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Hydroelectric Reservoirs 

 

 

Kho Liang Ping 
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Universiti Malaysia Sarawak 

 

ABSTRACT 

 
The objectives of this study were to determine and compare THg concentration in fish sampled from three 

reservoir namely, Murum, Bakun and Batang Ai Hydroelectric Reservoirs. The samples were digested and 

diluted into 100 mL. A mercury analyser was used to determine the total mecury content in the samples. 

The moisture contents of 16 fish species (Barbonymus schwanenfeldii, Cyclocheilichthys apogon, 

Cyclocheilichthys armatus, Hampala bimaculata, Hampala macrolepidota, Hemibagrus  planiceps, 

Lobocheilos bo, Lobocheilos falcifer, Oreochromis niloticus, Oreochromis mossambicus, Osphronemus 
goramy, Osteochilus hasseltii, Osteochilus waandersii, Pangasius micronemus, Puntioplites waandersi and 

Puntius binotatus) were ranged from 75.9% to 84.0%. Results showed that the THg content present in fish 

collected from Murum hydroelectric reservoir (n.d. – 3.10 mg/kg dry weight) was the highest followed by 

Bakun (0.19 – 2.37 mg/kg) and then Batang Ai Hydroelectric Reservoir  (0.08 – 1.25 mg/kg). Statistical 

analysis illustrated that the concentration of THg in fish species from each reservoirs and among the three 

reservoirs were significantly different (P < 0.05) from each other. Higher trophic level of fish species tends 

to accumulate more Hg than lower trophic level of fish species. This may be associated to the impoundment 

history as literature suggests that fishes caught from a newly impounded dam tend to have higher mercury 

content within 5 to 35 years after impoundment. 

 

Keywords: Total mercury, hydroelectric reservoir, fish 

 

ABSTRAK 

 
Objektif kajian ini adalah untuk menentukan dan membandingkan jumlah merkuri yang terdapat dalam 
ikan sampel dari tiga empangan iaitu Empangan Hidroelektrik Murum, Bakun dan Batang Ai. Sampel telah 

dihadam dan dicairkan kepada 100 mL. Analyzer merkuri telah digunakan untuk menentukan jumlah 
kandungan mecuri dalam sampel. Kandungan kelembapan 16 spesies ikan (Barbonymus schwanenfeldii, 

Cyclocheilichthys apogon, Cyclocheilichthys armatus, Hampala bimaculata, Hampala macrolepidota, 

Hemibagrus  planiceps, Lobocheilos bo, Lobocheilos falcifer, Oreochromis niloticus, Oreochromis 
mossambicus, Osphronemus goramy, Osteochilus hasseltii, Osteochilus waandersii, Pangasius 

micronemus, Puntioplites waandersi and Puntius binotatus) ialah antara 75.9% hingga 84.0%. Hasil kajian 
menunjukkan bahawa ikan yang dikumpul dari empangan hidroelektrik Murum (nd - 3.10 mg/kg berat 

kering) mempunyai kandungan jumlah merkuri yang tertinggi diikuti oleh Bakun (0.19 - 2.37 mg/kg) dan 

Batang Ai (0.08 - 1.25 mg/kg). Analisis statistik menggambarkan bahawa jumlah merkuri yang terdapat 
dalam species ikan dari ketiga-tiga empangan hidroelektrik dan antara ketiga-tiga empangan hidroelektrik 

adalah berbeza (P < 0.05) antara satu sama lain. Spesies ikan di peringkat trofik yang tertinggi akan 

mengumpul lebih banyak merkuri daripada spesies ikan di peringkat trofik yang lebih rendah. Kajian-
kajian sebelum telah menunjukkan bahawa ikan yang dikumpul dari empangan yang baru ditakung akan 

mempunyai kandungan merkuri yang lebih tinggi dalam tempoh 5 hingga 35 tahun selepas penakungan. 
 

