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The Huaihe River Basin (HRB) is an important water system in eastern China, and its water quality

has received widespread attention. This study explored the latest spatial variation patterns of

surface water quality in the HRB to cope with the increasingly severe challenges of water resource
management. By integrating multidimensional water quality data from surface water monitoring
stations, including dissolved oxygen (DO), chemical oxygen demand (COD,, and COD), biochemical
oxygen demand (BOD,), ammonia nitrogen (NH,-N), total phosphorus (TP), and total nitrogen (TN),
this study utilized a cluster analysis technique to categorize the water quality data and reveal changes
in the geographic variability of water quality. Among the 382 monitoring stations in the HRB, 258
stations had TN content lower than Class V, which was the highest among all monitoring indicators.
The entropy weight method used to assess the comprehensive water quality showed that there were
157 and 163 monitoring stations belonging to Class lll and IV, respectively, and stations with poor
water quality were distributed downstream in the river network and estuary area. Correlation and
cluster analyses indicated that agricultural and organic matter pollution were the two main factors
affecting water quality in the HRB, particularly in the downstream area, and the high loading of
nutrient salts such as TP and NH,-N reflected the significant influence of agricultural activities. In
addition, the study examined the potential driving role of factors such as topography, geomorphology,
and human activities on water quality changes and visualized the relationship between water quality
class and cluster categories through spatial distribution maps and Sankey diagrams to clarify the
regional patterns of water quality problems.
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As the global population continues to expand and industrialization accelerates, the demand for water resources
is increasing at an unprecedented rate. This unprecedented surge in demand, coupled with the challenges posed
by climate change, has led to the gradual depletion of surface water resources globally2. Surface water, mainly
rivers, lakes, and reservoirs, is a key component of the global water cycle and a valuable freshwater resource
indispensable for human drinking water and agricultural irrigation. It also plays a crucial role in maintaining
ecosystem balance and biodiversity>!. However, surface water availability and quality are declining at an
alarming rate owing to human activities such as deforestation, urbanization, and excessive water withdrawals®=.

Over the past few decades, rivers in China have suffered from severe water quality degradation caused by rapid
and energy-intensive economic development®. Addressing river water quality and freshwater security in China
in the twenty-first century is widely recognized as an urgent task'’. In response to the deterioration of surface
water quality, the Chinese government has implemented five phases of the Key Basin Water Pollution Prevention
and Control Plan, which have been deployed to prevent and control water pollution and promote significant
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improvements in the quality of the water environment. The Chinese government has adopted a source control
policy that has led to a substantial reduction in point-source pollution'!. However, nonpoint source pollutants
may still cause deterioration of surface water quality. As a key water system in eastern China, the Huaihe River
Basin (HRB) covers the provinces of Henan, Anhui, Jiangsu, and Shandong, and its abundant water resources
are not only crucial for the survival of hundreds of millions of people in the region, but also an important
natural resource to support the prosperity of agriculture and industrial development in this region. However, the
HRB faces complex climate change situations (e.g., drought and heavy rainfall)!?-1* and anthropogenic pollution
caused by rapid economic and social development!>!®. In particular, the downstream plain area faces a series
of challenges, such as increasing water pollution, prominent contradictions between the supply and demand of
water resources, and frequent floods'’, all of which indicate the need for higher requirements in the management
and protection of surface water.

To implement effective water resource management, scholars have primarily studied the water quality
temporal change processes in the HRB, with few studies using statistical relationships between these indicators
to explain the reasons for water quality changes. For example, Zhai et al.'” used the Mann-Kendall trend and
regression analyses to reveal the trends of chemical oxygen demand (COD,, ), ammonia nitrogen (NH,-N),
and dissolved oxygen (DO) in the surface water of the HRB from 1994 to 2005. Dou et al.!® focused on the
pollutant contents of surface water and evaluated the changes in biochemical oxygen demand (BOD,), COD,,
NH,-N, and total phosphorus (TP) at 20 stations in the HRB from 2003 to 2012. Li et al.' quantified the
factors influencing the spatiotemporal variations in surface water quality in the HRB from 2011 to 2018 using
various statistical methods. Xu et al.2* assessed temporal variations in NH,-N concentrations in the HRB in
relation to pollution source control policies. Although existing research has promoted people’s understanding
of the temporal variation characteristics of specific water quality indicators in the HRB, there is still a lack of
comprehensive understanding of the overall characteristics of water quality. The intrinsic correlation between
water quality indicators of rivers and lakes indicates the control mechanism of water quality changes, especially
in large-scale spatial areas such as the HRB, where multiple water quality mechanisms often exhibit spatial
variability. Therefore, it is necessary to strengthen research in this area.

