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Abstract

Urban lakes, as critical components of urban ecosystems, provide essential ecological services but
face water quality deterioration due to rapid urbanization and associated land use changes. This
study investigated the temporal and spatial characteristics and evolution mechanisms of water
quality in Wuhan city lakes, with a focus on the Great East Lake basin (GELB), a typical urban lake
cluster in the middle Yangtze River basin, encompassing six key lakes: East Lake (EL), Sha Lake (SL),
Yangchun Lake (YCL), North Lake (NL), Yan East Lake (YEL), and Yan West Lake (YWL). The spatio-
temporal variation of water quality was studied by analyzing monthly water environment data from
2017 to 2023. The surrounding land use data of 2020 and the corresponding year’s water quality data
were integrated and examined to assess the impact of land use on major pollutants. The results
showed that SL had the best water quality, EL, YEL, and YWL exhibited similar water quality
evaluation results, while YCL and NL had the worst water quality. Seasonal variations in water
quality were observed, influenced by the ecological functions of lakes and surrounding land use.
Notably, understanding these seasonal dynamics provides insights into nutrient cycle operations and
their effective management under varying climatic conditions. In addition, the correlation between
chlorophyll-a concentration and nutrient elements in urban lakes was not consistent, with some lakes
showing significant negative correlations. The water quality of urban lakes is influenced by both land
use and human management. Land use analysis indicated high impervious surfaces in EL, SL, and
YCL exacerbated runoff-driven nutrient loads, YEL's nitrogen elevation from agricultural runoff, and
NL’s pollution from historical industrial discharge. This study highlights the urgent need for targeted
water management strategies to mitigate the impact of urbanization on water quality and provide a
scientific basis for effective governance and ecological restoration in rapidly urbanizing areas around
the world. By adopting an integrated approach combining water quality assessments with land use
data, this research offers valuable insights for sustainable urban lake management.

Keywords: urban lakes; water quality evolution; land use; water quality index (WQI); water pollution

1. Introduction

Urban lakes, defined as freshwater bodies situated predominantly within urban landscapes,
shaped by anthropogenic pressures such as impervious surfaces and altered hydrology, and serving
as crucial ecological and recreational assets that enhance urban resilience [1,2], play an irreplaceable
role in maintaining ecological security and promoting socio-economic development [3]. These lakes,
often referred to as the lungs of urban environments, not only provide crucial drinking water sources
and recreational spaces for urban residents but also serve as essential habitats for various flora and
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fauna, thereby supporting biodiversity [4]. The presence of urban lakes significantly enhances urban
livability through their ecological services, including climate regulation, biodiversity maintenance,
and mitigation of the urban heat island effect. The interconnectedness of these water bodies with their
surroundings underscores their importance in urban planning and management. However, against
the backdrop of rapid global urbanization, the deterioration of urban lake water quality has become
increasingly severe, posing a significant threat to both aquatic ecological security and human well-
being [5]. This decline adversely affects not only the aesthetic and recreational value of these water
bodies but also the health of local ecosystems and communities.

According to the United Nations Environment Programme (UNEP) Global Environment
Outlook report, approximately 40% of urban lakes worldwide are at risk of eutrophication, with
frequent algal blooms leading to deteriorated water quality that endangers aquatic biodiversity and,
through food chain amplification effects, compromises the safety of urban drinking water. Such
environmental changes can result in the loss of aquatic species, making ecosystems less resilient and
reducing their capacity to provide essential services [6]. This alarming trend highlights the urgent
need for enhanced protection and restoration of urban lakes. The implications of poor water quality
extend beyond ecological impacts. Therefore, it is imperative to not only assess the current state of
urban lake water quality but also to understand the underlying factors driving its deterioration.

Land use patterns serve as direct representations of urban spatial expansion, and their evolution
profoundly affects the spatial and temporal distribution of pollutants in lakes. The expansion of
impervious surfaces associated with urban growth significantly increases the volume and velocity of
stormwater runoff, which in turn elevates the transport of pollutants into lakes [7,8]. This runoff often
carries a mix of heavy metals, nutrients, organic debris, fuels, oils, mineral parts and so on, leading
to a cascade of environmental issues. Different land use types, such as residential, commercial,
agricultural, and industrial zones, exert varying pressures on water quality, and impervious urban
surfaces often disproportionately increase pollutant loads [9,10]. Furthermore, the consequences of
land use change are not uniform, as some areas may experience more intense urbanization pressures
than others, resulting in a complex map of pollutant sources and impacts [11]. This spatial
heterogeneity necessitates that water quality management strategies be founded on a precise
understanding of the land use-water quality response mechanisms.

