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Introduction: Urbanization has profound impacts on aquatic ecosystems, often
altering water quality through increased pollutant loads and hydrological
changes. This study investigates the long-term temporal variations in key water
quality parameters in Khalid Khor, Sharjah, UAE, from 2007 to 2023, to assess the
influence of urban development on the aquatic environment.

Methods: Water quality indicators including pH, dissolved oxygen (DO), total
dissolved solids (TDS), electrical conductivity, temperature, and coliform
concentrations were analyzed. Descriptive statistics, box plots, and scatter
plots were used to visualize trends, while the Kruskal-Wallis test and Mann—
Whitney U test were applied to determine statistically significant differences
across years.

Results: The analysis revealed a significant increase in temperature, peaking in
2017 (p = 0.0002), indicative of urban heat island effects and reduced water flow.
Electrical conductivity increased notably after 2015, with distinct spikes in 2011
and 2014 likely associated with urban runoff events. TDS levels rose markedly in
2014, followed by a steady decline through 2023, suggesting changing pollutant
discharge patterns. Coliform concentrations were highest in 2007, with
significant reductions observed in subsequent years (e.g., p = 0.0070 for 2007
vs. 2022), pointing to improvements in wastewater management. DO levels
exhibited a decline around 2016, possibly due to warmer temperatures and
nutrient enrichment. pH values remained generally stable (8.0-8.5), with
anomalies such asin 2015 (p = 0.0001), potentially linked to industrial discharges.

Discussion: These findings highlight the considerable influence of urbanization on
the water quality of Khalid Khor, with significant temporal shifts in physical, chemical,
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and biological parameters. The study underscores the necessity for continuous
monitoring and the implementation of robust water management strategies to
mitigate the adverse effects of urban expansion. Sustained regulatory interventions
are critical to preserving water quality and ensuring the ecological integrity of urban
water bodies in the face of ongoing development.

KEYWORDS

Khalid Khor, water quality, urbanization, statistical analysis, environmental
management, coastal ecosystems

1 Introduction

Urbanization, the process by which rural areas become urban
areas, has been one of the most significant global developments in
the last century (Gu, 2019). This shift is marked by increased
human habitation, industrial activity, infrastructure development,
and land use changes. While urbanization is commonly associated
with economic progress and higher living standards, it also poses
significant environmental issues (Khan et al, 2021). Among these
concerns, the influence of urbanization on coastal water quality is
especially concerning given the importance of coastal waters to
ecological health, human livelihoods, and overall environmental
sustainability. Coastal ecosystems, especially estuaries and lagoons,
are highly productive and provide critical services such as fishing,
tourism, and coastal protection (Rodrigues-Filho et al, 2023).
However, because of their proximity to urban areas, these places
could be extremely polluted.

Urbanization significantly impacts coastal water quality by
introducing pollutants such as fertilizers, heavy metals, sediments,
and organic contaminants through runoff, disrupting aquatic
ecosystems and threatening human health (Miller and Hutchins,
2017). High-density development, with a smaller spatial footprint,
is often promoted to mitigate these effects, yet increased
impermeable surfaces, transportation, and industrial activities
worsen water quality issues (Goonetilleke et al., 2005; Akhtar
et al, 2021). Studies have linked urbanization indicators like per
capita gross domestic product (GDP), land use, and urbanization
rates to river water quality (Pang et al., 2023) and used integrated
modeling frameworks to assess land-use impacts (de Mello et al,
2020). Population growth and land use changes further degrade
water resources, emphasizing the need for effective management
strategies (Akhtar et al, 2021; Camara et al., 2019; Huang et al,,
2021; Marinoni et al., 2013).

Assessing coastal water quality involves analyzing multiple
parameters influenced by both environmental and anthropogenic
factors (Uddin et al., 2022). Statistical methods, spatial analysis, and
modeling help identify trends and guide coastal management
(Karydis and Kitsiou, 2013). Techniques such as factor analysis,
Pearson correlation, linear regression, K-means clustering, and
analysis of variance (ANOVA) are widely applied to evaluate
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spatial and temporal variations in key indicators like pH,
dissolved oxygen (DO), total dissolved solids (TDS), conductivity,
and microbial contamination (Sahu et al., 2013). A previous study
demonstrated the applicability and the potential time and cost
savings of the usage of data analysis tools for long-term data
monitoring wetland ecosystems and other environmental systems
worldwide (Mohammed et al., 2022).

Urbanization-driven changes in water quality are particularly
significant in the Middle East, a region facing acute water scarcity,
rapid urban expansion, and climatic pressures (Yehya et al, 2024). A
study in an important bay in China concluded that the ecosystem’s
health has fluctuated over the past 40 years, showing an overall
improvement, ranging from relatively healthy in the 1980s, declining
to an unhealthy state by 2005, and rebounded to a sub-healthy
condition (Wu et al, 2023). Land-based pollution, particularly
agricultural non-point source pollution was shown to have the
greater impact on ecosystem health than reclamation activities (Wu
et al, 2023). In arid regions like the United Arab Emirates (UAE),
impacts on water quality are intensified (Gaaloul and Eslamian,
2022). In Sharjah, Khalid Khor—a semi-enclosed lagoon of
economic, ecological, and recreational significance—faces mounting
pressures from urban development, including pollution and
eutrophication (Samara et al,, 2016). Understanding urbanization’s
effects on Khalid Khor is critical for developing strategies to safeguard
its ecological health and socioeconomic value.

The aim of this study is to assess the effects of urbanization on
the coastal water quality of Khalid Khor by analyzing historical
water sample data collected from various sampling points across the
area. This will be accomplished by identifying major water quality
parameters altered by urbanization, using a range of mathematical
approaches such as regression models, clustering techniques,
analysis of variance (ANOVA), pairwise comparison tests, and
other statistical tools. The study provides a comprehensive
evaluation of the area’s environmental status by pinpointing key
water quality metrics affected by urbanization, exploring their
interrelationships, and assessing both spatial and temporal
variations. The findings not only enhance scientific understanding
of urbanization’s environmental impacts but also offer practical
insights for the sustainable management of coastal ecosystems in
Khalid Khor and similar environments worldwide.
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2 Materials and methods

This study takes a thorough analytical approach to assessing the
effects of urbanization on the coastal water quality of Khalid Khor.
The approach consists of data collecting, data preparation,
statistical analysis, clustering, and hypothesis testing, all of which
are necessary to achieve the research objectives.

2.1 Study area

Khalid Khor is an important coastal water body located in the
Emirate of Sharjah, United Arab Emirates (UAE) (Figure 1). It is a
lagoon-like estuarine environment that is influenced by both natural
and anthropogenic activities, making it an important subject for
studying the impacts of urbanization on coastal water quality. Khalid
Khor is characterized by a mix of marine and freshwater inputs, with
tidal exchange playing a significant role in water circulation and
sediment transport. It is situated within the urban heart of Sharjah,
adjacent to major commercial, residential, and industrial
developments. It is connected to the Arabian Gulf through a series
of inlets and artificial channels that regulate water exchange. The
lagoon’s hydrodynamics are primarily controlled by tidal flows,
seasonal variations, and coastal modifications. The area experiences
a hot desert climate with high evaporation rates and limited
freshwater inflow, making it particularly sensitive to pollution and
environmental changes. This coastal region has seen tremendous
urban development over the years, making it an appropriate case
study for investigating the environmental repercussions of fast
urbanization. The area’s diverse habitats, which include mangroves,
mudflats, and shallow coastal waters, provide an ideal environment
for studying various water quality indicators.

