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This study examined the water quality of the large young tropical Bakun hydroelectric reservoir in Sarawak, Malaysia, and the
influence of the outflow on the downstream river during wet and dry seasons. Water quality was determined at five stations in the
reservoir at three different depths and one downstream station. The results show that seasons impacted the water quality of the
Bakun Reservoir, particularly in the deeper water column. Significantly lower turbidity, SRP, and TP were found during the wet
season. At 3-6 m, the oxygen content fell below 5 mg/L and hypoxia was also recorded. Low NO, -N, NO, " -N, and SRP and high
BOD;, OKN, and TP were observed in the reservoir indicating organic pollution. Active logging activities and the dam construction
upstream resulted in water quality deterioration. The outflow decreased the temperature, DO, and pH and increased the turbidity
and TSS downstream. Elevated organic matter and nutrients downstream are attributable to domestic discharge along the river. This
study shows that the downstream river was affected by the discharge through the turbines, the spillway operations, and domestic
waste. Therefore, all these factors should be taken into consideration in the downstream river management for the health of the
aquatic organisms.

1. Introduction problem in reservoirs surrounded with anthropogenic activ-
ities receiving high loads of suspended solids, organic matter,

The creation of a large-scale dam and its associated reservoir and nutrients [15, 16].

often has significant negative impacts on the hydrological,
biological, and chemical processes of the reservoir, upstream,
and downstream of the dam [1-9]. The Bakun hydroelectric
dam, which was impounded from 2010 to 2012 on the Balui
River in Malaysia, produced these effects. The dam which
is one of the tallest concrete rock filled dams (205m) in
the world created a reservoir covering a surface area of
695km?*. A few pre- and postimpoundment studies on the
physicochemical parameters of the Bakun Dam reservoir
have been performed [10-12]. However, the reservoir water
quality is likely changing as the reservoir is receiving loads of
pollutants from adjacent anthropogenic activities during its
operation [13, 14]. Water quality deterioration is a common

The water quality of reservoirs has been observed to
vary seasonally in tandem with changes in temperature and
rainfall [17-19]. The low and high precipitation during dry
and wet seasons in a tropical country like Malaysia can greatly
change the water quality of the reservoir. The high precipita-
tion during the wet season can either decrease the pollutant
concentration by dilution or deteriorate the reservoir water
quality due to increased surface runoft from anthropogenic
activities. Reference [20] demonstrated that the levels of total
phosphorus in Batang Ai Reservoir during the rainy season
and high water levels were lower than those observed during
the dry season and low water levels. Besides, high volume
of inflow following heavy rainfall promotes mixing and
disturbs stratification in the reservoir. The increase of bottom
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FIGURE 1: The study area and sampling stations in the present study.

dissolved oxygen level in the well-mixed reservoir inhibits the
release of nutrients from sediments causing a rapid reduction
of phytoplankton concentration in the reservoir [17].

On the other hand, the reservoir outflow has a great
influence on the downstream river. Studies have shown that
the downstream river is subjected to major environmental
impacts which range from downstream morphology changes
to loss of biodiversity of the ecosystem [1, 5, 7, 8, 21]. The
reservoir outflow is often controlled by the electrical demand
and operation cost, independent of ecological considerations
in the downstream river. Differences in structure and oper-
ation scheme of a dam may result in differences in water
quality downstream. Recently, [22] demonstrated that the
physicochemical characteristics of the river downstream of
the Bakun Dam changed when the spillway was opened.

As a young reservoir in a tropical country, changes
continue to occur in the reservoir and it is important to
monitor the water quality in order to evaluate its suitability
for secondary purposes such as aquaculture and recreation.
The knowledge of the seasonal variation of the reservoir’s
water quality is important for dam operation and manage-
ment decision. The impact of the dam on the water quality of
its downstream river during the wet and dry seasons remains
unknown. Hence, the aim of this study was to assess the water
quality of the Bakun Reservoir and the influence of its outflow
on the water quality of the downstream river during wet and
dry seasons.

2. Materials and Methods

2.1. Study Area and Sampling Stations. The present study
was conducted at Bakun Reservoir and its downstream river
in Sarawak, Malaysia, as illustrated in Figure 1. The Bakun
hydroelectric dam was built across the Batang Balui with a
total of eight installed turbines and a spillway weir located
at 209 m above sea level. The reservoir covers mainly the
Balui River that is fed by three major tributaries, namely,
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the Murum River, Linau River, and Bahau River. A total
of five stations were selected at the Bakun Reservoir and
one station was selected at the downstream river. Stations
1 and 2 were located at the Batang Balui and Linau River,
respectively. Stations 3 and 4 were located at the Murum River
where the upstream Murum hydroelectric dam was under
ongoing construction during the time of sampling. Station 5
was located in the proximity of the Bakun hydroelectric dam
and downstream of active logging activities while Station 6
was located at the downstream river approximately 4.3 km
from the dam.

