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Abstract: Previous studies showed that the Serin River and its tributaries water and sediment were
contaminated with Escherichia coli (E. coli) due to human activities along the river. Since the
water of this river is important as a source of drinking water, body contact recreation, laundry
and fish culture, it is important that E. coli count be kept at a safe level for the health of the
communities. Therefore, the objective of this study is to utilize the water quality model to simulate
E. coli concentration in the river water for its designated use. The QUAL2K model was calibrated
and validated using field data from October 2009 to March 2010. The results showed that 80%
of the predicted concentrations fall in the range of the observed values. Subsequently, the model
was applied to simulate two different scenarios of designated use. The model simulation results
showed that for the river water to be suitable as drinking water, no E. coli should be discharged from
the headwater and from Bukah tributary. As for the suitability of the river water for recreational
purposes, the maximum allowable concentrations of E. coli for the headwater, and the following
tributaries, namely, the Bukah River, Pam River and Bukar River were 400 CFU/100mL, 900
CFU/100mL, 1000 CFU/100mL and 380 CFU/100mL respectively during low water level. During
high water level, the maximum allowable concentrations from those tributaries are higher than that
during low level due to increased dilution.
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Introduction 2011). The Serin River, a rural river located in

Surface water is frequently contaminated by south-western part of Sarawak, is an important

microorganisms from different sources such pver for the. colm;numtl(els. aligund the area. Its
as farm animals and agriculture (Hyland et importance includes a drinking water source,

al,, 2003; Pappas et al, 2008; Muyibi et al., fish aquaculture, laundry and recreation. But,

2008; Mishra et al., 2008), sewage (Gerba & landuse and settlement in the river basin have
Smit}; 2005 Muy.i’bi ot a’l 2008) and wild contributed to water quality contamination.
animals (Jiang ef al, 2007). Contamination Previous studies showed that the water and

of surface water renders the water unsuitable sefilllment z}l.ongd tlhe lrlver e;lr.e hcontangnated
for its designated purposes such as drinking, with E. coli and levels are high near human

body contact recreation and it affects fish settlement and animal farms (Ling et al., 2006;

and shellfish quality due to the potential for 2008; ‘?‘012; 2013). In orde.r to. reduce the
human to be infected by pathogens. It has been contaminants so that the water is suitable for use

reported that majority of diarrhoeal disease in according t(,’ its designgted purposes, i,t is best
the world (88%) and approximately 1.7 million thaF mode.lhr.lg be ap,Phed- In Malaysia, fecal
deaths worldwide was attributable to unsafe coliform limit of National Water Standards for

water, sanitation and hygiene (WHO, 2003). Class I (no treatment required), IIA and IIB are
In developing regions, drinking water is a 10 count/100mL, IOQ count/100mL and 400
major source of microbial pathogens (Ashbolt, counts/100mL respectively.

2004). Sewage exposed fish has been found to Water quality modelling is useful
harbour drug resistant coliforms (Sanyal et al., for predicting pollutant and contaminant
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concentrations in rivers for water quality
management. Bougeard et al, (2011) applied
modelling approach to calculate FE. coli
concentrations in estuarine water and shellfish.
The QUAL2K is a modernized version of
QUAL2E model that was developed by
Brown & Barnwell (1987). The QUAL2E and
QUAL2K models have been used extensively
to simulate surface water quality (McCutcheon,
1989; Chapra, 1997; Park et al., 2002; Paliwal
et al, 2007; Fang et al., 2008) and they are
able to simulate up to 15 different water quality
parameters. Mohamed (2001) applied QUAL2E
model to simulate water quality parameters in
a river in West Malaysia. Hohls et al., (1995),
Steynberg et al., (1995) and Venter et al., (1997)
used QUAL2E model to simulate microbial
water quality. DNR (2007) used QUAL2K to
measure total maximum loads for E. coli. The
QUAL2K model is a one dimensional model
where river channel is assumed to be well-mixed
vertically and laterally. It employs steady state
hydraulics, uses diel heat budget and calculates
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diel water-quality kinetics (Chapra et al., 2007).
It simulates a river by representing a river as a
series of reaches which have constant hydraulics
characteristics and these reaches can be further
divided into a series of elements. In QUAL2E
model, temperature dependent die-off rate of
bacteria was used whereas in QUAL2K model,
two extra functions were added which are the
light dependent die-off rate and the pathogen
settling effect which gave a more comprehensive
approach on determining the bacterial die-off
rate. Since the Serin River is well-mixed, in this
work, QUAL2K model was used to simulate E.
coli concentrations.

