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Preface 
 

Water pollution is a major global problem that requires ongoing evaluation and 
revision of water resource policy at all levels (from international down to individual 
aquifers and wells). It has been suggested that it is the leading worldwide cause of 
deaths and diseases, and that it accounts for the deaths of more than 14,000 people 
daily. In addition to the acute problems of water pollution in developing countries, 
industrialized countries continue to struggle with pollution problems as well. Water is 
typically referred to as polluted when it is impaired by anthropogenic contaminants 
and either does not support a human use, such as drinking water, and/or undergoes a 
marked shift in its ability to support its constituent biotic communities, such as fish. 
Natural phenomena such as volcanoes, algae blooms, storms, and earthquakes also 
cause major changes in water quality and the ecological status of water. Most water 
pollutants are eventually carried by rivers into the oceans. In some areas of the world, 
the influence can be traced up to one hundred miles from the mouth by studies using 
hydrology transport models. 

The specific contaminants leading to pollution in water include a wide spectrum of 
chemicals, pathogens, and physical or sensory changes, such as elevated temperature 
and discoloration. While many of the chemicals and substances that are regulated may 
be naturally occurring (calcium, sodium, iron, manganese, etc.), the concentration is 
often the key in determining what is a natural component of water, and what is a 
contaminant. High concentrations of naturally-occurring substances can have negative 
impacts on aquatic flora and fauna. Oxygen-depleting substances may be natural 
materials, such as plant matter (e.g. leaves and grass) as well as man-made chemicals. 
Other natural and anthropogenic substances may cause turbidity (cloudiness) which 
blocks light and disrupts plant growth, clogging the gills of some fish species. Many of 
the chemical substances are toxic. Pathogens can produce waterborne diseases in 
either human or animal hosts. Alteration of water's physical chemistry includes acidity 
(change in pH), electrical conductivity, temperature, and eutrophication. 
Eutrophication is an increase in the concentration of chemical nutrients in an 
ecosystem to an extent that increases in the primary productivity of the ecosystem. 
Depending on the degree of eutrophication, subsequent negative environmental 
effects such as anoxia (oxygen depletion) and severe reductions in water quality may 
occur, affecting fish and other animal populations. 
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This book includes scientific papers about water pollution, control and solution. Thus, 
it forms a significant base for future studies.  
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Periphyton and Earthworms as Biological 
Indicators of Metal Pollution in Streams  

of Blantyre City, Malawi 
C. C. Kaonga and M. Monjerezi 

University of Malawi 
Malawi 

1. Introduction  
Pollution of water and soils arises from overburdens of mines, application of fertilizers and 
pesticides, industrial effluents and sewage sludge (Alloway & Ayres, 1997), among others. 
In heavily contaminated soils and water, there is a decrease in the population, growth and 
function of biota. In most cases all biological indices of environmental health (fish, 
invertebrates and algae) decline as pollution intensity increases (Cuffney et al., 2000; Hill et 
al., 2000; Khan, 1990). The identification of plant and animal species with the ability to 
accumulate metals is therefore of interest for the purposes of environmental monitoring 
(Chukwuma, 1998; Manly, 1996).   
Earthworms and periphyton (attached algae) have been utilized as indicators of pollution of 
soils and water with metals (Ireland, 1983; Holan et al., 1993; McCormick & Cairns, 1994; 
Ramelow, 1987; Jin-fen et al., 2000). Despite being very small, experiments unequivocally 
demonstrate that algae sequester heavy metals by complexation to phytochelatins (Gekeler 
et al., 1988), which is an identical mechanism as higher plants. In the context of 
biomonitoring, earthworms act as quantitative monitors of total-soil metal and also 
estimators of ecologically significant soil metal concentration (Morgan & Morgan, 1988). 
Earthworms are important components of the soil system mainly because of their favourable 
effects on soil structure and function which include increasing soil fertility by formation of 
an organic matter layer in topsoil. The most widely studied earthworm species are Eisenia 
fetida, Eisenia Andrei, Lumbricus terrestris and Lumbricus rubellus (Georgescu & Weber, 2007).  
In Malawi, several studies have confirmed the presence of heavy metals in water and soils. 
Kadewa et al. (2001) found levels of copper, cadmium and chromium in soils fertilized by 
sewage sludge from Soche waste water treatment plant in Blantyre to be higher than the 
range for critical concentration for sludge amended soils. Sajidu et al. (2007) found that the 
levels of lead, cadmium, iron, manganese, zinc, chromium and nickel in streams in the city 
of Blantyre were much higher than World Health Organisation (WHO) safe limits for 
drinking water in all sampled streams after they had passed through industrial areas. 
Lakudzala et al. (1999) found that at some points on Mudi, Likhubula and Shire Rivers, the 
iron and lead levels exceeded WHO guideline limits. However, not much has been done on 
the use of biological indicators to assess the state of the environment. In addition, studies 
that assess levels of heavy metals in biota are lacking because they only target either 
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invertebrates or aquatic plants only. Compounds of heavy metals in earthworms may be 
transferred to other species at higher trophic levels and may be lethal to earthworm 
consumers (Hui, 2002; Ireland and Richards, 1977; Ma, 1982; Vyas et al., 2000). Monitoring 
programs, with a well-founded scientific base and defined management outcomes, using 
biological indicators (such as algae, fungi, earthworms and other microorganisms), will 
expand our knowledge of river/aquatic function (Burns & Ryder, 2001; Khosmanesh et al., 
1996). This work reports on the levels of potentially harmful elements in the streams, 
wastewater and stream bank soils. In addition, aspects of metal accumulation in earthworms 
and green algae and their potential for biomontitoring are presented. 

2. Materials and methods 
2.1 Study area 
Malawi is situated in South East Africa (Fig. 1a). This study was conducted in the City of 
Blantyre (Fig. 1b), the commercial and industrial city of Malawi. The City has eight 
designated industrial areas namely Makata, Ginnery corner, Maselema, Limbe, Chirimba, south 
Lunzu, Maone and Chitawira, with south Lunzu still under development (Fig. 1c). All the 
industrial sites are located along the banks of the main streams in the City. Makata industrial 
site lies between Mudi and Nasolo streams, Ginnery corner is along Mudi stream, Maselema is 
along Naperi River and Chirimba is along Chirimba stream (Fig. 1c). The sampling points fell 
into two major categories, which were; streams and wastewater treatment plants (WWTP). 
The waste water treatment plants were included because their effluent is released into the 
streams. Most of these streams pass through the major industrial areas except for 
Namangunda, which passes by a dumpsite and Michiru, which originates from a forest 
reserve and does not pass through the industrial sites (Fig. 1c).  

2.2 Sample collection 
All samples were collected in wet (November - February) and dry (July - October) seasons, 
to capture the effects of seasonal variation, from the selected streams and WWTPs in 
Blantyre City (Fig. 1). A total of eighteen periphyton (algae) samples were collected for each 
season. The samples were collected in 100 mL plastic bottles (Diatoms for Assessing River 
Ecological Status (DARES), 2004). The algae samples were chilled in a refrigerator pending 
analysis (New South Wales (NSW), 2002). The periphyton was identified as Spirogyra 
aequinoctialis. 
Water samples were collected at an area where samples of S. aequinoctialis were collected. A 
total of forty three (43) water samples were collected for each season. Grab sampling method 
was used in the collection of water samples both upstream and downstream of a designated 
industrial area. At each sampling point, water samples were collected in triplicates for 
heavy metal analysis and a single sample for pH analysis. The samples were collected and 
stored in 1 L pre-cleaned new polyethylene bottles. Water samples for determination of 
metal were acidified to pH < 2 by adding concentrated nitric acid (Analytical Reagent (AR)) 
(American Public Health Association (APHA), 2005).  
A total of forty-six (46) earthworm and soil samples were collected in both seasons. The 
earthworms were collected in 400 mL plastic bottles (at least three individuals per sampling 
site) into which a few holes were poked on the lid (Ecological Monitoring and Assessment 
Network (EMAN), 2004). Earthworm casts were used to find possible earthworm locations. 
Soil (stream sediment) samples were collected where earthworms were found using a soil 
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auger. Soil samples were collected within the top soil range (0-20 cm) since most of the 
earthworms were found in this region. Soil horizons could not be distinguished in all these 
sampling points. Five augerings were collected at each site and were mixed in a bucket 
before sub sampling (quartering) (Anderson and Ingram, 1993).  The samples were collected 
in plastic bags. 
 

 

 

       

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Maps showing the location of Malawi in Africa, Blantyre city in Malawi and sampling 
points in the City of Blantyre. Sample IDs are explained in Table 1.  

2.3 Analysis of water and wastewater samples 
pH was measured immediately after sampling using Orion Research digital ionalyzer 601A 
and Metrohm 744 pH meters (ISO 10523-1:1994). Water samples were digested using 
concentrated nitric acid (AR). 50 mL of the sample was transferred to a beaker to which 5 
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mL concentrated nitric acid was added and brought to a boil on a hot plate to the lowest 
volume possible (15 to 20 mL). Filtration was done after digestion. The filtrate was then 
diluted to volume with distilled water in a 50 mL volumetric flask (APHA, 2005). Total 
concentrations of Mn, Cd, Cr, Cu, Pb, Ni, Fe, Zn were determined using flame atomic 
absorption spectroscopy (Perkin Elmer, Analyst 700; APHA, 2005). 

2.4 Analysis of soil samples 
The soil samples were air dried, ground in a mortar and passed through a 2 mm sieve. 5.0 g 
of the dry sieved soil sample was heated with 10 mL concentrated nitric acid (AR) for 45 
minutes. The soil samples were then dried, re-dissolved in 5 mL aqua regia (3:1 conc. HCl 
(AR) and conc. nitric acid (AR)) and filtered. Total concentrations of Mn, Cd, Cr, Cu, Pb, Ni, 
Fe, Zn were determined using flame atomic absorption spectroscopy (Perkin Elmer, Analyst 
700 and Buck Scientific AAS model 200A; Bamgbose et al., 2000). The total metal 
concentrations were expressed as mg/kg dry weight of soil (mg/kg dw). 
Soil organic matter was determined using the Walkley – Black method (Walkley and  
Black, 1934). Briefly, the soil samples were ground using a mortar and then passed through 
a 0.5 mm sieve.  1.00 g soil was mixed with 10 mL of 1N potassium dichromate  
(AR) solution and 15 mL concentrated sulphuric acid (AR), whilst shaking. The mixture was 
then shaken for a further one minute and left to stand for thirty minutes. Then 150 mL 
distilled water and 5 mL concentrated phosphoric acid (AR) were added whilst shaking. 
After cooling, the mixture was titrated against 0.5 N ferrous ammonium sulphate (AR) 
solution, with 1 mL diphenylamine indicator. The colour change was from deep blue to dark 
green. Similarly triplicates of blank titrations were carried out. Where the volume of 0.5 N 
ferrous ammonium sulphate (AR) solutions was less than 3 mL, the determinations were 
repeated using 0.5 g soil. The percentage organic matter was calculated using the following 
equation: 

 ( )2 2 7 4 22
K Cr O Fe NH .6H OMe Me

%OM 1.729 x 0.0031 x 100 x  x 
mass (g) of air dried soil

F
− 

=  
  

 (1) 

where, F = Correction factor (1.33) and Me = Normality of solution  × volume (mL) of 
solution used. 
Soil pH was determined using glass electrode pH meters (model 601A Orion Research 
digital ionalyzer and model 744 Metrohm) in a 1:5 (V/V) of soil in water (pH-H2O). 

2.5 Analysis of metals in earthworm samples 
The earthworms were identified as Aporrectodea icteria after being rinsed with distilled 
water. Only reproductively mature earthworms were identified because of presence of a 
clitellum. Then they were placed on moist filter papers and put in glass Petri dishes (one 
individual per dish) and kept at 10o C for 24 hrs in order to purge the soil in the gut. They 
were then rinsed slightly with distilled water and then stored frozen and then freeze-dried. 
Gut contents remaining in some earthworms were removed manually. 3.0g of thawed and 
dried earthworm sample was heated with 2 mL concentrated HNO3 (AR),  filtered and 
made up to 50 mL with distilled water. The metal contents were determined by running 
samples on AAS as for the soil samples. The metal concentrations were expressed as mg/kg 
dry weight of earthworm (mg/kg dw). 



Periphyton and Earthworms as Biological Indicators  
of Metal Pollution in Streams of Blantyre City, Malawi 

 

5 

2.6 Analysis of metals in S. aequinoctialis samples 
Periphyton samples were air dried (Hoffman, 1996). The air dried samples were then dry- 
ashed in a furnace after adding nitric (AR) and hydrochloric acid (AR) (Association  
of Official Analytical Chemists (AOAC), 1990). Thereafter the sample was made up to  
50 mL with distilled water in a volumetric flask. The samples were prepared in  
triplicates and blank and standard samples were used to check accuracy of analysis. The 
concentration of heavy metals was determined by running samples on AAS (Perkin Elmer, 
Analyst 700). 

2.7 Quality control 
To ensure quality control of sampling and analysis, a number of procedures were followed. 
Firstly the sampling devices were carefully chosen so that they should not contaminate the 
samples. If the same apparatus were to be used for the next sampling process, they were 
thoroughly cleaned and rinsed with distilled water. For water samples in which heavy 
metals were to be determined, acidification was done to pH less than 2 to avoid adsorption 
of metals on the sides of the sampling containers.  In the measurement of volume a pipette 
which is more accurate was used rather than measuring cylinders. Soil samples were 
prepared away from the rest of the samples since dust could easily contaminate the other 
samples. All samples for heavy metal analysis were determined in triplicates. Analytical 
reagents were used for all procedures rather than general purpose reagents. In addition, the 
following minimum laboratory quality control measures (United States Environmental 
Protection Agency (US-EPA), 2010) for the instruments used in the analysis and also 
samples were followed; 
a. Initial calibration; This was done prior to analysis of samples (minimum three 

concentration levels for every compound and an instrument blank). 
b. Continuing calibration; This was done once per 10 samples (mid-level standard 

containing all compounds) and a continuing calibration blank. 
c. Method blank; This was done once per digestion or extraction set. 
d. Soil and water samples were preserved at 4oC and analysed within 28 days. 

3. Results  
3.1 Metal concentrations in stream water, wastewater and S. aequinoctialis 
Table 1 provides the levels of determined metals in stream water and wastewater samples. 
The corresponding World Health Organization (WHO) drinking water guidelines (WHO, 
2006) and the Malawi Standard (MS 214) (MBS, 2005) for the parameters are also included in 
Table 1. The levels of metals determined in S. aequinoctialis samples are provided in Table 2. 
In S. aequinoctialis samples, concentrations of manganese, cadmium and copper were 
significantly higher (p < 0.05) in the dry season than in the rainy season. There were, 
however, no significant seasonal differences in the levels of lead, zinc, chromium  
and nickel.   
Chromium and copper were not detected in all samples in the rainy season, but they were 
measured in levels of up to 0.419 mg/L and 0.076 mg/L, respectively, in the dry season 
(Table 1). For both seasons, the determined levels of zinc and copper were below MS 214 
and WHO water quality guidelines, whereas levels of nickel and cadmium were above these 
guidelines (Table 1). 17% of the samples had chromium levels above the MS 214 (0.05-0.1 
mg/L) and WHO (0.05 mg/L) water quality standards. For lead, 44 % and 61 % of the 
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sampled points contained lead levels above MS 214 (0.01 – 0.05 mg/L) and WHO (0.01 
mg/L) drinking water standards in the rainy and dry seasons, respectively. In the case of 
manganese, water quality standards were only exceeded at Mangunda stream, in the  
rainy season. In the dry season, however, 83% and 17% of the sampling points showed 
manganese levels above the MS 214 and WHO drinking water quality guidelines, 
respectively (Table 1).  

3.2 Metal content in soils and A. icteria 
Table 3 and Table 4 provide results of soil and earthworm sample analyses, respectively. 
The metal content in the assessed soil sites is low in comparison to guideline values in 
several European countries. Levels of Cd (rainy season), Pb, Cr, Cu, Zn and Ni (both 
seasons) were below their respective England toxic limits (0.06 mg/kg for Cd, 10 mg/kg 
for Pb, 50 mg/kg for Zn , 20 mg/kg for Cr and 40 mg/kg for Ni; Bohn et al, 1985),  
Swiss guide levels (0.8 mg/kg dry soil for Cd, 50 mg/kg dry soil for Pb; OIS, 1998)  
and the Netherlands target levels (85 mg/kg for Pb, 36 mg/kg for Cu, 140 mg/kg for Zn, 
100 mg/kg for Cr, 35 mg/kg for Ni; Alloway and Ayres, 1997 ). However, for the dry 
season, 33% of the soil samples were above the England toxic level (0.06 mg/kg; Bohn et 
al., 1985).   
The internal concentrations of Cd, Cu, Pb, Zn and Cr were below the levels that show 
significant changes in (sub-) lethal endpoints for earthworms (see e.g. Langdon et al, 2001; 
Spurgeon and Hopkin, 1999; Spurgeon et al, 2000). There were significantly higher 
concentrations of Cd in A. icteria than in the soils, but significantly lower values of Mn, Fe, 
Pb, Cr, Zn and Cu in the earthworm than soils (p < 0.05). There was no significant difference 
in the concentrations of Ni in soils and earthworms (p > 0.05). The effect of seasonality varies 
among the studied metals. In the soils, levels of Mn were significantly higher in dry season 
than the rainy season (p < 0.05), but there were no significant differences between the 
seasons for the values of total soil concentrations of  Cd, Cu, Zn, Pb, Cr and Ni (p > 0.05). pH 
was significantly higher in the rainy season than the dry season (p < 0.05), but there were no 
significant differences in soil OM content between the seasons (p > 0.05). In A. icteria, levels 
of Cd and Cr were significantly higher in dry season than the rainy season (p < 0.05), but 
there were no significant differences between the seasons for the values of concentrations of 
Mn, Cu, Zn, Pb, Ni and Ca (p > 0.05).  

