10.3389/fenvs.2024.1439806
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2024.1439806


(Ongley, 2004; Xia et al., 2017). ANP referred to the agricultural
wastewater quality pollution caused by no fixed pollution discharge
point in the process of agricultural production activities, including
pesticides, chemical fertilizers, intensive farms, rural domestic
sewage, garbage pollution and improper land use, etc. (Liu et al.,
2008; Qi et al., 2008; Zhang et al., 2013). The main pollutants
included ammonia nitrogen (NH4

+- N), chemical oxygen demand
(COD), total nitrogen (TN) and total phosphorus (TP) (Chang,
2008). TN and TP were pivotal indicators for assessing the
eutrophication status of aquatic systems. Presently, over 60% of
China’s lakes were afflicted with eutrophication, and more than half
of the nitrogen and phosphorus found in these lakes originated from
ANP (Zhang and Xu, 2011; Ghebremichael et al., 2013; Hou et al.,
2022). As reported, a staggering 83% of the total nitrogen and 84% of
the total phosphorus within the pollution load of the Taihu Lake
Basin were attributed to ANP (Wang et al., 2021). This evidence
underscored the significant role that nitrogen and phosphorus from
ANP played in the degradation of water environmental quality.
Accordingly, the current investigation was primarily concerned with
the examination of TN and TP as key pollutants in ANP.

ANP was difficult to monitor for the randomness, dispersion,
concealment, extensiveness and uncertainty, which was generally
analyzed quantitatively with the help of models, such as soil and
water assessment tool (SWAT), agricultural non-point source
(AGNPS), storm water management model (SWMM), etc.
(Worrall and Burt, 1999; Ierodiaconou et al., 2005; Ma et al.,
2011). However, the complexity of these models on the demand
for parameters and computation hindered their application to some
extent (Ding et al., 2010). The export coefficient modeling (ECM)
(Worrall and Burt, 1999; Ma et al., 2011) had applicability in the
estimation of pollution loads in larger scale watersheds, which
assumed that the export coefficients of a single pollution source
were the same for a unit quantity (unit area). Compared to
mechanistic models about pollutant formation, transport, and
transformation processes within a watershed (Wang et al., 2007),
ECM was simple and convenient, as it did not rely on extensive
observation data to calibrate model parameters. ECM directly
established the relationship between regional land use status, etc.,
and non-point source pollution loads. The data such as land use
status was relatively easily available, and few parameters were
required, which brought a certain degree of reliability. When
observational data was limited, ECM became a feasible approach
and had therefore been widely used (Ding et al., 2010). Hebei
Province, a significant agricultural entity within China, held a
pivotal role in the nation’s agricultural output. This strategic
location was crucial for fostering harmonious development
among the Beijing, Tianjin, and Hebei regions. To date, there
had been a notable absence of long-term, systematic research by
scholars on the ANP in Hebei. Consequently, there was an
imperative need to delve into the temporal and spatial
distribution patterns of nitrogen and phosphorus ANP in
Hebei Province.

In this paper, ANP (including TN and TP) emissions of different
cities in Hebei from 2000 to 2021 were evaluated through ECM,
according to the statistical data of cultivated land area, forest area,
livestock and poultry breeding and rural living population, which
based on the Rural Statistical Yearbook of Hebei Province the in
different years. The Unit area Pollution load factor and the equal

standard pollution load index were used to evaluate the
environmental impact degree and pollution severity of each city.
The key pollution sources of ANP emissions in each city were
identified by SPAA cluster analysis and its temporal and spatial
characteristics and equivalent pollution load were carried out using
geographic information system (GIS). In addition, this research had
delineated the critical regions and principal pollution contributors of
nitrogen and phosphorus non-point source pollution. Subsequently,
the study had advanced targeted and effective strategies for the
management of ANP. This study may not only provide a significant
example for controlling the ANP of Beijing, Tianjin, and Hebei, but
also served as a valuable reference for other regions with similar
geographical conditions to carry ECM to estimate ANP.

