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Abstract

Water Treatment Plants (WTPs) play a vital role in ensuring safe
drinking water by removing contaminants, with turbidity serving as a
key indicator of raw water quality. However, turbidity levels in raw
water sources are increasingly influenced by extreme weather events
and anthropogenic activities, presenting challenges for effective water
treatment. This study aims to assess turbidity trends and identify
contributing factors in WTPs across Sabah, Malaysia, to support more
sustainable water management practices. Turbidity data from the
WTPs, spanning 1 to 8 years, were analysed, supplemented by time-
lapse satellite imagery to assess upstream catchment conditions
wherever possible. Data were categorised into four administrative
divisions - West Coast, Kudat, Interior, and Tawau divisions - and
examined for temporal and spatial variations. The analysis revealed
frequent turbidity spikes, particularly in the Tawau and Interior
divisions, with some WTPs, such as Kalabakan and Beaufort I & II,
recording levels exceeding 1000 Nephelometric Turbidity Units (NTU),
which is the operational shutdown threshold used by WTPs to prevent
treatment failure and equipment damage. Kalabakan recorded a peak
turbidity of 2,264 NTU, while BeaufortI and Il reached 2,528 NTU, more
than twice the downtime threshold. These elevated levels were closely
linked to extensive land clearing and agricultural activities. The study
underscores the importance of integrated water resource management,
including erosion control, reforestation, and stricter land-use
regulations. To improve operational resilience, real-time turbidity
monitoring and predictive modelling are recommended to enhance
WTP resilience and ensure a sustainable water supply in tropical
regions amidst intensifying environmental pressures.

This is an open access article under the CC BY-NC-SA 4.0 license.
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1. Introduction

Water Treatment Plants (WTPs) are essential in protecting public health by ensuring the consistent delivery of
safe drinking water. They effectively remove a wide range of contaminants through advanced processes such as
coagulation, sedimentation, and sand filtration, which can eliminate suspended particles from raw water sources.
These treatment methods also significantly reduce the presence of harmful microorganisms. For example, WTPs
can remove up to 99% of mycobacteria, which are highly resistant to conventional disinfection methods [1]. This
capacity is crucial in reducing the prevalence of waterborne diseases [2]. These facilities have been critical in
mitigating severe health risks associated with significant exposure to bacteria, nutrients, heavy metals and more
recently, emerging organic contaminants e.g., pesticides and industrial additives, in surface water sources [3].

Turbidity, measured in Nephelometric Turbidity Units (NTU), reflects the presence of suspended particles
such as sediment, organic matter, and microorganisms [1]. While not directly harmful, turbidity often correlates
with pathogenic microorganisms and serves as a key indicator of raw water quality [4]. Elevated levels during
extreme weather can overwhelm treatment performance, reducing water availability and increasing health risks
[1], [5]- These disruptions have been linked to outbreaks of gastrointestinal illness [6] — [9]. Turbidity also
increases chlorine demand and can reduce disinfection effectiveness [1]. In visibly cloudy water (typically above
4 NTU), public trust declines, and users may turn to unsafe sources [10]. Thus, turbidity is both a public health
and operational concern in WTPs.

High turbidity also imposes significant operational and economic burdens on WTPs. WTPs are frequently
forced to shut down following heavy rainfall, as elevated turbidity overwhelms the treatment processes,
increasing the risk of untreated or poorly treated water entering the distribution system [1]. Furthermore,
sporadic spikes in turbidity can allow enteric pathogens to bypass treatment barriers, whilst suboptimal filtration
after filter backwashing further compromises water safety by introducing pathogens into the distribution system.
Higher coagulant dosing is required during periods of extreme turbidity, driving up operational costs. Rapid
turbidity fluctuations necessitate adaptive management strategies, such as adjusting treatment processes,
managing abstraction depths, and even avoiding affected water sources [4]. Failure to meet turbidity targets not
only signals potential pathogen presence but also increases the risk of biofilm detachment in the distribution
system, further degrading water quality [4].

