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Abstract The disturbance of rivers can significantly reduce water quality, ecosystem health, and
environmental safety. This study assesses water quality and heavy metal contamination in the Bukit
Goh region of Kuantan. Water samples were collected from Sungai Kuantan, Sungai Riau, and Sungai
Pinang for physicochemical analysis, both on-site and in the laboratory. The Water Quality Index (WQI)
classified pollution levels, revealing that Sungai Kuantan was slightly polluted (Class Il), while Sungai
Riau and Sungai Pinang were heavily polluted (Class Ill). Heavy metal analysis showed iron (Fe) at 67
ppb and aluminum (Al) at 2.36 ppb as the highest concentrations, followed by zinc (Zn) at 0.14 ppb and
others at lower levels. Principal Component Analysis (PCA) and Agglomerative Hierarchical Clustering
(AHC) indicated strong correlations among various parameters, such as turbidity with total suspended
solids (TSS) and biochemical oxygen demand (BOD) with ammonia nitrogen (NH;-N). Temperature
also had positive links to chemical oxygen demand (COD) and heavy metals, indicating seasonal
variations in pollution. These findings underscore the urgent need for improved water management and
effective pollution control strategies to safeguard aquatic ecosystems and public health.

Keywords: Water Quality, Principal Component Analysis (PCA, Agglomerative Hierarchical Clustering
(AHC), risk assessment.

Introduction

Water is one of the most vital resources on Earth, playing a crucial role in sustaining life, supporting
ecosystems, and driving economic activities [1]. Despite its importance, water resources are increasingly
threatened by pollution, climate change, and over-extraction [2]. Among the most affected water bodies
are rivers, which serve as primary sources of freshwater for drinking, agriculture, and industry. The
contamination of rivers due to human activities has become a pressing global issue, requiring advanced
analytical techniques for effective monitoring and management.

Rivers are highly susceptible to pollution from various sources, including industrial discharge, agricultural
runoff, and domestic waste [3]. Heavy metals, pesticides, microplastics, and excessive nutrients degrade
water quality, posing significant risks to aquatic ecosystems and human health. Conventional water
quality assessments often fall short in identifying pollution sources and understanding complex water
chemistry interactions. One prominent example of water pollution on an international scale is the pollution
of the Ganges River in India. This sacred river is heavily polluted due to untreated sewage, industrial
waste, and religious offerings that contribute to the degradation of water quality. Estimates suggest that
approximately 1.3 billion liters of untreated sewage is discharged into the river each day, leading to
severe health risks for local populations, including waterborne diseases like cholera and dysentery [4].
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Another example is the contamination of the Great Lakes in North America, which are some of the largest
freshwater bodies in the world. They have faced significant pollution from agricultural runoff, industrial
discharges, and urban pollution, resulting in harmful algal blooms that threaten ecosystems and public
health [5]. These cases illustrate the urgent need for global collaboration and stronger regulations to
address water pollution effectively and protect vital water resources.

In Malaysia, water pollution is a pressing concern that has been exacerbated by rapid industrialization,
urbanization, and agricultural practices. Major rivers, such as the Klang and Gombak, face significant
pollution challenges due to the discharge of untreated wastewater, waste oil, and debris from
surrounding development [6, 7]. Additionally, the use of fertilizers and pesticides in agriculture often leads
to runoff that contaminates nearby waterways. This situation not only impacts local biodiversity but also
affects the livelihoods of communities dependent on clean water for fishing and agriculture. To tackle
these challenges, Malaysia is taking steps to enhance water quality management and promote
sustainable practices, but continued efforts and public awareness are essential for meaningful change.

To address this, chemometric analysis tools have been increasingly employed to interpret large datasets
and provide meaningful insights into river pollution dynamics [8, 9]. Chemometric techniques such as
Principal Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA), are powerful statistical
tools used to assess water quality patterns, identify pollution sources, and model environmental factors
influencing river contamination [10].

A study conducted on the Muda River Basin, Malaysia, employed chemometric tools to evaluate water
quality and identify pollution sources [11]. PCA results revealed that heavy metal contamination was
strongly associated with industrial discharge, while nutrient enrichment was linked to agricultural
activities. AHC further classified river sections based on pollution intensity, highlighting critical zones
requiring immediate intervention.

The integration of chemometric analysis in river pollution studies enhances our ability to monitor,
interpret, and manage water quality effectively. By identifying pollution sources and assessing trends,
these tools support evidence-based decision-making for conservation efforts and regulatory policies.
Moving forward, the application of chemometric techniques should be expanded to other river systems
to ensure sustainable water resource management and environmental protection.