2 Research methods and data sources

2.1 Study area

Situated across an expanse of 189,000 km2, Hebei Province was
geographically positioned between latitudinal coordinates of 36°05′N
and 42°40′N, and longitudinal coordinates of 113°27′E to 119°50′E. This
province was located within the North China Plain, encircled by the
municipalities of Beijing and Tianjin within its inner ring, and bordered
by the Bohai Sea to the east. The province’s climate was characterized by
a temperate continental monsoon climate with distinct seasons. The
hydrological system of Hebei was complex, with numerous rivers
belonging to the Haihe and Luanhe river systems. Moreover, key
lake wetlands such as Baiyangdian and Hengshui Lake are present,
contributing significantly to climate regulation, water conservation, and
the maintenance of ecological equilibrium. Hebei Province boasted
favorable conditions for both nature and agricultural productivity. The
third national land survey in 2021 showed that the cultivated land and
forest land in Hebei Province were 60,300 and 64253 km2 respectively
(Department of Natural Resources of Hebei Province, 2021).
Consequently, it was imperative to identify critical zones and
primary sources of ANP concerning TN and TP, and to implement
targeted measures to safeguard the aquatic environment.

2.2 The approach of export
coefficient modeling

Considering land use classification, combined with the number
and distribution of livestock and poultry, and the discharge and
treatment of non-point source pollutants by rural residents, the
ECM method can accurately estimate the ANP emissions load and
evaluate the relationship between land use and lake eutrophication.
Its expression was generally written as follows (Ierodiaconou et al.,
2005; Ma et al., 2011; Shen et al., 2013):

Lj � ∑
n

i�1EijAj + P (1)

Where, Lj is the total load of pollutant J in the basin, t/(hm2·a); i
is the classification of land, livestock or population in the basin, with
n categories; Eij is the output coefficient of pollutant j in class i land,
livestock or population; Aj is the area (hm

2) of category i land or the
number of livestock (head) and population (person); P is the amount
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of pollutants input by precipitation, t/(hm2·a), and the influence of
this item is not considered in this study. Firstly, precipitation
primarily contributed to the migration and dispersion of ANP
from its source to water bodies. However, this migration and
dispersion were also influenced by various factors such as land
use patterns, topography, and field management, which significantly
complicated the identification of ANP. Moreover, ANP sources were
varied, the migration process was intricate and unpredictable, and
the pollutants transported by precipitation was relatively small
compared to the total amount of pollutants originating from
ANP. Consequently, the influence of the rainfall factor was not
considered in this paper (Cheng et al., 2018).

The calculation of ECM is to determine the export coefficient
value, which is influenced by many factors, mainly including
topography, geomorphology, hydrology, climate, land use, soil
type, vegetation cover, and human activities. The acquisition of
export coefficient can be determined by field monitoring and
literature review. The field monitoring method was primarily
utilized for fixed-point monitoring in small watersheds, while
large-scale or multi-area monitoring can be constraints due to
time and financial limitations. In areas with similar geographical
conditions, the factors influencing the output coefficient, such as
topography, hydrology, climate, and soil type, were approximately
equivalent. In view of the fact that there was no test data of output
coefficient in Hebei area, the average value of output coefficient of
agricultural land in this paper was determined by referring to the
research results of other regions under similar natural conditions
in China, which referred to Landform, hydrology, climate, soil
type, etc. (Cheng et al., 2017; Cheng and Jia, 2017; Hu et al., 2021).
The export coefficient of livestock and poultry breeding was
determined by the manual of source production and emissions
coefficient of livestock and poultry breeding. The export coefficient
of rural life was determined by the population export coefficient
recommended by the Ministry of Environmental Protection.
Classification and value of output coefficients of Hebei province
were shown in Table 1.

2.3 Pollution degree assessment

2.3.1 The equal standard pollution load
index method

The equal standard pollution load index was used to reflect
the relative pollution severity of each city, that was, the total

equivalent pollution load of a city was divided by the total
amount of its water resources. The total equivalent pollution
load was the intermediate quality required to dilute all pollutants
to the evaluation standard, which represented the degree to
which the pollutant emissions concentration exceeded a
certain baseline emissions standard. The calculation was based
on the following formul as Equations 2, 3 (Li and Shang, 2023; Xu
et al., 2023; Yan et al., 2023):

μij �
Pij

Wi
(2)

Pij � Cij

ρi0
× 106 (3)

Where: μ ij is the equal standard pollution load of the i pollutant
in the j pollution source; Pij is the total equivalent pollution load of
the i pollutant in the j pollution source, m3; Wi is the total water
resources of the city where the pollutant is located, m3; Cij is the
annual discharge of the i pollutant in the j pollution source, t; ρi0 is
the water quality standard of the i pollutant in GB 3838-
2002″Surface Water Environmental Quality Standard”, mg/L.
According to the water quality standard of Class III, the total
nitrogen is 1 mg/L and the total phosphorus is 0.2 mg/L.

