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Abstract: Protecting the water quality of the Yellow River is of great significance to the ecological
protection of the Yellow River Basin. The identification of spatiotemporal variations of the water
environment and the implementation of measures to control non-point source (NPS) pollution are
both key to improving the water quality. Between 2012 and 2021, we conducted assessments of eight
indicators, including water temperature, dissolved oxygen (DO) and pH, chemical oxygen demand
(CODMn), five-day biological oxygen demand (BOD5), total phosphorus (TP), NO3-N, and NH3-N
at six sites in the main stream of the Yellow River in Henan. We explored the causes of changes
in water eutrophication using multivariate statistical analysis and formulated recommendations to
improve NPS pollution through adjustments in land use patterns. The results showed that temporal
water eutrophication markedly decreased and it was most spatially severe in the east. The most
effective control of water eutrophication was observed between 2016 and 2018. As the transition
from the flood season to the non-flood season took place, the main source of NPS pollution changed
from being primarily influenced by precipitation, to being predominantly attributed to agricultural
runoff. We recommend addressing the increased soil erosion in the west and controlling the discharge
of agricultural effluent in the east. During the flood season, the ecological interception zones can
effectively intercept NPS pollution outputs. These findings offer valuable insights for future scientific
management strategies to prevent and control NPS pollution in the river.

Keywords: water environment; water eutrophication; NPS pollution; Mann–Kendall test; the
multivariate statistical analyses; the Yellow River

1. Introduction

In nature, water exists in various forms, and humans primarily utilize freshwater
resources, specifically groundwater and surface water. These sources constitute a relatively
small portion of the total global water resources [1]. Consequently, high-quality water
resources play a pivotal role in preserving the ecological integrity and fostering social and
economic development. In recent years, there has been effective management and control
of point source pollution; however, NPS pollution originating from planting, livestock
farming, and residential life poses a significant challenge [2], as it enters rivers through
runoff and precipitation, making source control difficult [3]. Nitrogen and phosphorus
emerge as the primary pollutants, and their excessive presence leads to phytoplankton
blooms, oxygen depletion, and the demise of aquatic organisms. This situation poses a
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severe threat to the environmental safety of natural water bodies and results in water
eutrophication. And the eutrophication of rivers seriously jeopardizes the safety of water
utilization and the stability of aquatic ecosystems [4].

The Yellow River Basin, as the second-largest river basin in China, faces problems
of water scarcity, water quality deterioration, and ecological degradation. The uneven
spatial distribution of water resources in the Yellow River Basin, the total amount of
water resources is on a decreasing trend; industry and agriculture have led to serious
problems of water pollution, the 37 percent of the Yellow River’s sewage-carrying capacity
carries more than 91 percent of the basin’s incoming pollution load; and natural changes
and human activities have caused the ecological functions of the Yellow River Basin to
deteriorate. Therefore, the Yellow River Basin holds a pivotal role in China’s economic
and social development as well as ecological security. The protection and management of
the Yellow River Basin carry substantial strategic significance, encompassing flood control,
water supply, food security, energy security, and ecological security [5]. At the same time,
the water quality of the Yellow River directly impacts the safety of drinking water and
industrial irrigation water in the provinces along its course [6]. It is necessary to conduct
a scientifically rigorous analysis of the current state of water eutrophication within the
Yellow River. Over the past decade, increased attention from both the state and government
has been directed toward pollution prevention and control within the Yellow River Basin,
leading to the implementation of numerous policy measures. But fewer studies provided
systematic analyses of the spatial and temporal changes of water quality in the Yellow
River over extended time series. In this paper, we analyzed, in detail, the mechanisms of
spatiotemporal variations in the water environment over the past decade and identified the
optimal period for water quality improvement combining the redundancy analysis (RDA)
and Mann–Kendall test.

After recognizing the current status of the water trophic state, how to carry out the
control of NPS pollution more effectively has become an issue that cannot be ignored. In
recent years, many studies have found rational land use allocation is key to controlling NPS
pollution output [7]. Ongoing human modifications to the land use system bring about
changes in surface vegetation types, consequently impacting surface runoff dynamics [8,9].
For example, the presence of agriculture in the vicinity of water resources raises the
concentration of sediments and nutrients in the water and accelerates the flow of NPS
pollutants, ultimately affecting the water quality within the watershed [10]. Therefore, it
is scientifically important to accurately quantify the complex relationship between NPS
pollution and land use.