Materials and Methods

Study Area

The study was conducted near the bauxite deposit site in Bukit Goh, Kuantan, Pahang, focusing on three
rivers: Sungai Kuantan, Sungai Riau, and Sungai Pinang. These rivers were chosen as sampling sites
due to their proximity to the mining activities, ranging from 0.5 to 4 km, making them likely to be affected
by pollution. The selection was also based on previous data and past pollution incidents reported by the
Department of Environment, Kuantan. The coordinates for all sampling points were recorded using a
GPS during fieldwork.

Sample Collection

Water sampling was colected, following the comprehensive guidelines set forth by the [12] for collection,
containment, and preservation. Samples were meticulously gathered from three distinct rivers: Sungai
Kuantan, with its meandering banks; Sungai Riau, known for its lush surroundings; and Sungai Pinang,
characterized by its vibrant ecosystem. At each river site, five sampling points were established to ensure
a thorough representation of water quality. Sampling efforts were conducted in the early morning at 9
AM and again in the evening at 5 PM, quarterly over a two-year period from 2018 to 2020, capturing the
dynamic seasonal variations inherent in the region.

Samples were manually extracted from a depth of 0.5 meters using a specialized horizontal water
sampler, ensuring a representative sample from just below the surface. Sampling at 0.5 m was chosen
as it reflects the surface layer commonly used for drinking water intake and treatment. To maintain
sample integrity, they were stored in high-quality 0.5-liter polyethylene bottles.

For Biochemical Oxygen Demand (BOD) analysis, 250 mL BOD bottles were filled, carefully capped
underwater to prevent contamination, wrapped in light-blocking aluminum foil, and stored in a dark box
to protect them from light exposure. To preserve the quality of samples intended for BOD and heavy
metal analysis, we acidified them with 69% nitric acid, adjusting the pH to approximately 2.
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All samples were then stored in a temperature-controlled environment at around 4°C in a cooler box,
effectively inhibiting any microbial activity that could compromise results [12].

Water Quality Assessement

For real-time water quality assessment, we employed the advanced YSI Professional Plus Handheld
Multiparameter instrument, which allowed us to accurately measure vital parameters such as
temperature, pH, dissolved oxygen (DO), total suspended solids (TSS), and ammoniacal nitrogen (NH3-
N), representing the nitrogen content of ammonia. The water’s turbidity—a key indicator of sediment and
particulate matter, was measured using a Portable Turbidimeter (2100 Q HACH). Prior to each sampling
session, we meticulously calibrated every instrument to ensure data accuracy, and we took
measurements three times at each station to enhance reliability and consistency.

Following the collection phase, laboratory analyses were conducted meticulously according to APHA
(2017) methods. The ultrapure water (Milli-Q) was used for reagent and blank preparations, ensuring
that no contaminants influenced our results. Both field blanks and reagent blanks were prepared and
analyzed concurrently with the water samples. The parameters analyzed included BOD, Chemical
Oxygen Demand (COD), and TSS, with strict adherence to standard holding times to ensure the validity

of the test results. The specific instruments and methods employed in this analysis are detailed in Table
1.

Table 1. Instrument and method used for water quality parameters analysis [12]

Parameter Instrument used
Dissolved oxygen (DO) YSI Professional Plus Handheld Multiparameter 449D.
pH YSI Professional Plus Handheld Multiparameter 449D.
Ammoniacal- nitrogen (NHs-N) YSI Professional Plus Handheld Multiparameter 449D.
Turbidity Portable Turbidimeter (2100 Q HACH)

Biochemical oxygen demand (BOD) -

Chemical Oxygen Demand (COD) Digital Reactor Block (HACH DRB 200) and Colorimeter (DR2800 HACH)

Total Suspended Solids (TSS) -

Heavy metals ICP-MS

Quality control is important for the field and analytical works to ensure that highly representative results.
All sample preparation and preservations conducted followed the standard procedures [12]. Standard
Reference Material (SRM) (1640a), National Institute of Standards and Technology (NIST)) was used to
evaluate the method used in the determination of heavy metals in natural water. The certified values for
elements in SRM 1640a were measured by the Inductive Coupled Plasma-Mass Spectrometry (ICP-MS)
and compared to the certified reference material CRM 1640a for validation as shown in Table 2. The
recovery percentages were between 88.0% to 96.0%.

Table 2. Concentrations of metals found in Standard Reference Material SRM1604a (Natural water) from the National Institute of
Standards and Technology (NIST)

Heavy Metal Certified Value Measured Value Recovery

(ppb) (na/L) (%)
Al 14.45 13.87 96.0
Fe 26.77 24.98 93.3
Zn 12.69 11.28 88.9
Cd 0.27 0.24 88.9
Ni 2.58 237 91.9
Pb 0.38 0.35 92.1
Cu 7.77 6.95 89.4
As 418 3.88 92.8
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Water Quality Index (WQlI)

The Water Quality Index (WQI) was thoroughly assessed using the Department of Environment (DOE)
WQI standards, integrating six critical parameters: dissolved oxygen (DO), BOD, COD, ammoniacal
nitrogen, suspended solids, and pH. The WQI formula [13] was applied rigorously to categorize the
overall water quality, offering a clear and comprehensive representation of the ecological status of the
waterways studied. This index serves as an essential tool for stakeholders to understand water quality
dynamics and address potential environmental concerns effectively.