Data and Modelling
Data Collection and Segmentation

Data needed as input to the model were
collected at the site. The study site, in-situ
parameters measurements (temperature and
pH), water samples collection, total suspended
solids (TSS) and E. coli analyses have been

!

S Dara
i S Guwai
. Pam s 'S Bujang
<. PR
S Bukah > . ;.
o & §BR R3 ‘_
% R2 .&#’
(7 RS,
¢, R1g\ RS
Lo = RR§ R4
s A
S Seban
s
Bukar
Legend
0 1 2 3 Kilometres ® sampling Station g PigFarm
e ————— % FishFarm ¥ Dumpsite

# Crop Production B Water Pump

Figure 1: The Location of Each Sampling Stations and Human Activities along the River
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Table 1: Descriptions of the Sampling Stations along the Serin River

Station Description
R1 Headwater, upstream next to Ma’ang village and a primary school
TR Downstream of fish pond discharge
BR Animal farming upstream and subsistence farming
R2 Received discharge from BR
PR Received lagoon discharge from pig farming
R3 Downstream of SP and near a dumping site
RR Downstream of Kampung Taie and received runoff from oil palm plantation
R4 Received high volume discharge from RR
RS Downstream, residential areas along the station and next to Kuching-Serian highway

Point
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Figure 2: Segmentation of Serin River for QUAL2K Model Application
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described in Ling et al., (2013). The map of
the study site with stations studied in the main
river and tributaries is also shown in Figure 1
and Table 1 gives the description of the stations.
Solar radiation was measured in-situ using a
pyranometer (Silicon 3670) and a data logger
(Watchdog 400). The geometric characteristics
of the river was measured with a depth finder
(Hondex, PS-7 LCD Digital Sounder) and a
range finder (Bushnell, Elite 1500), while the
velocity of the water was determined using a
flow meter (Flo-Mate 2000). The segment of
the river studied was divided into 16 reaches.
Figure 1 shows the schematic diagram of the
segmented river. Outflow as in water abstraction
by Sarawak Public Works Department (JKR)
is conducted at km 6.7 at the rate of 0.12 m¥/s.
E. coli concentrations obtained from sampling
stations at the tributaries and the cross-sectional
area and flow provided inputs on the loadings
from tributaries.

Computation of Die-off Rate

Bacterial loss in the river water, also called die-
off is an important parameter to be estimated.
Factors that affect die-off include physical
factors such as sedimentation, temperature and
adsorption; physicochemical factors such as pH
and osmotic effects; and lastly, biochemical-
biological factors such as nutrient levels and
presence of predators (Bowie et al., 1985). In
QUAL2K model, the total bacteria die-off rate
is dependent on base mortality rate, loss rate due
to solar radiation and settling loss rate as shown
in equation (2) (Chapra, 1997);

K= ke K+ kg ()
where k', is the total loss rate (d), and k,, is the
base mortality rate (d), k,, is the loss rate due

to solar radiation (d'), and £, is the settling loss
rate (d).

Base mortality loss, kbl, is a measure of
natural die-off and is expressed as first order
decay dependent on temperature (Ling et

al., 2005) and salinity and it is adopted from
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Mancini (1978) as stated in (Chapra, 1997). k,|
is calculated using equation (3);

k' = (0.8+0.028)1.0772 ©)

where S is salinity (g/L), and T is temperature
(°C) where both were measured on site.

