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Interdependence of temperature
and land use on water quality in
urban lakes, Vellore, Tamil Nadu,
India

D. R. Manjunath and P. Jagadeesh*

School of Civil Engineering, Vellore Institute of Technology, Vellore, India

Urban lakes provide crucial ecological, social, and economic benefits, but rapid
urbanization and land use changes have significantly compromised their health and
sustainability. This study investigates the interrelations among land use, temperature,
and water quality in Vellore lakes (1997-2024) to address the sustainable development
goals (SDG) 6.4 (water) and 13.3 (climate resilience). Satellite derived data revealed
a direct correlation between a reduced water spread area (1.82%) and increasing
LSTs, underscoring the adverse effects of urbanization. Notably, 64% of dissolved
oxygen (DO) of the samples surpassed permissible limits. Hardness, electrical
conductivity (EC), total dissolved solids (TDS) and DO emerge as the primary
influencers of the Water Quality Index (WQI). It was validated by the XGBoost
model. Based on WQI most of the lake water classified as “Poor” for drinking.
Principle component analysis revealed 68% of the variance in water quality with
main factors as LST, built-up, and vegetative cover. Furthermore, suggesting that
implementing 30% green buffers, restoring 2-5% WSA, and adopting climate-smart
urban planning could lower LST by 1.8°C. These science-driven strategies align
with the SDGs and India’s Smart Cities Mission, offering a pathway to harmonize
urbanization with ecological resilience and safeguard lake biodiversity under a
changing climate.

KEYWORDS

sustainable urban development, SDG 6.4 and 13.3, smart cities, climate change,
principal component analysis, XGBoost

1 Introduction

Water is the most valuable heritage of our planet. Water bodies or hydroscapes play a
critical role in conserving diverse ecosystem services, including biodiversity preservation,
climate modulation and regulation, carbon footprint sequestration, groundwater
replenishment, water supply sustainability, precipitation patterns, river network vulnerability,
sediment network, aquatic and terrestrial food chains (Pana et al., 2024; Jeppesen et al., 2009;
Singhal et al., 2024; Abed-Elmdoust et al., 2016; Gao et al., 2022; Sarker et al., 2019). However,
global trends such as human development, population expansion, migration and climate
change pressurizing on quality and quantity of water resources, potentially influencing
ecosystems (WHO, 2021, 2022). Similarly, temperature is an important factor for surfacescapes
(lakes, tanks, and rivers) impacts aquatic ecosystem by affecting DO levels (DO and EPA,
2021), water quality, and evaporation rates (US Geological survey, 2018). Human-induced
alterations to urban surfacescapes compromise environmental quality, climate change, and
undermine the provision of essential ecosystem services for nearby communities (Patro et al.,
2024). This explains how these environmental and anthropogenic factors affect water bodies.
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Optimal temperature regulations and strategic land use planning
are interdependent factors sensitive to human-induced changes in
waterscapes, which are recognized as a global problem with significant
consequences for the environment (Punja et al., 2024). Addressing
water quality interlinkage requires expert intervention at all levels,
from municipal level to global level. This is an important gap in
monitoring developing countries, where the connection between
water quality and surrounding land use can contribute to achieve
multiple SDG (SDG 6, 3, 11, 12, 13; SDG, 2022) targets (Alcamo,
2019). With the increase in population, understanding how land use
changes and temperature fluctuations induced by climate change
affect water quality is essential. Water does not have an exact
temperature range, but the seasonal fluctuations, lake morphometry,
latitude, longitude, and surrounding landscape factors influence
temperature of each lake (Fondriest Environmental, Inc, 2014). These
changes in LULC and temperature directly impact hydrological
sources across diverse landscapes, exacerbating non-point source
pollution and ultimately degrading surface water quality through
increased runoff, sedimentation, and nutrient loading (Umwali
etal., 2021).

Two influential factors that significantly impact water quality are
land use and temperature. Urbanization, characterized by increased
built-up areas and reduced vegetation, alters the natural hydrological
cycles, leading to greater runoff, flooding, and contamination rates
that add nutrients into water bodies. Water quality in small (<0.5
hectares) or shallow (<2 m deep) lakes and reservoirs is sensitive to
their immediate surroundings (Bettina et al., 2016; Singh et al., 2024),
often resulting in non-point source pollution. At the same time, rising
temperatures exacerbate these issues by accelerating evaporation,
reducing DO levels, and promoting algal blooms, which further
degrade water quality. Warmer temperatures and reduced inflow can
lead to oxygen depletion in stratified reservoirs and lakes, creating
favorable conditions ideal for naturally existing opportunistic
waterborne pathogens (Weiskerger et al., 2019; Yaghouti et al., 2023).
Recent research highlights that the combination of these factors
creates complex systems and needs detailed study. While previous
studies acknowledge the individual roles of land use and temperature
in water quality deterioration, their synergistic consequences in
rapidly urbanizing regions of the Global South unexplored.
Understanding this interaction is crucial for developing effective water
management strategies and mitigating the adverse effects of
urbanization and climate change on water quality (CRDP, 2019).

This study addresses this gap by integrating LULC, LST, and water
quality parameters in Vellore, India. Methodologically, combines
satellite data (1997-2024), water quality index, machine learning, and
multivariate statistics to analyse the interdependencies between
satellite observations with ground-truth water chemistry. Examining
the interdependency between these variables is essential to predict
future trends and design mitigation strategies. Vellore, a rapidly
urbanizing region in southern India. Vellore has been identified by the
World Bank as one of the three cities in Tamil Nadu to be developed
as a model city for advanced reforms in areas like revenue, grievance
redressal, and systems for personnel, hospitals, and schools (Vellore
and Smart City, 2016). The city’s proximity to Bengaluru and Chennai,
along with its presence of a thriving leather industry, has significantly
contributed to rapid growth. The city’s current land use reflects a
balanced mix of residential, commercial, and institutional zones, and
the city attracts a significant tourist presence, with an average footfall
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of 2.2 Lakh people growing at a rate of 3% annually (Vellore and Smart
City, 2016). The city experiences a semi-arid climate, characterized by
consistently high temperatures and relatively low rainfall.
Understanding these dynamics is crucial not only for local water
resource management but also for developing broader guidelines
applicable to urban areas facing similar challenges.

