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in non-point source pollution (NPS), significantly impacting soil and water quality. This study
performed a case study on an ecological environment functional zone at the northern foot of
Spatiotemporal change characteristics Qinling Mountains, an area strongly affected by human activities and land use changes. It
Heihe watershed employed an improved potential non-point pollution index (PNPI) model to analyze potential
Qinling mountains non-point source pollution (PNPS) and associated risk evolution characteristics in watershed over
the past 30 years. The results indicate that from 1990 to 2020, the dominant land use categories
were forest and arable land, making up 95 % of the entire watershed area. Notably, urban resi-
dential land presented the most significant expansion rates and nearly doubled in area between
1990 and 2020, whereas shrubland, grassland, and unused land showed a decreasing trend. With
the application of the quantile classification method, PNPS risk values were divided into five
categories: very low, low, moderate, high, and very high. A polarized trend in risk was observed,
with increases in areas influenced by human activities and rapid expansion of very high-risk
regions. Concurrently, the pollution risk in the upstream water source area decreased. In
recent years, accelerated urbanization has been the main driver causing expansion of high PNPS
risk regions. This study explores the spatial and temporal evolution of PNPS risk in the Heihe
Basin by using an improved PNPI model. The improved model is more accurate in calculations
and provides a better understanding of the distribution of PNPS, which is an important reference
for watershed management and water resource governance.

1. Research background

Northern China is currently experiencing a natural shortage of water resources, and the quality of surface water and groundwater in
watersheds is being increasingly threatened by climate change and large-scale urbanization. Currently, the scarcity of water resources
and water pollution have become severe challenges for achieving economic and social sustainable development to build a ‘Beautiful
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China’ [1]. Watershed pollution sources generally include point and non-point sources. Due to fixed pollution source origins and
easy-to-implement monitoring methods, point source water pollution in watersheds has been effectively controlled in recent years
through the joint efforts of the government at various levels and research institutions. In contrast, non-point source pollution (NPS) in
watersheds is widespread and decentralized, making it more complex to identify, control, and govern. As a result, NPS has become a
bottleneck in improving the water environment quality of watersheds [2,3]. NPS mainly originates from various pollutants present in
run-off generated from farmland, urban areas, and other sources [4,5]. Effective management measures are essential for controlling
non-point sources. It has been demonstrated that initiatives such as land use planning, sustainable agriculture and optimal land
management are effective in reducing the impact of NPS in watersheds [5-7]. The most significant factor influencing changes in NPS is
land use change. Consequently, research on the relationship between land use change and NPS is becoming increasingly pertinent
[8-10].