Effect of solar radiation on bacterial die-
off has been studied. According to Richard et
al., (2004), insolation primarily inactivated .
coli and it was shown that E. coli count during
morning were significantly higher compared to
that in the afternoon and cloudy days often had
higher counts than sunny days. In this model, &,
is computed using equation (4);

r— ocl() _ kel

k' ke—H(l et 4
where o is a proportionality constant, that is,
light efficiency factor where the value used was
1 (Chapra, 1997). [, is the surface light energy
(ly/hr), k, is the extinction coefficient (m™), and
H is the depth of water (m).

Bacteria has been found to adsorb to soil
particles (Ling ef al., 2002) and settle (Hipsey
et al., 2006) and thus result in decreased time in
suspension (Fries et al., 2006). k, is computed
using equation (5);

)

where Fis the fraction of the bacteria that
are attached, and v is the settling velocity of
particles (m/d).

Substituting equations (3), (4) and (5) into
equation (1) gives the total bacteria die-off rate
which can be expressed as equation (6);

l
k' = (0.840.025)1.07720 + _*o (] —ett
= ( S) keH( )

\%
+ Fp - (6)
k,=0.55*TSS (7)
k TSS
= — ®)
1+k,TSS
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where k, is proportional to TSS, which is the
total suspended solids (mg/L) the values of
which were obtained from sample analysis.
The values of k, and v, used were 0.01 and 8.64
respectively (Bai & Lung, 2005).

Model Calibration and Validation

The QUAL2K model was calibrated and
validated into two different conditions to
simulate the high and low flow conditions of the
river water. Once the model had been validated,
the model was used to predict the maximum
amount of pollutants that can be discharged
into the river to qualify for Class I and Class
IIB respectively where the standards were set
up by NWQS. Table 2 showed the dates of data
collection that were used for model calibration
and validation.

During calibration, the reaction rates and
coefficients were adjusted so that simulated
data and field data were in agreement. Reaction
coefficients such as particle settling velocity and
partition coefficient were adopted from literatures
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Table 2: Dates of Data Collection and Sampling
Stations Data for Calibration and Validation

Sampling Sampling Remarks
Date Stations
26 October R1,TR,BR,R2, Calibration
2009 PR,R3,RR,R5
8 December RI1,TR,BR,R2, Validation
2009 PR,R3,RR,R5
19 January R1,R2,R3,R5 Calibration
2010
1 February R1,R2,R3,R5 Validation
2010
24 February R1,R2,R3,R5 Calibration
2010
10 March  R1,TR,BR,R2, Validation
2010 PR,R3,RR,R5

(Bai & Lung, 2005; Rehmann & Soupir, 2009).
For other reaction coefficients that were not
provided in those studies, default values in the
model were used. Table 3 summarizes the values
of reaction coefficients that were adopted. The
E. coli concentration entered into the data was in

Table 3: Reaction Coefficients that were Adopted for Use in QUAL2K Model

Parameter Symbol Unit Reference Adopted
Range Value
Settling velocity V, m/d 8.64a-803.52b 8.64a
Partition Coefficient K, m’/g - 0.0la
Temperature Correction o, Dimensionless 1.024-1.08¢ 1.07°
Pathogen Light Efficiency oy Dimensionless - Ie

Factor

Sources: * Bai & Lung (2005) ® Rehmann & Soupir (2009) © Chapra (1997)

Table 4: Diftfuse Flow and Non-point E. coli Sources Obtained from Model Calibration

Diffuse Flow and Non-point E. coli Sources

Location Low Flow High Flow
(km) Flow (m/s) E. coli Flow (m/s) E. coli
(CFU/100mL) (CFU/100mL)
6.10 20 2000 50 3000
495 10 2000 5 5000
475 15 3000 20 14000
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CFU/100mL unit. Data such as air temperature,
dew point temperature, shade percentage,
hourly cloud cover and hourly wind speed were
obtained from the Meteorological Services
Department, Kuching. Once the reaction rates
and coefficients were determined, the values
were used for validation with a new set of field
data.

Several assumptions were made in
calibration and validation. They are, E.
coli concentration input for headwater was
similar for both model calibration and model
validation; the flow and E. coli concentrations
from all the tributaries were kept similar for
both model calibration and model validation;
and diffuse flows and non-point £. coli sources
were assumed to occur and values obtained
by calibration and kept similar for both model
calibration and model validation (Table 4)
because it was observed that there were several
non-point sources pollution that could be
identified in the study area.