Sampling was conducted in February and September
2014 corresponding to the wet and dry seasons in Sarawak
(Table1). There was no rain recorded during the two and three
weeks prior to the first and second samplings, respectively.
The water level during the second sampling in the dry
season was approximately 7m lower than the water level
during the wet season. The water release during hydropower
generation is drawn from the top 10m of the reservoir
using selective withdrawal intake structures. Occasionally,
additional water is released from the spillway with intake at
a depth of approximately 15m. At the end of the spillway,
the water hits the concrete barrier before entering Balui
River downstream. Sampling was conducted during electrical
power generation where the downstream river received the
water discharged from the reservoir after the water passed
through the turbines. During the first sampling, additional
water was discharged from the spillway at a rate of 501 m’/s
in addition to the turbine outflow (536 m®/s). The spillway
was closed during the second sampling; hence, Station 6 was
receiving solely the turbine outflow at a rate of 730 m*/s.

2.2. Field Collection and Laboratory Analysis. Depth profiles
of temperature and dissolved oxygen (DO) were measured
using a YSI 6820 V2 multiparameter water quality sonde
during the first sampling in February 2014. The pH and tur-
bidity were measured at 0 m, 10 m, and 20 m depths in Bakun
Reservoir in both samplings by using a pH meter (EcoScan,
Eutech) and a turbidity meter (Martini Instruments, Mi415),
respectively. Triplicate water samples were collected at 0 m,
10 m, and 20 m depths in Bakun Reservoir (Stations 1 to 5)
using a Van Dorn water sampler whereas triplicate water
samples were collected at Om depth at the downstream
river of the dam (Station 6). The depth of the reservoir
was measured using a portable depth sounder (Speedtech).
All sampling bottles were acid-washed, cleaned, and dried
before use. Water samples were acidified to pH < 2 for total
phosphorus (TP) analysis. All samples were placed in an ice
box and transported to the laboratory for further analysis
[23].

All the analyses were conducted according to standard
methods [23, 24]. Chlorophyll a (Chl a) was determined
from adequate samples filtered through 0.45 ym glass fiber
filter (Whatman GF/F) and extracted for 24h using 90%
(v/v) acetone. The absorbance was read using a DR 2800
spectrophotometer and concentration of Chl a was calculated
according to [25]. Total suspended solid (TSS) was calculated
as the difference between the initial and final weights of the
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TaBLE 1: The details of the sampling location and sampling regime in the present study.

Station Coordinates Date Location
Bakun hydroelectric reservoir
st 1 N 02°43'34.4" 26 Feb. 2014, 1:15 p.m. Batang Balui

' E 114°01'44.2" 24 Sept. 2014, 8:15 a.m. Sunny during both sampling trips
St 2 N 02°39'32.2" 26 Feb. 2014, 9:45 a.m. Linau River

’ E 114°03'29.5" 24 Sept. 2014, 10:45 a.m. Sunny during both sampling trips
s 3 N 02°42'59.8" 27 Feb. 2014, 12:55 p.m. Smﬁg"gﬁgiggggg;ﬁi‘;i ips

. ona/ " .

E1140943.8 25 Sept. 2014, 9:51 a.m. Soil erosion was observed in the upper Murum River bank

St 4 N 02°44'15.3" 26 Feb. 2014, 3:06 p.m. Lower part of Murum River

’ E 114°05'16.6" 24 Sept. 2014, 1:42 p.m. Sunny during both sampling trips
St.5 N 02°45'09.8" 27 Feb. 2014, 3:00 p.m. Near the intake point and the dam

E 114°02'32.9"
Downstream river of Bakun hydroelectric dam

N 02°46'21.8" 26 Feb. 2014, 3:00 p.m.

St.6 E 114°01'41.6" 24 Sept. 2014, 1:35 pm

25 Sept. 2014, 2:08 p.m.

Cloudy during both sampling trips

Long Baagu (4.3 km downstream of the Bakun hydroelectric dam)
Sunny during both sampling trips

0.45 ym glass fiber filter (Whatman GF/F), after filtration
of an adequate sample volume and drying at 105°C. Five-
day biochemical oxygen demand (BOD;) was determined as
the difference between the initial and five-day DO content,
after five-day-long incubation of the sample. The initial DO
content was determined in the field and increased by vigorous
aeration if the DO value was low. NO, -N and NO; ™ -N levels
were determined by the diazotization method (low range)
and the cadmium reduction method, respectively, after fil-
tering through a 0.45 um glass fiber filter (Whatman GF/F).
Organic Kjeldahl nitrogen (OKN) was determined by the
Macro-Kjeldahl Method where ammonia was removed from
the water sample before digestion and distillation, followed
by Nessler’s method. SRP was determined by the colorimetric
ascorbic acid method after filtering through a 0.45 ym glass
fiber filter (Whatman GF/F). TP was determined by the
ascorbic acid method after persulfate digestion of samples.
The estimated detection limits of NO, -N, NO; ™ -N, and SRP
were 0.005 mg/L NO, ™ -N, 0.01 mg/L NO,"-N, and 0.02 mg/L
PO,*", respectively.

Quality control steps were taken throughout the study.
Sample bottles and glassware were washed using phosphate-
free detergent followed by the standard acid wash procedure.
Sample preparation and storage were performed according to
the standard methods [23]. Triplicate blank water that was
free of the analytes of interest was used in the same procedure
for each of the aforementioned analyses.