2.3.2 Unit area pollution load coefficient method
The pollution load coefficient per unit area evaluated the

environmental impact of pollutants on a certain province and
city (Wang et al., 2021). The calculation was based on the
following formul as Equations 4, 5 (Yan et al., 2023):

K � qi

∑qi
× 100 (4)

qi � Qi

Si
(5)

Where, K is the pollution load coefficient per unit area; qi is the
annual discharge per unit area of type i pollution of a city, t/km2; Qi

is the annual emissions of the i type of pollution in a certain city, t; Si
is the administrative area of a city, km2.

The impact degree of TN and TP on the environment of each
city was evaluated according to K value: K < 60, no threat to
the environment (Ⅰ level); 60 ≤ K < 80, slightly threatening to the
environment (Class II); 80 ≤ K < 100, posing a threat to
the environment (Ⅲ level); K ≥ 100, posing a serious threat to
the environment (Level IV) (Hou et al., 2022).

TABLE 1 Classification and value of output coefficient in Hebei Province [kg/(hm2·a)].

Type TN TP Data sources

Land use Cultivated land 19.34 1.69 Cheng et al. (2017), Xin et al. (2019), Hu et al. (2021)

Forestland 3.48 0.25

Livestock and poultry breeding Cattle 6.11 1.01

Pig 0.45 0.17

Sheep 0.23 0.045

Poultry 0.028 0.012

Rural life Rural Population 1.58 0.16 Xin et al. (2019), Hu et al. (2021)
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2.4 Pollution characteristics identification

Using SPSS software, the TN and TP pollution load of agricultural
land, livestock and poultry breeding and rural life were input, and the
pollution emissions characteristics were analyzed by hierarchical
clustering method. The leading factor of ANP change was the
pollution sources that contributed the most to the change of ANP
emissions, and the contribution rate was calculated according to the
percentage of each pollution sources ANP emissions value in the total
ANP emissions value. Using ArcGIS software, the temporal and spatial
characteristics of ANP emissions and equivalent pollution load of Hebei
province were carried out.

2.5 Data sources

In this study, 11 cities inHebei Provincewere selected as the research
objects to estimate and analyze the ANP pollution in Hebei Province.
Sources of pollution included agricultural land, livestock and poultry
farming and rural life pollution. Agricultural land was mainly divided
into cultivated land and forest land. Livestock and poultry breeding were
divided into cattle, pigs, sheep and poultry. The output coefficients were
from the manual of source production and discharge coefficient of
livestock and poultry breeding and Ministry of Environmental
Protection. The pollutant production data was mainly from Hebei
Rural Statistical Yearbook 2000-2021, which was published by Hebei
Province Bureau of Statistics. The total water resources data came from
Hebei Water Resources Bulletin of each year, which was published by
Department of Water Resources of Hebei Province.

3 Results and discussion

3.1 Change and characteristics of
ANP emissions

3.1.1 Analysis of ANP emissions change
According to Equation 1, TN and TP emissions generated by

cultivated land, forest land, livestock and poultry breeding and rural

domestic pollution in Hebei Province from 2000 to 2021 were
calculated. The TN and TP emissions in Hebei showed an
increasing trend from 2000 to 2006 (Figure 1), then slowly
rebounded after a sharp decline in 2007, and began to decline
again after 2017, reaching a minimum in 2021.

As can be seen from Figure 2A, TN emissions were sharply reduced
by 16.72% in 2007 compared to 2006, mainly because the contribution
of livestock and poultry breeding to TN emissions decreased
significantly, especially the number of cattle breeding decreased. The
reason might be that in recent years, the number of cattle breeding
decreased and the livestock pollution sources had gradually shifted from
decentralized breeding to large-scale breeding, which had gradually
reduced the pollution output load of livestock and poultry (Sun and Xu,
2013). From 2000 to 2021, the contribution rate of rural population to
TN emissions showed an increasing trend, while that of cattle and forest
land showed a decreasing trend, and the contribution rate of other
pollution sources to TN emissions was basically stable. In summary,
agricultural land contributed the most to TN emissions, followed by
livestock and poultry breeding, and rural population contributed
the least.

