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Abstract: Agricultural non-point source (ANPS) pollution has emerged as a significant factor influ-
encing water quality within watersheds. Understanding the spatial distribution and composition
of ANPS is crucial for effective river water quality management. Based on the statistical data of
28 districts and counties in the Tuojiang River Basin (TJRB), the load distribution characteristics
of total nitrogen (TN) and total phosphorus (TP) from ANPS were studied in this work by using
the pollutant discharge coefficient method. In 2018, ANPS contributed 60,888.92 tons of TN and
20,085.98 tons of TP to the TJRB. By 2019, the TN load had decreased to 57,155.44 tons, while the
TP load increased to 21,659.91 tons. Spatially, TN and TP loads follow a pattern of being lowest in
the upstream, intermediate in the downstream, and highest in the middle reaches. Planting sources
emerged as the primary contributors to TN and TP loads from ANPS in the TJRB, accounting for
61.43% and 77.39%, respectively. Rural living sources made a lesser contribution, at 20.23% for TN
and 9.15% for TP, while poultry and livestock farming sources accounted for 18.34% of TN and 13.46%
of TP loads. The analysis of grey water footprint (GWF) and water pollution level (WPL) revealed that
TN and TP loads continued to exert significant pressure on the TJRB’s water environment throughout
the study period. These findings offer valuable insights for enhancing water quality management in
the TJRB.

Keywords: agricultural non-point source; Tuojiang River Basin; total nitrogen; total phosphorus

1. Introduction

In recent years, growing environmental awareness has led to increased efforts to con-
trol pollutant emissions and combat water pollution, particularly focusing on addressing
point source pollution [1–3]. China’s second pollutant survey has revealed that non-point
sources (NPS) like agriculture, planting, aquaculture, and rural living have emerged as
the primary contributors to total nitrogen (TN) and total phosphorus (TP) pollution in the
country’s ecological environment [4–6]. Moreover, studies have shown that NPS pollution
has become the main source of surface water pollution in global rivers and lakes [7–10]. Fur-
thermore, China has conducted extensive research on nitrogen and phosphorus pollution
and its remediation over the past decades [11–13].

Due to the characteristics of NPS pollutants, such as diffusion, spatial heterogeneity,
source uncertainty, and regional variations in propagation processes [14], accurately quanti-
fying NPS pollutants and their effects on surrounding water is challenging [15]. Landscape
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patterns have been identified as a significant factor influencing NPS pollution, with various
landscape configurations having notable effects on NPS pollution dynamics [16,17]. For
instance, paddy fields can function as both sources and sinks for nitrate [18]. In the context
of the Tuojiang River, several studies have highlighted the pervasive issue of nitrogen and
phosphorus pollution [19–21]. The major contributors to TP emissions in the basin include
livestock breeding, agricultural activities, domestic sources, and industrial discharges, with
NPS accounting for 3.07 times more water TP than point sources [22]. Wang et al. [23] have
proposed the division of watersheds into distinct ecological regions based on hydrological
and geostatistical analyses, as well as cluster analysis, to better understand the transport
characteristics of NPS pollutants on a catchment scale. Acosta et al. [24] have demonstrated
that environmental pressures significantly influence the diffusion and transfer of pollutants
within a watershed’s ecological environment. In addressing NPS pollution, conventional
control measures have limitations, but large-scale constructed wetlands have emerged as
effective bioengineering solutions [25]. Additionally, the implementation of best manage-
ment practices and appropriate engineering measures has yielded remarkable results in
NPS pollution control and nutrient load reduction, garnering widespread recognition as
effective approaches [26].

Given the intricate nature of NPS pollution, assessing its impact on the water en-
vironment has been an arduous endeavor. Scholars have introduced the concept of the
grey water footprint (GWF) to grapple with this challenge [27–31]. The GWF facilitates
the conversion of pollutant quantities into equivalent volumes of freshwater, offering a
quantitative framework for assessing NPS pollutant characteristics alongside local surface
water resources [32]. Feng et al. [33] delved into GWF research in China, focusing on
parameters such as chemical oxygen demand (COD), ammonia nitrogen (NH3-N), TN, and
TP. Their findings highlighted that the shift in the dominant pollutant from COD to TN
in China was largely attributed to increased nitrogen fertilizer usage. Similarly, Aldaya
et al. [31] studied surface water in Spain and found that regions with stronger agricultural
activities had larger GWF, and about 64% of the nitrogen load originated from agricultural
fertilizers. Additionally, some studies have suggested that adopting a multi-parameter
GWF approach provides a more precise method for evaluating the impact of NPS pollution
on the water environment [34–36].