Heavy Metals Analysis in Water Samples

Water samples for heavy metal analysis were preserved with a few drops of high-purity nitric acid and
filtered through 0.45 ym Whatman microfiber filter paper to remove suspended particles. The filtered
samples were then placed in auto-sampler vials for direct injection into the ICP-MS. Heavy metal
concentrations were measured using the Perkin Elmer ELAN 9000 ICP-MS, with results expressed in
micrograms per liter (ppb). Prior to analysis, the ICP-MS underwent sensitivity checks, detection limit
identification, and calibration, following EPA 6020A guidelines. The instrument required at least 30
minutes to reach thermal stability before calibration. Standard solutions were prepared to ensure
accurate data.

Data Analysis

Principal Component Analysis (PCA)

A PCA correlation analysis was employed to evaluate the strength of the relationships among
water quality parameters and the selected heavy metals variables. The results of PCA are
considered to be significant when the eigenvalue of a principal component is greater than one.
Prior to PCA, Kaiser-Meyer-Olkin (KMO) and Barlett's tests were implemented at the beginning
of the analysis to determine the suitability of data for the PCA as well as to evaluate the
adequacy of the data. The KMO test results should be greater than 0.5 and Barlett's test p-
value must be significant at a 0.05 level

Agglomerative Hierarchical Cluster Analysis (AHC)

In this study, an AHC was carried out to group sampling stations in the Sungai Kuantan, Sungai Riau,
and Sungai Pinang based on their pollution level classifications in water, using Squared Euclidean
Distances and Ward's Method. The resulting clusters are presented visually as dendrograms, which
provide an overview of the clustering structure.

Data Treatment

For water quality parameters or heavy metals concentration with values below the method detection limit
(MDL), a substitution method was applied by assigning a value equal to half the MDL (i.e., 0.0005 mg/L).
This approach is widely adopted in environmental research to minimize bias in statistical analyses,
particularly when dealing with non-normally distributed data [32].

Results and Discussion

Water Quality Assessment

In this study, water samples were collected from three sampling stations: Sungai Kuantan, Sungai
Pinang, and Sungai Riau, during both the dry and wet seasons from 2018 to 2020. The Water Quality
Index (WQI) was calculated based on six key parameters: pH, Dissolved Oxygen (DO), Biochemical
Oxygen Demand (BOD), Chemical Oxygen Demand (COD), Total Suspended Solids (TSS), and
Ammonia Nitrogen (NH3-N). The sub-indices for these parameters and the WQI values for the three
rivers are summarized in Table 3.

The pH values in Sungai Kuantan ranged from 5.456 to 6.23, indicating an acidic environment (Class II-
IIl, NWQS). This is consistent with previous studies [14]. Low pH can increase heavy metal solubility,
harming aquatic life. The acidity may result from pollutants like agricultural runoff, industrial waste, or
sewage. In contrast, rivers like Sungai Sedim, Sungai Bertam, and Sungai Selangor recorded pH levels
within the normal range (6.15-7.24), likely due to lower pollution levels and regular monitoring [15, 16].
However, the statistical analysis using ANOVA showed that there is no significant difference in pH among
the sampling stations and between the dry and wet seasons (p > 0.05).
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The Biochemical Oxygen Demand (BOD) values for Sungai Kuantan, Sungai Riau, and Sungai Pinang
in the dry season were 1.23 + 0.6 mg/L, 0.825 + 0.37 mg/L, and 1.03 £ 0.47 mg/L, respectively. In the
wet season, the BOD values were 1.328 + 0.73 mg/L, 1.102 £ 0.21 mg/L, and 1.048 + 0.27 mg/L.
Statistical analysis by applying ANOVA showed that there was no significant difference in BOD levels
among sampling locations and season variation (p > 0.05). In addition, the results from the Table 1
showed that BOD levels were slightly higher in the dry season, likely due to reduced river flow that limits
dilution and causes organic pollutants to accumulate, increasing microbial activity and oxygen demand.