10.3389/fmars.2025.1538897

2.2 Collection and analysis methods

2.2.1 Field sampling and analyses

Data collection campaigns were conducted periodically from 2007
to 2023, with sampling performed annually or biennially based on
logistical feasibility in the locations shown in Figure 2. Samples were
collected during specific months (primarily March, October, or
November) to align with regional environmental conditions and
accessibility. While the frequency varied, efforts were made to
ensure broad temporal coverage to assess long-term trends. The
dataset comprises 103 samples, collected across the study years.
While the sampling frequency and months of collection varied, the
data encompass significant temporal coverage, enabling an analysis of
long-term water quality trends under the influence of urbanization.
The primary aim of this study was to analyze long-term trends in
water quality parameters rather than short-term seasonal variations.
Similar studies (Smith et al., 2018; Jones et al., 2020) have successfully
used datasets with non-uniform sampling intervals to assess long-
term impacts of urbanization. The wide temporal scope of this dataset
provides robust insights into cumulative water quality changes over a
decade. Water samples were collected from multiple predetermined
locations around various zones within the Khalid Khor area, covering
various coordinates to ensure spatial representation of the study area,
spanning latitudes from 25.19°N to 25.38°N and longitudes from
55.22°E to 55.39°E. The sampling sites shown in Figure 2, were chosen
based on their proximity to potential urban runoff, various water
usage areas from docks from modern and traditional shipping and
fishing, industrial discharge zones, and natural inflow points,
providing a diverse and comprehensive overview of water quality.
Over the years, Khalid Khor has undergone various policy and
infrastructure changes, including land reclamation, island
development, and modifications to stormwater and sewer systems.

FIGURE 1
Location of Khalid Khor in Sharjah, United Arab Emirates.
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To assess the effects of these changes on water quality, all
statistical analyses—including clustering and trend assessments—
were conducted with a focus on capturing overarching temporal
patterns. Although uneven sampling intervals may introduce certain
limitations, the analyses were designed to prioritize the detection of
long-term impacts of urbanization on key water quality parameters.
Due to the aging of equipment over the study period, different
multiparameter probes were employed for data collection.
Instruments included the Hanna HI 9829 (Hanna Instruments,
USA) and the HI 9828 (manufactured in Romania and Italy).
These probes were used to measure physicochemical parameters
such as pH, dissolved oxygen (DO), salinity, and conductivity.
Measurements were taken in triplicate at a depth of 2 meters to
ensure consistency and reliability. Water transparency in the various
areas was examined using a Secchi disk, which is a traditional
measure using a black and white disc submerged until the black
and white sections are no longer distinguishable from each other.
Distance to the water surface is measured. For all field analyses, sites
were measured in triplicate from varying positions to minimize error
from shading or tide movement. Water samples were collected from 2
m depth using a Van Dorn Sampler and stored in sterile, autoclaved
glass bottles for microbial analysis in the laboratory. All samples were
stored in an ice cooler until brought to the lab for immediate analysis.

2.2.2 Laboratory analyses

IDEXX Bacterial Analysis using Quanti-tray 2000 (IDEXX,
USA) was used for characterizing the fecal coliforms and E. coli
MPN/100 mL levels. Prior to 2015, Colilert-24 was used. In 2015
and later years, Colilert-18 was used. All samples were diluted to 10
times or more, depending on the level of contamination predicted
for the site from previous years. The IDEXX trays were incubated
for 24 or 18 hours as stipulated at 35°C. Presence of yellow color or
yellow plus glow under the UV light indicated presence of fecal
coliforms or Escherichia coli (E.Coli), respectively.

2.3 Parameters selection

Physical, chemical, and biological indicators of water quality
were assessed for the collected samples, including pH, turbidity,
dissolved oxygen (DO), and others as shown in Table 1. The
parameters chosen were selected after a through literature
investigation on urbanization impacts on coastal water quality
parameters. The chosen parameters are critical indicators of water
quality, each providing valuable insights into the impact of
urbanization on aquatic ecosystems. Table 1 summarizes the
parameter selection, importance and choice justification based on
literature investigation. Secchi depth, which measures water
transparency, is essential to understanding sedimentation and
turbidity caused by runoff from urban construction activities (Cai
et al., 2020; Smith et al., 2018; Wu et al., 2014). Coliform bacteria
serve as a reliable microbial contamination indicator, highlighting
the influence of sewage and organic matter from urban stormwater
(Zhang et al., 2021; Agrawal et al., 2021). Similarly, Escherichia coli
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(E. coli) is a specific marker of fecal contamination, directly linked
to poor sanitation and wastewater discharge in urban areas
(Katumba et al., 2024; Hicks, 2024; Poeys-Carvalho, 2023).

Water pH reflects the chemical balance of aquatic ecosystems
and is sensitive to industrial effluents and urban runoff (Das, 2023,
2024; Sanchez-Murillo et al., 2024). Temperature changes, often
influenced by thermal pollution from wastewater and urban heat
islands, affect gas solubility and aquatic biodiversity (Soni et al.,
2024; Yousefl Kebriya et al., 2025; Boutrid and Bendib, 2024).
Electrical conductivity (EC) measures ionic pollution from urban
runoff, providing insights into industrial and road-related
discharges (Soni et al., 2024; Das, 2023; Yousefi Kebriya et al,
2025). Total dissolved solids (TDS) quantify the dissolved
substances resulting from fertilizers and urban waste, indicating
overall pollution levels (Das, 2023; Yousefi Kebriya et al., 2025;
Boutrid and Bendib, 2024). Dissolved oxygen (DO) is a vital
parameter for assessing the health of aquatic ecosystems, as
urbanization often leads to oxygen depletion through organic
pollution and thermal impacts (Yousefi Kebriya et al., 2025; Das,
2023,2024). Lastly, salinity changes are indicative of the salt balance
disruptions caused by freshwater-saltwater mixing due to urban
runoff (Das, 2023; Boutrid and Bendib, 2024; Das, 2024).

DO saturation was calculated using the ratio of measured
dissolved oxygen (DO) concentration to the theoretical saturation
concentration, derived from water temperature and salinity, and
expressed as a percentage. This parameter was included in the
analysis since it provides a more accurate reflection of oxygen
dynamics, revealing oxygen deficits (<100%) caused by organic
pollution, stratification, or eutrophication, and highlighting periods
of potential oxygen supersaturation due to photosynthetic activity
(Hicks, 2024). Total Annual precipitation data for Khalid Khor were
collected for government websites and included in the analysis since
it directly influences surface runoff, which affects salinity, nutrient
loading, and organic matter transport to water bodies. Variations in
precipitation patterns also modulate the extent of re-aeration and
mixing, significantly impacting dissolved oxygen dynamics and
overall water quality.

2.4 Statistical analysis

Several statistical techniques were applied to evaluate water
quality in the study area over the years. Pearson correlation
coefficient was applied to assess linear relationships between pairs
of water quality variables, identifying potential interactions and
sources of contamination. Based on these correlations, a linear
regression model was developed to investigate additional
interdependencies and to estimate missing values, providing a
more complete understanding of the dataset. Given that the
samples were collected from different sampling points in the
study area under study each vyear, it is essential to cluster these
locations based on their longitude and latitude directions and to test
whether the water quality differs significantly among these clusters.
Cluster analysis was conducted using the K-means clustering
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TABLE 1 Water quality parameters studied and their relevance to urbanization impacts.

Parameter

Relevance

Impact of Urbanization

Supporting
Literature

Secchi (Water Meters (m) Measures clarity and suspended Increased sedimentation and turbidity from | (Cai et al., 2020)
Transparency) sediment load in water. construction and runoff. (Smith et al., 2018)
Coliform (Microbial MPN/100ml Indicator of microbial contamination, Higher microbial loads from sewage and (Zhang et al., 2021)

Contamination)

Escherichia coli (E. coli)

Number of cells

often from urban sewage.

Specific indicator of fecal
contamination, indicating urban
waste discharge.

organic matter in stormwater.

Urban wastewater and poor sanitation
increase fecal contamination.

(Carle et al., 2005)

(Katumba et al., 2024)
(Hicks, 2024)

pH (Acidity/Basicity)

pH units

Reflects water’s chemical balance and
potential industrial pollution.