4. Discussion 
4.1 Potential sources of metal pollution  
Pearson correlations were calculated to find empirical inter-relationships between the 
chemical parameters. Correlation between chemical parameters may indicate similar origins 
or conceptual relationships, as well as common governing factors. In the soil samples, 
concentrations of Cr were significantly correlated with Zn, Cu and Pb in the rainy season 
and with Pb in the dry season (Table 5). The strong association of these metals with each 
other indicates their anthropogenic origin. Organic matter content strongly affects the soil 
content of Cd, Zn (rainy season) and Cr (Table 5).  
The presence of heavy metal pollution in the streams of Blanytre City has been reported 
upon by Sajidu et al (2007) and Kuyeli (2007) and both studies pointed at industrial activities 
as the possible sources of pollution.  Kuyeli (2007) reported Cd in effluent from printing 
(0.034 mg/l), textiles (0.034 mg/l), motor oil (0.025 mg/l), battery (0.019 mg/l) and abattoir 
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industry (0.06 mg/l) in the dry season; Cr in effluent from match stick production (41.59 
mg/l in the dry season and 56.12 mg/l in the rainy season); Cu in the range 0.026 mg/l  
(battery manufacturer) to 2.00 mg/l (Paint industry); Zn in effluent from battery 
manufacturer (30.83 mg/l) and match stick production (15.51 mg/l) in the rainy season and 
18.97 mg/l (match stick), 13.9 mg/l (battery) and 14.4 mg/l (fertiliser manufacturer) in the 
dry season; Pb in paint (1.29 mg/l), printing (2.60 mg/l) in the dry season and match stick 
(0.465 mg/l) and printing (0.233 mg/l) in the rainy season. Sajidu et al (2007) reported a 
significant increase in the levels of Pb, Cd, Cr, Fe, Cu, Ni and Mn in the same Blantyre 
streams after passing through an industrial site. The results from this study show 
enrichment of the heavy metals (Zn, Cd, Cr and Pb) in most streams over that of Michiru 
stream, which is in a forest reserve. In Malawi, cadmium is present in coatings on steel and 
also in batteries and potassium dichromate (K2Cr2O7) is used as a raw material for 
producing match-heads. Copper compounds are used in textile, print and paint industry for 
pigmentation whereas Pb is used as a pigment, dispersing and drying agent in the print and 
paint industry. In match stick production lead oxide is used to give the scarlet colour of the 
match. 

4.2 Accumulation of metals in S. aequinoctialis 
Calculated bioconcentration factors (BCF) show that S. aequinoctialis accumulated heavy 
metals in the order Mn> Zn>Cu> Pb (Table 6). S. aequinoctialis had significantly higher (p < 
0.05) levels of lead, copper, zinc and manganese than the corresponding water samples, in 
both seasons. There were no significant differences in levels of chromium between the algae 
samples and water samples whereas the differences were season dependent for the other 
metals. Water samples had high cadmium levels in the rainy season while in the dry season 
the levels were higher in S. aequinoctialis. For nickel, water samples indicated significantly 
higher nickel levels than S. aequinoctialis (p < 0.05), in the rainy season, but there was no 
significant difference in the dry season (p > 0.05).  
There were strong correlations between water and algae metal contents for Cu (r = 0.73; p < 
0.05; Fig. 2a) and Cr (r = 0.65; p < 0.05) in the rainy season. A low correlation for Mn (r = 
0.40; p < 0.05) was also obtained for the dry season. There were no correlations for the other 
metals. There is an established consensus in the literature that brown and green algae are 
capable of biosorption of metals from their environment (Davis et al., 2003; Rajfur et al., 
2010). They have thus been used in biomonitoring of heavy metals mostly in marine 
environments (Filho et al., 1999; Żbikowski et al., 2007; Akcali and Kucuksezgin, 2011).  This 
study is in agreement with these studies and adds to the knowledge of heavy metal 
accumulation of green algae in a fresh water environment. Heavy metal levels in algae 
species are dependent both on environmental parameters (salinity, temperature, pH, light, 
oxygen, nutrient concentrations, complexing agents) and on the structural differences 
among the algae species (Garnharm et al., 1992; Favero et al., 1996). 

4.3 Metal accumulation in A.icteria 
Concentrations of Cu, Zn (rainy season) and Cd (dry season) in the soil were significantly 
correlated with the concentrations in A.icteria (Fig. 2b-d); Table 5). These metals also show 
correlations of varying strength with soil OM content (Table 5). The calculated 
bioconcentration factors (BCF) show that A. icteria accumulated heavy metals in the order 
Cd > Zn = Ni > Pb > Cu = Cr (Table 7), consistent with data from other similar studies (e.g.  
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1Not detected  
2 Malawi Bureau of standards (Standards for drinking water)  
3 World Health Organisation (Standards for drinking water)  
Values are in the form of mean  ± standard deviation  

Table 1. Levels of Ni, Cu, Fe, Pb, Cr, Cd, Mn and Zn in water samples (concentrations are in 
mg/L) 
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ND – not detected (below detection limit) 

Table 2. Levels of heavy metals in S. aequinoctialis (in mg/kg dry weight) 
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x = mean value (n = 3); SD = standard deviation;  ND = not detected (below detection limit) 

Table 3. Metal concentrations in stream sediments soils and soils around WWTPs in the 
study area 
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Table 4. Metal concentrations in A. icteria inhabiting stream- sediments and soils around 
WWTPs in Blantyre City, Malawi  

± ±± ± ± ±±

± ± ± ± ± ± ± ± ± ± ± ± ± ± ±

±± ± ±

±

±±

± ± ± ± ± ± ± ± ± ± ±
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 %OM pH [Cd]s [Cd]w [Pb]s [Pb]w [Mn]s [Mn]w [Cu]s [Cu]w [Zn]s [Zn]w [Cr]s [Cr]w [Ni]s [Ni]w 
%OM 1 -0.39 ND -0.09 0.23 -0.68 0.49 -0.46 0.89** 0.49 0.84** 0.61* 0.69** ND 0.17 0.17 

pH -0.40 1 ND 0.03 -0.25 -0.16 0.36 0.33 -0.25 -0.21 -0.28 0.02 -0.53* ND -0.51 0.016 
[Cd]s 0.25 -0.02 1 ND ND ND ND ND ND ND ND ND ND ND ND ND 
[Cd]w -0.03 0.18 0.63* 1 0.29 -0.29 0.12 -0.11 0.15 0.25 0.21 -0.08 0.16 ND 0.16 -004 
[Pb]s 0.28 0.02 0.20 0.04 1 0.54 -0.32 -0.31 0.33 0.31 0.41 0.53* 0.59* ND 0.46 -0.15 
[Pb]w 0.18 0.10 -0.31 -0.097 -0.23 1 -0.91* -0.045 0.45 -0.82 0.07 0.35 -0.28 ND -0.19 -0.50 
[Mn]s -0.08 -0.09 0.31 0.25 0.03 -0.20 1 -0.012 0.50 0.31 0.31 0.31 0.16 ND -0.08 0.38 
[Mn]w -0.02 -0.17 0.39 0.50 0.000 0.13 0.39 1 -0.17 0.15 -0.41 -0.16 -0.26 ND 0.39 0.35 
[Cu]s 0.35 -0.38 -0.02 -0.30 -0.13 0.23 -0.41 -0.09 1 0.73** 0.85** 0.63* 0.81** ND 0.09 0.21 
[Cu]w 0.26 0.22 0.83** 0.33 0.24 0.12 0.05 0.26 0.18 1 0.42 0.31 0.72** ND 0.007 0.092 
[Zn]s 0.21 0.03 -0.23 0.29 -0.08 0.25 0.36 0.19 -0.23 -0.15 1 0.72** 0.56* ND 0.04 0.23 
[Zn]w 0.47 -0.07 -0.15 -0.25 0.026 0.61* 0.27 -0.007 -0.31 -0.04 0.22 1 0.48 ND -0.08 0.41 
[Cr]s 0.71** -0.15 0.53 -0.09 0.56* -0.24 0.154 -0.17 0.18 0.41 -0.007 0.22 1 ND 0.46 -0.09 
[Cr]w 0.96** -0.23 0.73 0.011 0.33 0.44 0.004 -0.03 0.15 0.50 -0.38 0.73 0.56 1 ND ND 
[Ni]s 0.44 -0.20 0.60 -0.003 0.36 -0.08 -0.236 -0.19 0.09 0.04 -0.21 0.05 0.49 0.86 1 -0.21 
[Ni]w 0.36 0.20 -0.20 0.34 0.46 0.099 -0.04 -0.13 0.28 0.24 0.22 0.16 0.17 0.33 -0.06 1 

** Correlation is significant at the 0.01 level; * Correlation is significant at the 0.05 level; ND = not 
determined 

Table 5. Pearson’s correlation coefficients of soil OM, pH-H2O, metal soil and A.icteria metal 
content (Upper panel – rainy season Lower panel – dry season) 

 

        
 

        
Fig. 2. Scatter plots showing relationship between metal content in A.icteria and sediments  
(b –d) and metal content in S. aequinoctialis and stream water (a). Dry season data is used for 
plot (b) and rainy season data is used for the other plots. No significant correlations were 
found for the other combinations of metals.  
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Site Dry season Rainy season 
Mn Ni Cr Cd Pb Cu Zn Mn Ni Cr Cd Pb Cu Zn 

Chirimba at Cori ND 0.07 ND 3.99 5.24 ND 6.05 91.00 1.05 ND 0.49 0.00 12.24 9.59 
Chirimba at Machinjiri ND 1.06 ND 0.74 3.46 ND 0.63 12.28 0.05 ND 0.71 1.22 5.61 9.41 
Mudi at MDI 81.25 ND ND 3.26 18.53 ND 0.84 23.12 0.42 ND 0.00 2.51 15.17 10.00 
Mudi at SRN ND 0.67 ND 2.01 15.19 ND 0.87 10.01 ND 0.85 0.00 2.92 4.96 26.80 
Soche WWTP raw ND 0.19 ND 9.39 18.62 ND 3.70 3.94 ND ND 0.00 1.58 5.75 12.85 
Soche WWTP effluent ND ND ND 1.63 0.72 ND 3.69 1.53 ND ND 0.00 0.00 5.54 16.77 
Blantyre WWTP raw ND 0.06 ND 11.26 3.96 ND 9.18 0.99 ND 1.45 0.00 0.00 10.87 11.66 
Blantyre WWTP effluent ND 0.04 ND 0.54 6.59 ND 2.90 1.61 ND 2.07 0.00 0.00 6.02 9.19 
Nasolo at BNC ND 0.00 ND 5.71 6.13 ND 4.10 4.11 ND 1.12 0.30 7.63 2.97 17.21 
Nasolo at SRN ND 0.14 ND 0.28 0.96 ND 1.83 5.11 ND ND 0.36 20.10 1.91 12.04 
Michiru ND ND ND 4.57 0.00 ND 0.39 68.16 ND ND 0.00 ND ND 1.45 
Mangunda 23.44 1.07 ND 6.51 3.84 ND 1.83 8.11 ND ND 0.22 5.13 2.00 3.93 
Limbe WWTP effluent ND 0.15 ND 10.34 0.00 ND 1.08 1.68 ND ND 0.00 ND ND 9.81 
Limbe WWTP raw ND 0.16 ND 1.03 4.97 ND 0.73 4.42 ND ND 0.00 4.05 7.08 3.55 
Limbe at Mpingwe ND 0.00 ND 1.06 12.30 ND 0.88 73.45 ND ND 0.00 0.00 ND 2.29 
Limbe at Highway ND 0.15 ND 5.94 5.34 ND 2.77 23.51 ND ND 0.00 4.23 5.63 14.16 
Naperi at Rainbow ND 0.00 ND 0.48 41.91 ND 7.50 7.92 ND ND 0.18 6.74 ND 12.41 
Naperi at Moi ND 0.00 ND 1.41 0.97 ND 1.59 4.12 ND ND 0.00 0.00 3.08 1.93 

ND = not determined (because metal content was below detection limit in either water or algae)  

Table 6. Bioconcentration factors (BCF) for rainy and dry seasons for S. aequinoctialis from 
the sampled streams in Blantyre City, Malawi. 
 

Site Dry season Rainy season 
Mn Ni Cr Cd Pb Cu Zn Mn Ni Cr Cd Pb Cu Zn 

Chirimba stream (A) 0.27 0.70 ND 12.07 0.31 0.10 1.36 0.29 ND ND 2.98 0.24 0.100 0.73 
Chirimba stream (B) 0.46 2.10 ND 19.13 0.11 0.09 0.40 0.06 0.19 ND ND 0.08 ND 0.36 
Mudi stream (A) 0.29 0.25 0.0032 2.66 0.01 0.27 0.13 0.17 0.15 ND ND 0.14 0.042 0.29 
Mudi stream (B) 0.28 2.46 ND 2.60 0.11 0.03 8.35 0.62 0.57 ND ND ND 0.211 0.72 
Michiru stream  0.19 0.03 ND ND ND 0.00 0.56 0.19 0.13 ND ND ND ND 0.91 
Naperi stream (A) 0.12 0.41 0.0028 3.38 0.12 0.02 0.32 0.27 0.15 ND ND ND 0.003 0.73 
Naperi stream (B) 0.14 0.06 ND ND ND 0.03 0.47 0.22 0.31 ND ND ND 0.021 0.50 
Blantyre WWTP 0.08 0.21 0.0035 1.27 0.03 0.22 1.33 0.23 0.28 ND ND ND 0.070 0.28 
Nasolo stream (A) 0.24 3.36 ND ND 1.44 0.22 0.30 0.28 0.72 ND ND 0.41 0.068 0.57 
Nasolo stream (B) 0.14 0.67 ND ND 4.44 0.43 0.16 0.19 0.35 ND ND 0.30 0.027 0.25 
Mzedi Stream 0.43 0.11 0.0089 1.84 0.67 0.03 3.56 0.36 ND ND ND ND ND 0.48 
Soche WWTP 0.22 0.30 0.0073 7.83 0.29 0.01 0.28 0.31 1.08 ND ND ND 0.030 0.33 
Limbe WWTP 0.24 0.49 ND 3.08 0.33 0.48 0.65 0.66 0.35 ND ND ND 0.128 0.71 
Limbe stream (A) 0.22 0.03 ND ND 0.03 0.24 0.58 0.74 1.34 ND ND ND 0.074 1.15 
Limbe stream (B) 0.07 32.38 ND 7.83 0.26 0.15 0.74 0.34 0.48 ND ND ND 0.094 0.52 

ND = not determined 

Table 7. Bioconcentration factors (BCF) for rainy and dry seasons for A.icteria from the 
sampled stream-bank soils and soils around WWTPs in Blantyre City, Malawi. 



 
Water Pollution 

 

14

 
 

                
 
 

                 
 
 

                  
 

Fig. 3. Plots of log BCF against metal concentration in the soil using dry season data.  
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References Species Equation 
#  

Cd Pb Cu Zn 
a b a b a b a b 

Heikens et 
al. (2001) 

Bibliographic 
study 

Lumbricidae 
(mixed) 1 0.39 1.1 0.62 -0.3 0.17 1.8 0.17 1.8 

Ma et al. 
(2004) 

Field data Lumbricidae 
(mixed) 2 0.556 1.39 0.556 0.626 0.327 0.776 0.212 2.49 

Neuhauser 
eta al. 
(1995) 

Bibliographic 
studies 

Lumbricidae 
(all species 
mixed) 

3 0.66 1.21 0.74 0.05 0.27 2.09 0.27 2.09 

Wright and 
Stringer 
(1980) 

Soil quantity: 
field study 

Aporrectodea 
caliginosa 4 0.32 0.33 0.9 -0.8 0.01 0.23 0.01 0.23 

Aporrectodea 
longa 5 0.3 -0.3 0.5 -0.1 0.1 2.5 0.1 2.5 

Aporrectodea 
rosea 6 0.5 0.7 0.5 -0.1 0.5 1.1 0.5 1.1 

Table 8. Regression equations, Log Mew = alogMs + b for Lumbricidae, Aporrectodea caliginosa,  
Aporrectodea longa, Aporrectodea rosea and Cd, Cu, Pb and Zn from literature 

 

              
    

            
Fig. 4. Relationships between the internal Cd, Cu, Pb, Zn in earthworms and the total soil 
concentration, in comparison with regressions from the literature. The number on the lines 
corresponds to the number of regression model in Table 8, calculated using the soil data 
from this study. The dots are data from this study (A.icteria) for dry season. 



 
Water Pollution 

 

16

             
  

 
Fig. 5. Relationships between the internal Cd, Cu, Pb, Zn in earthworms and the total soil 
concentration, in comparison with regressions from the literature. The number on the lines 
corresponds to the number of regression model in Table 8, calculated using the soil data 
from this study. The dots are data from this study (A.icteria) for wet season. 