Turbidity in water systems is heavily influenced by natural processes and environmental events. Seasonal
variations, such as increased rainfall during rainy or typhoon seasons, contribute significantly to surface runoff,
which mobilizes sediments and other particulate matter into water bodies [1], [11], [12]. Transient turbidity
events caused by heavy rainfall and spring snowmelt further increase sediment loads, even affecting treated water
quality [13]. Extreme weather events like floods and droughts also play a critical role [14]. Natural disturbances
such as wildfires can exacerbate turbidity, with burned watersheds showing turbidity increases of up to 200%,
and peaks during stormflows reaching as high as 1,311 NTU [15]. Furthermore, watersheds with steep slopes or
sedimentary rock formations, like limestone, naturally experience higher sediment transfer rates, further
contributing to elevated turbidity levels [14].

Human activities significantly intensify turbidity in water systems by altering natural landscapes and
introducing pollutants. Urbanisation increases impervious surfaces, leading to greater surface runoff and
sediment transport. Urban watersheds consistently exhibit total suspended solids (TSS) concentrations up to
300% higher than forested areas, with sediment and nutrientloads sometimes five times greater [14]. Agricultural
practices contribute to turbidity through runoff containing fertilisers, pesticides, and loose soil, which elevate
sediment loads and nutrient levels. Deforestation accelerates soil erosion, resulting in sediment yields 20-50%
higher in deforested watersheds compared to intact forests [14]. Additionally, salvage logging after wildfires
exacerbates turbidity, with logged watersheds exhibiting TSS levels over 19 times higher than reference
watersheds and peak turbidity levels reaching 1,179 NTU during stormflows [15]. Point sources like wastewater
discharges also contribute to turbidity by releasing organic matter and pathogens directly into water bodies [1].
These anthropogenic factors not only increase turbidity but also complicate water treatment processes,
highlighting the need for effective land-use management and pollution control to maintain water quality.

Sabah, a Malaysian state in Borneo, offers a compelling case for studying turbidity challenges in water
systems. Its diverse natural landscapes and complex river networks are highly vulnerable to both natural and
anthropogenic pressures, often resulting in raw water quality deterioration and supply disruptions. Heavy rainfall
during monsoon seasons and extreme weather events, including typhoons from the nearby Philippines, frequently
cause sudden spikes in turbidity [16], complicating water treatment operations. Projected increases in rainfall
intensity [17] — [18], which will exacerbate water supply challenges, particularly in rural areas [19]. Meanwhile,
rapid urbanisation, expanding oil palm plantations, and widespread land clearing continue to increase sediment
loads in many catchments [20] — [22], placing additional strain on WTPs. Despite growing concerns, there is a lack
of studies in Sabah that quantify turbidity trends in relation to upstream land-use change and operational impacts
at WTPs. This study addresses this gap by analysing turbidity data from 20 WTPs managed by Sabah State Water
Department (JANS) with the highest recorded downtimes. The findings aim to inform more effective water
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resource management in Sabah, particularly in shaping land-use regulation, catchment protection strategies, and
climate-resilient water supply planning.

West Coast division
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Fig. 1 Location of 20 WTPs in Sabah, Malaysia. The WTPs in the West Coast division is enclosed by an orange
border, in the Kudat division a green border, in the Interior division a cyan border and in the Tawau division a
magenta border. The zoomed-in insets of the West Coast, Kudat and Interior divisions are provided to enhance

visibility

2. Methodology

This study analyses turbidity data measured at the raw water intakes of 20 WTPs managed by the Sabah State
Water Department (JANS). The temporal coverage of the turbidity datasets varies between WTPs, with Kg
Mesapoh having the longest dataset, spanning from 2014 to 2022, and Kalabakan and Merotai having the shortest,
covering 2021 to 2022. To streamline the analysis, the WTPs are categorised into four administrative divisions:
West Coast, Kudat, Interior, and Tawau, as shown in Fig. 1 and Table 1. Table 1 also includes information on the
design capacities in million litre per day (MLD), number of reported downtimes between January 2020 and
December 2022, and number of turbidity data for each WTP in this study.