Numerous studies have examined the relationship between land use and surface
water quality. Santy et al. [11] observed that nutrients were particularly responsive to
land use changes, with an expansion of agricultural land being a fundamental driver of
increased nutrient levels. In the research conducted by Chang et al. [12], agricultural land,
tea plantations, forested areas, and orchards were identified as the primary sources of
nutrients in the Shah River Reservoir. Park et al. [13] demonstrated that total nitrogen
(TN) and TP had a more significant impact on surface source pollution during rainfall
events. Earlier studies have shown that past rapid urbanization developments and unwise
land use practices can result in soil erosion and the loss of nitrogen and phosphorus,
leading to widespread NPS pollution in rivers [14]; moreover, the impact of land use on
water quality is closely related to the seasons [15]. Kim et al. [7] found that NPS pollution
leads to nutrient and sediment enrichment during the summer, especially in high terrain
agricultural areas, where large-scale erosion causes high levels of nitrogen and phosphorus
pollution discharges, severely affecting water ecosystems. Therefore, it is necessary to
understand how land use and hydrological seasons affect water quality. Currently, there is
a substantial body of research on the connection between land use and water quality within
single years, but there is a lack of studies that investigate the long-term impact of land use
on river quality. Furthermore, fewer attention has been paid to the impacts of land use on
water quality during different hydrological seasons. In this paper, we also recognized the
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main contributing factors of NPS pollution by land use, and controlled NPS pollution by
different ways in various seasons. It is of great significance for NPS pollution control and
improvement of surface water quality in agricultural areas.

Henan, situated in the middle and lower reaches of the Yellow River Basin, holds a
pivotal role as a significant grain-producing region in China. In recent years, the extensive
use of pesticides and fertilizers has led to a notable issue of NPS pollution. From 2012 to
2021, as the state and government have progressed in their water environment protection
efforts within the Yellow River Basin, it has become imperative to elucidate the underlying
causes of the spatiotemporal changes of water environment in the main stream of the Yellow
River in Henan and establish strategies for future NPS pollution control. Our study focused
on cities situated along the main stream of the Yellow River in Henan. We divided the data
into the following distinct periods: the flood season (June to August) and the non-flood
season (September to May). The main aims of this study are as follows: (1) Calculating
the degree of water eutrophication through the application of a universal index formula
utilizing logarithmic power functions. Additionally, analyze the spatiotemporal variations
in water quality indicator concentrations and water eutrophication between 2012 and
2021. (2) Utilizing the Pearson’s correlation coefficient, Mann–Kendall test, and RDA to
identify the optimal period for eutrophication improvement and the drivers behind these
changes. (3) Analyzing the drivers’ variations during different periods and formulating
recommendations for the prevention and control of NPS pollution by adjusting the spatial
land use patterns. The results of this study offered a theoretical support for the management
of NPS pollution in the main stream of the Yellow River in Henan.

2. Materials and Methods
2.1. Study Area

The Yellow River originates from the Bayankala Mountains in Qinghai Province, tra-
verses nine provinces, and ultimately discharges into the Bohai Sea in Shandong Province,
covering a total distance of approximately 5464 km [16]. Water resources in Henan Province
are unevenly distributed spatially, with more water resources in the western and south-
ern regions, and less water resources in the northern, eastern, and central regions. With
the development of industry, the amount of wastewater discharged in Henan Province
is continuously increasing, and as a large agricultural province, the pollution caused by
agricultural fertilization should not be underestimated. Overall, Henan Province is facing
serious water pollution problems, and the sustainable use of water resources is threat-
ened [17]. The main stream of the Yellow River within Henan Province is situated in the
middle and lower reaches of the river. Henan Province (31◦23′–36◦22′ E, 110◦21′–116◦39′ N)
holds significant historical importance as the main battleground for millennia-long Yellow
River management efforts. It serves as the economic heartland of the Yellow River basin
and forms a critical ecological barrier for the region [18]. In this study, we selected the cities
located along the main course of the Yellow River in Henan Province as the study area.
This area encompasses ten cities within Henan Province, namely, Sanmenxia, Luoyang,
Zhengzhou, Kaifeng, Jiyuan, Jiaozuo, Xinxiang, Hebi, Anyang, and Puyang City. We also
included Heze City in Shandong Province and Yuncheng City in Shanxi Province in the
study area. The study area is shown in Figure 1.

2.2. Data Collection

The remote sensing data used in this study is the 2021 China Land Cover Dataset
(CLCD), created by the research team of Yang Jie and Huang Xin at Wuhan University.
This dataset provides a spatial resolution of 30 m [19]. For our analysis, we reclassified
the dataset into the following six categories: cultivated land, forest land, grass, water,
construction land, and unused land. In this study, we utilized land use data from the
years 2012, 2014, 2016, 2018, and 2020 to explore the long-term impact of land use on
water quality.
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Figure 1. Study area and sampling sites. Sanmenxia Road Bridge (S1), Nancun (S2), Xiaolangdi (S3),
Huayuankou (S4), Kaifeng Bridge (S5), and Gaocun (S6).