The Tuojiang River is a vital tributary of the upper Yangtze River, and the water re-
sources within the Tuojiang River Basin (TJRB) play a pivotal role in the economic and social
development of the entire Sichuan Basin. In the TJRB, industry and agriculture coexist, cre-
ating a complex economic landscape alongside significant water environmental challenges.
Extensive research has been conducted on pollution sources [20] and water quality [37] in
the Tuojiang River, revealing nitrogen and phosphorus areas as the main pollutants [38–40].
The presence of nitrogen and phosphorus not only triggers water body eutrophication but
also poses a substantial threat to the well-being of residents. For instance, severe phospho-
rus pollution has afflicted Lake Dianchi, leading to significant ecological and environmental
issues [41,42]. However, there is limited information available regarding the composition
and characteristics of TN and TP loads from agricultural non-point sources (ANPS) in
the TJRB. Investigating the distribution, composition, and characteristics of TN and TP
loads from ANPS within the TJRB can help formulate effective management and control
measures, improve water resource utilization efficiency, and ensure the environmental
security of the basin.

Based on the above considerations and using the statistical data from 28 districts and
counties within the TJRB for the years 2018–2019, the primary objectives of this study
were as follows: (1) To calculate and analyze the TN and TP loads originating from ANPS
in the TJRB using the pollutant discharge coefficient method, while also examining their
temporal and spatial variations as well as their composition characteristics. (2) To calculate
the characteristics of GWF and Water Pollution Level (WPL) of ANPS in the TJRB based on
the total surface water resources.
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2. Material and Methods
2.1. Study Area

The TJRB (Figure 1) serves as a crucial water source for Sichuan Province and is an
integral part of the Yangtze River Economic Belt. It encompasses seven cities, namely
Deyang, Chengdu, Meishan, Ziyang, Neijiang, Zigong, and Luzhou, along with 28 county-
level administrative regions. Spanning a total length of 627.4 km and covering a drainage
area of 27,860 km2, the TJRB stands out as the most densely populated urban area and the
most developed industrial and agricultural production region in Sichuan Province [22,37].
The population residing in the TJRB accounts for 26.2% of the entire province, contributing
significantly to the region’s total economic output of 30.0%. Land utilization within the
TJRB primarily comprises woodland and cultivated land, collectively occupying over 90%
of the basin’s total land area [38].
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Figure 1. Distribution of Tuojiang River Basin and 28 districts and counties.

2.2. Data and Parameters

In this work, ANPS TN and TP loads mainly originate from three sources: plant-
ing sources, poultry and livestock farming sources, and rural population living sources.
The TN and TP loads were estimated using pollutant emission factors and ANPS data.
This data primarily includes information about rural populations, total surface water re-
sources, fertilizer application, and livestock production for each district and county in
the TJRB for the years 2018 and 2019. The data sources encompass the Sichuan Statistical
Yearbook [43,44], the Changjiang and Southwest Rivers Water Resources Bulletin [45,46],
Statistical Yearbooks and Water Resources Bulletins of the 28 districts and counties in the
TJRB and the statistical bulletin of national economic and social development for these
same 28 districts and counties. Based on the China pollution source census dataset [47],
combined with existing literature [48], along with the penetration rate of sanitary latrines
in rural areas of Sichuan Province, the TN and TP emissions and the loss coefficients into
the river for domestic sewage, domestic garbage, human manure, and urine in the TJRB
were determined.



Water 2023, 15, 3503 4 of 18

2.3. ANPS TN and TP Calculation

Utilizing the pollutant discharge coefficient method and integrating data on fertil-
izer consumption, rural population, and livestock production in the TJRB, nitrogen and
phosphorus emissions from rural living, planting, poultry, and livestock farming sources
were calculated.

2.3.1. Planting Source

The emissions of TN and TP from planting sources can be determined using
Equations (1) and (2), respectively, while the amounts of TN and TP that enter the river are
calculated using Equations (3) and (4), respectively.