In 2023, China’s Ministry of Ecology and Environment and five other departments jointly issued the
"Key Basin Water Ecosystem Environmental Protection Plan,” which is a top-level plan for water ecosystem
environmental protection in the HRB that clearly defines the objectives and requirements for water ecosystem
environmental protection and promotes the development of a new situation for the management of water
resources, environment, and ecosystems based on the past focus on the prevention and control of water pollution
(https://www.mee.gov.cn/zcwj/zcjd/202306/t20230601_1032042.shtml). Considering the current situation
and trends of surface water quality in the HRB and its influencing factors, it is critical to adopt scientific and
effective analytical methods?!-2%. The HRB has a complete system of water quality monitoring indicators and a
publicly available spatiotemporal dataset for water quality monitoring. However, the difficulty in analyzing such
multivariate water quality indicator data lies in deciphering the quantitative relationships between variables.
Cluster analysis, as a pattern recognition and data analysis technique, has shown significant advantages in
processing a large amount of environmental monitoring data and revealing the changing patterns of the spatial
distribution characteristics of water quality. This method can classify complex water quality datasets into several
intrinsically related categories or clusters based on similarities and differences between water quality parameters,
thus identifying regions with different water quality types and providing a scientific basis for further water
quality management and pollution control strategies**

The purpose of this study was to integrate multidimensional water quality data from surface water monitoring
stations in the HRB and systematically explore the spatial distribution patterns of water quality parameters using
cluster analysis techniques. Specifically, this study applied a clustering algorithm to classify the water quality data,
explore the geographically differentiated patterns of change in water quality, analyze the correlation of water
quality parameters within the clusters, identify the main pollutants and their sources, assess the environmental
stress in different regions, and combine the topography and human activities in the watershed with the potential
driving force for changes in water quality. This study is not only of theoretical significance, as it helps to deepen
the understanding of the spatiotemporal evolution mechanisms of complex hydrological systems, but also
provides strong technical support for the formulation of sustainable water resource management and protection
strategies in the middle and lower reaches of the HRB, which is of significant socioeconomic value in practice.

Study area

The HRB is located in east-central China (Fig. 1a), between longitude 111°55°~121°20" and latitude 30°55’-
36°20’, with an area of 270,000 km?2. It begins from the Tongbai and Founou Mountains to the west and borders
the Yangtze River Basin to the east. It is bordered by the Dabie Mountains, Jianghuai Hills, Tongyang Canal,
and Rutai Canal to the south and the Yellow River Basin to the north by the southern embankment of the river
and the Yimeng Mountain Range. The western, southern, and northeastern parts of the HRB are hilly areas,
accounting for approximately 1/3 of the total area of the basin, whereas the rest are plains (including lakes and
depressions), which are important parts of the Huanghai Plains (Fig. 1c).

The Huai River originates from Tongbai Mountain in Henan Province and flows from west to east through
four provinces: Henan, Hubei, Anhui, and Jiangsu. The main stream enters the Yangtze River at Sanjiangying in
Yangzhou, Jiangsu Province, with a total length of approximately 1000 km and a total elevation change of 200 m.
The HRB consists of five subsystems: the upper, middle, and lower reaches of the Huai River, the Yishusi River
systems, and the coastal rivers of the Shandong Peninsula (Fig. 1b). The lower reaches of the Huai River are
outlets for the waterway into the sea, the general irrigation canal in northern Jiangsu, and the Yellow River waste.
The upper reaches of the Huaihe River have a large specific drop, the middle and lower reaches have a small
specific drop, and there are many lakes and depressions on both sides of the main stream, with many tributaries.
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Fig. 1. Study area.

The whole water system is asymmetrically distributed in the form of a fan-shaped plume. The Yishusi River
system is located in the northeast (Fig. 1b).