Kamitani and Kaneko, 2007; Hsu et al., 2006; Dai et al, 2004; Ireland, 1983; Ma, 1982). The 
solubility of heavy metals in soil (pore) water is important for bioaccumulation by 
earthworms as the main pathways for chemical absorption are the skin (for soluble 
elements), gut transit and digestion (Weltje, 1998). The BCF order also reflects the affinity 
order for the specific adsorption of metal cations in soil: Pb > Cu > Zn > Cd. Cadmium tends 
to be more mobile in soils and therefore more available to earthworms than other heavy 
metals (Ma, 2004). Fig. 3 shows decreasing BCF with soil concentration of the metals 
indicating that bioconcentration depends on the metal concentrations in the soil and is 
greater at low soil concentrations. This implies that A. icteria exhibits metal regulation at 
high exposure rates (Neuhauser et al., 1995).  
There is a significant consensus in the literature that bioaccumulation of heavy metals by 
earthworms is dependent on earthworm species and type of metal (see e.g. van Vliet et al., 
2005, 2006; Vijver, 2007; Kamitani and Kaneko, 2007; Ernst et al., 2008). 
Hence, the accumulation patterns of Cd, Cu, Zn and Pb in A. icteria (this study) were 
compared to those of other lumbricid earthworms, using the regression models from 
literature (Heikens et al., 2001; Neuhauser et al., 1995; Ma, 2004; Wright and Stringer, 1980) 
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(see Table 8). Data for A. icteria is not readily available in the literature for comparison with 
our study. Figs 4 and 5 show that A. icteria (present study) accumulated relatively less Cu 
than the other species at the same soil concentration. However, similar accumulation levels 
were observed for Pb and Zn with A. caliginosa and for Cd with A. longa (Figs 4 and 5), even 
at our very low exposure levels.  For all species, there is a metal dependent increase in body 
concentration with increasing soil concentration, following the order: Pb > Cd > Cu = Zn 
(Figs. 4 and 5). Cu and Zn are essential metals and are physiologically regulated by 
earthworms, resulting in a relatively constant body concentration with respect to soil metal 
concentrations (Panda et al., 1999; Heikens, et al., 2001; Morgan and Morgan, 1988; Lukkari, 
2004). In contrast, Cd and Pb are non-essential metals and are not regulated resulting in 
metal increase with increasing soil concentrations (Spurgeon and Hopkin, 1999). 
The plots in Figs. 4 and 5 also show that the regression models generated for all species of 
lumbricid earthworms would overestimate the amount of heavy metals in A. icteria living in 
the stream bank soils and soils around the WWTPs in Blantyre City. This result supports the 
general consensus that the degrees of heavy metal accumulation in earthworms show 
different, metal- and species-specific patterns. The observed differences in accumulation 
patterns are usually attributed to differences in metal kinetics of the earthworms, exposure 
route and food preference. In addition, it seems that the accuracy of the regression models is 
lost when they are generalised at family level but may be possible to relate accumulation 
patterns within the same genera. However, it should be noted that the comparison should 
be made with caution because metal availability is dependent on several environmental 
factors such as soil pH, cation exchange capacity, OM and Ca2+ (Christensen, 1989,  Ma, 
1982; Corp and Morgan, 1991; Peijnenburg et al., 1999a, 1999b). These factors may differ 
between studied field soils. 

5. Conclusions 
The study obtained concentrations of manganese, cadmium and lead in periphyton (S. 
aequinoctialis) in higher levels than in the corresponding water, implying that S. aequinoctialis 
accumulates these heavy metals. The results indicate the potential of periphyton as a 
biological indicator of heavy metal pollution. Heavy metals concentrations therefore 
measured in macroalgae species can give a picture of the quality of our surrounding  
environment. In addition, the levels of most of the heavy metals were higher than 
drinking water standards. It was also found that the general trend was that of high heavy 
metal values for water samples in the dry season than in the rainy season. The relatively 
low heavy metal levels in the rainy season were attributed to dilution. The study also 
showed that A.  icteria can accumulate cadmium, but not lead and manganese.  This work 
supports the published results that metal- and species-specific accumulation patterns of 
non-essential heavy metals in earthworms occur. In addition, the work extends the 
database to even very low exposure levels and therefore generates more information for 
A. icteria. Metal accumulation shows seasonal variations with significant correlations and 
multiple regression models between soil and internal metal content being more apparent 
in the rainy season. Similar accumulation levels observed between A. icteria and A. 
caliginosa for Pb and Zn and A. longa for Cd point to a possibility to relate accumulation 
patterns within the same genera, albeit metal specific. Further, it seems that the accuracy 
of regression models is lost when they are generalised at family level, making 
generalisations at that level difficult. 
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1. Introduction  
Israel is a semi-arid water-scarce country with currently ca. 250 cubic meters per capita per 
annum. With limited natural water sources due to the country’s climate, geography and 
hydrology, it now faces its worst water crisis following several multi-year cycles of droughts 
(Israeli Ministry of Environmental Protection, n.d.). While these consecutive droughts 
aggravated the water-scarcity situation, it is by far not the main factor in the current crisis. 
In 2001 a parliamentary enquiry committee was established to investigate the water crisis. In 
its report the committee concludes that the crisis is mainly the result of inadequate 
management of the water sources throughout the years rather than the country’s natural 
conditions. Focused on rapid development, the water sources were managed mainly for 
quantity and over-exploitation was the main answer to the growing water demand, 
depleting the country’s water sources (Israeli Parliament, 2002). This created a major water 
deficit currently in an amount that is equal to the annual consumption of the country (Israeli 
Ministry of Environmental Protection, n.d.). The Committee’s conclusions are not a new 
revelation. In fact this was reported in numerous experts’ and State Comptroller reports in 
the past, though to no avail (Israeli Parliament, 2002; Adam, 2000). 
In light of the natural water scarcity and the ever-growing demand for water, one would 
have expected that the quality of the water sources is well protected. However, in addition 
to the long-term over-exploitation, on-going uncontrolled pollution further deteriorated the 
water sources and their quality (Adam, 2000; Laster & Livney, 2009), with the main source 
of pollution being untreated or partially treated wastewater.    
Whereas most of the population has received adequate sewerage facilities – removing 
wastewater from the population centers from early stages, wastewater treatment facilities 
lagged behind. In 1971 only 37% of the generated wastewater was treated, mostly by 
primary treatment, and in 1982 only 55%. By the end of the 1980s over 20% of the 
wastewater generated was discharged untreated into the environment, mainly to the 
adjacent dry river-beds, whereas the rest was mostly insufficiently treated resulting in low-
quality effluent (The State Comptroller, 1991). The country’s streams became in fact conduits 
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of wastewater (Gasith & Pargament, 1998), contributing to pollution of the surface and 
groundwater resources.  
Prevention of water pollution by wastewater receives, however, much attention during the 
1990s, and a new trend can be seen in which most municipalities begin engaging in building 
advanced wastewater treatment plants (Gabbay, 2002). By 2008, for example, ca. 92% of the 
generated wastewater was treated, of which 55% to secondary level and additional 32% to 
tertiary level. While further improvement is yet to be made with the remaining 8% being 
untreated (Israeli Ministry of Environmental Protection, n.d.), this is, no doubt, a substantial 
improvement in comparison to previous decades.  
The on-going water pollution was not the result of lack of legal tools. On the contrary, Israel 
has extensive legislations sufficient to protect its water sources and prevent their pollution. 
These were put in place at early stages of the State. It was their lack of enforcement that 
resulted in continuous pollution (Adam, 2000). Accordingly, while several factors can 
explain the shift observed starting the 1990s, forceful enforcement of the existing laws for 
the first time, is a crucial one (Hophmayer-Tokich, 2010). The question arises, why in 
previous decades were the laws not enforced, whereas starting the 1990s, they were? Laster 
(1976), addressed this issue in his doctoral dissertation, but at that point in time could refer 
only to the phase of lack of implementation. He referred to the institutional structure and 
particularly to the Ministry of Agriculture’s vast authority over water management. Adam 
(2000) concludes that in addition to the governmental institutional failure, public 
indifference to the on-going pollution, also explains well the lack of implementation.  
This chapter builds up on these previous works to further answer the question from actor-
centered approach. A study of the historical development of wastewater resource regime in 
Israel reveals that, among other things, the relevant actors in the policy network and the 
power-imbalance between them explain well the long-term neglect as well as the paradigm 
shift (Hophmayer-Tokich, 2010). In this chapter this is further explored with the aim to 
analyze the interaction processes between the relevant actors in the policy network as 
explaining mechanism for implementation processes. This is done using the Contextual 
Interaction Theory. The analysis addresses implementation processes of water sources 
pollution control legislation, with focus on domestic wastewater treatment – the main 
source of pollution. Section 2 presents the theoretical framework used for the purpose of this 
analysis; in Section 3 the relevant legislative framework for pollution control in Israel is 
presented and the interaction processes between key actors are analyzed; conclusions are 
drawn in section 4. 

2. Theoretical framework and methodology 
Laws and regulations are policy instruments, one of the traditional elements of public policy 
(Kissling- Näf & Kuks, 2004). As all other instruments, they are meant to reach policy goals 
(Linder & Peters, 1989). However, the actual outcome of a given policy does not always 
match the policy goals (Owens, 2008), as in practice implementation of policy instruments 
may be hindered or lacking. Thus, a distinction should be made between ‘policy formation’ 
and ‘policy implementation’ processes, and when looking at possible changes intended by a 
given policy, one needs to analyze the implementation of the policy instruments. This has, 
thus, been given a separate attention in policy studies. ‘Implementation’ in this context is 
seen as “processes that concern the application of relevant policy instruments” (Bressers, 
2004: 284). Since implementation of policy instruments is usually the responsibility of 
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relevant actors in the policy network, its processes can be seen as a social interaction 
between these key-actors (Bressers & Lulofs, 2010). This led to the development of the 
Contextual Interaction Theory.        
The Contextual Interaction Theory (in its latest conceptualization/adaptations based on 
Bressers, 2004 and Bressers & Lulofs, 2010) focuses on policy implementation and perceives 
policy processes (including policy implementation) as actor-interaction processes, meaning, 
processes that are influenced by activities and interactions of the relevant actors. Actors are 
individuals, representing themselves or their organizations, and within the context of 
implementation process include the responsible government officials (“implementers”) and 
the target group of the policy. The Theory’s basic assumption is that the characteristics of 
the actors involved, particularly their motivation, information, and power – are crucial in 
understanding courses and outcomes of policy processes (Bressers, 2004). This is based on 
the acknowledgement that for the accomplishment of any given task one needs a motivating 
objective, expertise, and capacity/resources (Owens, 2008). Motivation can incorporate both 
internal/own goals (values, self-interests) as well as external factors (such as those from 
higher authorities). It can also be influenced by self-effectiveness assessment. According to 
this concept an actor can become de-motivated if he perceives his preferred course of action 
to be beyond his capacity (de Boer & Bressers, 2011). Information incorporates issues such as 
interpretation, frames of reference as well as knowledge and accessibility to information 
required for execution of the task. Power incorporates available resources and 
control/authority (Bressers & Lulofs, 2010). Owens (2008) analyzed implementation 
literature reflecting important implementation variables, and found that in dozens of them 
the important implementation variables can be directly linked to the characteristics of 
motivation, information and power thus validating these characteristics as suitable.  
According to the Contextual Interaction Theory these characteristics and the interaction 
between them influence the standpoint of a given actor regarding the policy in question and 
in turn his position and activities within the interaction process with other actors in the 
policy network. The characteristics of the actors are also influenced by external contexts 
such as the specific context of the policy (former decisions, specific circumstances), the 
structural context of the governance regime, and the wider context (such as political, 
economic, cultural and others). The interaction between the key characteristics and between 
the actors in the policy process can also change over time (Bressers & Lulofs, 2010).       
The theory further assumes that policy implementation includes not only achieving 
implementation but also avoiding implementation. Interaction types may include: 
cooperation, either active (when actors have joint ambition), passive (e.g. when one actor  
is impartial about this implementation) or forced (when passive cooperation is imposed by  
a forceful and dominant actor); opposition, when one actor attempts to prevent 
implementation by other actors; and joint learning when only insufficient information 
prevents implementation (Bressers, 2004; Owens, 2008). The theory also distinguishes 
between two situations: lack of (or insufficient) implementation and failed/inadequate 
implementation (‘adequate’ with respect to the specific policy goals) (Bressers, 2004).  
As such, the theory is suitable for actor-centered analysis such as the one carried out in  
this chapter.   
To summarize, the characteristics of motivation, information and power of each actor and 
the dynamics between them influence the interaction process between the relevant actors 
(implementers and target group), which in turn influence the output and outcome of the 
policy process. Based on this, the Israeli case is analyzed. In this case the Theory is also used 
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to analyze the dynamics between the key characteristics and actors as explaining changes in 
the process over time (e.g. the shift from lack of enforcement and continuous pollution to 
forceful enforcement and pollution control). The analysis includes the actors; the 
interactions between them; and the outcome as a result.  

2.1 Methodology 
The findings presented in this chapter are based on a doctoral research and thus form a part 
of a larger study. The data collection includes documents’ review and analysis as well as in-
debt semi-structured interviews. The former includes review and analysis of relevant 
documents such as correspondences between position holders within relevant Ministries 
and other actors, minutes of meetings, relevant legislation, etc., using the State Archive, 
relevant reports and literature.  The latter includes interviews with relevant stakeholders 
such as Government officials from all Ministries and organizations involved, environmental 
Non-Governmental Organizations, experts from the academy, and private consultants, since 
the establishment of the State. This is found suitable for the qualitative approach used in the 
research. At points, the author relies on dated literature sources. This is due to the historical 
perspective and is used for the purpose of the analysis. 

3. Water pollution control and its implementation, the Israeli case 
In this section the relevant legislation is presented, following which the relevant actors and 
the interaction between them are analyzed as to explain the implementation processes of the 
pollution control legislation. It should be noted that the relevant legal system and policy-
network are highly complex, and only the most relevant laws / regulations and actors 
related to domestic wastewater are presented and discussed. 

3.1 Relevant legislative framework 
As above-mentioned, Israel has extensive legislations that can ensure the protection of its 
water sources (Adam, 2000). In fact, according to Laster (2000: 437), “in its early years Israel 
promulgated some of the most forward looking legislation in the world concerning 
protection of water sources”.  
The two most relevant and direct laws regarding freshwater pollution prevention and 
(domestic) wastewater treatment are: the Water Law (1959) and the Local Authorities 
(Sewerage) Law (1962). Two additional laws that should be mentioned include the Public 
Health Ordinance (1940) and the Streams and Springs Authorities Law (1965).  
The Water Law, promulgated in 1959, establishes the framework for the control and 
protection of Israel's water resources. It is the principle law regulating freshwater sources in 
Israel and is regarded by Laster (2000: 441) as “a brilliant legislative code to protect all 
aspects of Israel’s water and the recipe for its proper management”.  The Law defines the 
water sources (natural or man-made, including wastewater), and their ownership (public 
property, subject to the control of the State) as well as creates Israel’s water institutions. It 
creates the Water Commission (later on: Water Authority) and the position of the Water 
Commissioner (later on: the Director of the Water Authority) as the higher authority with 
respect to water management, giving him vast authority to manage the water affairs of the 
State (Laster, 2000; Laster & Livney, 2009). Significant sections of the Law deal with 
pollution prevention and control of all water sources. In 1971, the law was amended to 
include prohibitions against direct or indirect water pollution, regardless of the state of the 
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water beforehand. This amendment empowers the responsible Minister (initially the 
Minister of Agriculture) to set water quality standards for all sources and to promulgate 
regulations to prevent water pollution (Gasith & Pargament, 1998; Katin, 1976). The Water 
Commissioner further receives sanctioning power over polluters. For example, the power to 
require any person polluting water source to repair the situation within a reasonable 
amount of time and at the expense of the polluter (art. 11). Specific to wastewater pollution, 
the Law authorizes the Water Commissioner to order any polluter to provide him with a 
disposal plan. Failure to submit a plan or deviate from the plan can result in fine and loss of 
water supply, except for drinking purposes. The Water Commissioner can also bring 
criminal charges against a polluter – e.g. a mayor (Laster & Livney, 2009; Katin, 1976).  
The Local Authorities (Sewerage) Law was promulgated in 1962 to enable local 
municipalities to construct sewerage works. The Law prescribes the rights and duties of 
local authorities in the design, construction and maintenance of sewage systems (Israeli 
Ministry of Environmental Protection, n.d.). According to the Law a local authority may 
(and upon the demand of the Minister of Interior, must) install a sewerage system within its 
boundaries (Local Authorities (Sewerage) Law, 1962). The Law requires each local authority 
to maintain its sewage system in proper condition to the satisfaction of the health authority 
(Israeli Ministry of Environmental Protection, n.d.). Initially, the Law addressed the 
sewerage systems only; in 1972 it was amended to include also the construction of 
wastewater treatment plants.     
The Public Health Ordinance (1940), based on its amendment of 1970, provides the Ministry 
of Health a framework for the protection of the quality of drinking water including at the 
water source. Later amendments further prohibit any activities that cause environmental 
nuisances, including pollution by sewage (the Public Health Ordinance, 1940). Several 
regulations under this Law were promulgated over the years including the 1981 regulations 
for ‘effluent intended for use in irrigation’, restricting irrigation with effluent in accordance 
with the treatment level and the type of crops. These regulations, however, did not specify 
the required effluent quality and were thus difficult to enforce. In 1992 regulations for 
effluent standards (base-line quality defining the permissible concentrations of organic 
matter and suspended solids) were promulgated by the Minister of Health. These are 
considered a milestone in wastewater treatment processes in Israel. In 2010 new regulations 
were promulgated by the Minister of Environmental Protection and the Minister of Health, 
to include stricter requirements for effluent quality. These regulations set much higher 
treatment levels in existing and future wastewater treatment plants than were previously in 
force, for unrestricted irrigation and discharge to rivers (Israeli Ministry of Environmental 
Protection, n.d.).   
The Streams and Springs Authorities Law, established in 1965, empowers the responsible 
Minister (initially the Ministers of Agriculture and Interior – dual control) (Gasith & 
Pargament, 1998) to establish an authority for a particular stream or part of a stream, spring, 
or other water source (Israeli Ministry of Environmental Protection, n.d.). Once created,  
a stream authority has the power to abate sanitary hazards and prevent pollution of  
the stream.   