FN = NF + CF × 0.3 (1)

FP = NP + CF × 0.3 (2)

FNR = FN × η (3)

FPR = FP × η (4)

where FN represents the total nitrogen emission of planting source (t), NF represents the
amount of nitrogen fertilizer (t), FP represents the total phosphorus emission from planting
source (t), NP represents the amount of phosphate fertilizer (t), CF represents the amount
of compound fertilizer (t), FNR represents the total nitrogen that enters the river (t), FPR
represents the total phosphorus that enters the river (t), η represents the loss coefficient into
the river, which is 0.12 [49].

2.3.2. Rural Living Source

Nitrogen and phosphorus production from rural living sources encompasses three
components: domestic sewage, solid waste, and human excrement. The TN and TP
emissions from rural living sources are represented using Equation (5), and the TN and TP
entering the river are described using Equation (6).

DW = PC1 + PC2ρ + PC3 (5)

DWR = PC1(1 − ϕ)µ + PC2λρ + PC3β (6)

where DW represents the TN and TP emissions from rural living sources (kg), while DWR
represents the amount of TN and TP entering the river from rural living sources (kg). P
denotes the rural population, C1 represents TN and TP emissions in domestic sewage
per person per day (g/(person day)), ϕ represents domestic sewage treatment rate, µ is
the coefficient for domestic sewage entering the river, C2 denotes TN and TP content in
solid household waste of rural residents, ρ represents the solid waste emission coefficient
(kg/(person-year)), λ represents the coefficient of household waste entering the river, C3
stands for TN and TP emissions in human manure and urine (g/(person day)), and β
represents the loss coefficient of human excrement into the river.

Based on the China pollution source census dataset [47] and the Sichuan Ecology
and Environment Statement [50], C1 for TN and TP in the TJRB was determined to be
1.42 kg/a and 0.107 kg/a, respectively, with a ϕ value of 25.73%. Additionally, based on
references [48,49], C2 was determined to be 0.455% for TN and 0.117% for TP, with a ρ
value of 186.15 kg/(person a). TN and TP emissions per capita in human manure were
3.06 kg/a and 0.524 kg/a, respectively. The discharge coefficients of domestic sewage,
domestic garbage, and fecal urine into the river were set as µ is 30%, λ is 20%, and β is10%,
respectively [47,51].
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2.3.3. Poultry and Livestock Farming Source

According to the statistical almanac of each county in the TJRB, the amount of TN
and TP load produced by cattle, sheep, poultry, and swine was calculated to represent
the pollution load of poultry and livestock farming sources in the basin. The TN and TP
emissions of poultry and livestock farming sources are shown in Equation (7), while the
amounts of TN and TP in the river are shown in Equation (8).

LFi = ∑QkRik (7)

LFRi = ∑QkRik × α (8)

where LFi represents the TN and TP emission of poultry and livestock farming source (kg),
Qk represents the breeding quantity of the k kind of livestock (head), Rik represents the TN
or TP emission coefficient of type k livestock (kg/head a), LFRi represents the amount of
TN and TP entering the river from poultry and livestock farming source (kg), α represents
the loss coefficient into the river of poultry and livestock farming source.

The emissions and discharge coefficients of livestock in the TJRB were determined
based on the Second National Survey of Pollution Sources in China [47] and studies [49,52,53],
the emissions and discharge coefficients of livestock in the TJRB were determined. Detailed
values are provided in Table 1.

Table 1. TN and TP emissions coefficient and loss coefficient into the river of livestock and poultry
farming source.