The water quality data used in this study comprise monthly monitoring data collected
from six measurement stations situated along the main stream of the Yellow River in Henan
from 2012 to 2021, which were offered by water environment monitoring center of the
Yellow River. There are six National Water Function Zones located in the main stream of
the Yellow River in Henan Province, with one station in each National Water Function
Zone, namely, Sanmenxia Road Bridge (S1), Nancun (S2), Xiaolangdi (S3), Huayuankou
(S4), Kaifeng Bridge (S5), and Gaocun (S6). We ensure these stations were sampled once
from the 5th to 10th day of each month. The six stations are shown in Figure 1. Dissolved
oxygen is one of the most important ecological parameters in water ecosystems; dissolved
oxygen depletion due to water eutrophication is an important pathway leading to degra-
dation of the water environment [20]. The growth of algae and large amounts of organic
matter promote the aerobic bacteria growth, which consume large amounts of dissolved
oxygen [21]. At the same time, water temperature and pH indirectly affect DO levels. And
algal growth due to increased nutrients in the water is also a major factor in increased
eutrophication [22]. Therefore, we selected eight indicators for analysis, encompassing
physical indicators such as water temperature, DO and pH, as well as oxygen consumption
indicators including CODMn and BOD5, and nutrients including TP, NO3-N, and NH3-N.
The selection of these three types of indicators can more effectively explore the influence of
indicators other than Chlorophyll-a on water trophic status and the internal mechanism of
eutrophication.

2.3. Data Processing

The monitoring methods employed in this study adhere to the guidelines outlined
in the Surface Water Environmental Quality Standard (GB 3838-2002) [23]. Specifically,
DO and pH were measured using a HACH portable water quality analyzer, CODMn
concentrations were assessed using the acid potassium permanganate method, BOD5
values were assessed employing the dilution and inoculation method, TP was quantified
using ammonium molybdate spectrophotometry, NH3-N levels were determined nano-
reagent photometric method, and NO3-N concentrations were measured via ultraviolet
spectrophotometry. Furthermore, we defined the flood season as spanning from June



Sustainability 2023, 15, 14754 5 of 18

to August [24], whereas the non-flood season was considered to extend from September
to May.

2.4. Methods
2.4.1. Evaluation of Water Eutrophication

The universal index formula by logarithmic power function, as proposed by Li
et al. [25], found extensive applicability in the assessment of eutrophication in lakes,
reservoirs, and surface water bodies across China. In comparison to commonly utilized
eutrophication evaluation methods, such as the trophic state index (TSI), this approach
streamlines the number of formulas required while expanding the range of applicable indi-
cators, thus exhibiting universal applicability. In this study, we selected several evaluation
indicators, including DO, CODMn, BOD5, TP, NO3-N, and NH3-N. Firstly, the “standard
value” of each index is calculated according to the normative transformation formula.
Secondly, the trophic state of each index is calculated using logarithmic power function.
Finally, the trophic state composite index is obtained by weighting. The trophic state
composite index (EI) was calculated as follows:

EIj = 10.77×
(
ln xj

)1.1826 (1)

EI =
n

∑
j=1

Wj × EIj (2)

Xj =


(
Cj0/Cj

)2 Cj ≤ Cj0 For DO
1 Cj > Cj0 For DO
Cj/Cj0 Cj ≥ Cj0 For other indicators
1 Cj < Cj0 For other indicators

(3)

where EIj is the trophic state of indicator j; Wj is the weight value of indicator j, this paper
sets the weight as equal weight, 1/6; EI is the trophic state composite index; Xj is the norm
value of indicator j; Cj0 is the “extremely poor” nutritional value of indicator j, DO, CODMn,
BOD5, NH3-N, NO3-N and TP was 40, 0.12, 0.1, 0.01, 0.1 mg/L, and 1 µg/L, respectively; Cj
is the measured concentration of indicator j. Evaluation standard of eutrophication degree
is shown in Table 1. The calculation process of water eutrophication was shown in Table S1.

Table 1. Evaluation standard of eutrophication degree.

Trophic State EI

Oligotrophic EI ≤ 20
Mesotrophic 20 < EI ≤ 39.42

Light eutrophic 39.42 < EI ≤ 61.29
Middle eutrophic 61.29 < EI ≤ 76.28
Hypereutrophic 76.28 < EI ≤ 99.77

2.4.2. Mann–Kendall Test

The Mann–Kendall test is particularly advantageous because it does not impose distri-
bution assumptions on the samples and remains robust even in the presence of outliers.
This makes it well-suited for analyzing trends and pinpointing abrupt change points within
time series data, such as those related to precipitation, runoff, and water quality [26]. The
Mann–Kendall test involves the calculation of the UF from the positive time series x, con-
versely, the calculation of the UB from the negative time series x, UB = −UF. Subsequently,
UF and UB values are plotted on the same statistical graph, and the number of intersections
between the UF and UB curves is scrutinized. If only one intersection is observed, and it
falls within the critical confidence levels, this indicates a mutation occurring in the year
corresponding to the intersection. In cases where multiple intersections or intersections
outside the threshold are present, it is inconclusive that mutations occurred in those years,
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necessitating the application of complementary methods for further discrimination. In
this study, we opted for a confidence level of α = 0.05 for the test. A positive Z value (Z
> 0) signifies a significant upward trend, whereas a negative Z value (Z < 0) denotes a
significant downward trend [27]. We executed the Mann–Kendall test through the software
MATLAB 2021 using the water quality data to investigate the mutation period of water
quality indicator concentrations and the EI between the years 2012 and 2021.