Turbidity data were obtained directly from the Sabah State Water Department (JANS) as part of routine in-
situ measurements conducted at raw water intakes. Although detailed specifications of the measurement
instruments were not provided, the data were collected in accordance with JANS’s regulatory monitoring
protocols and reported in standard nephelometric turbidity units (NTU). While minor variations in
instrumentation or measurement frequency may exist between WTPs, the dataset is considered reliable for the
purpose of this study, given its source from official regulatory records.

Land-use changes were identified through visual comparison of satellite images in Google Earth Pro from two
time periods: prior to January 2020 and between January 2020-December 2022, based on the best available
imagery for each location within those periods. The analysis focused on visible indicators such as exposed soil
surfaces, expansion of plantation grid patterns, and signs of terraced land clearing in upstream catchment areas.
These images were manually selected to maximise visibility and minimise cloud cover. Only high-resolution
imagery was used to ensure accurate interpretation. Automated classification techniques were not employed, as
the primary objective was to provide qualitative support to the turbidity trends observed at each WTP.
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Table 1 Summary of the reported downtimes and details of the turbidity data for all WTPs in the study

No. WTP Design No. of reported downtimes with No. of turbidity
capacity turbidity = 1,000 NTU data obtained
(MLD) (January 2020 - December from JANS
2022)
West Coast division
1 Kg. Topokon I 3 42 36
2 Kg. Topokon I1 6 40 32
3 Pekan Kota Belud 22 46 63
4 Bayayat 15 79 58
Kudat division
5 Bandau 30 79 19
Interior division
6 Beaufort I 30 44 79
7 Beaufort II 30 60 78
8 Kg. Ulau 15 53 71
9 Kg. Agudon 8 41 38
10 Kg. Bingkor 20 45 54
11 Kg. Keningau 5 75 48
12 Tulid 8 131 31
13 Sook [ &I 3.5 209 42
14 Senagang [ & 11 12 97 51
15 Pekan Tenom 4.5 46 28
16 Mesapoh 8 129 67
Tawau division
17 Kalumpang 12.5 108 28
18 Kalabakan 2 97 27
19 Kg. Silabukan 4 36 36
20 Merotai 5 193 29

The turbidity data are visualised through two distinct types of plots. The first plot illustrates the time histories
of turbidity data measured by JANS, recorded at each WTP intake. A horizontal threshold line at 1000 NTU is
superimposed on these plots, representing the operational limit beyond which the WTP must temporarily shut
down to prevent complications in the water treatment processes and equipment damages [23]. The second plot
provides a smoothed representation of the turbidity data using a 5-period moving average, calculated as in Eqn.

(1):

t+2

1
Tuae=z ) T, (M
i=t-2

Here, Ty 4, denotes the moving average of the turbidity data at t time, and T; represents the measured
turbidity at time i. This approach reduces short-term variability, allowing the identification of broader trends in
the data. To examine long-term trends, a linear trendline is fitted to the moving average using first-order
polynomial regression. The trendline equation is given by Eqn. (2):

Ttrend,t =a+bt [2)
where Tpqnq ¢ IS the predicted turbidity at time ¢, a is the intercept, and b is the slope of the trendline. The

parameters a and b are estimated using the least time square method, which minimises the sum of squared
residuals between the measured and predicted turbidity (Eqn. (3)):
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. 2
anZ(TMA,t - Ttrencl,t) (3)

t

In addition to the trendline, the plots include a horizontal threshold at 50 NTU, corresponding to the Class II
standard outlined in the National Water Quality Standards for Malaysia (NWQSM). This threshold delineates the
turbidity levels suitable for conventional treatment under Class I1A, which is deemed appropriate for potable
water supply [24].

To complement the quantitative analysis of turbidity trends, a qualitative assessment of upstream catchment
conditions is conducted using time-lapsed satellite imagery from Google Earth Pro, whenever high resolution
images are available. This involves comparing historical and recent satellite images of the catchment areas feeding
into each WTP. Particular attention is paid to identifying land use changes such as land clearing due deforestation,
agricultural expansion, urbanisation, and other anthropogenic activities that may contribute to increased
sedimentation and, consequently, higher turbidity levels in the raw water sources.