Future models and research indicate that around 80% of the global
population is projected to live under SSP (shared socioeconomic
pathways) scenarios, facing significant multi-pollutant challenges,
particularly in highly urbanized areas. River pollution in Southeast
Asia is expected to be especially severe (Strokal et al., 2021). Global
river basins are projected to face a threefold increase in water scarcity
due to future pollution, emphasizing the growing environmental crisis
(Wang et al., 2024). Studies have shown that increasing temperatures
can lead to reduced surface water volumes, especially during summer
months due to higher evaporation rates (Tong et al., 2023). Global lake
warming is anticipated to continue unless significant reductions in
greenhouse gas (GHG) emissions are achieved (Tong et al., 2023). In
alignment with the 2030 agenda for sustainable development,
addressing the impacts of temperature and land use on water quality
is crucial to meeting SDG 6.4 (water use and scarcity; UN-Water,
2024) and SDG 13.3 (climate action; SDG, 2023) for progressive global
targets (SDG, 2022; Jeffrey et al., 2024). The Environmental Protection
Agency (EPA) quality criteria explains the importance of temperature
layers and turnover in lakes, which are vital for sustaining aquatic
species (EPA, 2021).

Previous studies have alerted the significant influence of land use
and temperature on water quality, stressing the need to address these
factors in future management plans to maintain ecological balance.
Given the anticipated impacts of climate change and growing land-use
pressures, addressing this issue is even more crucial (Murdoch et al.,
2000). Consequently, numerous studies have investigated the
relationship between water quality, land use, and temperature,
concluding that significant relationship exists between these factors at
different scales. The effects of climate change on water quality in North
America (Lake trout; Guzzo et al, 2017), as well as Spain and
United Kingdom with reduced surface water volumes documented
(Figueras and Borrego, 2010; David, 1997; Kernan et al., 2010).
Human intervention and drought have compromised high TDS, TSS,
and temperature in Lake Mead’s, Las Vegas (Adjovu et al., 2023).
Agricultural runoff and urban sprawl were identified as the primary
drivers of water quality changes in the Suquia River Basin, Argentina,
significantly impacting urban health (Pana et al., 2024). Similarly,
Lake Mubhazi is seasonally impacted by anthropogenic activities,
particularly during the rainy season (Umwali et al., 2021), and
historical changes in LSWTs and water quality in Dianchi Lake has a
direct impact on water quality (Yang et al., 2018). Diverse water
trajectories accumulate several contaminants due to urbanization
affecting global water quality in the 21% century (Strokal et al., 2021).
Natural water environments, including recreational waters, are
changing due to climate change, with rising temperatures observed in
many regions (WHO, 2021). Overall, these findings highlight the
importance of considering land use and temperature in managing
water bodies, especially where urban environment offer a realistic
influence on the deterioration of water quality (Umwali et al., 2021).
Addressing these factors is essential for protecting aquatic ecosystems
and ensuring the health of our water resources from the perspective
of climate change.
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The objective of the research is to analyze the interlinkage of
temperature and land use on water quality in urban lakes in Vellore.
(1) To utilize satellite data to assess LULC and LST dynamics for the
study area. (2) To evaluate the temporal trends in water surface area
(WSA), LULC, and LST to identify drivers of water quality
degradation. (3) To evaluate water quality parameters and predict
WQI using the XGBoost model, correlating with physicochemical
parameters. (4) To investigate the interrelations among water quality
parameters, land use, and temperature variables using PCA analysis
to understand their collective impact and recommend sustainable
water management in urban alliances.

2 Materials and methods

2.1 Study area

Vellore is a key gateway into northeastern Tamil Nadu, India
(Figure 1). The geographical coordinates of the region of interest
aligned with latitudes 12° 15’ N and 13° 15" N and longitudes 78° 20'E
and 79° 50’E. Vellore spans a total land mass of approximately
741.18 km?, which is irregular in shape and has an elevation at an
average of 283 meters. The weather in Vellore, characterized as tropical
savanna climate, is one of the hottest and most humid in the region
(Wladimir, 2018; Beck et al, 2018). During the summer, the

10.3389/frwa.2025.1598238

temperatures reach up to 45°C, while the mean temperature drops to
around 20°C in winter months. Vellore holds an annual rainfall of
1,034 mm, with nearly 90% occurring as rain and occasional drizzles,
classified as a semi-arid region with frequent droughts and occasional
floods (IMD, n.d.). Vellore’s current land use displays a mixture of
urban, agricultural, institutional, health, and industrial sectors, along
with a growing population density of approximately 2.3 times the
expansion of built-up areas. The study area encompasses several urban
lakes, including the prominent Palar River and its tributaries. This
study considers five lakes in Vellore, each with unique characteristics.
These lakes (Figure 2) are shallow, with long, thin, and varied
structures, namely Sadupperi lake, Thorapadi Lake, Kalinzur Lake,
Dharapadavedu, Lake and Kavannur Lake. These lakes are integral to
the aquatic resources, water supply, agriculture, and parts of Vellore
natural ecosystem also differ by land use types. Sadupperi lake, located
on the outskirts of Vellore, has a catchment area of 69.54 sqkm. It
receives runoff from surrounding urban areas and is connected to the
Palar River. Thorapadi Lake, situated in the western part of Vellore,
has a catchment area of 68.35 sqkm and is located adjacent to
Sadupperi Lake and the Sadupperi dump yard. Kalinzur Lake (23.27
sq. km) and Dharapadavedu Lake (51.78 sq. km) are key urban lakes
in Katpadi, primarily maintained in the urban landscape. Kavannur
Lake, with a catchment area of 52.52sqkm, located in the western
region of Vellore. It mainly receives agricultural runoff from
surroundings and a prime connectivity to the Palar tributary. These
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FIGURE 2
Location and overview of the five urban lakes in Vellore.

lakes, often referred to seasonal lake-reservoirs or tanks (Eri in Tamil),
are detailed in Table 1. They are characterized as non-system tanks in
Vellore, typically standalone water bodies (TNUIFSL, 2006; Malarvizhi
et al,, 2022; Vellore CCBN, 2024). These lakes play a crucial role in
maintaining Vellore’s environmental health and sustainability. An
integrative review methodology (Whittemore and Knafl, 2005) was
adopted to synthesize multi-disciplinary studies on land use,
temperature, and water quality. This approach prioritized contextual
gaps in identification of synergies between hydrological, climatic, and
anthropogenic drivers, detailed methodological flow is depicted in
Supplementary Figure S1.