This study chooses Wuhan as a typical case, as its urban lake system embodies both typical and
representative characteristics. Wuhan’s unique geographical position as a critical hub in central
China, along with its extensive lake network, makes it a compelling case for studying urban lake
dynamics. As a core city in the Yangtze River Economic Belt, Wuhan has been experiencing rapid
urbanization while facing water environment governance challenges similar to those of other global
megacities. Rapid economic growth and population influx have intensified the pressure on water
resources, leading to conflicts between development and environmental sustainability [12,13]. This
study aims to reveal (1) the temporal and spatial trends of water quality changes and the results of
water quality assessments in urban lakes, (2) the relationship between chlorophyll-a and other water
quality indicators in urban lakes, and (3) the intrinsic mechanisms of lake water quality evolution in
the context of urbanization, while proposing effective management strategies through detailed
analysis. The findings will not only provide a scientific basis for water environment management in
the urban agglomeration of the middle reaches of the Yangtze River but also offer theoretical
references for water ecological protection in rapidly urbanizing regions worldwide. This cross-scale
research paradigm, based on complex systems theory, will promote a strategic shift in urban lake
management from end-of-pipe treatment to source control. Such an approach emphasizes
preventative measures and sustainable urban planning practices, ensuring the long-term health of
urban lakes and the myriad benefits they offer to urban communities.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.2064.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 November 2025 d0i:10.20944/preprints202511.2064.v1

3 of 15

2. Materials and Methods
2.1. Study Area

The study focuses on the Greater East Lake Basin (GELB) in Wuhan, China, a metropolitan
region renowned for its complex aquatic ecosystems (Figure 1). Situated at the confluence of the
Yangtze and Han Rivers in central China, Wuhan exhibits a distinctive urban landscape where lakes
and rivers form intricate hydrological networks. Wuhan has a subtropical climate, with hot and
humid summers, mild winters, and distinct seasonal changes [14]. The region is characterized by
abundant rainfall, with an annual average of approximately 1260 mm, predominantly during the
summer monsoon season from May to September, which may lead to increased surface runoff and
an augmented pollutant load entering the lakes [4]. To capture these seasonal hydrological dynamics
in water quality analysis, January and July were selected as representative months for the dry season
(November—-March) and rainy season (June-August), respectively. The GELB is situated in the central
urban area of Wuhan, boasting a high population density and a prosperous business environment.
The urban lakes within it fulfill diverse habitat functions and play crucial ecological roles. As a
significant industrial and commercial hub, Wuhan has witnessed rapid urbanization in recent
decades, exerting increasing pressure on its aquatic ecosystems. To mitigate these impacts,
comprehensive water quality management measures, including the Great East Lake Ecological Water
Network Project initiated in 2009 and the Yangtze River Protection and Restoration Battle Plan
launched in 2019, have been implemented to reduce nutrient loads and enhance ecological resilience
in GELB lakes,, contributing to significant water quality improvements in recent years. The dynamic
interplay between economic development and environmental sustainability makes the GELB in
Wuhan an ideal location for investigating the impacts of urbanization and land use on the water
quality of urban lakes.

The GELB in Wuhan City, a typical urban lake cluster in the middle Yangtze River basin,
encompasses six key lakes: East Lake (EL, 114°23'48"E, 30°33'57"N, 31.75 km?), Sha Lake (SL,
114°18'36"E, 30°33'55"N, 3.08 km?), Yangchun Lake (YCL, 114°25'6"E, 30°36'49"N, 0.58 km?), North
Lake (NL, 114°30'49.91"E, 30°36'8.21"N, 1.94 km?), Yan East Lake (YEL, 114°32'54"E, 30°32'15"N, 9.17
km?), and Yan West Lake (YWL, 114°28'42"E, 30°34'23"N, 14.2 km?). This basin exhibits a unique dual
natural-artificial coupling pattern, with hydraulic connectivity between lakes maintained through
channels and pumping stations, yet water exchange is constrained by anthropogenic regulation. The
Dongsha Lake system (EL-SL-YCL) is significantly impacted by high-density urban development,
confronting challenges such as eutrophication, pollutant accumulation, and diminished
hydrodynamic conditions. In contrast, the Beihu Lake system (NL-YEL-YWL) features NL receiving
long-term industrial effluent from Qingshan District, while YEL and YWL, primarily deepwater
lakes, serve as critical ecological barriers. Complex water source interactions within the basin result
in intricate pollutant migration pathways. Investigating the current status of water pollution and
land-use-driven impacts in the Greater East Lake Basin’s urban lakes can provide valuable insights
for ecological restoration strategies and dynamic water resource management in similar urban lake
clusters.
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Figure 1. Map of the six urban lakes in Wuhan City, with land use types indicated by color-coded legends:
Surface water (SW), forest vegetation (FV), building vegetation (BV), park vegetation (PV), road vegetation (RV),
urban buildings (UB), rural buildings (RB), urban roads (UR, including roads and sidewalks), and bare land
(BL).

