:' frontiers ‘ Frontiers in Environmental Science

’ @ Check for updates

OPEN ACCESS

Changchun Huang,
Nanjing Normal University, China

Chenggong Du,

Huaiyin Normal University, China

Shaohua Lei,

Nanjing Hydraulic Research Institute, China

Shike Qiu,
giushike@igs-has.cn

15 April 2024
07 June 2024
11 July 2024

Yang X, Qiu S, Wang C, Du J, Zhang X and Sun T
(2024), Assessment of nitrogen and phosphorus
pollution based on multi-source data and the

INVEST model in the Henan section of Yellow

River Basin, China.

Front. Environ. Sci. 12:1415732.

doi: 10.3389/fenvs.2024.1415732

© 2024 Yang, Qiu, Wang, Du, Zhang and Sun.
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

Original Research
11 July 2024
10.3389/fenvs.2024.1415732

Assessment of nitrogen and
phosphorus pollution based on
multi-source data and the InVEST
model in the Henan section of
Yellow River Basin, China

Xu Yang?, Shike Qiu**, Chao Wang?, Jun Du?, Xinli Zhang? and
Tingting Sun?

Institute of Geographical Sciences, Henan Academy of Sciences, Zhengzhou, China, *The Second
Topographic Surveying Brigade of Ministry of Natural Resources of the People’s Republic of China, Xi‘an,
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In recent years, non-point source pollution (NPSP) has become prominent in the
Yellow River Basin (YRB) of China and seriously affects human survival and
sustainable development. The Henan section was selected as an example
region of the YRB in China, and the Integrated Valuation of Ecosystem
Services and Tradeoffs (INVEST) model has been used to quantitatively
evaluate nitrogen (N) and phosphorus (P). The results show that (1) the
cultivated land (CL), grassland (GL), and unused land (UL) decreased, while
forest land (FL), water areas (WAs), and built-up areas (BAs) increased in
2000-2020, and precipitation increased from the northeast to the southwest
in 2000-2020; (2) the N export was much more than P exportin 2000, 2010, and
2020, and the N and P exports increased in 2000-2020; the spatial distribution of
N and P export changes was different in the whole basin in 2000-2010,
2010-2020, and 2000-2020; (3) the N and P exports decreased in
2000-2010, 2010-2020, and 2000-2020 with increasing precipitation; and
(4) the N and P exports on CL and BAs were more than those on the other
land-use types, and the overall change trends of N and P exports on all land-use
types increased from 2000 to 2020.

nitrogen, phosphorus, multi-source data, InVEST model, Yellow River Basin

1 Introduction

Non-point source pollution (NPSP) involves dissolved or solid state pollutants, sinking
into water areas (WAs) through the runoff process and leading to eutrophication or other
forms of soil pollution. NPSP (nitrogen, phosphorus, efc.) is an important issue in water
environmental protection and a focus issue of society (Ongley et al., 2010; Collick et al.,
2015), endangering the ecological environment and threatening human health (Shen et al.,
2012). The problem of NPSP in China is very prominent (Ongley et al., 2010), resulting in
the weakening of the capacity of ecosystem services for human survival and socio-economic
development (Zhang and Fu, 2014; Defries and Nagendra, 2017). In the National Water
Resources Planning organized and prepared by the Ministry of Water Resources in 2000, it
was estimated that NPSP has become one of the main sources of pollution in WAs, and the

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fenvs.2024.1415732/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1415732/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1415732/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1415732/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1415732/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2024.1415732&domain=pdf&date_stamp=2024-07-11
mailto:qiushike@igs-has.cn
mailto:qiushike@igs-has.cn
https://doi.org/10.3389/fenvs.2024.1415732
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.2024.1415732

Yang et al.

amount of nitrogen (N) and phosphorus (P) pollutants accounted
for 40%-60% of the total amount of pollution entering the river (Li
et al, 2010). In recent years, the Chinese government has
increasingly paid more attention to the protection of the
ecological environment and the management of NPSP. China’s
relevant laws and regulations and policy documents, along with
major science and technology projects in ecological environmental
protection outlined in China’s “13th and 14th Five-Year Plans,”
indicate that China’s NPSP problem is serious and needs to be
studied in depth. However, it is more difficult to study and manage
NPSP in China; the reasons include the vast territory, complex
natural conditions, and the insufficient monitoring network,
technology, and method. Therefore, clarifying NPSP is of great
significance to the human survival and socio-economic
development of China.

