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Abstract: Analyzing 165 data from five national control sites in Baiyangdian Lake, this study unveils 
its spatiotemporal pattern of water quality. Utilizing machine learning and multivariate statistical 
techniques, this study elucidates the effects of rainfall and human activities on the lake’s water qual-
ity. The results show that the main pollutants in Baiyangdian Lake are TN, TP, and IMN. Spatially, 
human activities are the main drivers of water quality, with the poorest quality observed in the 
surrounding village area. The temporal dynamics of water quality parameters exhibit three distinct 
patterns: Firstly, parameters predominantly influenced by point source pollution, like TN and NH4+-
N, show lower concentrations during flood periods. Secondly, parameters affected by non-point 
source pollution, such as TP, show higher concentrations during flood periods. Thirdly, irregular 
variations were observed in pH, DO, and IMN. The evaluation of Baiyangdian Lake’s water quality 
based on the grey relationship analysis method indicates that its water quality is good, falling within 
Classes Ⅰ and Ⅱ. Time series analysis found that the dilution effect of rainfall and the scouring action 
of runoff dominate the temporal variation in water quality in Baiyangdian Lake. The major pollution 
sources were identified as domestic sewage, followed by agricultural non-point source pollution 
and the release of internal pollutants. Additionally, aquaculture emerged as a significant contributor 
to the Lake’s pollution. This research provides a scientific basis for controlling the continuous dete-
rioration of Baiyangdian Lake’s water quality and restoring its ecological function. 

Keywords: Baiyangdian Lake; variation in water quality; grey relationship analysis; time series  
analysis; pollution sources 
 

1. Introduction 
Lakes not only provide a variety of services for the development of human society 

but also play a crucial role in maintaining the ecological health of a region [1]. However, 
in recent years, the rapid development of socioeconomic factors has significantly intensi-
fied the impact of human activities on lake water quality, consequently leading to the 
progressive degradation of this vital resource [2]. Therefore, to prevent further deteriora-
tion of lake water quality, it is imperative to implement periodic water quality monitoring, 
assessment, and precise identification of pollution sources [3]. Subsequently, these find-
ings should form the basis for the formulation of targeted prevention and control strate-
gies. Previous investigations have identified factors that influence lake water quality, in-
cluding point source pollution from industrial effluents and domestic sewage [4]. Addi-
tionally, non-point-source pollution stemming from activities like poultry farming and 
agriculture, particularly cultivation [5], along with internal pollution originating from 
sediment deposition in lake beds [6] have been recognized as contributing to the overall 
degradation of lake water quality. 

Baiyangdian Lake, the largest in the North China Plain region, represents a critical 
lake-type wetland ecosystem. It is located at the heart of the Xiong’an New Area; it holds 
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immense value for flood storage, navigation, fisheries, and climate regulation, thereby 
providing essential ecological support for the region’s development. Although the lake 
has historically played these important roles, recent years have seen an alarming rise in 
water pollution due to the rapid growth of industry and agriculture, coupled with in-
creased water resource demand within the watershed [7]. Consequently, water pollution 
has emerged as a pressing challenge in the development of the Xiong’an New Area [8]. 
Scholars have conducted extensive research on issues related to water environmental 
quality [9], biological community diversity [10], wetland degradation resulting from in-
sufficient inflow water sources, and heavy metal pollution within the Baiyangdian Lake 
watershed [11]. However, a deeper understanding of the scientific mechanisms behind 
Baiyangdian Lake’s water pollution is still needed. 

This study focuses on the Baiyangdian Basin, investigating the spatiotemporal varia-
tions in key water quality factors at five national control sites. By conducting a compre-
hensive assessment of Baiyangdian Lake’s water quality, this research aims to reveal the 
mechanisms by which rainfall influences water quality in the area. Furthermore, it seeks 
to identify the primary pollution sources and underlying drivers of water quality deteri-
oration in Baiyangdian lake, ultimately providing a scientific basis for effective water qual-
ity management and restoration efforts in the Baiyangdian Basin. 

2. Study Area 
Baiyangdian Lake (115°38′~116°07′ E, 38°43′~39°02′ N) is predominantly situated 

within Anxin County, Baoding City, Hebei Province (Figure 1). This lake is an integral 
part of the Daqing River tributary system within the Haihe River Basin. Known as the 
“Pearl of North China” in the North China Plain, Baiyangdian Lake is distinguished by its 
substantial size and ecological importance, covering a watershed area of 366 km2 and com-
prising 143 lakes. Baiyangdian Lake, with an average depth of 2.3 m, stands as the largest 
wetland ecosystem in the North China Plain, as referenced in [12]. 