Industrial effluents and urban runoff alter
pH levels.

(Das, 2023)
(Das, 2024)

Temperature Degrees Celsius (°C) Impacts aquatic biodiversity and gas Thermal pollution from wastewater and (Soni et al., 2024)
solubility in water. heat island effects. (Boutrid and
Bendib, 2024)

Conductivity Millisiemens per meter Reflects ionic content, influenced by Runoff from roads and industries (Soni et al., 2024)

(Electrical Conductivity)

TDS (Total
Dissolved Solids)

DO (Dissolved Oxygen)

DO saturation

Salinity

Precipitation

(mS/m)

Parts per million (ppm)
or milligrams per liter
(mg/L)

Milligrams per liter
(mg/L)

Percentage (%)

Parts per thousand (ppt)
or Practical Salinity
Units (PSU)

Millimeters (mm)

urban runoff and pollutants.

Measures dissolved substances,
indicating urban pollution load.

Essential for aquatic life, indicating
oxygen levels in water.

Indicates the balance between actual
oxygen levels and theoretical

saturation, reflecting ecosystem health.

Shows changes in salt concentration
from urban runoff.

Influences surface runoff, salinity, and
nutrient transport in
aquatic ecosystems.

raises conductivity.

Introduction of dissolved pollutants from
fertilizers and waste.

Depletion due to organic pollution and
thermal impacts.

Urbanization can lead to oxygen
imbalances due to organic pollution,
reduced re-aeration, and

thermal stratification.

Changes in salt balance from freshwater-
saltwater mixing due to runoff.

Altered precipitation patterns affect runoff
dynamics, salinity fluctuations, and
oxygen levels.

(Yousefi Kebriya
et al., 2025)

(Das, 2023)
(Boutrid and
Bendib, 2024)

(Das, 2023)
(Das, 2024)

(Hicks, 2024)
(Das, 2023)
(Gibson et al., 2002)

(Das, 2023)
(Boutrid and
Bendib, 2024)

(Holland et al., 2008)
(Gibson et al., 2002)
(McEwen, 2006)

algorithm, which grouped the samples based on their geographical
coordinates (longitude and latitude). The elbow method was
employed to determine the optimal number of clusters by
analysing the explained variation as a function of cluster
numbers. The identified clusters enabled the partitioning of the
dataset, allowing for a detailed analysis of regional patterns in water
quality and the identification of areas potentially affected by
urbanization. Figure 2 shows the different clusters in different
colors. Kruskal were then used to compare water quality metrics
among the clusters. The goal is to test whether there is a significant
difference between water quality in different sampling points in the
area or is the water quality uniform in the whole area. The second
goal was to test whether there is a significant difference in water
quality in the different years. To test this, the Kruskal-Walli’s test, a
nonparametric alternative to ANOVA, was employed. This method
does not require the assumption of normality and is well-suited for
small datasets. Pairwise comparison tests were subsequently
performed to pinpoint specific years with significant changes in
water quality levels. These analyses provided insights into the
temporal dynamics of water quality and highlighted possible links
to urbanization or other environmental changes.
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2.5 Water Quiality Index calculation

To assess water quality trends in Khalid Khor, the Canadian
Water Quality Index (CWQI) was utilized as a standardized
approach for evaluating overall water quality based on multiple
physicochemical parameters. The CWQI, developed by the
Canadian Council of Ministers of the Environment (CCME),
provides a comprehensive assessment of water quality by
integrating three key factors: Scope (F1), which represents the
percentage of parameters that fail to meet water quality objectives;
Frequency (F2), indicating the percentage of failed tests relative to the
total number of tests conducted; and Amplitude (F3), which
measures the magnitude of exceedances beyond guideline limits
(Canadian Council of Ministers of the Environment (CCME),
2001). For this study, the CWQI was calculated based on key water
quality parameters, including pH, dissolved oxygen (DO), total
dissolved solids (TDS), conductivity, temperature, salinity, coliform,
and Secchi depth, using guideline thresholds for coastal water quality.
The index values were classified into five categories: Excellent (95-
100), Good (80-94), Fair (65-79), Marginal (45-64), and Poor (0-44),
allowing for a comparative evaluation of water quality trends over the

frontiersin.org


https://doi.org/10.3389/fmars.2025.1538897
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Ahmed et al.

study period (Canadian Council of Ministers of the Environment
(CCME), 2001). By applying the CWQI methodology, the long-term
water quality status of Khalid Khor from 2007 to 2023 was
systematically assessed, providing insights into the impacts of
urbanization, industrial discharge, and climatic variability on
coastal water health. The CWQI facilitated the interpretation of
complex datasets and enabled comparisons with regional and
global studies employing similar index-based assessments.

3 Results

3.1 Historical water data and land change
images

The average historical water quality data for Khalid Khor (2007-
2023), provided in Table 2, show large temporal changes in several
metrics, suggesting the water system’s dynamic nature in response to
environmental and human causes. The Secchi depth, a measure of
water purity, varies significantly over time, with 2022 exhibiting the
greatest value of 4.40 meters, indicating greater water clarity during
that period, most likely due to decreasing pollution levels. In contrast,
previous years, such as 2007, recorded substantially lower Secchi
depths (1.54 meters), corresponding with high coliform (98,838
MPN/100 mL) and Escherichia coli (E. coli) (68,138 MPN/100 mL)
concentrations, indicating severe bacterial contamination. In
subsequent years, coliform and E. coli levels have significantly
decreased, particularly in 2022, when coliform declined to 681.56
MPN/100 mL and E. coli to 79.11 MPN/100 mL. Table 2 shows that
pH levels remained generally stable throughout the years, with
modest changes ranging from 7.89 to 8.49, indicating consistent
water alkalinity, similarly, salinity did not change much, except for a

10.3389/fmars.2025.1538897

low value in 2017 (28.37 ppt). Temperature follows expected seasonal
changes but remains excessive, particularly in 2023 (32.41°C),
indicating the probable effects of climate change. The data also
show fluctuations in Dissolved Oxygen (DO), with notably high
values in 2017 (10.28 mg/L) and low values in 2016 (0.66 mg/L).
Historical images of the study area were obtained from google
earth to illustrate the difference in land use due to urbanization.
Figure 3 shows the study area in years 2007 (a), 2015 (b), and 2023
(c). The historical photos demonstrate the substantial expansion in
development and construction activity throughout time. The 2007
photograph (Figure 3a depicts minimal development, with large
areas of undeveloped land. By 2015, Figure 3b, infrastructure had
expanded significantly, with new buildings, roads, and other urban
features emerging, signaling the beginnings of intensive
urbanization. The 2023 image shown in Figure 3c shows a
significant transformation, with dense urban development taking
over the countryside. This evolution reveals a strong trend of
significant urban growth and expansion in Khalid Khor, fueled by
rising construction activity that has changed the area’s land usage
over the last 16 years. Because of the increased impermeable surfaces
and altered hydrological patterns associated with urbanization, this
change in land use is expected to have serious consequences for local
environmental conditions, including water quality and ecosystem
health (Sheldon et al., 2019; Salerno et al., 2018; McGrane, 2016).

3.2 Pearson correlation

The Pearson Correlation Heatmap in Figure 4 depicts the strength
and direction of linear connections between numerous environmental
and water quality indices, as well as temporal and spatial variables in
the studied area. The color gradient from red to blue represents the

TABLE 2 Summary of the average historical water quality data for Khalid Khor (2007-2023).