Results and Discussion
Die-off Rate

Computed values of temperature dependent
die-off rate of E. coli, solar radiation dependent
die-off rate of E. coli and settling dependent
die-off rate of E. coli of each sampling stations
are shown in Table 5, Table 6 and Table 7
respectively. The total E. coli die-off rate of
each sampling station is shown in Table 8 where
the total die-off rate chosen for model input was
2.15 d'. The die-off rate chosen was relatively
higher than the die-off rate of E. coli (0.340 +
0.012 d) reported in Ling et al., (2008) using
Serin River water because it might be due to the
fact that the decay rate reported was conducted
in a control environment in the laboratory
where several factors such as solar radiation and
settling effect were not taken into account.

Calibration

Table 9 shows the loadings from tributaries for
model calibration and validation during low
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water and high water levels. The calibration
results are displayed in Figures 3 and 4. The water
flow fitted the observed data well. For simulation
of E. coli concentrations, there was a small
increase of concentration at km 8.1 due to inflow
from BR which received animal farm effluent
upstream that recorded quite high concentration
of E. coli. The E. coli concentration decreased
as water moved downstream due to dilution but
there was a sudden surge of E. coli concentration
around km 6. This was the response to inflow
from PR which received pig farm effluent and
flow from diffuse source into the river between
R2 and R3. Bitton (1994) reported that feces
matter can contain up to 1x10'? bacteria per
gram and average E. coli were 3.3x10° per
gram of pig’s feces. The impact of animal farms
effluent on the E. coli concentrations in those
two tributaries, BR and PR, has been reported
by Ling et al, (2006) and the concentrations
ranged from to be 400-12,000 CFU/100mL and
4,000-1,000,000 CFU/100mL respectively. The
E. coli concentration in the Serin River was
between 2,000 and 6,000 CFU/ 100mL and that
was much lower than the concentration from PR
which was the highest (69,100 CFU/100mL)
among all the tributaries (Table 9). This is due to
the low flow into the main river which was only
0.11 m%/s. Then, the E. coli concentration started
to decrease again due to dilution until km 5.9
after which the E. coli concentration remained
quite constant. At km 2.96, the concentration
of E. coli increased drastically due to input
from RR which received agricultural run-off
and domestic wastes and diffuse sources. Even
though the E. coli concentration detected at RR
was lower compared BR and RR tributaries
(Table 9), the volume of water flowing into
the main river was the highest among all the
tributaries, 49.44 m’/s. During high water level,
the E. coli concentrations are higher than low
water level due to diffuse sources and the PR and
RR inputs have less impact with smaller surges.
Overall, the model was able to calibrate well for
both low water and high water conditions of the
Serin River.
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Table 5: Temperature Dependent Die-off Rate of E. coli Using Equation (3)

Temperature Dependent Die-off Rate

Station k'.=(0.8+0.025)1.077%

Salinity (g/L)  Temperature (°C) ah
R1 0 24.85 1.11
TR 0 26.59 1.25
BR 0 26.16 1.21
R2 0 25.85 1.19
PR 0 25.84 1.19
R3 0 25.93 1.19
RR 0 26.23 1.22
R4 0 26.88 1.27
RS 0 26.26 1.22

Table 6: Solar Radiation Dependent Die-off Rate of E. coli Using Equation (4)

Temperature Dependent Die-off Rate

o
Station k'i= g(l_eikeﬂ)
oc l0 (ly/hr) k,(m™) H(m) k,(m™)
R1 1 10.11 7.24 1.15 1.21
TR 1 16.95 6.25 0.39 6.35
BR 1 73 19.27 0.34 1.11
R2 1 11.45 4.48 1.01 2.50
PR 1 46.33 31.37 0.33 4.48
R3 1 6.74 6.89 1.79 0.48
RR 1 29.74 14.89 2.06 0.97
R4 1 18.02 11.48 3.46 0.45
RS 0 23.29 15.23 2.78 0.55

Table 7: Settling Dependent Die-off Rate of E. coli Using Equation (5)