Emission
Coefficient of TN

(g/Head Day)

Loss Coefficient
into the River

of TN (%)

Emission
Coefficient of TP

(g/Head Day)

Loss Coefficient
into the River

of TP (%)

Swine 19.74 5.25 4.84 5.25
Cattle 104.1 5.68 10.17 5.5
Sheep 14.91 5.3 1.99 5.2

Poultry 0.96 8.47 0.15 8.42

2.4. Grey Water Footprint

The GWF is defined as the pollution load divided by the difference between the
standard threshold of the parameter and the natural background value [54]. The water
quality function zone of the TJRB mandates that water quality meets the standard values
set in the third category of the “Environmental Quality Standards for Surface Water” of
China. Therefore, when calculating the GWF for ANPS pollution in the TJRB, its standard
threshold is defined as the third category water standard value. The GWF is represented by
the formula:

GWFi = Li/(Cmax − Cnat) (9)

where GWFi represents the gray water footprint of TN or TP (m3/a), Li represents the
non-point source pollution load of TN or TP (kg/a), and Cmax represents the maximum ac-
ceptable concentration of nitrogen and phosphorus pollution in the basin. In this work, it is
defined as the third category water standard value. Cnat represents the natural background
value of TN and TP in the basin. In this work, Cnat = 0.

Another indicator, WPL, is used to assess the degree of freshwater pollution based on
the GWF. It represents the ratio of the GWF to the total water resources in the basin. The
interpretation of WPL values is as follows: WPL < 1 indicates that the basin still has the
ability to assimilate and absorb pollutants, WPL = 1 indicates that the assimilation capacity
of the basin has been exhausted, and WPL > 1 indicates that the assimilation capacity of
sewage in the region is insufficient. A larger WPL value indicates a higher degree of water
pollution. The formula for calculating WPL is as follows:

WPL = GWF/TR (10)
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where TR is the total amount of surface water resources in the region (m3).
The details of the parameters are provided in Table S1.

3. Results
3.1. TN and TP Emissions from ANPS in the TJRB
3.1.1. TN and TP Emissions from Planting Source

The TN load in the TJRB decreased from 38,000 t in 2018 to 36,000 t in 2019, while the
TP load increased from 15,000 t to 17,000 t. Figure 2 shows the amount of nitrogen and
phosphorus inflow into the TJRB in each district and county.
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In 2019, a total of 92.9% of districts and counties in the TJRB showed varying degrees
of reduction in TN load, among which Shizhong District, Weiyuan County, Longchang
City, and Jiangyang District had the largest reduction, reaching 12.77%, 15.18%, 15.70%,
and 15.74%, respectively. In terms of TP load, only 10.7% of districts and counties saw a
slight decrease in 2019, but Jiangyang District saw a larger decrease in TP load in 2019,
reaching 27.9%. Among the 28 districts and counties, the TN and TP load of Jianyang City,
Renshou County, and Zizhong County is much greater than that of other districts and
counties. Neijiang, Chengdu, Deyang, Meishan, and Zigong have the highest TN and TP
load in the basin. As shown in Figure S1, the contribution rate of each city to TN and TP
load did not change significantly (p > 0.05) during the study period.
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3.1.2. TN and TP Emissions from Rural Living Source

Figure 3 displays the TN and TP inflow into the TJRB for each district and county
from rural living sources. The TN load in the TJRB decreased from 11,712.67 tons in
2018 to 11,217.60 tons in 2019, while the TP load decreased from 1774.8 tons in 2018 to
1699.78 tons in 2019. During the study period, only Luxian County and Yanjiang District
showed a slight upward trend in TN and TP load, while the other 26 districts and counties
experienced varying degrees of reduction in N and P loads. Jianyang City achieved the
most significant reduction, with a decrease of 50.25%. Notably, Renshou County and Anyue
County exhibited the highest TN and TP loads, with both counties surpassing 1000 tons of
TN and 150 tons of TP during the study period, significantly exceeding the loads in other
counties. Conversely, Ziliujing District and Longmatan District had the smallest TN and TP
loads from rural living sources, with TN loads below 100 tons and TP loads below 15 tons
in both 2018 and 2019.
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Table S2 provides the distribution of TN and TP loads from rural living sources in
the TJRB. The data in Table S2 reveals that nitrogen and phosphorus loads decreased
to varying degrees in most cities of the TJRB in 2019. However, Luzhou saw a slight
increase in nitrogen and phosphorus loads. Among the cities, Ziyang and Neijiang had
the largest nitrogen and phosphorus loads, each accounting for approximately 20%. In
contrast, Deyang, Meishan, and Luzhou had the lowest nitrogen and phosphorus loads,
each accounting for less than 10%. This distribution pattern generally aligns with the trend
of lower nitrogen and phosphorus loads in the upper and lower reaches and higher loads
in the middle reaches.
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3.1.3. TN and TP Emissions from Poultry and Livestock Farming Source