In 2019, the Chinese President Xi Jinping set a major national
strategy for Yellow River Basin (YRB). President Xi pointed out
that there are still some difficulties and problems in the YRB,
including the fragile ecological environment of the basin, serious
situation of water resource security, and pollution control (Xi,
2019). Water pollution in the YRB mainly originates from NPSP,
which is more serious in nine provinces of China through which
the YR flows (Tao et al., 2021). The Henan section of the YRB has
prominent ecological, economic, and cultural functions,
encompassing water conservation areas, beach areas, irrigation
areas, and floodplains. According to the Water Resources
Bulletin  published by the
Commission and Water Resources Department of Henan
Province in 2020, the area of the Henan section of the YRB
accounts for 4.55% of the total area of the YRB and the water

supply is 4.2 x 10° m® and accounts for 13.78% of the total

Yellow River Conservancy

amount of water from the YR; however, 14 municipal districts of
Henan Province use the water from the YR, and the water
consumption accounts for 14.97% of the total amount of water
from the YR. Therefore, the health, stability, and safety of the
water ecosystem in the Henan section of the YRB have a crucial
impact on the socio-economic development and life of residents.
With increasing population and rapid development of the Henan
Province, the NPSP is increasing (Gu et al., 2012; Huang et al,,
2019), making an important issue of control and management of
NPSP. Therefore, conducting research on NPSP in the Henan
section of the YRB contributes to the ecological security and
sustainable development and responds to the major national
strategy of the YRB.

The assessment of NPSP is important for water resource
protection and management and can help in decision-making
(Terrado et al.,, 2014); however, its quantitative assessment is
difficult due to the complexity of NPSP. Chinese researchers
developed some NPSP models at the regional scale in China;
however, these models have only been applied in a few specific
areas of China, and their stability and applicability need more
proof. Now, there are some methods to assess NPSP, including
mathematical models and modular integrated models. The
mathematical models include the single-factor method (Hao
et al., 2020), integrated evaluation method (Ma and Liu, 2014),
backpropagation (BP) neural network method (Sinshaw et al.,
2019), support vector machine (Li et al, 2021), average
(Wu et al, 2018),

concentration method hydrological
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separation method (Zhu et al, 2019), NPSP load-sediment
method (Li and  Cai,  2003),
quality—quantity relationship method (Yoon et al, 2015),

relationship water
improved export coefficient method (Wu et al., 2015), rainfall
or runoff difference method (Cai et al., 2004; Xu, 2007), NPSP
estimation method for sandy rivers (Li et al., 2008), integrated
average concentration and export coefficient method (Ongley
et al.,, 2010), land use-NPSP relationship method (Maillard and
Santos, 2008), and universal soil loss equation (USLE) (Li et al.,
2019). These methods are needed to set up a large number of
permanent and temporary monitoring points for sampling and
analysis, so these methods need a lot of human, material, and
financial resources, resulting in low work efficiency, long
evaluation cycles, and poor real-time evaluation results. The
evaluation results are mostly from a microscopic perspective and
do not reflect the macroscopic pollution status. However, with
the development of the geographic information system (GIS)
and remote sensing (RS), the modular integrated models begin
to emerge with low-cost, rapid, large-scale monitoring of NPSP,
and can discover the spatio-temporal distribution
characteristics and migration patterns of pollutants. The
modular integrated models include the Soil and Water
Assessment Tool (SWAT) (FitzHugh and Mackay, 2000),
Integrated Valuation of Ecosystem Services and Tradeoffs
(InVEST) (Huang et al, 2022), storm water management
model (SWMM) (Lee et al., 2022), Water Erosion Prediction
Project (WEEP) (Yeghiazarian and Montemagno, 2001),
Annualized Agricultural Non-Point Source Pollution Model
(AnnAGNPS)  (Zhang et al, 2020), MIKE Systéme
Hydrologique Européen (MIKE SHE) (Hou et al, 2021),
geomorphology-based non-point pollution model
(GBNP) (Wang et al, 2016), Hydrological Simulation
Program-Fortran (HSPF) (Wang et al, 2015), model of
rainfall-runoff and NPSP (Han et al., 2011), binary-structure
model (Hong et al., 2012a), Distributed Time-Variant Gain
Hydrological Model (DTVGM) (Zhao et al,, 2019), and Areal
Nonpoint Source Watershed Environment Response Simulation
Model (ANSWERS) (Bouraoui and Dillaha, 2000). Overall, these
models have different mechanisms and expertise in simulating

source

pollutants, and direct applications of foreign-developed NPSP
models in China may cause errors due to the significant
regionality. Therefore, considering easy access to data, less
input data and parameters, and well local adaptation, the
InVEST model is very appropriate to study NSPS, and this
model has been used to assess NSPS in China and other
countries (Redhead et al., 2018; Bai et al.,, 2019; Yang et al,,
2019; Qi et al.,, 2020; Liang et al., 2021; Wu et al.,, 2021).