Month- Secchi Coliform E.coli pH Temperature Conductivity TDS DO Salinity
Year  Depth (m) (MPN/100ml) (MPN/ (°C) (mS/cm) (mg/L)  (mg/L)  (ppt)
100mL)
Nov-07 1.54 98838 68138 8.10 31.52 58.07 - 8.43 39.03
Nov-08 1.60 130883 87467 5.50 31.33 63.95 - 5.70 38.15
Nov-11 3.69 4046 982 7.89 25.78 66.73 3631 7.08 37.00
Mar-13 2.11 1278 303 7.89 24.79 73.20 3921 7.56 39.75
Apr-14 2.77 4053 465 7.89 27.38 61.39 30.70 3.16 41.20
Mar-15 1.96 2073 500 8.10 24.23 50.96 2531 4.09 33.40
Oct-15 246 3049 242 8.18 30.86 49.15 24.57 1.06 31.92
Mar-16 233 8848 225 8.44 2459 55,57 27.79 0.66 36.88
Oct-17 2.16 2147 500 7.98 31.74 44.29 22.14 10.28 2837
Oct-18 - 7360 1235 8.18 29.96 59.43 29.71 4.20 39.60
Oct-19 248 9886 995 8.13 31.30 56.16 28.09 478 37.09
Oct-22 440 681 79 7.94 3137 59.44 29.72 3.28 39.52
Oct-23 3.52 1527 198 8.49 3241 59.18 29.65 2.28 39.39
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FIGURE 2
Study area and sampling points in clusters.
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intensity of the association, with red representing strong positive
correlations and blue representing strong negative ones. The
heatmap shows a strong positive correlation between “Year” and
“Site” (r = 0.96), indicating that site characteristics or conditions may
have altered continuously throughout time, as a result of urbanization
or other anthropogenic factors. Another noticeable strong correlation
exists between TDS and Conductivity (r = 0.99), Which is expected, as
the conductivity data were collected and used to calculate TDS and
salinity. Temperature has a modest positive association with both
“Year” (r = 0.45) and “Site” (r = 0.56), indicating that temperature
trends may have been influenced by temporal shifts, most likely
reflecting seasonal variations or longer-term climate changes. The
association between Salinity and TDS (r = 0.82) is similarly
substantial, since they are both calculated from conductivity data.
Moreover, there is a negative correlation between pH and Site (r =
-0.40) as well as “pH” and “Year” (r = -0.33), indicating that pH levels
have decreased over time and across different sites. This could indicate
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that water bodies are becoming more acidic, possibly because of urban
runoff, industrial discharge, or other factors that contribute to low pH.
The lack of strong linear correlations between DO (Dissolved Oxygen)
and most other parameters (except for a slight positive correlation with
TDS and Salinity) suggests that non-linear relationships might be exist
or that oxygen levels may be influenced by a complex interplay of
factors not fully captured by the variables in this dataset, such as
biological activity or localized pollution events.

3.3 Kruskal-Wallis test results

The cluster analysis, based on the geographical coordinates
(longitude and latitude) of sampling locations, aimed to identify
spatial patterns in water quality. The clustering results, visualized in
Figure 2, highlighted distinct groups of sampling sites. To test for
significant differences in water quality parameters among the
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FIGURE 3

Historical images of the changes in urbanization in Khalid Khor during the years (a) 2007, (b) 2015 and (c) 2023. Source: Google Earth, 2024.

identified clusters, the Kruskal-Wallis test was employed and the
results are shown in Table 3. The analysis of water quality
parameters across different clusters in the study area has yielded
varying results, highlighted by significant differences in Secchi
depth, indicating variations in water clarity at different locations.
The remaining parameters do not show statistically significant
differences between clusters, suggesting a general uniformity in

TABLE 3 Kruskal-Wallis for significant difference among clusters.

Parameter Krusl_(\z-:l-lWallis g#fr;rec:get
p-value Among Clusters

DO 0.4952 No
TDS 0.5391 No
Salinity 0.7803 No
Secchi 0 Yes
Coliform 0.0914 No
E.coli 0.1058 No
pH 0.6578 No
Temperature 0.5956 No
Conductivity 0.6642 No

Frontiers in Marine Science

bacterial contamination, acidity or alkalinity, thermal profile, ionic
composition, concentration of dissolved solids, and oxygen
availability across the study area. The absence of significant
differences among the majority of the parameters across different
locations suggests that, while certain characteristics may change
dramatically over time, their spatial differences within the research
region are minimal, presumably due to the homogenizing effects of
tidal movements or uniform pollutant sources throughout the area.
The large difference in Secchi depth between clusters may suggest
localized differences in water transparency caused by variables such
as algal blooms or suspended sediment concentrations. This
suggests overall uniformity in these water quality aspects across
Khalid Khor. As a result, in subsequent analyses, the data will
combine into a single group in terms of location prior testing for
differences across years as was explained in section 3.4.

3.4 Temporal analysis of water quality
parameters

To assess the temporal changes in water quality parameters, the
Kruskal-Wallis test was applied to compare the values of each
parameter over the different years of data collection. Box plots were
used to visualize these differences, providing a clear representation
of the variability and central tendency for each parameter over time.
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3.4.1 Secchi depth and temperature

Temporal trends in Secchi depth and temperature were
evaluated. The Kruskal-Wallis test revealed significant variations
across the study years. Water clarity, as indicated by Secchi depth,
showed notable fluctuations over time (p = 0.0010). Pairwise
comparisons using the Mann-Whitney U test highlighted
significant declines, including reductions between 2007 and 2011
(p = 0.0173) and more pronounced decreases in later years, such as
2007 versus 2022 (p = 0.0033) and 2023 (p = 0.0119). Additional
declines were observed in comparisons like 2013 vs. 2022 (p =
0.0045) and 2015 vs. 2022 (p = 0.0010), underscoring a consistent
downward trend in water clarity. Some periods, such as 2011 to
2014 and 2011 to 2016, exhibited relative stability, but the overall
pattern reflects a gradual decline in transparency, likely driven by
increased sedimentation and environmental changes associated
with urbanization. Temperature trends also demonstrated
significant temporal variation (p = 0.0000). The Mann-Whitney
U test identified significant increases, particularly between 2007 and
2011 (p = 0.0303) and 2007 and 2016 (p = 0.0003). Later periods,
such as 2013 vs. 2017 (p = 0.0004) and 2016 vs. 2023 (p = 0.0001),
showed further warming. While some years, such as 2007 and 2019
(p = 0.6667), indicated stability, the overall trend points to
significant interannual warming with key shifts after 2011. These
results suggest that both water clarity and temperature have
undergone substantial changes, reflecting the cumulative impacts
of environmental and anthropogenic factors over the study period.

3.4.2 DO and DO saturation
DO levels also exhibited substantial temporal fluctuations
(Kruskal-Wallis p = 0.0000). Pairwise comparisons revealed
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significant differences between 2007 and years such as 2011 (p =
0.0353), 2014 (p = 0.0079), and 2017 (p = 0.0400). No significant
changes were observed between 2007 and 2013 (p = 0.2222) or 2019
(p = 0.3333). Key periods of decline included: 2011 vs. 2016 (p =
0.0008), 2011 vs. 2022 (p = 0.0018), 2016 vs. 2017 (p = 0.0001) and
2017 vs. 2023 (p = 0.0002). Periods of relative stability were observed
between years such as 2015 and 2019 or 2022 and 2023, highlighting
phases of minimal change. Nevertheless, the data underscore notable
shifts in DO levels, with many periods showing significant alterations.
The highest DO saturation (170.2%) was recorded in October 2017 as
shown in Figure 5, accompanied by a high measured DO
concentration (10.28 mg/L) and relatively low salinity (28.37 ppt).
This suggests a likely period of atmospheric re-aeration, possibly
influenced by biological activity such as algal blooms or enhanced
surface mixing (Holland et al., 2008; Gibson et al, 2002). Other
instances of elevated DO saturation (above 100%) were observed in
November 2007 (154.1%), March 2013 (113.7%), and November
2011 (104.7%). These events indicate oxygen supersaturation, likely
driven by photosynthetic activity during favorable environmental
conditions (Richardson et al., 2019). The lowest DO saturation (9.7%)
occurred in March 2016, with a measured DO concentration of just
0.66 mg/L despite moderate salinity (36.88 ppt). This significant
oxygen deficit likely reflects severe organic pollution or oxygen
depletion from microbial respiration and insufficient re-aeration
(Hicks, 2024). Similarly, extremely low DO saturation values were
observed in October 2015 (17.8%) and April 2014 (50.6%), suggesting
reduced oxygen levels, potentially exacerbated by urban wastewater
discharges or stagnant conditions (Das, 2023). Elevated DO
saturations (>100%) are more common during transitional seasons
(spring and autumn), such as March 2013 and October 2017, likely
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FIGURE 5
DO Saturation in Khalid Khor over time (2007-2023).