Temperature Dependent Die-off Rate

Station k 'bs =F P ‘1};
F, v (md") H(m) k,(d)
R1 0.12 8.64 1.15 0.87
TR 0.10 8.64 0.39 2.26
BR 0.26 8.64 0.34 6.58
R2 0.08 8.64 1.01 0.64
PR 0.36 8.64 0.33 9.50
R3 0.11 8.64 1.79 0.53
RR 0.21 8.64 2.06 0.88
R4 0.17 8.64 3.46 0.43
R5 0.22 8.64 2.78 0.67
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Table 8: Die-off Rates of E. coli Using Equation (6)

Die-off Rate
k'b= kbl + kbi+ kbs

Station
ky, k,; k,, K,
R1 1.11 1.21 0.87 3.19
TR 1.25 6.35 2.26 9.86
BR 121 1.11 6.58 8.90
R2 1.19 2.50 0.64 4.33
PR 1.19 4.48 9.50 15.17
R3 1.19 0.48 0.53 2.19
RR 1.22 0.97 0.88 3.07
R4 1.27 0.45 0.43 2.15
RS 1.22 0.55 0.67 2.44

Table 9: Observed Flow and E. coli Concentrations from Tributaries for Model Calibration and Validation and

Predicted Maximum Allowable Concentrations of E. coli for Class IIB Compliance

Observed flow and E. coli

Predicted maximum allowable

. from tributaries E. coli
Station Flow E. coli Low Water High Water
(m?/s) (CFU/100mL) (CFU/100mL) (CFU/100mL)
TR 0.00 3000 0 0
BR 0.25 15500 900 1600
PR 0.11 69100 1000 2500
RR 49.44 5700 380 510

Validation

The inflow of E. coli concentration for model
validation from each tributary was kept similar
to that of model calibration as given in Table 9.
The validated results are shown in Figure 5 for
low water and Figure 6 for high water levels.
Figure 5 and 6 showed similar trend when
compared to calibrated results. In general, the
simulated E. coli concentrations during low
water condition and high water condition were
within the maximum and minimum range of
observed E. coli concentrations. However, the
observed concentration of E. coli at R3 was
higher than the predicted concentrations for
both high water and low water levels during
calibration and validation. In QUAL2K model,
mean value of inflow E. coli from tributaries was
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used as input. It is possible that there was larger
load from the PR tributary than that detected
during sample collection which occurred in
the late morning as Ling ef al., (2008) reported
that during hourly sampling from 8:30 am to
4:30 pm, E. coli concentrations fluctuated with
lowest counts between 8:30 am-11:30 am and
the highest counts at 12:30 pm and 1:30 pm. It
is also possible that sediment associated E. coli
from resuspension contributed to the observed
E. coli at station R3 as sediment E. coli study at
those stations showed that sediment at R3 has
higher concentration than R2 and R4 67% of the
sampling times (Ling ef al., 2012) whereas the
model only consider input from tributaries, but
not the re-suspension of sediment in the river.
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Application of Model

For drinking water purposes, NWQS has set 10
CFU/100mL as the standard for Class I (DOE,
2008), which is suitable for using river water
as drinking water source. From the prediction
result (Figure 7), it could be seen that the
input from BR was to remain 0 CFU/100mL
and any diffuse sources input was also set to
remain 0 CFU/100mL for the simulated E. coli
concentration to remain below 10 CFU/100mL.
It is important so that the water abstraction point
at km 6.7 would abstract the kind of quality of
river water that required no necessary treatment
for drinking water.

As most of the villagers use the Serin River
for daily uses such as bathing, especially near
the headwater and RS where there were housing
areas situated along the river, there is a need
to predict the amount of E. coli contamination
that is allowed for the river water to adhere to
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the quality set up by NWQS. NWQS has set
400 CFU/100mL to qualify for Class IIB where
recreational use with body contact is suitable
(DOE, 2008). Figure 8 shows that the model
was able to predict the concentration of E. coli
for compliance. E. coli concentrations from each
of the tributaries must be significantly reduced
so that the simulated concentrations of E. coli
do not exceed the 400 CFU/100mL limit. Table
9 summarizes the maximum allowable inflow
concentrations of E. coli of each tributary for
compliance. During high water, higher allowable
concentrations of E. coli are possible without
exceeding the 400 CFU/100mL limit because
higher flow during high water would result in
higher dilution of the E. coli concentration. PR
could discharge higher concentration of E. coli
compared to other tributaries such as BR (0.25
m?3/s) and RR (49.44 m®/s) because the flow into
the main river was lower (0.11 m%/s).