As seen in Figure 2B, TP emissions decreased even more
significantly in 2007, by 25.87% compared to 2006, which also
because the contribution of livestock and poultry breeding
decreased significantly. In general, livestock and poultry farming
contributed the most to TP emissions, contributing more than 58%.
The average contribution of rural land and rural population to TP
was 20.32% and 15.81% respectively. In livestock and poultry
breeding, pig and poultry were the main sources of phosphorus
emissions. The main reason was that Hebei was an important
livestock production base. With the rapid development of animal
husbandry, especially pigs and poultry breeding, large-scale,
specialized households and small area breeding had been
developed rapidly. However, the construction of livestock waste
treatment facilities was relatively backward and the treatment rate of
livestock and poultry pollution was low, resulting in the harmless
utilization rate of breeding waste was low (Tong et al., 2018).
Phosphorus element in feces was not effectively treated and
entered into the environment with wastewater and urine, which
had an impact on the water supply environment.

FIGURE 1
TN (A) and TP (B) emissions of Hebei Province from 2000 to 2021.
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3.1.2 Analysis of leading factors of ANP emissions
According to the changes of TN and TP emissions of various

pollution sources, the contribution rate of different pollution sources
to ANP emissions in Hebei Province from 2000 to 2021 was
calculated. The contribution rate of different pollutant types to
TN emissions in each city of Hebei Province from 2000 to
2021 was shown in Figure 2. In general, except Zhangjiakou, the
contribution rate of rural population to TN emissions in the other
10 cities showed an increasing trend over time, and the growth was
most obvious in Langfang, Shijiazhuang and Xingtai. Compared
with 2000, the contribution rate of rural population to TN of above
three cities in 2021 increased by 70.54%, 62.85% and 37.61%,
respectively, which curbing TN growth should focus on reducing
rural population pollution. In Chengde, Zhangjiakou, Qinhuangdao
and Baoding, the contribution rate of livestock and poultry farming
to TN emissions increased gradually over time. Compared with
2000, the contribution rate of livestock and poultry farming to TN of
the above four cities increased by 42.25%, 40.32%, 20.45% and 6.91%
respectively in 2021, which should focus on reducing the pollution of
livestock and poultry farming to curb the growth of TN. In
Shijiazhuang, Tangshan, Handan, Xingtai, Cangzhou, Langfang
and Hengshui, the contribution rate of livestock and poultry
farming to TN emissions gradually decreased over time, and the
increase was most obvious in Langfang, Xingtai and Shijiazhuang.
Compared with 2000, the contribution rate of livestock and poultry
farming to TN of the above three cities’ emissions in 2021 was
reduced by 40.46%, 31.18% and 28.36%, respectively. Compared
with 2000, the contribution rate of agricultural land to TN decreased
in Tangshan, Qinhuangdao, Handan, Baoding, Zhangjiakou and
Chengde in 2021, among which Qinhuangdao and Chengde were
the most obvious, with a decrease of 25.29% and 33.91%,

respectively. By 2021, Shijiazhuang, Tangshan, Qinhuangdao and
Chengde cities were dominated by livestock and poultry farming
emissions; Xingtai, Zhangjiakou, Cangzhou and Hengshui cities
were dominated by agricultural land emissions; Handan, Baoding
and Langfang cities were dominated by rural population emissions.

The contribution rate of different pollutant types to TP
emissions in each city of Hebei Province was shown in Figure 3.
From 2000 to 2021, the leading factors of TP emissions in different
cities showed consistency, that was, livestock and poultry farming
contributed the most to TP emissions, almost all of which were
above 50%. The contribution rate of agricultural land to TP
emissions in Xingtai, Chengde, Cangzhou, Langfang and
Hengshui was slightly higher than that of rural population. From
2000 to 2021, the contribution rate of rural population to TP
emissions in Zhangjiakou was about 10%, the contribution rate
of livestock and poultry farming to TP emissions showed an
increasing trend, and the contribution rate of rural population to
TP emissions showed a decreasing trend. From 2000 to 2021, the
contribution rate of rural population to TP emissions in
Zhangjiakou was about 10%, the contribution rate of livestock
and poultry farming to TP emissions showed an increasing trend,
and the contribution rate of rural population to TP emissions
showed a decreasing trend. Although agricultural land and rural
population had a certain impact on TP emissions, the focus should
be on reducing livestock and poultry pollution to curb the growth of
TP emissions.