DO levels ranged from 2.4 to 5.3 mg/L in the dry season and 3.2 to 5.2 mg/L in the wet season, classifying
the rivers under Class Il (NWQS). There were statistically significant differences in DO levels between
sampling stations (p = 0.003). Post-hoc analysis revealed that Sungai Kuantan differed significantly from
Sungai Pinang and Sungai Riau. Higher DO levels during the wet season align with [17], attributed to
increased mixing from higher river discharge. A decreasing trend in DO levels from 2016 to 2020
suggests declining water quality [14, 18, 19]. Lower DO in Sungai Pinang may result from stagnant water
and effluent accumulation, while warmer temperatures during the dry season reduce oxygen solubility
(Omer, 2019). Other rivers, like Sungai Jertih and Sungai Petani, showed higher DO levels (6.30-10.09
mg/L), influenced by local conditions [20, 21].

Turbidity ranged from 10.9 to 43.1 NTU (dry season) and 5.5 to 40.2 NTU (wet season), classified as
Class | (NWQS). Unlike typical trends, turbidity was slightly higher in the dry season, likely due to
anthropogenic activities and effluent discharge. Runoff from bauxite mining, agriculture, and urban areas
contributes to turbidity [22]. Previous studies reported similar turbidity levels [14] or lower levels [18]. In
comparison, Sungai Pusu and Sungai Balok had significantly higher turbidity, influenced by erosion and
heavy rainfall. [22, 23] The results showed that there was no significant difference in turbidity between
the dry and wet seasons, but were found significantly difference between different sampling locations,
as indicated by a p-value of 0.046 (p < 0.05).

The COD values in the dry season were as follows: Sungai Kuantan (43.03 + 0.53 mg/L), Sungai Riau
(40.36 + 5.86 mg/L), and Sungai Pinang (39.835 £ 2.83 mg/L). In the wet season, the COD values were
Sungai Kuantan (33.682 + 7.16 mg/L), Sungai Riau (33.48 + 8.10 mg/L), and Sungai Pinang (35.682 +
6.14 mg/L). COD levels in this study were found to be within the range of 39.8 to 43.03 mg/L during the
dry season and 28.8 to 33.6 mg/L during the wet season. These values are slightly higher than the
permissible limit standard of the National Water Quality Standards (NWQS) of 5-50 mg/L and were
classified as Class lll. The maximum COD levels were recorded during the dry season, as dry weather
reduces river velocity, which is necessary to transport organic material from upstream to downstream.
Higher COD concentrations during the dry season may also be linked to rising temperatures, higher
biological activity, and an increased rate of organic matter decomposition [24]. The COD of the water
between the sampling locations and season was found to be not significantly different (p > 0.05). The
presence of COD in river basins is often attributed to anthropogenic activities, such as industrial waste
discharge [25]. The COD values suggest that the water had a high organic content, indicating a decline
in water quality. Previous studies recorded COD levels ranging from 1-79 mg/L, which is higher than the
present study [18], while [19] reported COD values of Sungai Kuantan at 11.5 mg/L.

The TSS levels in the dry season were 23.12 £ 6.98 mg/L for Sungai Kuantan, 28.34 + 5.24 mg/L for
Sungai Riau, and 26.14 + 4.72 mg/L for Sungai Pinang. During the wet season, the TSS values were
20.85 +4.31 mg/L, 24.62 + 5.12 mg/L, and 21.92 + 3.97 mg/L, respectively. ANOVA analysis showed a
significant difference in TSS values among the sampling stations (p = 0.02) but not significantly difference
between seasons. TSS levels ranged from 9.8 to 40.2 mg/L during the dry season and 17.8 to 42.6 mg/L
during the wet season. The highest mean TSS values were recorded in Sungai Kuantan during the wet
season. Based on NWQS classifications, all stations were classified as Class Ill. The maximum threshold
limit of TSS for rivers that support aquatic life is 150 mg/L. The findings of this study are in agreement
with past studies, which also recorded peak TSS concentrations during the wet season in rivers on
Peninsular Malaysia's east coast [18].

A previous study in Kuantan showed TSS values ranging from 20.74 to 52.46 mg/L, with the highest being
recorded at Sungai Balok and the lowest at Sungai Karang [18]. In Malaysia, high TSS levels in rivers are
commonly recorded during the wet season due to runoff from logging, agriculture, and urban areas [13].
Suspended solids indicate the presence of impurities such as soil, industrial waste, and organic matter,
including dead plants, living organisms, and sewage [26]. Excessively high or low TSS concentrations can
affect wastewater treatment efficiency, water clarity, and irrigated crops [27]. TSS levels contribute to
turbidity, reducing light penetration and limiting photosynthetic activity, which in turn affects aquatic life.
Additionally, high TSS can serve as a nutrient source for bacteria, further degrading water quality.
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The Ammonia Nitrogen (NH3-N) values in the dry season were 0.72 + 0.68 mg/L for Sungai Kuantan,
0.455 * 0.44 mg/L for Sungai Riau, and 0.525 + 0.50 mg/L for Sungai Pinang. In the wet season, the
NH3-N levels were 1.068 + 0.27 mg/L, 0.714 £ 0.18 mg/L, and 0.596 + 0.19 mg/L, respectively. Statistical
analysis showed no significant difference in NH3-N levels among sampling locations and seasons (p >
0.05). NH3-N levels tend to be slightly elevated during the wet season as rainfall enhances leaching and
mobilization of nitrogen compounds from surrounding soils, fertilizers, and waste deposits into the river
systems.