The basin’s topography exhibits a diverse landscape, including mountains, plains, 
hills, and depressions. The terrain transitions from mountainous regions in the west to 
plains and depressions towards the east. Climatically, Baiyangdian Lake experiences a 
temperate, semi-humid continental monsoon climate, marked by four distinct seasons. 
While the spring is typically dry with less rainfall, the majority of precipitation occurs in 
July, August, and September. Consequently, the annual mean temperature is approxi-
mately 12.2 °C and the annual mean precipitation reaches 529.7 mm. 

Due to the combined impact of human production activities and insufficient inflow, 
the biodiversity within Baiyangdian Lake’s watershed has experienced a notable decline, 
consequently leading to the degradation of wetland functioning. Consequently, the water 
quality of Baiyangdian Lake has become an increasing concern [13]. To address this issue, 
this study selected five national control sections within Baiyangdian Lake—Quantou (S1), 
Caiputai (S2), Guangdian Zhangzhuang (S3), Shaochedian (S4), and Nanliuzhuang (S5)—
as monitoring sites. Table 1 provides a summary of the locations and surrounding condi-
tions of these five monitoring sections. 

Table 1. The geographical location and situation of monitoring sites of Baiyangdian Lake. 

Sites Latitude Longitude Land Use 
Potential Sources of Pollu-

tion 
S1 116°1′9.94″ 38°51′27.40″ Village Domestic sewage 
S2 116°1′33.95″ 38°49′46.12″ Village Domestic sewage 
S3 116°2′11.14″ 38°54′0.71″ Village Domestic sewage 

S4 115°58′26.96″ 38°56′33.15″ Scenic spots and farmland Domestic sewage and 
chemical fertilizer 

S5 115°57′24.76″ 38°53′54.3″ Aquaculture area and village Domestic sewage and feed 
fertilizer 
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Figure 1. The geographical location and distribution of monitoring sites of Baiyangdian Lake. 

3. Research Methods 
3.1. Source of Data 

This study collected 165 water quality routine monitoring data from 5 national con-
trol sections in Baiyangdian Lake (Figure 1). Sampling was conducted daily at 12:00 
(GMT), spanning from 20 May 2022 to 22 November 2022. The sampling periods were 
categorized into three phases based on hydrological conditions: the base-flow period from 
20 May to 10 June (with 22 samples), the high-flow period from 11 June to September 30 
(with 94 samples), and the low-flow period from 1 October to 22 November (with 49 sam-
ples). The primary monitoring parameters included pH, dissolved oxygen (DO), perman-
ganate index (IMN), ammonia nitrogen (NH4+-N), total nitrogen (TN), and total phospho-
rus (TP), comprising a total of six indicators. The method employed for measuring water 
quality parameters involves online and real-time monitoring, utilizing a multi-parameter 
water quality detector. 

3.2. Data Analysis 
3.2.1. The Grey Relational Analysis Method for Water Quality Assessment 

Grey Relational Analysis (GRA) can be used to improve our understanding of the 
diverse processes and complex phenomena involved in environmental studies and can 
complement data uncertainty that arises from inexact data, small samples, and incomplete 
information [14,15]. Utilizing the data acquired in this study, an assessment of the water 
quality in Baiyangdian Lake was conducted, employing the GRA. The fundamental prin-
ciple of GRA involves selecting six representative water quality parameters (including pH, 
dissolved oxygen (DO), ion mean concentration (IMN), ammonium nitrogen (NH4+-N), 
total nitrogen (TN), and total phosphorus (TP)) as measured values for the reference se-
quence. These parameters serve as the benchmark sequence for water quality evaluation. 
Multiple relational degrees are calculated in comparison to the benchmark sequence, and 
the reference sequence corresponding to the maximum relational degree with the bench-
mark sequence determines the classification of Baiyangdian Lake water quality. 
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3.2.2. The Computational Steps of the Grey Relational Analysis Method Are as Follows 
(1) Determine the sample to be evaluated (reference sequence) and evaluation criteria 

(comparison sequence). 
Let Y0= {y0(k)|k = 1, 2, …, n} represent the measured values of various evaluation in-

dicators for the sample to be assessed, where the subscript 0 denotes the sample to be 
evaluated and k denotes the evaluation factor, the same as below. 