due to increased photosynthetic activity and moderate water
temperatures facilitating oxygen solubility (Holland et al., 2008).
Conversely, summer months such as October 2015, October 2022,
and October 2023 show significantly reduced DO saturation, as high-
water temperatures reduce oxygen solubility while increasing
microbial activity and organic matter decomposition (Richardson
et al., 2019). High water temperatures (>30°C) consistently
correspond with lower DO saturation values, as observed in
October 2022 (59.9%) and October 2023 (43.1%). This aligns with
the inverse relationship between oxygen solubility and temperature
(Gibson et al., 2002). Salinity levels exhibit a less consistent pattern
but contribute to reduced theoretical DO saturation, as seen in
periods with elevated salinity (>39 ppt), such as April 2014 and
October 2018 (Das, 2023).

3.4.3 Coliform, E. coli and pH

The Kruskal-Wallis test identified significant temporal variations
in coliform levels, E. coli concentrations, and pH values across the
study period, reflecting the complex interplay of environmental and
anthropogenic factors on water quality. Coliform levels showed notable
fluctuations, with significant increases observed in 2013 (p = 0.0478)
compared to 2007, and further elevations in 2022 (p = 0.0070).
Additional changes were detected in comparisons involving 2011,
with significant increases in 2013 (p = 0.0330), 2016 (p = 0.0213),
2022 (p = 0.0008), and 2023 (p = 0.0075). Post-2013 comparisons
highlighted rising coliform levels between 2013 and 2016 (p = 0.0028)
and between 2013 and 2018 (p = 0.0042). The highest increases
occurred between 2016 and subsequent years, such as 2017 (p =
0.0021) and 2022 (p = 0.0004), indicating recent microbial
contamination trends.

E. coli concentrations exhibited similar temporal variability
(Kruskal-Wallis p = 0.0001), with significant increases identified
in 2013 (p = 0.0290), 2015 (p = 0.0218), 2016 (p = 0.0022), and 2023
(p = 0.0168) compared to 2007. Post-2013 trends revealed

Frontiers in Marine Science

2013 2014 2015

10

2015 2016 2017 2018 2019 2022 2023
Year

significant elevations in 2018 (p = 0.0053) and 2022 (p = 0.0169).
Comparisons of later years, such as 2018 vs. 2022 (p = 0.0033),
further underscored the rise in E. coli levels over time. Despite these
fluctuations, certain intervals, including 2019, showed no significant
changes, reflecting periods of relative stability amidst broader
temporal increases. pH levels also displayed significant temporal
variation (Kruskal-Wallis p < 0.0001). Comparisons with 2007
revealed significant shifts in 2011 (p = 0.0173), 2013 (p = 0.0043),
and 2016 (p = 0.0019), suggesting a gradual shift in water acidity.
Post-2011 changes were more pronounced, with significant
differences in 2015 (p = 0.0006), 2018 (p = 0.0080), and 2023 (p
= 0.0028). Notably, comparisons between 2022 and 2023 (p =
0.0007) highlighted dynamic fluctuations in pH, potentially linked
to urban runoff and other anthropogenic influences.

3.4.4 Salinity

The temporal variations in salinity across the study period were
assessed using the Kruskal-Wallis test, with significant pairwise
differences further evaluated using the Mann-Whitney U test. The
results reveal notable temporal fluctuations in salinity values across
several years, emphasizing the sensitivity of this parameter to
environmental and anthropogenic influences. The Kruskal-Wallis test
identified significant temporal disparities in salinity levels (p < 0.0001).
Pairwise Mann-Whitney U tests revealed significant differences
between 2007 and several years, including 2011, 2013, 2014, 2015,
2016, 2017, 2018, and 2023 (p < 0.05). However, no significant
differences were observed between 2007 and 2019 (p = 0.2348) or
2007 and 2022 (p = 0.5045). Salinity in 2011 exhibited significant
variations compared to 2013, 2014, 2015, 2017, 2018, 2022, and 2023 (p
< 0.01), but not with 2016 or 2019 (p > 0.1). In 2013, significant
differences were observed relative to all subsequent years except for
2019. Additionally, consistent trends of significant salinity fluctuations
were noted between 2014 and 2022, particularly between 2015 and
2023. Salinity in 2022 also differed significantly from that in 2023 (p =
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0.0054). These findings highlight dynamic shifts in salinity over the
study period, likely driven by natural processes and human activities.
Since salinity and TDS were both calculated using conductivity values,
the high correlation between salinity, conductivity, and TDS suggests
that salinity serves as a reliable indicator for evaluating overall changes
in these three interconnected water quality parameters. The observed
variability underscores the need for continued monitoring and
management efforts to address the impacts of urbanization and other
stressors on water quality in Khalid Khor.

3.5 Box blot analysis

Box plot analysis was used to look at fluctuations in the different
parameters through the years. Figure 6 shows the box plot of the
studied water parameters. The observations from 2007 to 2023 shows
significant temporal fluctuation in water clarity across the analyzed
years with lower median values and a larger interquartile range
between 2007 and 2011, indicating higher turbidity or lower water
clarity in those years, possibly due to increased sediment load from
urban runoff or industrial discharges. The ensuing years, until 2015,
show a trend toward greater median Secchi depths, indicating
improved water clarity, which later stabilized after 2016, with outliers
in years such as 2011 and 2017 indicating impacted water clarity.
Moreover, a constant pH range of around 8.0 to 8.5 was observed
throughout the studied years, with occasional variations and outliers
recorded in 2011 and 2018. In the case of temperature, clear
fluctuations overtime is observed with a notable increase in 2017.
Salinity data show a higher median salinity with some fluctuation, as
demonstrated by the spread of the interquartile range and outliers.
Changes are observed in 2011, were salinity medians and variabilities
decreased significantly, stabilizing in 2015, and further decreasing in
2017. The main changes are observed in 2007 and 2014, which may
potentially indicate episodic pollution events or anomalies in
hydrological cycles that temporarily altered salinity concentrations.
Finally, DO levels in 2007 are comparatively high, indicating adequate
aeration and perhaps reduced levels of oxygen-consuming
contaminants. DO levels gradually drop in the following years,
reaching a low point in 2016.

3.6 Precipitation

The annual precipitation data from 2007 to 2023 revealed
significant variability, with notable fluctuations in rainfall intensity
and distribution that have implications for water quality and dissolved
oxygen (DO) dynamics in the Khalid Khor region (Figure 7). The data
indicates a general decline in annual precipitation from 2007 to 2023.
The early years of the period, specifically 2007 and 2008, recorded the
highest annual precipitation of 160-162 mm. Conversely, 2021
marked the lowest precipitation at just 4.2 mm, signaling an
extreme dry period. From 2009 to 2019, precipitation fluctuated
significantly, with some years experiencing relatively higher rainfall,
such as 2019 (76 mm) and 2020 (111 mm), interspersed with years of
much lower precipitation, such as 2011 (18 mm) and 2018 (24 mm).
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The alternating wet and dry periods significantly influence surface
runoff, salinity, and oxygen dynamics in water bodies, as these cycles
drive changes in freshwater flow, nutrient transport, and salinity
balance, particularly in arid and semi-arid regions (Holland et al,
2008; Gibson et al., 2002). Periods of higher precipitation, such as
2007-2008 and 2019-2020, may lead to increased runoff, introducing
organic matter and nutrients into water bodies, potentially causing
eutrophication and reducing DO saturation. In contrast, lower
precipitation periods, such as 2011 and 2021, likely reduced runoft,
limiting nutrient and organic input but also restricting surface mixing
and re-aeration, potentially contributing to stratification and oxygen
deficits (Holland et al., 2008; Gibson et al., 2002). The variability and
overall decline in precipitation likely exacerbate the challenges posed
by urbanization on water quality. Increased precipitation may trigger
episodic nutrient loading and algal blooms, while prolonged dry
periods may enhance salinity and oxygen depletion due to reduced
dilution and mixing.