3.2 Actors in the policy network 
Several actors can be mentioned with respect to implementation of the relevant legislation: 
implementers of the policy, actors not directly participating in the process but facilitating 
and providing support to other actors, and the target group of the policy. Within the context 
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of this analysis actors are meant as organizations or individuals representing their 
organizations.  
The Water Commissionaire is the highest authority regarding management of the water 
sources including prevention of their pollution (until the transfer of the responsibility for 
prevention of water pollution to the Ministry of Environmental Protection upon its 
establishment in 1989). The Water Commissionaire, however, was – until 1996 – 
subordinated to the Ministry of Agriculture, appointed by and answers to the Minister of 
Agriculture. Furthermore, all but two of the Water Commissionaires since the establishment 
of the State were clear representatives of the agricultural sector. The Water Commissionaire 
of 1977-1981 was appointed as the Director General of the Ministry of Agriculture in 1980 
and served as both positions for several months (Israeli Parliament, 2002). As such, and with 
regards to the analysis offered by this chapter regarding motivation, information and power 
of main actors, the Water Commissionaire and the Ministry of Agriculture are considered as 
one actor (until 1996).   
The Ministry of Agriculture was initially entrusted with the ministerial responsibilities over 
the Water Law and the Water Authority/Water Commissioner. As such, the Ministry of 
Agriculture had the highest authority and influence over the protection of water sources. In 
addition, it had a shared responsibility over the Streams and Springs Authorities Law and 
some influence via the Local Authorities (Sewerage) Law, as plans for the establishment of 
wastewater treatment plants require the approval of the Minister of Agriculture (art. 13).  It 
was also involved via the Public Health Ordinance: according to article 65 when establishing 
regulations regarding effluent use for irrigation or other economic activity the Ministry of 
Health is to consult with the Ministry of Agriculture. Therefore, this Ministry is one of the 
main implementers of the relevant legislations.  
The Ministry of Health was entrusted with the responsibility to protect the county’s 
drinking water and as such had various powers to control water pollution, mainly under 
Chapter 6 of the Public Health Ordinance (this was also transferred to the Ministry of 
Environmental Protection upon its establishment), defining sewage as “nuisance”. It also 
has the responsibility for the quality and use of effluent for irrigation (Adam, 2000). Via the 
Local Authorities (Sewerage) Law it is involved in approving sewerage works. As such, was 
also in a position to prevent water pollution.  
The Ministry of Interior, as the Ministry responsible for the municipal sector, was entrusted 
with the ministerial responsibility over the Local Authorities (Sewerage) Law and can 
demand that a local authority will construct a wastewater treatment plant (art. 2). In 
addition, together with the Ministry of Agriculture it initially had the responsibility over the 
Streams and Springs Authorities Law. The Ministry of Interior is also to be consulted with, 
according to the Public Health Ordinance, concerning issues with implications for the local 
authorities (art. 3a).  
The Ministry of Environmental Protection was established in 1989. Upon its establishment it 
assumed the responsibility - previously under other ministries, mainly the Ministry of 
Agriculture and Ministry of Health, for protecting the water sources and preventing their 
pollution. It now had the ministerial responsibility over the water pollution sections of  
the Water Law (art. A1 “prevention of water pollution”); the sections related to nuisances  
in the Public Health Ordinance, some responsibilities regarding wastewater treatment  
via the Local Authorities (Sewerage) Law and over the Streams and Springs Authorities 
Law. As such it became one of the main implementers of water pollution control in  
the following years.  
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The Ministry of Infrastructures was established in 1996 and received the jurisdiction over 
the Water Authority/Water Commissioner and the Administration for the Development of 
Sewage Infrastructures. By its establishment the link between water management and the 
agricultural sector was broken for the first time. 
The Treasury Ministry, while not being a formal implementer, had a facilitating role via 
budgets allocated for this purpose, as elaborated in the following. 
The Prime Minister’s Office during the Rabin Government (established in 1992) prioritized 
development of infrastructure, wastewater treatment included. This government promoted 
relevant organizational change, allocated high budgets, as well as provided financial 
incentives for municipalities to treat wastewater, as elaborated in the following. As such it 
had a strong supportive and facilitating role.  
As for the target group, since the chapter focuses on pollution from untreated domestic 
wastewater, and as the legal responsibility for wastewater collection, treatment and sanitary 
disposal is of the local authorities, the target group is defined as the municipalities / 
mayors.  

3.3 Interaction processes between key actors  
With respect to pollution of water sources by wastewater, two phases can be defined based 
on the enforcement of the relevant laws: 1) 1948 (the establishment of the State) until 1989; 
and 2) 1989 until the present. In the following, each actor’s motivation, information and 
power are analyzed to explain the interaction processes between the main implementers and 
the target group, which in turn can explain the implementation processes of the pollution 
control legislation.   

3.3.1 1948 until 1989 
This phase is characterized by lack of enforcement. Only five court cases were filed by the 
Ministry of Health during the 1960s of which three addressed pollution by domestic 
wastewater. These, as Adam (2000) notes, were all the work of one official and were a rare 
exception. The Water Law, with the vast authority it provides for pollution prevention, was 
never enforced and sanctions prescribed by it, such as bringing criminal charges against 
polluters, went unused (Laster & Livney, 2009). The Springs and Streams Authorities Law 
was not implemented until 1989 when a stream authority was created for the first time with 
the establishment of the Yarkon River Authority (Gasith & Pargament, 1998). Indeed, the 
grim condition of the water sources (especially the streams), spoke for itself. Since relevant 
legislation was in place, had there been enforcement, this would have not been the case.  
The main actor with this respect is the Ministry of Agriculture, as established above. 
Entrusted with the responsibility for the Water Law and with the sanctioning authority that 
the Law provides, as well as via its roles in other relevant legislations, it had vast authority 
and power to implement and enforce pollution control. With the Water Commission 
subordinated to it, it also had access to the relevant expertise as well as the information 
regarding the state of the water resources. It is, after all, the Water Commissionaire that was 
empowered to manage the State’s water resources and had the means to do so. But what 
about its motivation?  In the new State, agriculture was a very important economic sector 
but more than this, it became a national and political objective behind which stood the 
Zionistic ideologies of settling the land, the right to work own land in own country, etc. As 
such, the Ministry of Agriculture enjoyed vast political support across the political 
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spectrum. It is against this background, that management of the water sources was 
entrusted to this Ministry. The Ministry of Agriculture, in fact, became the most important 
actor with respect to water management (with responsibilities also over other important 
water legislations such as the Water Drilling Law, 1955, and the Water Metering Law, 1955) 
and according to the parliamentary enquiry committee, managed the water sources 
exclusively and almost nothing could have been changed in water management without its 
cooperation (Israeli Parliament, 2002).   
This Ministry’s prime interest and goal, however, is to promote the agricultural sector and 
production, not to preserve the water sources as such (Adam, 2000). In the semi-arid 
country, agriculture on large scale requires irrigation, and the agricultural sector is the 
largest water consumer with ca. 70% of the water allocation (Central Bureau of Statistics, 
2010) and as such utilization of water sources in support of agricultural production, 
outweighed other water management aspects (Laster & Livney, 2009). With a strong 
agricultural lobby, the Water Commissionaires were mostly affiliated with the agricultural 
sector, as above-mentioned, with preference to short term agricultural interests over long 
term water considerations (Adam, 2000). As wastewater is defined by the Water Law as a 
water source it was indeed perceived in this period by the Water Commissionaires primarily 
as an additional (cheap/free-of-cost) water resource to be utilized by farmers. The position 
of the Ministry of Agriculture was that wastewater - being first and foremost a water source 
for irrigation, should be managed and fall within the authority of the Water Commission 
thus the Ministry of Agriculture (State Archive, container GL2033/22, 6.1.54). To reduce 
costs involved and encourage farmers to utilize effluent, the Water Commission’s/ Ministry 
of Agriculture’s officials advocated a method which became known as ‘agro-sanitation’. 
According to this method low-cost and low-tech facilities for primary treatment such as 
oxidation ponds and often only reservoirs, were constructed, following which the low-
quality effluent was to be utilized for irrigation with further natural treatment at the root of 
the plant and the soil (State Archive, containers G5117; GL2033/26; GL4647, various 
documents; Shtreit, personal communication, 24.7.01). This method, however, contributed 
heavily to the pollution of the water sources. Not only that it produced low quality effluent, 
but when not utilized for irrigation, surplus effluents were discharged into the nearest 
stream. The facilities themselves became a source of pollution as they were not properly 
maintained and upgraded. Furthermore, wastewater treatment for the purpose of 
pollution prevention was grossly neglected. Since budgets were limited, municipal plans 
for construction of treatment facilities that did not include concrete plans for effluent 
reuse for irrigation, were rejected and not funded despite continuous pollution to water 
sources or to the environment, for example, in the cases of the towns of Nahariya and 
Zichron Ya’aquov (Fleisher, personal communication, 15.5.01; Tal, personal 
communication, 14.5.01; State Archive, container GL2102 4/24(6), 11.4.67). All these 
resulted in steadily growing pollution. To conclude, the prime interest of the Ministry of 
Agriculture – the most influential actor, conflicted with the interests of preserving the 
water sources, and within this inner conflict of interest, the prime interests related to 
utilization of wastewater, prevailed. As such, this Ministry had vast power and 
information but no motivation to enforce pollution control laws.  
The Ministry of Health was another important actor via the sanitary aspect of wastewater 
treatment and its responsibility to protect drinking water and public health. The Ministry, 
however, had insufficient information, power (in practice) and motivation to enforce the 
laws. Regarding information, the Local Authorities (Sewerage) Law, for example, requires 
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that a municipality maintains its sewage system in proper condition ‘to the satisfaction of 
the health authority’. The Law, however, does not specify the type and amount of 
compliance required, nor does it specify which sanctions can be imposed, making its 
enforcement difficult. The Ministry of Health lacked also sufficient power to enforce the 
laws. Documents and correspondents’ analysis reveals an on-going dispute between the 
Ministry of Agriculture and the Ministry of Health with respect to the authority related to 
wastewater management. The Ministry of Health, however, was smaller and weaker in 
comparison to the Ministry of Agriculture and in practice had little influence over the matter 
(State Archive, container GL2033/22, various documents). For example, in 1953 the Minister 
of Agriculture established the Sewage Committee—an inter-ministerial committee that 
would coordinate the different positions regarding wastewater solutions, and approve 
sewage plans. However, the Committee was to report to the Minister of Agriculture and out 
of eleven governmental members of the Committee six represented the Ministry of 
Agriculture (including the Chair) and only two the Ministry of Health, reflecting the power 
imbalance. Eventually, despite the different positions, the Ministry of Health approved the 
low-tech low-costs solutions that were advocated by the Committee, revealing passive 
cooperation. With respect to financial resources, the Ministry of Health had no own budgets 
for this topic (State Archive, container GL7345 2/13, September 1970). Finally, the Ministry 
of Health also lacked sufficient motivation. The Ministry of Health had other priorities to 
look after and within the Ministry, wastewater treatment received low priority. Pollution 
prevention and wastewater treatment were not considered a prime objective of this Ministry 
(Fliesher, personal communication, 15.5.01; Marinov, personal communication 23.5.01; 
Shelef, personal communication, 15.7.01). For example, the Public Health Ordinance allows 
the Minister to promulgate relevant regulations. However, the relevant regulations - 
‘effluent intended for use in irrigation’, were only promulgated in 1981. The regulations 
restrict effluent irrigation but with respect to protection of public health, not the water 
sources, and were promulgated only in relation to a cholera outbreak that occurred in 1970 
due to consumption of raw vegetables that were irrigated with untreated wastewater. The 
regulations allow irrigation with effluent based on permit system and for crops that are not 
meant for human consumption only, thus allowing irrigation of other crops. Moreover, the 
regulations did not specify the required effluent quality and merely prescribe that the 
dissolved oxygen concentration will be at least half a milligram per liter and that the effluent 
must not contain toxic compounds that may danger, in the view of the Director General of 
the Ministry of Health, the health of those that who come in contact with the effluent or with 
the irrigated crop (Gasith & Pargament, 1998). The fact that such regulations were 
promulgated at a relative late stage, do not address pollution of water sources and do not 
specify the required effluent quality, all reflect the lack of interest thus motivation to enforce 
water pollution control, by this Ministry. This lack of motivation can further explain the 
Ministry’s weaker position in the actor’s network and thus its passive cooperation.    
The Ministry of Interior has a central role in the enforcement of the Local Authorities 
(Sewerage) Law and as such could have been an important actor. Entrusted with the 
authority to order municipalities to install proper treatment facilities, this Ministry had the 
power to enforce the Law and protect the water sources from pollution. The Ministry of 
Interior lacked, however, sufficient information. While the Ministry was represented in 
inter-ministerial committees such as the Sewage Committee, in practice it was a marginal 
actor. It lacked the technical and professional expertise and accepted the position of the 
Water Commissionaire and the Ministry of Agriculture with respect to their approach to 
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wastewater treatment (Hecht, personal communication, 12.6.01). For example, following the 
cholera outbreak the government established a new inter-ministerial committee for 
wastewater management which was meant to define relevant policy, as well as the National 
Sewage Project – its operative arm, meant to execute this policy. The Director General of the 
Ministry of Interior was appointed as the formal Chair of the inter-ministerial committee 
based on the Ministry’s responsibility for the municipal sector and as wastewater treatment 
is an obligation of the municipalities. This, however, was a formal appointment only; the 
Director General admitted to have little information on the subject and in practice it was the 
Water Commissionaire that ran the committee (Kantor, personal communication, 8.5.01). It 
was the Water Commissionaire that also ran the operative arm and controlled the budgets. 
Most importantly, though, the Ministry of Interior lacked motivation. According to Adam 
(2000), the use of the authority given to it by the Local Authorities (Sewerage) Law would 
have prevented or reduced water pollution caused by discharge of untreated wastewater to 
the streams. However, she notes, the Ministry of Interior chose not to exercise this authority. 
Being the Ministry responsible for the municipal sector, the Ministry’s primal goal is to 
support the local authorities. The low-tech low-cost facilities that were advocated by the 
Ministry of Agriculture meant lower costs for the municipalities and with little interest and 
expertise in this topic, the Ministry of Interior accepted them as suitable solutions (Hecht, 
personal communication, 12.6.01). An example of the Ministry’s prime interest in the state of 
the municipalities rather than in wastewater treatment can be seen in the following. 
Following the cholera outbreak, the Israeli Government signed in 1972 an agreement with 
the World Bank concerning a loan for the purpose of upgrading wastewater treatment 
facilities. As per this agreement, the World Bank required, among other things, that the 
local authorities will ensure that the funds they raise with wastewater charges will be 
used for wastewater management, allowing them to repay the loan as well as maintain 
and operate the facilities. To comply, the Ministry of Interior issued an order by the 
General Director stating that local authorities are required to do so. This, however, was 
never enforced (Shtreit, personal communication, 24.7.01). In practice many of the local 
authorities used income from water and wastewater charges for other purposes, 
especially when in fiscal stress (Laster & Livney, 2009). Both the Ministry of Interior and 
the Treasury Ministry realized that enforcing this order would mean financial burden for 
the local authorities, and ignored it (Hecht, personal communication, 12.6.01). This, too, 
reveals that the Ministry of Interior’s prime interest was to support the local authorities 
and not to protect the water sources.  
An additional actor that should be mentioned is the Environmental Protection Service. The 
Service was established in 1973 as a department in the Prime Minister’s office following the 
Stockholm Declaration of 1972. In 1976 it was transferred to the Ministry of Interior, mainly 
in order to affect local authorities’ handling of sewage. The Environmental Protection 
Service, however, had mainly a research position and while it was represented in scientific 
forums, it had no decision-making power (Marinov, personal communication 23.5.01). As 
such it had the motivation and the information, but not the power. Nonetheless, it prepared 
the ground for the Ministry of the Environmental Protection that would be established at a 
much later stage.   
The Treasury Ministry has a facilitating role via budgets. However, prior to the agreement 
with the World Bank, separate national budgets were not allocated for wastewater 
treatment. The position of the Treasury Ministry was that the local authorities are expected 
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to finance sewerage works by themselves, and that the wastewater solutions should be the 
cheapest ones available (State Archive, container GL4647/746, 11.12.1961). Following the 
cholera outbreak and per the agreement with the World Bank, the Treasury Ministry was to 
provide 60% of the projects’ costs. With a clear interest to reduce costs, it followed the 
approach for low-cost facilities led by the Ministry of Agriculture.  
The target group is defined as the local authorities and their mayors, as they were given the 
formal responsibility for wastewater treatment and could be legally charged for pollution of 
the water sources. The municipalities had insufficient information to carry out this task. The 
Local Authorities (Sewerage) Law, as established above, did not specify the type and 
amount of compliance required, as long the health authorities were ‘satisfied’. In addition, 
most of the local authorities in these years were small and had little or no access to the 
required technical expertise (own personnel), and relied heavily on relevant central 
authorities such as the Sewage Committee. More importantly, they had insufficient 
resources. Prior to 1972 the government did not allocate separate budgets for wastewater 
treatment. Such funds became available after 1972 following the agreement with the World 
Bank, but these were assigned to the Central Government (the National Sewage Project, 
chaired by the Water Commissioner), which decided how to allocate the funds. 
Municipalities remained dependent on the central authorities to access these public funds. 
Raising private capital required the approval of the Treasury Ministry. This, however, was 
not considered appropriate during this phase. The only mayor at the time, trying to raise 
private capital, was the mayor of the coastal city of Haifa. Initiating the construction of a 
biological treatment plant during the 1950s, this mayor was a front-runner and ahead of his 
time. After establishing an inter-municipal cooperation and preparing the technical plans for 
the treatment plant, the final hurdle to overcome was the needed funds. The mayor, being 
extremely committed, managed to interest two French companies that would construct the 
plant with their own capital. In fact, a pioneer Build Operate Transfer (BOT) construction. 
The Treasury Minister, however, refused to approve this agreement, and only due to the 
mayor’s determination, this was eventually approved. The Haifa treatment plant went into 
operation in 1961, decades before other municipalities followed. Other less determined and 
less capable mayors – would have not succeeded (Hophmayer-Tokich, 2005). And finally, 
the local authorities had no motivation. Most of the municipalities had little or no inner 
motivation and focused on housing and economic development. Sewerage systems were 
constructed in early stages to remove hazards from the population centers thus any 
pollution that was caused by wastewater, was – in most cases, not felt by the inhabitants. In 
the cases that the inhabitants did experience the nuisances, such as the city of Tel Aviv via 
the Yarkon Stream or the city of Hadera via the Hadera Stream, mayors were more pressed 
to take action. External pressure, by higher authorities, e.g. by law enforcement – was 
completely non-existent. The central authorities reflected that the lack of action was 
tolerated. Therefore, the target group had little information, very few capacities (power) and 
hardly any motivation to comply with the Law and treat wastewater.  The main findings for 
this phase are presented in table 1.   
To conclude, several actors are given the authority to implement water pollution prevention, 
but none of them do so. Some actors lack access to power and information while others have, 
however none of them have the motivation. The main reason for that is that protection of 
water sources is not the primal goal of any of them. The Water Commissionaire at this phase 
has the formal task and authority to protect the water sources and prevent their pollution, 
thus given the power and the information. However, subordinated to the Ministry 
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Actors Motivation Information Power Interaction processes 