Kata kunci: Jumlah merkuri, empangan hydroelektrik, ikan 
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Chapter 1: Introduction 

Mercury (Hg) is an inorganic element which is found naturally on the Earth’s crust. According 

to the United Nations Environment Programme Chemicals (2002), Hg can be transformed into 

methylmercury (MeHg) by biotic and abiotic processes including microbial metabolism. It is 

formed when mercury binds with organic molecules in the environment. Methylmercury has 

higher toxicity compared to mercury. Thus, it contributes to adverse health effect to living 

organisms such as brain damage and cardiovascular diseases. In 1950, Minamata in Japan 

encountered direct release of methylmercury from the acetaldehyde production (United 

Nations Environment Programme Chemicals, 2002). 

Acording to the American Chemical Society (2004), reservoirs are important for power 

generation however the construction of hydroelectric reservoirs could result in methylmercury 

bioaccumulation in food web (Rehulka, 2002; Verdon et al., 1991).  Methylmercury 

contamination in reservoir can be very persistent (Rosenberg et al., 1997).  Studies show that 

the mercury level in predatory fish would take 20-30 years to restore  to its background level 

after impoundment (Bodaly et al., 1997). Carrie (2000) further revealed that new reservoirs 

would experience significant increase of methylmercury in fish (Carrie, 2000). Over time, the 

carbon levels decline thus reducing the production of methylmercury. Monson (2008) 

supported that methylmercury production is associated with anoxic condition in the wetlands 

and is correlated with the concentration of phosphorus. According to Williams et al. (1995), 

the anoxic condition may lead to leaching of toxic metals from the underlying sediments and 

eventually taken up and bioaccumulated in the aquatic organisms. 

Construction of a reservoir involves flooding of large total surface area of forest 

leading to increase in concentration of methylmercury (American Chemical Society, 2004). In 

Sarawak, hydroelectric development is gaining increasing attention. To date, there are three 
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reservoirs namely Murum, Bakun and Batang Ai Hydroelectric Reservoir aged < 1, 5 and 30 

year-old, respectively. According to Bruno Manser Fund (2012), the impoundment of 

hydroelectric reservoirs flooded hundreds of kilometres square of farmland and tropical 

rainforest. As a result, bacteria activity is enhanced encouraging the transformation of 

methylmercury from naturally occuring inorganic mercury (Berman & Bartha, 1986;  Bodaly 

et al., 1984 a; Hecky et al., 1991; Kelly et al., 1997). The transformation of mercury 

eventually leads to bioaccumulation and biomagnification. The mercury content accumulates 

more rapidly in organisms than the rate it is eliminated. It usually takes about 70 days to be 

eliminated from body if no mercury is consumed (USGS, 1995).  

In Malaysia, the fish consumption is estimated at 21 kg/person/year (Irwandi & Farida, 

2009). The hydroelectric dams are important for power generation nontheless the phenomenon 

of mercury transformation is scarcely known. To the best of our understanding, no studies 

have been done to determine the mercury level in fish muscle tissue in these three reservoirs. 

Thus, this study attempts to determine the total mercury concentration in fish species found in 

these hydroelectric reservoirs and compare the total mercury in the common fish species of 

these reservoirs. 
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1.1 Objectives 

The objectives of this study are: 

1. to determine the concentration of THg of fish species collected from Murum, Bakun 

and Batang Ai hydroelectric reservoirs. 

2. to compare the THg in the common fish species collected from the three reservoirs.  
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Chapter 2: Literature Review 

 

2.1 Mercury  

Elemental mercury is thick liquid metal at room temperature (Morel et al., 1998; TEACH 

Chemical Summary, 2007). It is a toxic pollutant that accumulates in organisms. It occurs 

naturally but can also be introduced via anthropogenic activities (Morel et al., 1998; Mason & 

Sveinsdóttir, 2003). Anthropogenic activities contribute up to 80% of the total mercury in the 

atmosphere (Mason et al., 1994). Mercury naturally occurs in different states as solid, liquid 

and gas. It presents in inorganic and organic forms (Meili, 1994). According to Morel et al. 

(1998), major forms of mercury are organic mercury (methylmercury) and ionic mercury 

(which is bound to sulfide, chloride and organic acids). Methylmercury has higher affinity to 

the organic matter and is very toxic compared to elemental mercury (Mason & Sveinsdóttir, 

2003). It is normally bioaccumulated in fishes (TEACH Chemical Summary, 2007). Mercury 

is a volatile compound (Boszke et al., 2002).  