3. Results and Discussions

This section presents the analysis of turbidity data collected from 20 WTPs across four divisions in Sabah: West
Coast, Kudat, Interior, and Tawau. The discussion highlights spatial and temporal variations in turbidity levels,
including their relationship with upstream land-use changes. By analysing the turbidity data in detail, this study
not only identifies the immediate factors contributing to elevated turbidity levels but also emphasises the broader
implications for water resource management, including the need for adaptive strategies to ensure sustainable
WTP operations.

3.1 West Coast division

In this study, the WTP located in the West Coast division serves several areas, including Kg Topokon I, Kg Topokon
11, Pekan Kota Belud, and Bayayat. Kg Topokon I and Kg Topokon II are situated in the Tuaran district and abstract
raw water from Sg. Topokon, an upstream tributary of Sg. Tuaran. Meanwhile, Pekan Kota Belud and Bayayat,
located in the Kota Belud district, rely on different water sources: Bayayat abstracts from Sg. Kadamaian, whilst
Pekan Kota Belud, located downstream of Bayayat, receives water from both Sg. Kadamaian and Sg. Wariu.

The turbidity time series for these four water intakes, spanning from 3 to 5 years (Fig. 2), indicates that
turbidity levels have consistently remained below the 1000 NTU threshold. This observation suggests minimal or
no shudown at the WTPs during this period, as high turbidity levels often trigger operational downtimes to
prevent damage to treatment systems and ensure compliance with water quality standards. However, whilst these
results may seem reassuring, they should be interpreted with caution. Several limitations may affect the reliability
of these observations, including gaps in data, potential underreporting during extreme weather events, and the
absence of continuous turbidity monitoring, particularly during long periods of COVID-19 movement restrictions.

A closer look at the moving averages of turbidity levels (Fig. 3) provides additional insights into the longer-
term trends. For Pekan Kota Belud and Bayayat, the turbidity levels have remained within the Class II range,
indicating that the raw water quality from Sg. Kadamaian and Sg. Wariu is generally good and suitable for
treatment with conventional methods. This stability suggests that, despite some variability, these water sources
are less impacted by significant upstream disturbances or land-use changes during the study period.

In contrast, the turbidity levels at Kg Topokon I and Kg Topokon Il exhibita clear increasing trend, particularly
from 2021 onwards. This trend points to a gradual deterioration of raw water quality, raising concerns about the
sustainability of Sg. Topokon as a reliable water source. The rising turbidity levels are particularly concerning as
they indicate increased sediment loads, which can lead to higher treatment costs and potential strain on the WTP’s
capacity to meet water demand.
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Fig. 2 Time histories of the turbidity data at the plants in the West Coast division, along with the threshold for
water treatment plant closures (i.e. 1000 NTU)
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Fig. 3 5-period moving average of turbidity data time histories and the projected trendlines at the plants in the
West Coast division, along with the threshold for Class Il of the DOE’s NWQSM (i.e. 50 NTU)
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The deterioration in water quality at Kg Topokon I and Kg Topokon Il appears to be closely linked to significant
land-use changes in the upstream catchment area (Fig. 4). One notable factor is the large-scale terraced-cut land
clearing observed near Kg. Toboh Baru, located approximately 12 km upstream of the WTP. Based on time-lapse
Google satellite imagery (Fig. 5), the cleared land area in this region has increased roughly fourfold between 2019
and 2021. Such extensive land clearing is likely to expose large areas of soil to erosion, particularly during heavy
rainfall, resulting in increased sediment loads in the river system.

Legend

Kg Toboh Baru
y Loji Rawatan Air Topokon | & I, Tarnparuli
S+ 5g Topokon

Fig. 4 Sg Topokon upper catchment, showing the location of the Topokon I & Il WTP and Kg Toboh Baru. The red
box shows the location of the cleared land surrounding Kg. Toboh Baru. (Source: Google Earth)

Fig. 5 The zoomed-in images within the red box in fig. 4 showing the extent of cleared land surrounding Kg Toboh
Baru in (a) 28t February 2019; and (b) 9t March 2021. (Source: Google Earth)
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3.2 Kudat Division