The quantity of poultry and livestock farming varies greatly among districts and
counties in the TJRB, resulting in varying TN and TP loads brought by poultry and livestock
farming. The spatial distribution of TN and TP loads in each district and county within the
river basin is depicted in Figure 4. In 2018, TN and TP loads from poultry and livestock
farming in the TJRB were 11,412 tons and 2798.1 tons, respectively. However, in 2019,
these loads decreased to 9860.4 tons for TN and 2417.7 tons for TP. Table S3 provides the
proportion of TN and TP loads from poultry and livestock farming in each city within
the basin.
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In 2019, TN and TP loads from poultry and livestock farming in all cities of the TJRB
decreased to varying degrees, with the most significant decreases observed in Chengdu and
Ziyang cities, reaching 32.7% and 30.8%, respectively. The largest TN and TP loads from
poultry and livestock farming in the TJRB were found in Ziyang, Neijiang, Chengdu, and
Deyang. On a more specific level, only Jingyang District, Qingbaijiang District, Da’an Dis-
trict, and Longmatan District witnessed an increase in TN and TP loads in 2019 compared
to 2018, while the remaining 85.7% of districts and counties experienced a decreasing trend.

To further explore the composition and characteristics of TN and TP loads from poultry
and livestock farming in TJRB, TN and TP loads produced by swine, cattle, sheep, and
poultry farming were calculated individually, as shown in Figure 5. TN and TP loads in
each district and county within the TJRB were primarily attributed to poultry and swine
breeding, followed by sheep and cattle farming. In 2018, TN and TP loads from swine,
cattle, sheep, and poultry breeding constituted 42.71%, 10.56%, 10.11%, and 36.62% of the
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poultry and livestock farming TN and TP loads, respectively. In 2019, these figures shifted
to 34.14%, 12.85%, 10.90%, and 42.11%, respectively. In summary, TN and TP loads from
swine breeding decreased in 2019 compared to 2018, while TN and TP loads from poultry
farming increased by 5.49% in 2019. Furthermore, the proportion of TN and TP loads from
cattle and sheep farming exhibited minimal fluctuations during the study period.
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Figure 5. Composition of TN and TP loads of the poultry and livestock farming source in the TJRB, 
(a,c): 2019; (b,d): 2018. 
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Figure 5. Composition of TN and TP loads of the poultry and livestock farming source in the TJRB,
(a,c): 2019; (b,d): 2018.

3.1.4. TN and TP Emissions from ANPS

Figure 6 illustrates the spatial distribution of ANPS TN and TP loads within the
TJRB. In 2018, the ANPS TN and TP loads in the TJRB amounted to 60,888.92 tons and
20,085.98 tons, respectively. The TN load decreased to 57,155.44 tons in 2019, while the
TP load increased to 21,659.91 tons. Throughout this study period, 92.9% of districts and
counties witnessed varying degrees of TN load reduction, with Jianyang City registering
the most significant decrease at 20.15%. In contrast, only 21.43% of districts and counties
experienced a decrease in TP load, with Jiangyang District leading the way at 24.59%. The
TN load varied significantly among the districts and counties in the TJRB, with those in the
middle and lower reaches showing higher TN loads. In 2018, several districts and counties
had TP loads exceeding 1000 tons, including Jianyang City, Renshou County, Dongxing
District, Zizhong County, Rongxian County, and Fushun County.
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Figure 6. The spatial distribution of ANPS TN and TP loads, (a,c): 2019; (b,d): 2018.

Figure 7 reveals the composition characteristics of TN and TP loads in the TJRB.
As observed, the planting source contributes the most to TN load in the TJRB, followed
by rural living sources, while poultry and livestock farming sources make the smallest
contribution. The TP load distribution follows the order of planting source > poultry and
livestock farming source > rural living source. The planting source emerges as the primary
contributor to both TN and TP loads from ANPS in the TJRB, with an average contribution
of 61.43% and 77.39%, respectively. Conversely, rural living sources account for only 20.23%
of TN loads and 9.15% of TP loads on average, while poultry and livestock farming sources
contribute 18.34% of TN loads and 13.46% of TP loads on average.