 

2.2 Mercury in the environment 

 

2.2.1 Elemental mercury 

Elemental mercury (Hg
0
) is commonly found in the atmosphere due to its high volatility. 

Microorganisms play an important role in converting mercury species into volatile form 

(detoxification process). However, it is found to have low concentration in water and soils. 

Hg
0 

has long atmospheric half-life which is 0.5 to 2 years. This allows global distribution of 

Hg
0 

after emission (Steinlin & Huang, 2008).  
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2.2.2 Mercuric sulphide 

Mercuric sulphide (HgS) is a solid form mercury species which is insoluble in water. It 

oxidizes into mercuric sulphate (HgSO4) when it is exposed to moisture and air. HgSO4 can 

propagate in water and soils via groundwater movement. HgS can be formed in reducing 

sediment with the presence of sulphide ion. Sediment is an important sink for mercuric ion in 

pore water. Besides, it functions to control the solubility of mercuric ion and methylation 

process (Steinlin & Huang, 2008). 

 

2.2.3 Mercuric ion 

Mercuric ion (Hg
2+

) is a water-soluble mercury species. It is predominating in oxidising 

conditon (Boszke et al., 2002). It can form complex with inorganic and organic ligands such 

as Hg(II)DOM and Hg(II)POC (Steinlin & Huang, 2008). 

  

2.2.4 Organic mercury 

Organic mercury such as methylmercury (MeHg) and dimethylmercury (Me2Hg) are 

unreactive mercury species (Boszke et al., 2002). These mercury species can bind to sulphur 

in humic substances (Lindqvist et al., 1984). Organic mercury is lipid soluble and it has high 

tendency to bind with cysteine. Thus, it can be stored in the fish muscle tissues (Steinlin & 

Huang, 2008). Approximately 60% to 95% of total mercury content is present as 

methylmercury in most fish species (Cappon & Smith, 1981). Organic mercury is bioavailable 

and it can be bioaccumulated and biomagnified in aquatic life. It also can be transformed from 

unreactive to reactive ones (Morel et al., 1998; Stein et al., 1996; Ullrich et al., 2001). 
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2.3 Sources of mercury  

 

2.3.1 Natural occurrence 

Mercury can be released into water, sediment and atmosphere through natural processes such 

as rocks weathering, volcanic eruptions and under sea vents (Gray, 2003). It is estimated that 

90 Mg/year of mercury is released into the global atmosphere during volcanic eruptions and 

nearly 675 Mg of mercury is released to the atmosphere from biomass burning every year 

(annual average from year 1997 to 2006) (Pirrone et al., 2010). In addition, mercury is also 

emitted from vegetation. The mercury emission from vegetation depends upon mercury uptake 

from roots and atmosphere and atmospheric deposition to foliage (Rea et al., 2002). 

 

2.3.2 Anthropogenic sources 

Anthropogenic activities such as fossil-fuel fired power plants, ferrous and non-ferrous metals 

manufacturing facilities and chemical production factory could cause emission of mercury into 

the atmosphere (Pirrone et al., 2010). Coal and gas fuel power plants contribute 65% of 

anthropogenic emissions of mercury. It is reported that the mercury content in coal varies 

between 0.01 and 1.5 g per Mg (Pirrone et al., 2009). Smelting process also causes mercury to 

be released into the atmosphere. In China, there is a small amount of mercury released, 83 

Mg/year, from smelting process (Hylander & Herbert, 2008). 
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2.4 Transformtion of mercury  

 
Figure 1. Aquatic Mercury Cycle (USGS, 2013) 

 

2.4.1 Sedimentation  

The U.S. Environmental Protection Agency (2006) mentioned that mercury production occurs 

primarily in sediments (Figure 1). It is transported from sediment into water column and the 

transportation process is vital in determining the rate of bioaccumulation in fish. Mercury 

settles either at the bottom of water or on sediment. Sediment deposition is the main source of 

mercury in most of the aquatic environments. This process traps the mercury particles between 

layers. Rock erosion exposed mercury particles are then washed away (Bella & Hilliker, 2003). 