Bandau is the only WTP in this study located within the Kudat division, specifically in Kota Marudu. It abstracts
raw water from Sg. Bandau, a critical water source for the region. Turbidity levels recorded at the intake from
2020 to 2022 have remained below the 1000 NTU threshold and within the Class II range (Fig. 6), with a peak
turbidity of 142 NTU. This suggests that the water quality is generally within acceptable limits for conventional
treatment processes, ensuring consistent WTP operations during this period. However, a closer examination of
the project trendline (Fig. 6, right panel) reveals a slight upward trend in turbidity levels. Whilst the observed
values still fall within the Class II range, the increasing trend signals a gradual deterioration in raw water quality.
This subtle but notable change could have implications for the long-term sustainability of the WTP, as even
marginal increases in turbidity may elevate treatment costs and operational complexity over time.

The observed deterioration can be linked to changes in land use upstream of the WTP. Time-lapsed satellite
imagery highlights a significant terraced land clearing of approximately 0.5 km? near Kg. Lampada, located about
6 km upstream of the WTP (Fig. 7). In the 2020 satellite imagery (Fig. 7(a)), this area shows clear signs of
disturbance, in contrast to the relatively undisturbed landscape seen in 2019 (Fig. 7(b)). Such land-clearing
activities are known to increase soil erosion, particularly during rainfall events, contributing to higher sediment
loads in the river system.
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Fig. 6 Time histories of turbidity data at the Bandau plant along with the threshold for water treatment plant
closures (i.e. 1000 NTU) (left panel); the 5-period moving average of turbidity data time histories and the
projected trendline, along with the threshold for Class Il of the DOE’s NWQSM (i.e. 50 NTU) at the Bandau

plant.

Fig. 7 The extent of cleared land surrounding Kg Lampada in (a) 17% August 2019 and (b) 6t July 2020. (Source:
Google Earth)
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3.3 Interior Division

The Interior division contains the highest number of WTPs in this study, comprising 11 out of the 20 WTPs
analysed. These include Beaufort I, Beaufort II, Kg Ulau, Kg Agudon, Kg Bingkor, Kg Keningau, Tulid, Sook I & I,
Senagang I & I, Pekan Tenom, and Kg Mesapoh. Of these, eight WTPs are situated in five tributaries of the Pegalan-
Padas River system: Kg Agudon, Kg Bingkor, and Kg Keningau abstract raw water from Sg. Pampang, Sg. Baiayo,
and Sg. Liawan, respectively, in the Keningau district. Sook I & II abstract raw water from Sg. Sook in the Sook
district, whilst Senagang I & II rely on Sg. Senagang in the Tenom district. These five river tributaries (i.e. Sg.
Pampang, Sg. Baiayo, Sg. Liawan, Sg. Sook and Sg. Senagang) converge into Sg. Pegalan, which subsequently meets
Sg. Padas near Pekan Tenom. Sg. Padas then flows downstream through Beaufort, at which Beaufort I and Il WTPs
abstract water before the river ultimately drains into the South China Sea. Three WTPs in this division that are not
located along the Pegalan-Padas River system - Kg Ulau, Tulid, and Kg Mesapoh - abstract raw water from Sg.
Mengalong in the Sipitang district, Sg. Labou in the Keningau district, and Sg. Tondulu in the Nabawan district,
respectively.

Fig. 8 illustrates the turbidity time histories at the water intakes of each WTP. Given the large variation in
peak turbidity values across WTPs, two different y-axis scales were used to improve clarity: for WTPs with peak
turbidity exceeding 1000 NTU, the y-axis maximum was set at 3000 NTU, whereas for WTPs with peak turbidity
below 1000 NTU, the y-axis maximum was set at 1200 NTU. This approach ensures that both extreme events and
subtle variations are clearly visible without compressing lower-value trends. Kg Agudon, Kg Bingkor, and Kg
Keningau consistently exhibit turbidity levels below 200 NTU, well within acceptable limits and far below the
operational downtime threshold of 1000 NTU. Similarly, both Sook I & Il and Senagang I & II maintain turbidity
levels below the threshold, although their maximum turbidity levels are significantly higher, reaching 757 NTU
and 569 NTU, respectively. However, at the confluence of Sg. Pegalan and Sg. Padas, Pekan Tenom displays
substantially higher turbidity levels, with a peak value of 2,264 NTU, far exceeding the downtime threshold. This
elevated turbidity is expected, given the combined contributions of sediment-laden flows from both upstream
tributaries of Sg. Pegalan and the southern upstream catchment of Sg. Padas. Consequently, BeaufortIand Il WTPs,
being located further downstream, experience the highest turbidity levels recorded in this study, with a peak value
of 2,528 NTU. In contrast, Kg Ulau and Tulid exhibit turbidity levels consistently below the 1000 NTU threshold,
indicating stabler water quality conditions. Kg. Mesapoh shows generally acceptable turbidity levels, with only
one turbidity record exceeding the downtime threshold.
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Fig. 8 Time histories of turbidity data at the water treatment plants in Interior division, along with the threshold
for water treatment plant closures (i.e. 1000 NTU)