In order to explore the status of N and P pollution and the effects
of precipitation and land use on N and P pollution in the YRB, the
Henan section of the YRB was selected as the study region, and N
and P exports were simulated and analyzed. The major objectives are
to determine (1) the spatio-temporal changes of N and P exports and
(2) the impact of precipitation and land-use changes on N and P
exports. The combination of GIS, RS, and InVEST model in this
study provides new ideas for the quantitative assessment of N and P
pollution in areas with limited data and can efficiently assess a large
scale of N and P pollution, contributing to regional control
suggestions.
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FIGURE 1

Geographical location of the Henan section of the Yellow River Basin.
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Spatial distribution of land use of the Henan section of Yellow River Basin in 2000 (A), 2010 (B) and 2020 (C).

2 Study region

The Henan section of the YRB (34°34'N-36°08'N and
110°22'E-116°07'E) is located on the middle and low reaches of
the YRB (Figure 1), and the Taohuayu of Zhengzhou City is the
dividing point of middle and lower reaches. The area is 3.62 x
10* km?, which accounts for 4.6% and 22.0% of the total area of the
YRB and Henan Province (Qin et al., 2022). The study region mainly
covers with the north and west parts of the Henan Province with an
irrigation area of 318.67x10* km?® (Hu et al, 2022). The Henan
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section of the YRB is a region of intense human activities, with an
average population density of 482 person/km” and a maximum
population density of 1.08x10* person/km? which is comparable to
the population density of developed eastern regions of China (Xu,
2017; Qin et al, 2022). The study region is located in the warm
temperate zone and subtropical transition zone, with plains to hilly
and mountainous climate transition characteristics, mainly
controlled by the atmospheric circulation of the westerly wind
belt. The annual temperature is between 10.5°C and 16.7°C, and

the annual precipitation is between 407.7 and 1295.8 mm.
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TABLE 1 Area of different land-use types of the Henan section of the Yellow
River Basin in 2000, 2010, and 2020.

Land-use type Area (km?)
2010
CL 20,270 19,741 19,262
FL 8,243 8,249 8,291
GL 3,935 3,899 3,601
WA 947 1,178 1,198
BA 2,759 3,108 3,846
UL 90 9 46

3 Materials and methods
3.1 Data source and pretreatment

The datasets include the digital elevation model (DEM), land use
and precipitation, and watershed. The 90-m resolution DEM was
obtained from the United States Geological Survey (USGS) (https://
earthexplorer.usgs.gov/). The 1-km resolution land use was obtained
from the Resource Environmental Science and Data Center of
Chinese Academy of Sciences (https://www.resdc.cn/). The low-
resolution, long-time scale precipitation data were obtained from the
Climate Research Unit of the East Anglia University of the
United Kingdom (https://crudata.uea.ac.uk/cru/data/hrg/), and
high-resolution, short-time scale precipitation data were obtained
from the World Climate Data Network (http://www.worldclim.org/).
The watershed was obtained from the DEM data using ArcSWAT
software. The parameters of the InVEST model including load,
efficiency, and critical length were obtained from the relevant studies
(Xia et al., 2020; Fang et al., 2021; Long, 2022; Yu, 2022) and InVEST
user’s guide,
sensitivity analysis.

Due to few meteorological stations and low-resolution data

and we adjust these parameters with using

assimilation products, we selected the Delta method to improve
the data resolution after analysis and comparison (Getirana et al.,
2011; Liu et al., 201 1; Mahmood and Babel, 2013). The Delta method
is the more commonly used downscaling method, which uses the
long time series, low-resolution monthly scale meteorological data
and the high-resolution reference meteorological data to obtain the
long time series, high-resolution monthly scale meteorological data.
First, the low-resolution precipitation data on the desired month are
selected, and the low-resolution outlier is obtained from the monthly
scale precipitation dj; of the desired year divided by the average of the
summed monthly scale precipitation D,; for the same month at the
reference annual scale; then, this low-resolution outlier e is
interpolated into the high-resolution outlier; finally, the high-
resolution outlier Ej is summed with the average of the summed
monthly scale precipitation D,; for the same month at the reference
annual scale to obtain the high-resolution precipitation data P;; of
the desired month. The calculation formula is as follows Eqs 1, 2:

€ = dij/Daj) (1)
Py = Ej + Dy, (2)
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where i is the series value at an annual time scale, a is the
reference time period, j is the series value at a monthly scale, d;; is the
long time series and low-resolution precipitation data, Dg; is the long
time series and high-resolution reference precipitation data, e; is the
low-resolution outlier, and Ej; is the high-resolution outlier obtained
by interpolation of e;;.