 

2.4.2 Mercury oxidation 

In biogeochemical mercury cycle, oxidation of mercury (Hg
0 

→ Hg
2+

 + 2e
-
) is a mechanism 

involves in the deposition of mercury in water and on land (Morel et al., 1998). In biotic 

process, oxidation occurs in animals, plants and microbes by hydroperoxidase-catalase (KatG) 

of Escherichia coli (E. coli). Wigfield and Tse (1985) stated that the oxidation process using 
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KatG is fast and efficient in the presence and absence of hydrogen peroxide (H2O2). Once 

mercuric ion (Hg
2+

) is formed, it is readily to be adsorbed onto tiny particles or taken up in 

rain water. Then, it is deposited through dry or wet deposition in the environment (Selin, 

2009). For abiotic process, oxidation of Hg
0 

happens through photooxidation by different free 

radicals and oxidants. Halogen radicals and halogen oxide radicals act as primary oxidants that 

producing Hg
2+  

ion (Lindberg et al., 2002).  

 

2.4.3 Methylation of mercury 

Methylation process is accelerated by vegetation and organic matter in a flooded area. It also 

happens due to the materials that are washed into the reservoir and becoming suspended solid 

(Stokes & Wren, 1987). Methylation process occurs when mercury particles bind to sulphide. 

Sulphates then stimulate methylation of mercury facilitated by the methylating microbes 

(Bella & Hilliker, 2003). As discussed in Environment Canada (2014), sulphate-reducing 

bacteria (SRB) such as Desulfovibrio desulfuricans LS is necessary in the methylation process. 

SRB breaks down organic matter producing sulphide, carbon dioxide and energy using 

sulphate (U.S. Environmental Protection Agency, 2006). In methylmercury synthesis by SRB, 

the methyl group of methylmercury is transferred from CH3-tetrahydrofolate via 

methylcobalamine. It is initiated from formate via the acetyl Co-A synthase pathway and from 

C-3 of serine. Nevertheless, SRB methylate mercury using substrate specificity of its enzymes 

instead of these pathway as these pathways are not unique to the bacteria (Choi et al., 1994).   

 

2.4.4 Bioaccumulation and biomagnification 

Methylmercury bioaccumulates at greater rate in fish tissue over time within organisms (Site 

C Clean Energy Project, 2013; Stokes & Wren, 1987). This is because fish has an active site in 



10 
 

continuing to bioaccumulate mercury in the cycle (Bella & Hilliker, 2003). Methylmercury 

bioaccumulated in plankton and transferred to fish via food chain (Greenwood & Earnshaw, 

1997). Methylmercury is concentrated through the successive trophic level by a 

biomagnification process (Bella & Hilliker, 2003; Site C Clean Energy Project, 2013; Stokes 

& Wren, 1987). Biomagnification of mercury is great at top level of food web. Mercury passes 

through the whole food web in aquatic environment. Fish at the highest trophic level has the 

highest risk of mercury exposure (Bella & Hilliker, 2003). 

 

2.5 Bioavailability 

Mercury is highly bioavailable in dissolved form (King & Davies, 1987). Bryan and Langston 

(1992) stated that methylmercury also has a relatively high bioavailability. Due to its 

bioavailability, the concentration methylmercury in aquatic organisms is greater than 

inorganic mercury (Bryan & Langston, 1992). There is almost 100% absorption of 

methylmercury by the efficiency of food break down in the stomach. Besides, there is 

negligible absorption of liquid mercury from the gastrointestinal tract in most animal species 

(Caussy et al., 2003). Aquatic plants which has high biomass cause the methylmercury more 

available in herbivorous fish (Roulet et al., 2000). 

 

2.6 Factors affecting mercury production 

 

2.6.1 Dissolved organic carbon (DOC) 

DOC is produced as a results of decomposition of the inundated organic carbon by 

microorganisms (Mailman, 2006).  Microorganisms help in the conversion of mercury to 
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methylmercury (Choi & Bartha, 1994). DOC is probably the most vital parameter in 

bioaccumulation of methylmercury by fish (Mason, 2000).   