2.2 Field research: field sampling and
sample analysis

Water sampling was conducted at specific locations based on a
preliminary study. In this research, 25 monitoring sites were
considered based on the data availability, accessibility, and full extents
of lakes. Sampling was carried out monthly from August 2023 to
August 2024. Prewashed, high-density, 1 L capacity polythene bottles
were used to collect samples at different depths and preserved as per
IS 3025 (BIS 1987, n.d.).

Physio-chemical parameters were measured in the field using
handheld portable instruments to record pH, DO, TDS, and
temperature to obtain real-time and with natural variability.
Integrated sampling was followed, and the samples were preserved
and analysed at the Environmental Laboratory, VIT, Vellore. The
laboratory examination of physico-chemical characteristics includes
electrode-based pH in samples, the Nephelometric Method (NTU)
for measuring water cloudiness, and the EDTA titrimetric method
for estimating calcium (Ca) and magnesium (Mg). Furthermore,
bicarbonate (HCO;) and carbonate (CO;?) by titration with H,SO,,
using methyl orange and phenolphthalein as indicators. The AgNO;
(Mohr’s) technique for determining chloride (Cl) concentration. The
double-beam UV spectrophotometer was used in determining
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nitrate (NOs), sulphate (SO*74), and fluoride (F) concentration
(Loganathan and Sathiyamoorthy, 2024). Azide variant of the
iodometric method (Winkler’s method) for determining dissolved
oxygen (DO; DO and EPA, 2021), and biochemical oxygen demand.
Tables 3 and 4 provide a statistical summary of water quality
indicators and standards.

2.3 Calculation of water quality index

The WQI model is recognized techniques for assessing water
quality to know the overall condition of water resources. By converting
large amounts of water quality data into a single, interpretable index
score (Uddin et al., 2023; Auddy et al., 2023; Kangabam et al., 2017).
In this study, 14 parameters were selected based on their importance
in water quality standards, with reference to the guidelines of the
World Health organization (WHO; WHO, 2022; BIS: IS 10500, 2012)
and the Indian Standard for drinking water quality (BIS). The
calculation involved the following steps by assigning weightage (AW)
ranging from 4 to 1 with reference to previous studies (Auddy et al.,
2023; Kangabam et al., 2017; Supplementary Table S1). The relative
weight was calculated based on Equation].

AW

T
i=1

RW =

1

RW = relative weightage, AW = assigned weightage for each
parameter and n = number of parameters.

The quality rating scale (Qi) for each parameter is determined by
comparing its concentration in the water sample to the corresponding
standard value (WHO, 2022; BIS: IS 10500, 2012)(Equation 2).

Q :[ijloo @)

Si
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TABLE 1 Characteristics of lake system tanks.

10.3389/frwa.2025.1598238

Tank name Latitude Longitude @ Basin Section Storage Capacity Water spread
depth (m) (mcm) area (ha)

Sadupperi tank 12°54'50.50'N 79°5'56.05"E Palar Vellore 6.925 5.81 180
Thorapadi tank 12°53'29.62'N 79°6'32.77"E Palar Vellore 406 2.62 125
Kalinzur tank 12°57'30.89'N 79°7'35.86"E Palar Katpadi 3.89 1.01 2175
Dharapadavedu tank 12°58'10.77"N 7997750.42"F Palar Katpadi 6.6 1.95 16.15
Kavanoor tank 12°56/23.31”"N 789585.38"E Palar Gudiyattam 3.25 221 151

TABLE 2 Data collection.
Data source Resolution Year Path/Row  Ellipsoid Image acquisition Source
Landsat 8 OLI/TIRS 30m 2024 143/051 WGS84 28-04-2024 USGS
C2L1 2020 20-01-2020 Explorer
Landsat 5 30m 2010 143/051 WGS84 09-02-2010 USGS
TM C2 L1 1997 09-03-1997 Explorer
MODIS (Terra) 1,000 m 2001-2024 ROI WGS84 Monthly NASA terra MODIS
Geofabrik OSM _ 2024 N/A WGS84 11-09-2024 Geofabrik GmbH

From (Equation2) the pH and DO the quality rating calculated on
basis as given below (Equation 3).

i = x100
QipH,po [S v }

3)

1 1

Here, Qi represents the quality rating for the parameter, Ci is the
concentration of the parameter in the water sample, Si is the applicable
standard for that parameter (Equations 1 and 4). Vi as the ideal value
forpH =8.5and DO = 6.

SI=RW xQ; (4)

WQI=YSI (5)

The calculated WQI values were classified based on the
categorization proposed by (Kangabam et al., 2017). To investigate
potential sources of pollution in Vellore lakes, XGBoost
was employed.

2.4 Satellite data collection

The data collection comprised various publicly accessible
geographical datasets utilized for analysis. The primary data source
was the US Geological Survey (USGS) platform, which provided
GeoTIFF format for years 1997, 2010, 2020, and 2024. Data accuracy
was ensured by selecting only imagery with 0% cloud cover. Table 2
presents the satellite datasets used in this study. Secondary data
collection was obtained from Googe Earth Engine (GEE) TERRA
dataset, from which LST variations were extracted. Additionally,
Open Street map (Geofabrik) data for south zone utilized. The
methodological flow is depicted in Supplementary Figure S1.
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2.5 LULC analysis

The study collected 0% cloud cover Landsat scenes (path/row:
143/051) from the USGS EROS Center Open Server (Table 2). The
LULC classification setup followed urban land use Level 1 training
classes outlined in National Urban Information System India
(NUIS) guidelines (NIUS, 2006), FAO guidelines (James et al., 1976;
FAO, 2000). Land use training statistics for the study area and lakes
WSA are presented in Supplementary Tables S2 and S3. LULC
analysis was conducted in 2 stages. Stage 1 involved supervised
image classification using a support vector machine (SVM)
ArcGIS  10.8.2 the
(Supplementary Table S2). Stage 2 extracted the land use of the
lakes using SVM from Landsat 8 and 5 datasets for years 1997, 2010,
2020, and 2024, classifying the surrounding WSA into five classes:
built-up areas, water bodies, flooded regions, barren lands, and

algorithm  in for study  area

vegetation (Supplementary Table S3).

2.6 Accuracy assessment

To evaluate the reliability of our LULC classification, an accuracy
assessment was performed by comparing the classified results with
Google reference data. A total of 50 random points for each WSA were
selected to construct a confusion matrix, which was then used to
calculate key metrics including overall accuracy and the kappa coefficient.