3.2 Research methods

3.2.1 InVEST model

The nutrient delivery ratio (NDR) component of the InVEST
model is designed to map the source and transport process of
nutrients across a basin. The NDR estimates the quantity of N
and P at each watershed in the area of interest. The NDR component
uses the mass conservation method to simulate the transfer of
nutrients in space. The equations to determine nutrients are as
follows Eqs 3, 4:

Xexpton = Zixexpix (3)
Xexpi = loadsurf,i : NDRsurf,i + 1Oadsubs,i . NDRsubs,i: (4)

where X0, is the total export amount of nutrients in the river
basin (kg/yr) and X..,; is the export amount of each grid of nutrients
(kg/yr). The load,,; is the surface nutrient load (kg/ha-yr"),
NDR,,s; is the surface nutrient transfer rate, loads; is the
subsurface nutrient load (kg/hayr'), and NDR,,,; is the
subsurface nutrient transfer rate.

NDR;,y; is calculated using the following equation Eqs 5-11:

IC; — ICo\\ !
NDR; = NDRO,i<1 + exp<T>) , (5)
NDRy; = 1 - eff;, (6)

effiuic - (1—s;) if down, is a stream pixel

eff, = { effuon- s +effrong - (1-s1) if effrvic, > effuony  (7)
eff jowm Otherwise
_Sfid
s = exp| ——=2 |, 8)
p( 4 LULG; ) (
D,
IC= logw(D—d:), )
Dy, = SVA, (10)
di
an = igi, (1 1)

where NDR,; is the retention efficiency; IC, and k are the
correction parameters, IC, is the terrain index, k is a non-
physical parameter representing the empirical factor of terrain,
and the default value is 2; ef f: is the maximum retention
efficiency between the land grid i and river; ef fioun is the
effective retention efficiency of grid i to reach the downstream
river; ef fruic, is the maximum retention efficiency that can be
achieved by the land-use type; s; is the step factor; iz, is the
distance from raster i to downstream neighboring raster; LULC,; is
the retention distance for the land-use type of raster i; D,, is the
average slope gradient of the upslope contributing area (unit: m/m);
A is the upslope contributing area (unit: m*); d, is the length of the
flow along the i th raster (unit: m); and S; is the slope gradient of the
ith raster.
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FIGURE 3

TABLE 2 Land-use transfer matrix of the Henan section of the Yellow River

A 2000-2010

B 2010-2020

N
0 100 200
No change - Change l | | Km A

Spatial distribution of the land-use change of the Henan section of the Yellow River Basin in 2000-2010 (A) and 2010-2020 (B).

Basin in 2000-2010, 2010—-2020, and 2000-2020 (unit: km?).

CL FL GL WA BA UL
2000
2010 CL 19662 1 7 58 0 13
FL 16 8,222 1 7 0 3
GL 1 0 3,896 2 0 0
WA 255 15 24 870 7 7
BA 336 5 5 10 2,752 0
UL 0 0 2 0 0 67
2010
2020 CL 15,266 616 1,270 369 1,716 25
FL 612 6,968 624 55 30 2
GL 1,181 524 1,816 45 32 2
WA 413 50 59 632 41 4
BA 2,269 81 127 77 1,289 3
UL 0 10 3 0 0 33
2000
2020 CL 15,416 601 1,281 346 1,581 37
FL 617 6,968 626 51 26 3
GL 1,191 525 1821 33 29 1
WA 579 56 76 437 38 13
BA 2,467 83 128 80 1,085 3
UL 0 10 3 0 0 33
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NDRy,,; is calculated by the following equation Eq. 12:

NDRgypsj =1 = effsubs(1 - eﬁ:‘)- (12)

The nutrient loads of the grid are corrected by local runoff
potential using the following formula Eqs 13-16:

modified.load,, = load,, - RPI,, (13)
RPI, = RP;/RP,v, (14)
loadg; = (1 — proportion_subsurface; - modified.load_n;), (15)

loadsubsuf,i = Proportiongbsurace; - modified.load_n;, (16)

where modified.load(x,i) is the modified nutrient loads of
the grid; RPI; is the runoff potential index of grid i; RP; is the
runoff agent of grid i; and RP,v is the average runoff agent
of the grid.