Ministry of 
Agriculture 

Lacking; Primal goal – 
support agricultural 

production, not 
preserving the water 

sources. As such, 
advocated utilization of 

low quality (free of 
charge) effluent in 

support of agricultural 
production; 

No motivation to 
enforce wastewater 

treatment. 

Via the Water 
Commission 

subordinated to it -
has the expertise as 

well as the 
information 

regarding the state 
of the water 

resources 

Authority/sanctioning 
(enforcement) 

resources as well as 
sufficient financial and 
personnel resources; 

Level of general 
political support – 

very high 

Most powerful actor; 
However its power 

allows this Ministry to 
choose not to 

implement the Water 
Law or to implement 

according to own 
goals. This actor 

dominated the policy 
network based on its 

own goals and the 
wastewater 

management 
approach it advocated 

Ministry of 
Health 

Lacking; Pollution 
prevention and 

wastewater treatment –
not primal objective, 
receives low priority 
within the Ministry 

Lacking; the 
Sewerage Law 

does not specify 
the type and 
amount of 
compliance 

required, making 
its enforcement 

difficult 

Lacking; insufficient 
enforcement 

resources; authority in 
practice; and financial 

resources aimed at 
wastewater treatment

Weak position in the 
actors network; little 

influence over the 
process due to passive 

cooperation 

Ministry of 
Interior 

Lacking; Primal goal –
support the local 

authorities. Enforcing 
the Laws would have 
caused fiscal stress to 

the municipalities, 
which the Ministry of 
Interior was trying to 

avoid. Thus, no 
motivation to enforce 
wastewater treatment

Lacking: no 
expertise and 

technical know-
how 

Had the power via the 
Local Authorities 
(Sewerage) Law 

Impartial actor (by 
choice); little influence 

over the process 

Environment
al Protection 

Service 

High interest in 
protecting water 

sources 

Has access to 
sufficient 

information via its 
experts and 

scientists 

Has no power over the 
decision making or 

implementation 
processes 

Marginal actor in the 
policy network 

Target 
group: 

Municipal-
ities / 

mayors 

Low motivation to treat 
wastewater: little inner 
motivation, no external 

pressures, low self-
effectiveness 
assessment

No specification of 
type and amount 

of compliance 
required (by the 
Sewerage Law) 

limited personnel

Very limited financial 
resources (no direct 
access to public nor 

private capital) 

Weak position in the 
actors network; little 

influence over the 
process 

Table 1. Characteristics and interaction processes, key actors; 1948- 1989  
(lack of implementation) 

of Agriculture and appointed as a representative of the agricultural sector, lacks the 
motivation to enforce the Law. The Ministry of Agriculture’s prime values and interests are 
to promote agriculture, and securing water for irrigation is a high priority. Implementation 
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of pollution control instruments is not perceived as contributing to these goals. This 
Ministry is the most powerful actor in the policy network and in fact used its access to 
power and information to dominant the process for its own interests. Within the interaction 
process, this Ministry was not keen on sharing the vast powers it possessed over the 
management of the water sources. According to Laster and Livney (2009), for example, 
Stream Authorities were not established as the Water Commissioner did not intend to share 
his power with another authority and the Minister of Agriculture supported this position. 
All this reflect the influence of this Ministry over the implementation process. Other actors 
with some responsibilities and authority could have improved the state of affairs, but would 
or could not do so. They lack the motivation, information, and power in various degrees and 
with the Ministry of Agriculture being the most powerful actor, consciously allow it to take 
the lead as wastewater treatment is not a primal goal of any of them. Most of them, 
especially the Ministry of Interior and the Treasury Ministry, accept the approached 
advocated by the Ministry of Agriculture as it suits their own interests, and the only actor 
that shows some attempts to object – the Ministry of Health, has a weaker position in the 
interaction process and eventually passively cooperates with the Ministry of Agricultures’ 
approach. The target group lacks information and power, and with no access to funds was 
highly dependent on central authorities. Municipalities also lack motivation due to low 
internal motivation and lack of external pressure. Furthermore, mayors’ lack of motivation 
can also be explained by the self-effectiveness assessment concept. With little influence over 
the process and its outcomes, even mayors that may have preferred to take action, such as in 
the cases of Nahariya and Zichron Ya’aquov, realized they have no capacity to take such 
actions and became de-motivated. The above-mentioned mayor of Haifa is a rare exception.   
As a result, the implementation process can be defined as avoiding/lack of implementation 
due to passive cooperation. Most of the actors were impartial and passively cooperated  
with the standpoint of the more dominant actor – the Ministry of Agriculture, by not 
hindering nor stimulating the implementation of the Laws. As such, have little influence 
over the interaction process and thus on the policy outcome. The target group – is also in  
a weak position in the interaction between the actors and has little influence over the 
process as well.   

3.3.2 1989 until the present 
Starting 1989 a new trend of enforcement of relevant legislation can be seen. In response, 
most of the municipalities throughout the country, including ones that have neglected 
wastewater treatment for decades such as the city of Jerusalem, Be’er Sheva, Karmiel and 
others, began constructing highly advanced wastewater treatment plants. Several factors can 
explain this, of which the establishment of the Ministry of Environmental Protection is the 
most important one. 
The Ministry of Environmental Protection was established in 1989 as a small Ministry, 
meant to provide a solution for a coalition crisis. It soon after, however, became a crucial 
actor in pollution control enforcement. As above mentioned, it assumed the responsibility 
for protecting the water sources and preventing their pollution from other Ministries. As 
such, it has the power to enforce relevant laws. It also has the relevant information. 
Although the Ministry started as a small low-budgeted Ministry, it was staffed by highly 
trained team of professionals, also based on the Environmental Protection Service which 
prepared the ground and provided the newly established Ministry with the professional 
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expertise needed for the new tasks. Therefore the Ministry had access to power and 
information. These, however, were proven in the previous phase to be insufficient in the 
absence of motivation. More importantly, thus, the establishment of this new Ministry 
created for the first time an institution with an exclusive mandate to and interest in 
protecting the environment and the water sources (Adam, 2000). Furthermore, the 
Ministry’s personnel and especially its first General Director were fully committed to create 
a change, and the first Ministers were environmentally-oriented and supported the 
development of relevant strategies and policies (Adam, personal communication, 6.9.01). As 
such this Ministry had clear motivation to enforce the laws. Its immediate actions with this 
respect, clearly reveal that. 
Acknowledging that previously enforcement was non-existent, the Ministry’s first action was 
to begin developing a comprehensive policy of forceful enforcement and the enforcement 
mechanism. As municipal wastewater was the main source of pollution the Ministry turned to 
establish a policy against polluting local authorities. The main Law this policy could have been 
built on was the Water Law (art. A1). The maximum penalty for water pollution according to 
this Article, however, was very low: only 4,500 NIS*, with no provisions for imprisonment. 
These sanctions were insufficient to deter polluting local authorities. The Ministry’s first action 
was to amend the Law to allow more meaningful penalties. The amendment was completed in 
1991, following which any polluter could have been penalized with one year imprisonment or 
a fine of 150,000 NIS, and in case of continued violation of the Law - seven days of 
imprisonment and additional fine of 10,000 NIS for every day of continuous pollution after a 
written warning was issued†. Furthermore, the amendment to the Water Law included also a 
provision for citizen suits, allowing an additional route for enforcement. In parallel the 
Ministry’s officials started issuing warning letters to mayors demanding that they take actions 
to prevent pollution (Adam, personal communication, 6.9.01; Adam, 2000). In many cases the 
warning letters were sufficient, but in others lawsuits were filed. By 1995 fifty one lawsuits 
were filed by the Ministry of Environmental Protection against polluters, of which seventeen 
were against local authorities for violations of the Water Law (State Comptroller, 1996). 
Additional enforcement measure that was taken by the Ministry of Environmental Protection 
was an administrative measure of refusal to permit housing of newly built housing units 
unless the local authority in question had a proper wastewater treatment plant or advanced 
plans to construct one. In the beginning of the 1990s massive waves of immigrants from the 
former Soviet Union immigrated to Israel resulting in rapid development in most of the local 
authorities. At this point in time, taking such administrative enforcement measures put heavy 
pressure on mayors to treat wastewater (Marinov, personal communication, 23.5.01). In 
addition, the Ministry promulgated regulations on a wide range of issues related to water 
pollution (Adam, 2000), further enabling enforcement. The Ministry also promoted a policy 
towards stream rehabilitation. This includes establishing local administrations for stream 
restoration (30 such administrations were established by 2008) and regulating effluent 
discharge to streams. The latter – non-existent prior to the establishment of this Ministry, aims 
to enable base-line flow when potable water is unavailable, by permits system and by 
requiring stricter effluent quality when discharged to streams (Israeli Ministry of 
Environmental Protection, n.d.). 
                                                 
* Approximately $ 450 at the time (Adam, 2000) 
† In 2008 the Law was amended to further increase the fines to 350,000 and 23,000 for every day of 
continuous pollution.    
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The Ministry’s policy of enforcement, however, was not easily implemented and met 
objections from other Ministries, such as the Ministry of Housing. Furthermore, until 1993 
the Ministry of Environmental Protection did not have its own prosecutors and it relied on 
the Attorney General and the district attorneys to file lawsuits. These, however, were not 
keen on cooperating due to work load, low priority for environmental issues, and the 
availability of administrative measure of enforcement. Finally, bringing criminal charges 
against mayors can meet political objections and on occasions the Ministry’s staff was 
unable to file suits against a mayor. Determined to enforce the laws and promote a change, 
the Ministry’s officials turned to other solutions when needed, including transferring 
material to an environmental non-governmental organizatios so that it can file a civil law 
suit against the polluter, in case of political pressure against the Ministry of Environmental 
Protection taking such action. All these reveal that the newly established Ministry of 
Environmental Protection had a strong motivation to enforce water pollution control 
measures. This strong motivation enabled the Ministry’s officials to strengthen the power 
and information initially available to them by amendment of the Water Law to create a 
meaningful enforcement mechanism. Small and low-budgeted, and often facing political 
opponents and objections by other Ministries, the Ministry’s strong motivation to enforce 
the Law gave it a strong position in the policy network.                 
The Ministry of Health became a more meaningful actor in this phase. In 1992 the Ministry 
promulgated the base-line quality regulations for effluent standards. These regulations 
served as an important tool for enforcement as for the first time the local authorities could 
have been required to treat wastewater to meet clear standards. The new regulations 
compelled municipalities to establish advanced wastewater treatment plants in order to 
meet these standards. As such these regulations provided the Ministry of Health more 
access to power – with more authority at hand, and information with a clear frame of 
reference for enforcement. It should be noted that the regulations were co-initiated by the 
Ministry of Agriculture which by the end of the 1980s acknowledged for the first time the 
need to divert high quality effluent for non-restricted irrigation for the agricultural sector 
(Hophmayer-Tokich, 2010). In 2010 the regulations were amended by the Ministry of Health 
and the Ministry of Environmental Protection to include stricter standards. With respect to 
motivation, it seems that in this phase, the Ministry of Health has higher motivation to 
enforce the law. This can be explained by the drastic reduction in the power of the Ministry 
of Agriculture on one hand, and with the establishment of the Ministry of Environmental 
Protection on the other. By the end of the 1980s, in the fast growing market economy, 
agriculture lost both its ideological status and its economic significance. As such, the 
agricultural sector and the Ministry of Agriculture lost its political power. Regarding water 
management, with the transfer of the responsibility for water pollution control to the 
Ministry of Environmental Protection, and in 1996 with the transfer of the Water 
Commission (by then: Water Authority) to the newly established Ministry of Infrastructure, 
the Ministry of Agriculture lost most of its power over water management. This cleared the 
way for the Ministry of Health – traditionally a weaker opponent and passive cooperator of 
the Ministry of Agriculture with respect to wastewater treatment, to be in a stronger 
position to enforce the relevant laws. On the other hand, the establishment of the Ministry of 
Environmental Protection and the transfer of some of the Ministry of Health‘s authority over 
water pollution control and wastewater treatment to this Ministry, resulted in a new rivalry, 
this time between these two Ministries. It seems that this rivalry and the enforcement 
actions taken by the Ministry of Environmental Protection gave the Ministry of Health 
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additional motivation to enforce the laws and establish its position with this respect, as well 
(Tal, personal communication, 14.5.01; Balasha, personal communication, 14.5.01). As such, 
the Ministry of Health in this phase has better access to information and power, and higher 
motivation to enforce wastewater treatment.   
The Ministry of Agriculture, as abovementioned, lost most of its power, both in general and 
specific to water pollution control. In addition to the above-mentioned, in 1992 under the 
Rabin Government the Administration for the Development of Sewage Infrastructure was 
established to replace the previous inter-municipal Sewage Committee and its operative 
arm. In contrast to the past, whereby the Water Commissionaires were traditionally – 
officially or not - chairing the National Sewage Committee, the new Administration was 
subordinated to the Ministry of Interior and represented by different Ministries, excluding 
the Ministry of Agriculture (State Comptroller, 1996). Furthermore, its operative arm was 
headed by professional wastewater engineers with a clear affiliation to advanced 
technologies rather than to agricultural interests. The advocated technical solutions were 
now advanced treatment technologies (Gurion, personal communication, 16.07.01). All these 
resulted in loss of power by this Ministry in this phase. At the same time, an interesting 
development is that the Ministry of Agriculture – for the first time, shows more motivation 
for a higher effluent quality and high level treatment, from its own interests. By the end of 
the 1980s consecutive droughts resulted in major cut-downs in potable water allocation for 
irrigation. At the same time, the global price of cotton – previously a very lucrative crop, 
dropped drastically. This forced farmers to shift to more profitable crops, which require 
high quality effluent. These two resulted in high interest of the agricultural sector in a 
reliable alternative source of water for non-restricted irrigation – high quality effluent. This 
explains the co-initiation of the base-line effluent quality regulations. To conclude, at the 
start of this phase a shift in the Ministry’s motivation is observed, revealing higher 
motivation to treat wastewater to a high level, in combination with drastic reduction in 
power, thus much less influence over the enforcement process and lower position in the 
actors’ network.         
The Prime Minister’s Office should be mentioned with respect to Prime Minister Rabin. The 
Rabin Government, established in 1992, prioritized development of infrastructure in 
general, wastewater infrastructure included, in light of the massive waves of immigrants 
from the former Soviet Union. Apart from establishing the Sewage Administration, 
mentioned above, this government allocated substantially increased budgets for wastewater 
treatment plants. If prior to 1992 the annual budget for wastewater treatment was 15-20 
million NIS, this grew to 180 million NIS in 1993, 250 million NIS in 1994, 450 in 1995 etc. 
Moreover, in order to provide incentives for municipalities to engage in advanced 
wastewater treatment and apply for loans, partial grants up to 25%‡ of the overall loan 
became available for municipalities that submitted plans and received their approval within 
the first three years (Reich, personal communication, 14.06.01). This provided local authorities 
with higher motivation on one hand, and sufficient resources (power) on the other.     
With respect to the Ministry of Interior, its involvement in enforcement remains unchanged.  
The Ministry of Infrastructures was established in 1996 and received the jurisdiction over 
the Water Authority/Water Commissioner and the Administration for the Development of 
Sewage Infrastructures. This Ministry does not have power regarding enforcement of water 
                                                 