140.00
120.00
100.00 i =

80.00 ’

60.00

40.00 ,_,/

20.00 ——

0.00 . . :
12 10 8 6 4 2 0
—Q, m3/s

7000.0
6000.0 —
5000.0 pi—— A II
4000.0 1 /-u
3000.0 L N— /
2000.0 \\/\,—
1000.0
0.0
10 8 6 4 2 0
= Pathogen B Pathogens (cfu/100 mL) data

=== Pathogen Min == Pathogen Max

Figure 3: Calibration Results of Flow and E. coli Concentrations During Low Water of the Serin River Using

QUAL2K Model
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Figure 4: Calibration Results of Flow and E. coli Concentrations During High Water of the Serin River Using

QUAL2K model
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Figure 5: Validation Results of Flow and E. coli Concentrations During Low Water of the Serin River using
QUAL2K Model
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Figure 6: Validation Results of Flow and E. coli Concentrations During High Water of the Serin River Using
QUAL2K Model
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Figure 7: Prediction Results of E. coli Concentration for Drinking Water Source without Input from Bukah
River of the Serin River Using QUAL2K Model; a) During Low Water and b) During High Water
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Figure 8: Prediction Results of E. coli Concentration of the Serin River for Recreational Purposes Using
QUAL2K model: a) During Low Water and b) During High Water

Conclusion

The model was calibrated and validated for
prediction of E. coli concentration in the river
water with 80% of the simulated concentrations
within minimum and maximum observed
concentrations. It was found that the flow and
die-off rate of E. coli had significant impact on
the simulation of E. coli concentrations in the
river. Prediction results showed that no E. coli
contamination from headwater and Bukah River
was permitted for the river water to be suitable
for drinking. Significant reduction in E. coli
contamination from each of the tributaries had
to occur for the river water to comply with Class
1IB standard for body contact recreation. Further
research needs to be carried out to determine
other factors that affect the £. coli concentration
in the river such as re-suspension of . coli from
sediment and diffuse sources. In addition, proper
treatment and management of animal wastes
and agricultural run-off need to be carried out to
minimize the impact on water resources.

J. Sustain. Sci. Manage. Volume 9 (2) 2014: 58-70

Acknowledgements

The authors appreciate the financial support
provided by Universiti Malaysia Sarawak and
the Malaysian Ministry of Science, Technology
and Innovation (e-sci grant No. 06-01-09-
SF0026).

References

Ashbolt, N. J. (2004). Microbial Contamination
of Drinking Water and Disease Outcomes in
Developing Regions. Toxicology, 198: 229-
238.

Bai, S., & Lung, W. S. (2005). Modeling
Sediment Impact on the Transport of Fecal
Bacteria. Water Research, 39: 5232-5240.

Bitton, G. (1994). Wastewater Microbiology.
New York, United States: Wiley-Liss, Inc.
81-83, 101-108.

Bougeard, M., Le Saux, J. C., Pérenne, N.,
Baffaut, C., Robin, M. & Pommepuy,
M. (2011). Modeling of Escherichia coli
Fluxes on a Catchment and the Impact



BACTERIAL MODELLING OF A RURAL TROPICAL STREAM 69

on Coastal Water and Shellfish Quality.
JAWRA Journal of the American Water
Resources Association, 47(2): 350-366.

Bowie, G. L., Mills, W. B., Porcella, D.
B., Campbell, C. L., Pagenkopf, J. R.,
Rupp, G. L., Johnson, K. M., Chan, P.
W. H., & Gherini, S. A. (1985). Rates,
Constants, and Kinetics Formulations in
Surface Water Quality Modeling. (2™ ed.).
Athens, Georgia: Environmental Research
Laboratory, Office of Research and
Development, USEPA. 424-455.