3.2.2 Spatial analysis method

Spatial analysis has been performed using GIS and RS. The data
management tools and spatial analyst tools of ArcGIS software and
the change detection statistics of Environment for Visualizing
Images (ENVI) software have been used to analyze and map the
results of precipitation change, land-use change, spatio-temporal
characteristics of N and P exports, and the impact of precipitation
and land-use changes on N and P exports.

4 Results
4.1 Land-use changes in 2000-2020

The land use in the Henan section of YRB includes cultivated
land (CL), forest land (FL), grassland (GL), water areas (WAs), built-
up areas (BAs), and unused land (UL) in 2000, 2010, and 2020

frontiersin.org
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FIGURE 4

Spatial distribution of average annual precipitation of the Henan section of the Yellow River Basin in 2000-2020.

(Figure 2). The CL makes up the majority of the area and is
distributed throughout the basin; FL and GL are located in the
central and western parts of the basin; WAs and BAs are scattered in
the basin, with more numerous WAs in the central and western parts
of the basin; and UL makes up a small portion of the basin’s area.

The area of different land-use types of the Henan section of the
YRB in 2000, 2010, and 2020 is given in Table 1. The results show
that CL accounts for more than 50%, which is the largest part of the
basin; FL, GL, WA, and BA are the larger parts of the basin; UL
accounts for less than 1%, which is the smallest part of the basin. The
CL, GL, and UL decreased with 4.98%, 8.56%, and 74.58%,
respectively, while FL, WA, and BA increased with 0.58%,
27.40%, and 39.85%, respectively, during the 20 years.

The land-use changes in 2000-2010 were the lowest, while there
were more changes in 2010-2020 (Figure 3). The changes in
2000-2010 were distributed in the central and northeastern areas
of the basin, and the changes in 2010-2020 were distributed in the
whole basin. Over the past 20 years, there have been significant
changes in land use throughout the entire basin. These are related to
the acceleration of  socio-economic
population growth.

The land-use transfer matrices of the Henan section of the
YRB in 2000-2010, 2010-2020, and 2000-2020 were calculated
using ENVI software, and the transfer areas of different land use
are shown in Table 2. In 2000-2010, 2010-2020, and 2000-2020,
the CL converted to other land-use types with 608 km?
4,475 km?, and 4,854 km?, respectively; the FL converted to
other land-use types with 21 km? 1281 km? and 1275 km?,

development  and
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respectively; the GL converted to other land-use types with
39 km? 2083 km’ and 2,114 km’ respectively; the WA
converted to other land-use types with 77 km?, 546 km? and
510 km?, respectively; the BA converted to other land-use types
with 7 km?, 1819 km?, and 1674 km?, respectively; and the UL
converted to other land-use types with 23 km? 36 km’, and
57 km?, respectively. At the same time, other land-use types
converted to CL with 79 km?, 3,996 km?, and 3,846 km?; FL with
27 km?, 1323 km?, and 1323 km?; GL with 3 km?, 1784 km?, and
1779 km? WA with 308 km?, 567 km?, and 762 km?; BA with
356 km?, 2,557 km?, and 2,761 km?; UL with 2 km?, 13 km?, and
13 km® in 2000-2010, 2010-2020, and 2000-2020 respectively.
During the 20 years, the CL reduced by 1008 km?, FL increased by
48 km?, GL reduced by 335 km?, WA increased by 252 km?, BA
increased by 1087 km?, and UL reduced by 44 km®. Agriculture is
still important, the area of CL has slowed down, urbanization is
increasing, reforestation projects are being stepped up, and
wasteland has been developed. Although GL is decreasing, it is
mainly transformed into CL, FL, and BA to serve human life and
production and reforestation projects.

4.2 Precipitation changes in 2000-2020

The InVEST model needs nutrient runoff proxy as one of the
input datasets, which is a map of runoff potential, indicating its
capacity to transport nutrients downslope. The nutrient runoff
proxy can be defined as average annual precipitation, according

frontiersin.org
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FIGURE 5

Spatial distribution of nitrogen export (A1, B1, and C1) and phosphorus export (A2, B2, and C2) of the Henan section of the Yellow River Basin in
2000, 2010, and 2020.

to the InVEST user’s guide. The average annual precipitation in the
Henan section of the YRB gradually increased from the northeast to
the southwest during 2000-2020 (Figure 4). This is related to the

Frontiers in Environmental Science

distribution of topography and land use, where most forests and
mountains are in the southwest and the most plains are in the

northeast (Figures 1, 2).
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TABLE 3 Amount of nitrogen and phosphorus exports of the Henan section of the Yellow River Basin in 2000, 2010 and 2020.