2.3. Statistical Analysis. Comparison of water quality param-
eters between the stations and the depths in the Bakun hydro-
electric reservoir was conducted using one-way ANOVA
and Tukey’s pairwise comparisons with 5% significance level.
Student’s ¢-test was used to compare the water quality of the
reservoir between the wet and dry seasons. Pearson’s corre-
lation analysis was performed to determine the relationship
among all the parameters in the reservoir during each season.
The water quality of the downstream river between the wet
and dry seasons and the results between the intake point

of the dam and the downstream river were compared using
Student’s t-test. Cluster analysis (CA) was used to investigate
the grouping of the sampling stations with different depths by
using the water quality parameters collected in the reservoir
and the downstream river. Z-score standardization of the
variables and Ward’s method using Euclidean distances as a
measure of similarity were used. All the statistical analyses
were carried out by using the Statistical Package for the Social
Sciences (SPSS Version 22, SPSS Inc., 1995).

3. Results and Discussion

3.1. Water Quality of Bakun Reservoir. Figure 2 illustrates
the vertical stratification in Bakun Reservoir, indicating poor
water mixing in the reservoir. Among the five sampling
stations in the Bakun Reservoir, Station 2, which is located
at Linau River, is stratified into three distinct layers of
different temperatures. The thermocline layer observed at 3 m
to 7 m separates the epilimnion (=30.5°C) and hypolimnion
(=25.5°C) at Station 2. Similarly, [10, 11] reported that the
thermocline started at a depth of 4-5m and between 6 m
and 9m in Bakun Reservoir during the filling phase and
13 months after reaching the full-supply level, respectively.
Thermal stratification in reservoirs has been widely reported
in tropical and subtropical reservoirs [19, 26-28]. The tem-
perature gradient within the thermocline layer in the Bakun
Reservoir is in agreement with the range of thermal stratifi-
cation of 0.5°C to 5°C for a tropical reservoir [29].

Dissolved oxygen was relatively consistent in the surface
water of the Bakun Reservoir, with a mean value of 7.22 mg/L.
The DO level started to decrease rapidly from a depth of
2m to less than 0.2mg/L at a depth of 4m at Station 1
which is located at Batang Balui. The DO level at Stations
2, 3, and 5 started to decrease rapidly from the depth of
around 3m whereas the DO level at Station 4 started to
decrease from 5m depth. In other words, the healthy level
of DO content above 5mg/L was only observed at the water
column above 3-6m in Bakun Reservoir. Similarly, [26]
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FIGURE 2: Depth profile of temperature and DO in Bakun Reservoir in February 2014.

showed that oxygen depletion is a common phenomenon
in the hypolimnia of Indonesian lakes and reservoirs with
different oxycline depths. The authors attributed the shallow
oxycline depth and thick anoxic layer in the Cirata Reservoir
to the weak wind-induced mixing and high organic loads
that lead to rapid decomposition and oxygen depletion in
the reservoir. On the other hand, the DO concentration
never fell below 2mg/L in Qiandaohu Lake, China, where
the DO depth profiles were closely linked to the water
temperature depth profiles [19]. The decrease of DO with
depth is commonly observed in reservoirs as photosynthesis
increases oxygen level in the surface water while respiration
of bacteria decomposing dead organic matter consumes all
the dissolved oxygen in the bottom water column coupled
with insufficient exchange with oxygenated surface water
[30]. However, a slight increase of DO content was observed
at the water column of the Bakun Reservoir between 12m
and 20 m which is most likely due to the additional water
discharged from the spillway where the water intake was at
a depth of approximately 15 m. The rapid water movement
due to the additional water withdrawal at the particular
water column promotes the mixing of the low DO water
with a large volume of oxygenated colder water inflow from
tributaries around the reservoir [14]. This phenomenon was
not observed in the study in [11] where the DO content was
reported as undetectable from a depth of 7 m up to a depth
of 30 m as the reservoir water was not discharged from the
spillway during this study.

The pH value of the Bakun Reservoir ranged from 4.93 +
0.06 to 8.06 + 0.05 during the wet season with the lowest and
highest pH value being observed at Station 5 and Station 2,
respectively. On the other hand, the pH value of the Bakun
Reservoir is relatively consistent during the dry season with
a mean value of 7.30. Vertical distribution of pH values in
Bakun Reservoir differed between the wet and dry seasons
although this was not significantly different (p value > 0.05)
(Table 2). During the dry season, the pH value of the Bakun
Reservoir decreased as depth increased up to a depth of

10 m and remained at a similar value up to a depth of 20 m
as illustrated in Figure 3. The vertical distribution of pH
values during the dry season in the present study is in good
agreement with the previous study in the Bakun Reservoir [11]
and the Batang Ai Reservoir [31] where the pH value of the
reservoir water decreased as depth increased. However, the
pH value tends to increase with depth when the surface pH
value is low as demonstrated by Stations 3 and 5 during the
wet season. The results showed that the low pH value at the
surface water was diluted by the reservoir water with higher
pH value as depth increased. The dilution in the water column
improved the pH at Station 3 from 6.3 to 6.8. However, despite
the dilution in the water column, Station 5, which was the
closest station to the dam, still showed pH values of less than
6.5mg/L. On the other hand, when the pH value was high
(>7), the pH value decreased as depth increased which is
similar to vertical pH distribution during the dry season. The
surface pH value was classified as Class I but was changed to
Class II as depth increased according to the National Water
Quality Standard (NWQS) for Malaysia [32] during the dry
season. During the wet season, the pH values of the Bakun
Reservoir were classified as Class I except for Stations 3 and
5. The surface water at Station 3 was classified as Class II
while the extremely low surface pH value of 4.9 at Station 5
exceeded the NWQS. Besides, the pH values at Station 5 at
depths of 10 m and 20 m were classified as Classes II and III,
respectively.