3.1.3 Analysis of spatial-temporal characteristics of
ANP emissions

The TN and TP emissions data from 2000 to 2021 were added
into the regional administrative planning map by GIS software, and

FIGURE 2
TN emissions of different pollutant types in different cities of Hebei Province from 2000 to 2021.
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the spatial distribution map of TN and TP emissions were obtained
(Figure 4). The spatial difference of ANP emissions was large and the
spatiotemporal variation of TN and TP emissions were consistent,
that was TN and TP emissions in the southwest of Hebei Province
was generally higher than that in the northeast. The main reason was
that the agricultural production scale in Shijiazhuang, Handan,
Baoding, and Hengshui in the southwest of Hebei Province was
large, including large-scale planting and breeding. Additionally,
there was a significant use of chemical fertilizers, pesticides, and
agricultural film as inputs (Wang et al., 2010). The problem of
drought and water shortage in Hebei had become increasingly
prominent. Sewage irrigation had become a means to solve the
shortage of agricultural water resources. Sewage irrigation areas
were distributed in Baoding, Cangzhou, Shijiazhuang, Handan and
other places in the southwest of Hebei. This was consistent with
areas where TN and TP emissions were severe. Sewage may contain
various microorganisms, suspended solids, fertilizers, pesticides,
insoluble solids, and salts, and other pollutants. These pollutants
entered the surrounding water through surface runoff. Excessive
pollutants in wastewater would aggravate water pollution (Shao
et al., 2019). Zhangjiakou, Chengde and Qinhuangdao had the
smallest sewage irrigation area. The 2021 Hebei Rural Statistical
Yearbook indicated that the primary regions for fertilizer use were
still Shijiazhuang, Handan, Baoding, Hengshui, and other locations
in southwest Hebei. In agricultural practices, substantial amounts of
chemical fertilizers were applied, and the residual nitrogen and
phosphorus in the farmlands were washed into surface waters by
heavy rains and through agricultural drainage systems. This resulted
in an increased concentration of nitrogen and phosphorus in the
surface waters, leading to water eutrophication (Schipper
et al., 2008).

From 2000 to 2021, the TN emissions of the six southern
cities of Baoding, Shijiazhuang, Xingtai, Handan, Hengshui and
Cangzhou accounted for more than 61% of the province, and
reached a maximum of 65.3% in 2003. From 2000 to 2013, the TN
emissions of Shijiazhuang always ranked first in the province, and
the TN emissions of Baoding ranked second in the province.
Since 2006, the TN emissions of Shijiazhuang showed a
downward trend, especially after 2017, the decline was more
obvious. The main reason was that Shijiazhuang and Baoding
were the major grain and breeding counties in Hebei Province
(Wang and Jin, 2010), and the agricultural output value was high,
so the pollution emissions were high. From 2014 to 2021, the TN
emissions of Baoding maintained the first place in the province,
and the TN emissions of Shijiazhuang dropped to the second
place. TN emissions in Qinhuangdao had been the lowest in the
province from 2000 to 2021. The TN emissions of all cities in the
province decreased significantly since 2007, and the decrease in
Shijiazhuang was the most obvious, with a decrease of 28.74%
compared with 2006. Compared with 2000, TN emissions in the
whole province showed a downward trend, and the decrease rate
was the most obvious in Langfang, Shijiazhuang and Xingtai,
which were 34.92%, 34.14% and 20.43%, respectively.

From 2000 to 2021, the TP emissions of the six southern cities of
Baoding, Shijiazhuang, Xingtai, Handan, Hengshui and Cangzhou
accounted for more than 62% of the province, and reached the
maximum of 67.0% in 2023. From 2000 to 2021, the TP emission of
Shijiazhuang maintained the first place in the province. The TP
emissions of Handan from 2006 to 2016 ranked second in the
province, and the TP emissions of Baoding in other years ranked
second in the province. TP emissions in Qinhuangdao were the
lowest in the province from 2000 to 2021. The TP emissions of all

FIGURE 3
TP emissions of different pollutant types in different cities of Hebei Province from 2000 to 2021.
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cities in the province decreased significantly since 2007, and the
decrease in Shijiazhuang was the most obvious, with a decrease of
34.7% compared with 2006. Compared with 2000, TP emissions in
the whole province showed a downward trend, and the decrease rate

was the most obvious in Langfang, Shijiazhuang and Xingtai, which
were 42.54%, 39.42% and 22.21%, respectively.