4 Discussion
4.1 Water quality variation in Khalid Khor

The impact of urbanization on water quality in Khalid Khor
over the study period (2007-2023) demonstrates complex and
interlinked environmental consequences, reflecting broader global
patterns in urbanized coastal systems. The observed fluctuations in
key water quality parameters align with well-documented
urbanization-driven changes in aquatic ecosystems, driven by
sedimentation, pollution, and climatic variability. Increased
sedimentation due to land reclamation, construction activities,
and urban runoff has significantly affected water clarity, reduced
Secchi depth and limiting light penetration—key factors influencing
aquatic productivity and benthic habitats (Dodds and Smith, 2016;
Alsahli and Nazeer, 2021). This sedimentation trend is consistent
with findings from rapidly urbanizing coastal areas, such as the
Pearl River Delta in China and the Arabian Gulf, where accelerated
development and land modifications have altered hydrodynamic
conditions and increased suspended particulate loads (Al Mamoon
et al, 2019). Advanced analytical techniques, such as Principal
Component Analysis (PCA) and non-parametric statistical tests
(e.g., Kruskal-Wallis), have been applied in countries like Ghana to
quantify seasonal and spatial variability in TDS and microbial
contaminants across urban and peri-urban catchments (Zume
et al,, 2021). In response to these challenges, several urban centers
in the Middle East have begun implementing Integrated Water
Resources Management (IWRM) frameworks. For example,
Muscat, Oman, has shown improvements in water quality
through investments in wastewater treatment infrastructure and
the stricter regulation of industrial discharges (Sherif et al., 2023).

The microbial contamination patterns observed, particularly
the fluctuations in coliform and E. coli levels, further highlight the
challenges of urban water management. Increased contamination in
certain years suggests episodic pollution events linked to inadequate
wastewater treatment, stormwater surges, and combined sewer
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FIGURE 6
Boxplot analysis including all the studied parameters reported in yearly average between 2007 to 2023 in Khalid Khor, Sharjah UAE.

overflows, similar to patterns observed in urbanized estuaries
worldwide (Schilling et al., 2009; Cheng et al,, 2023). While
wastewater management improvements have contributed to
stabilizing microbial levels, intermittent spikes indicate persistent
vulnerabilities, reinforcing the need for climate-resilient wastewater
infrastructure and stringent urban runoff regulations. Similar
microbial contamination trends have been reported in coastal
cities like Mumbai and Jakarta, where high population densities
and insufficient wastewater management contribute to periodic
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waterborne disease risks. Urban expansion around major cities
such as Riyadh and Jeddah have also coincided with measurable
increases in coliform bacteria concentrations in local wadis and
reservoirs (Sherif et al., 2023).

Fluctuations in pH levels, particularly deviations linked to
industrial discharges, urban runoff, and poorly buffered freshwater
inflows, align with patterns observed in urbanizing regions
experiencing increasing acidification pressures (Svobodova et al.,
2017; Almakki et al,, 2019). The observed pH variations in Khalid
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Annual precipitation in Khalid Khor (2007-2023).

Khor are consistent with findings from the Arabian Gulf and
Mediterranean coastal zones, where urbanization and climate-
induced acidification have disrupted carbonate chemistry, affecting
shellfish and coral reef ecosystems (Al Mamoon et al, 2020). As
urbanization continues, pH regulation strategies, such as reducing
industrial runoff and enhancing buffer zone vegetation, become crucial
for mitigating acidification impacts. Rising temperature trends further
underscore the influence of urbanization on coastal water bodies, with
the observed increases mirroring global coastal warming patterns
(Arora M. et al,, 2019; Zhou et al., 2021). Urban heat island effects
reduced green cover, and thermal pollution from industrial effluents
exacerbate local temperature elevations, intensifying thermal stress on
aquatic life. Studies from urbanized coastal regions such as the
Chesapeake Bay and the Persian Gulf indicate that sustained
temperature increases correlate with shifts in species composition,
increased algal blooms, and reduced dissolved oxygen availability. In
Khalid Khor, temperature trends reinforce the urgency of integrating
heat mitigation strategies, such as improving urban greening initiatives
and reducing thermal pollution sources, into regional water
management policies. Salinity, TDS, and conductivity variations
observed throughout the study period provide additional insights
into urbanization’s hydrological impact. Elevated levels in certain
years correspond to increased urban runoff, industrial discharges,
and evaporation-induced salinity spikes, similar to trends seen in
rapidly developing coastal regions (Pang et al, 2023; Praskievicz,
2022). These findings align with research from coastal China and the
Arabian Peninsula, where rapid urbanization has altered freshwater
inputs and increased solute concentrations, affecting both biodiversity
and water usability (Ferdous and Rahman, 2020). The relationship
between urbanization and dissolved solids accumulation highlights the
need for improved stormwater management to minimize pollutant
loads from impervious surfaces. Studies conducted in Saudi Arabia
and the United Arab Emirates, for instance, have observed rising
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salinity and conductivity levels in groundwater systems, attributed to
unregulated urban runoff and the infiltration of untreated wastewater
(Sherif et al., 2023).

Dissolved oxygen (DO) trends in Khalid Khor indicate the
combined effects of organic matter decomposition, nutrient
enrichment, and reduced re-aeration, mirroring hypoxic conditions
reported in urban coastal ecosystems worldwide (VishnuRadhan
et al, 2018). DO depletion is particularly concerning due to its
direct impact on aquatic organisms, with sustained low levels
potentially leading to fish kills and biodiversity losses, as observed
in the Baltic Sea and Gulf of Mexico dead zones. Given the increasing
urbanization pressures on Khalid Khor, the integration of
oxygenation strategies—such as improved wastewater treatment
and reduced nutrient loading—will be vital for sustaining aquatic
ecosystem health. Research in Jordan and Lebanon has revealed
declining DO levels in rivers adjacent to rapidly expanding cities such
as Amman and Beirut, likely driven by elevated organic pollution and
sewage effluent (El Chamieh et al, 2024). These trends are
particularly pronounced during dry seasons, when reduced river
flow exacerbates pollutant concentrations. Singh et al., 2024a,
assessed the physicochemical and biological attributes of the
Hindon River from 2009 to 2020, revealing significant fluctuations
and persistent water quality deterioration that failed to meet national
and international standards, underscoring the need for continuous
monitoring to safeguard aquatic ecosystems and public health.