Quantifying NPS is essential for effectively controlling this type of pollution in watersheds. Significant advances have been made in
recent years in the analysis and modelling of NPS, employing remote sensing, catchment modelling and field sampling [11-18].
However, accurately quantifying the sources and effects of NPS remains highly challenging [19]. Currently, most non-point source
quantification methods are model-based, with the Soil & Water Assessment Tool (SWAT), Answers Areal Nonpoint Source Watershed
Environment Response Simulation (ANSWERS), Annualized Agricultural Non-Point Source Pollution Model (AnnAGNPS) representing
the most popular methods. While these models can accurately simulate the environmental responses in watersheds to NPS, they have
high requirements in terms of data volume and data precision; moreover, they are not appropriate for watersheds lacking monitoring
data [20-23]. The potential non-point pollution index (PNPI) model, a Geographic Information System (GIS)-based tool for assessing
the risk of NPS in watersheds, has garnered increasing research interest due to its minimal data requirements and high accuracy [24,
25]. The Potential Non-Point Pollution Index (PNPI) model integrates hydrological, geological, and land use factors that contribute to
non-point source pollution. It quantitatively characterizes potential regional non-point source (NPS) risks by generalizing the pro-
duction, degradation, and transportation processes of pollutants [11,16,26-29]. Researchers have employed the PNPI model to assess
the distribution of potential non-point pollution risk in various regions, including the Province of Viterbo in central Italy [30] and
typical watersheds in China [18,19,31-35]. Currently, most research on the PNPI and its enhanced models focuses on evaluating NPS
risks in small watersheds. However, there is a scarcity of studies examining the impact of historical land use changes on the evolution of
NPS risks and strategies for mitigating these risks in watersheds [29,36,37]. In summary, the PNPI model serves as a valuable tool for
simulating and managing non-point source pollution in watersheds. By considering a broad range of factors, the PNPI model offers a
comprehensive understanding of the potential for non-point source pollution and can inform effective pollution control measures.
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Fig. 1. Location of the study area.
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The Qinling Mountains, spanning Shaanxi, Gansu, and Henan provinces, are the climatic boundary between northern and southern
China and the associated watershed extends between the Yellow and Yangtze rivers. These mountains serve as a geographical land-
mark and ecological security barrier for China and have multiple functions, such as climate regulation, soil and water conservation,
water source conservation, and biodiversity maintenance [38,39]. The mountainous area at the northern foot of the Qinling Mountains
lies between the mountains’ drainage divide and southern edge of the Guanzhong Plain, and serves as an important water conservation
area and drinking water source for the plain with important ecological and environmental functions. Compared to the Guanzhong
Plain, the mountainous area has relatively abundant water resources and good water quality, thus providing significant water resource
support for the sustainable socio-economic development on the plain. However, the socio-economic development of the Guanzhong
Plain, especially in Xi’an City, has occurred at a rapid pace, with accelerated urbanization. Against this backdrop, water consumption
for industry, agriculture, daily life, and ecology has sharply increased. As a result, ecological and environmental issues such as river
pollution and vegetation destruction have become increasingly prominent and water environment pollution is intensifying. Watershed
water resource protection is a crucial task for ecological conservation in the Qinling Mountain region and represents a core as well as
key issue for the sustainable socio-economic development of the Guanzhong Plain. Xi’an City, as the central city of the Guanzhong
Plain, has a per capita water availability of 187 m®, which is only 1/6th and 1/8th of the provincial and national averages, respectively,
making it a typical resource-deficient city. The Heihe Jinpen Reservoir in the upper reaches of the Heihe watershed is the largest
drinking water source of Xi’an City (location Fig. 1) and provides approximately 380 million m® of drinking water to the city annually,
accounting for over 76 % of the city’s total water supply. Therefore, the Heihe River has hailed as the “Mother River" of the people of
Xi’an. In recent years, point source pollution in the Heihe watershed is being effectively controlled, leading to a significant
improvement in water quality. However, the concentrations of nutrients such as nitrogen and phosphorus in the water have been
increasing year on year. The nitrogen and phosphorus indicators in the watershed are mainly attributed to NPS. Therefore, it is
imperative to study the PNPS risks within the watershed [40-43]. In this study, the Heihe watershed in Xi’an City, situated at the
northern foot of the Qinling Mountains, was selected as the research site. Based on the improved PNPI model, the spatiotemporal
evolution characteristics of PNPS risks influenced by land use changes in the Heihe watershed from 1990 to 2020 were explored to
identify the dominant driving factors. The findings of this study offer a foundational reference for managing water resources and
governing the water environment within the watershed.

2. Overview of the study area

The Heihe watershed is situated in the mountainous area at the northern foot of the Qinling Mountains. Its geographic coordinates
range from 107°43'E to 108°24'E and 33°42' N to 34°13'N. Originating at the main peak of Mount Taibai in the Qinling Mountains, the
Heihe River is a major tributary of the Weihe River system within the Yellow River watershed. It flows from southwest to northeast and
enters the Weihe River at Shima Village, Shangcun Town, Zhouzhi County, Xi’an City, Shaanxi Province. The total length of the main
stream is 125.8 km, with a watershed area of 2258 km?. According to data measured at the Heiyukou hydrological station within the
watershed (located at 108.210°E, 34.058°N in Wujia Village, Mazhao Town, Zhouzhi County) from 1956 to 2005, the average annual
precipitation and run-off in the region are 635.2 mm and 545.22 million m?, respectively. The maximum and minimum annual
precipitation are 1180.9 mm and 526.2 mm, respectively, which are 1.4 and 0.62 times the average value, respectively. Precipitation is
mainly concentrated from July to October, comprising 59.5 % of the annual total. In contrast, the dry season from November to March
contributes about 10 % of the annual precipitation.
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Fig. 2. Changes in monitored indicator values of Heihe Reservoir water source area from 2011 to 2021. Changes in the a) chemical oxygen demand
based on the potassium permanganate index; b) total nitrogen and ammonia nitrogen concentrations, and c) total phosphorus concentrations in the
water source area from 2011 to 2021.
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Long-term agricultural activities in the middle and lower reaches of the Heihe River have consistently exerted significant pressure
on the regional water environment. In recent years, the expansion of construction land in the region has also had a considerable impact
on the watershed’s water environment. Detailed watershed location information has been shown in Fig. 1. Along the Heihe River, two
water quality monitoring sections were set up: one at the Heihe Reservoir and the other at the confluence of the Heihe and Weihe
rivers. Based on water quality monitoring data from 2001 to 2020, the water quality at the confluence of the rivers was inferior and
ranged from Class V to Class IV from 2001 to 2014 but improved to Class III and to Class II from 2015 to 2020. The water quality at the
Heihe Reservoir water source monitoring point ranged from Class III to Class II between 2011 and 2021. According to the water quality
conditions, four nutrient indicators, i.e., permanganate index, total nitrogen, ammonia nitrogen, and total phosphorus, were selected
for analysis, as shown in Fig. 2. The results indicate that total nitrogen was the main indicator exceeding Class II water quality
standards, total phosphorus shows a relatively stable trend, while the permanganate index and ammonia nitrogen indicator exhibit
increasing trend [41-43]. The Heihe watershed is a forest ecosystem dominated by warm and humid, deciduous broad-leaved forests.
Its vegetation can be divided (from top to bottom) into three zones: deciduous broad-leaved forest, coniferous forest, and shrub
meadow. Forest coverage is above 90 % in the water source area in the upper section of the Heihe River.