The time histories of the 5-period moving averages in Fig. 9 indicate that turbidity levels in Kg. Agudon, Kg.
Bingkor, and Kg. Keningau remain within the acceptable range for Class Il water quality. Similarly, most turbidity
levels in Senagang fall within the Class Il range. However, the turbidity levels in Sook frequently exceed this range.
Notably, the moving average plot for Sook shows a significant upward trend, particularly in early 2022, suggesting
a marked deterioration in raw water quality during this period. This increase in turbidity at Sook may plausibly
be attributed to intensified land-clearing activities in the upper catchment. Such activities often lead to higher
sediment loads, which in turn elevate turbidity levels. Further downstream, turbidity levels at Pekan Tenom and
Beaufort I & II consistently exceed the Class II threshold. This trend is likely driven by the compounded effect of
poor water quality from both Sg. Pegalan and the upstream sections of Sg. Padas. Satellite imagery and land-use
data indicate significant land clearings in these areas, potentially for cultivation or afforestation, which may have
contributed to the elevated sediment loads.
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Fig. 9 5-period moving average of turbidity data time histories and the projected trendlines at the water treatment
plants in the Interior division, along with the threshold for Class Il of the DOE’s NWQSM (i.e. 50 NTU)

In contrast, whilst the turbidity levels in both Kg Ulau and Tulid generally hover around the Class II threshold,
their trends differ. Kg Ulau exhibits a slight decrease in turbidity since 2020, whereas Tulid shows a gradual
increase. This divergence could be linked to land-use changes, similar to those observed in Sook, as the upper
catchments of these WTPs are geographically close and likely share similar land-use characteristics. Lastly, Kg
Mesapoh shows an increasing trend in turbidity levels, with notable peaks in mid- and late-2022. This pattern is
also likely associated with land-clearing activities, potentially for afforestation, in the upper catchment.
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3.4 Tawau Division

There are four WTPs located in the Tawau division examined in this study: Kalumpang, Kalabakan, Kg Silabukan,
and Merotai, situated in the Semporna, Kalabakan, Lahad Datu, and Tawau districts, respectively. Each WTP
abstracts raw water from different river systems: Sg. Kalumpang (Kalumpang WTP), Sg. Kalabakan (Kalabakan
WTP), Sg. Matamba (Kg Silabukan WTP), and Sg. Merotai (Merotai WTP). The time histories of turbidity levels at
these water intakes, as depicted in Fig. 10, reveal that three out of the four WTPs recorded turbidity measurements
exceeding the 1000 NTU threshold, which is often associated with operational downtime. Among these, Kalabakan
WTP exhibited the highest recorded turbidity level, peaking at approximately 3,495 NTU. This extreme value
suggests significant sediment load, potentially linked to upstream land-use activities such as logging or
agriculture, which warrant further investigation. Kg Silabukan WTP, whilst not recording the highest single
turbidity value, experienced the most frequent exceedances of the 1000 NTU threshold. This indicates persistent
challenges in maintaining raw water quality, likely due to recurring sedimentation events or consistent sources
of contamination in the catchment area of Sg. Matamba. Although Kalumpang WTP did not record turbidity levels
exceeding 1000 NTU, its maximum turbidity level reached 726 NTU, which is still relatively high.
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Fig. 10 Time histories of turbidity data at the water treatment plants in the Tawau division, along with the
threshold for water treatment plant closures (i.e. 1000 NTU)