2.7 Analysis of LST

The study utilized the Google Earth Engine (GEE) to extract
monthly mean LSTs using C6 daily Moderate Resolution Imaging
Spectroradiometer (MODIS) terra satellite product MODI11Al
(MODIS; MODIS, 2020; GEE, 2022) for the Vellore (ROI) limits at a
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TABLE 3 Summary of water quality analysis of lakes.

Parameter Unit Mean SD Min Max Coeff of Variance %
pH - 7.69 0.95 3.69 9.60 12.29
Hardness mg/L 457.84 203.49 210.00 1200.00 44.45
Turbidity NTU 4.99 488 0.24 18.20 97.95
EC pS/em 1737.30 854.09 578.00 4600.00 49.16
TDS mg/L 1156.01 489.02 112.00 2700.00 42.30
Ca(Calcium) mg/L 113.38 68.19 23.15 450.00 60.14
Mg(Magnesium) mg/L 57.95 39.95 3.81 274.50 68.94
Chlorides mg/L 411.69 254.40 42.49 1424.56 61.80
So4(Sulphate) mg/L 239.47 247.06 47.42 1230.19 103.17
F(Fluorides) mg/L 115 0.80 0.01 4.88 69.06
No3(Nitrate) mg/L 8.30 8.71 0.01 30.50 105.02
DO mg/L 4.24 1.51 0.01 6.50 35.66
BOD mg/L 4.02 331 0.23 15.20 82.34
Alkalinity mg/L 33473 160.02 50.00 995.00 47.81

TABLE 4 Drinking water quality standards as per (CPCB, 2019; BIS: IS
10500, 2012; IITK, n.d.)

Characteristics Desirable Permissible Percent of
limit limit samples
beyond
permissible
limit
pH value 6.5-8.5 6.5-8.5 9.6
CaCO; (mg/L) 200 600 12
Turbidity (NTU) 1 5 384
EC (pS/cm) 250 1,500 552
TDS (mg/l) 500 2,000 8.8
Ca (mg/l) 75 200 4.8
Mg (mg/1) 30 100 7.2
Cl (mg/1) 250 1,000 4.8
SO, (mg/l) 200 400 14.4
F (mg/l) 0.5 1.5 19.2
NO; (mg/1) 45 No relaxation 0
DO 5 - 64
BOD 3 - 36
Alkalinity(mg/1) 200 600 5.6

1,000-meter grid scale. A cloud filtering algorithm (QA_PIXEL) was
applied to remove the unwanted elements from the filtered images.
The dataset was filtered for specific time periods (ee.Filter.date) to
isolate data for the desired months and years. The ‘LST_Day_lkm’
band was then used to calculate LST by averaging all daily images.
Furthermore, the reduceRegion() to convert temperatures from
Kelvin to degrees Celsius by using a scaling factor of 0.02 and 273.15,
over 2001-2024.

The lake’s land use is articulated as WSA in the study. Additionally,
LST of all lakes was estimated using thermal bands (Bands 6, 10, and
11) from the Landsat series for the years 1997, 2010, 2020, and 2024.
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The LST extraction for Landsat 8 and 5 differed by employing a map
algebraic tool in ArcGIS 10.8.2 to convert spatial sensor thermal
infrared raster data from Kelvin to Celsius. The split window
algorithm is utilized to retrieve accurate LST values. A detailed
description of this methodology, including the analysis techniques
employed in this investigation, is detailed by (Manjunath and
Jagadeesh, 2024).

2.8 Statistical and correlation analysis

Water quality evaluations were performed using Microsoft Excel.
To predict water quality, various machine learning models employed
Bootstrap Forest, Boosted Tree, Extreme Gradient Boosted Trees
(XGBoost), and Neural Networks (Roberts and Damon, 2019).
XGBoost was selected due to its high accuracy reported in several
published studies (russ_wolfinger, 2020). Hence, an XGBoost add-in
was considered for analysis, performing particularly well during both
training and validation phases of WQI prediction. A multivariate
correlation analysis was conducted to examine interactions among
water quality parameters and to identify the constituent sources across
all lakes. Further, Principal Component Analysis (PCA) was applied to
assess temporal variations influencing water quality and to explore
associations between land use, water quality parameters, LST,
and temperature.

3 Results and discussion
3.1 LST evolution

MODIS-derived LST data were extracted from GEE for the study
area covering from 2001 to 2024. The mean monthly LST for each
year is presented in a nested bar chart (Figure 3). The average annual

LST values varied initially, starting at 32.60°C and increasing linearly
to 35.28°C, indicating a consistent increase of 2.68°C over the period.
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Nested LST trends in Vellore from 2001 to 2024.
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This translates to an annual average increase of 0.099°C per year.
Figure 3 shows that the LST increase is more pronounced during
summer months, typically from March to July. Within this period,
the coldest year was 2001, and the hottest year is 2023. The highest
LST values were recorded in March (37.06°C to 40.79°C), April
(36.90°C to 40.95°C), and May (37.04°C to 40.87°C), with extended
heat months observed near the borders of the defined months. A
notable trend indicates LST reflecting an overall upward pattern.
These findings suggest that urban expansion and associated land
cover changes (Manjunath and Jagadeesh, 2024) contribute to the
observed increase in LST, particularly in urban area experience
higher LST compared to rural areas.

3.2 Land use analysis

The current land use map of Vellore, presented in Figure 4, shows
the distribution of various land cover types. The overall accuracy of
classification was 84% with a kappa coefficient of 0.76.

In Figure 4, waterbody (1.82%), built-up (28.26%), vegetation
(18.76%), flooded area (1.20%), agriculture (30.25%), barren land
(14.17%), and range land (13.79%) are identified land use percentages.
These data highlight that agriculture dominates the landscape, while
built-up areas account for nearly one-third of the urbanized space. The
low percentage of WSA suggests that improved water management
practices are needed.

The framework aims to balance urban expansion with
environmental sustainability. In the specific case of Vellore, green
spaces should ideally account for 10 to 30% of the urban area to
ensure liveability and biodiversity, while waterbodies should
be maintained at around 2-5% to support water management and
ecological balance. These recommendations align with international
guidelines and best practices for sustainable urban development
(Syrbe and Chang, 2018; Rudd et al., 2018; IGUTP, 2015; UN habitate,
2010; NIUS, 2006).

Frontiers in Water

07

3.3 Interaction between land use and LST
in lakes WSA

The study area encompasses five primary lakes, namely Sadupperi,
Thorapadi, Kalinzur, Dharapadavedu, and Kavannur, which serve as
the focal points for this investigation. A temporal assessment of land
use and LST from 1997 to 2024 reveals profound effects on the lakes
WSA and local microclimates.