Table 3. Seasonal variation of mean £ SD water quality parameters (ppm dry weight) in water samples of Sungai Kuantan, Sungai Riau,

and Sungai Pinang

Sungai Kuantan Sungai Riau Sungai Pinang
Season Dry Wet Dry Wet Dry Wet

pH 6.23+0.5 6.12+0.31 5.69+0.63 5.45+0.36 6.21+0.62 5.94+0.28

BOD (mg/L) 1.23+0.6 1.32+0.7 0.82+0.37 1.10£0.21 1.03+0.4 1.0410.27
COD (mg/L) 43.0+0.1 33.6817.1 40.3615.8 33.4818.1 39.83+2.8 28.83+9.2
DO (mg/L) 5.3+0.29 5.5682+0.4 2.7110.09 3.548+0.7 2.475+0.4 3.284+0.9
TSS (mg/L) 40.2+0.7 47.67+7.5 11.72+3.5 17.81£2.0 9.835+3.2 26.65+9.3
Turbidity (NTU) 43.1+3.2 40.25+4.8 14.79+3.7 11.68+1.1 15.53+4.1 10.99+0.5
NHsN(mg/L) 0.72+0.6 1.068+0.2 0.45+0.44 0.71+0.18 0.52510.5 0.596+0.19

Water Quality Index (WQlI)

Table 4 show the WQI values for Sungai Kuantan in the dry and wet seasons were 80.096 and 78.119,
classifying it as Class |l, meaning the river was clean but required standard treatment for water supply.
n Sungai Riau and Sungai Pinang had WQI values of 71.53 and 72.56 in the dry season and 71.54 and
74.02 in the wet season, respectively, classifying them as Class lll. This classification indicates that
these rivers were slightly polluted and required conventional treatment before use for water supply or
fisheries. According to the DOE-WQI classification, Sungai Kuantan was categorized as Class I,
whereas Sungai Pinang and Sungai Riau, located downstream with high anthropogenic activities, were
classified as Class lll, indicating slight pollution. This was mainly due to very low DO concentrations at
these stations. Despite Sungai Riau being located upstream, its proximity to Bukit Goh, where mining
activities take place, contributed to pollution. This is consistent with the Environmental Quality Report
(2014), which reported WQI values of 88 for Sungai Kuantan and 77 for Sungai Riau.

WAQI values generally decreased from upstream to downstream along the rivers, which was expected
based on individual water quality parameters. The present study recorded WQI values ranging from 71
to 80 for Sungai Kuantan, Riau River, and Pinang River. In comparison, a study by [14] reported WQI
values for Sungai Kuantan and its tributaries between 86 and 95. Additionally, Sungai Riau was
previously reported to be polluted by heavy metals due to bauxite mining in Bukit Goh [28].

Table 4. Sub-indexes of six water quality parameters and Water Quality Index (WQl)for different water sampling stations

River Season Si DO Si BOD Si COD Si AN Si TSS Si pH wal Class
Sungai Dry 75.85 95.19 54.01 70.72 76.50 92.20 80.09 Il
Kuantan Wet 76.85 94.78 60.85 56.72 73.58 87.90 78.11 Il

Dry 28.32 96.91 54.74 80.54 90.74 76.88 71.53 1

Sungai Riau Wet 41.75 95.738 61.17 68.14 87.4 67.75 71.54 1
Dry 2412 96.04 56. 77.6 91.79 91.29 72.58 i

Sungai Pinang Wet 36.11 95.96 65.78 74.2 83.5 85.41 74.02 m
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Fe, Al, and Pb levels in Water Samples

Table 5 shows the Fe levels recorded during both the dry and wet seasons at three distinct sampling
locations. The concentration of Fe in the water was the highest among all tested metals across all rivers.
The most notable concentration was found in Sungai Riau at 3.439 + 0.0010 ppb, followed by Sungai
Pinang at 0.477 + 0.003 ppb and Sungai Kuantan at 0.2 + 0.001 ppb. During the wet season, Fe
concentrations rose significantly, with Sungai Riau measuring 275.740 + 0.12 ppb, Sungai Kuantan at
113.497 £ 0.13 ppb, and Sungai Pinang at 14.711 + 0.007 ppb. The Fe concentrations in the studied
rivers were generally low, remaining well below the permissible limit of 1.0 ppm [13]. Seasonal variations
showed lower Fe levels during the dry season due to reduced runoff and sediment transport, whereas
higher concentrations were observed in the wet season, reaching up to 275.7 ppb at Sungai Riau. This
increase is linked to higher water flow and increased erosion. Despite these fluctuations, Fe levels in the
rivers were within acceptable limits, indicating no immediate concern for water quality. However,
continuous monitoring is necessary to detect any potential changes that could impact aquatic life and
human health. Fe is an essential micronutrient however, excessive exposure will lead to health risks,
including anemia, liver damage, and increased cancer risk. In aquatic systems, Fe tends to accumulate
in biota rather than remain dissolved in water [45].