Nitrogen export

Phosphorus export

Total (kg) Average (kg/km?) Total (kg) Average (kg/km?)
2000 5,722,932.23 157.90 1,723,438.08 47.55
2010 16,521,977.31 ‘ 455.84 4,911,047.79 13550
2020 9,705,072.30 ‘ 267.76 3,006,702.41 82.96

4.3 Spatio-temporal changes of nitrogen
and phosphorus exports

The N and P exports of the Henan section of the YRB in 2000,
2010, and 2020 were calculated by the NDR module of the InVEST
model (Figure 5). Although the spatial distribution characteristics of
N and P exports in 2000, 2010, and 2020 were similar, the values of N
and P exports still differed in different spatial locations. The
maximum value of N or P export was different, and the
maximum values of N export were greater than those of P export
in 2000, 2010, and 2020.

The total and average amount of N and P exports of the
Henan section of the YRB were different in 2000, 2010, and 2020
(Table 3), and these results demonstrated that there were
differences in spatial distribution characteristics of N or P
export in Figure 5. The N export was much more than P
export in 2000, 2010, and 2020. The total and average
N and P exports increased in 2000-2010 and decreased in
2010-2020, reaching a maximum value in 2010, and they
increased in 2000-2020. During the 20 years, the total
amount of N and P exports increased with 3,982,140.07 kg,
and 1,283,264.33 kg, and the average amount of N and P exports
increased with 109.86 kg/km® and 35.41 kg/km?. The 69.58%
growth rate of N export was less than the 74.46% growth rate of P
export in the 20 years.

In order to obtain the differences of the N and P export changes
in different periods, the changes in N and P exports of the Henan
section of the YRB in 2000-2010 and 2010-2020 were calculated
(Figure 6). The spatial distribution of N and P export changes was
different in two periods. The N and P exports mainly increased in
2000-2010 (Figure 6Al, Bl) and decreased in 2010-2020
(Figure 6A2, B2) throughout the entire basin. The decrease in N
and P exports in 2000-2010 was less than the increase in N and P
exports in 2010-2020.

The area of N and P export changes in the Henan section of YRB
in 2000-2010 and 2010-2020 were calculated (Table 4). The no-
change areas of N and P exports make up a minor part of the basin,
and more decreased areas were in 2010-2020, while more increased
areas were in 2000-2010. However, the increased areas decreased
and the
2010-2020. The rapid socio-economic development in the decade
after 2000 led to an increase in ecological pollution, and the national

decreased areas increased between 2000-2010 and

government did not sufficiently protect the ecological environment,
while ecological pollution control was strengthened in the decade
after 2010. However, the increased areas were more than the
decreased or no change areas, showing that the pollution is still
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serious and the ecological environment needs to be treated
in 20 years.

4.4 The impact of precipitation and land-use
changes on nitrogen and
phosphorus exports

Precipitation affects the transmission process of N and P pollution,
thereby indirectly affecting the amount of pollution, while land use has a
direct impact on N and P pollution. Therefore, exploring the
relationship between precipitation or land use and N and P
pollution is helpful for ecological protection and governance,
national spatial planning, and management.

The average annual precipitation was used instead of nutrient
runoff proxy in the InVEST model, so average annual precipitation
was selected to analyze the impact of precipitation changes on N and
P exports. Since there were the same values of average annual
precipitation, the average N and P exports on the same average
annual precipitation were used to analyze the relationships
(Figure 7). The average N export was all larger than the average
P export in 2000, 2010, and 2020. The average N and P exports on
average annual precipitation in 2000, 2010, and 2020 were similar.
With the increase in precipitation, the average N and P exports
showed a decreasing trend of fluctuating changes in three periods.
However, almost all values of average N and P exports on average
annual precipitation were largest in 2010 and were smallest in 2000,
while a few values in 2020 were larger than those in 2010.

The change trends of average N export or average P export on
average annual precipitation in 2000-2010 and 2010-2020 were similar,
but they were different in two periods (Figure 8). With the increase in
precipitation, the changes in average N and P exports showed a
decreasing trend of fluctuating changes in two periods. The change
magnitudes were larger at low precipitation and were lower at high
precipitation in two periods. However, the change magnitudes were
positive in 2000-2010; the change magnitudes were negative, while a
few changes were positive in 2010-2020. The trend of changes in N and
P exports over the past 20 years was similar to that of the previous
10 years, but the changes were not very drastic.