‡ 25% for municipalities applying for a loan in the first year, 20% second year, 15% third year (Riech, 
personal communication, 14.06.01).  
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pollution prevention legislation, but has a clear mandate and objective to upgrade the 
State’s infrastructure. Via the Sewage Administration it has control over the national 
budgets for wastewater treatment and has the professional staff to advice municipalities on 
that matter. As such it has a facilitating and supportive role.   
The target group in this phase is facing a different situation. In terms of motivation, it now 
has a very strong motivation to treat wastewater, mainly due to external pressure from 
enforcement authorities. Many mayors received warning notifications, were warned that a 
law suite would be filed against them, and in some cases indeed faced lawsuits. In parallel, 
in the midst of a massive building and development phase, were not allowed to populate 
the newly built neighborhoods unless they had an existing or planned proper wastewater 
treatment plants. Mayors realized that for the first time not treating wastewater is no longer 
tolerated by the relevant authorities. At the same time municipalities are given the resources 
and the means to comply with the law.  Regarding information, the municipalities now have 
clear standards to meet, thus have a frame of reference to what is asked of them. Most of the 
municipalities at this phase also have access to professional staff either via their own water 
departments, via inter-municipal cooperation, or private consultants. In any case, with the 
new Sewage Administration staffed with professionals not affiliated with the agricultural 
lobby, municipalities now have access to relevant information. And finally, municipalities 
now have access to financial resources, either in the form of loans from the government or 
by raising private capital which by the end of the 1990s was encouraged by the government 
and the Treasury Ministry. This gives municipalities more power in comparison to the 
previous phase, in which most of them were highly dependent on the central authorities. 
This can also be seen as influencing their self-effectiveness assessment, thus further 
motivating them.  
To conclude, several factors co-aligned to change the interaction process between actors and 
result in the paradigm shift: the establishment of the Ministry of Environmental Protection, 
the drastic reduction in the power and influence of the Ministry of Agriculture with – at the 
same time – its acknowledgement for the need to direct high quality effluent for irrigation, 
and the Rabin Government’s policy of investment in infrastructure. All these shifted the 
balance and altered the interaction between the relevant actors and resulted in the shift. 
With the establishment of the Ministry of Environmental Protection finally there was an 
institution that has access not only to power and information but also to motivation. With 
the sole interest in protecting the water sources, and with highly motivated staff to create a 
change, this Ministry started a new trend that could have not been overturned. In parallel, 
the drastic reduction in the power of the Ministry of Agriculture, that previously controlled 
almost exclusively the water management sector, including wastewater treatment, paved 
the way to a new interaction between the actors. With the new interaction, it can also be 
seen that the establishment of a Ministry that was determined to make a change and enforce 
the laws, influenced other relevant actors, previously with a weaker or impartial positions, 
especially the Ministry of Health, to embark on this trend and enforce the laws. Be it due to 
the new rivalry over authority, or due to actual interest in the needed change, the Ministry 
of Health became a relevant actor in the new trend of enforcement. Finally, enforcing the 
laws without providing the means to comply with the law would have made it very difficult 
for the municipalities to establish advanced wastewater treatment plants. The Rabin’s 
Government allocated high budgets and gave strong financial incentives for municipalities 
to embark on the new trend and invest in wastewater treatment; it also provided 
professional assistance and framework via the new Sewage Administration, now headed by 
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wastewater engineers rather than representatives of the agricultural sector. This process is 
still on-going and with the stricter regulations recently promulgated by the Ministry of 
Environmental Protection and Ministry of Health, and with the further amendment of the 
Water Law in 2008 to increase the penalties that can be imposed on water polluters, it seems 
that the high motivation to improve the state of the water sources, continues.     
As a result, in this phase the implementation process can be defined as achieving 
implementation. The interaction type, however, seems to not fully fit the types prescribed by 
the Theory. Since implementation is achieved, it can be described as cooperation as more 
actors share similar objectives. However, rivalry and power struggles hinder effective 
cooperation and coordination and it seems that the similar objectives are motivated by 
different reasons which result in more independent actions taken by different actors rather 
than active cooperation to achieve implementation. The Ministry of Environmental 
Protection’s interest is to protect the water sources; the Ministry of Health aligns either due 
to its wish to establish its authority within the new rivalry with the Ministry of 
Environmental Protection over control or due to its own interest in protecting the public 
health; the Ministry of Agriculture’s interest co-aligns as for the first time the agricultural 
sector acknowledges its need for high quality effluent for non-restricted irrigation as a 
reliable water source to replace potable water allocations for irrigation; the Prime Minister’s 
Office prioritize infrastructure to support the absorbent of massive immigration wave. All 
these influence the interaction process and aligned to result in different actors taking 
actions, based on their different motivations and own-interest, to enforce the law and 
promote advanced wastewater treatment. Although the process was not always smooth and 
faced objections such as by the Housing Ministry and although the challenges in this field 
are far from being resolved, the new interaction process yielded enforcement trend and 
positive results. The target group was now being pressured into compliance and at the same 
time assumed the power needed for the task. With more access to information and 
resources, municipalities are now in a stronger position in the interaction process to 
influence outcomes. The main findings for this phase are presented in table 2. 
 

Actors Motivation Information Power Interaction 
processes 

Ministry of 
Environmental 

Protection 

Clear ideology 
and unambiguous 

mandate to 
protect and 

preserve country’s 
water resources. 

The first 
independent 

organization with 
the sole interest of 

protecting the 
environment 

Highly trained and 
professional staff, 

experts and 
scientists, related to 
environmental as 

well as legal matters. 
The former 

Environmental 
Protection Service 

provided the needed 
base for the new 

Ministry 

The Ministry assumes 
responsibilities and 

authorities previously 
belonging to other 

ministries. Despite little 
financial resources, the 

Ministry makes the most 
out of its 

authority/sanctioning/
enforcement powers;  

soon after its 
establishment amends 

 the Water Law to  
provide a meaningful 

enforcement tool and take 
immediate enforcement 

actions 

Became a crucial 
actor in the policy 

network in terms of 
law enforcement 
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Ministry of 
Health 

Higher 
motivation in 
comparison to 

previous phase. 
Mostly, power 

struggle with the 
newly built 
Ministry of 

Environmental 
Protection as a 
motivation to 

become a more 
powerful actor 

The base-line quality 
regulations, 

promulgated by the 
Ministry of Health 

in 1992, gave a 
frame of reference 

for law enforcement

Increased: Enforcement 
resources and authority in 
practice (via e.g. the base-
line quality regulations); 
Still lacks own financial 

resources aimed at 
wastewater treatment 

Stronger position in 
the actors’ network 

especially with 
respect to law 

enforcement; more 
influence over the 
process; aligned 

with other actors to 
promote advance 

wastewater 
treatment 

Ministry of 
Agriculture 

For the first time 
acknowledges the 

need to utilize 
high quality 
effluent in 
support of 

agricultural 
production due to 
several drought 
years and cut-

down in potable 
water allocation 
for agriculture, 
leading to co-

initiation of the 
base-line quality 

regulations 

With the 
government’s 

decision from 1992 
to establish the 

Sewage 
Administration, 

headed by 
professional 
wastewater 

engineers and with 
the transfer of the 

Water Authority to 
the newly 

established Ministry 
of Infrastructure in 

1996 lost its grip 
over the relevant 

information 

Level of general political 
support – very low; lost 
most of its powers in the 

new advance market-
based economy. With the 

transfer of the 
responsibility for water 
pollution control to the 

Ministry of Environmental 
Protection in 1989 and the 

Water Authority to the 
Ministry of Infrastructure 
in 1996, lost most of the 
relevant authority and 

financial resources 

Much reduced 
power; less 

influence over the 
process but aligned 

with other actors 
(from own goals) to 
promote advance 

wastewater 
treatment 

Ministry of 
Infrastructure 

Objectives: 
upgrade national 

infrastructures 

Received the 
jurisdiction over the 

Water Authority 
and the 

Administration for 
the Development of 

Sewage 
Infrastructures and 

as such has access to 
relevant information

Received the jurisdiction 
over the Water Authority 

and the Administration for 
the Development of 

Sewage Infrastructures 
and as such has relevant 
financial and personnel 

resources 

Interests aligned 
with other actors to 
promote advance 

wastewater 
treatment 

Target group: 
Municipalities

/mayors 

High motivation 
to treat 

wastewater 
mainly due to 

external pressures 
(law enforcement)

clear specification of 
type and amount of 
compliance required 

(by the base-line 
quality regulations); 

better access to 
technical know-how

Better access to financial 
resources (both public and 

private) 

Target group is 
pressured into 

compliance with the 
law on one hand 

and given access to 
resources for 

implementation on 
the other thus in a 

better position in the 
actors’ network 

 

Table 2. Characteristics and interaction processes, key actors; 1989-present (implementation) 
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4. Conclusions  
In the State of Israel wastewater treatment has been neglected for decades. Municipalities – 
legally responsible for wastewater collection, treatment, and sanitary disposal, established 
the collection systems to remove hazards from their population centers, but in most cases 
neglected the elements of treatment and sanitary disposal. Untreated or partially treated 
wastewater was discharged into the environment, mostly to the nearest stream or dry 
riverbed, resulting in on-going pollution of the scarce water sources. Advanced legislation 
was in place since early stages of the State, providing the sufficient legislative framework to 
protect and preserve the water sources but the laws were not enforced. The intended policy 
goals were thus not attained due to lack of implementation. Since the beginning of the 1990s 
a shift can be seen and most municipalities, including ones that have neglected wastewater 
treatment for decades, began establishing advanced treatment plants. This is mainly the 
result of forceful enforcement and the pressure put on municipalities and their mayors. 
While water pollution by wastewater is far from being resolved, there is - no doubt, a 
substantial improvement in comparison to the past. This chapter aims to analyze and 
explain the lack of implementation of the policy instruments – relevant legislation for 
pollution control, as well as the shift to its implementation.   
The implementation processes in the Israeli case are analyzed from actor-centered approach 
based on the Contextual Interaction Theory. This approach assumes that since 
implementation of policy instruments is the responsibility of relevant actors in the policy 
network, they can be seen as a social interaction between key-actors. The characteristics of 
the actors involved, particularly their motivation, information and power, are analyzed as to 
explain the standpoint and activities of each of the actors in the policy network.  These 
further explain the interactions between the key actors and in turn, the outcome with respect 
to the implementation process. Accordingly, the analysis offered in this chapter addresses 
the key actors in the implementation processes of pollution control legislation, their key 
characteristics, and the interaction between them.  
The Israeli case shows a shift from a phase of lack of implementation prior to 1989 to a phase 
of achieving implementation following 1989. It also reveals that the Contextual Interaction 
Theory can explain well these implementation processes. In the first phase relevant actors 
had access to information and power in various degrees but none of the actors with the 
power to enforce the law - had also the motivation to do so. The analysis shows that none of 
the actors has a primal interest in protecting the water sources by requiring municipalities to 
treat wastewater as all of them had other more important priorities to look after. As such, 
the most influential actor – the Ministry of Agriculture, dominated the policy network based 
on the lack of motivation and relative lack of power and information of other actors, and 
avoided implementation of water pollution control to serve its own primal interest –
utilizing wastewater for agricultural production. This Ministry advocated a low-cost low-
tech wastewater management approach that served the short term agricultural interests but 
not the long term water considerations. Other actors passively cooperated with this 
approach either because it served their own interests as well, e.g. in the case of the Ministry 
of Interior, or because they had a weaker position in the network to influence the outcome, 
e.g. the Ministry of Health and the target group. This influenced the outcome of the 
implementation process – insufficient wastewater treatment and on-going pollution. The 
interaction between the actors had changed starting 1989, most importantly due to the 
introduction of a new actor – the Ministry of Environmental Protection with a sole interest 
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and high motivation to protect the water sources, as well as with a change in the key 
characteristics of the Ministry of Agriculture, with less power and higher motivation to 
promote advanced treatment. Wider contexts such as the massive immigration from the 
former Soviet Union and the rapid development it brought with it further influenced the 
implementation processes. In this new interaction, the Ministry of Environmental Protection 
promoted forceful enforcement and other actors participated in this process, e.g. the 
Ministry of Health, or supported it, e.g. the Prime Minister’s Office, based on their own 
priorities. Putting pressure on the target group on one hand and providing it with means to 
comply on the other, gave municipalities motivation as well as information and power to 
comply. As a result, in this phase advanced wastewater treatment is achieved in many of the 
municipalities. Still facing many challenges, the enforcement trend continues.    
Several lessons can be learnt from the Israeli case. (i) enforcement processes are indeed actor 
interaction processes and the result of this interaction in terms of the policy outcome can be 
well explained, thus predicted, by understating actors’ access to motivation, information 
and power; (ii) key characteristics of the key actors can change over time and in turn result 
in changed outcome of the process; (iii) motivation seems to be the most important 
characteristic explaining implementation processes. Access to power and information alone 
were found to be insufficient as in the case of the Ministry of Agriculture. Furthermore, 
motivation can be used to create or increase access to better information and power as was 
the case with the Ministry of Environmental Protection. Understanding this, an intervention 
measure in cases of on-going pollution could be to create motivation either within the 
existing actors, e.g. the Ministry of Agriculture’s acknowledgement of the need for 
utilization of high quality effluent for non-restricted irrigation, or by creating a new actor 
with high motivation, as was the case with the establishment of the Ministry of 
Environmental Protection; (iv) in the absence of an actor with access to both motivation and 
power, establishing an actor with motivation and information can in the long run prove to 
be useful as in the case of the Environmental Protection Service. While this actor had no 
power to enforce the law, it prepared the ground for such enforcement using its motivation 
and information and once an relevant organization with access to power was established – the 
Ministry of Environmental Protection, it could immediately embark on the tasks ahead using 
the information available by the Service; (v) once there is an actor with motivation and actions 
are taken, others may follow even if just to maintain and justify their authority over the matter. 
Pollution by untreated wastewater is a major environmental problem in many countries 
worldwide. Understanding these processes and interactions between key actors may assist 
predicting outcomes of policy processes and allow deliberate interventions to influence the 
motivations, information and power of the key actors.  
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1. Introduction  
Water is a common substance, yet life cannot exist without it, being the major component of 
all living things. Considering the tremendous impact water has on life health, it is always an 
imperative task to study its quality. During the past decades, more advanced techniques 
were developed not only to generally characterise the water quality, but also to analyse 
DOM fractions. 
Organic matter is present in every type of aquatic system and, due to the influence that it 
has on their ecological health, it can be used as a useful water quality indicator. The 
organic matter fraction from natural waters can be autochthonous, formed in situ through 
microbial activity, algal productivity, invertebrate grazing, etc., and allochthonous, 
formed externally and brought into the water system through soil leaching, geological 
activities or degradation of terrestrial vegetation (Winter et al., 2007). Human activities 
can influence both of these fractions: increased algal - derived organic matter due to 
eutrophication increased microbially - derived organic matter from human and animal 
wastes, and changes in allochthonous organic matter from changes in land use.  
An emerging technique, fluorescence spectroscopy, which was successfully used in 
biology, medicine or chemistry, became a promising approach to the assessment of 
organic aquatic components and organic pollutants, due to its rapid analysis and high 
sensitivity. Fluorescence spectroscopy, in the form of three dimensional excitation-
emission matrix (EEM), synchronous fluorescence spectrum (SFS) and laser induced 
fluorescence spectrum (LIFS) can be used to estimate water pollution and to probe the 
composition of DOM in watersheds. Although the fluorescence technique have been in 
the attention of those who are interested in real-time monitoring of water pollution, only 
few studies have been made in this field (Carstea et al., 2010; Downing et al., 2009; 
Spencer et al., 2007).  
This paper proposes to review some of the methods potential to characterise different water 
systems that have dissimilar hydrological and geographical features and different sources of 
water pollution. Prior to this, theoretical aspects of fluorescence principles and dissolved 
organic matter properties will be shortly described.  
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2. Principles of fluorescence spectroscopy 
Fluorescence is a special type of luminescence that describes the emission of light from 
molecules, named fluorophores, in electronically excited states. The fluorophores absorb 
energy in the form of light, at a specific wavelength, and release it in the form of emission of 
light, at a specific higher wavelength (i.e., with lower energy). The general principles of light 
absorption and emission can be illustrated by a Jablonski diagram, as seen in figure 1. 
 

 
Fig. 1. Jablonski diagram presenting the processes of absorption (A) and fluorescence (F);  
VR – vibrational relaxation, IC – internal conversion. 