Table 3 shows that no significant correlation (p value >
0.05) was found between the pH value of the Bakun Reservoir
and the other parameters during the wet season suggesting
that the pH value of the Bakun Reservoir, particularly Stations
3 and 5, was mainly influenced by the low pH surface runoff
from the anthropogenic activities in the surrounding area.
Stations 3 and 5 were located downstream of the construction
site. of the Murum hydroelectric dam and active logging
activities. The decomposition of organic matter derived from
anthropogenic activity acidified the upstream rivers that flow
into the reservoir and caused the acidification at the stations.
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FIGURE 3: The distribution of pH and turbidity at three different depths (0, 10, and 20 m) of Bakun Reservoir in February (a) and September

(b) 2014.
TaBLE 3: Correlation of water quality parameters of the Bakun Reservoir during the wet season (N = 15).
Parameter pH Turbidity Chla TSS BOD, NO, -N NO; -N OKN SRP TP
pH 1.000
Turbidity 0.005 1.000
Chla 0.314 -0.254 1.000
TSS —-0.162 0.755" -0.368 1.000
BOD, —0.345 0.242 —0.263 0.310 1.000
NO, -N —-0.288 0.093 -0.383 0.247 0.674" 1.000
NO; -N 0.161 0.067 0.389 —0.011 0.272 —0.002 1.000
OKN —0.081 0.023 0.091 —0.208 0.499 0.265 0.552" 1.000
SRP —0.365 0.237 —0.130 0.281 0.044 0.288 0.223 0.093 1.000
TP —0.128 0.474 —0.144 0.217 0.400 0.620" 0.121 0.271 0.539" 1.000

“The significant correlation at p value < 0.05 is indicated in bold.

On the other hand, during the dry season, the pH value of the
Bakun Reservoir was significantly positively correlated with
Chl a and SRP but negatively correlated with turbidity and TP
(p value < 0.05) as shown in Table 4. The relationship revealed
that the pH value of the Bakun Reservoir was regulated by
the process of photosynthesis and decomposition of organic

matter in the reservoir during the dry season. Photosynthesis
increases pH value in the surface water but the rate decreases
with depth due to light limitation in the water column [33,
34].

The surface turbidity value of the Bakun Reservoir was
low (<6 FNU) and increased significantly (p value < 0.05)
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TABLE 4: Correlation of water quality parameters of the Bakun Reservoir during the dry season (N = 15).

Parameter pH Turbidity Chla TSS BOD; NO, -N NO, -N OKN SRP TP

pH 1.000

Turbidity —-0.516" 1.000

Chla 0.676" -0.385 1.000

TSS -0.407 0.923" -0.259 1.000

BOD, -0.378 0.217 0.090 0.346 1.000

NO, -N 0.465 -0.008 0.041 —-0.048 —-0.479 1.000

NO,; -N -0.192 0.197 -0.293 0.085 —-0.405 0.289 1.000

OKN -0.085 0.524" 0.001 0.622" 0.283 0.166 0.276 1.000

SRP 0.556" -0.361 0.884" —-0.359 -0.024 -0.041 -0.163 -0.009 1.000

TP -0.539" 0.205 —-0.255 0.128 0.176 -0.406 0.513 0.103 —-0.168 1.000

“The significant correlation at p value < 0.05 is indicated in bold.

as depth increased at all stations which agrees with the
previous study on the reservoir [10, 11]. The turbidity value
increased up to 131.33 FNU and 263.67 FNU at a depth of
20 m during the wet season and dry season, respectively. The
surface turbidity value in the Bakun Reservoir was classified
as Class I during both trips except for Station 3 during the
wet season which was classified as Class II. The turbidity
value exceeded the NWQS as depth increased where the
turbidity value was more than 50 FNU. The turbidity value
was significantly higher (p value < 0.05) at Stations 3 and
4 which are located at Murum River. Figure 3 illustrates
that the turbidity value at Station 4 increased linearly during
both trips while the turbidity value at Station 3 increased
linearly during the wet season. The turbidity value at Station
3 increased up to 261.3 FNU at a depth of 10 m and became
stagnant up to a depth of 20 m during the dry season. The
significant positive correlation between turbidity and TSS
(p value < 0.05) suggested that the turbidity resulted from
the suspended solids in the water column. The land clearing
coupled with the construction at the upstream area of the
Murum River accelerated the soil erosion and sedimentation
and the resulting suspended solids were transported into
the reservoir during surface runoff and were deposited at
the bottom of the reservoir. The high turbidity value which
increased with depth was most likely due to the settling and
resuspension of settled solids. The turbidity value at Station 3
was recorded up to 1000 FNU at a depth of 15m and 30 m
in the year 2013 [13]. The present study did demonstrate
an improvement in the water turbidity over time although
the value still exceeded the standard. Turbidity was also
significantly positively correlated with OKN (p value < 0.05)
during the dry season. Many pollutants are attaching to the
particles; thus, an increase in particles in the reservoir results
in an increase in OKN in the present study.