3.2. GWF and WPL of ANPS in the TJRB
3.2.1. GWF and WPL of Planting Source

Table S4 illustrates the GWF of TN and TP of planting sources in the TJRB. Since
the GWF of TN was smaller than that of TP, the GWF of TP was adopted for subsequent
analyses to evaluate the ANPS TN and TP pollution from the planting source. In 2018,
the GWF of the planting source in the TJRB ranged from 4.44 to 8.091 billion m3, with
a total of 77.566 billion m3. By 2019, the GWF of the planting source had increased to
87.712 billion m3. From the perspective of distribution characteristics of the GWF in TJRB,
it’s worth noting that only 10.71% of districts and counties experienced a reduction in their
GWF levels compared to those in 2018.
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Figure 7. The composition characteristics of ANPS TN and TP loads, (a,c): 2019; (b,d): 2018. 
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Figure 7. The composition characteristics of ANPS TN and TP loads, (a,c): 2019; (b,d): 2018.

The spatial variation of WPL from the planting source in 2018 and 2019 in the TJRB
is depicted in Figure 8. Notably, the WPL of the planting source across the TJRB consis-
tently exceeded 1, with Lezhi County and Longquanyi District being the only exceptions,
registering values less than 2. Conversely, Zizhong County exhibited significantly higher
WPL values, reaching 29.23 in 2018 and 29.86 in 2019. These observations underscore the
persistence of TP pollution pressure stemming from the planting industry in the Tuojiang
River Basin.

3.2.2. GWF and WPL of Rural Living Source

The GWF values for TN and TP of rural living sources in the TJRB are shown in
Table S5. Since the GWF for TN was greater than that for TP, the GWF for TN was used
to assess nitrogen and phosphorus pollution from rural living sources. In 2018, the GWF
for rural living sources in the TJRB amounted to 11.713 billion m3. However, it decreased
to 11.218 billion m3 in 2019, with 89.3% of districts and counties in the TJRB experiencing
varying degrees of reduction in GWF in 2019. When examining the spatial distribution
of GWF, it is notable that Anyue County, situated in the middle reaches of the TJRB,
generally exhibited higher values. In contrast, Qingbaijiang District in the upstream and
Ziliujing District in the downstream displayed relatively lower GWF values. Specifically,



Water 2023, 15, 3503 12 of 18

the GWF for Ziliujing and Longmatan Districts did not exceed 100 million m3 throughout
the study period.
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Figure 9 shows the spatial variation in WPL for rural living sources in the TJRB. The
average WPL for the TJRB was 1 in 2018 and decreased to 0.98 in 2019. Interestingly, there
is a discernible difference between the spatial distribution of WPL and the TN and TP loads
from rural living sources. Specifically, WPL tends to be higher in the middle and lower
reaches of the TJRB compared to the upper reaches. This pattern is closely related to the
distribution of total surface water resources in the TJRB.
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3.2.3. GWF and WPL of Poultry and Livestock Farming Source

The GWF of TN and TP of poultry and livestock farming sources in the TJRB are shown
in Table S6. Since the GWF of TP surpassed that of TN, the GWF of TP was employed to
assess the nitrogen and phosphorus pollution stemming from poultry and livestock farming
sources. The GWF of poultry and livestock farming sources in the TJRB witnessed a decline
from 13.990 billion m3 in 2018 to 12.088 billion m3 in 2019, signifying an amelioration in
nitrogen and phosphorus pollution attributed to this source during the study period. The
spatial distribution of the GWF for poultry and livestock farming sources mirrors that of
the rural living source, with higher values observed in the middle reaches and relatively
lower ones in the upper and lower reaches of the TJRB.