According to the bulletin on the ecological environment of
Hebei Province in 2018, the water quality of the eight major

FIGURE 4
Spatial distribution of (A) TN and (B) TP emissions in Hebei province from 2000 to 2021 (t/a).
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TABLE 2 ANP emissions and contribution rate of various pollution sources in Hebei Province in 2021.

Region
TN

emissions (t)
TN emissions

intensity (t·km-2)
Contribution rate of TN emissions (%) TP

emissions (t)
TP

emissions
Intensity
(t·km-2)

Contribution rate of TP emissions (%)

Agricultural
land

Livestock Rural
domestic

Agricultural
land

Livestock Rural
domestic

Shijiazhuang 35279.47 2.51 0.27 0.40 0.33 6258.42 0.44 0.13 0.68 0.19

Tangshan 31433.05 2.35 0.31 0.42 0.27 5433.01 0.41 0.16 0.68 0.16

Qinhuangdao 12018.81 1.55 0.28 0.46 0.26 2296.28 0.30 0.13 0.73 0.14

Handan 35031.05 2.91 0.34 0.30 0.36 5764.04 0.48 0.18 0.60 0.22

Xingtai 29089.51 2.34 0.40 0.26 0.34 4386.26 0.35 0.23 0.54 0.23

Baoding 41081.21 1.86 0.32 0.30 0.38 6333.19 0.28 0.18 0.57 0.25

Zhangjiakou 32568.14 0.88 0.60 0.27 0.13 4293.02 0.12 0.39 0.51 0.10

Chengde 26782.06 0.68 0.31 0.51 0.18 4486.2 0.11 0.16 0.73 0.11

Cangzhou 33514.23 2.38 0.43 0.28 0.29 5397.26 0.39 0.23 0.59 0.18

Langfang 14904.73 2.32 0.36 0.28 0.37 2171.41 0.34 0.21 0.53 0.26

Hengshui 23323.84 2.65 0.46 0.29 0.25 3504.67 0.40 0.27 0.56 0.17

Hebei
Province

315026.10 1.68 0.37 0.34 0.29 50323.76 0.27 0.20 0.61 0.18
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river systems in the province was generally slightly polluted in 2018
(Department of Ecology and Environment of Hebei Province, 2019).
Among them, the water quality of Ziya River system was moderately
polluted, and the main pollutants were ammonia nitrogen and total
phosphorus. Ziya River flowed through Shijiazhuang, Hengshui,
Handan and other places, indicating that the ANP emissions in these
areas were high, which was consistent with the calculation results in
this paper. In summary, the emissions of TN and TP from non-point
sources were directly related to the level of local agricultural
development. Generally speaking, the higher the level of local
agricultural development, the more severe the ANP tended to be.
Shijiazhuang, Handan, Baoding, Hengshui and Cangzhou in the
southwest of Hebei Province were the key areas for non-point source
pollution control.

3.2 ANP emissions and
characteristic analysis

3.2.1 Analysis of ANP emissions
As shown in Table 2, the TN emissions of Hebei Province was

315,026.1 t in 2021, among which the emissions from agricultural
land, livestock and poultry breeding and rural life accounted for
37%, 34% and 29% respectively. The average value of TN
emissions in Hebei Province was 28,638.74 t, and the TN
emissions and intensity of Baoding, Shijiazhuang, Handan,
Cangzhou, Zhangjiakou, Tangshan and Xingtai were all higher
than the average value, indicating that these cities should pay
more attention to environmental carrying capacity and
sustainable development in the process of industrial
development. According to the contribution rates of TN
emissions of various pollution sources in Table 2, the sources
in different cities differed greatly. Among the above six cities,
Cangzhou, Zhangjiakou and Xingtai were dominated by
agricultural land, Shijiazhuang and Tangshan were dominated
by livestock and poultry breeding, and Handan and Baoding were
dominated by rural life, which was mainly related to the
agricultural production structure of each city.

As shown in Table 2 in 2021, the TP emissions in Hebei Province
was 50,323.76 t, and the emissions from agricultural land, livestock
and poultry breeding and rural life accounted for 20%, 61% and 18%
respectively. The average value of TP emissions in Hebei Province
was 4,574.89 t, and the TP emissions and intensity in Baoding,
Shijiazhuang, Handan, Tangshan and Cangzhou were all higher
than the average value. Combined with the conclusion of TN, the
conclusion was similar to that of TN, indicating the consistency of
ANP emissions in all cities in Hebei Province. According to the
contribution rate of TP emissions of various pollution sources in
Table 2, the proportion of emissions from livestock and poultry
breeding in each city was more than 50%.