The surface Chl a concentration ranged from 0.62 +
0.21 ug/L to 2.30 + 0.81 ug/L and from 0.64 + 0.02 ug/L to
5.87 £ 0.99 ug/L in the Bakun Reservoir during the wet
and dry seasons, respectively. The vertical distribution of
Chl a in the Bakun Reservoir shows that Chl a decreased
with depth or remained at similar concentrations in the
water column (Figure 4). Sufficient light availability on the

surface water promoted the growth of phytoplankton leading
to the highest concentration of Chl a in the surface water
whereas light limitation as depth increased reduced the
growth of the phytoplankton in the present study. However,
in studies such as [27], the Chl a concentration exhibited
a different trend where the Chl a concentration was the
highest at a depth of 10 m compared to the surface water.
The authors attributed this observation to the unfavorable
high temperature and irradiance in the surface water for the
phytoplankton. Nevertheless, the authors reported that the
Chl a concentration was the lowest at a depth of 30 m due
to the light limitation in the reservoir.

Previously, the highest concentration of 7.25 ug/L of Chl
a was reported in the surface water of Bakun Reservoir
[11] whereas the Chl a concentration was reported up to
4.58 mg/m3 [35] and 6.02 mg/m3 [28] in the surface water
of the Batang Ai Reservoir. The high Chl a in the Batang Ai
Reservoir was attributed to the cage culture activities in the
reservoir [35] whereas the high Chl a concentration in the
present study was most likely due to the nutrient availability
from the anthropogenic activities in the adjacent area. In the
present study, Chl a was significantly positively correlated
with SRP during the dry season (p value < 0.05). The positive
correlation between Chl a and SRP reveals that the growth of
phytoplankton in the Bakun Reservoir was not limited by the
phosphorus.

All surface TSS values in Bakun Reservoir were classified
as Class I which is less than 25 mg/L. The surface TSS con-
centration in the present study was lower than the previously
reported surface TSS concentration (66.7-100.0 mg/L) in
the year 2013 [11]. The improvement of TSS concentration
demonstrated the settling of the suspended solids in the reser-
voir over time. The old Batang Ai Reservoir also contained
low TSS values which are less than 25 mg/L even at a depth
of 30 m [35]. The vertical distribution of TSS exhibited a
similar trend with turbidity where the TSS value increased
significantly (p value < 0.05) as depth increased in the present
study. Figure 4 shows that Station 3 contained the highest
TSS concentration as depth increased during the dry season,
followed by Station 4 where both stations were located at
the Murum River. The extremely high TSS concentrations at
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FIGURE 4: The distribution of Chl a, TSS, and BOD; at three different depths (0, 10, and 20 m) of Bakun Reservoir in February (a) and

September (b) 2014.

Stations 3 and 4 revealed the impact of the land clearing and
dam construction upstream of the river that carries eroded
soil particles into the reservoir.

Surface BOD; concentration at the Bakun Reservoir
ranged from 3.24 + 0.19 mg/L to 4.30 + 0.15mg/L and from
3.47 £+ 0.06 mg/L to 4.43 + 0.06 mg/L during the wet and
dry seasons, respectively. Table 2 shows that Stations 3 and
5 often contained significantly higher BOD; concentrations

(p value < 0.05) at the three different depths of the water
column. The high BOD; concentrations at the two stations
downstream of the construction of the Murum hydroelectric
dam and logging activities show organic matter loading
from the anthropogenic activities into the reservoir. BODs
concentrations decreased to a value of 2.23 mg/L at a depth
of 20m at Station 1, classified as Class II. Other than that,
BODj; concentrations in the Bakun Reservoir were classified
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as Class III. In contrast to the TSS concentration, the surface
BODj; concentration in the present study was higher than the
surface BOD; concentration (<2 mg/L) in the year 2013 [13].
The elevated BOD; concentration in the reservoir indicates
high loading and accumulation of organic matter in the
Bakun Reservoir over time. However, the present surface
BODj; concentration was lower than the BOD; concentration
in the Batang Ai Reservoir where up to 12mg/L of BOD;
concentration was reported [35].

The NO, -N concentration was low in the Bakun Reser-
voir. The surface NO, -N concentrations were not signifi-
cantly different (p value > 0.05) among the stations during
the wet season with a mean of 0.003 mg/L. During the dry
season, the highest value of surface NO, -N was observed
at Station 4 (0.008 + 0.001mg/L) followed by Station 3
(0.007 + 0.001mg/L) which were significantly higher (p
value < 0.05) than other stations (=0.002 mg/L). Similarly,
the surface NO; -N concentration was generally low in the
Bakun Reservoir, ranging from 0.014 + 0.006 mg/L to 0.037 +
0.001 mg/L during the wet season. The mean concentration
of surface NO; -N in the Bakun Reservoir during the dry
season was 0.008 mg/L except at Station 4 which exhibited
a peak of 0.022 + 0.011mg/L. The highest concentrations
of NO; -N in the reservoir were observed at Station 2 at
a depth of 20m (0.050 mg/L) and Station 4 (0.059 mg/L)
during the wet and dry seasons, respectively. Comparisons of
the results with NWQS indicated that NO, -N and NO;™ -
N in the Bakun Reservoir were classified as Class I. Surface
OKN concentrations of the Bakun Reservoir ranged from
0.32 + 0.01mg/L to 0.42 + 0.0lmg/L and from 0.29 *
0.01mg/L to 0.35 + 0.01 mg/L during the wet and dry seasons,
respectively. Significantly high concentrations of OKN (p
value < 0.05) were observed at Stations 4 and 5 during the wet
and dry seasons which are predominantly from the surface
runoft from the anthropogenic activities as mentioned above.
Similar to the BOD; concentration, no obvious trend was
observed in the vertical distribution of OKN concentrations
in the Bakun Reservoir (Figure 5).