The HRB is located in the climate transition zone between northern and southern China, with the northern
part having a warm-temperate semi-humid monsoon climate and the southern part having a subtropical humid
monsoon climate. Its weather system is complex and variable, and annual precipitation varies significantly. The
average annual precipitation in the basin is 878 mm, with 600-700 mm in the northern part along the Yellow
River, and 1400-1500 mm in the southern mountainous areas. Precipitation during the flood season (June-
September) accounts for approximately 50-75% of the annual precipitation. The total water resources of the
basin are 81.2 billion cubic meters on average, of which surface water resources, at 60.6 billion cubic meters,
account for 75%.

The HRB is densely populated and dominated by arable land (Fig. 1d). Urban areas are distributed between
rural areas, exhibiting local concentration characteristics. Forests and grasslands are concentrated in higher
elevations such as the southwest and north of the watershed, respectively. There are scattered undeveloped
wastelands in coastal areas. With fertile land, abundant resources, and convenient transportation, it is covered
by the Yangtze River Economic Belt, Yangtze River Delta Integration, and Central Plains Economic Zone, as
well as the main gathering area of the Grand Canal Cultural Belt. The basin accounts for approximately 11.8%
of the total population of the country, with an urbanization rate of 54.2% and average population density of 607
people/km?, which is 4.2 times higher than the national average population density. The HRB is an important
transportation hub in China, with railroad lines running north-south and east-west, highways in all directions,
and waterways, such as the Beijing-Hangzhou Canal and the Huaihe River, leading from the river to the sea.

Materials and methods

Sample collection

Surface water monitoring data were obtained in January, 2024 from China’s National Automatic Surface Water
Quality Monitoring System, which can realize real-time continuous and remote monitoring of water quality.
During this period, the precipitation was relatively low, and the water quality indicators were relatively less
affected by climate factors. There are totally 382 monitoring sites in the HRB and the monitoring items of the
automatic water quality monitoring stations include water temperature, pH, DO, electrical conductivity (EC),
turbidity, permanganate index, ammonia nitrogen, total nitrogen (TN), and TP for the automatic water quality
monitoring stations in lakes. The monitoring data were transmitted to the host station of each automatic water
quality station, provincial monitoring center station, and General Station of China Environmental Monitoring
via virtual private network?>2°,
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Comprehensive evaluation of water quality based on the entropy weight method

The latest surface water quality standards were used in this study?®. Each water-quality monitoring indicator was
categorized into six evaluation levels based on specified thresholds (Table S1). A comprehensive evaluation of
water quality is a multi-objective decision-making problem?’. The entropy weight method utilizes information
entropy or Shannon’s entropy, which is a multiobjective decision-making problem, as a measure of diversity in
attribute importance?®. In information theory, entropy is used to represent uncertainty or the degree of disorder
in a system. The entropy weight method calculates the entropy value of each indicator to determine its degree of
dispersion and then determines its weight in a comprehensive evaluation. Therefore, the entropy weight method
is an objective assignment method for determining the weight of each evaluation index and its importance in a
comprehensive evaluation. Specifically, the smaller the entropy value is, the greater the degree of dispersion of
the indicator, and the greater the influence of the indicator on the comprehensive evaluation®. Calculation steps
of the entropy weight method are as follows>:

1. Constructing a judgment matrix: First, it is necessary to construct a judgment matrix of the evaluation indi-
cators for each evaluation object. For a total of 7 samples of evaluation objects, each sample has n evaluation
indicators, and the judgment matrix is X = (z;;) (: =1,2,...,m;5 =1,2,...,n).

2. Normalization: The judgment matrix is normalized to determine the normalized judgment matrix.

For larger and better type of metrics:

@y —min(xy)
%3 = maxzmj) fmin](xj) W

For smaller and better type of indicators:

- maz(z;) — x4
* = ez (z5) imin E:UJ) @

3. Calculation of the entropy value: The entropy value of each evaluation index is calculated based on the defi-
nition of entropy and the normalized judgment matrix,.

e; = —k Z YijInyi; (3)
=1
where k = —ln% = Inn is the standardization factor.

4. Definition of the entropy weight: Based on the entropy value of each indicator, its entropy weight is defined:

e )
w; =

BEEOED D
This leads to a weight vector for this comprehensive water quality evaluation W = (w1, wa, ..., wn).