The high levels of turbidity at the 4 WTP intakes has led to poor quality of the raw water sources. This finding
is in line with the time histories plot of the 5-period moving averages (Fig. 11), in which most of the turbidity
levels are beyond of the Class Il range. Upon the inspection of the satellite images, it is apparent that the upstream
areas of the 4 WTP have undergone massive change of land use over time. In particular, a vast size of the upstream
areas has been cleared and transformed into oil palm plantations and mills. Thus, it could be deduced that the
discharges of oil palm effluents may be a possible contributor to the deterioration of the raw water quality in the
4 WTPs, in addition to exposed land surface with erodible sediments due to land clearings for oil palm plantations.
These elevated turbidity levels suggest that, whilst operational thresholds were not breached, the water quality
remains a concern, potentially leading to increased treatment costs and operational strain.
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Fig. 11 5-period moving average of turbidity data time histories and the projected trendline at the water treatment
plants in the Tawau division, along with the threshold for Class II of the DOE’s NWQSM (i.e. 50 NTU)

3.5 Spatial Variation in Mean Turbidity by Division

To assess spatial differences in raw water quality, the mean turbidity at each water treatment plant (WTP) was
calculated over the available monitoring period and grouped according to the four administrative divisions: West
Coast, Kudat, Interior, and Tawau. Fig. 12 presents the distribution of mean turbidity values for all 20 WTPs.
Substantial variability is evident both between and within divisions. In the Interior division, mean turbidity
ranged from as low as 5.7 NTU at Agudon to as high as 392.1 NTU at Kalabakan. Similarly, in the Tawau division,
Merotai and Silabukan recorded high means of 194.9 NTU and 285.9 NTU, respectively, while other plants
recorded lower values. The West Coast division generally exhibited lower mean turbidity levels, with Bayayat at
16.5 NTU and Pekan Kota Belud at 22.2 NTU, although Topokon Il recorded 58.9 NTU. Kudat division’s sole WTP
in this study, Bandau, recorded 15.8 NTU. These variations reflect the influence of local catchment characteristics,
land-use patterns, and hydrological conditions on raw water quality [20] — [22]. The observed spatial patterns
also suggest that turbidity challenges are not confined to specific regions but can vary widely even within the same
division.
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Fig. 12 Mean turbidity at 20 water treatment plants (WTPs) in Sabah, grouped by administrative divisions -
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the distribution of mean turbidity within each division, highlighting both inter- and intra-divisional variability
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3.6 Synthesis of Turbidity Trends Across Divisions: Drivers, Impacts, and Management
Implications

The findings from the four divisions (i.e. West Coast, Kudat, Interior, and Tawau) highlight both shared and unique
turbidity challenges faced by the WTPs. This synthesis explores the overarching drivers of turbidity, their
operational and environmental impacts, and the implications for sustainable water resource management.

3.6.1 Key Drivers of Turbidity

Across all divisions, land-use changes have emerged as a critical factor influencing turbidity levels. Activities such
as afforestation, agricultural expansion, and terraced land clearing have led to increased sediment loads in rivers.
In the West Coast division, Kg Topokon I and II saw a marked rise in turbidity from 2021 onwards, corresponding
to extensive land clearing near Kg. Toboh Baru. Similarly, in the Tawau division, Kalabakan WTP recorded peak
turbidity levels of 3,495 NTU, likely driven by logging and agricultural practices in its catchment. Kg Silabukan
also experienced frequent exceedances of the 1000 NTU threshold, reflecting ongoing sedimentation issues. In the
Kudat division, although Bandau WTP’s turbidity levels remained below 1000 NTU, a gradual upward trend hints
at emerging risks. The Interior division presents a mixed picture: whilst some WTPs, like Kg Ulau, show improving
trends, others such as Beaufort I & II face persistent high turbidity due to the compounded effects of sediment-
laden inflows from multiple upstream sources. The impact of river confluences on turbidity is particularly evident
in the Interior division. Pekan Tenom, located at the confluence of Sg. Pegalan and Sg. Padas, recorded some of the
highest turbidity levels in the study, exceeding 2,000 NTU. This compounded effect of sediment transport is even
more pronounced at the Beaufort WTPs, where turbidity levels peaked at 2,528 NTU. These observations
underscore the cumulative impact of sedimentation within interconnected river systems, posing significant
challenges for downstream WTP operations.