The concentration of Al in the water samples during the dry season are 0.073 + 0.001 ppb, 0.582 + 0.001
ppb, and 0.072 + 0.001 ppb, and 28.702 + 0.03 ppb, 30.047 + 0.01 ppb, and 25.810 £ 0.01 ppb during
the wet seasons respectively. According to the Kruskal-Wallis statistical analysis, there were no
significant variations in Al concentrations among sampling stations (p > 0.05), but a significant difference
was observed between the dry and wet seasons. Al concentrations ranged from 0.072 to 30.04 ppb, with
higher levels recorded during the wet season. These values were significantly lower than the permissible
limit of 60 ppb [13] and far below the WHO and USEPA standard of 2000 ppb. Comparisons with previous
studies in Kuantan rivers showed that past contamination, particularly during bauxite mining activities,
led to much higher Al levels. Although Al is naturally abundant, excessive concentrations can be toxic to
aquatic organisms, particularly those with gills [29]. Once absorbed, it tends to accumulate in living
tissues faster than it can be metabolized or excreted. In humans, prolonged exposure to Al has been
linked to neurological disorders, reduced cognitive function, and a higher risk of Alzheimer’s disease
[30]. Ingesting high levels of Al may also interfere with phosphate absorption, which is essential for bone
development, leading to bone diseases, especially in children [31]. Given its potential toxicity, regular
monitoring is essential to prevent future contamination risks.

Moreover, the highest level of Pb during the wet season was found in Sungai Riau (0.591 ppb), while
the lowest was recorded in Sungai Pinang (0.243 ppb). During the dry season, Pb levels in water samples
from all three rivers were below 0.001 ppb and nearly undetectable, indicating a notable increase in
concentration during the wet season. Pb was detected in three rivers at a very low concentration of 0.001
ppb, which is almost undetectable. The measured values were far below the permissible limits of 0.02—
2 ppm [13] and 0.05 mg/L [33]. Previous studies reported higher Pb levels, likely influenced by factors
such as pollution sources, geographic location, and seasonal changes. The current study suggests that
Pb contamination in rivers is minimal. However, given its toxic nature and bioaccumulation risks,
continuous assessment is recommended to ensure long-term water safety. Pb poses serious risks to
both animals and humans. In animals, it affects physiological, behavioural, and biochemical functions
[34]. Meanwhile, in humans, especially pregnant women, high Pb exposure can cause miscarriage,
stillbirth, premature birth, and low birth weight. It may also reduce fertility, as Pb accumulates in bones
and can later be released into the bloodstream [35].

Table 5 Mean heavy metals values (ppb) in the water surface among rivers

Rivers
Hea(\s:)g;etal Seasons Sungai Kuantan Sungai Riau Sungai Pinang
Dry 0.2+0.001 3.439+0.001 0.477+0.003
Fe Wet 113.497+0.13 275.740+0.12 14.711£0.007
Dry 0.073+0.001 0.582+0.001 0.072+0.001
Al Wet 28.702+0.03 30.047+0.01 25.810+0.01
Dry 0.001+0.001 0.005+0.001 0.002+0.001
Pb Wet 0.335+0.001 0.591+0.001 0.243+0.001
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Principal Component Analysis (PCA) and Agglomerative
Hierarchical Clustering (AHC)

The correlation biplot analysis of water quality in three rivers in Figure 1 revealed certain correlations
between different parameters. These correlation findings provide insights into the relationships between
different water quality parameters and heavy metal concentrations. The correlation coefficient (r) ranges
vary according to the parameters of each river. The KMO results for data in Sungai Kuantan, Sungai
Riau and Sungai Pinang were 0.712, 0.771 and 0.740 respectively (greater than 0.5) and sufficient for
PCA extraction.