Brown, L. C., & Barnwell, T. O. (1987).
The Enhanced Stream Water Quality
Models QUAL2E and QUAL2E-UNCAS,
EPA/600/3-87-007.  Athens,  Georgia:
USEPA. 49-50.

Chapra, S. C. (1997). Surface Water-Quality
Modelling. New York, United States: WCB/
McGraw-Hill. 317-341, 503-511.

Chapra, S. C., Pelletier, G. J., & Tao, H. (2007).
QUAL2K: A Modelling  Framework
for Simulating River and Stream Water
Quality, Version 2.07: Documentation and
Users Manual. Civil and Environment
Engineering Dept., Tufts University,
Medford, MA. 9-10, 15-16, 56, 103.

DNR. (2007). Total Maximum Daily Loads for
Pathogen Indicators lowa River, Johnson
River, lowa. lowa Department of Natural
Resources Watershed Improvement
Section. Retrieved on March 15" 2010
from www.iowadnr.gov/water/watershed/
tmdl/files/final/iowariver.pdf

DOE. (2008). Malaysia Environmental Quality
Report. Retrieved on March 15% 2010
from  http://www.doe.gov.my/en/content/
environmental-quality-report-eqr-2008-1

Fang, X., Zhang, J. Chen, Y., & Xu, X. (2008).
QUAL2K Model Used in the Water Quality
Assessment of Qiantang River, China.

Water  Environment Research, 80(11):
2125-2133.

Fries, J. S., Characklis, G. W., & Noble, R.
T. (2006). Attachment of Fecal Indicator

J. Sustain. Sci. Manage. Volume 9 (2) 2014 58-70

Bacteria to Particles in the Neuse River
Estuary, N.C. Journal of Environmental
Engineering, 132(10): 1338-1345.

Gerba, C. P., & Smith, J. E. Jr. (2005). Sources of
Pathogenic Microorganisms and Their Fate
during Land Application of Waste. Journal
of Environmental Quality, 34: 42-48.

Hipsey, M. R., Brookes, J. D. Regel, R. H.,
Antenucci, J. P., & Burch, M. D. (20006).
In situ Evidence for the Association of
Total Coliforms and Escherichia coli
with Suspended Inorganic Particles in an
Australian Reservoir. Water, Air, and Soil
Pollution, 170: 191-209.

Hohls, D., du Plessis, G., Venter, S. N.,
Steynberg, M. C., De Wet, C. M. E., Rodda,
N., & Kfir, R. (1995). Estimation of the Fate
of Microbial Water Quality Contaminants
in a South African River. Water Science
Technology, 31(5-6): 271-274.

Hyland, R., Byrne, J., Selinger, B., Graham, T.,
Thomas, J., Townshend, 1., & Gannon, V.
(2003). Spatial and Temporal Distribution
of Fecal Indicator Bacteria within the
Oldman River Basin of Southern Alberta,
Canada. Water Quality Research Journal of
Canada, 38(1): 15-32.

Jiang, S. C., Chu, W., Olson, B. H., He, J. W.,
Choi, S., Zhang, J., Le, J. Y., & Gedalanga,
P. B. (2007). Microbial Source Tracking
in a Small Southern California Urban
Watershed Indicates Wild Animals and
Growth as the Source of Fecal Bacteria.
Applied Microbiology and Biotechnology,
76:927-934.

Ling, T. Y., Azzyati Z. 1. M., & Lesley M. B.
(2012). Temporal and Spatial Variations and
Decay Rates of E. coli in River Sediment.
Journal of Sustainability Science and
Management, 7(1): 16-22.

Ling, T. Y., Achberger, E. C., Drapcho, C. M.,
& Bengtson, R. L. (2002). Quantifying
Adsorption of an Indicator Bacteria in a
Soil-water System. Transactions of the
American Society of Agricultural Engineers,
45(3): 669-674.



Ling, T. Y. et al.