3. Research Content and methods
3.1. Improvement of the PNPI model utilizing the coefficient of variation decision method

Due to the convenient accessibility of data, the PNPI model has become a principal approach for gauging the potential risk of PNPS
for diverse land uses within a watershed [11,24,31]. This model conceptualizes the generation, degradation, and transport processes of
pollutants into spatially distributed land cover indicators, distance indicators, and run-off indicators. The spatial PNPS risks of the
watershed are subsequently represented as a function of these three indicators [32]. The PNPI model combines the functions of the
three indicators based on fixed weights determined by expert scoring, which compromises the objectivity and applicability of the
model. To overcome the limitations in objectivity and applicability inherent in the PNPI model, this study employed an objective
weighting approach grounded in the principle of information entropy. Specifically, the coefficient of variation decision method was
used to enhance the robustness and accuracy of the model [18,33]. The structure of this improved model has been illustrated in Fig. 3.

The improved PNPI model calculates the spatial and temporal dynamics of PNPS in the watershed, reflecting the impact of land use
changes over the past 30 years. Combined with spatial and temporal land-use change characteristics, this approach reveals the main
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distribution and evolution characteristics of pollution risks and their driving factors.

3.2. Data sources and data processing

The data required for the PNPI model calculations mainly consist of spatial and attribute data. Spatial data includes digital
elevation map (DEM), soil type map, and land use map, while attribute data comprise soil permeability data and land use attribute
data. The sources of the data required for model calculations have been listed in Table 1. Soil permeability was classified based on the
Harmonized World Soil Database (HWSD). Using SPAW (Soil-Plant-Air-Water) 6.02 software developed by the U.S. Department of
Agriculture, the saturated infiltration rates of various soils were calculated, and then the permeability was classified into four groups
(A, B, C, and D) based on the Hydrologic Soil Groups (HYDGRP) standards of the U.S. Natural Resources Conservation Service (NRCS).
Class B and C were the main hydrological soil groups in the study area. Land use attribute data included indicator values of various land
uses and run-off parameters under different hydrologic soil groups, which were both obtained from existing expert scoring and
parameter systems of the PNPI or extrapolated based on field experiments.

Due to differences in the calibration and acquisition of spatial data sources as well as the coordinate systems used for the source
data, the data was pre-processed and standardized into a consistent projection coordinate system suitable for the study area to facilitate
subsequent calculations. Depending on the study area’s size, data acquisition situation, and research accuracy requirements, the grid
data were consistently resampled into 30 m x 30 m. The soil types in the study area and the representative annual land use types
selected have been shown in Figs. 4 and 5, respectively.

3.3. Land cover indicator

The Land Cover Indicator (LCI) assesses the potential pollution discharged from different land use types and its impact on the
aquatic environment when it enters water bodies. The higher the land cover indicator for a particular land use type, the greater its
potential pollutant load, indicating a higher pollution risk. Drawing on existing research findings [11], the LCI of the PNPI model was
determined through expert scoring. Using their professional expertise, experts assessed the potential pollutant yield of various land use
types, assigning scores on a scale from 0 to 10. When more experts were involved in the scoring, the covered research fields were
broader, and the standard deviation of the scores were lower, with results being more reliable. Land use types in the study area were
selected from Cecchi et al. [11,25], and the land cover indicator values and standard deviation of the scores were then determined
(Table 2).

3.4. Distance indicator and run-off indicator

The Distance Indicator (DI) generalizes the degradation processes of pollutants throughout their migration path to the confluence
[24]. A higher distance indicator corresponds to a shorter distance to the river and a lower impact of the pollutant degradation process,
thereby resulting in an increased pollution risk. The distance indicator was calculated as follows Eq. (1):

DI =Exp(—(D-k)) @

where DI is the distance indicator value; D is the length of the confluence expressed as the number of cell grids; and k is a constant. k
was set to 0.090533 based on research by Cecchi et al. [18,24,44,45].