For the time series X, construct the order column Sk. where rj denotes the cumulative
number of xi > xj (1 ≤ j ≤ i) in the j sample; the statistic Sk is defined as follows:

Sk =
k

∑
j=1

rj (4)

Assuming that the time series k is stochastically independent, the mean and variance
of Sk are E[Sk] and Var [Sk], respectively.

E[Sk] =
k(k− 1)

4
(5)

Var[Sk] =
k(k− 1)(2k + 5)

72
(6)

The formula for defining the statistic UF is as follows, UF is a statistic of the standard
normal distribution.

UF =
Sk − E[Sk]√

Var[Sk]
(7)

2.4.3. Statistical Analysis

RDA has the capability to map environmental and species factors onto a two-
dimensional plane, allowing for the evaluation of correlations and contributions between
these factors. In contrast to conventional linear regression techniques, this approach not
only enables the analysis of the contributions of multiple explanatory variables but also
facilitates the exploration of correlations between explanatory variables and their associated
counterparts [28]. The length of the arrows in the resulting graphs reflects the degree of
influence exerted by the environmental factors on the species. Longer arrows indicate
stronger influence. When the angle between the arrow representing the species and the
arrow depicting the environmental factor is less than 90◦, it signifies a positive correlation
between the two. Conversely, an angle exceeding 90◦ denotes a negative correlation. If
the angle approximates or equals 90◦, it suggests that there is no significant relationship
between the two [29]. In this study, we employed the software Canoco 5.0 to elucidate the
relationship between land use and water quality indicators. Specifically, we took the water
quality indicators of the main stream of the Yellow River in Henan in 2012, 2014, 2016, 2018,
and 2020 as species data, while utilizing the percentage of land use area in study area as
environmental factors.

Additionally, to analyze the correlation between water eutrophication and each water
quality indicators, we employed Pearson’s correlation coefficient with the software Origin
2021. Figure 2 illustrates the flow chart of the methodology followed in this paper.
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Figure 2. Flow chart of the methodology.

3. Results and Discussion
3.1. Spatiotemporal Variations of Water Quality Indicators Concentrations

The temporal variations in the physicochemical indicator concentrations within the
main stream of the Yellow River in Henan were presented in Figure 3. Figure 3a illustrates
the changes in the physicochemical indicators’ concentrations from 2012 to 2021. Over
this period, water temperature, DO, and pH exhibited an overall increasing trend. The
respective ranges for these indicators were 14.71–18.27 ◦C, 7.64–9.74 mg/L, and 7.9–8.31.
Additionally, when comparing the flood season with the non-flood season, it was observed
that water temperatures were higher during the flood season than during the non-flood
season. In contrast, the pH and DO concentrations exhibited the opposite trend, with
higher values recorded during the non-flood season compared to the flood season. This
phenomenon can be primarily attributed to elevated temperatures during the flood season,
which promotes saturation of oxygen in the water, and oxygen escapes from the water [30].
The elevated temperatures promote the ionization of hydrogen ions in water, leading to a
decrease in pH. In addition, precipitation is generally acidic, while the soil and water are
mostly alkaline in the north of China, and the large amount of precipitation during the flood
season has a neutralizing effect on the water and soil [31]. Figure 3b illustrates the variations
in the concentration of oxygen consumption indicators. The CODMn concentration was
often used as a composite index to gauge the degree of surface water contamination by
organic and reductive inorganic substances. BOD5 is used to indicate the total amount of
dissolved oxygen consumed in water when organic matter is oxidized and decomposed
under the biochemical action of microorganisms, making it inorganic or gaseous. CODMn
and BOD5 both reflect the oxygen consumption of organic matter. From 2012 to 2021, the
overall fluctuation in the CODMn concentration was minimal, while the overall trend for
the BOD5 concentration was an increase. The respective ranges for the CODMn and BOD5
concentration changes were 2.22–2.83 mg/L and 1.4–2.19 mg/L. Additionally, comparing
the flood season with the non-flood season, it was observed that both CODMn and BOD5
exhibited higher concentrations during the flood season compared to the non-flood season.
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The primary reason for this phenomenon is the close relationship between the concentration
of oxygen consumption indicators and the DO concentration in the water. An increase in
the concentration of oxygen consumption indicators tends to intensify the decomposition
process of organic matter, subsequently leading to greater oxygen consumption within
the water body and, consequently, a decrease in the DO concentration [32]. Figure 3c
provides an insight into the variations in nutrients concentrations. Over the period from
2012 to 2021, TP, NO3-N, and NH3-N concentrations displayed a significant decreasing
trend. The concentration ranges for TP, NO3-N, and NH3-N were 0.059–0.133, 2.87–5.04,
and 0.19–0.47 mg/L, respectively. When comparing the flood season to the non-flood
season, it was observed that the concentration of TP was higher during the flood season
as opposed to the non-flood season. This phenomenon can be attributed to the influx
of phosphorus into the water due to rainfall flushing, leading to NPS pollution during
the flood season. Consequently, the concentration of TP became higher compared to that
during the non-flood season [33]. On the other hand, the NO3-N and NH3-N concentrations
were higher during the non-flood season than in the flood season. This was mainly due to
the fact that river mineralization significantly decreased with an increased flow during the
flood season, and the NO3-N and NH3-N concentrations decreased when aquatic plants
flourish in the summer.