Let Yi = {y i(k)|k= 1, 2, …, n}(I = 1,2, …, m) represent the standard values of various 
evaluation indicators in the water quality classification standards, where the subscript i 
indicates the water environmental quality level, the same as below. 

(2) Dimensionless processing of the data. 
In water quality assessment, the units and magnitudes of various indicators differ, 

and some indicators have significantly different absolute values. Directly using the origi-
nal data for calculations may emphasize indicators with larger absolute values and sup-
press those with smaller absolute values. Therefore, it is necessary to first perform dimen-
sionless processing on the raw data, and the calculation formula is as follows: 

)(/)()( 00 kkkx yy=  (k = 1, 2, …, n) (1)

)(/)()( kkkx yyii =  (k = 1, 2, …, n) (i = 1, 2, …, m) (2)

In the equation, x0(k) represents the dimensionless value of the k-th evaluation indi-
cator for the sample under consideration; xi(k) denotes the dimensionless value of the k-th 
evaluation indicator at the i-th level of the evaluation criteria; and y(k) represents the 
standard value for a specific level of the k-th pollutant factor. 

(3) Calculation of absolute deviation Δi(k) 
Given that water quality assessment standards are not singular values but rather in-

tervals, some researchers have refined classical correlation analysis methods. They pro-
posed a correlation coefficient formula based on the distance from a point to an interval. 
The absolute deviation is defined as follows: 
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In the equation, ai(k) and bi(k) represent the upper and lower limits of the ith level of 
indicator k, i = 1, 2, …, m. 

(4) Compute the grey correlation coefficient ξi (k) of the reference sequence and the 
comparison sequence 
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where ρ is the distinguishing coefficient, ρ∈[0,1]. The value represents different distin-
guishing abilities, where higher values indicate stronger resolution capability. However, 
it does not impact the overall trend sequence, and the value has no effect on the overall 
order trend. During the water quality assessment, we need only to compute the order of 
the correlation coefficient. Generally, ρ is taken as 0.5. 

(5) Find the correlation of the comparison series to the reference series ri 
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where i = 1, 2, …, m, and Wi(k) is the weight of the kth indicator at the ith level; generally, 
Wi(k) is treated as equal weight. 

(6) Determination and ranking of water quality categories for sampled waters 
Following the calculation of the correlation coefficient γi, a comparison of the magni-

tudes of each correlation coefficient is conducted. The water quality category for Baiyang-
dian Lake is determined according to the principle of maximum correlation. 

Data processing in this study was carried out using Excel, while image creation uti-
lized Origin2018, R 4.3.2, and ArcGIS 10.8 software. 

4. Results and analysis 
4.1. Characteristics of Baiyangdian Lake Water Quality 

Table 2 presents the concentration ranges of pH, DO, IMN, NH4+-N, TN, and TP in 
165 data points from five nationally monitored sites of Baiyangdian Lake. The water qual-
ity grades corresponding to each parameter are categorized according to the “Surface Wa-
ter Environmental Quality Standards (GB3838-2002)” [16]. The pH values across the five 
nationally monitored sites range from 7.23 to 9.21, indicating weak alkaline water. Only 
two samples from the S1 site and four samples from the S4 site exceed the specified range 
of surface water quality standards (6–9). DO is a crucial indicator reflecting the redox en-
vironment of water. DO concentrations range from 0.120 to 15.1 mg·L−1, with high exceed-
ance rates observed at the S5 (76.4%) and S3 (46.1%) sites. The concentration range of IMN 
is 0.420 to 13.5 mg·L−1, with elevated exceedance rates at the S1, S2, and S3 sites, reaching 
55.2%, 63.6%, and 33.9%, respectively. NH4+-N concentrations range from 0.025 to 0.220, 
and all samples from the five sites are within the standard limits. TP concentrations vary 
from 0.005 to 0.1857 mg·L−1, with the highest exceedance rate observed at the S5 site 
(83.0%). TN concentrations range from 0.005 to 0.1857 mg·L−1, with relatively high exceed-
ance rates at the S4, S5, and S2 sites, reaching 73.3%, 52.1%, and 40.6%, respectively. 