The NO, -N concentration in the present study is within
the range of NO, -N (0.0003-0.0083 mg/L) reported in the
year 2013 [11] and lower than the NO, -N concentration
(0.001-0.053 mg/L) in the Batang Ai Reservoir [35]. On the
other hand, the NO;™-N concentration in the present study
is within the range of NO;™-N (0.01-0.06 mg/L) in the Batang
Ai Reservoir [35] but the NO;™-N concentrations in Station
2 during the wet season and Station 4 during the dry season
were higher than the range of NO; -N (0.003-0.027 mg/L)
reported in the Bakun Reservoir in the year 2013 [11].
NO, " -N was significantly positively correlated with TP and
BOD; (p value < 0.05), and OKN was significantly positively
correlated with NO;™-N (p value < 0.05) during the wet
season. The relationship indicated the active decomposition
and nitrification process in the reservoir. The relatively higher
NO; -N concentration in the reservoir compared to the
year 2013 indicated that nitrogen in the reservoir is being
converted to NO; ™ -N which is less toxic to aquatic organisms
in the reservoir.

The concentration of SRP was low and relatively consis-
tent in the Bakun Reservoir during the wet season with a

Journal of Chemistry

mean value of 8.6 ug/L. The highest concentration of SRP
(13.2 ug/L) was observed at Station 1 at a depth of 20 m. The
SRP concentration was significantly higher during the dry
season in the Bakun Reservoir (p value < 0.05) with a mean
value of 379 ug/L. The lowest and the highest concentrations
of surface SRP were observed at Station 4 (17.4 + 1.8 ug/L)
and Station 5 (107.5 + 3.1 ug/L), respectively, and significantly
differed (p value < 0.05) from other stations in the reservoir.
Figure 6 illustrates that most stations in the Bakun Reservoir
exhibited similar vertical distributions of SRP concentra-
tion during the dry season except for Station 4. The SRP
concentration significantly decreased (p value < 0.05) as
depth increased in the Bakun Reservoir except at Station 4
where the surface SRP concentration was significantly lower
(p value < 0.05) than the SRP concentration at depths of
10 m and 20 m. Reference [26] reported that phosphate was
lower in hypolimnion (>2.5uM) compared to the surface
water (0.05-0.23 M) in the Cirata Reservoir which could be
caused by enhanced loading from the sediment in the anoxic
condition. The SRP concentration in the present study was
lower than the SRP concentration in the year 2013 where the
highest SRP concentration was 652.2 ug/L [11].

Surface TP of the Bakun Reservoir ranged from 78.2 +
3.6 ug/L to 136.9 + 9.6 ug/L and from 135.6 + 19.3 ug/L to
244.9 +11.1 ug/L during the wet and dry seasons, respectively.
Similar to the SRP, TP concentration was significantly higher
during the dry season (p value < 0.05) in the Bakun Reservoir.
This shows that high precipitation during the wet season and
the elevated reservoir water volume diluted both SRP and TP
substantially in the reservoir. A similar observation where
TP showed lower concentrations during the rainy season
and high water level (24.90-38.59 ug/L) than the dry season
and low water level (45.94-67.28 ug/L) was reported in the
Batang Ai Reservoir [20]. The present TP concentration in
the Bakun Reservoir was higher than the TP concentration
in the Batang Ai Reservoir during both seasons. Figure 6
illustrates that the vertical distribution of TP concentration
is relatively consistent in the Bakun Reservoir but shows an
opposite trend between the wet and dry seasons. The TP
concentration was the lowest at the depth of 10 m during the
wet season but became the highest during the dry season.
Station 3 contained significantly higher TP concentrations at
0m, 10 m, and 20 m (p value < 0.05) in the reservoir during
the wet season, suggesting that the phosphorus originates
from the surface runoff from the Murum Dam construction.
The intensity of the impact increased substantially during
the wet season as more phosphorus is washed down into the
reservoir. In the present study, SRP concentrations complied
with the 200 pug/L standard in accordance with the NWQS
[32] during both trips. The TP concentration complied with
the NWQS during the wet season but was noncompliant
with the standard when the TP concentration increased
substantially during the dry season.