5. Calculation of the entropy weight water quality index (EWQI): The vector of weights (W) and water quality
indicators (z}) for each monitoring station are multiplied, and the EWQI is obtained.

Multivariate statistical analysis

Multivariate statistics focus on the study of interdependent statistical regularities among multiple variables, and
cluster analysis is a multivariate statistical method used to classify samples into different class or clusters based
on the similarities or differences between the samples. K-means cluster analysis is an unsupervised learning
algorithm that classifies n observations in a dataset into K (K<n) clusters, such that each observation belongs
to the cluster corresponding to the closest mean (i.e., the center of the clusters)®!. This algorithm is suitable
for large-scale datasets owing to the relative simplicity of its computational processes. The algorithmic steps of
K-means clustering analysis consist of three main parts:

1. Initial step: Randomly select K observations as the initial clustering centers.
Allocation: For each observation in the dataset, calculate its distance to the K clustering centers and assign it
to the cluster corresponding to the closest clustering center.

3. Update: For each cluster, calculate the mean of all observations and set that mean as the new clustering
center.

Scientific Reports |

(2025) 15:19763 | https://doi.org/10.1038/s41598-025-02964-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

By repeating the above assignment and updating steps until the clustering centers no longer changed significantly,
it was possible to divide the dataset into K well-defined regions with a high degree of similarity of data points and
significant differences between regions.

Results

Characteristics of surface water quality in the HRB

The statistical characteristics of the water quality indicators in the HRB are shown in Table 1. The spatial
variations of all water quality indicators are determined using Kriging interpolation (Fig. 2). Table 1 shows
that the monitoring results for pH were 6.0-9.0, and the average value was 8.02, indicating that at most of the
monitoring stations, the surface water was alkaline. For lakes and rivers, the pH can directly affect the survival
and reproduction of organisms in water and the form of nutrients. Surface water in an alkaline environment not
only favors the growth of alkaline-tolerant plants but also regulates nitrogen, phosphorus®?, and heavy metal
elements®>**. The sites with relatively low pH are concentrated in the southwest direction of the HRB (Fig.
S1). According to the terrain and other water quality parameters of the region (Fig. 2), the lower pH value may
be related to the higher terrain and abundant aquatic life in the area, as indicators such as COD, BOD; and
COD,,,, show high values. The respiration of aquatic organisms releases CO, into the water, which helps to lower
the pH value of the surface water. The mean value of EC was 120.24 ps/cm, with a high standard deviation of
240.13 ps/cm, showing that EC varied greatly among different sampling sites and was related to the geographic
differences in the dissolved mineral and pollutant contents in each site. As shown in Fig. 2a, monitoring stations
with high EC were concentrated in the coastal rivers of Shandong Province. According to previous research,
as Shandong is an important industrial and agricultural production base in China, the discharge of domestic
sewage and industrial wastewater is a significant cause of some river water pollution in this area®®. In addition,
due to the proximity to the ocean, some areas in Shandong have been affected by seawater intrusion, resulting
in salinization of surface water*®. The mean value of turbidity was 17.97 NTU, indicating the presence of more
suspended matter in certain sites. Although it was in the acceptable range, the turbidity fluctuated considerably
(standard deviation of 32.11 NTU), indicating that the surface water was affected by suspended particulate
matter to varying degrees, as was the transparency of water quality and photosynthesis. The mean value of
dissolved oxygen (DO) was 12.15 mg/L, with a standard deviation of 2.08 mg/L, indicating that although the
survival needs of most aquatic organisms were met overall, there was spatial heterogeneity, and hypoxia may
have existed in localized areas in the southern part of the watershed (Fig. 2c). The mean values of COD,, and
COD were 4 and 14.86 mg/L, indicating that the load of organic pollutants was relatively high, particularly the
high variability of COD (standard deviation of 4.32 mg/L), which showed that the water body was subjected
to a significant difference in the degree of organic pollution in different regions (Fig. 2d). The mean value of
BOD, was 2.47 mg/L, which indicated that the biochemical oxygen demand was moderate, but there was also
high variability, reflecting the active and unstable degradation process of the organic matter and its relationship
with the self-purification capacity of the water body and pollution discharge. This reflects the active and
unstable degradation of organic matter, which is related to the self-purification ability of the water body and
pollution discharge. NH,-N, TP, and TN represented the nutrient indicators, with mean values of 0.26, 0.067,
and 4.01 mg/L, respectively, suggesting a risk of eutrophication, and in particular, a wide range of TN (Fig. 2g),
suggesting that nitrogen is one of the main factors limiting the quality of the surface water in the HRB.