The Run-off Indicator (ROI) generalizes the transport, infiltration, and filtration processes of pollutants, which are influenced by
terrain, soil, and land use factors. ROl is inversely related to infiltration and filtration strength, with higher indicators resulting in more
pollutants flowing into the water bodies, thereby escalating the pollution risk. The run-off indicator was calculated as follows Egs. (2)
and (3):

Table 1
Data requirements for the PNPI model and data sources for this study.
Type Name Data Data overview Data Source
format name
Spatial Digital elevation Grid 12.5 m x 12.5 m resolution AW3D30 Japan Aerospace Exploration Agency (JAXA) (https://
data map nasadaacs.eos.nasa.gov/)
Soil type map Grid 500 m x 500 m resolution HWSD National Cryosphere Desert Data Center (www.ncdc.ac.
cn)
Land use map Grid 30 m x 30 m resolution CLCD Institute of Remote Sensing Information Processing,
Wuhan University (http://irsip.whu.edu.cn/)
Attribute Soil permeability csv Soil permeability levels within the - Calculated based on HWSD soil parameters or using
data data study area SPAW
Land use csv Empirical parameters of various land - Compared with the European CORINE land use
attribute data use types within the study area classification to obtain empirical coefficients from the
PNPI model

Note: HWSD, Harmonized World Soil Database; SPAW, Soil-Plant-Air-Water; CORINE, Coordination of Information on the Environment; CLCD, China
land cover dataset; PNPI, potential non-point pollution index.
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Fig. 4. Soil type map.

ROI= (Z CROPi> / n 2
i=1

CROP=ROP+C 3)

where ROI is the run-off indicator value; CROP; is the run-off parameter for the ith unit slope on the confluence path, ranging from 0 to
1 (When the result of Eq. (3) is greater than 1, the result is 1); n is the number of units on the confluence path; and ROP is the run-off
parameter. Table of run-off coefficient for different land use types and hydrological soil groups and slope correction coefficients C in
the study area, as presented in Checchi et al. [18,24,44,45] (Table 3).

3.5. Potential non-point pollution index

The PNPI provides a generalized assessment of the pollutant load intensity exerted by different land use activities impacting rivers
and other surface water systems throughout a watershed, and it integrates land cover indicators, distance indicators, and run-off
indicators. The original PNPI model is calculated via expert scoring [11,24] using fixed weights, which leads to shortcomings in
objectivity and practicality. The PNPI was calculated as follows Eq. (4):

PNPI=4.8 - LCIS + 2.6 - ROIS + 2.6 - DIS 4

where PNPI is the potential non-point index; LCIS is the standardized land cover indicator value; ROIS is the standardized run-off
indicator value; and DIS is the standardized distance indicator value. The three indicators are standardized by Eq. (5):

Xij — Ximin

Xij= (5)

Ximax — Ximin
where Xj; is the standardized value of the jth element in the ith indicator set; x;; is the jth element of the ith indicator set; and Ximqx and
Ximin are the maximum and minimum values in the ith indicator set, respectively.

The coefficient of variation decision method assigns weights to variables based on the relative change in amplitude of each in-
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Table 2
Land cover indicators.
Type of land use Land use indicator (0-10) Standard deviation
Water bodies 0.14 0.38
Arable land 7.73 2.16
Forest land 0.44 0.88
Grassland 1.94 2.27
Shrubland 0.78 1.09
Urban residential land 8.22 2.22
Unused land 0 0

Table 3

Run-off coefficient table.
Type of land use Hydrologic soil group

a b c d

Water bodies 0 0 0 0
Arable land 0.66 0.78 0.85 0.89
Forest land 0.36 0.6 0.73 0.79
Grassland 0.49 0.69 0.79 0.84
Shrubland 0.36 0.6 0.73 0.79
Urban residential land 0.75 0.85 0.9 0.92
Unused land 0.77 0.86 0.91 0.94

dicator, and it is free from subjective factors and capable of yielding more rigorous weight coefficients [24]. This method was used to
optimize the weights used in the original model while integrating the three indicators. The detailed calculation steps are as follows.

1) Calculate the coefficient of variation for each indicator, see Eq. (6):
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i

[

CV,;= (6)

2

where, C.V.;, X; and o; are the coefficient of variation, mean, and standard deviation of the ith indicator set, respectively.

2) Calculate the weights for each indicator and obtain the PNPI value, see Egs. (7) and (8):

CV,;
W= — )

S2C.V.

i=1

PNPI =wy; - LCIS + Wr,; - ROIS + wy; - DIS 8

where w; is the weight of the ith indicator set; and wy;, Wroi, and wy; are the weight coefficients of the land cover, run-off, and distance
indicators, respectively.

4. Results and analysis
4.1. Spatiotemporal analysis of land use changes

The land use conditions for representative years within the study area were statistically analyzed to obtain a land cover map
(Fig. 6). In the watershed, forest land and arable land were the dominant land use types, consistently comprising around 95 % of the
total area. Between 1990 and 2020, the land use types that decreased in area included shrubland, grassland, and unused land. Among
them, grassland and shrubland shrank at the fastest rates and decreased by 61 % and 81 %, respectively, from 1990 to 2020. In
contrast, the forest land and urban residential land is on an upward trend, with urban residential land showing the most significant
expansion trend among all land use types.