3.2. Water Quality of the Downstream River of the Bakun
Hydroelectric Dam. Table 5 summarizes the in situ and ex
situ water quality of the downstream river of the Bakun Dam
during the wet and dry seasons. The result demonstrated that
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FIGURE 5: The distribution of NO, -N, NO; -N, and OKN at three different depths (0, 10, and 20 m) of Bakun Reservoir in February (a) and

September (b) 2014.

the reservoir water has altered the surface water temperature
of the downstream river. When the cooler reservoir water
at a depth of 10m is released into the downstream river,
it decreased approximately 4°C to 5°C of the surface water
temperature of its downstream river. The mean value of DO
in the downstream river was 9.40 mg/L and 2.59 mg/L during
the wet and dry seasons and was classified as Class I and Class
IV, respectively. Both DO values in the downstream river were

higher than the DO value of the reservoir water at a depth
of 10m (<1mg/L), particularly the DO content during the
wet season because the spillway of the dam was open and
additional water was discharged from the spillway during
the sampling. The strong water current from the spillway
coupled with the water flow from the turbines promotes
aeration and increases the DO content substantially. On the
other hand, the DO content was low when the spillway was
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2014.

TABLE 5: Summary of the mean and standard deviation of the in situ and ex situ water quality parameters in the downstream river of the
Bakun Dam (Station 6) and the mean difference of the parameters between the wet and dry seasons (N = 3).

Parameter Wet season Dry season Mean difference p value

In situ
Temperature, °C 25.0+0.0 27.1+0.1 -21 0.000
DO, mg/L 9.40 £0.10 2.59 +£0.05 +6.81 0.000
pH 6.2 £0.01 6.0 £0.01 +0.2 0.001
Turbidity, FNU 77.00 £ 1.00 113.67 £ 0.58 -36.67 0.000

Ex situ
Chl a, ug/L 0.64 = 0.06 0.52 £ 0.06 +0.12 0.179
TSS, mg/L 45.0+1.7 61.7+1.4 -16.7 0.011
BOD;, mg/L 5.70 £0.03 3.10£0.10 +2.60 0.000
NO, -N, mg/L 0.007 £ 0.001 0.001 £ 0.001 +0.006 0.009
NO; -N, mg/L 0.023 £0.010 0.009 £ 0.001 +0.014 0.115
OKN, mg/L 0.40 £ 0.01 0.38 £ 0.00 +0.01 0.057
SRP, ug/L 10.1+3.1 342+1.8 -24.1 0.008
TP, ug/L 99.2+9.6 386.4+19.3 —-287.2 0.001

The positive value of mean difference indicates that the parameter studied is higher during the wet season whereas the negative value indicates that the parameter

studied is higher during the dry season.
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TABLE 6: Mean difference of in situ and ex situ water quality parameters between the intake point of the dam at 10 m (Station 5) and its

downstream river (Station 6) during wet and dry seasons (N = 3).

Parameter Wet season Dry season
Mean difference p value Mean difference p value
In situ
pH -0.03 0.469 +0.01 0.288
Turbidity, FNU +60.9 0.000 +46.7 0.000
Exsitu
Chl a, ug/L +0.28 0.013 —-0.02 0.755
TSS, mg/L +4.67 0.011 +13.03 0.000
BOD;, mg/L +1.26 0.000 -1.53 0.000
NO, -N, mg/L +0.003 0.001 +0.000 0.374
NO; -N, mg/L +0.003 0.631 —-0.000 0.374
OKN, mg/L +0.08 0.000 +0.05 0.000
SRP, ug/L +3.2 0.157 -10.5 0.007
TP, ug/L +10.5 0.189 +115.7 0.002

The positive value of mean difference indicates that the parameter studied is higher in the downstream river whereas the negative value indicates that the

parameter studied is lower in the downstream river.

not open during the sampling in the dry season. When
the oxygen-deprived reservoir water was released into the
downstream river without additional aeration, it decreased
the oxygen level of the downstream river below the minimum
requirement of 5 mg/L for sensitive aquatic organisms.

Low pH values (=6.1) were observed at the downstream
river and classified as Class II according to NWQS [32].
Table 6 shows that there was no significant difference in pH
value between Station 6 and the dam intake point at 10 m for
both seasons (p value > 0.05) revealing that the low pH in the
downstream river is due to the low pH of the reservoir water
that was released into the downstream river after passing
through the turbines. The pH value of the downstream river
was relatively lower than the pH value of tributaries that
flow into the Bakun Reservoir (6.8-7.8) [14]. The turbidity
value in the downstream river of the dam was high and
exceeded the standard guideline of 50 FNU in Malaysia [32].
The turbidity values were also significantly higher (p value
> 0.05) than the reservoir water during both seasons. When
water is discharged from the spillway in addition to turbine
outflow, resuspension of deposited sediments under the high
flow rate increases the suspended solids downstream. The
turbidity value (77.00 + 1.00 FNU) during the wet season
was significantly lower (p value > 0.05) than the dry season
(113.67 + 0.58 FNU) which is most probably due to more
dilution from the tributaries along the downstream river
during the wet season. Similar to the turbidity value, the TSS
concentration during the wet season was significantly lower
than the dry season (p value < 0.05) and was classified as
Class II and Class III, respectively. Both values were also
significantly higher than the TSS concentration (p value <
0.05) at the intake point.