Figure 3. Temporal variation in the water quality indicators concentrations.

In summary, over the period from 2012 to 2021, the concentrations of DO and nutri-
ents in the main stream of the Yellow River in Henan exhibited significant improvement;
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however, there was an increase in the content of oxygen consumption indicators in this
time. During the flood season, factors such as rising water temperatures and decreasing
DO levels, along with high concentrations of oxygen-consuming organic pollutants and TP,
were not conducive to the self-purification of the water body.

The spatial variations in the concentration of physicochemical indicators are depicted
in Figure 4. Based on the multi-year averages from the six monitoring sites, the highest
recorded water temperature was 17.04 ◦C at the Nancun. The lowest DO value, 7.72 mg/L,
was observed at Xiaolangdi, while the highest NO3-N value (4.78 mg/L) was recorded at
the same location; furthermore, Gaocun exhibited the highest values for both pH (8.19) and
TP (0.17 mg/L). Sanmenxia Highway Bridge had the highest concentrations of CODMn
(3.06 mg/L) and NH3-N (0.51 mg/L). Lastly, the highest concentration of BOD5 (2.26 mg/L)
was observed at Kaifeng Bridge.

Figure 4. Spatial variation in the water quality indicators concentrations.

In summary, it is evident that the western region of the study area should prioritize the
control of the CODMn and NH3-N concentrations, whereas the central and eastern regions
need to focus on addressing the NO3-N and TP levels. We can elucidate the reasons for
this phenomenon as follows: In the western region, the increase in CODMn concentration
can be attributed to elevated organic matter content resulting from soil erosion and the
decomposition of aquatic vegetation [31,34]. Additionally, the lower DO levels in the west
had impeded the oxidation of NH3-N to NO3-N. However, as upstream water gradually
supplies oxygen, dissolved oxygen levels recover, leading to the oxidation of NH3-N
to NO3-N; moreover, the central part of the study area represented the fastest-growing
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urbanized region in Henan, while the eastern part experienced more frequent agricultural
activities. The inflow of nitrogen and phosphorus that rich agricultural and industrial
effluents, influenced by human activities, contributed to surface water via runoff. This
exacerbated the concentrations of NO3-N and TP in the central and eastern regions [35].
Therefore, we recommend strengthening soil erosion control in the western region of the
study area and enhancing the regulation of industrial and agricultural effluent discharge in
the central and eastern regions.

3.2. Spatiotemporal Variations of the Trophic State

The temporal variations in the trophic state of the main stream of the Yellow River in
Henan were depicted in Figure 5. The EI ranged from 43.44 to 49.21, consistently indicating
a state of light eutrophication. The Z statistic, with a value of −3.5777, demonstrated a
significant decreasing trend in EI from 2012 to 2021, and the slope of the fitting line was
found to be 0.6912. Therefore, over the past decade, this result illustrated the effectiveness
of water eutrophication management in the main stream of the Yellow River in Henan.
However, it is noteworthy that the decreasing trend observed during this period was
relatively gradual. When comparing the flood season to the non-flood season, it was
observed that the EI registered higher values during the flood season in comparison to
the non-flood season. This disparity can be attributed primarily to the increased rainfall
and the substantial influx of water from the river during the flood season [23], resulting
in elevated concentrations of TP. Simultaneously, rising temperatures and the presence of
oxygen-depleting organic matter contributed to a reduction in DO, thereby exacerbating
water eutrophication during the flood season. Consequently, the flood season emerged as a
pivotal period of concern for government driven eutrophication management efforts.

Figure 5. Temporal trend of the trophic state composite index.