The land use in the Sadupperi lake area has undergone
considerable changes between 1997 and 2024. Natural habitats,
livelihood, and green stocks covered in the WSA have declined
abruptly. Between 1997 and 2010, the average LST in Sadupperi WSA
dropped by 2.735°C; however, an increase was observed from 2010 to
2024, reflecting a warming trend (Figure 5). The lakes WSA has
this
encroachments in the northern and western parts, leading to rising

substantially decreased during period, with notable
local temperatures affecting the surrounding banks. Ongoing urban
development is compromising the lake’s ecological integrity.
Thorapadi’s WSA, located adjacent to Sadupperi lake, shows a
significant temporal evolution of land use patterns (Figure 6). Notably,
barren lands have been progressively been replaced by built-up areas
along the east-to-south parts of WSA. The annual average LST stats in
Thorapadi decreased by 2.335°C from 1997 to 2010, then increased by
2.525°C by 2024, indicating a severe warming trend. Urban
encroachments around Thorapadi are replacing natural habitats with
development activities, elevating the thermal signature of the region.
The WSAs of Kalinzur and Dharapadavedu are interconnected
within the growing urban landscape of Katpadi. Figures 7, 8 illustrate
the lakes experienced significant developmental pressure (northeast
region to south sectors), with green and blue belts diminishing over
time. Both the lakes saw reductions in LST between 1997 and 2010,
followed by a sharp increase from 2010 to 2024. The average
(2.85°C)
Dharapadavedu (2.72°C) illustrates the magnitude of urban pressure

temperature change observed in Kalinzur and

on these water bodies.
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FIGURE 4
Land use distribution in Vellore and Katpadi.

The temporal analysis of Kavannur WSA from 1997 to 2024 is
represented in Figure 9. Kavannur is located near the rural zones of
Vellore along the banks of the Palar River. Agricultural activities
dominate the landscape, with minimal build-up observed between
1997 and 2024. However, slight urban growth occurred in the
northern region along the national highways post-2010, contributing
to a moderate rise in LST. The southern profile of Kavannur WSA,
influenced by Palar River with a flooded area, corresponds with higher
LST. Between 2010 and 2024, the average LST in the WSA increased
by 4.89°C. Agricultural areas maintained relatively stable LSTs (28.5-
30.5°C), while urban areas exhibited higher LSTs (30-32°C). Unlike
other WSAs, Kavannur shows less urbanization, although the increase
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in LST may be linked to the loss of green and blue spaces around the
lakes and dry zone of Palar River, which impact the surrounding WSA.

3.4 Water quality parameters in the lakes

The water quality analysis was performed on 150 samples collected
from Sadupperi, Thorapadi, Kalinzur, Dharapadavedu, and Kavannur
Lakes between 2023 and 2024 (Table 3). The assessment revealed pH
levels ranged from highly acidic (3.69) to highly alkaline (9.60), with
a mean value of 7.69 and a coeflicient of variation (CV) of 12.29%.
This indicates overall neutral to slightly alkaline conditions across the
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lakes, although localized acidification, possibly from runoff. Total
dissolved solids (TDS) concentrations varied significantly from
112 mg/L to 2,700 mg/L, suggesting contamination from agricultural
runoff or sewage discharge. Hardness levels ranged from 210 to
1,200 mg/L, averaging 457.84 mg/L, with high concentrations of
calcium (23.15-450 mg/L) and magnesium (3.81-274.50 mg/L),
indicating potential leaching from calcareous soils or industrial
effluents. Mean chloride and sulphate levels were 411.69 mg/L and
239.47 mg/L respectively, further pointing to sewage contamination
and agricultural runoff, while significant variability in sulphate and
nitrate levels underscores the impact of fertilizer runoff. DO levels
ranged from 0.01 mg/L to 6.50 mg/L, suggesting a high rate of organic
matter decomposition and inadequate aeration, often linked to
untreated sewage. Biochemical Oxygen Demand (BOD) levels varied
from 0.23 mg/L to 15.20 mg/L, indicating excessive microbial activity
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in some locations. Alkalinity ranged from 50 mg/L to 995 mg/L,
revealing that some lakes possess buffering capacity against pH
changes, although high alkalinity could also indicate contamination
from domestic or agricultural sources.

In terms of water quality standards (Table 4), 64% of the samples
lack sufficient DO levels. Additionally, 55.2% of samples overreached
permissible limits for conductivity, 36% recorded BOD concentrations
above the acceptable limit, 38.4% of turbidity, and fluoride levels were
above safer limits. These findings underscore the influence of both
natural and anthropogenic factors on lake water quality, with
agricultural runoff, sewage discharge, and nearby small-scale
industrial contamination being the likely primary sources of
pollutants, which are influenced by surrounding land use practices.

The WQI (Equation 5) values provide a comprehensive indication
of the suitability of lake water for drinking and other purposes
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(Loganathan and Sathiyamoorthy, 2024). Table 5 presents the WQI
scale for Vellore lakes. Sadupperi Lake has a WQI range from 23.45 to
74.28, indicating a relatively good water quality profile, with most
samples classified as “Good”” In contrast, Thorapadi Lake shows that
the WQI ranged from 20.59 to 69.14, with most of the samples
classified as “Good,” and 16% “Poor” and 8% “Very Poor.” Kalinjur
Lake exhibits a WQI ranging from 19.22 to 105.07, with significant
fraction of samples are “Poor” or “Very Poor” Dharapadavedu Lake
presents moderate degradation, with WQI ranging from 37.29 to
115.34, samples distributed among “Good,” “Poor,” and “Unsuitable.”
Kavannur Lake faces challenges from agricultural runoff, with WQI
ranges from 39.51 to 115.51, as overall water quality rates “Very Poor”
or “Unsuitable”

The moderate range in water quality is observed mainly at
Kavannur, Kalinzur, and Dharpadavedu lakes, primarily due to the
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runoff from surrounding urban and agricultural settlements. The
results infer that water quality in some locations has declined
significantly. Activities near these lakes, such as unauthorized sewage
dumping, dump yards, biological waste, and river intervention, are
reasons for the alarming deterioration of these water bodies.
Consequently, the findings underscore the urgent need for sustainable
urban planning, thermal regulation, nutrient management, and
improved agricultural practices to protect and restore these vital
water resources.