2.2. Data Sources

This study utilized monthly water quality data from the GELB spanning from 2017 to 2023
(yielding a total of approximately 504 observations across the six lakes), which were obtained from
the Wuhan Municipal Water Affairs Authority. These data include key water quality indicators such
as water temperature (WT, °), pH, chlorophyll a (Chl-a, pg/L)total nitrogen (TN, mg/L), total
phosphorus (TP, mg/L), ammonia nitrogen (NHs3-N, mg/L) and chemical oxygen demand (COD,
mg/L), which are critical for assessing the ecological health of urban lakes. Additionally, land use
data (Imx1m) of 2020 were sourced from School of Remote Sensing at Wuhan University, as detailed
in Section 2.3.3, providing a comprehensive overview of land use and their potential impacts on the
basin, with a resolution and accuracy surpassing all publicly available open-source datasets, enabling
precise analysis of urbanization and land use influences on lake water quality. In fact, the 2020 land
use data serves as a representative snapshot of conditions across the study period (2017-2023),
effectively capturing the spatial heterogeneity in land cover surrounding urban lakes. It was
specifically paired with contemporaneous (2020) water quality measurements to facilitate a robust
analysis of their interrelationships.
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2.3. Methods
2.3.1. Water Quality Index (WQI) Assessment

To evaluate the water quality of urban lakes in the GELB, the Water Quality Index (WQI)
assessment method was employed, which is a widely recognized tool for simplifying complex water
quality data into a single value that reflects overall aquatic ecosystem health. This study prioritized
parameters critical to ecological integrity, including Chl-a as a proxy for algal biomass, TN, TP, and
NHs-N as nutrient indicators, and COD measuring oxidative contaminant loads [15] (Table 1). The
weights were assigned based on their relative ecological significance in urban lake systems, informed
by expert judgment and literature[15,16]. Each parameter was assigned a weight according to its
importance and was normalized to a scale from 0 to 100, where elevated scores denote superior water
quality conditions. The calculation formula of WQI is shown in Equation (1).

WQI =Y (Score; x Weight;) / Y.i=, Weight; 1)
where Score; is the normalized sub-index for parameter i (ranging from 0 to 100), Weight; is

the weight for parameter i, and i is the number of parameters.
The composite WQI score enables temporal categorization of aquatic health across five
hierarchical classes: “Excellent” (91-100), “Good” (71-90), “Moderate” (51-70), “Low” (26-50), and

“Bad” (0-25) [16]. This stratified system facilitates intuitive interpretation of long-term trends in lake
ecosystem stability by translating complex hydrochemical data into actionable insights.

Table 1. The normalization values and weights of water quality parameters used in the WQI calculation in this

study.
Paramater Weight 1001 80,1 60, 40,1V 20,y O WOorse
than V

COD 3 <15 <18 <20 <30 <40 >40

TP 1 <002 <01 <0.2 <03 <04 >0.4

TN 2 <0.2 <0.5 <1.0 <15 <2.0 >2.0

NHs-N 3 <0.15 <0.5 <1 <15 <2 >2.0
Chl-a 3 <1 <10 <15 <40 <50 >50

2.3.2. Correlation Analysis

Correlation analysis is a statistical method used to assess linear and non-linear relationships
between variables. In this study, Spearman correlation analysis was conducted using RStudio to
evaluate relationships between Chl-a and other water quality parameters across the six urban lakes
in GELB from 2017 to 2023, using monthly data to compare interrelationships among water quality
factors, particularly the interactions between Chl-a and nutrient concentrations (TN, TP, NHs-N),
across different lakes without considering temporal variations. The analysis aimed to determine
whether controlling these pollutants could effectively mitigate algal blooms, thereby providing
evidence-based insights for urban lake management and water pollution remediation. Correlation
results are quantified using correlation coefficients and significance levels, with p-values computed
and reported. Significant correlations are denoted in Figure 4 using “**” for p <0.01 and “*” for p <
0.05. Generally, the larger the absolute value of the correlation coefficient, the stronger the
relationship between the two variables.