The spatial variations in the trophic state are illustrated in Figure 6. Based on multi-
year average values, all six sites fall within the category of light eutrophication. Notably, the
Sanmenxia and Huayuankou exhibited the highest degrees of water eutrophication, with EI
values of 50.23 and 49.59, respectively. This outcome was likely attributed to the substantial
influx of nutrients into the river in these areas. Subsequently, the metabolic processes
of microorganisms and aquatic organisms, which continuously oxidize and decompose
organic matter, contribute to a reduction in DO levels and exacerbate water eutrophication.
However, overall, the degree of water eutrophication was more severe in the eastern part
of the main stream of the Yellow River in Henan. This can be primarily attributed to the
significant inflow of oxygenated organic matter and nutrients from the west and central
regions, largely driven by human activities. Additionally, the transportation of pollutants
from the upper reaches to the lower reaches of the river, coupled with the accumulation
of pollutants discharged in the east [36], had resulted in an adverse impact on the water
quality in the eastern part of the main stream of the Yellow River in Henan. Therefore, the
eastern region emerged as a pivotal area for government-led eutrophication control efforts.
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Figure 6. Spatial variations of trophic state composite index.

In the past, for the main stream of the Yellow River, few studies have clarified the
spatiotemporal variations characteristics of water eutrophication in the long series. In this
paper, we divided the period into the flood season and the non-flood season, and explored
the mechanisms by which the hydrological season affects the water quality, which has
rarely been addressed in past studies. The results of this study are of great significance for
the understanding the current status of eutrophication and the future formulation of the
water environment protection policies for the Yellow River.

3.3. Drivers of Water Eutrophication Long Term Trends

Water environmental factors play a pivotal role in determining the trophic state of
water bodies. To investigate the underlying causes of water eutrophication, this study
elucidated the relationship between each of the water physicochemical indicators and
the EI using Pearson’s correlation coefficient. As depicted in Figure 7, a pronounced
positive correlation was observed between EI and both NO3-N and TP, with correlation
coefficients of 0.92 and 0.91, respectively. Furthermore, the EI exhibited a noteworthy
negative correlation with DO, which was characterized by a correlation coefficient of
−0.91. This negative correlation suggested that the increase in nutrient levels fosters the
proliferation of aquatic organisms, subsequently leading to increased oxygen consumption
within the water [37].

In summary, water eutrophication was primarily influenced by TP, NO3-N, and DO.
Lin et al. found that TP is the main factor of eutrophication in drinking water reservoirs in
Taiwan based on principal component analysis. This result is consistent with the conclusion
of this paper [38]. In well-aerated water conditions, NH3-N readily oxidizes into NO3-N.
Both TP and NO3-N serve as nutrients for plant growth, promoting the proliferation
of phytoplankton, which in turn leads to a decline in DO levels and exacerbates water
eutrophication. This, in turn, contributes to the mortality of aquatic organisms. Notably,
during the flood season, the already low levels of DO further deteriorate, intensifying the
decline in water quality.

To investigate the reasons behind the long-term improvement in water eutrophication,
we used RDA to assess the influence of land use on water quality. In general, cultivated
land and grass exhibited a positive correlation with nutrient levels, whereas forest land
showed a negative correlation with nutrient concentrations. The results of the effect of land
use type on water quality were the same as in the study by Pei et al. [39]. However, in the
past, there has been a lack of studies on the impact of land use on water quality during
different seasons. In this paper, we divided the study period into flood and non-flood
seasons, observing slight variations in the degree of correlation between water quality
indicators and land use during different periods. As depicted in Figure 8, during the flood
season, NO3-N and NH3-N were significantly and positively correlated with water. This
suggests that during the flood season, water plays a significant role in transporting NO3-N
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and NH3-N, runoff from precipitation wash pollutants in the surface and into water bodies
through hydrological cycles, the convergence of runoff is reflected in an increase in water
area. During this period, based on the principles of NPS pollution formation, the increase in
precipitation leads to an increase in the amount of nutrients carried by the runoff-producing
processes [7], this plays a larger role in the process of NPS pollution. Thus, precipitation
increases the impact of agricultural NPS pollution discharges on water quality. During
the non-flood season, nutrients were not correlated with water, but were significantly
positively correlated with cultivated land, and negatively correlated with forest land. This
suggests that cultivated land is the main source of NPS pollutant production during runoff-
producing production, and forest has a better retention of nutrients [40,41]. In summary,
from flood season to non-flood season, the main contributing factor of NPS pollution
shifted from precipitation to agricultural runoff. Precipitation exacerbates the effects of
NPS pollution on water quality. The ability of forest land to intercept and inhibit pollutant
output from water bodies plays a crucial role in enhancing water quality and preserving
the ecological environment [42].