3.5 Water quality analysis using XGBoost

Comprehensive model screening applied to quantify the
performance of five machine learning algorithms: Bootstrap Forest,
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FIGURE 9
Temporal analysis of land use and LST in Kavannur WSA for (A) 1997, (B) 2010, (C) 2020 and (D) 2024.

TABLE 5 Classification of lakes based on WQI (Kangabam et al., 2017).

Water
classification

WaQl range Percentage of  Location Wal Values

sample

Water quality Scale

Excellent <25 3 Sadupperi 40.65 Good Good
Good 26-50 41.6 Thorapadi 48.96 Good Good
Poor 51-75 44.8 Kalinzur 50.46 Poor Poor
Very Poor 76-100 8 Dharapadavedu 68.24 Poor Poor
Unsuitable 100< 2.6 Kavanoor 63.24 Poor Poor

Boosted Tree, Neural Networks, Generalized Regression Lasso, and
XGBoost. These models were trained using 70% of the water quality
data and validated on the remaining 30%, employing a 5-fold cross-
validation method. Supplementary Table S4 presents the performance
metrics of model screening (Figure 10), including R-square and mean
root average squared error (RASE). Among the applied models,
XGBoost emerged as the most suitable model for predicting WQI,
displaying an exceptional R* value of 0.992, indicating a strong
correlation between the observed and predicted WQI values.
Therefore, XGBoost was selected as the ideal model at handling
complex data, making it most preferred method for WQI prediction
over the other models.

The XGBoost model successfully predicted interaction WQI based
on 14 key water quality parameters. The model performed exceptional
performance on the training data set, with an R* value of 0.99
(Figure 11A), indicating a near-perfect fit, and performed well on the
validation data set by achieving an R? value of 0.95 (Figure 11B),
showcasing its accuracy in predicting WQL

Feature importance analysis from the XGBoost model revealed
that hardness, EC, TDS, chlorides, DO, and BOD are the most
WQI
(Supplementary Figure S2). Hardness is a key factor due to its high

influential ~parameters significantly impacting the
concentrations of calcium and magnesium ions, which can cause

scaling and affect the usability of water for domestic and industrial
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purposes, as well as aquatic ecosystems. EC reflects the ion content
and dissolved salts in water, which can originate from fertilizers,
sewage, or industrial pollutants relating to water contamination. TDS
represents the combined content of all inorganic and organic
substances in the water, where high TDS can impair aquatic
ecosystems and indicate contamination. Chlorides are commonly
originated from domestic sewage, and agricultural runoff, affecting
water salinity and quality. DO is a critical measure of water health,
reflecting the availability of oxygen for aquatic organisms, with low
DO levels often causing eutrophication and lower WQI. High BOD
levels are directly linked to poor water quality, as they reflect the
presence of untreated wastewater or runoft rich in organic pollutants,
contributing to a lower WQI. This insight emphasizes the critical role
these parameters play in assessing water quality and making them
essential lake areas for water resource management and pollution
control efforts.

The multivariate correlation matrices used to observe the
interrelationship among all water quality parameters, with correlation
coefficients ranging from +1 or —1, indicating strong and weak
correlations (Webb, 2023). Sadupperi Lake (Figure 12A), located at the
periphery of an urban zone. A significant positive correlation was
observed between hardness and Ca (0.89) and Mg (0.64), as well as
between TDS and chlorides (0.67). Turbidity exhibited a negative
correlation with EC (—0.51), and WQI was strongly correlated with
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hardness (0.76) and turbidity (0.51). The Thorapadi lake (Figure 12B)
water quality correlation matrix reveals an inverse relationship
between pH and hardness, with positive correlations between turbidity
and alkalinity (0.76) and between EC and chlorides (0.55).
Interestingly, WQI showed a significant negative correlation with
alkalinity (—0.67) and BOD (—0.99) and a positive correlation with
calcium (0.90).

The Kalinzur Lake (Figure 12C) is characterized by a strong
correlation between turbidity and TDS (0.67), as well as moderate
correlation with hardness (0.56) and EC (0.45), TDS and EC (0.51).
BOD was very strongly negatively correlated with WQI (—0.99),
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reflecting that as BOD increases, water quality deteriorates. The
Dharapadavedu Lake (Figure 12D) strong positive correlation
between hardness and EC (0.83), TDS and EC (0.83), alkalinity and
sulphates (0.66). A strong negative correlation is observed between
turbidity and NO; (—0.79), while WQI has a strong positive correlation
with DO (0.69) and BOD (—0.78).

In Kavannur Lake, situated in the non-urban area with distinct
multivariate relationships in Figure 12E. BOD had a strong positive
correlation with alkalinity (0.97), EC and TDS (0.89), and chlorides
(0.92), and significant negative correlations were observed between
turbidity and Ca (—0.59), BOD and DO (—0.89), BOD and WQI

12 frontiersin.org


https://doi.org/10.3389/frwa.2025.1598238
https://www.frontiersin.org/journals/Water
https://www.frontiersin.org

Manjunath and Jagadeesh

10.3389/frwa.2025.1598238

pH|
Hardness|
Turbidity
EC|

TDS|

Cal

Mg

Chlorides|
So4(Sulphate)
F|
No3(Nitrate)
Do

BOD|
Alkalinity
WQl

Chloride:
So4(Sulphate]

pH

Turbidity|
EC|

TDS|

Ca|

Mg
Chlorides|
So4(Sulphate)|
F|
No3(Nitrate)|
Do

BOD|
Alkalinity|
wQI

F
No3(Nitrate)
Dol

BOD)|

Alkalinity|
WQIf

Chlorides|
So4(Sulphate))

Hardness;
Turbidity]

FIGURE 12

Multivariate interaction of water quality parameters (A) Sadupperi, (B) Thorapadi, (C) Kalinzur, (D) Dharapadavedu and (E) Kavanoor lakes.

1.0
08
0.6
04
02
0.0
-0.2
<04
-0.6
-0.8
-1.0

Alkalinity,

No3(Nitrate

(—0.97), WQI and NO; (—0.56), and turbidity (—0.45). Hence BOD is
strongly correlated with a decline in DO, potentially causing hypoxic
or anoxic conditions that can harm aquatic life.