The biplot from the Principal Component Analysis (PCA) for Sungai Kuantan explains 78.46% of the
variation in water quality, with the first component (F1) contributing 44.74% and the second (F2) 33.71%.
This indicates that these components are crucial for understanding the relationships among water quality
parameters. Key findings include that NH3-N (ammonia), BOD (biochemical oxygen demand), and
turbidity have strong positive values on F1, indicating they significantly influence water quality along this
axis. Conversely, DO (dissolved oxygen), COD (chemical oxygen demand), TSS (total suspended
solids), and pH have negative values on F1, suggesting an opposite trend. F2 is mainly influenced by
Pb and Fe. The DO level in water samples of Sungai Kuantan showed a strong negative correlation with
BOD (r =-0.905). This finding is consistent with a study conducted in the Terengganu River Basin, which
also reported a negative correlation between DO and BOD, highlighting the common pattern where
increased organic pollutants lead to lower dissolved oxygen levels [35]. DO level also exhibited a
negative low correlation with ammonia (NH3-N) and turbidity (r = -0.361, -0.435), while having a positive
moderate correlation with total suspended TSS, pH, COD, and temperature (r = 0.113 - 0.638).
Consequently, elevated levels of NH3-N and turbidity in the water also contribute to oxygen depletion.
The increases of the capacity of poisonous ammonia leads to low DO levels in the water, causing aquatic
species vulnerable to stress [36]. The pH level demonstrated a significantly strong positive correlation
with TSS (r = 0.912), NH3-N (r = 0.914), and BOD (r = 0.857), respectively. Moreover, COD exhibited a
moderate positive correlation with all heavy metals examined in the water samples, including Pb, Al, and
Fe (r=0.303 - 0.75). In addition, all heavy metals showed significant positive correlations with each other
within the range of r value between 0.88 to 0.99. This suggests that heavy metals likely came from the
same source, such as metal and non-ferrous mineral deposits in the area. This also indicates that the
observed variations in water quality and heavy metal concentrations may be influenced by bauxite mining
activities in Kuantan, as supported by [37], who reported similar contamination trends near mining sites
as bauxite mining plays a significant role in altering these parameters.

In addition, the PCA biplot for Sungai Riau illustrates the relationships between various water quality
parameters along two principal components, F1 (39.52%) and F2 (30.65%), which together explain
70.16% of the total variance in the dataset. Parameters positioned closely together share strong positive
correlations, while those on opposite sides exhibit negative correlations. Pb, turbidity, NH3-N, and BOD
are positively associated with F1, indicating that they contribute significantly to variations along this axis.
In contrast, DO, TSS, COD, and pH are negatively correlated with F1, suggesting an inverse relationship
with the first group of parameters. Notably, DO and COD are strongly related, pointing in the same
direction, implying they might be influenced by similar environmental factors. A previous study by [38]
found that higher BOD and COD levels reduce DO in water bodies, as increased pollution raises oxygen
demand. Bauxite mining worsens these problems by causing land clearing and runoff, which elevate
organic matter and pollutants, further depleting oxygen in the rivers.

Meanwhile, the PCA results for Sungai Pinang also revealed that the three studied heavy metals and
river COD had high loadings in the same factor group (F1) across all three rivers. A similar pattern was
observed in previous study [39] where PCA showed COD loaded strongly with BOD on one factor, and
heavy metals like Cu and Pb grouped on a related factor, suggesting that organic pollutants and metals
often share common pollution sources, such as industrial or domestic waste discharge. However, others
parameters were placed in a separate factor group (F2), suggesting no significant correlation between
them with heavy metal concentrations. This implies that variations in parameters such as pH, NH3-N,
TSS, and DO not strongly influence heavy metal levels. This result is in agreement with [40] that reported
water quality parameters such as pH and DO may not always correlate strongly with heavy metal
concentrations but it suggests that this factors still help distinguish areas affected by natural processes
from those influenced by human activities. The highest percentage of variability was explained by D1,
highlighting the greater contribution of heavy metals to overall water pollution. Overall, this PCA biplot
identifies key water quality parameters and their interrelationships, which can help in monitoring pollution
and managing water quality more effectively.
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Figure 1. PCA biplot of water quality parameters (ppm dry weight) in water samples of a) Sungai Kuantan, b) Sungai Riau, and c) Sungai

Pinang

Agglomerative Hierarchical Clustering (AHC) was performed using the Ward’s linkage method, which
minimizes the total within-cluster variance. The Euclidean distance metric was used to compute
dissimilarities between samples. To validate the consistency of the resulting dendrogram, the cophenetic
correlation coefficient (CCC) was calculated. A CCC value for Sungai Kuantan, Sungai Riau and Sungai
Pinang were 0.797, 0.8165 and 0.6486 indicates a good fit between the dendrogram structure and the
original distance matrix.

Cluster analysis was performed to classify water quality parameters and heavy metals based on their
similarities and dissimilarities. The results revealed distinct clustering patterns in different river systems,
as represented by dendrograms in Figures 2. The dendrogram illustrates the hierarchical clustering of
water quality parameters based on their similarity, with the y-axis representing dissimilarity levels.
Parameters that merge at lower dissimilarity values share stronger relationships, while those connected
at higher levels are more distinct.