Figure 7. The results of correlation analysis between EI and water quality indicators. * denotes
p ≤ 0.05, ** denotes p ≤ 0.01, which had a higher significance level; ellipse tilted to the right (red)
denotes positive correlation, ellipse tilted to the left (blue) denotes negative correlation; correlation
coefficient is inversely proportional to the area of the ellipse.

In this study, we initially employed the Mann–Kendall test to identify any potential
shifts or mutations in the EI over time. However, as indicated in Figure 8, the intersection
point of the EI fell outside the confidence interval. Consequently, we recognized the need
for alternative methods to analyze the mutation period of water eutrophication during this
decade. To address this, we combined the variations in the EI values with the mutation
periods of key indicators, including DO, NO3-N, and TP, which exhibited significant
correlations with water eutrophication. Around the year 2018, a noticeable upward trend in
the DO concentration was observed. While NO3-N did not exhibit mutation points during
this decade, it is worth noting that its concentration experienced a substantial decrease,
dropping from 4.28 mg/L to 3.1 mg/L between 2017 and 2018. The mutation period for
TP occurred from 2016 to 2017, displaying a marked downward trend. In summary, from
2016 to 2018, we observed a dramatic decline in the TP and NO3-N concentrations, a
sharp increase in the DO concentrations, and a consistent reduction in the level of water
eutrophication. Therefore, it can be concluded that the government’s efforts in managing
water eutrophication were most effective during this specific time period.



Sustainability 2023, 15, 14754 13 of 18

Figure 8. The results of the Mann–Kendall test and RDA.

Between 2016 and 2018, temporally, as presented in Table 2, there was a notable
decrease in the area of cultivated land and grass, by 651.9879 km2 and 232.4916 km2,
respectively. Conversely, there was a significant increase in forest area, by 240.7446 km2.
Cultivated land and grass are the main sources of NH3-N, NO3-N, and TP, with forest land
acting as an interceptor of pollutants. Consequently, due to the substantial reduction in
cultivated land and grass and the substantial increase in forest land during this period,
water eutrophication was ameliorated. Spatially, combining the Figure 9 and Table 3,
between 2016 and 2018, cultivated land is mainly transferred to construction land with
the area of 706.011 km2 in the east. Grassland is mainly transferred to forest land with the
area of 108.286 km2, which is the main reason for the increase in the area of forest land in
the south-west and north. Consequently, we discerned that the eastern part of the cities
along the Yellow River in Henan featured a relatively extensive area of cultivated land, a
pronounced deficiency of forested land, substantial fertilizer inputs, and low utilization
efficiency. This combination of factors was the primary driver behind the heightened
eutrophication observed in the eastern segment of the mainstream of the Yellow River
in Henan.

Table 2. The area change in the land use type from 2012 to 2020 (km2).

Year Cultivated
Land

Forest
Land Grass Water Construction

Land
Unused

Land

2012–2014 −761.5107 −9.8406 2.2104 −33.1596 803.1492 −0.8487
2014–2016 −630.8568 −9.7641 −114.1605 −26.0136 781.3305 −0.5355
2016–2018 −651.9879 240.7446 −232.4916 11.1645 633.0294 −0.459
2018–2020 82.269 226.7667 −839.0808 27.8532 501.3657 0.8262
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Figure 9. Land use patterns in 2016 and 2018.

Table 3. Land use type transfer matrix between 2016 and 2018 (km2).

Year Cultivated
Land Forest Land Grass Water Construction

Land
Unused

Land Total Area

Cultivated land 59,019.593 348.820 167.297 37.451 706.011 0.143 60,279.314
Forest land 249.616 17,474.113 30.476 1.502 3.268 0 17,758.976

Grass 233.915 108.286 2130.192 1.290 6.129 0.205 2480.017
Water 41.109 1.099 0.744 864.773 15.250 0.250 923.224

Construction land 184.159 1.330 0.603 29.270 11,926.607 0 12,141.968
Unused land 0.250 0 0 0.258 0 4.716 5.224

Total area 59,728.641 17,933.648 2329.312 934.544 12657.266 5.314 93,588.724

3.4. Suggestions for NPS Pollution Prevention and Control

From 2012 to 2021, the DO level showed an increasing trend and the concentration
of nutrients showed a decreasing trend in the main stream of the Yellow River in Henan,
and both indicators were significantly improved. Water eutrophication has been effectively
managed during this decade, with the most significant impact observed from 2016 to 2018.
Spatially, the concentrations of CODMn and NH3-N were elevated in the western part of the
Yellow River, while NO3-N and TP concentrations were higher in the central and eastern
regions of the river. Eutrophication was more pronounced in the eastern segment due to
the extensive cultivation of land and the scarcity of forested areas in this region. During
the flood season, this phenomenon was exacerbated by reduced DO levels and increased
precipitation. Hence, it is imperative for the government to pay attention to the prevention
and control of NPS pollution, especially in areas with prominent agricultural activities, to
ensure the continued management of water eutrophication.