There was no significant difference in Chl a between the
wet and dry seasons (p value > 0.05) in the downstream river
with a mean value of 0.58 ug/L. The Chl a concentration
was significantly higher (p value < 0.05) than the intake

point during the wet season but it was similar to the Chl a
concentration at surface reservoir water (0.64 ug/L). There
was no significant difference in Chl a between downstream
river and the intake point (p value > 0.05) during the dry
season. The mean value of BOD; in the downstream river was
5.70 mg/L and 3.10 mg/L during the wet and dry seasons and
was classified as Class III. The BOD; concentration during
the wet season was significantly higher than the dry season (p
value < 0.05). Besides, the downstream BOD; concentration
was significantly higher than the BOD; concentration at
the intake point (p value < 0.05) during the wet season
whereas the BOD; concentration was significantly lower
than the BOD; concentration at the intake point (p value
< 0.05) during the dry season. The higher downstream
BODj concentration during the wet season indicates that the
high BOD; concentration is most likely attributed to other
domestic discharge and runoff in addition to the reservoir
water. Several longhouses and villages located along the
downstream river may have contributed substantial organic
matter to the downstream river.

NO, -Nand NO;™-N concentrations were also low in the
downstream river, similar to the reservoir water, and were
classified as Class I according to NWQS [32]. Significantly
higher NO, -N concentration (p value < 0.05) was found
during the wet season whereas no significant difference
of NO; -N concentration was found between the wet and
dry seasons (p value > 0.05). The downstream NO, -N
concentration was also significantly higher than the reservoir
NO, -N concentration at the intake point. There was no
significant difference in OKN between the wet and dry
seasons (p value > 0.05) in the downstream river with a
mean value of 0.39mg/L. OKN was significantly higher
(p value < 0.05) at the downstream river than the OKN
concentration at intake point. The higher downstream NO, -
N and OKN concentrations besides BOD; demonstrated
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located at its downstream river collected at 0 m during dry and wet seasons in Sarawak, Malaysia.

the organic pollutant contribution from adjacent domestic
discharge and runoff in the downstream river.

SRP and TP concentrations in the downstream river
exhibited a similar trend where the concentration during
the wet season was significantly lower than during the dry
season (p value < 0.05). The downstream SRP concentration
complied with the 200 pg/L standard in accordance with the
NWQS [32] in both trips. On the other hand, the downstream
TP concentration also complied with the NWQS during
the wet season but changed to noncompliance with the
standard when the TP concentration increased substantially
during the dry season. The TP concentration was found to
be significantly higher (p value < 0.05) at the downstream
river than the TP concentration at the intake point. The
high TP and low SRP concentration indicate that phosphorus
concentration mainly consisted of organic phosphorus in
the present study. The higher downstream TP concentration
further confirms the organic pollutant contribution from the
adjacent domestic discharge.

3.3. Cluster Analysis. Figure 7 demonstrates that the water
quality in the reservoir can be grouped into three clusters
according to the season and the water depth of the reservoir.
Cluster 1 and Cluster 2 are mostly made up of sampling
stations at depths of 10 m and 20 m conducted during the
dry season and wet season, respectively, indicating that the
dry and wet seasons have an influence on the deeper water

column of the reservoir. The surface water quality of the
downstream river during the dry (Case 32) and wet (Case 16)
seasons was also grouped to Clusters 1 and 2, respectively, as
it was influenced by the deeper reservoir water discharged
into the river. On the other hand, surface water quality of
the reservoir except at Station 5 (Case 13) during the wet
season was not influenced by the season where the surface
water quality of the Bakun Reservoir during both seasons
was categorized as Cluster 3. This phenomenon is the most
apparent based on the turbidity and TSS in the reservoir.
The surface turbidity and TSS values during the wet and dry
seasons were relatively similar with a mean value of 3.02 FNU
and 3.66 FNU and 9.0 mg/L and 8.1 mg/L, respectively, but the
turbidity (76.02 FNU versus 133.65 FNU) and TSS (60.7 mg/L
versus 125.5 mg/L) values at a depth of 20 m during the wet
season were around two times lower than during the dry
season.

4. Conclusions

The Bakun hydroelectric reservoir is a thermally stratified
reservoir with a temperature gradient of approximately 5°C
within the thermocline layer. The thickness of the well
oxygenated water was around 3-6 m of the surface water,
whereas the oxygen content of most of the water body was
below 5mg/L or even in hypoxia. The Bakun Reservoir
showed signs of organic pollution with high BOD;, OKN,
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and TP concentrations observed in the reservoir. Acidifi-
cation was observed in parts of the reservoir, particularly
downstream of active logging activities and the Murum
hydroelectric dam construction during the wet season. The
water quality of the reservoir was influenced by the wet
and dry seasons particularly in the deeper water column.
SRP and TP concentrations were discovered to be higher
during the dry season in the reservoir. This result suggests the
necessity of management and conservation of the reservoir to
prevent further deterioration in the reservoir’s water quality
where different water quality parameters should be targeted
during different seasons. The present study also demonstrated
that the water discharged from the Bakun Reservoir has
a great impact on the water quality at the downstream
river. The water released from the reservoir decreased the
temperature, DO, and pH of the downstream river whereas
turbidity and TSS concentration increased in the downstream
river. Nevertheless, the water quality of the downstream
river, particularly BODs, OKN, and TP concentrations, was
also influenced by adjacent anthropogenic activities such as
household wastewater. This result suggests that the down-
stream river of the Bakun Reservoir was not solely impacted
by the reservoir’s outflow. Therefore, all factors should be
taken into account in decision-making of the management
of the downstream river for the health of sensitive aquatic
organisms.
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