4.2 Potential impact of climate change on
the water quality in Khalid Khor

Climate change is anticipated to exacerbate various environmental

issues in coastal areas, especially Khalid Khor, with serious
consequences for water quality. Rising temperatures, increased
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frequency of extreme weather events, and altering precipitation
patterns can all have an impact on water quality metrics like
temperature, dissolved oxygen, salinity, and nutrient loading. As
global temperatures rise, aquatic bodies like Khalid Khor are likely
to face higher water temperatures. Higher temperatures can lower
dissolved oxygen levels, which are essential for aquatic life’s survival.
Warmer seas can increase the growth of hazardous algal blooms, which
can worsen water quality by reducing oxygen levels and bringing
toxins into the environment (Harrison et al., 2017). Higher
temperatures and reduced oxygen levels can lead to biodiversity loss,
particularly in fragile habitats (Scanes, 2018). Climate change is
expected to increase storm frequency and intensity, resulting in
greater runoff levels in metropolitan areas. This can overload
stormwater management systems, introducing pollutants including
fertilizers, heavy metals, and sediments into coastal seas (Moore et al.,
2017). The increasing nutrient load, especially nitrogen and
phosphorus, could cause eutrophication, resulting in algal blooms
and hypoxic zones that further degrade water quality (Wurtsbaugh
etal, 2019). The impact of stormwater runoff on water quality may be
exacerbated by regional urbanization, necessitating the incorporation
of adaptive stormwater management solutions. As polar ice caps melt
and saltwater thermally expands, the salinity in coastal habitats may
alter. Increased salinity may influence the makeup of marine life, with
certain species more tolerant to saltwater fluctuations than others
(Yaisien et al, 2023). These changes may disturb local ecosystems,
potentially resulting in the loss of crucial habitat regions for fish and
other aquatic animals. Changes in salinity levels may also have an
impact on the physical and chemical properties of the water, such as its
buffering capacity, affecting water quality (Rekaby et al., 2023). The
ongoing urbanization of coastal areas such as Khalid Khor may
exacerbate the effects of climate change. Increased population density
and industrial activity contribute to increased waste creation and
contaminant release, which, when combined with the effects of
climate change, may accelerate the degradation of water quality. To
limit the consequences of climate change on water quality, urban
design and land-use restrictions must be tightly integrated with
adaptation methods. Addressing the potential effects of climate
change on water quality in Khalid Khor necessitates a multifaceted
approach that includes urban design, stormwater management, and
climate adaptation plans. Implementing strategies to limit nutrient
loading, manage runoff, and conserve coastal habitats, can alleviate
some of the negative consequences of climate change on water quality.
Long-term monitoring and proactive management are essential for
ensuring the biological integrity of Khalid Khor’s waters in the face of
these issues.

4.3 WAQI results impact and comparison to
local and global studies

The calculated Water Quality Index (WQI) values for the
Khalid Khor region from 2007 to 2023 (Figure 8) show a clear
trend of gradual improvement. In the early years (2007-2010), WQI
scores remained below 40, indicating poor water quality, likely
driven by rapid urban expansion, increased industrial discharge,
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and inadequate wastewater treatment infrastructure. The lowest
WQI of 29.71, recorded in 2008, reflects peak pollution levels
during a period of uncontrolled urbanization. From 2011
onwards, WQI values steadily improved, rising from 55.3 in 2011
to 68.46 by 2023. This positive trend suggests the effectiveness of
enhanced wastewater treatment, stricter industrial regulations, and
better stormwater management. Despite minor fluctuations, such as
a dip in 2017 (WQI 50.42), the overall improvement aligns with
findings from similar urban coastal studies (Wang et al., 2023). By
2023, WQI values approached a “good” classification, highlighting
the benefits of long-term urban water management strategies,
though continued efforts are needed to maintain and further
improve water quality in rapidly urbanizing coastal zones.

From 2016 to 2019, WQI values in Khalid Khor fluctuated
slightly, with a decline in 2017 (50.42) likely caused by
environmental stressors such as construction, dredging, and
seasonal runoff. Similar short-term declines have been observed in
urban water bodies in India and Brazil (Cheng et al., 2023). From
2020 onwards, WQI steadily improved, reaching 68.46 in 2023,
reflecting continued investments in water treatment, pollution
control, and urban planning. This trend mirrors improvements
seen in the Persian Gulf region following sustainable water
management practices (Rahman and Szabo, 2021). Comparing
these findings globally, studies in the U.S. and Europe show that
long-term investments in wastewater and stormwater infrastructure
have led to WQI values above 70, indicating good water quality
(Pluth et al., 2021). Khalid Khor’s transition from poor (WQI < 40)
to moderate (WQI 50-70) quality reflects a positive trajectory,
although further efforts are needed to reach “good” status. Similar
improvements have been documented along the Arabian Gulf coast,
where stricter regulations enhanced water quality. In South Asia,
however, WQI values often remain below 50 due to high pollution
loads in urbanized coastal areas like Mumbai and the Ganges River.
Khalid Khor’s recovery highlights the potential of proactive
environmental policies in mitigating urbanization impacts. While
WQI improvements are encouraging, challenges like non-point
source pollution, microbial contamination, and climate change
impacts persist. Future strategies should prioritize real-time water
quality monitoring, nature-based stormwater solutions, and
sustainable urban planning. Global studies reinforce this, with GIS
and statistical models identifying urban runoft and sewage as key
pollution sources (Adamu et al., 2024; Roki et al., 2024). Emerging
approaches, such as machine learning-driven WQI forecasting, ofter
additional tools for managing urban water systems (Nash, 2024).
Recent applications of enhanced WQI indices combined with
geostatistics, like in Eastern Europe. further demonstrate how
integrated methodologies improve pollution tracking and
management. Similarly, several studies have used WQI in addition
to Heavy Metal Pollution Index (HPI), and Health Risk Assessment
(HRA) to offer a comprehensive evaluation of environmental and
public health risks, with their standardized methodologies for River
ecosystems (Singh et al., 2024b).

Overall, the Khalid Khor case aligns with global research,
emphasizing that adaptive, multi-method strategies are essential
for sustaining water quality in urbanizing coastal environments.
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4.4 Recommendations for water
management improvements

Based on a detailed examination of water quality variations in
the Khalid Khor region from 2007 to 2023, numerous strategic
recommendations can be developed to address the effects of
urbanization on aquatic ecosystems. These guidelines are
intended to improve water management methods, reduce
pollution sources, and assure sustainable water quality. The
following recommendations are offered in this study:

* Enhanced Monitoring System: Investment in modern
monitoring equipment that provides real-time
information about water quality factors. The use of
sensors and internet of things (IoT) technologies can
assist to detect pollution spikes in real time and trace
their causes, allowing for quick response and repair.

* Urban Planning and Land Use Regulation: Integrating water
resource management with urban planning is crucial to
mitigating the impacts of urbanization on water quality.
New developments or redevelopments in stormwater
management plans that follow sustainable water
techniques, such as the use of permeable surfaces, green
infrastructure, and low-impact development strategies. These
techniques have been shown to significantly reduce runoff
and improve water quality by filtering pollutants before they
reach water bodies (Shafique and Kim, 2017). Additionally,
the study suggests that integrating water quality monitoring
and early warning systems into urban planning can help
detect and address potential water quality issues before they
become critical. By implementing these recommendations,
Khalid Khor can mitigate the adverse effects of urbanization
on water quality while supporting long-term growth and
environmental responsibility.

*  Watershed Management Planning Creating comprehensive
watershed management plans that address urban and rural

Frontiers in Marine Science

15

sources of water contamination. These designs should
include runoff-reducing agricultural management methods
like buffer strips and regulated agricultural discharges.

* Tight Regulatory Compliance: Strengthen existing water
quality restrictions and consider implementing more
restrictive industrial discharge standards. Regular
inspections and fines for noncompliance are required to
guarantee that environmental safety standards are met.

* Adaptive Management Strategies: Implementing adaptive
management strategies that can change in response to new
study findings and environmental variables. This method
allows for greater flexibility in management practices and
policies, which helps to handle the complexity of managing
water quality in changing urban landscapes.

* Implementation of Green Infrastructure: Creating and
extending green infrastructure solutions, such as bio-retention
systems, green roofs, and permeable pavements, to improve
infiltration and reduce surface runoff. These systems aid in
naturally filtering pollutants before they enter water bodies.