2.3.3. Land Coverage

Based on the 1-meter resolution land cover data from the School of Remote Sensing and
Information Engineering, Wuhan University, nine main land use types in the highly urbanized
central area of Wuhan: Surface water (SW), forest vegetation (FV), building vegetation (BV), park
vegetation (PV), road vegetation (RV), urban buildings (UB), rural buildings (RB), urban roads (UR,
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including roads and sidewalks), and bare land (BL) were identified (Figure 1). A buffer zone within
500 meters of urban lakes was selected as the study area to assess land use and calculate the areas of
different land use types. The percentage of each land use type was calculated as the ratio of its area
to the total area after excluding water bodies. Moreover, Impervious surfaces (IS), defined as urban
features such as buildings and roads that restrict water infiltration and increase surface runoff and
pollutant migration, were quantified in this study as the aggregate percentage of UB, RB, and UR,
reflecting their combined contribution to runoff-driven pollutant loads in the GELB lakes. Although
a single-year (2020) high-resolution (Imx1m) land use dataset was utilized, the analysis focuses on
spatial heterogeneity in land use patterns across the six urban lakes in the GELB to evaluate
urbanization effects, capturing lake-specific impacts such as urban development in the Dongsha Lake
system. The land use data year was selected to align temporally with the 2017-2023 water quality
dataset, ensuring consistency for assessing land use-water quality relationships. During the period
from 2017 to 2023, land use changes within these urban watersheds were minimal, and thus not the
primary focus of our study.

2.3.4. Redundancy Analysis (RDA)

Redundancy Analysis (RDA) is a multivariate statistical technique designed to investigate linear
relationships between response variables (e.g., environmental metrics like water quality parameters)
and explanatory variables (e.g., land use categories) [9]. It constructs constrained ordination axes that
maximize the variance explained in the response data by the predictors, making it ideal for ecological
and environmental studies, such as assessing how land cover influences pollutant dynamics in urban
lakes. Typically, the first two axes account for >90% of variance, confirming model robustness, though
multicollinearity must be checked via variance inflation factors.

3. Results and Discussion
3.1. Temporal and Spatial Variation Characteristics of Major Pollutants
3.1.1. Inter-Annual Variation Feature

The analysis of the annual variation trends of crucial pollutants across six urban lakes in Wuhan
from 2017 to 2023 reveals significant temporal patterns in the water quality indicators (Figure 2). The
COD levels were notably high in 2018, with NL exhibiting the highest mean concentration of 38.0
mg/L during this period (Figure 2). Over the years, COD concentrations have shown a consistent
decrease, particularly after 2020, reflecting the effectiveness of sewage interception and ecological
restoration efforts, which improved water exchange and reduced organic pollutant loads. TP
concentrations peaked in 2018 across various lakes, followed by a general decline. Notably, this
reduction became more pronounced after 2020, driven by phosphorus control measures, including
wetland restoration and runoff management, under frameworks such as the Yangtze River Protection
and Restoration Battle Plan. However, the TP concentration in NL and YCL increased significantly,
indicating the need for lake-specific management adjustments and suggesting that other factors, such
as industrial effluents in NL and urban runoff in YCL, may contribute to water quality deterioration.
The trend for TN closely mirrored that of TP, with concentrations reaching their highest levels in 2018
before gradually decreasing in subsequent years, reflecting nitrogen pollution control through
upgraded sewage treatment systems and ecological buffer zones in GELB. Similarly, NHs-N
concentrations peaked in 2018 or 2019, and have shown a decreasing trend since then in most lakes
(except for EL and YCL), highlighting significant improvements in ammonia nitrogen pollution
levels. The fluctuations in Chl-a concentrations exhibit significant variability compared to other water
quality parameters in the lakes, demonstrating considerable instability over time. Among the studied
lakes, only SL shows a notable decreasing trend in Chl-a levels, likely due to localized ecological
restoration and water quality management in SL, while NL and YCL display a significant increasing
trend. This contrasting behavior highlights the diverse dynamics of algal growth and nutrient
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interactions across different lakes, emphasizing the need for tailored management strategies to
address site-specific challenges.
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Figure 2. Temporal variation of pollutant concentrations and WQI results in urban lakes.