Classification of surface water quality in the HRB

To illustrate the surface water quality in the HRB, quality indicators at each monitoring station were compared
to surface water quality standards (Table S2). Because of relatively mild local temperatures in the HRB, it is
easy for surface water to dissolve sufficient oxygen, and most surface water stations in the basin showed that
the DO content reached the water quality status of Class I. COD,,,, COD, and BOD, reflected that most of the
monitoring stations were in water quality Class II and III, indicating that organic pollution caused a certain
degree of deterioration in the surface water quality. Especially, COD, indicated that only 23 stations were in
Class 1, which was significantly lower than that of COD and BOD, (217 and 287), indicating that the surface
water was not only polluted by organic matter but also dissolved more oxidizable inorganic matter. Regarding

Chemical parameter | Unit | Number of samples | Maximum | Minium | Mean | SD

pH - 382 9.0 6.0 8.02 0.43
DO mg/L | 382 229 53 12.15 2.08
EC us/cm | 382 4100 6.9 120.2 | 240.1
Turbidity NTU | 381 511 0.7 17.97 |32.11
COD,, mg/L | 382 14.2 13 4.0 1.37
COD mg/L | 380 35.0 4.0 14.86 4.32
BOD, mg/L | 382 8.5 0.7 2.47 0.98
NH,;-N mg/L | 382 2.33 0.02 0.26 0.29
TP mg/L | 382 0.42 0.005 0.067 | 0.046
TN mg/L | 382 31.3 0.33 4.01 3.87
F- mg/L | 382 1.2 0.13 0.56 0.21

Table 1. Characteristics of surface water quality in the HRB.
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Fig. 2. Characteristics of spatial changes in surface water quality indicators in HRB (Generated by the Kriging
method provided in ArcgisPro 3.01, url:https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview).

nutrients, the increase in nitrogen and phosphorus content had the same effect on surface water quality. The
NH,-N content showed that only 174 monitoring stations had Class I water quality, whereas TP and TN showed
that 29 and 1 stations had Class I water quality, respectively, indicating that the nutrient pollution of water bodies
is more serious than that of organic matter. In particular, high TN content was the main cause of water quality
deterioration, with 258 water quality samples with levels lower than Class V, indicating that human activities
leading to nitrogen input to surface water quality pollution are the most serious.

The weights of each water quality indicator obtained using the entropy weight method were 0.180, 0.155,
0.177, 0.156, 0.092, 0.128, and 0.112. The weights calculated from the entropy were relatively small because
the monitoring results of ammonia nitrogen contained relatively little random information. The weights of the
remaining indicators are approximately the same size, indicating that the randomness of the distribution of
the remaining water quality evaluation indicators at each monitoring site is approximately the same, ensuring
that the results of the comprehensive evaluation of water quality have good robustness. The evaluation results
of the EWQI calculated using entropy weights are shown in Fig. 3, where the number of monitoring stations
corresponding to each class of water quality was 37, 6, 157, 163, 17, and 1, indicating that most of the monitoring
stations had a water quality Class of III or IV. Comparison with the analysis results of single rating indicators
shows that the comprehensive water quality assessment reflects that the number of stations in Class IV has
increased significantly, whereas the number of stations in Class I, I, V, or lower than V is less, suggesting that the
water quality status reflected by a single evaluation indicator can be either more aggressive or more conservative
and does not comprehensively reflect the state of surface water quality. Figure 4 shows the spatial distribution
characteristics of the entropy weight method used to assess the water quality at all monitoring stations. In the
HRB, monitoring stations with water quality Class I and II were concentrated in the western part of the basin
(Fig. 4a,b), indicating that water quality was better in most of the upper part of the river network. Monitoring
stations with water quality Class III and IV covered most of the study area (Fig. 4c and d), indicating that the
surface water quality in the HRB deteriorated. The monitoring stations with water quality Class V and below are
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Fig. 4. Characteristics of the spatial distribution for surface water quality in the HRB (a—f represent the spatial
distribution of monitoring stations in the basin with water quality Class I, Class II, Class III, Class IV, Class V,
and below Class V, respectively).