 

2.6.2 Low pH and anoxic environment 

Bella and Hilliker (2003) showed that when there is a low pH and anoxic environment, 

microbial population is high leading to methylmercury production. A low pH (pH 4.75) 

decreases mercury volatilities yet facilitates optimum methyl group transfer during 

methylation process (Falter, 1999; Winfrey & Rudd, 1990).  

  

2.6.3 Temperature  

It is proved by American Chemical Society (2004) that when temperature of water and 

sediment is high, mercury methylation decomposition occurs. This is because higher 

temperature will lower the oxygen content thus increasing the primary production of organic 

matter (American Chemical Society, 2004). The optimum temperature for formation of 

mercury methylation is between 33 ˚C and 45 ˚C. Further increase in temperature will lower 

the rate of methylation and decomposes the compound  at 55 ˚C (Guimaraes et al., 1998). 

 

2.6.4 Humic matter 

Mercury concentration depends on the colour of water. The colour is associated with the 

presence of fulvic and humic matter in the streams. Complexation of mercury with humic 

matter will increase the mercury concentration in streams (Mierle & Ingram, 1991). Weber 

(1993) agreed that humic materials is a methylating agent that present in high concentration in 

sediments and water.  
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2.6.5 Age of hydroelectric reservoir 

It was found that the amount of mercury tends to increase within a reservoir from 5 to 35 years 

(Environmental Assessment Fact Sheet, 2013). Some scientists propose that the concentration 

of methylmercury in certain fish species will only decrease to natural level in 100 years but 

Hydro-Québec claimed that the decline in other fish species may take 30 years (Hopkins, 

1999). 

 

2.7 Impacts of the hydroelectric reservoir 

 

2.7.1 Flooding of forest 

According to the American Chemical Society (2004) and SENES Consultants Limited (n.d.), 

the construction of hydroelectric reservoir involved flooding of the landscape. Flooding of 

landscape increases the concentration of methylmercury in reservoirs (Environment Canada, 

2014; Mailman, 2006). The newly impounded hydroelectric reservoir has high rate of 

methylation of mercury as flooding of the forest accelerates bacterial decomposition in which 

it decreases the oxygen concentration in the bottom layer of reservoir. Low oxygen 

concentration leads to the enhanced growth of anaerobic bacteria that play an important role in 

transformation of methylmercury (Environment Canada, 2014). In Canada, numerous studies 

have been performed to study the effect of flooding on methylmercury for example the 

Experimental Lakes Area Reservoir Project (ELARP) and Flooded Uplands Dynamics 

Experiment (FLUDEX)  (Americal Chemical Society, 2004). ELARP took place in the area 

involving large of flooded boreal wetland. In 1999, FLUDEX involves a set of three reservoirs 

in boreal forest upland (American Chemical Society, 2004). In wetland reservoirs, 

methylmercury production is high however more methylmercury is expected to form per unit 
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of flooded carbon in the upland reservoirs. The formation of methylmercury depends on the 

total organic carbon inundated. The total organic carbon flooded causes short-term 

decomposition processes but it leads to long-term greenhouse gases emission and 

methylmercury production (Hall et al., 2005).  

 

2.7.2 Fresh aquatic life 

It is reported that methylmercury content in fish tissue increased when the water is 

contaminated (Bella & Hilliker, 2003). Environment Canada (2014) implied that lower order 

organisms in trophic level absorb methylmercury directly from water column. In contrast, 

higher level organisms such as fish and birds absorb and ingest methylmercury from the food 

source. Paterson et al. (1998) supported that flooding of small lake to form reservoir could 

increase the concentration of methylmercury in zooplankton by 10 fold and benthic 

invertebrates by 1-4 fold. A study by Hall et al. (2005) claimed that zooplankton, fish and 

periphyton contain the lowest methylmercury concentration in the upland reservoirs.  