3.2.2 Analysis of ANP unit area pollution load
coefficient

According to the analysis results of load coefficient per unit area
of Hebei cities in 2021, the spatial distribution of TN and TP in
different cities was basically the same (Table 3). In addition to
Zhangjiakou and Chengde, the remaining cities posed a certain
degree of threat to the environment. The TN and TP pollution in

Shijiazhuang, Tangshan, Handan, Xingtai, Cangzhou, Langfang and
Hengshui all posed a serious threat to the environment.

3.2.3 Analysis of equal standard pollution
load index

In 2021, the ranking of equal standard pollution load index of
TN and TP in each city was consistent. For the equal standard
pollution load index of TN and TP, Hengshui, Zhangjiakou,
Cangzhou and Langfang exceeded the national average, and the
average value of the above four cities was more than twice that of the
other seven cities (Table 3). The emissions and intensity of TN and
TP of Xingtai, Shijiazhuang and Tangshan were significantly higher
than the average of Hebei, but their equal standard pollution load
index was lower than the average of Hebei. It can be seen that
abundant water resources played a crucial role in reducing pollution
degree. The emissions and intensity of TN and TP in Langfang were
lower than the average of Hebei, but the equal standard pollution
load index was significantly higher than the average of Hebei, which
was directly related to the large total water resources and high water
environmental capacity.

3.2.4 Identification of pollution characteristics
According to the results of the cluster analysis of pollution

emissions characteristics (Figure 5), cities in Hebei Province were
divided into four categories: (1) Zhangjiakou city, where the
contribution of agricultural land to ANP was absolutely
dominant, had 50.9% of the pollution load of agricultural land
and other standards, which was inevitably related to more farmland
planting in this region. (2) In the cities where the contribution of
livestock and poultry breeding to ANP was absolutely dominant,
including Shijiazhuang, Tangshan, Qinhuangdao and Chengde, the
proportion of poultry breeding was 53.5%, 54.1%, 59.3% and 61.5%,
respectively. (3) The contribution of livestock and poultry breeding
to ANP was the main factor, and the proportion of agricultural land
was similar to that of agricultural life, including Handan, Xingtai,
Baoding and Langfang. (4) The contribution of agricultural land and
livestock breeding to ANP was the main factor, and the proportion
of livestock breeding was larger in the cities, including Cangzhou
and Hengshui. The main source of ANP pollution in Hebei was
livestock breeding. It was very important to strengthen the
management and pollution control of livestock breeding
pollution sources to solve the problem of agricultural non-point
source pollution in Hebei.

3.2.5 Analysis of spatial distribution change of ANP
equivalent pollution load

In 2000 and 2021, the equivalent pollution load of ANP of Hebei
was 64,876,968,344 m3and 56,664,486,813 m3, with the proportion
of TN and TP being 55.9% and 44.1% respectively. Fromwest to east,
the emissions of equivalent pollution load showed a decreasing
trend, which might be due to the large proportion of agriculture in
the western region and relatively backward industrial development,
while the eastern region was relatively developed in industrialization
and rich in water resources, resulting in relatively light ANP
pollution. In Hebei, the equivalent pollution load of TN was
higher than that of TP, and TN was the main source of ANP
pressure. As can be seen from Figure 6, Livestock contributed the
most to TP equivalent pollution load, and its contribution rate was
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significantly higher than that of agricultural land use and rural life in
different cities. The contribution rate of different pollutant types to
the pollution load of TN and other standards was inconsistent,
which was not uniform like TP. The maximum TN and TP
equivalent pollution load of Hebei in 2000 and 2021 respectively
appeared in Shijiazhuang and Baoding, which were the main areas of

ANP pollution. Compared with 2000, the contribution rates of
different types of pollutants to TN pollution load of each city
had little difference in 2021. The contribution rate of different
types of pollutants to the TP load varied greatly, especially the
contribution of livestock and poultry breeding to the TP
load increased.

TABLE 3 ANP unit area load coefficient and its classification and equal standard pollution load index in Hebei Province in 2021.