Table 2. Water quality data statistics of Baiyangdian Lake at 5 sites. 

Sites Parameters Min Max Mean Rate of Exceeded 
Standard (%) 

S1 

pH 7.82 9.21 8.32 1.21 
DO 3.04 10.6 7.94 1.82 
IMN 4.24 9.32 6.13 55.2 
NH4+-N 0.025 0.148 0.036 0.00 
TP 0.020 0.052 0.032 0.61 
TN 0.210 1.10 0.597 1.82 

S2 

pH 7.59 8.85 8.39 0.00 
DO 1.50 15.1 7.21 13.9 
IMN 3.74 8.79 6.42 63.6 
NH4+-N 0.025 0.220 0.054 0.00 
TP 0.016 0.040 0.030 0.00 
TN 0.260 2.53 1.09 40.6 

S3 
pH 7.26 8.13 7.61 0.00 
DO 0.120 9.22 5.05 46.1 
IMN 0.420 7.86 5.59 33.9 
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NH4+-N 0.025 0.117 0.032 0.00 
TP 0.014 0.068 0.034 12.1 
TN 0.090 1.19 0.485 0.61 

S4 

pH 7.72 9.19 8.20 2.42 
DO 4.01 11.5 7.76 1.82 
IMN 0.840 13.5 3.55 3.03 
NH4+-N 0.025 0.156 0.037 0.00 
TP 0.005 0.055 0.024 0.61 
TN 0.520 3.82 1.31 73.3 

S5 

pH 7.23 7.89 7.50 0.00 
DO 0.350 8.03 3.73 76.4 
IMN 3.37 11.0 4.77 3.64 
NH4+-N 0.025 0.218 0.059 0.00 
TP 0.040 0.187 0.066 83.0 
TN 0.500 2.28 1.16 52.1 

Note: Standard is grade III standard for surface water quality in China (GB/T3838-2002) [16]. The 
pH value is dimensionless, while the units for all other indices are expressed in mg/L. 

4.2. Spatial Variation in Water Quality in Baiyangdian Lake 
Figure 2 illustrates the spatial variations of six water quality indicators across five 

sites in Baiyangdian Lake. As depicted in Figure 2, all six indicators show significant spa-
tial variations (p < 0.05). Specifically, there are considerable spatial differences in pH mean 
values, with the values at the S1, (8.32), S2 (8.39), and S4 (8.20) sites being significantly 
higher than those at the S3 (7.61) and S5 (7.89) sites (Figure 2A). The spatial variations in 
mean DO concentration are similar to those of pH, with the S1 (7.94 mg·L−1), S2 (7.21 
mg·L−1), and S4 (7.76 mg·L−1) sites exhibiting significantly higher values than the S3 (5.05 
mg·L−1) and S5 (3.73 mg·L−1) sites (Figure 2B). Notably, the mean concentration of DO at 
the S5 site is lower than the Surface Water Quality Class III standard in China (5.0 mg·L−1) 
[16], indicating the impact of significant human activities. The spatial variation of IMN 
demonstrates a noticeable decrease in mean concentration at the S4 site (3.55 mg·L−1) com-
pared with the S1 (6.13 mg·L−1), S2 (6.42 mg·L−1), S3 (5.59 mg·L−1), and S5 (4.77 mg·L−1) sites 
(Figure 2C). Moreover, the mean values of IMN at the S1 and S2 sites exceed the Surface 
Water Quality Class III standard in China (6.0 mg·L−1) [16], suggesting organic pollution 
impact at these sites. The average NH4+-N concentration was significantly higher at the S2 
(0.052 mg·L−1) and S5 (0.059 mg·L−1) sites than that of the S1 (0.036 mg·L−1), S3 (0.032 
mg·L−1), and S4 (0.037 mg·L−1) sites. However, the concentrations at all sites meet the Sur-
face Water Quality Class III standard (1.0 mg·L−1) (Figure 2D). The spatial variation of TP 
shows a significantly higher value at the S5 site (0.066 mg·L−1) than those at the S1 (0.032 
mg·L−1), S2 (0.030 mg·L−1), S3 (0.034 mg·L−1), and S4 (0.024 mg·L−1) sites (Figure 2E). The 
average concentration of TP at the S5 site exceeded the Surface Water Quality Class III 
standard in China (0.05 mg·L−1) [16]. Additionally, the spatial variation of TN concentra-
tion was significantly higher at the S4 (1.31 mg L−1), S5 (1.16 mg·L−1), and S2 (1.09 mg·L−1) 
sites compared with the S1 (0.597 mg·L−1) and S3 (0.485 mg·L−1) sites (Figure 2F). Among 
these, the mean concentrations of TN at the S4, S2, and S5 sites exceeded the Surface Water 
Quality Class III standard in China (1.0 mg·L−1) [16], indicating a significant impact from 
human activities such as domestic wastewater and fertilizer use. 
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Figure 2. Concentration distribution characteristics of (A) pH, (B) DO, (C) IMN, (D) NH4+-N, (E) TP, 
and (F) TN at five sites of Baiyangdian Lake. Values followed by different letters for different sites 
designate significant differences at the p < 0.05 level by nonparametric Kruskal–Wallis test and 
Mann–Whitney U test. 