From 1990 to 2020, the land use changes in the Heihe watershed were generally characterized as extensive urban expansion in the
downstream Zhouzhi County, which led to the conversion of grassland and arable land to urban residential land. As a result, urban
residential land expanded by nearly 22 km?. In 2020, the urban residential land area was nearly twice than that in 1990. In the
mountainous areas of the upstream water source, ecological conservation and returning farmland to forest projects contributed to the
conversion of shrubland, grassland, and arable land to forest land, thus causing an increase in forest land area by approximately 90
km?,

To comprehensively understand the intrinsic transformation relationships between various land use types, spatial data from the
years 1990, 2000, 2010, and 2020 were analyzed. The results were analyzed to produce a land-use transfer matrix (Table 4) and a land-
use transfer map (Fig. 7) for the study area, representing three different time periods. Combining the results from Table 4 and Fig. 6, it
was observed that from 1990 to 2000, significant conversions from shrubland, grassland, and water bodies to arable land and urban
residential land led to slight increase in the areas of the latter two categories. From 2000 to 2010, grassland was transformed into urban
residential land, resulting in an expansion of urban residential land. Meanwhile, the completion of the Heihe Reservoir and other water
conservancy facilities in 2002 expanded the area of water bodies. During the period from 2010 to 2020, urban residential areas
expanded significantly, primarily by transforming grasslands and arable lands into residential area.
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Fig. 6. Proportional area chart of land use types.
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Table 4
Land use transition matrix of the Heihe watershed from 1990 to 2020 (unit: hm?).

Period (years) Type of land use Arable land Forest land Shrubland Grassland Water bodies Urban residential land

1990-2000 Arable land 26684.55 1171.62 7.38 426.78 1.89 604.17
Forest land 268.83 178915.59 82.35 12.24 0 6.66
Shrubland 51.48 527.13 221.13 149.67 0 0
Grassland 470.25 3204 108 4810.95 1.89 16.74
Water bodies 99.36 3.06 0 1.35 47.34 19.71
Urban residential land 3.69 0 0 0 8.91 3273.3
Unused land 1.8 0 0 0 0 59.76

2000-2010 Arable land 25031.25 1395 51.75 297.81 107.37 696.78
Forest land 257.67 183505.14 39.33 16.74 0 2.52
Shrubland 14.58 256.41 123.75 24.12 0 0
Grassland 263.7 1395 101.25 3593.34 42.39 5.31
Water bodies 6.3 0 0 0 46.35 7.38
Urban residential land 7.47 0.45 0 0 117.72 3854.7

2010-2020 Arable land 22870.71 1544.49 8.01 175.32 16.56 965.88
Forest land 432.81 186074.91 40.05 3.15 0 1.08
Shrubland 45.72 116.91 115.92 37.53 0 0
Grassland 307.08 467.73 19.53 3127.23 7.47 2.97
Water bodies 46.98 5.49 0 1.26 235.89 24.21
Urban residential land 16.83 0 0 0 80.46 4469.4

2000a-2010a Land use change

Barren-Cropland Grassland-Cropland Shrub-Cropland
- Barren-Impervious Grassland-Forest Shrub-Grassland
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m

Fig. 7. Land use conversion map from 1990 to 2020.

4.2. Spatiotemporal analysis of PNPS risks

Using 1990 as the base year, the PNPI indicators for the study area were evaluated for each period using the quantile classification
method. These indicators were classified into five distinct risk levels: very low, low, moderate, high, and very high (Fig. 8). The results
indicate that from 1990 to 2020, significant changes occurred in areas with different levels of PNPS risk in the study area. The high and
very-high risk areas in the urbanized regions downstream expanded during this period. The regions of PNPS risk within the study area
have been summarized based on spatial change statistics (Fig. 9). The results show that from 1990 to 2020, the low-risk region
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Fig. 8. Zoning map of PNPS risk for representative years.
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Fig. 9. Proportion map of regions with different levels of PNPS risk.

remained stable; the very low-risk region increased annually; the moderate-risk region reached a peak of 10 % in 2000 and gradually
decreased thereafter; the high-risk region decreased by nearly 9 % from 1990 to 2000 and then showed an overall increasing trend; and
the very high-risk region decreased by 1 % from 1990 to 2000 and increased annually thereafter.