The N and P exports were mainly influenced by land use, and
the N and P exports on different land-use types of the Henan
section of the YRB in 2000, 2010, and 2020 were calculated
(Table 5). The total and average amount of N and P exports made
up the largest proportion on CL; a larger proportion on FL, GL,
and BAs; a smaller proportion on UL; and smallest on WAs.
However, the total amount of N and P exports on forest land was
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Spatial distribution of nitrogen (A1 and A2) and phosphorus (B1 and B2) export changes of the Henan section of the Yellow River Basin in

2000-2010 and 2010-2020.

larger than that on GL in 3 years, while the average amount of N
and P exports on FL was smaller than that on GL. In addition, the
average amount of N and P exports on UL in 2020 was larger; the
average amount of P export on UL was also larger than that on
BAsin 2010 and 2020, while the results were the opposite in 2000.
The total or average amount of N and P exports on each land-use
type all first increased and then decreased, and the overall change
trend all increased from 2000 to 2020.
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5 Discussion

5.1 Trends and attribution of nitrogen and
phosphorus pollution

According to statistical data in the China Statistical Yearbook

and Henan Statistical Yearbook and the results in existing studies
(Zhang et al., 2014; Tao et al., 2021; Zheng et al., 2023), the results
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TABLE 4 Change areas of nitrogen and phosphorus exports of the Henan section of the Yellow River Basin in 2000-2010, 2010-2020, and 2000-2020.

Change area (km?)

Nitrogen export Phosphorus export
Decrease No change Increase Decrease No change Increase
2000-2010 317.91 2,996.12 32,930.78 318.85 2,996.11 32,929.83
2010-2020 29875.78 2,709.58 3,659.44 29,964.21 2,709.58 3,571.00
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Average nitrogen (A) and phosphorus (B) exports on average annual precipitation of the Henan section of the Yellow River Basin in 2000, 2010, and 2020.
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are consistent with the findings. During the 20 years, the expanding
population and rapid socio-economic development have led to
higher production and living standards and increasing demand
for land and food, which have increased N and P pollution. The
Henan Province is the third largest area of population and is the
second largest area of agricultural production in China, and the YRB
in Henan Province encompasses water conservation areas, beach
areas, irrigation areas, floodplains, and gathering areas of the
population; these practicalities cause a large amount of N and P
pollution derived from agricultural materials, industrial waste,
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domestic waste, aquaculture pollution, and other pollution.
However, the national and local governments in China have also
taken measures to control and treat NPSP to reduce pollutants
including N and P. Since socio-economic development is at different
stages, the control and treatment measures need time to be effective
on N and P pollution, so the N and P pollution will neither be
eliminated immediately nor is it likely to be completely eliminated.
The rapid socio-economic development and insufficient governance
in 2000-2010 led to increased N and P pollution; however, the
government increased the control and treatment of NPSP after 2010,
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TABLE 5 Nitrogen and phosphorus exports on land use of the Henan section of the Yellow River Basin in 2000, 2010, and 2020.

Pollutant

Land-use types

GL WA

Nitrogen export Total (kg) 2000 4,649,157.66 358,672.33 246,353.49 10,618.57 455,785.62 2,344.55
2010 13,993,485.95 603,180.53 484,560.10 40,560.10 1,394,737.54 5,453.09
2020 7,809,612.43 472,257.30 330,898.61 25,988.18 1,063,722.33 2,593.44

Average (kg/km?) 2000 229.36 43.51 62.61 11.21 165.20 26.05

2010 708.85 73.12 124.28 34.43 448.76 79.03

2020 405.44 56.96 91.89 21.69 276.58 56.38

Phosphorus export Total (kg) 2000 1,565,213.98 39,018.31 50,608.37 3,570.53 64,283.34 743.55
2010 4,035,202.97 161,457.46 195,628.07 11,702.07 505,417.44 1639.78

2020 2,463,514.61 107,039.47 80,299.04 8,171.20 346,883.15 794.96

Average (kg/km?) 2000 77.22 4.73 12.86 3.77 23.30 8.26
2010 204.41 19.57 50.17 9.93 162.62 23.76
2020 127.90 1291 22.30 6.82 90.19 17.28

and the socio-economic development still continues, so the N and P
exports in 2010 are the most, and the N and P exports in 2020 are
heavier than those in 2000.

The causes of N and P exports are complex; the precipitation and
land use were selected as the impact factors in this study, considering
the input dataset and actual situation. These indicate that there is an
inverse relationship between precipitation and N and P exports.
However, if these results are further combined with the topography
and land use of the study region in Figures 1, 2, it can be found that
small precipitation is widely distributed in plain areas with more CL
and BA, and large precipitation is widely distributed in mountainous
areas with more FL and GL. These show that the N and P exports are
more closely related to land use, which is consistent with existing
studies (Hoyer and Chang, 2014; Yang et al., 2019); the impact of
precipitation on N and P exports is relatively small, which mainly
affects the pollutant transport.