When a molecule is found in the ground singlet state, S0, and absorbs light, the light energy 
is transferred to the electronically excited states: singlet states, S1 or S2. Afterwards, the 
molecule is subjected to internal conversion or vibrational relaxation, which implies the 
transition from an upper electronically excited state to a lower one, lasting from 10-14 to 10-11 
s. In the final stage, emission occurs when the molecule returns to the ground state, S0, in  
10-9 to 10-7 s, emitting light at a greater wavelength, according to the difference in energy 
between the two electronic states (Lakowitz, 2006; Valeur, 2001). This process is known as 
fluorescence. When excitation source is a laser, the fluorescence is called laser induced 
fluorescence.  
The Jablonski diagram shows that the energy of the emission is generally less than that of 
absorption. Thus, fluorescence typically occurs at lower energies or longer wavelengths. 
This effect is called Stokes' shift, which is caused by several factors: the rapid decay to the 
lowest vibrational level of S1, further decay of fluorophores to higher vibrational levels of S0, 
solvent effects, excited-state reactions, complex formation, and/or energy transfer 
(Lakowicz, 2006).  
Generally, the emission spectrum for a given fluorophore is a mirror image of the excitation 
spectrum. The symmetry is a result of the same transitions, which are involved in 
absorption and emission and the similarities of the vibrational levels of S0 and S1 

(Christensen, 2005).  
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2.1 Factors affecting fluorescence intensity 
The fluorescence excitation and emission spectra comply with the above-mentioned rule 
and properties, but several environmental factors can change the characteristics of the 
fluorescence signal. The fluorescence response is highly affected by solution temperature, 
composition, concentration, pH and salinity. These factors are presented in the following 
sections.  

2.1.1 Fluorescence quenching 
Fluorescence quenching is a term, which covers any process that leads to a decrease in 
fluorescence intensity of a sample. It is a deactivation of the excited molecule either by intra- 
or intermolecular interactions. Quenching can be divided into two main categories: static 
and dynamic quenching. 
When the environmental influence (quencher) inhibits the excited state formation, the 
process is referred to as static quenching. Static quenching is caused by ground state 
complex formation, where the fluorophore forms non-fluorescent complexes with a 
quencher molecule. Dynamic quenching or collisional quenching refers to the process when 
a quencher (e. g. oxygen) interferes with the behaviour of the excited state after its 
formation. The excited molecule will be deactivated by contact with other molecules or by 
intermolecular interactions (collision). A wide variety of substances can act as quenchers of 
fluorescence for different fluorophores (Christensen, 2005; Lakowicz, 2006). In table 1, the 
quenchers of typical fluorphores are presented. 

 
Typical fluorophore(s) Quencher(s) 

Tryptophan 
Acrylamide, halogen anesthetics, hydrogen 
peroxide, imidazole, histidine, picolinium 
nicotinamide, succinimide, trifluoroacetamide 

Anthracene Amines, halogens, iodide, thiocyanate 
Tyrosine Disulfides 
Polycyclic aromatic hydrocarbons Nitromethane and nitro compounds 
Aromatic hydrocarbons, chlorophyll Quinones 
Naphthalene Nitroxides, nitric oxide, halogens 
Most fluorophores Oxygen 

Table 1. Fluorescence quenchers of typical fluorophores (adapted from Lakowicz, 2006). 

Generally, in water the most important fluorescence quencher with high impact on the 
fluorescence response is temperature. Quenching is enhanced with increasing temperature 
determining the electrons within a molecule to return to the ground state by a radiationless 
process. In a study on dissolved organic matter (DOM) thermal fluorescence quenching, 
Baker (2005) showed that by decreasing the temperature from 450 C to 100 C the DOM 
fluorescence intensity increased with ~ 48 %. According to Baker’s study (2005) the most 
affected fluorophore is tryptophan in comparison with fulvic acid. 
Fluorescence quenching of dissolved organic matter (DOM) can also be induced using 
certain metal ions, like Cu2+, Fe2+/Fe3+, Al3+, etc. by the process of complex formation. Metal 
quenching affects mostly the humic substances and less the amino acids. Most studies have 
been performed in laboratories, under controlled conditions and little is known about the 
effects on natural organic matter (Kelton et al., 2007; Reynolds & Ahmad,1995).  
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2.1.2 Concentration and inner filter effect 
Within the context of fluorescence measurements, the inner filtering effect (IFE) represents 
an apparent decrease in emission quantum yield and/or a distortion of band shape as a 
result of the absorption and emitted radiation by the sample matrix (Henderson et al, 2009). 
The fluorescence intensity is attenuated by: 
• Primary inner-filter effect, referring to the absorption of the excitation beam prior to 

reaching the interrogation zone; 
• Secondary inner filter effect, which refers to the absorption of the emitted fluorescence 

photons (Ohno, 2002); 
• Inner filter effects due to the presence of other substances. When the solution contains 

other chromophores that absorb in the same wavelength range as the fluorescent 
compound under study, the chromophores act as filters at the excitation wavelength 
and the fluorescence intensity must be multiplied by a correction factor (Valeur, 2001). 

In order to be easily understood, the primary and secondary IFE are graphically presented 
in figure 2. 
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Fig. 2. Diagram of the mechanisms of inner filter effect: primary IFE and secondary IFE. 

Various authors have suggested different approaches to correct for IFE, the two most 
common being an empirical correction based on the Raman scatter peak and a mathematical 
one based on absorbance profile of the same sample (Parker and Barnes, 1957; Lakowicz, 
2006). An alternative approach is to leave the data uncorrected, and utilise the resulting 
wavelength-dependent non-linear relationship between fluorescence intensity and 
concentration (Henderson et al., 2009). 
The IFE can also be avoided by using front-face illumination because it offers the advantage 
of being much less sensitive to the excitation inner filter effect. The illuminated surface is 
better oriented at 300 than at 450, because at 450 the unabsorbed incident light is partially 
reflected towards the detection system, which may increase the stray light interfering with 
the fluorescence signal (Valeur, 2001). 
Another technique to minimise the IFE is to reduce the path length of the excitation light 
through the cuvette, but only the primary IFE is reduced. Simple sample dilution to a 
concentration at which IFE effects are negligible has also been suggested (Baker and Curry, 
2004; Baker et al., 2004). There have also been recommendations towards the appropriate 
concentration quantified as absorbance values. Kubista et al. (1994) suggested that IFE does 
not occur if the samples show absorbance values lower than 0.05, while Pagano and Kenny 
(1999) indicate a threshold of 0.01.  



Fluorescence Spectroscopy as a Potential Tool for In-Situ  
Monitoring of Dissolved Organic Matter in Surface Water Systems 

 

51 

2.1.3 Influence of pH on the fluorescence 
The pH value of the sample affects the fluorescence of a fluorophore. The pH influence on 
fluorescence intensity of DOM components always presents the same trend: intensities 
increase with higher pH until 10, as observed by Reynolds and Ahmad (1995) at raw sewage 
samples. A small plateau is seen at pH from 5 to 7. Generally, it is not recommended to alter 
the pH of a sample, but special attention should be paid and the fluorescence spectra should 
be corrected (Baker, 2007). Similar results have been obtained by Patel-Sorentino et al. (2002) 
for the humic substances, only that after a fluorescence intensity increase until 10, a slight 
decrease of its intensity occurs at pH 12. 
According to Patel-Sorentino et al. (2002), there are three possible hypotheses:  
• Alteration of the molecular orbital of the excitable electrons, as a consequence of 

ionization of the fluorescent molecules after modifications of pH. 
• Macromolecular configuration of humic substances: the more rigid structures are 

giving better fluorescent yields. Ghosh and Schnitzer (1980) observed that the structure 
of humic substances varied with pH changes. Their conclusion is that humic substances 
have linear structure at high pH and a coil one when pH decreases. Patel-Sorentino et 
al. (2002) also explained that a spherocolloied configuration could mask some 
fluorophores inside their structure. At higher pH, the configuration becomes linear and 
some fluorophores, which are not anymore masked, can fluoresce, increasing the 
fluorescence intensity. 

• Metal ions present in freshwaters. This implies that there are some competition 
phenomena between H+ ions and metal ions to complex DOM in freshwater, leading to 
complexation-decomplexation processes which directly affect fluorescence intensity. 
However, Patel-Sorentino et al. (2002), also note that the metal ions concentration in 
freshwater samples would be lower than the concentration of metals that quench the 
fluorescence of DOM. Therefore, the metal ions, which can increase the fluorescence, 
would have a too weak effect to produce a significant variation in DOM fluorescence 
intensity. 

2.1.4 Salinity influence on the fluorescence 
Salinity can affect DOM fluorescence by altering intramolecular reactions, such as 
conformational change and charge transfer. This results in an increased photoreactivity and 
fluorescence loss in certain fluorescence compounds (Osburn, 2001; Chen et al., 2002). The 
relationship between salinity and fluorescence intensity could help detect the source of 
natural organic matter in marine waters (Elliot, 2006; PhD Thesis).  
Del Castillo et al. (1999) investigated changes in chromophoric DOM composition by 
studying the shifts in the fluorescence maxima. Where the salinity at a site was high, the 
position of the emission maximum at 350 nm excitation wavelength was shifted to shorter 
wavelengths, suggesting that high salinity leads to changes in chromophoric DOM.  
As shown in previous sections, fluorescence technique is a powerful tool in analysing 
different samples, but several environmental factors must be taken into account. Most 
problems arise at highly polluted samples, which imply high concentration of the 
contaminant and in this case filtration, dilution and absorption to check for IFE are 
recommended. The pH, salinity and temperature of the sample should be measured, if 
possible, and the excitation and emission spectra should be corrected, if parameters values 
are above or under the normal domain. No correction is needed if the sample temperature, 
at the time of measurement, is between 200 C and 250 C, or if the pH is between 6 and 8. In 
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conclusion, the general recommendation is that all these parameters need to be measured 
before the fluorescence analysis are performed and reported in the scientific literature. 

2.2 Techniques for fluorescence spectra recording  
The fluorescence signal is typically recorded as a: fluorescence emission spectrum, 
fluorescence excitation spectrum, synchronous fluorescence spectrum, total synchronous 
fluorescence spectrum or excitation – emission spectrum (Figure 3). An emission spectrum 
consists in the wavelength distribution of the light emission, measured at a single constant 
excitation wavelength (Figure 3a). Conversely, an excitation spectrum represents the 
dependence of emission intensity, measured at a single emission wavelength, upon the 
excitation wavelengths.  
In most cases, the analysed samples contain complex multi-component mixtures which 
cannot be resolved satisfactorily by conventional fluorescence methods. Due to these gaps, 
for rapid, sensitive, and selective fluorescence analysis, three state-of–the-art methods have 
been introduced: synchronous fluorescence spectroscopy (SFS), total synchronous 
fluorescence spectroscopy (TSFS) and excitation-emission matrix (EEM) (Coble, 1996, Deepa 
and Mishra, 2006; Hudson et al., 2007). As mentioned earlier, an emission or excitation 
spectrum is recorded by separately scanning the excitation, respectively emission 
monochromator at various wavelengths. SFS spectra are recorded by scanning both 
monochromators simultaneously (Deepa and Mishra, 2006) (Figure 3b). Using SFS, the 
spectral band is narrowed and sharper peaks can be obtained by applying the optimum 
wavelength offset (Δλ) between excitation and emission. A SFS spectrum is illustrated as 
fluorescence intensity function of excitation wavelength, for a certain Δλ (Figure 3c). Total 
synchronous fluorescence spectrum offers more selectivity and sensitivity to multi-
fluorophores mixture analysis. It is presented as a contour map, containing numerous 
synchronous spectra at different offsets gathered into one bi-dimensional image (Figure 3c). 
An example of TSFS map is shown in figure 1.18 for a water sample with high protein-like 
fluorescence intensity.  
The last method for complex multi-compounds mixture detection is to record the 
fluorescence signal as excitation-emission matrices. EEMs represent fluorescence contour 
maps, in which repeated emission scans are collected at numerous excitation wavelengths 
providing highly detailed information (Coble, 1996; and references therein) (Figure 3d). 
Coble (1996) mentions that, once the EEMs have been fully corrected for instrumental 
configuration, data can be analyzed as excitation spectra, emission spectra or surface 
spectra, even though originally collected as emission scans (Figure 3d). The EEMs are very 
simple to analyse because the fluorescence intensity maximum are identified as λexcitation / 
λemission pairs. Usually, the images are colour coded, the highest intensity being represented 
with red and the lowest with blue. 
At a closer inspection of a water fluorescence spectrum, other maxima can be observed. 
These belong to the scattering of the incident light and are most intense when dealing with 
turbid solutions and solid opaque samples. Scattering can affect the fluorescence signal, 
therefore it is of utmost importance to check the absorbance measurements and correct the 
fluorescence response. Scattered light can be divided into Rayleigh scatter and Raman 
scatter, according to its nature. Rayleigh scatter is the scattering of light by particles and 
molecules smaller than the wavelength of the light. Rayleigh scattering represents so-called 
elastic scatter, meaning that no energy loss is involved, so that the wavelength of the 
scattered light is the same as that of the incident light. The Rayleigh scatter can be observed 
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as a diagonal line in fluorescence landscapes for excitation wavelengths equalling the 
emission wavelengths, as seen in figure 3d. Due to the construction of grating 
monochromators used for excitation in most spectrofluorometers, also some light at the 
double wavelength of the chosen excitation will pass through to the sample. For this reason 
an extra band of Rayleigh scatter, 2nd order Rayleigh, will typically appear in fluorescence 
measurement (Christensen, 2005).  
 

 
a) fluorescence emission spectrum b) synchronous fluorescence spectrum 

c) total synchronous fluorescence map 

d) excitation – emission matrix; the excitation wavelength domain on the ordinate 
 and the emission on the abscissa 

 

Fig. 3. Typically recorded fluorescence spectra for water samples  
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Raman scatter is an inelastic scatter, caused by the absorption and re-emission of light 
coupled with vibrational states. A constant energy loss will appear for Raman scatter, 
meaning that the scattered light will have a higher wavelength than the excitation light, with 
a constant difference in wavenumbers. In figure figure 3a, the Raman scattering can be seen 
as a diagonal line with a systematic, increasing deviation from the Rayleigh scatter line, 
since the axis is shown as wavelengths, which is not proportional to the energy of the light.  
The Raman scatter line can be used to check for instrument stability and to quantify the 
degree of contamination from a water sample by using the normalised fluorescence 
intensity to the Raman peak. The advantages offered by the Raman line are: (a) the 
independence of the chemistry since it measures the properties of the solvent; (b) the ease of 
application and sensitivity; (c) versatility since it can be applied at any wavelength between 
200 and 500 nm. In the case of water the Raman line offers the advantage that it is very 
stable, appearing in the spectrum at the same offset from the excitation wavelength.  

3. Dissolved organic matter fluorescence  
The dissolved organic matter (DOM), the ubiquitous fraction in soil and aquatic ecosystems, 
is a heterogeneous mixture of humic substances, fatty acids and phenolic compounds, 
amino acids, nucleic acids, carbohydrates, hydrocarbons and other compounds, being 
among the largest reservoirs of carbon on the planet (Spitzy and Leenheer, 1991; Thomas, 
1997; Swietlik and Sikorska, 2004). The dynamics and characteristics of DOM strongly 
influence a number of key ecosystem processes, including the attenuation of solar radiation, 
control of nutrient availability, alteration of contaminant toxicity, material and energy 
cycling (Cammack  2002; PhD Thesis; and references therein). The composition of DOM 
differs depending on source: it is estimated to contain 0.5 mg/L dissolved organic carbon in 
alpine streams or 100 mg/L in wetland streams (Spitzy and Leenheer, 1991; Frimmel, 1998). 
Only 25 % of DOM is fully characterized. It is estimated that 40–70 % from aquatic dissolved 
organic matter is composed of humic substances (Thurman, 1985; Senesi, 1993). 
By the type of production, DOM can be classified as natural or derived from human activity 
(human wastes, farm wastes, leachates, etc.), but by the origin, DOM can be either 
allochthonous or autochthonous. Allochthonous DOM, is the fraction that is formed outside 
the water system and transported inside through discharge, geological and land-use 
activities or dry and wet deposition (McDowell and Likens, 1988; Hudson et al., 2007). The 
composition and concentration of allochthonous DOM, in aquatic systems, is dependent 
mostly on the soil type, catchment, precipitation, vegetation, flow path of water through 
different soil horizons and other soil processes (Hope et al., 1997; Aitkenhead et al., 1999). 
Autochthonous DOM is formed within the water system, through derivation from 
polymerisation and degradation of existing DOM, release from living and dead organisms 
and through microbial syntheses within the body water (Thomas, 1997). 
Within the complex heterogeneous mixture of DOM, only the following components are 
mostly studied by fluorescence: proteins and humic substances. The protein fluorescence is 
given by the amino acids tryptophan, tyrosine and phenylalanine, and is related to the 
activity of bacterial communities, as shown by Cammack et al. (2004) and Elliot et al. 
(2006a). The humic substances fluorescence indicates the break-down of plant material by 
biological and chemical processes in the terrestrial and aquatic environments (Elkins and 
Nelson, 2001; Stedmon et al., 2003; Patel-Sorrentino et al., 2004). Humic substances are 
divided into two major fractions, depending on the solubility at different pH values: humic 
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acids which are insoluble in aqueous solution at pH lower than 2, but soluble at higher pH 
and fulvic acids soluble in water under all pH conditions (Aiken et al., 1985). DOM 
fluorophores are schematically represented in figure 4, along with their corresponding 
excitation/emission wavelengths domains. Due to the difficulties associated with 
identifying of the individual fluorescent compounds in waters, these groups of fluorophores 
are commonly named humic-like, fulvic-like and protein-like (specifically tryptophan- or 
tyrosine-like), so called because their fluorescence occurs in the same area of optical space as 
the standards of these materials (Hudson et al., 2007).  
 