3.1.2. Seasonal Variation Feature

The Water Quality Index (WQI) evaluation results for the six urban lakes in Wuhan, based on
monthly water quality data from 2017 to 2023 obtained from the Wuhan Municipal Water Affairs
Authority for January (dry season) and July (rainy season) (Figure 3), highlighting the complex
interplay between hydrological conditions and ecosystem responses. Lakes such as EL, SL, YEL, and
YWL exhibited improved water quality in the dry season compared to the rainy season,, which has
also been found in other studies [17], likely due to their greater exposure to non-point source
pollution, including urban runoff for EL and SL and agricultural runoff for YEL and YWL, relative to
point source pollution, leading to lower nutrient inputs during periods of reduced rainfall. This
improvement can be attributed to reduced external runoff, which minimizes the influx of pollutants,
and the stabilization of aquatic ecosystems under lower hydrological stress [18]. The dry season’s
calm conditions also facilitate the settling of suspended solids and the degradation of organic
pollutants, contributing to higher WQI values. In contrast, NL and YCL demonstrate enhanced water
quality during the rainy season. The increase in the concentration of water quality parameters in dry
seasons of urban river has also been studied [19]. Wastewater discharge significantly increases
pollutant concentrations, particularly in the dry season, due to limited water volume [20]. However,
increased water volume in the rainy season likely dilutes these pollutants, enhancing the natural
resilience of these ecosystems to seasonal flooding [21]. Floodwaters may also flush out accumulated
contaminants, temporarily improving water quality [19]. However, this improvement is often short-
lived, as prolonged flooding can introduce new pollutants from surrounding areas, underscoring the
need for targeted management strategies to mitigate flood-related impacts. The contrasting seasonal
patterns in WQI values across the lakes underscore the importance of considering temporal
hydrological variations in water quality management. For instance, lakes that perform better during
the dry season may benefit from measures that control external pollutant inputs and enhance
ecosystem stability, while those showing improved conditions during the rainy season may require
strategies to manage floodwater quality and mitigate post-flood pollution. These findings emphasize
the need for adaptive, season-specific management approaches to address the dynamic nature of
urban lake ecosystems and ensure sustainable water quality improvements.
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Figure 3. Comparison of WQI values for each urban lake from 2017 to 2023, arranged from left to right by year
for dry season (January) and rainy season (July).

3.1.3. Spatial Distribution of Crucial Pollutants

The concentrations of TP and NHs-N in EL remain consistently high (elevated relative to Class
III standards, NH3-N < 1.0 mg/L, TP <0.05 mg/L), indicating poor water quality and severe pollution.
Despite some progress in recent years, stronger management efforts are still needed to further reduce
pollutant levels. In contrast, NL shows significant improvement in water quality, with lower
concentrations of COD, TP, TN, and NHs-N, suggesting that management strategies are effective and
that the lake has a strong ecological recovery capacity. YEL has maintained relatively stable water
quality indicators since 2019, with relatively low concentrations of NHs-N and TP, indicating effective
water quality management measures. YEL experienced a slight peak in NH:-N and TN
concentrations in 2020, but overall, the levels have remained relatively stable over the years. SL
exhibits relatively good water quality, with low levels of major pollutants, indicating that effective
management measures have maintained its good condition. On the other hand, YCL shows higher
concentrations of pollutants, a slower rate of improvement, and a certain degree of rebound,
highlighting the need for enhanced management efforts in the area. Overall, the spatial distribution
patterns of key pollutants reveal differences in water quality indicators among the lakes, providing
important insights for future water quality management and ecological protection efforts.

3.2. Water Quality Evaluation
3.2.1. Single Factor Evaluation Method

The analysis of COD concentrations across the six major lakes in the GELB reveals a consistent
declining trend overall. Since 2020, the COD levels in most lakes have generally adhered to Class III
water quality standards. However, YCL presents an exception, experiencing an increase in COD
levels over the past two years. Notably, between 2017 and 2020, the COD concentration in NL was
significantly higher compared to the other lakes. Fortunately, it has decreased substantially and has
maintained levels below 20 mg/L since 2020. In terms of TP concentrations, all six lakes in the GELB
have significantly exceeded acceptable limits. Only SLand YEL have managed to meet the Class III
water quality standards for total phosphorus in recent years, indicating some success in pollution
management. In contrast, TP levels in the other lakes remain excessively high, particularly in NL,
which has seen a substantial increase in total phosphorus levels since 2021. When examining NHs-N
concentrations, NL stands out with the highest levels of ammonia nitrogen among the six lakes.
Nonetheless, there have been noticeable improvements in recent years. Since 2020, the other lakes
have generally managed to meet Class III water quality standards for ammonia nitrogen, reflecting
effective management strategies. The concentrations of TN in the six major lakes also exhibit a
consistent declining trend. However, overall levels remain high, well above Class IIl water quality
standards, with NL recording the highest total nitrogen concentration, closely followed by YCL.
Overall, the water quality indicators for the six major lakes in the GELB have maintained a relatively
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stable condition since 2020, though fluctuations within certain ranges are evident. Nevertheless, the
concentrations of TP and TN remain a concern due to their relatively high levels. In examining Chl-
a concentrations, the patterns among the six major lakes vary significantly. All lakes exhibit notably
high levels of Chl-a, with NL and YWL showing similar trends of relative stability prior to 2020,
which was followed by a marked increase thereafter. The remaining four lakes, however, display
considerable interannual fluctuations, although, in general, Chl-a concentrations have shown a slight
decline.