Through comprehensive analysis, it is evident that the surface water in Baiyangdian 
Lake exhibits elevated concentrations of TN, IMN, DO, and TP. Among the five sites, the 
S5 site shows higher rates of exceeded standard for DO, TN, and TP. This is possibly at-
tributed to the main tributary source from the Fu River, which introduces pollutants into 
Baiyangdian Lake. The S5 site is approximately 4 km from the Fu River, it serves as a 
conduit for wastewater from the urban city Baoding, receiving domestic and industrial 
effluents as well as non-point-source pollutants from agricultural activities along its 
course. Consequently, pollutants from the Fu River are the primary contributors to the 
elevated concentrations of TP and TN at the S5 site. They are also responsible for the de-
cline in DO levels. Meanwhile, the S4 and S2 sites exhibit significantly higher concentra-
tions of TN, primarily due to sediment dredging in Baiyangdian Lake. The dredging leads 
to the release of internal nitrogen, which, in conjunction with agricultural non-point-
source pollution within the watershed, contributes to higher TN concentrations. Further-
more, the site at S3 experiences elevated concentrations of IMN and DO, likely stemming 
from the presence of numerous villages in the vicinity that discharge untreated domestic 
wastewater directly into the lake, exerting a substantial impact on water quality. Addi-
tionally, the high water temperatures during summer, coupled with increased human ac-
tivities during the peak tourist season, contribute to rapid DO depletion in the water body 
at the S3 site. 

4.3. Characteristics of Temporal Changes in Water Quality in Baiyangdian Lake 
Figure 3 illustrates the temporal variations of six water quality indicators at five sites 

in Baiyangdian Lake. As shown in Figure 3, these indicators exhibit three main patterns 
of variation. The first pattern, primarily influenced by point source pollution, is exempli-
fied by TN and NH4+-N, where concentrations during high-flow periods are lower than 
those during low-flow and normal-flow periods. This variation is mainly attributed to the 
dilution effect of rainfall, as the concentrations of TN and NH4+-N in rainwater are notably 
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lower than those in Baiyangdian Lake. Conversely, the second pattern, observed in water 
quality indicators primarily influenced by non-point-source pollution, is demonstrated by 
TP. Here, concentrations during high-flow periods are higher than those during low-flow 
and normal-flow periods. This increase is largely due to the influx of fertilizers from agri-
cultural fields. The fertilizers are carried by rainfall runoff into Baiyangdian Lake, conse-
quently resulting in increased TP concentrations in the lake. Additionally, the relatively 
low concentration of TP in Baiyangdian Lake water, combined with the higher TP concen-
tration in rainfall, contributes to this observed pattern. The third pattern, characterized by 
irregular variations, is observed in pH, DO, and IMN. This variation may stem from the 
combined effects of rainfall, sewage discharge, and other anthropogenic activities, result-
ing in a more complex and unpredictable trend. 
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Figure 3. Temporal variation of (a) pH, (b) DO, (c) IMN, (d) NH4+-N, (e) TP, and (f) TN in Baiyang-
dian Lake. 