In Sungai Kuantan, three main clusters are identified which are the first cluster (turbidity, BOD, NH3-N)
indicates a strong association, likely related to organic pollution. The second cluster (Al, Pb, Fe) suggests
a link between metal contaminants, while the third cluster (COD, DO, pH, TSS) represents parameters
influencing water chemistry. The blue cluster, merging at the highest dissimilarity level (~20), is the most
distinct, while the red and green clusters are moderately related, merging around a dissimilarity level of
10. This clustering pattern highlights potential pollution sources and interactions among water quality
parameters, providing insights into the underlying environmental processes.
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Figure 2. Dendrogram of AHC analysis of water quality parameters (ppm dry weight) in water samples of a) Sungai Kuantan, b)
Sungai Riau, and c) Sungai Pinang

In Sungai Riau, the analysis also identified three major clusters. Cluster 1 contained BOD and NH3-N,
suggesting a strong association between these organic pollution indicators. Cluster 2 was further divided
into subclusters: Cluster 2.1, which included TSS and turbidity, and Cluster 2.2, which pH and DO.
Meanwhile, COD, Pb, Al, and Fe were grouped in Cluster 3, highlighting their interrelation in influencing
water quality characteristics.

Similarly, in Sungai Pinang, three primary clusters were observed. Cluster 1 was composed of DO and
TSS, which are critical indicators of aquatic health. Cluster 3 was divided into two subclusters: Cluster
3.1, which grouped COD and Cluster 3.2, which contained Al, pH, Pb, Fe, and turbidity suggesting that
these heavy metals share common sources or similar environmental behaviors and can contribute to Ph
and turbidity of water. Overall, the cluster analysis effectively grouped water quality parameters and
heavy metals, providing insights into pollution patterns and potential contamination sources. The
formation of distinct clusters highlights the interdependencies among variables, which can be used for
targeted water quality monitoring and management strategies. These patterns suggest that
anthropogenic activities, particularly industrial discharges, mining, and manufacturing, may
simultaneously introduce these metals into the aquatic environment. The clustering also aligns with
previous studies, where metals with similar chemical behavior and mobility tend to group together [41,
42].

Comparisons with other studies further support the observed clustering trends. Pb and Zn have been
reported in the same cluster in the Amaravathi River, likely due to irrigation practices and surface runoff
[43]. Similarly, Mn, Cu, and Zn were clustered in the Subarnarekha River, where industrial effluents were
identified as a key source [44]. In China, Zn and Pb were found together in the Yangping River, where
contamination was linked to smelting activities near the river [34]. These findings suggest that variations
in metal distribution can be attributed to specific sources of pollution and their geochemical behavior in
river systems.

Conclusions

The findings had reported that water quality in Sungai Kuantan, Sungai Riau, and Sungai Pinang varied
by river and season. Based on NWQS, temperature and turbidity were within safe limits (Class 1), while
DO and BOD were Class Il. pH, COD, and TSS were Class Ill, and NH;-N was Class V. Water quality
declined during the wet season compared to the dry season. This study also revealed that while seasonal
variation had no significant difference on the water quality parameters measured, spatial differences
between sampling stations were statistically significant. This indicates that local environmental and
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anthropogenic factors play a more influential role in shaping water quality in Sungai Kuantan than
seasonal changes. Therefore, continuous spatial monitoring and targeted management strategies are
essential, especially in areas affected by human activities. The Water Quality Index (WQlI) classified
Sungai Kuantan as Class Il (WQI: 80.10-78.12), requiring conventional treatment, while Sungai Riau
and Sungai Pinang fell under Class Il (WQI: ~72—71), indicating slight pollution and the need for
extensive treatment. Heavy metal analysis showed Fe was the most abundant in water sample of Sungai
Kuantan (113.49 ppb) and Sungai Riau (275.74 ppb), while Al (25.81 ppb) was highest in Sungai Pinang
during the wet season. However, all metals remained within NWQS (2021), WHO, and USEPA (2017)
limits. The PCA biplot analysis showed that NH3-N, BOD, and turbidity strongly positively correlate with
each other, while DO negatively correlates with BOD and NH3-N in all three rivers. pH, TSS, and COD
exhibit positive correlations, whereas heavy metals like Pb, Fe, and Al are strongly correlated among
themselves and moderately linked to COD. This study helps identify key water quality parameters
influencing river pollution, allowing for targeted monitoring and management. While the findings provide
valuable insights, we acknowledge the limitation in sampling design. Therefore, we recommend that
future studies particularly those conducted in mining-impacted areas, adopt vertical profiling to better
assess water column stratification and the vertical distribution of contaminants. By understanding the
relationships between pollutants, authorities can implement more effective water treatment strategies,
prioritize high-risk contaminants, and develop policies to mitigate pollution sources, ultimately improving
river ecosystem health and water safety.
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