Figure 10 delineates the spatial variation of WPL originating from the poultry and
livestock farming source in the TJRB. In 2018, the WPL across the TJRB ranged from 0.25
to 2.05, with an average of 1.14. Conversely, in 2019, the WPL spanned from 0.35 to
2.65, with an average of 1.07. Notably, Figure 10 illustrates a gradual decline in WPL
attributable to the poultry and livestock farming source during the study period, indicating
a progressive improvement in TN and TP pollution arising from this source within the TJRB.
Furthermore, the spatial distribution of WPL within the poultry and livestock farming
source was characterized by lower values in the upper and middle reaches and higher
values in the lower reaches.
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3.2.4. GWF and WPL of ANPS

Table S7 displays the GWF of ANPS in the TJRB. Considering that the GWF of TP
was larger than that of TN, the GWF of TP was used to assess ANPS TN and TP pollution
in the TJRB. The GWF of ANPS pollution in the TJRB increased from 100.430 billion m3

in 2018 to 108.30 billion m3 in 2019. This increase is primarily attributed to the planting
source. Renshou County had the highest GWF during the study period, with figures of
99.95 billion m3 in 2018 and 11.083 billion m3 in 2019. In contrast, Ziliujing and Longquanyi
districts maintained GWF levels below 1 billion m3 throughout the study.

Figure 11 illustrates the distribution of WPL for ANPS TN and TP in every district and
county within the TJRB. In 2018, the average WPL for all districts and counties in the TJRB
stood at 9.22, but this figure rose to 10.02 in 2019. This indicates that the pressure exerted
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by TN and TP loads on the water environment in the TJRB continued to intensify over the
study period. Additionally, all counties displayed WPL values exceeding 1 during this
period, signifying that the TJRB’s capacity to absorb nitrogen and phosphorus pollution
from ANPS has been depleted.
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4. Discussion
4.1. TN and TP Loading Characteristics of ANPS

Studies have highlighted that TP pollution from ANPS in the TJRB surpasses that
from point sources by a factor of 3.7 [22]. Concurrently, Xiao et al. [39] have conducted
calculations regarding TN pollution loads from ANPS in the TJRB, reaffirming that poultry
and livestock farming and planting constitute significant contributors. The findings from
this study aligned with prior research, indicating that planting sources primarily account
for TN and TP loads from ANPS in the TJRB, with respective average contributions of
61.43% and 77.39%. Given the marked nitrogen and phosphorus pollution induced by an-
thropogenic activities in the TJRB [21,40,55], the management of nitrogen and phosphorus
loads stemming from ANPS assumes paramount importance. Notably, the spatial distri-
bution characteristics of TN and TP loads in the Tuojiang River closely resembled those
of nitrogen and phosphorus fertilizers. Additionally, the nitrogen and phosphorus load
associated with planting sources has exhibited no significant reduction, likely attributable
to farmers’ fertilization practices in the TJRB, which may lack sufficient guidance. The nitro-
gen and phosphorus load and pollution stemming from the planting source correlate with
rainfall and the total surface water resources in the TJRB [23]. Therefore, it is imperative to
strengthen fertilizer management, adjust application practices, and formulate guidelines
based on local soil characteristics. The nitrogen and phosphorus loads from rural living
sources in the TJRB are closely linked to the rural population in each district and county.
Additionally, these loads are expected to decrease further as Sichuan Province enhances
the rural living environment, providing more households with access to sanitary facilities
and improving domestic sewage treatment rates [56]. Poultry and livestock farming is
well-developed in the TJRB, contributing significantly to nitrogen and phosphorus pollu-
tion, which has led to water quality deterioration in the Tuojiang River [22]. In this study,
the contribution of poultry and livestock farming sources to TN and TP loads gradually
decreased, and the composition of nitrogen and phosphorus loads from this source changed
over the study period. In summary, the study period witnessed an increase in the planting
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source, a decrease in the poultry and livestock farming source, and a relatively stable rural
living source, shaping the composition of ANPS TN and TP loads in the TJRB. The spatial
distribution of TN and TP load composition indicates that the heaviest load is in the middle
reaches of the TJRB, with smaller loads in the upper and lower reaches.

WPL serves as an indicator of a region’s capacity to absorb and assimilate pollutants.
However, the varying pollutant loads and total surface water resources in different districts
result in spatial variations of WPL within the TJRB. The spatial distribution of the GWF for
ANPS TN and TP loads in the TJRB follows a pattern, with lower values in the upstream
areas, intermediate values in the downstream areas, and higher values in the middle reaches.
This distribution divergence in GWF and WPL across the basin primarily arises from
two factors: differences in TN and TP loads among districts and counties and disparities in
the total surface water resources available in each area.