4.4. Baiyangdian Lake Water Quality Assessment 
Utilizing the Grey Relational Analysis method, a comprehensive water quality as-

sessment was conducted across five sites of Baiyangdian Lake during different time peri-
ods. The water quality grades for each assessment are detailed in Table 3. Over the studied 
period, the water quality in Baiyangdian Lake was predominantly categorized as Class III 
or above. Notably, the S5 station exhibits a higher proportion of Class IV and V water 
quality during the normal-flow period, reaching up to 50%. This trend suggests that spe-
cific stations experience significantly different water quality levels, possibly due to local-
ized factors. Overall, water quality at all sites shows improvement during high-flow and 
low-flow periods compared with the normal-flow period, indicating the crucial role of 
rainfall in diluting pollutants in Baiyangdian Lake. Spatially, the S3 and S4 stations exhibit 
better water quality compared with the other stations, predominantly falling into Class I 
and II water quality categories. This spatial variation suggests that these two stations are 
relatively less influenced by human activities. Hence, it demonstrates the significant role 
of anthropogenic factors in water quality variation across different areas of the lake. 
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Table 3. Results of water quality assessment of five sites in Baiyangdian Lake. 

Seasons Sites 
Number of Samples Proportion of Water Quality Grade 
I II III IV V I II III IV V 

Normal-flow season 

S1 0 5 17 0 0 0% 23% 77% 0% 0% 
S2 0 0 22 0 0 0% 0% 100% 0% 0% 
S3 1 13 8 0 0 5% 59% 36% 0% 0% 
S4 11 2 9 0 0 50% 9% 41% 0% 0% 
S5 0 0 11 10 1 0% 0% 50% 45% 5% 

High-flow season 

S1 6 38 50 0 0 6% 40% 53% 0% 0% 
S2 0 2 92 0 0 0% 2% 98% 0% 0% 
S3 1 49 42 1 1 1% 52% 45% 1% 1% 

S4 53 28 13 0 0 56% 30% 14% 0% 0% 

S5 0 3 73 16 2 0% 3% 78% 17% 2% 

Low-flow season 

S1 0 2 47 0 0 0% 4% 96% 0% 0% 
S2 3 28 18 0 0 6% 57% 37% 0% 0% 
S3 19 28 2 0 0 39% 57% 4% 0% 0% 
S4 41 9 0 0 0 84% 16% 0% 0% 0% 
S5 0 3 36 11 0 0% 6% 73% 21% 0% 

4.5. Temporal Variation and Trend of Water Quality 
Based on the time series analysis, it is evident that all five sites in Baiyangdian Lake 

exhibit significant seasonal fluctuations, indicating that rainfall influences the temporal 
variations at these sites. As illustrated in Figure 4, the water quality at the five sites pre-
sents two distinct temporal patterns. The first pattern, observed at Sites S1 and S2, shows 
poorer water quality during the high-flow season compared to the low-flow and normal 
water periods. This suggests that these sites, due to their similar geographical settings, are 
impacted by surface runoff during rainfall, which carries pollutants into the river, leading 
to deteriorated water quality during the wet season. The second pattern, exhibited by sites 
3, 4, and 5, demonstrates improved water quality during the high-flow season as opposed 
to the low-flow and normal water periods, indicating that rainfall plays a diluting role for 
these sites. Notably, sites 4 and 5 show larger seasonal fluctuations in water quality, sug-
gesting that these sites may be influenced by irregular factors such as lake dredging, ag-
ricultural activities, or aquaculture operations. 
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Figure 4. Temporal variation and trend of water quality in Baiyangdian Lake. 

5. Discussion 
5.1. Impact of Rainfall on Water Quality in Baiyangdian Lake 

Rainfall plays a critically important role in the hydrological cycle, exerting both ero-
sive and dilutive effects on the water quality of rivers and lakes during terrestrial hydro-
logical processes. Accumulated pollutants on land are transported into river–lake systems 
through rainfall runoff. When the concentration of pollutants in the runoff exceeds that of 
the river–lake water, it exacerbates the pollutant load in the water body; conversely, it has 
a diluting effect when the concentration is lower [17]. 

This study reveals that during high-water periods, the concentration of TP in water 
is higher than that in low-water periods. This elevation in TP concentration may be at-
tributed to atmospheric rainfall transporting pollutants from the air and land into the wa-
ter. Wang [18] found that the average concentration of TP in rainfall around the Fu River 
in Baoding City was 0.44 mg·L−1, which exceeds the concentration of TP in Baiyangdian 
Lake (average 0.037 mg·L−1). Consequently, atmospheric rainfall significantly contributes 
to the increased TP levels in water during high-water periods in Baiyangdian Lake. Li et 
al. and Wang et al. [19,20] found that rainfall significantly impacts the concentration of 
nitrogen and phosphorus in bodies of water. Furthermore, as the intensity of rainfall in-
creases, the concentrations of nitrogen and phosphorus in the water correspondingly rise. 
Hence, this suggests that the impact of rainfall on nutrient elements in water is not only 
related to phosphorus concentration in rainfall but also closely linked to the intensity of 
the rainfall. 