mainly distributed in rivers in the central part of the basin as well as in the northern part of the river, such as the
Dagqing River (Fig. 4e,f), indicating that seriously polluted areas temporarily exist locally>”3,

Discussions5.1 Mechanisms for controlling spatial changes in surface water quality

Surface water quality in the basin are primarily controlled by natural processes and anthropogenic activities.
Multivariate statistical methods, such as correlation and cluster analyses, can effectively identify the causes of
water quality. The results of the correlation analysis of all water quality indicators in the HRB are shown in Fig. 5.
The Pearson correlation coeflicient revealed the degree of correlation between the single indicators. In Fig. 5, the
correlation coefficients between COD, COD,,» and BOD, were relatively high because these indicators reflect
the oxygen consumption of surface water that undergoes oxidation under different conditions®*. Organic matter
oxidation is an important factor in the variation of surface water quality because of the presence of high amounts
of organic matter in surface water. DO reflects the content of dissolved oxygen in the surface water; therefore,
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Fig. 5. Correlation of surface water quality indicators in HRB.

the correlation between DO and COD, COD,,, and BOD, was high. In addition, the correlation coefficient
between TN and DO was 0.2494, which was close to the above three indicators and higher than the correlation
coefficient between NH,-N and DO. This can be attributed to the fact that the presence of DO could promote
the nitrification reaction and inhibit the NH,-N content. Among the indicators characterizing the nutrient
chemistry of the water bodies, TP was highly correlated with NH,-N (r=0.56). Agricultural pollution is one
of the main sources of phosphorus and nitrogen in surface water. For large amounts of phosphorus fertilizer
and nitrogen fertilizer application, irrigation water easily inputs elements such as N and P into surface aquatic
environments such as rivers and lakes>3%; thus, the correlation between TP and NH,-N indicates the impact of
agricultural pollution on water quality in the HRB.

Cluster analysis of indicators from all monitoring stations as multivariate variables can provide further
insights into the factors controlling water quality changes. The K-Means clustering method, based on Euclidean
spatial relationships, requires presetting the number of clusters to obtain, which determines the reliability of the
cluster analysis results. Therefore, the final statistical clustering characteristics corresponding to cluster numbers
2, 3, 4, and 5 were compared. As shown in Table S3 and Fig. 6, the number of cluster observations, variance,
mean distance from sample points within a cluster to the center of clustering, and maximum distance reflect
the structural characteristics of the classification for different cluster sizes. Ideal clustering results should ensure
that the number of clusters is balanced, the within-cluster variance is relatively small, and the spatial distance
between clusters is relatively uniform. When the number of clusters is four or five, clusters with only two sample
points appear, and the intracluster sample variance is significantly smaller than that of the other clusters. In
addition, a comparison of the cluster distances shows that clusters with sizes of four and five correspond to
significantly different distances (red and blue parts in Fig. 6), indicating that too many clusters are not justified.
When the number of clusters is two or three, the number of samples is relatively uniform, but the intra-cluster
variance corresponding to cluster number 2 is significantly larger, indicating that the two clusters cannot evenly
divide the original data structure. Therefore, three clusters were used for cluster analysis.

The indicator loads corresponding to the center point within each cluster reflect the overall water quality
characteristics of the monitoring stations within the corresponding cluster (Fig. 7). For Cluster 1, all water quality
indicators had high loadings, except for DO. The loads of TP and NH,-N were significantly higher than those
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of the other water quality indicators. Combined with the results of the correlation analysis, this cluster reflects
monitoring stations affected by agricultural pollution. For Cluster 2, DO and COD had higher loadings, and the
other indicators were lower than those of the other clusters, indicating that this cluster was only slightly polluted
by organic matter and that the overall water quality was better. For Cluster 3, the distinguishing features were
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Fig. 8. Relationship between surface water quality class and cluster result of monitoring stations (a) surface
water quality class of all monitoring stations; (b) surface water quality class of monitoring stations in Cluster 1;
(c) surface water quality class of monitoring stations in Cluster 2; (d) surface water quality class of monitoring
stations in Cluster 3.

higher DO, COD, and BOD,. Combined with the correlation analysis findings, the water quality characteristics
of this cluster indicate that the monitoring stations were affected by organic matter pollution.