To precisely capture the intrinsic transformation relationships among regions with varying risk levels, spatial data analysis was
conducted on the zoning data of PNPS for 1990, 2000, 2010, and 2020 (Fig. 10), yielding a transition matrix of PNPS risks (Table 5) for
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Fig. 10. Transition trend chart of regions with different levels of PNPS risk from 1990 to 2020.
Table 5
Transition matrix of PNPS risk in the Heihe watershed from 1990 to 2020 (unit: hm?).
Period (years) Risk level Very low Low Moderate High Very high
1990-2000 Very low 143306.73 94.77 173.79 5.49 0.18
Low 12006.36 20649.24 305.91 138.87 90.36
Moderate 6.66 10761.3 1656.18 92.34 130.32
High 804.51 468.09 20812.59 3708.99 42.03
Very high 0 281.7 109.53 2074.95 3666.51
2000-2010 Very low 155705.58 291.24 113.49 12.87 1.08
Low 1727.73 30063.15 262.98 98.82 102.42
Moderate 977.04 280.17 21446.91 249.93 103.95
High 86.58 330.84 86.49 5328.36 188.37
Very high 0 261.09 41.58 31.23 3595.5
2010-2020 Very low 157207.32 1063.71 174.87 51.03 0
Low 382.32 29420.64 1049.76 166.41 207.36
Moderate 1027.17 167.04 17390.97 3255.84 110.43
High 75.42 310.59 0.72 4685.85 648.63
Very high 0 195.93 52.29 36.63 3706.47

the three study periods. The findings indicate that between 1990 and 2000, there was a notable change from high-risk to moderate-risk
regions, leading to an expansion in the moderate-risk areas and a reduction in very high-risk areas. In contrast, the period from 2000 to
2010 saw relatively minor changes in the areas corresponding to each risk level. From 2010 to 2020, the high and very high-risk
regions increased, mainly due to the conversion from the moderate-risk region to high and very high-risk regions.

Overall, high and very high-risk regions have been long concentrated in the middle and lower reaches. From 1990 to 2020, the
PNPS risks in the Heihe watershed showed a polarized trend, with the moderate-risk region in urban residential areas, where human
activities were concentrated, transforming into a high-risk region and the very high-risk region of arable land along the middle and
lower reaches of the Heihe River expanding radially. The proportion of regions at or above the high-risk level increased from 4.49 % in
2000 to 5.81 % in 2020, representing a 29 % increase. The increment was attributed to the conversion of a large area of the moderate-
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risk region. Meanwhile, the upstream water protection area saw a reduction in NPS risk.
4.3. Variation analysis of PNPS risks

An analysis of the spatiotemporal evolution characteristics of comprehensive land use and PNPS risks reveals a high degree of
consistency in their spatial and temporal variation characteristics. Regions of high and very high risk have long been concentrated in
urban residential land and arable land in the lower reaches of the Heihe River. The high-risk region decreased significantly by nearly 9
% from 1990 to 2000 and showed an overall increasing trend thereafter. In contrast, the very high-risk region shrank by 1 % from 1990
to 2000 and then increased annually. The primary land use types in areas with high or very high risks from 1990 to 2000 were arable
land and urban residential land. Due to the relatively low level of urbanization in the lower reaches of the catchment in this period, the
impact of urbanization on NPS risks was relatively small. Therefore, the main risk factors on arable land were related to crop planting.
Before 1990, the main crops grown in the region were wheat, corn, melons, and fruits. Later, kiwi fruit became the main crop in the
middle and lower reaches of the Heihe River. This has significantly reduced both the use of pesticides and fertilizers, resulting in a
notable decline in the extent of high and very high-risk NPS regions in the downstream sections of the Heihe watershed during that
period.

After 2000, the area of arable land used for the cultivation of kiwi fruit stabilized; therefore, the region of NPS risk affected by crop
planting on arable land also stabilized. Meanwhile, urbanization accelerated, and the Heihe Reservoir was constructed, with reset-
tlement projects being initiated in the reservoir area. Against this backdrop, the economy of downstream regions improved and the
towns along the middle and lower reaches of the Heihe River expanded rapidly. As a result, the regions with very high PNPS risks
expanded outward from these towns, making urban expansion the main driving factor for the variation in very high PNPS risk. In
addition, after the official establishment of the Heihe Jinpen Reservoir water source area in 2002, a water source protection area of
1481 km? was delineated and water source protection measures, such as ecological migration and restoring agricultural land forest,
were implemented. In the upstream region of the Heihe watershed, within the Qinling Mountain area, shrubland, grassland, and arable
land were transformed into forest land. Consequently, the forested area expanded annually, resulting in a decrease in PNPS risk in the
upper watershed.