In this paper, we have addressed the prevention and control of NPS pollution in the
main stream of the Yellow River by proposing adjustments to the land use pattern. For
the study area, our recommendations include reducing soil erosion and development of
economic forests in the west, and control of cultivated land area in the east. For areas with
high levels of NPS pollution in the east, not only can we control NPS pollution by adjusting
land use patterns, but we can also use other measures by human intervention. For example,
improving pesticide quality and ensuring that pesticides meet stringent environmental
standards can significantly reduce their adverse impact on water quality. And effectively
controlling quantities and routes of agricultural and rural wastewater discharges [43].

Transitioning from the flood season to the non-flood season, it is important to address
the shift in NPS pollution sources. During the flood season, when precipitation plays a
significant role, nitrogen and phosphorus pollutants are transported into the surface water,
exacerbating water eutrophication. To combat this issue, the implementation of ecological
interceptor belts and ecological interceptor ditches can be highly effective during medium
to heavy rainfall conditions [44]. Specifically, ecological ridges are generally placed on both



Sustainability 2023, 15, 14754 15 of 18

sides of the river and on the cultivated land in the banks. By raising and widening the
ridges and planting plants with strong absorption capacities on the ridges, an ecological
interceptor belts is formed. Ecological interceptor ditches are laid along the inside of the
ridges, and various types of plants are planted at the bottom of the ditches to absorb
nutrients in the water, and effectively intercept pollutants from the NPS [45]. During the
non-flood season, agricultural runoff often carries a high concentration of pollutants, posing
a direct threat to the water environment. To address this, we recommend implementing
interception measures at the entry points of surface runoff. Chemical precipitation can be
employed to treat the intercepted runoff, removal of phosphorus by applying a chemical
reaction between metal ions from calcium, iron and aluminum salts, and phosphoric acid
to produce phosphate deposits, before introducing the treated water into reservoirs. This
approach is crucial to prevent the direct pollution of the water environment.

Few studies have studied spatiotemporal variations of the water quality of the Yellow
River in the long series, and there is a lack of research on the intrinsic mechanisms of
water eutrophication and the impacts of hydrological seasons on the water quality. This
study provided more targeted suggestions for the management of water eutrophication in
the middle and lower reaches of the Yellow River; however, the implementation of these
recommendations faces several challenges. For example, Henan Province is a province
with mainly agricultural production. The eastern part of the study area has a large area of
cultivated land and a large proportion of rural population. With the rapid development
of urbanization, this has led to a reduction in the use of cultivated land as well as the
transfer of rural labor. At present, the fertilizer utilization rate in Henan Province is
low, higher fertilizer input intensity will increase the emission of greenhouse gases, such
as N2O, and the large enrichment of persistent organic pollutants and microplastics in
farmland. Therefore, in cities with high urbanization rates, fertilizer and pesticides are a
key concern when dealing with the problem of urban agricultural NPS pollution, and we
need to be given to improving the efficiency of the utilization of input factors for cultivated
land production.

4. Conclusions

This paper analyzed the spatiotemporal variations of water eutrophication using
the universal index formula by logarithmic power function, and the internal mechanism
of eutrophication in the main steam of the Yellow River from 2012 to 2021. We also
explored the impact of land use on water quality in different seasons, and drivers of water
eutrophication by multivariate statistical analysis. The main conclusions of this paper are
as follows.

(1) Temporally, from 2012 to 2021, there was a notable improvement in the concentrations
of the DO and nutrients within the main stream of the Yellow River in Henan. The
river consistently displayed a downward trend of light eutrophication. Spatially, the
concentrations of CODMn and NH3-N were higher in the west. Additionally, the
concentrations of NO3-N and TP were higher in the center and east. All sites indicated
a state of light eutrophication. Consequently, future efforts, particularly during the
flood season, should prioritize water eutrophication management in the east;

(2) DO, NO3-N, and TP exerted the most significant influence on water eutrophication.
The most effective management of water eutrophication occurred between 2016 and
2018. This success can be attributed to a substantial reduction in cultivated land
and grass, alongside a significant increase in forest land area during this timeframe.
Furthermore, from flood season to non-flood season, the main contributing factor of
NPS pollution shifted from precipitation to agricultural runoff;

(3) We had put forth recommendations for the prevention and control of NPS pollution.
In the west, we proposed measures to reduce soil erosion and consider expanding
forest land area as appropriate. In the east, we recommend the implementation of
measures to control agricultural sewage discharge. During the flood season, the
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implementation of ecological interception zones and ecological interception ditches
can effectively intercept NPS pollution outputs.

This study provided valuable insights into safeguarding river water quality and
offers a theoretical foundation for the future implementation of efficient NPS pollution
management strategies in cities along the main stream of the Yellow River in Henan.
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