Spatial change pattern of water quality influencing factors in HRB
The spatial distribution of the different clusters demonstrates a regional pattern of water quality changes at the
monitoring sites in the HRB (Fig. 8a). To illustrate the pattern of influence of each cluster on the water quality of
the HRB, the cluster category to which the monitoring sites belonged was compared with the water quality class
(Fig. 8b-d). The Sankey diagram demonstrates the quantitative correspondence between the cluster category
and water quality class (Fig. 8e).

From the spatial distribution of the clusters, Cluster 1 contained a total of 53 monitoring stations, of which 2,
16, 30, and 5 monitoring stations belonged to water quality Class I, II, ITI, and IV, respectively. These stations were
distributed in the eastern coastal area of the HRB as well as in the central and western hinterlands, indicating
that nutrients accumulated in the downstream area. In addition, there were relatively few monitoring stations
with good water quality grades in Cluster 1, suggesting that agricultural pollution is an important factor leading
to river water quality pollution in downstream areas. In Cluster 2, 35, 6, 135, and 42 monitoring stations had
water quality class belonging to Class I, II, III, and IV, respectively. The number of monitoring stations with a
better water quality status was higher than that of the other clusters because the water quality indicator loads
were lower in this cluster. In terms of spatial distribution, monitoring stations with water quality Class I and
IT were distributed in the upper reaches of the river, suggesting that less pollution in the upstream areas was
the main reason for better surface water quality. Compared to Clusters 1 and 2, the water quality status of
the monitoring stations in Cluster 3 was significantly worse, indicating that organic pollution was the most
important cause of water quality deterioration in the HRB. There were 8, 91, 12, and 1 monitoring stations
belonging to Class IIL, IV, V, and lower than V, respectively. Although most of these stations were located in the
middle and downstream areas of the river network, localized river organic enrichment in the western part of the
basin and other areas led to a sharp deterioration in water quality, indicating that the localized concentration of
pollution is a potential cause of the pollution occurring in the upstream areas of the river network. Overall, the
water quality status of the monitoring stations in Cluster 3 was significantly poorer than that of other clusters,
indicating that combating organic matter pollution is a top priority for surface water quality control in the HRB.

Conclusions

As a large-scale surface water system, the spatial distribution of water quality in river basins varies. Compared
to previous studies that focused on the temporal variation of water quality indicators, this study successfully
revealed the spatial distribution characteristics and temporal change patterns and controlling factors of the
surface water quality in the middle and lower plains of the HRB through cluster analysis. Overall, most areas
in the HRB exhibited good surface water quality, while low-quality surface water appears in some areas and is
affected by local pollution. Specifically, water quality changes in the HRB were primarily reflected in organic
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matter pollution indicators (DO, COD, COD,,, and BODS) and nutrient salt pollution indicators (TP, TN, and
NH,-N). In particular, TN has a wide range and is a main factor limiting the quality of water bodies. The entropy
weighting method revealed that the overall water quality of the basin was Class III, and heavily polluted areas
were distributed downstream. Correlation and cluster analyses revealed three causes of water pollution. The
areas affected by agricultural activities (Cluster 1) were mainly concentrated in the lower reaches of the river
network and sea outlets and showed higher nutrient salt concentrations. Cluster 2 represented the upstream
areas polluted by slight organic matter and had relatively good water quality. Cluster 3 highlighted the severity of
organic matter pollution in the middle and lower reaches, which is a key concern for surface water management.
These findings emphasize the importance of developing different management strategies for different pollution
sources, particularly for controlling agricultural surface pollution and enhancing organic pollutant reduction. In
conclusion, this study provides a scientific basis and technical support for the sustainable management of water
resources in the HRB and is of great practical value in guiding future water quality protection and improvement
measures.

Data availability
The datasets generated and/or analyzed during the current study are not publicly available due to the confiden-
tiality but are available from the corresponding author on reasonable request.
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