3.2.2. WQI

The analysis of the spatial distribution patterns of crucial pollutants among the six urban lakes
reveals significant differences in water quality indicators, reflecting the varying degrees of pollution
and management effectiveness in each lake. Based on the Water Quality Index (WQI) values (Figure
2), the water quality assessment of the lakes indicates that SL has the best water quality, while YCL
and NL exhibit the worst conditions. The relative rankings of WQI values for EL, YEL, and YWL have
varied over time, with the three lakes showing similar WQI levels by 2023. From a spatial perspective,
significant differences in WQI values were observed among the various lakes. The superior water
quality of SL underscores the efficacy of governance measures, such as prohibiting sewage discharge
into the lake. YEL displayed considerable variability in its WQI over time and space, emphasizing
the influence of external factors on its water quality. The WQI values for NL and YCL remain
relatively low, signifying higher levels of pollution and suboptimal water quality management
outcomes, potentially attributable to their smaller lake sizes and limited self-purification capacities.
On a temporal scale, the WQI of most lakes (SL, EL, NL and YCL) has shown an overall increasing
trend, indicating continuous improvement in water quality over the years. The WQI of EL was
initially lower than that of YWL and YEL but has since risen to a comparable level with both. In
particular, although the WQI values for NL and YCL have remained notably low, they are
nonetheless showing positive gains. In contrast, WQI of YWL exhibited a downward trend, signaling
a deterioration in water quality, with persistent challenges impeding its recovery. Therefore, a more
targeted management approach is required to enhance its overall water quality.

3.3. Correlation Analysis of Water Quality Parameters

In this study, we conducted a correlation analysis of water quality parameters across six urban
lakes in Wuhan, with a particular focus on the relationships between Chl-a and other key water
quality factors (Figure 4). The analysis revealed significant patterns that highlight the role of nutrients
and organic pollutants in driving algal growth and eutrophication, while also identifying unique
characteristics of individual lakes that necessitate tailored management strategies.

In EL, SL and YEL, Chl-a exhibited strong positive correlations with TP and TN, reflecting the
critical role of these nutrients in promoting algal growth. Specifically, elevated TP and TN
concentrations were found to significantly enhance eutrophication, leading to increased Chl-a levels
[22]. These findings underscore the importance of monitoring and controlling nitrogen and
phosphorus inputs in urban water bodies to prevent ecological issues associated with eutrophication,
such as algal blooms and oxygen depletion [23]. The strong Chl-a-TP correlations in these lakes
highlight the need for targeted phosphorus reduction measures, including improved wastewater
treatment and restrictions on agricultural runoff [18]. Chl-a also showed a positive correlation with
COD in several lakes. This relationship suggests that increased organic pollution may provide
additional resources for algal growth, potentially exacerbating eutrophication [17]. However, the rise
in organic pollutants also poses a risk of oxygen depletion, as microbial decomposition of organic
matter consumes dissolved oxygen. This dual effect emphasizes the importance of integrated
pollution control strategies that address both nutrient and organic pollutant inputs to maintain water
quality and ecosystem health.

In YCL, the correlations between Chl-a and other water quality factors were relatively weak,
indicating that algal growth in this lake may be influenced by factors other than nutrient availability,
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such as hydrological conditions or external pollution sources. This finding suggests that management
strategies for YCL should focus on comprehensive monitoring and adaptive measures to address its
unique environmental context. In contrast, NL and YWL exhibited significant negative correlations
between Chl-a and TN as well as NHs-N. These unexpected relationships may indicate complex
interactions between nutrient dynamics, algal growth, and other environmental factors, such as
microbial activity or sediment-water interactions [6]. Further research is needed to elucidate the
underlying mechanisms and determine whether these correlations reflect causal relationships or are
influenced by external variables.