Ling, T. Y., Jong, H. J., & Apun, K. (2005). Die-
off Rate of Escherichia coli as a Function
of pH and Temperature. Journal of Physical
Science, 16(2): 53-63.

Ling, T. Y., Layang, H. W., Then, Y. P., & K.
Apun, K. (2006). Impacts of Pig Farming on
the Water Quality of Serin River, Sarawak.
Sains Malaysiana, 35(1): 45-50.

Ling, T. Y., Layang, H. W., & Apun, K. (2008).
Water Quality Variations and Decay Rates
of E. coli in Water and Sediment of the
Serin River. Proceedings of the 10" MSAB
Symposium, Kuching. 108-111.

Ling, T.Y.,Lim, S. W,, Lesley M. B., & L. Nyanti.
(2013). Impact of Different Land Uses on the
Escherichia coli Concentrations, Physical
and Chemical Water Quality Parameters
in a Tropical Stream. Borneo Journal of
Resource Science and Technology, 2(2): 34-
43.

Mancini, J. L. (1978). Numerical Estimates of
coliform Mortality Rates under Various
Conditions. Journal of Water Pollution
Control Federation, 50: 2477-2484.

McCutcheon, S. C. (1989). Water Quality
Modeling Volume 1: Transport and Surface
Exchange in Rivers. Florida: CRC Press.
15-81.

Mishra, A., Benham, B. L., & Mostaghimi,
S. (2008). Bacterial Transport from
Agricultural Lands Fertilized with Animal
Manure. Water, Air, and Soil Pollution, 189:
127-134.

Mohamed, M. (2001). QUAL2E Water Quality
Model Calibration and Validation Methods
for Sungai Selangor. In: National Workshop
on Ecological and Environment Modeling
(ECOMOD 2001), Koh, H. L., and Hasan,
Y. A. (eds). Pulau Pinang: University of
Science Malaysia. 190-197.

Muyibi, S. A., Ambali, A. R., & Eissa, G.
S. (2008). The Impact of Economic
Development on Water Pollution: Trends

J. Sustain. Sci. Manage. Volume 9 (2) 2014: 58-70

70

and Policy Actions in Malaysia. Water
Resource Management, 22: 485-508.

Paliwal, R., Sharma, P., & Kansal, A. (2007).
Water Quality Modelling of the River
Yamuna (India) Using QUAL2E-UNCAS.
Journal of Environmental Management, 83,
131-144.

Pappas, E. A., Kanwar, R. S., Baker, J. L.,
Lorimor, J. C., & Mickelson, S. (2008).
Fecal Indicator Bacteria in Subsurface
Drain Water Following Swine Manure
Application. Transactions of the ASABE,
51: 1567-1573.

Park, S. S., & Lee, Y. S. (2002). A Water Quality
Modeling Study of the Nakdong River,
Korea. Ecological Modelling, 152: 65-75.

Rehmann, C. R., & Soupir, M. L. (2009).
Importance of Interactions between the
Water Column and the Sediment for
Microbial Concentrations in Streams. Water
Research, 43(18): 4579-4589.

Sanyal, S., Basu, A., & Banerjee, S. (2011).
Drug Resistance Profiles of Coliforms from
Sewage Exposed Fish. World Journal of
Fish and Marine Sciences, 3(4): 275-282.

Steynberg, M. C., Venter, S. N., De Wet, C. M. E.,
du Plessis, G., Holhs, D., Rodda, N., & Kfir,
R. (1995). Management of microbial Water
Quality: New Perspectives for Developing
Areas. Water Science and Technology, 32
(5-6): 183-191.

Venter, S. N., Steynberg, M. C., de Wet, C. M. E.,
Hohls, D., du Plessis, G., & Kfir, R. (1997).
A situational Analysis of the Microbial
Water Quality in a Peri-urban Catchment
in South Africa. Water Science Technology,
35(11-12): 119-124.

WHO. (2003). Quantifying Selected Major
Risks to Health. The World Health Report
2002. World Health Organization, Geneva.
(Chapter 4). http://www.who.int/whr/2002/
en/whr02_ch4.pdf. Accessed 3April 2013.