The impact of rainfall on TN at different sites of Baiyangdian Lake exhibits notable 
variations. At the S5 site, the dilution effect of rainfall on TN is evident, reducing the con-
centration from 1.95 mg·L−1 during base-flow periods to 0.895 mg·L−1 during high-flow 
periods. Conversely, at the S3 site, rainfall increases the TN concentration from 0.349 
mg·L−1 to 0.547 mg·L−1 during high-flow periods. This variation is primarily due to the 
rainfall washing pollutants from surrounding areas into the lake, thereby affecting the 
water quality at these monitoring sites. The underlying reasons for these differences may 
be linked to the different potential pollutants present near each site. Zhang et al. [21] found 
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that rainfall runoff carries pollutants from villages (such as household waste, sewage in 
rivers, and compost) into water bodies, resulting in an increase in nitrogen concentration. 
Researchers have discovered that the primary factor contributing to the elevation of nitro-
gen concentrations in the rivers is related to rainfall runoff, which carries nitrogen pollu-
tants from agricultural fields and road surfaces into the rivers [22,23]. Consequently, this 
indicates a significant correlation between increased nitrogen levels in the rivers and the 
transportation of nitrogenous contaminants through runoff, stemming from rainfall 
events. In summary, the influence of rainfall on water quality is significantly affected by 
potential pollution sources in the watershed. When point source pollution dominates, 
rainfall tends to dilute pollutants in water bodies. However, when non-point-source pol-
lution is prevalent, the flushing action of rainfall can exacerbate water pollution. 

5.2. Impact of Human Activities on Water Quality in Baiyangdian Lake 
The factors influencing lake water quality can be categorized into three main groups: 

first, point source pollution resulting from inadequate treatment of residential sewage and 
industrial wastewater [4]; second, non-point-source pollution, stemming from the nitro-
gen, phosphorus, and other fertilizers caused by agricultural cultivation and carried into 
the lake’s rainfall runoff [24,25]; and third, internal source pollution, generated by sedi-
ment deposition at the lake floor due to various disturbances [11–13]. 

Point source pollution is identified as the most significant contributor to the degra-
dation of water quality in Baiyangdian Lake. This study reveals that the mean concentra-
tion of TP (0.066 mg·L−1) and TN (1.16 mg·L−1) at the S5 site is relatively high, significantly 
compromising the water quality at this location. The Fu River, passing through the urban 
area of Baoding City, acts as a receptor for domestic and industrial wastewater from the 
city, significantly impacting the water quality of Baiyangdian Lake. Sun et al. [26] found 
that the per capita daily input of domestic wastewater from the Fu River basin into Bai-
yangdian Lake is 26.3 L/d, contributing 2.3 tons of human and livestock feces, thus posing 
a substantial threat of nitrogen and phosphorus pollution in the Baiyangdian basin. The 
S2 and S4 sites exhibit elevated concentrations of TN (1.09 and 1.31 mg·L−1, respectively), 
surpassing China’s Surface Water Quality Class III standard (1.0 mg·L−1). This phenome-
non is primarily attributed to the proximity of these sites to local villages. Although na-
tional regulations prohibit wastewater discharge into Baiyangdian Lake, instances of clan-
destine wastewater disposal by some villagers persist. Therefore, it is inferred that domes-
tic sewage is the principal contributor to the heightened nitrogen and phosphorus con-
centrations in Baiyangdian Lake. This perspective aligns with the prior literatures. For 
example, Liang et al. [27], using isotope tracing techniques, identified domestic 
wastewater discharged by residents in the lake’s surrounding areas as the main source of 
nitrate pollution in the Baiyangdian basin. Furthermore, Yao et al. [28], found that point 
source pollution, particularly from the scenic areas within the lake and domestic 
wastewater, contributes significantly to nitrogen and phosphorus concentrations in Bai-
yangdian Lake. Therefore, it is evident that domestic wastewater plays a pivotal role in 
influencing the water quality of Baiyangdian Lake. 