The variability in Chl-a correlations across the six lakes underscores the importance of adopting
lake-specific management strategies. For EL, SL, and YEL, where strong Chl-a-TP and Chl-a-TN
correlations were observed, priority should be given to nutrient control measures, such as reducing
agricultural runoff, upgrading wastewater treatment facilities, and implementing phosphorus
removal technologies. In SL, additional attention should be paid to managing organic pollution to
mitigate the risks of oxygen depletion. For YCL, a more holistic approach is needed, focusing on
comprehensive monitoring and adaptive management to address its unique environmental
conditions. Finally, the unexpected negative correlations in NL and YWL warrant further
investigation to better understand the underlying mechanisms and inform targeted management
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Figure 4. Correlation analysis of water quality factors in urban lakes (a)EL, (b)SL, (c)YCL, (d)NL, (e)YEL,
()YWL.

3.4. Analysis of Water Pollution Causes Based on Land Use

The three lakes (EL, SL and YCL) in the Dongsha Lake basin exhibit relatively high impervious
surface (IS) coverage in their surrounding areas, particularly SL (Table 2). Notably, all three lakes
lack rural residential structures due to their central urban location. Among these water bodies, EL
and SL demonstrate the lowest forest vegetation coverage. However, this deficiency is partially offset
by extensive road-adjacent greenery and building-integrated vegetation, which compensate for the
lack of natural permeable surfaces. In contrast, the Beihu Lake basin features urban lakes with
generally lower impervious surface ratios, each possessing distinct characteristics. NL historically
received significant industrial wastewater discharge from Wuhan Iron and Steel Corporation prior
to 2021. YEL, situated away from the urban core, maintains superior natural environmental
conditions with minimal impervious surfaces and partial coverage of rural settlements. YWL, located
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at the urban fringe, exhibits spatial heterogeneity: some areas show high population density while
others retain relatively pristine natural environments.

Table 2. Percentage of land use types within a 500m buffer zone of urban lakes.

Lakes FR BV PV RV UB RB UR BL IS
EL 21.68%  11.17%  29.71% 291% 15.13% 0.00% 15.04% 4.37% 30.17%
SL 3.34%  16.38% 16.66% 599% 16.39%  0.00% 39.08% 2.16%  55.48%

YCL  50.31%  4.92% 291%  8.84%  9.22%  0.00% 2213% 1.67%  31.35%
NL 65.06%  0.07% 0.00%  0.79% 12.58% 020% 12.31% 8.99%  25.09%
YEL 84.03%  1.00% 0.00% 0.16%  0.11% 4.15% 249% 8.06%  6.75%

YWL  65.89%  3.54% 051% 0.73% 1624% 0.19% 7.01% 590% 23.44%

With the exception of SL, where anthropogenic protection measures have maintained relatively
good water quality, all other urban lakes exhibit suboptimal water conditions. The smallest lakes,
YCL and NL, registered the lowest WQI scores and better water quality during the rainy season,
indicating accelerated water quality deterioration in smaller urban water bodies. This phenomenon
correlates with reduced self-purification capacity and insufficient ecological protection prioritization.
Seasonal WQI analysis reveals SL’s stable water quality with minimal seasonal variation, despite
having the highest impervious surface ratio. Effective sewage control measures appear to mitigate
anthropogenic impacts, though significant positive correlations between Chl-a and nutrient levels
suggest potential algae proliferation induced by controlled wastewater discharge [11]. In contrast,
YCL exhibits severe pollution across all indicators except NHs-N, underscoring urgent protection
needs. Post-2021 improvements in NL water quality correlate with enhanced dilution effects during
rainy periods, reflecting effective pollutant flushing from its forested catchment. The 2020-2023 WQI
dataset shows comparable index values for EL, YWL and YEL, with EL alone demonstrating
pronounced seasonal variability, superior dry-season quality contrasts with marked rainwater
pollution. This pattern aligns with EL’s urban context, where intensive construction, road networks,
and human activities contribute to both point-source and non-point-source contamination [24]. The
YEL’s persistent TN elevation above Class III water standards, coupled with high Chl-a
concentrations and adjacent agricultural developments, implies agricultural runoff impacts. YWL’s
elevated pollutant profile, exacerbated by greater urban infrastructure density, reinforces the
hypothesis that urbanization intensifies aquatic pollution through synergistic anthropogenic
pressures [25]. These findings collectively emphasize the critical role of land use patterns and
management strategies in determining urban lake water quality trajectories.