 

2.7.3 Human health  

The permissible level of total mercury is 0.5 mg/kg wet weight basis (FAO/WHO, 1995; 

World Trade Organisation, 2007). The most sensitive target of methylmercury exposure is the 

nervous system (TEACH Chemical Summary, 2007). Hightower and Moore (2003) stated that 

methylmercury can cross the blood-brain barrier easily. It can be absorbed by all tissues 

including fetal tissue after a single dose (Clarkson, 1997).    
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2.7.4 Water quality 

Williams et al. (1995) found that the construction of hydroelectric reservoir results in high 

concentration of hydrogen sulfide under anoxic condition. This anoxic condition causes 

leaching of mercury from sediment and as a result concentrating the mercury of fish in the 

reservoir (Williams et al., 1995). Besides, operation of hydroelectric reservoir causes plenty of 

pollutants accumulate and deposit in the reservoir. The construction of hydroelectric reservoir 

changes the river flow and hence influences the water quality of reservoir and downstream 

flowing segment (Guo et al., 2009). 

 

2.8 Food habits and habitats of fish species  

Fish Species (Family) Description 

Barbonymus schwanenfeldii 

(Cyprinidae) 

 
 

It is found in all rivers and lakes of the Peninsular 

Malaysia and man-made lake (Ali & Lee, 1995; Mohsin 

& Ambak, 1983; Rainboth, 1996; Taki, 1978). Most of 

this species are herbivores submerge in plants and algae, 

consuming aquatic macrophytes and filamentous algae. 

Sometimes they feed on small fishes and occasionally 

insects (Rainboth, 1996; Sim et al., 2014). 

Cyclocheilichthys apogon 

(Cyprinidae) 

 
 

It inhabits in small streams, reservoirs, lakes (Talwar et 

al., 1991), canals, ditches, and areas with standing water 

or slow-moving   (Rainboth, 1996). It occurs in medium 

to large sized rivers (Taki, 1978). It is also found around 

surfaces, such as leaves, plant, tree roots and branches 

(Phen, et al., 2005). Carnivores, consuming mainly 

small fish and aquatic insects (Sim et al., 2014). 

Cyclocheilichthys armatus 

(Cyprinidae) 

 
 

Riverine and migratory species that lives in reservoir 

and mid-water to lower levels in larger rivers and 

streams. It feeds on small crustaceans, zooplankton, 

chironomids, and other insect larvae (Seriously Fish, 

2015). 

https://en.wikipedia.org/wiki/Cyprinidae
https://en.wikipedia.org/wiki/Cyprinidae
https://en.wikipedia.org/wiki/Cyprinidae


15 
 

Hampala bimaculata (Cyprinidae) 

 
 

It prefers clear upper streams water with sandy, gravel 

and rocky bottom with relatively fast current; mixed 

dipterocarp forest vegetation (Ryan & Esa, 2006). 

Predate on smaller fish (Wulffraat et al., 2006). 

Hampala macrolepidota 

(Cyprinidae) 

 
 

Riverine fish stays in clear, well-oxygenated, running 

water and can be found in upland and lowland, standing 

or flowing waters. It is a migratory species. Carnivorous 

predator, consumes smaller fishes and insects, 

freshwater crustaceans and plant material (Seriously 

Fish, 2015; Sim et al., 2014).  

Hemibagrus  planiceps (Bagridae) 

 
 

It moves into flooded forest during high water level 

period. It is predator in which it consumes fishes and 

crustaceans (Rainboth, 1996). 

 

Lobocheilos bo (Cyprinidae) 

 
 

It is benthic fish species commonly found in fast 

flowing areas with gravel substrate. It feeds on algae 

(Kottelat & Hui, 2008). 

Lobocheilos falcifer (Cyprinidae) 

 
 

It lives in freshwater and demersal (Encyclopedia of 

Life, n.d). It is herbivorous fish species which feed on 

algae plants.  

Oreochromis mossambicus  

(Cichlidae) 

 
 

This fish species lives in freshwater, brackish water, 

sluggish stream, canals and ponds. Omnivorous, 

consumes almost anything from algae to insects, 

crustaceans and fishes (FAO, 2015). 

https://en.wikipedia.org/wiki/Cyprinidae
https://en.wikipedia.org/wiki/Cyprinidae
http://www.seriouslyfish.com/classification/bagridae/
https://en.wikipedia.org/wiki/Cyprinidae
https://en.wikipedia.org/wiki/Cyprinidae