5.2 Policy implications and suggestions of
nitrogen and phosphorus pollution

Since the reform and opening up of China, the State Council of
the People’s Republic of China formulated “The Five-Year Plan for
Ecological Environmental Protection,” and these plans have brought
the trend of increasing environmental pollution and ecological
damage under basic control, resulting in an improved
environmental quality. In recent years, the Central Committee of
the Communist Party of China and the State Council of the People’s
Republic of China have issued the “Opinions on the Establishment
and Supervision of the Implementation of the Territorial Spatial
Planning System” in 2019; the Central Committee of the
Communist Party of China and the State Council of the People’s
Republic of China have officially issued the “Opinions on Deepening
the Battle of Pollution Prevention and Control” and “Outline of the

Plan for Ecological Protection and High-quality Development of the
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Yellow River Basin” in 2021; the State Council of the People’s
Republic of China jointly issued the “14th Five-Year Plan for the
Protection of Soil, Groundwater and Rural Ecological Environment”
and “Ecological Protection Plan for Yellow River Basin” in 2022. To
control pollution and improve the quality of the ecological
environment in Henan Province, the People’s Government of

Henan Province issued “Pollutant Emissions Reduction
Regulations” in 2013, “Opinions on Comprehensively
Strengthening  Ecological ~ Environmental — Protection and

Resolutely Fighting the Battle of Pollution Prevention and
Control” and “Three-Year Action Plan for the Battle of Pollution
Prevention and Control (2018-2020)” in 2018, “Notice on Soil
Pollution Prevention and Food Security on Agricultural Land” in
2020, “Soil Pollution Prevention and Control Regulations” in 2021,
and “Work Program of New Pollutant Management” in 2023.

N and P pollution is still serious, but NPSP including N and P
pollution can never be eradicated in the short term, and we need to
gradually control the increment and remove the stock of NPSP in the
long term. The problem of China’s serious pollution lies in sloppy
operation of economic growth. The control of total pollutant emissions
will promote resource conservation, industrial structure optimization,
technological progress, and pollution control, as well as the
agriculture
development and large population in the Henan section of the YRB,

transformation of economic growth. Considering

priority should be given to controlling major pollution sources by
reducing fertilizers, pesticides, domestic waste, and production waste in
CL and BAs. The vegetation and permeable ground around the CL or in
and around BA need to be improved to intercept, absorb, and reduce
pollutants. In addition, slowing or redirecting the movement of
pollutants by soil consolidation or recessed space ultimately reduces
the amount of pollutants that sink into water sources or enter other land
uses. The pollutants in the FL or GL are still present but less
pronounced, and a reasonable increase in the mix of forest and
grass helps improve the ability to intercept and absorb pollutants.
The WAs or UL do not produce many pollutants; in addition to

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1415732

Yang et al.

controlling aquaculture and the development of UL, illegal discharge
and dumping of toxic and harmful substances into water sources and
UL are strictly prohibited; and implementing projects for biological or
physical protection should be undertaken.

5.3 Limitations and prospects

Although this study used the technology of GIS and RS to assess
N and P pollution in the data-scarce region, there are some
limitations. Some parameters are obtained from the official user’s
guide, official statistics data, and existing relevant studies. If
monitoring data can be used in the future to calibrate the input
parameters, the results can be improved.

6 Conclusion

The N and P exports in the Henan section of the YRB in 3 years
(2000, 2010, and 2020) were analyzed from a macroscopic
perspective; the results show that (1) the CL, GL, and UL
decreased with 4.98%, 8.56%, and 74.58%, respectively, while FL,
WAs, and BAs increased with 0.58%, 27.40%, and 39.85% in
20 vyears, respectively; (2) the average annual precipitation
increased from northeast to southwest in 20 years; (3) the N
export was much more than P export in 3 years, and the N and
P exports increased in 20 years, and the spatial distribution of N and
P export changes was different in the whole basin in three periods
(2000-2010, 2010-2020, and 2000-2020); (4) with the increase in
precipitation, the changes in average N and P exports showed a
decreasing trend in three periods, and the change magnitudes were
larger at low precipitation and were lower at high precipitation in
three periods; and (5) the amount of N and P exports on CL and BAs
is more than that on the other land-use types, and the N and P
exports on each land-use type all first increased and then decreased,
and the overall change trend all increased from 2000 to 2020. At
present, environmental pollution including N and P pollution is still
one of the important development issues, and more efforts need to
be made to ensure ecological, green, and healthy development.
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