According to an environmental quality report for Xi’an City, two water quality monitoring sections have been set up for the Heihe
River: the Heihe Reservoir and the confluence of the Heihe and Weihe rivers. At the confluence, the water quality from 2001 to 2014
ranged from inferior Class V to Class IV. The main pollutants were petroleum, volatile phenols, and permanganate index. From 2015 to
2020, the water quality was good, ranging from Class III to Class II. From 2016 through 2020, the levels of ammonia nitrogen were
observed to varied between 0.188 and 0.365 mg/L, and the total phosphorus concentrations varied between 0.02 and 0.05 mg/L. From
2011 to 2021, the water quality at the Heihe Reservoir water source monitoring point ranged from Class III to Class II. Based on the
water quality conditions, four nutrient indicators, i.e., permanganate index, total nitrogen, ammonia nitrogen, and total phosphorus,
were selected for analysis. Total nitrogen was the main indicator exceeding Class II water quality standards, total phosphorus remained
relatively stable, and the other indicators showed an annual increasing trend. Among the water quality indicators, the permanganate
index of the Heihe River ranged from 1.1 mg/L to 3.2 mg/L, ammonia nitrogen ranged from 0.146 mg/L to 0.243 mg/L, total nitrogen
ranged from 0.85 mg/L to 2.30 mg/L, and total phosphorus ranged from 0.015 mg/L to 0.04 mg/L. Overall, the first three indicators
showed an annual increasing trend, while total phosphorus remained relatively stable.

According to the monitoring results at the confluence of the rivers, water quality has improved significantly since 2015, reaching
between Class III and Class IT and meeting the requirements for Class III water bodies. This improvement is closely related to a series of
point source treatment and ecological restoration measures taken by the government in recent years, such as the Three-Year Action Plan
of Xi’an City for Consolidating and Improving the Prevention and Control of Weihe River Water Pollution implemented in 2012 and the
Implementation Plan of Xi’an City for the Treatment of Urban Black and Odorous Water Bodies enacted starting in December 2018. These
measures have enhanced water environmental management by means of rain and sewage diversion, municipal pipeline construction,
sewage treatment capacity improvement, and river ecological restoration. However, according to the observations at the Heihe
Reservoir, total nitrogen exceeded the standard and surpassed the Class II water quality standard for drinking water sources. The main
reasons for the excess total nitrogen are the annual accumulation of soil erosion and the impact of living and production activities in
the upstream protection area. In recent years, although soil and water conservation measures such as converting farmland to forests
and grasslands have been implemented [40-42], the overall soil erosion in the watershed has been increasing annually. Therefore,
managing NPS continues to be a crucial and difficult component of pollution prevention efforts in the study area.

5. Discussion

(1) Between 1990 and 2020, forest land and arable land were the predominant land use types in the Heihe watershed and
consistently comprising around 95 % of the total land area, while shrubland, grassland, and unused land showed a decreasing
trend. Specifically, grassland and shrubland shrank faster than other land use types over time, with the area decreasing by 61 %
and 81 %, respectively. In contrast, forest land and urban residential land exhibited an increasing trend, with urban residential
land exhibiting the fastest expansion rate. Moreover, the area of urban residential land in 2020 was nearly double that of 1990.

(2) Moderate and high-risk regions of NPS were mainly located in the middle and lower sections of the catchment. The area of the
moderate risk reached a peak of 10 % in 2000 and then gradually decreased. The high-risk region decreased by nearly 9 % from
1990 to 2000 but showed an overall increasing trend thereafter. The very high-risk region shrank by 1 % from 1990 to 2000 but
showed a yearly increasing trend thereafter. The high and very high-risk regions have long been concentrated in the middle and
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lower riverbanks. The urban residential area, previously classified as a moderate-risk region due to concentrated human ac-
tivities, transitioned into a high-risk zone, while the very high-risk region of arable land along the middle and lower stretches of
the Heihe River expanded radially. The proportion of regions at or above the high-risk level increased from 4.49 % in 2000 to
5.81 % in 2020, representing a 29 % increase. The increment was attributed to the conversion of large areas of the moderate-risk
region.

The Heihe Jinpen Reservoir, located in the upper riverbank of the Heihe catchment area, was officially commissioned in 2002,
thus establishing a 1481 km? water source protection area (Fig. 1). Moreover, measures such as ecological protection and
conservation, returning farmland to forests, ecological migration, and point source control were implemented in the moun-
tainous areas of the upstream water source. As a result, shrubland, grassland, and arable land were converted to forest land,
causing forest land area to increase by approximately 90 km?. This lowered the NPS risks in the upstream water source pro-
tection area. From 2011 to 2021, the water quality in Heihe Reservoir ranged between Class II and Class III, and the overall
water quality was good. Total nitrogen was the main pollutant exceeding Class II standards, while total phosphorus remained
relatively stable. The permanganate index and ammonia nitrogen levels showed a year-on-year increasing trend. The main
reasons for the excess total nitrogen were the annual accumulation of soil erosion and the impact of living and production
activities in the upstream protection area. This reflects that, although strict protection measures have been taken in water
resource protection zones, the overall soil erosion in the watershed continues to worsen year by year. Soil erosion is related to
natural and anthropogenic factors, making it a challenging aspect of NPS control.