Overall, the analysis of water quality across Sadupperi,
Thorapadi (semi-urban), Kalinzur, Dharapadavedu (urban area),
and Kavannur (non-urban) lakes reveals natural and anthropogenic
factors shaped by land use are influencing water quality. Semi-
urban lakes like Sadupperi and Thorapadi face moderate pollution
levels from urban runoff, which primarily affects hardness, TDS,
and organic pollution (BOD), and aligns with the findings of
Sadupperi lake (Raghul and Porchelvan, 2025). Urbanized lakes
(Kalinjur and Dharapadavedu) exhibit more severe degradation due
to organic loads and urban runoff (including influences from
nearby railway dump yards). In contrast, non-urban Kavannur Lake
experiences distinct pollution patterns, primarily from biological
waste, agricultural runoff, with BOD and nutrient loading being the
primary threats. The strong correlation between BOD and declining
DO indicates that organic matter from agricultural activity and
nearby river sources is significantly impairing the lake’s
water quality.

3.6 Principle component analysis

PCA was conducted to identify the key factors influencing water
quality in the lakes by examining the complex interactions between
climatic factors, land use, and water quality parameters (Figure 13).
This analysis extracted five principal components, namely PC1, PC2,
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PC3, PC4, and PC5, with eigenvalues greater than 1. Collectively,
these components explain 81.03-90.83% of the total variance in the
data, providing valuable insights into the underlying factors
influencing lake water quality. The variance of each lake explained is
summarized in Table 6. The remaining variance attributed to random
variability or minor patterns.

PC1 emerged as the most influential component, accounting for
33-39.7% of the variance. It was predominantly characterized by high
loadings of pH, hardness, alkalinity, DO, and temperature, indicating
a strong interrelationship among these variables. These chemical
properties are likely influenced by similar environmental and
anthropogenic factors, which suggest PC1 captures the core chemical
dynamics affecting lake ecosystems.

PC2 accounted for 16.648 and 25.8% of the variance and was
dominated by the impact of LST, temperature, built-up, barren land,
and vegetation on water quality. The inclusion of these variables (PC2)
indicates land use patterns and temperature significantly influence
water quality, with a strong influence of urbanization (built-up areas)
suggesting that land cover changes are contributing to water
temperature and nutrient dynamics.

On the other hand, PC3 accounted for 14.953-16.6% of the
variance, and was dominated by nitrate and fluoride. This component
represents the nutrient cycling processes and provides insight into
eutrophication, which negatively impacts aquatic life. However, PC4
(8.17-9.98% variance) was associated with variables such as turbidity,
DO, BOD, and alkalinity. PC5, accounting for 6.24-7.45% of the
variance, like variables of PC4, highlights the importance of the degree
of organic pollution (contamination) in water quality.
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PC2 (258 %)

0
PC1 (336 %)

TABLE 6 PCA variance of lakes.

Lake PC1 PC2 PC3 PC4 PC5
Sadupperi 33 16.6 16 9.32 7.08
Thorapadi 25.2 23.8 16 9.98 6.51
Kalnizur 25.7 22.6 16.3 8.98 7.45
Dharapadavedu 39.7 19.8 14.7 8.17 6.24
Kavannur 33.6 25.8 16.6 9.12 5.71

The PCA results indicate similarities in component structures
across lakes, with variations in the loadings and percentages of
variance. The loadings and the percentage of variance explained
differ from lake. This suggests that while common factors influence
water quality, their relative importance varies among the lakes. These
findings support previous research highlighting the interconnection
of lake ecosystems (Locke, 2024; Pana et al., 2024). Overall, the PCA
analysis underscores the interconnection of water quality,
temperature factors, land use, nutrient cycling, and organic
pollution. While physical and chemical parameters explain a
significant portion of the variance in water quality, the considerable
influence of land use patterns highlights the need for integrated
management approaches that address both urban development and
preservation of natural vegetation. The observed nutrient cycling in
lakes such as Thorapadi and Kalnizur raises concerns about the
potential eutrophication, necessitating proactive monitoring of
nutrient levels, especially nitrate and fluoride. Additionally, lakes like
Kavannur should prioritize the management of organic pollutants to
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maintain healthy water ecosystems. The dominant variables and
their relationships with Sadupperi lake (Figure 14), illustrates the
importance of land use, temperature, and water quality variables.
Similar variable patterns in other lakes included in the
Supplementary Figure S3.

4 Discussion

Figure 3 illustrates the decadal LST pattern across the study area,
revealing an accelerated rate of urbanization. These urbanization
impacts have resulted in increased temperatures in the lake
surrounding WSA and urban regions, adversely affecting aquatic
ecosystems and surrounding biodiversity. Understanding ecotopes
diversity is essential for sustainable ecosystem management and
biodiversity preservation (Verma et al., 2023). Numerous studies
confirm that climate change influences water temperature and quality
in surface waters by affecting DO and TDS, which are essential for
ecological health (Ducharne, 2008). According to guidelines from
ANSI, AWWA, and GCDWQ, temperature plays a crucial role in
water quality by affecting TDS and turbidity levels at higher
temperatures. Additionally, temperature correlates with pH, DO, and
BOD levels (metabolic demand in aquatic species), which aligns with
observed results in lake water quality assessments (Canada.ca, 2009;
Health Canada, 2021, 2024; AWWA, 2021). The Vellore, with
landlocked geography and recent precipitation changes contribute to
high temperatures, with the lake experiencing surface water
temperatures up to 30°C (86°F) during summer months, which is
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significantly impact water quality. To maintain ecological stability, it
is essential to monitor lakes and maintain water temperature within
an optimal range between 15°C and 25°C (59°F-77°F), as
recommended by various water quality guidelines (AW WA, 2021;
Health Canada, 2021). Similar to the research findings, (Arya et al.,
2025) integrated the significance of temperature and vegetation in
impacting public health, particularly in children, emphasizing the
need for environmental management.

The PCA results explained the important insights into the
interactions between land use, water quality, and climatic factors (LST
and temperature) across the lakes. These correlations reinforce the
influence of specific land uses and climatic variables on water quality.
Vegetation cover consistently correlated with improved water quality
across the lakes. For instance, high positive correlations were observed
between vegetation and parameters such as pH (Sadupperi: 0.91;
Thorapadi: 0.79) and DO (Sadupperi: 0.22; Thorapadi: 0.79),
indicating that vegetation has high correlation to oxygenation, likely
by reducing surface runoff. In Thorapadi Lake, the negative correlation
between vegetation and BOD (—0.76) suggests that vegetative cover
helps lower organic pollution. In Kavannur Lake, strong correlations
between vegetation and DO (0.93) as well as alkalinity (0.52) suggest
that vegetative cover enhances water quality and regulates temperature.
These findings highlight the importance of maintaining and restoring
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vegetative buffers around lakes, particularly in urbanized and semi-
urbanized areas.