Agricultural non-point-source pollution is also identified as a contributing factor to 
the deterioration of water quality in Baiyangdian Lake. This study reveals that high con-
centrations of TN are also associated with non-point-source pollution within the water-
shed. This finding aligns with the conclusions of Zhao et al. [29] and Wang et al. [30], who 
identified the intensive input of agricultural fertilizers in the surrounding areas to be a 
significant factor contributing to the severe TN pollution in Baiyangdian Lake. Yang et 
al.’s [31] research indicates that improvement in the water quality of Baiyangdian Lake 
basin is linked to enhanced efficiency in the utilization of nitrogen and phosphorus ferti-
lizer in agriculture. Furthermore, Wang et al. [32] discovered that the excessive use of fer-
tilizers in the agriculture-intensive areas of Chaohu Lake basin is a primary cause of severe 
TN and TP exceedances. As demonstrated by Sun et al. [26], there are 39 villages with 
approximately 100,000 residents engaged in agricultural cultivation and aquaculture 
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within the Baiyangdian reservoir area. Thus, the impact of agricultural non-point-source 
pollution on water bodies should not be underestimated. 

In the context of inland waters, endogenous releases can also significantly impact 
water quality. Shallow rivers and lakes are prone to sediment resuspension under the dis-
turbance of wind waves or human activities, leading to the release of nitrogen and phos-
phorus from the sediment into the overlying water. This study revealed that the elevated 
concentrations of nitrogen and phosphorus are also linked to the release of internal pol-
lutants caused by the dredging of lake sediments. During the sampling period, it was ob-
served that lake dredging activities were being conducted in the vicinity of site 2. Addi-
tionally, previous studies have confirmed that sedimentary TP in the inflow areas of the 
Fu River to Baiyangdian Lake was classified as heavily polluted. Human-induced disturb-
ances were observed to increase TP concentration by releasing sedimentary TP into the 
water [33]. It can be inferred that the endogenous release of sediment in lakes is one of the 
contributing factors to water pollution. 

In conclusion, Baiyangdian Lake’s water quality is influenced by various factors, pri-
marily driven by intense human activities. Prolonged pollution stems from the extensive 
discharge of domestic sewage from surrounding villages, agricultural practices in the wa-
tershed, internal pollution within the Baiyangdian Lake reservoir area, and aquaculture 
activities. To improve water quality in the Baiyangdian Lake watershed, crucial measures 
include controlling domestic sewage discharge, optimizing fertilizer use, and prohibiting 
farming in the lakes. These interventions are essential for mitigating the impact of human 
activities and enhancing the overall health of the lake’s ecosystem. 
6. Conclusions 

A comprehensive analysis of the water quality differences at five national controlled 
sites in Baiyangdian Lake indicates that the primary pollutants are TN, TP, and IMN. Spa-
tial variations in Baiyangdian Lake’s water quality are predominantly influenced by hu-
man activities, with the villages around the sites exhibiting the poorest water quality. In 
contrast, areas in the central part of the lake show relatively better water quality. Tempo-
rally, Baiyangdian Lake’s water quality demonstrates three patterns: Firstly, indicators 
primarily influenced by point source pollution, such as TN and NH4+-N, exhibit lower 
concentrations during high-flow periods compared to low-flow and normal water peri-
ods. Secondly, those affected by non-point-source pollution, like TP, show higher concen-
trations in high-flow periods. Thirdly, irregular variations are noted in pH, DO, and IMN. 
Using the grey correlation degree water quality assessment method, the evaluation of Bai-
yangdian Lake’s water quality is generally good, predominantly classified as Class III or 
higher. Time series analysis indicates that the dilution effect of rainfall and the scouring 
action of runoff dominate the temporal variation of water quality in Baiyangdian Lake. A 
detailed analysis reveals that the main pollution sources are domestic sewage, followed 
by agricultural non-point-source pollution and the release of internal pollutants. Addi-
tionally, aquaculture has emerges as a significant contributor to the lake’s pollution. In 
summary, improving water quality in Baiyangdian Lake necessitates controlling the do-
mestic sewage discharge from basin residents, optimizing fertilizer use, and prohibiting 
farming in the lakes. These measures are essential to mitigate the impact of human activ-
ities and enhance the overall health of the lake’s ecosystem. 
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