There is an important consideration regarding the dataset that should be noted. The sampled turbidity data
may not fully reflect periods of WTP downtimes caused by turbidity levels exceeding 1000 NTU. The number of
turbidity measurements = 1000 NTU between January 2020 and December 2022 analysed in this study is
significantly lower than the reported downtimes due to high turbidity (Table 1). Moreover, in more than half of
the WTPs, the total number of sampled data points is less than the reported downtime events (Table 1). This
discrepancy suggests that extreme turbidity events may have been underrepresented, potentially leading to an
incomplete assessment of their frequency and severity. This highlights the need for continuous and automated
turbidity monitoring systems to ensure comprehensive data coverage.

3.6.2 Operational and Environmental Implications

The variability in turbidity levels across divisions presents significant operational challenges. WTPs such as
Kalabakan and Pekan Tenom frequently exceeded the 1000 NTU threshold, necessitating shutdowns and
increasing the risk of supply disruptions. Even where turbidity levels remained below 1000 NTU, as in Kalumpang
and Kg Ulau, sustained high levels place additional strain on treatment processes, increasing costs and reducing
efficiency. Additionally, the environmental impact of elevated turbidity contributes to increased sedimentation,
which can alter river geomorphology, degrade aquatic habitats, and impact downstream ecosystems. With climate
change driving more extreme and unpredictable weather patterns, both increased and decreased rainfall can
exacerbate these issues [17], [18]. Intense rainfall can lead to greater runoff and sediment influx, further
destabilising riverbanks and degrading water quality, whilst reduced rainfall may lower river flow, concentrating
pollutants and turbidity in remaining water sources [20], [21]. These shifts underscore the need for proactive
interventions to mitigate the dual threats posed by changing weather patterns and their compounded effects (i.e,,
sediment influx) into river systems.

3.6.3 Recommendations for Sustainable Water Resources Management

The findings emphasise the importance of integrated, division-specific strategies for sustainable water
management. Key recommendations include:
e Erosion Control and Reforestation: Implementing erosion control measures and reforestation in critical
areas, particularly upstream of high-risk WTPs, can significantly reduce sediment loads.
e Land-Use Regulation and Monitoring: Strengthening land-use regulations and leveraging satellite
imagery for regular monitoring will help mitigate the impacts of deforestation and agricultural expansion.
e Legislative and Regulatory Review: Many WTPs were built long ago and are difficult to adapt to modern
needs. With rivers vital for water supply yet burdened by pollutant discharges, a review of regulations is
needed to ensure fair use, stronger protection, and long-term sustainability through collaboration with
stakeholders such as government agencies, local communities, and industries.
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e Community Engagement: Encouraging sustainable land-use practices through community involvement is
vital to balance development with environmental conservation.

e Inter-Divisional Coordination: Collaboration across administrative boundaries is crucial, particularly in
managing interconnected river systems. Joint watershed management initiatives can enhance the
resilience of water resources.

4. Conclusions

This study demonstrates how land-use changes have affected turbidity levels at 20 water treatment plants (WTPs)
across Sabah, highlighting a critical but underexplored risk to water supply reliability. Elevated turbidity poses
significant operational challenges, including frequent shutdowns and increased treatment costs. The findings
contribute to improved understanding of turbidity management in WTPs and support evidence-based decision-
making for water resource planning. The study emphasises the need for stricter land-use regulations, erosion
control strategies, and collaborative watershed management to ensure long-term sustainability of water supply
systems. In particular, engaging local communities and integrating land-use monitoring into catchment
management could help mitigate turbidity-related disruptions. Future research should focus on real-time
turbidity monitoring, early warning systems, and predictive tools to enhance WTP resilience under changing land-
use and climate conditions.
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