Built-up and barren land were found to be negatively impacting
water quality, primarily by increasing turbidity, BOD, and temperature,
while decreasing DO. In Sadupperi Lake, built-up areas correlated
strongly with turbidity (0.71) and BOD (0.68), signifying the
detrimental effects due to urban runoff. Similarly, Thorapadi Lake
showed a strong relationship between built-up areas and turbidity
(0.75) and BOD (0.68), along with reduced DO (—0.22), illustrating
urbanization contribution to deteriorating water quality. In the case
of Kalnizur and Dharapadavedu Lake, barren land and built-up areas
were associated with BOD (0.88) while negatively correlating with
DO, suggesting that barren areas exacerbate pollution through
enhanced erosion and sedimentation. Implementing green
infrastructure and maintaining blue patches could mitigate the
adverse effects of urbanization on lake surroundings.

The correlation between LST and temperature was consistently
strong across lakes (Sadupperi: 0.96; Thorapadi: 0.91; Kalnizur: 0.78;
Dharapadavedu: 0.86), indicating a close association. Increased
temperature and LST were linked to a reduction in DO as a critical
impact on aquatic health. For instance, in Sadupperi Lake, temperature
and LST were negatively correlated with DO (—0.87). Similar patterns
were observed in Thorapadi Lake (—0.63), Kalinzur Lake (—0.83),
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Kavannur Lake (—0.29), and Dharapadavedu lake (—0.36). In more
natural (cloud water) areas, options for managing water quality are
limited. However, direct interventions such as using chemicals to treat
water or removing invasive species, and depth of water can help mitigate
the impacts of climate stress (Martina et al., 2023; Malhi et al., 2020).
Efforts to manage temperature through thermal regulation strategies,
such as expanding vegetative cover and urban heat islands, are crucial
for improving water quality and sustaining aquatic ecosystems.
Overall, the common trends reveal that vegetation consistently
improves water quality, enhancing oxygenation and reducing organic
pollution, whereas built-up areas and barren land degrade water
quality by increasing turbidity, BOD, and temperature while
decreasing DO (Figure 14). Temperature and LST are strongly
correlated and negatively impact DO and aquatic health. The findings
suggest that changes in land use and temperature patterns can have
cascading effects on lake hydrology, water quality, and ecosystem
functioning, necessitating a holistic approach that integrates hydro-
ecological principles into lake management and conservation
strategies. Figure 15 briefly illustrates the study’s key finding.

4.1 Environmental and climate implications

Earth’s climate is governed by energy balance and radiative
processes that shape temperature patterns across different scales
(Sarker, 2022). Present study shows that rapid urbanization and
increasing LST in Vellore directly degrade urban WSAss, findings align
with global observations where impervious surfaces amplify
non-point source pollution (Umwali et al., 2021). PCA analysis further
reveals that LST, and built-up areas account for 68% of WQI variability,
emphasizing the importance of land-use planning in protecting
aquatic ecosystems. Preserving vegetative buffers around lakes and
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strict zoning regulations for industrial/residential expansion could
mitigate runoff contamination, aligning with SDG 6 targets.

Furthermore, a strong correlation between LST and water
temperature (r = 0.82) indicates that urban heat islands exacerbate
climate-driven warming in lakes, leading to accelerated evaporation,
reduced water availability during dry seasons, and the formation of
hypoxia zones that promote algal blooms and pathogens (Weiskerger
etal,, 2019). Water vapor, a natural greenhouse gas, contribute to heat
trapping while land-lake wind patterns complicate regional climatic
variability (Sarker, 2022). Integrating LST trends into climate models
is crucial for predicting hydrological impacts under future warming
scenarios, supporting SDG 13. The multidisciplinary governance
frameworks combining urban planning, climate resilience, and water
management inform policymakers to consider climatic and
anthropogenic factors.

However, study also is limited by reliance on satellite and ground-
based observations, with the relationships between parameters
established solely through correlation matrices. Future studies should
prioritize collecting periodic site data from various lakes and exploring
advanced statistical or machine learning models to better capture the
interactions between temperature and water quality with high
resolution constraints and expanded ground-truthing efforts to
further refine these interrelationships.

5 Conclusion

This study investigated the interdependence of temperature and
land use on water quality, focusing on the impact of these factors on
Vellore lakes. Over the past three decades, the region has experienced
significant land use changes, with built-up areas increasing to 28.26%
and water bodies reduced up to 1.82%, resulting in a rise in LST by
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2.68°C. The continuous decreasing WSA in all lakes, exacerbated by
encroachments and land use changes, has led to microclimatic
imbalances. Water quality analysis revealed that 64% of DO samples
exceeded permissible limits, accompanied by EC, high turbidity, and
nutrient pollution from urban runoff and agricultural effluents.

Advanced machine learning models such as XGBoost outperformed
traditional approaches in terms of accuracy and reliability in predicting
water quality indices. Moreover, WQI distinguished between lakes in
various urban settings and showed semi-urbanized lakes (Sadupperi
and Thorapadi) maintained ‘good and average’ water quality, whereas
more urbanized lakes (Kalinzur and Dharapadavedu) were classified as
‘poor; with Kavannur lake also classified as ‘poor and unsuitable’
Multivariate analysis and PCA highlighted the importance of DO, BOD,
and turbidity in relation to temperature factors, land use, nutrient
cycling, and organic pollution. The PCA further underscored the critical
role of vegetation cover in mitigating the impact of oxygenation and
organic pollution across studied lakes.

The findings emphasize the indispensable role of green spaces and
water bodies in mitigating thermal stress and preserving ecological
stability. Restorative strategies such as enhancing vegetation cover by
10-30%, increasing waterbody area by 2-5%, and implementing
sustainable urban planning measures (urban forestry, hydro ecological
strategies, and cooling materials) are recommended. This research
emphasizes the need for sustainable water management practices,
prioritizing polishing land use practices under the Smart Cities
Mission. By integrating land use planning, temperature mitigation,
and water quality enhancement, the current investigation offers a
transformative pathway toward sustainable urban lake management.
It underscores the need for proactive, science-driven policies that
harmonize urban growth with environmental stewardship, ensuring
that urban lakes remain resilient ecosystems that support both
biodiversity and human well-being.
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