City Unit area
load

coefficien

Equal standard pollution load index

TN TP TN TP

Agricultural
land

Livestock Rural
domestic

Total Agricultural
land

Livestock Rural
domestic

Total

Shijiazhuang 123a 135.37a 2.15 3.19 2.59 7.93 0.93 4.79 1.31 7.03

Tangshan 115.26a 123.6a 2.09 2.80 1.85 6.74 0.91 3.98 0.94 5.83

Qinhuangdao 76.11b 90.22c 1.10 1.80 1.04 3.94 0.48 2.76 0.53 3.77

Handan 142.72a 145.69a 3.15 2.83 3.38 9.36 1.37 4.62 1.71 7.70

Xingtai 114.62a 107.23a 3.15 2.03 2.68 7.86 1.38 3.2 1.36 5.94

Baoding 91.18c 87.21c 2.80 2.69 3.38 8.87 1.22 3.91 1.71 6.84

Zhangjiakou 43.24 35.36 10.48 4.84 2.28 17.60d 4.56 5.89 1.16 11.61e

Chengde 33.19 34.49 1.20 1.95 0.69 3.84 0.52 2.34 0.35 3.21

Cangzhou 117.02a 116.92a 6.72 4.39 4.48 15.59d 2.93 7.35 2.27 12.55e

Langfang 113.78a 102.84a 4.58 3.54 4.73 12.85d 2.00 4.97 2.39 9.36e

Hengshui 129.86a 121.06a 8.38 5.16 4.54 18.08d 3.66 7.63 2.30 13.59e

In unit area load coefficien.
aRepresents serious threat.
bRepresents threat.
cRepresents slight threat, no.
dDoes not constitute threat. In equal standard pollution load index.
eRepresents above the average.

FIGURE 5
Equivalent pollution loadings cluster tree diagram.
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3.3 Evaluation

The results of the comprehensive evaluation of pollutants by
SPSS cluster analysis indicated that Hebei Province can be classified
into three categories based on the sources of ANP. The first category
was characterized by agricultural land pollution, primarily in
Zhangjiakou city, Cangzhou, and Hengshui. These areas had
common characteristics of large agricultural land area and high
fertilization intensity, it was necessary to prioritize implementing
appropriate cultivation and fertilization to reduce nitrogen and
phosphorus loss (Coelho et al., 2012). Notably, sewage irrigation
mainly taken place in Shijiazhuang, Baoding, Cangzhou, and
Handan, the direct use of unqualified sewage for farmland
irrigation should be strictly prohibited. The second type was the
pollution caused by the inadequate treatment of livestock and
poultry breeding, mainly in Shijiazhuang, Tangshan,
Qinhuangdao, and Chengde. In these areas, it was necessary to
scientifically optimize the layout of breeding farms, adopt clean
breeding technology, improve fecal waste treatment facilities, and
promote the utilization of fecal waste resources.

The third category was pollution from rural areas. Besides
Zhangjiakou, the contribution of the rural population to TN
emissions in the other 10 cities showed an increasing trend, with
the most significant growth observed in Langfang, Shijiazhuang, and
Xingtai. These areas had a large rural population base and
inadequate domestic sewage treatment facilities. Most areas

lacked drainage channels and sewage treatment devices, resulting
in unregulated discharge of domestic sewage (Bouwman et al., 2013;
Huang et al., 2013; Cheng et al., 2018). Considering the actual
situation in rural areas, it was recommended to construct sewage
treatment facilities based on local conditions such as small-scale
plants or constructed wetlands for effective domestic sewage
treatment. Additionally, efforts should be made to improve rural
toilets by promoting sanitary options to reduce fecal pollution and
implementing proper treatment and utilization methods for feces.

4 Conclusion

On the time scale, the TN and TP emissions load in Hebei
showed an increasing trend from 2000 to 2006, and began to decline
after a stable trend from 2007 to 2021. The main reason was that the
contribution of livestock and poultry farming to TN emissions had
decreased significantly, especially the number of cattle decreased. On
the spatial scale, the environmental impact of ANP emissions in
southwest Hebei was more serious than that in Northeast Hebei
Province. Accordingly, this region stood as the pivotal zone for the
management of ANP within Hebei Province. Livestock breeding was
the main source of ANP pollution in Hebei Province. Accordingly,
the critical measure to curtail the dissemination of ANP in Hebei
Province lay in the enhancement of livestock and poultry breeding
management practices.

FIGURE 6
TN and TP equivalent pollution load in (A) 2021 and (B) 2000.
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