According to a combination of the spatial distribution and spatiotemporal evolution characteristics of the moderate and high-
risk regions within the watershed with the actual water quality monitoring results, the following management measures have
been proposed for the upstream water source area and the middle and lower riverbanks to facilitate the application of the
research findings and provide technical support for government decision-making. The middle and lower riverbanks of the
catchment are concentrated areas of moderate and high NPS risks. Therefore, effectively managing NPS requires focusing on the
control of agricultural NPS. There are large area of arable lands and many moderate to high-risk regions downstream. In
particular, most areas near the riverbanks are classified as high-risk regions. Therefore, it is essential to enhance the man-
agement of agricultural NPS by minimizing fertilizer and pesticide usage in farming and encouraging sustainable agricultural
practices. Second, river ecological restoration must be performed. Vegetation should be planted on both sides of the river to
reduce the direct entry of sediment and pollutants into the water. Third, pollutant emissions from daily production and living
activities must be controlled. Residential land accounts for a high proportion in the lower reaches. The pollutants emitted from
daily production and living activities will remain a key focus of water pollution control for some time. For uncollected and
untreated non-point source wastewater, especially in rural areas, decentralized and centralized treatment measures should be
adopted based on the actual situation to ensure compliance before discharge, which will decrease the discharge of untreated
household wastewater into water bodies.

6. Conclusion

This study performed a case study on the Heihe watershed in the Qinling Mountains, a high ecologically sensitive area strongly
influenced by human activities. By utilizing an enhanced PNPI model, the research examined the spatiotemporal variations and key
factors influencing PNPS risks during the past 30 years, considering urban riverine land use changes within semi-arid areas. The
primary conclusions are as follows.

@

2

3

@

Arable land and forest land were the main types of land use in the Heihe watershed, primarily located in the lower and upper
reaches, respectively. These two types of land accounted for approximately 95 % of the watershed area. From 1990 to 2020, the
area of urban residential land surged, particularly around population centers like Zhouzhi County, in the lower reaches of the
Heihe River. The area of urban residential land in the study region increased nearly 22 km?. In 2020, the urban residential land
area was nearly twice that in 1990, and it encroached upon a considerable area of grassland and arable land. In the upper river
stream source protection area of the Qinling Mountains, there was an annual increase in the areas of shrubland, grassland, and
arable land converted to forest land. As a result, the forest land area grew by approximately 90 km? over the 30-year period.
The PNPS risks in the Heihe watershed showed a clearly polarized trend from 1990 to 2020. The region of high risk, mainly
located in the arable land along the middle and lower reaches of the Heihe River, which is strongly affected by human activities,
expanded radially. The proportion of high and very high-risk regions increased from 4.49 % in 2000 to 5.81 % in 2020,
indicating that their proportion of area grew by 29 %. By contrast, the risk of NPS decreased within the upper river stream water
source protection area in the Qinling Mountains.

High consistency was observed between land use changes and spatiotemporal variations of PNPS risk. Regions with high and
very high risk were primarily found in urban residential areas in the middle and lower riverbanks, as well as in cultivated lands
along riverbanks. In contrast, areas with low and very low risk were predominantly situated in forest lands within the upstream
Qinling Mountains. The expansion of urban residential land primarily contributed to high-risk regions increased in the
watershed, while the expansion of forest land is the main factor for the rise of low and very low-risk regions.

From 1990 to 2020, the Heihe watershed experienced significant land use changes driven by urbanization and ecological
conservation measures. The risk posed by PNPS to the downstream environment continues to grow annually. The urban resi-
dential land and arable land along the riverbanks in the downstream area should be prioritized for NPS control or compre-
hensive watershed management in the future. To reduce pollution risks, measures such as controlling agricultural NPS and
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restoring river ecology are suggested. In contrast, in the upper river stream water source area, measures such as ecological
migration, conservation of water conservation forests, and soil erosion control are needed to reduce the NPS risks.

(5) The improved PNPI model was used to quantitatively analyze the spatial and temporal evolutionary characteristics of land use
change on PNPS risk in the Heihe catchment and to examine factors underlying risk variations and water quality changes. The
results of the quantitative analysis largely reflect the actual trends of factors influencing NPS in the watershed. This research has
a significant reference value for controlling NPS and protecting water sources in other watersheds, especially in the Qinling
Mountains. It also provides a technical basis and new ideas for scientific decision-making by government departments on NPS
control within watersheds. The improved PNPI model is simple to operate, requires minimal data, and offers high accuracy. It
has been applied in many watersheds and is highly applicable to the Heihe watershed. Nevertheless, certain empirical pa-
rameters within the model lack universal applicability due to differences in geographical environment and land use practices in
different regions. In addition, the weight indicators depend on the weighting method, which may affect the results. Therefore,
future research should compare different weighting and parameter selection methods to better mirror the actual non-point
source risks in the study area.
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