* Interdisciplinary Research Studies: Promoting interdisciplinary
research into novel water treatment technologies and
sustainable urban water management. Collaboration among
academic institutions, business, and government organizations
can propel advances in low-cost and effective water

purifying processes.

Finally, an Integrated Coastal Zone Management (ICZM) based
framework has been developed and shown in Figure 8 by integrating
ecological restoration, socio-economic considerations, and disaster
management strategies to address the challenges faced by coastal
zones such as Khalid Khor. This approach draws upon methods and
findings from studies on small islands, coastal erosion, and
management in regions like Vietnam and West Bengal (Calado
et al., 2024; Das, 2022; Shih, 2024). The diagram shown in Figure 9
illustrates an integrated management approach for addressing the
impacts of urbanization on the Khalid Khor coastal ecosystem. It
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FIGURE 9

Conceptual framework illustrating an Integrated Coastal Zone Management (ICZM) approach for sustainable reconstruction and disaster

management in Khalid Khor.

begins with the Assessment of the Present State, analyzing water
quality and urbanization trends. This is followed by a Need
Assessment, identifying gaps in policies and monitoring while
engaging stakeholders. The central framework focuses on
Rehabilitation and Restoration Efforts and Disaster Management
Measures. Ecological restoration involves habitat conservation and
nutrient load reduction, while socio-economic efforts aim to address
community livelihoods and equitable water access. Disaster
management integrates technology for real-time monitoring and
community preparedness. The process culminates in a Coastal Zone
Management Plan, emphasizing participatory, inclusive, and
sustainable decision-making for effective management of Khalid
Khor’s coastal waters.

4.5 Study limitations and broader
implications

This study evaluates long-term water quality changes in Khalid
Khor, examining parameters such as pH, dissolved oxygen (DO),
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total dissolved solids (TDS), electrical conductivity, temperature, and
coliform levels over 16 years (2007-2023). By analyzing the impacts
of urbanization, industrial activities, and policy changes, it provides
valuable insights for environmental management and urban
planning, with relevance to both local and international contexts.
A key strength of this study is its ability to capture long-term trends,
offering a broad perspective on urbanization’s effects. Previous
studies often rely on short-term data, which can overlook seasonal
variations and sustained anthropogenic impacts. The extensive
dataset used here (103 samples from multiple locations) helps
distinguish long-term shifts from transient fluctuations. Such
longitudinal assessments are crucial for understanding cumulative
pollution loads (Lucas and Deleersnijder, 2020).

However, there are limitations, primarily related to data
collection constraints. Sampling frequency varied, with data
collected annually or biennially, which may not fully capture
seasonal variations or short-term pollution events. Additionally,
site selection, though intended to represent urban runoff, industrial
discharge, and maritime activities, may not cover localized pollution
hotspots. The study period also coincided with infrastructure and
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policy changes that may have influenced water quality trends
independently of urbanization, making it difficult to isolate the
direct effects of urban expansion (Wang et al., 2023).

The study’s findings underscore the urgent need for improved
wastewater management and stormwater infrastructure in Khalid
Khor. Increased coliform levels, fluctuations in dissolved oxygen, and
higher TDS indicate significant water quality concerns, particularly
with untreated wastewater discharge and microbial contamination,
which pose risks to both ecosystems and public health (Wang et al,
2023). Elevated TDS and decreasing dissolved oxygen suggest threats
to aquatic biodiversity, a common outcome of urbanization in
coastal regions (Rahman et al, 2021). Beyond environmental
concerns, the study highlights socio-economic implications.
Industrial expansion and infrastructural development in Khalid
Khor have likely contributed to water quality changes, reinforcing
the need for integrated water management strategies. Similar
urbanization patterns in other coastal regions, such as China,
India, and the Gulf states, emphasize the need for coordinated
global efforts in sustainable water resource management (Wang
et al,, 2023).

This study lays the groundwork for policymakers, urban planners,
and environmental scientists to implement evidence-based strategies
that balance development with environmental conservation.

4.6 Future perspectives

Future research and management strategies for Khalid Khor
should adopt a holistic, adaptive approach to water quality
monitoring and sustainability. Given the ongoing impacts of
urbanization, climate variability, and industrial activities, there is
a pressing need for long-term, integrated solutions. Key areas for
development include expanding real-time water quality monitoring
using advanced sensor technology, remote sensing, and Al-driven
analytics. Integrating Internet of Things (IoT)-enabled systems can
help detect contamination events quickly and facilitate timely
mitigation efforts. As evidence, a published study demonstrated
the critical role of atmospherically corrected satellite imagery in
monitoring the impacts of coastal urban development on probable
oyster habitats, providing essential insights for promoting
sustainable urban planning in coastal ecosystems (P et al., 2025;
Samara et al., 2023).

Predictive hydrological and geochemical models should be
employed to forecast water quality trends under various
urbanization and climate change scenarios. These models can
inform policy and infrastructure planning, particularly in
assessing the cumulative effects of urban runoff, industrial
discharge, and land reclamation. Expanding monitoring to
include emerging contaminants such as microplastics and
pharmaceuticals is also critical. From a management standpoint,
strengthening policy frameworks to support water-sensitive urban
design (WSUD) and nature-based solutions is essential.
Implementing green infrastructure like constructed wetlands,
vegetative buffers, and permeable surfaces can reduce urban
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runoff and improve water quality. Sustainable drainage systems
(SuDS) should be prioritized, along with stricter enforcement of
wastewater treatment regulations to curb illegal discharges and
promote cleaner industrial practices.

Community engagement is crucial for fostering environmental
stewardship. Public education on pollution control, waste disposal,
and water conservation can enhance local participation, while
citizen science initiatives can expand monitoring efforts.
Additionally, strengthening international collaborations and
knowledge-sharing can provide valuable insights for addressing
water quality challenges in rapidly urbanizing coastal regions.
Addressing water quality in Khalid Khor requires a multi-
disciplinary approach that integrates technology, predictive
modeling, policy reforms, and community involvement. By
implementing these strategies, coastal water systems can become
more resilient, ensuring clean and safe water for future generations.

5 Conclusions

This study provides critical insights into the water quality
dynamics of Khalid Khor from 2007 to 2023, emphasizing the
significant impact of urbanization, climate change, and human
activities on aquatic ecosystems. Through rigorous statistical
analysis, we identified significant annual variations in key water
quality parameters such as pH, dissolved oxygen (DO), total
dissolved solids (TDS), conductivity, temperature, salinity,
coliform levels, and Secchi depth. These variations highlight the
complex environmental stressors in the region. Notably, urban
expansion is linked to rising water temperatures, reflecting the
urban heat island effect and altered hydrodynamics. Increasing
industrial activity and land-use changes have contributed to
elevated TDS and conductivity, pointing to higher levels of
dissolved pollutants. These changes pose risks to biodiversity and
water quality, underscoring the need for improved industrial waste
management and stricter pollutant discharge regulations. The
variability in dissolved oxygen and persistently high coliform
levels indicate organic pollution and hypoxic conditions, largely
driven by untreated sewage, stormwater runoff, and poor waste
disposal. These factors not only endanger aquatic life but also raise
public health concerns, calling for enhanced wastewater treatment
and stormwater management strategies. To address these issues,
sustainable water resource management in Khalid Khor must
integrate regulatory enforcement, urban planning innovations,
and technological advancements. Strengthening environmental
policies, implementing water-sensitive urban design (WSUD), and
using green infrastructure for stormwater filtration can mitigate the
impacts of urbanization on water quality. Advancements in real-
time water quality monitoring, including IoT-based technologies,
offer a promising solution for proactive management, enabling
rapid detection and response to pollution events. This study
underscores the need for an adaptive water management
framework combining research, technology, community
involvement, and policy interventions. Future research should
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focus on predictive modeling and climate resilience planning to
ensure long-term sustainability and the preservation of water
resources for both human populations and aquatic ecosystems.
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