4.2. Damage to Water Quality of Tuojiang River by ANPS

The counties with high TN and TP loads during the study period were primarily
situated in the middle and lower reaches of the TJRB. Our earlier research has also demon-
strated that TN and TP concentrations in the middle and lower reaches of the Tuojiang
River were significantly higher (p < 0.05) than those in the upper reaches [20]. Furthermore,
the spatial distribution of areas with high TN and TP concentrations in the Tuojiang River
closely mirrored the spatial distribution of TN and TP loading from ANPS. Past studies
have consistently identified ANPS as the primary source of pollution in the TJRB [20,38]. TP
and TN represent the predominant pollutants in the Tuojiang River, exerting a significant
influence on water quality classification. During the study period, TN and TP concentra-
tions exhibited seasonal variations, with higher concentrations recorded during spring and
summer compared to autumn and winter. Given that ANPS primarily contributes to TN
and TP loads via planting activities, which are concentrated in spring and summer, the
seasonal concentration patterns are closely linked to ANPS-driven TN and TP loads.

4.3. Management Strategies and Recommendations

The ANPS nitrogen and phosphorus load in TJRB is significantly influenced by popula-
tion size, particularly the density of the agricultural population, which results in substantial
rural pollutant discharge. The low treatment rate of rural domestic sewage, currently
below 30% in TJRB, underscores the need for local decision-making authorities to intensify
efforts in controlling domestic pollution and enhancing the environmental awareness of
the rural population to ameliorate rural environmental conditions. Moreover, prioritizing
source control and pollution management, expediting the development of environmental
protection infrastructure, and accelerating the construction of urban and rural domestic
waste sewage treatment facilities are recognized as highly effective means to reduce the
ANPS nitrogen and phosphorus load in the TJRB. Given that agricultural fertilizer stands
as the primary source of nitrogen and phosphorus load in TJRB, government departments
should provide guidance on the judicious use and frequency of agricultural fertilizers to
prevent excessive usage. Notably, ANPS pollution is inherently challenging to control due
to its random, uncertain, and heterogeneous nature. Traditional control measures often
fall short of achieving desired outcomes for ANPS pollution. Nevertheless, large-scale
constructed wetlands have emerged as effective bioengineering solutions for addressing
NPS pollution [25], with best management practices and suitable engineering interventions
yielding notable results in reducing nutrient load [26]. Therefore, strengthening the control
of ANPS TN and TP loads demands a two-pronged approach: source reduction and the
implementation of appropriate management and remediation measures.

5. Conclusions

In this work, the assessment of ANPS pollution in the TJRB was conducted, focusing
on TN and TP loads from planting sources, rural living sources, and poultry and livestock
farming sources across 28 districts and counties. The analysis delved into the spatial and
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temporal distribution variations and the compositional structure of TN and TP loads stem-
ming from ANPS. Furthermore, the GWF theory was employed to provide a quantitative
assessment of nitrogen and phosphorus pollution levels in different districts and counties
within the basin. Key findings include:

(1) In 2018, the ANPS TN and TP loads in the TJRB totaled 60,888.92 tons and 20,085.98 tons,
respectively. Subsequently, while TN loads decreased to 57,155.44 tons in 2019, TP
loads increased to 21,659.91 tons. Among the districts and counties, Jianyang City,
Renshou County, Dongxing District, and Zizhong County exhibited the heaviest
ANPS TN and TP pollution, while Qingbaijiang District, Longquanyi District, Ziliujing
District, and Longmatan District experienced relatively lighter ANPS TN and TP pol-
lution levels. The distribution of ANPS TN and TP loads in the TJRB followed the
pattern of being lowest in the upstream, intermediate in the downstream, and highest
in the middle reaches.

(2) Planting sources emerged as the primary contributors to TN and TP loads from ANPS
in the TJRB, accounting for an average of 61.43% and 77.39%, respectively. In contrast,
rural living sources and poultry and livestock farming sources made comparatively
smaller contributions, with average percentages of 20.23% and 9.15% for TN loads
and 18.34% and 13.46% for TP loads, respectively.

(3) The analysis employing GWF and WPL indicators pointed to a continual rise in
water environment pressure caused by TN and TP loads in the TJRB during the
study period. Additionally, the WPL value of all the counties exceeded 1, indicating
that the absorption capacity of the TJRB to the TN and TP loads from ANPS had
been exhausted.
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