To further investigate the driving effects of land use on urban water bodies and validate the
accuracy of our land use impact analysis, we employed Redundancy Analysis (RDA). Due to
limitations in the number of lakes with available data, we used our own in situ water quality
measurements from January (winter) and June (summer) 2020, with sampling points primarily
distributed across urban rivers and lakes in the Dongsha watershed. Seasonal water quality data
served as response variables, while land use types—including urban roads (UR), surface water (SW),
vegetation (VG), urban buildings (UB), and bare land (BL)—were treated as explanatory variables.
The results showed that Axis 1 and Axis 2 explained 96.38% and 98.56% of the variance, respectively,
demonstrating the feasibility of the RDA approach. The RDA results are presented in Figure 5. In
summer, VG, UR, and UB ranked as the top three contributors to explanatory variance, primarily due
to abundant rainfall scouring surfaces and transporting pollutants from VG and UR into urban water
bodies, which accounts for the positive correlations observed between these land use types and water
quality parameters. In winter, SV, UB, and UR were the leading contributors, with SV exhibiting
negative correlations to pollutant concentrations, indicating that larger water surface areas mitigate
pollution levels owing to enhanced self-purification capacity. Urban buildings ranked second, as
reduced winter rainfall shifted the dominant pollution source to point-source emissions from these
structures.
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(b) Explanatory variance
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Figure 5. Measured data points and RDA result graph. (a) Sampling point map, (b) The top three interpretable

parameters, (c)-(d) RDA results for summer and winter.

4. Discussion

In conclusion, the water quality evolution of urban lakes in Wuhan is significantly influenced by
land use changes and the pressures of rapid urbanization. This study highlights the complex
interactions among key water quality indicators over different temporal scales, revealing that while
some lakes demonstrate improvements, others still face critical pollution challenges. This study
elucidates water quality dynamics in six GELB lakes in Wuhan (2017-2023). Inter-annual trends
(2017-2023) reveal that COD, TP, TN, and NHs-N concentrations generally declined in recent years
due to ecological restoration, sewage interception, and phosphorus control measures, though some
lakes, such as YCL, exhibited rising pollutant levels (e.g., TP, NHs-N) after 2021, driven by urban
runoff. Chl-a levels showed significant variability with no clear trend, except for a notable reduction
in SL due to localized management. WQI evaluations indicate better water quality in EL, YEL, YWL,
and SL during the dry season (January) due to reduced non-point source pollution (urban runoff for
EL, SL; agricultural runoff for YEL, YWL), while NL and YCL improve in the rainy season (July) via
dilution of pollutants. Spearman correlation analysis confirms strong positive Chl-a-TP and Chl-a-
TN correlations in EL, SL, and YEL, driving eutrophication, while NL and YWL show negative Chl-
a—TN/NHs-N correlations, suggesting complex nutrient dynamics. YCL’s weak correlations indicate
other influences, such as hydrological conditions. The results indicate a pressing need for
comprehensive management strategies tailored to the unique circumstances of each lake.

Land use analysis highlights that high impervious surfaces (IS, comprising UB, RB, UR) in EL,
SL, and YCL exacerbate runoff-driven TP and NHs-N loads, while YEL’s TN elevation reflects
agricultural runoff and NL’s pollution stems from historical industrial discharges. SL’s stable water
quality, despite high IS, reflects effective sewage control. To quantitatively validate these driving
forces, a Redundancy Analysis (RDA) was performed. The RDA model provided powerful
quantitative evidence, confirming the critical and seasonally distinct roles of different land use types.
Specifically, in summer, pollutant loads were primarily driven by rainfall-driven runoff from
vegetated areas (VG), urban roads (UR), and buildings (UB). Conversely, in winter, with reduced
runoff, pollution was more strongly associated with point-source emissions from urban buildings,
while larger surface water (SV) areas exhibited a mitigating effect due to enhanced self-purification
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capacity. These findings underscore that effective management requires a dynamic approach,
targeting runoff pathways in the summer and point sources in the winter.

By addressing the nuanced challenges presented by urbanization, this study not only contributes
to local ecological restoration efforts in Wuhan but also offers a framework for similar urban lake
management challenges faced by cities around the world. However, the study has limitations,
including the reliance on a 20172023 water quality dataset, which may not fully capture long-term
trends. Additionally, the focus on a limited number of lakes may restrict the generalizability of
findings to other urban aquatic systems. Future research should focus on long-term monitoring and
evaluation of implemented management strategies to ensure sustainable outcomes for urban aquatic
ecosystems.

5. Conclusions

This section is not mandatory but can be added to the manuscript if the discussion is unusually
long or complex.

6. Patents

This section is not mandatory but may be added if there are patents resulting from the work
reported in this manuscript.
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