 
Fig. 4. Schematic representation of DOM fluorescent fractions with the specific 
excitation/emission wavelengths domains. 

Beside standard nomenclature (e.g. humic-like), Coble (1996) defined the humic substances 
as peak A (λexcitation = 230 nm, λemission = 400 – 500 nm) and peak C (λexcitation =    300 – 350 nm, 
λemission = 400 – 500 nm), tryptophan as peak T and tyrosine as peak B. Tryptophan, also, 
presents two excitation wavelengths, therefore, T1 corresponds to the peak at λexcitation = 290 
nm and T2 to the peak at λexcitation = 230 nm (Figure 5).  
Certain types of contaminants and their relative impact on the system can only be 
determined by analysing the fluorescence intensity, excitation and emission wavelengths of 
the above mentioned fluorophores. In the past decades, numerous studies have shown that 
these fluorophores can provide more information about the characteristics of DOM and the 
aquatic system. According to some studies, peak C fluorescence intensity correlates with 
total organic carbon (Smart et al., 1976; Vodacek et al., 1995; Ferrari et al., 1996) and shows a 
linear relationship with aromaticity (McKnight et al., 2001). Fluorescence intensity of peak C 
also relates with the molecular weight of the organic fractions, showing lower values for 
smaller molecular weight fractions (Stewart and Wetzel, 1980). Peak C emission wavelength 
shows the degree of hydrophobicity, a higher emission wavelength corresponding to greater 
degree of hydrophobicity (Wu et al., 2003). Peak T presents a very strong correlation with 
the standard parameter biological oxygen demand (BOD). Some researchers (Reynolds and 
Ahmad, 1999; Hudson et al., 2008) even tested the possibility of using peak T fluorescence as 
a surrogate for the standard water quality parameter, BOD. The relationship between 
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biological activity of aquatic plankton, along with algae metabolism rates, and peak T 
fluorescence intensity for different DOM types has also been observed (Bieroza et al., 2009 
and references therein). 
 

 
Fig. 5. Excitation – emission matrix presenting the fluorescence domains of the humic – like, 
peaks A and C, and protein-like fractions, peak B (tyrosine) and peaks T1 and T2 
(tryptophan). 

4. Fluorescence properties of common aquatic pollutants 
Water systems naturally contain, as shown in previous sections, organic matter with two 
very important fluorescence components: humic substances and proteins, which differ in 
quantity depending on the water body. When high quantities of one component is produced 
or released into the water, then the balance of the ecosystem is disrupted with potentially 
long-term effects. Apart from humic substances and proteins, there are other compounds 
that can contaminate the water and can be detected with fluorescence spectroscopy: 
polycyclic aromatic hydrocarbons (PAHs), pesticides, environmental hormones. Pesticides 
and PAHs reach the aquatic environment through direct runoff, leaching, careless disposal 
of empty containers, equipment washing a.s.o. (Konstantinou et al., 2006). Due to their toxic 
nature, persistence in the environment and presence in any type of system (soil, surface 
water, groundwater) many studies concentrated on sensitive, selective and early detection 
of these pollutants (e.g. Ferrer et al., 1998; Jiji et al., 1999; Jiji et al., 2000; Selli et al., 2004; 
Deepa et al., 2008). The standard techniques for pesticides and PAHs detection are gas and 
liquid chromatography, which require tedious extraction or separations procedures and 
expensive equipments. Fluorescence spectroscopy is a rapid and cost effective alternative, 
since PAHs and many pesticides are naturally fluorescent (Jiji et al., 1999). When dealing 
with more components, the use of SFS or EEM techniques is recommended. 
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For instance, petroleum products contain a complex mixture of generically classified as: 
aromatic hydrocarbons and alyphatic hydrocarbons. Only aromatic hydrocarbons exhibit 
fluorescence and the emission wavelength is proportional to the number of aromatic ring 
one compound has. Therefore, monoaromatic compounds (benzene, toluene, xylene and 
phenols) emit fluorescence between 250 – 290 nm. Two aromatic ring compounds, like 
naphthalene, show a fluorescence peak at 310 – 330 nm, phenanthrenes (three aromatic 
rings) between 345 – 355 nm and so on (Pharr et al., 1992; Abbas et al., 2006). Pharr et al. 
(1992) has shown that, only by using standard fluorescence emission spectra, distinguishing 
between 2 brands of gasoline would be impossible.  
Care should be taken when measuring petroleum products if sophisticated fluorescence 
spectra are recorded. Since they contain a large number of fluorophores, it is difficult to 
choose the proper excitation domain and if there is a high concentration of petroleum 
products in the sample the inner filter effect can interfere and change the real feature of 
fluorescence emission (Ryder, 2005). The phenomenon of concentration-dependent red-shift 
of fluorescence, observed in multifluorophoric systems at high concentrations, has been 
successfully used in the analytical fluorimetry for systems like petroleum derivatives, humic 
substances, biological fluids, etc. Divya and Mishra (2008) proposed a method to get the 
appropriate excitation wavelength by using derived absorption spectra for different 
concentration of petroleum products (Figure 2.6).  
The spectral fingerprints for the major petroleum products that can be present as 
environmental pollutants (petrol, kerosene, Diesel and engine oil) have been acquired by 
Patra and Mishra (2002a), Cristescu et al. (2009) and Carstea et al. (2009a). The authors 
observed that heavy oil, Diesel and engine oil, show fluorescence maxima in the longer 
emission wavelength region (420 – 550 nm) while lighter oils, petrol and kerosene, present 
peaks mainly in an intermediate  wavelength region (310 – 400 nm).  
Patra and Mishra (2002b) also studied the effects of adulteration of petroleum products  
on the fluorescence signal. The authors found that the emission wavelength changes 
according to the concentration of adulterant into the solution. Similar effect has been 
observed at petrol adulterated with kerosene, in a more recent study performed by Divya 
and Mishra (2008). 
Beside adulteration, the effects of age on petroleum products have been studied (Li et al., 
2004; Deepa et al., 2006). It is well-known that the persistence of PAHs in the environment 
depends on numerous factors as: physical and chemical characteristics of PAHs and 
medium, concentration, dispersion and bioavailability of PAHs. Generally, high molecular 
weight PAHs (> 4 rings) present higher degree of toxicity and longer persistence in the 
environment compared to low molecular weight PAHs (< 3 rings). For example, the tricyclic 
phenantherene half-life ranges from 16 to 126 days in soil, whereas benzo[a]pyrene (5 rings) 
has a half-life ranging from 229 to 1,500 days (Chauhan et al., 2008). According to this fact, 
one can assume that the fluorescence spectrum could change if a petroleum product ages. 
Deepa et al. (2006) studied the fluorescence signal of transformer oil during its aging 
process, which was thermally induced at 100oC for 31 days. They observed a sudden 
dramatic decrease in fluorescence intensity after only 17 days, for raw oil, followed by a 
slight increase until day 31. Also, the excitation and emission maxima increased starting 
with the 20th day. Deepa et al. (2006) explained that when transformer oil was degraded, its 
acidity increased, resulting an increase in C-O band and C=C double bands. During thermal 
decomposition, paraffinic compounds have dehydrogenated and formed hydroperoxides, 
resulting in, after oxidation, aldehydes and ketones by a free radical mechanism. The 
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authors explained that the sudden drop in fluorescence intensity, on the 17th day, could be 
caused by the presence of antioxidants in the oil sample which inhibited degradation until 
the antioxidants were consumed.  
Li et al. (2004) evaluated the fluorescence signal of more aged products, but using a different 
method for adulteration, compared to Deepa et al. (2006). Weathering was induced after 
preserving the samples in a refrigerator for no more then 15 days. The researchers 
concluded that, because the weathering process is so complex and unpredictable, the 
attempts to both characterize the oil and the exact extent of weathering would be 
impossible. At one sample, which presented, before weathering 3 emission peaks at ~ 360, 
375 and 415 nm, when excited with 254 nm, a decrease in fluorescence intensity was noticed. 
PAHs can enter and pollute the environment not only by petroleum products, but also by 
car tyres, coal tar or creosote. Therefore the analysis of distinct PAHs is important, especially 
for the 16 PAHs included in the EPA list as being very toxic, mutagenic and carcinogenic. 
Giamarchi et al. (2000) recorded the fluorescence spectra for 5 PAHs, most commonly tested 
in drinking water: fluorene, naphthalene, phenantherene, benzo[a]pyrene, fluoranthene, 
with excitation wavelength at 263 nm, illustrated in figure 2.9. Also, Giamarchi et al. (2000) 
obtained almost the same emission peaks in a mixture of the 5 PAHs, both at high 
concentration and low concentration. Naphthalene fluorescence was overlapped by fluorene 
due to high intensity and one peak belonging to benzo[a]pyrene and phenanthrene was also 
overlapped. Ferrer et al. (1998) applied SFS to 10 PAHs, as pure samples and mixtures and 
obtained similar results. Hence, Giamarchi et al. (2000) recommend the separation of PAHs, 
from the mixture, in order to clearly identify each component. Similar study has shown that 
by using a mathematical model the compounds can be separated. Jiji et al. (1999) resolved 
the spectra of pyrene and chrysene, from a mixture, with 3 way-PARAFAC model. In the 
same way, Jiji et al. (1999) separated the spectra of pesticides which also contain a mixture of 
fluorophores which overlap. Some authors (Burel-Deschamps et al., 2006; Pascu et al., 2001) 
used absorption spectroscopy and laser induced fluorescence for pesticide monitoring in 
water. Organochlorurate pesticides in water, crude oil and oil components in water and soil 
with detection limits of 10−1–10−2 ppm were obtained. 
In conclusion, fluorescence spectroscopy can be used not only to detect protein-like and 
humic-like fractions, but also petroleum and pesticide pollution. It is highly important, 
when dealing with these pollutants, to identify the specific contaminant in order to act 
quickly for decontamination. But, fluorescence spectroscopy can only be applied for 
preliminary information about a contaminant, researchers recommending subsequent 
standard analyses. 

5. Real-time monitoring of water quality 
Fluorescence spectroscopy has been intensely used in recent decades for the analysis  
of DOM and organic pollutants in water. Additionally, fluorescence technique correlates 
with standard parameters, like biological oxygen demand or dissolved oxygen (Pfeiffer et 
al., 2007; Hudson et al., 2008). Some researchers have pointed out that it may be possible to 
use fluorescence spectroscopy for water quality monitoring purposes, in order to identify 
DOM characteristics at temporal scale, detect pollutants and be used as a surrogate for 
standard measurements (for example, Ahmad & Reynolds, 1999; Henderson et al., 2009; 
Carstea et al. 2010). 



Fluorescence Spectroscopy as a Potential Tool for In-Situ  
Monitoring of Dissolved Organic Matter in Surface Water Systems 

 

59 

5.1 Fluorescence fingerprints of various water types 
In order to identify the type of pollution in a water system, it is necessary to establish the 
natural characteristics of the water body, the quantity and quality of DOM and the relative 
proportions of terrestrially and microbially derived components. This can be obtained by 
determining the fluorescence fingerprint of a specific water body. Several studies had 
identified the specific fluorescence signature of different aquatic systems. Most of research 
concentrated on characterizing marine DOM properties, but few scientists attempted to 
analyse other water systems, like riverine, lentic systems, canals or surface runoff. Until 
approximately two decades ago, most researchers failed to distinguish between marine and 
freshwater DOM components, due to instruments limitations. Technological developments 
had a major contribution to fluorescence studies by allowing scientists to record complex 
two or three-dimensional spectra.  
Coble (1990) and Coble et al. (1996) were the first ones to offer a comprehensive 
investigation of DOM fractions in marine and freshwaters. They found that the position of 
fluorescence peaks occur at shorter wavelengths for marine water than for freshwater. Also, 
a very intense peak B, corresponding to tyrosine, was seen at gulf and bay samples, which 
was not observed at riverine samples. Similarly, Kowalczuk et al. (2005) obtained different 
spectral characteristics at samples taken from estuarine, coastal and Gulf Stream waters. The 
researchers had found that the dominant component in estuarine spectra is the humic-like 
fluorescence and in the Gulf Stream is the protein-like. But, the coastal sample presented a 
mixture of these two fractions, due to significant microbial reprocessing and local 
production of DOM. Coble (1996) and Parlanti et al. (2000) had identified another peak, 
which can be seen only at marine samples, named as peak M, related to biological activity in 
areas of primary productivity, i.e. “fresh” humic material. Considering the variations in 
estuarine, coastal and marine water samples, Tedetti et al 2010 has evidenced that 
fluorescence spectroscopy is a very good tool for tracking anthropogenic inputs in the 
coastal waters. 
Riverine samples have been analysed in few occasions, by scientists, in order to identify the 
peculiarities of a certain water body at temporal and spatial scale (Hudson et al., 2007). Most 
studies had shown that the humic substances largely dominate the fluorescence spectra, but 
the protein-like fraction can also be detected, depending on the type, location and inputs of 
the river (Baker et al., 2004; Carstea et al., 2009a; Carstea et al., 2009b). It has been shown that 
riverine DOM presents a seasonal variation (Baker et al., 2003; Carstea unpublished data), 
but also a subtle daily variation (Spencer et al., 2007). Riverine DOM varies greatly at spatial 
scale, as evidenced for example by Baker & Spencer (2004), who have undertaken a study on 
samples collected from several locations along a river, from source to its flow into the sea. 
Researchers have proved that fluorescence emission wavelengths of humic substances tend 
to decrease with distance from the source of the river, while the fluorescence intensity 
increased. Fluorescence intensity was highly influence by the type of surrounding (rural or 
urban) and activity (agriculture, airport etc.).  
Even more sensitive to the surrounding environment are the lentic systems, as evidenced by 
Ghervase et al. (2011). The authors state that fluorescence spectra are dominated by the 
presence of the protein-like component of allochthonous origine, due to the high quantities 
of surface runoff or due to fauna and vegetation within the ecosystem. Borisover et al. (2009) 
has identified both DOM components in a lake with multiple river inputs and a seasonal 
variation at the surface of the lake. 
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Below, examples of fluorescence EEMs for a rural river, urban river, lake and a sewage-
impacted river are presented in order to better illustrate the difference in fluorescence 
properties of DOM (Figure 6). Rural sample fluorescence spectrum shows both DOM 
fractions, originating from farm wastes, while the urban sample presents mostly the humic-
like component. At the lake sample, high intensity humic-like component can be seen. The 
sample with sewage influence shows great impact from pollution by intense peaks 
corresponding to the protein-like fraction. More details regarding fluorescence fingerprints 
of various aquatic systems can be found in (Carstea et al., 2009b). 
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Fig. 6. Fluorescence excitation –emission matrix for water samples. 

5.2 Fluorescence monitoring of freshwater systems 
So far, real-time fluorescence data have mostly been obtained for marine water with 
instruments specifically designed for this application (Chen, 1999; Barbini et al., 2003; 
Conmy et al., 2004; Drozdowska, 2007). One of the techniques used for real-time analyses is 
laser induced fluorescence (LIF). Chen (1999), Drozdowska (2007) and Bukin et al. (2007) 
have used LIF, at various wavelengths, to characterize DOM, arriving at the conclusion that 
with fluorescence rapid mapping of major processes can be made without sampling artifacts 
and measurement delays. Belzile et al. (2005) and Downing et al. (2009) have used a WebStar 
submersible fluorometer (λex/ λem = 370 / 460 nm), while Del Castillo et al. (2001) and 
Conmy et al. (2004) used a SAFIre model (multiple excitation filters from 228 – 490 nm and 
emission filters at 228 – 810 nm). They reached at the conclusion that fluorescence 
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spectroscopy is highly capable to assess in real-time DOM characteristics and detect small 
differences in optical properties. However, the calibration of the system is time consuming 
and the excitation and emission domains are very limited.  
Similar equipment has been used for freshwater studies in order to obtain continuous real- 
time data (Spencer et al., 2007; Downing et al., 2009). Spencer et al. (2007) has undertaken 
the first in situ monitoring of DOM properties, specifically the humic component, at 
temporal scale. The authors were able identify a diurnal variation of DOM using 
fluorescence spectroscopy, but recommended the analysis of multiple optical parameters in 
order to capture full characterization of DOM variability.  
However, the in situ DOM monitoring was limited by the fixed excitation and emission 
wavelengths, allowing the measurement of only the terrestrial components. Another issue 
was the clogging of pre-filters, which required frequent filter replacement. Continuous 
monitoring has been performed by Carstea et al. (2009) who collected water samples at 
hourly scale, but the measurements were made within 24 h and not in real-time. This was 
the first research of continuous monitoring on fluorescence EEMs, allowing assessment of 
both DOM fractions. These studies revealed that dissolved organic matter varied at a daily 
timescale, depending on the river type, and was highly influenced by precipitation. As this 
study raised many topics for further research, Carstea et al. (2010) attempted to undertake 
the first study on real-time analysis of DOM using fluorescence EEMs. The experiment was 
made on a small urban catchment using a standard bench-top fluorometer connected to a 
fibre-optic probe. Researchers have proved that fluorescence technique is very reliable for 
real-time studies and that it can be applied in several systems for at least two week, without 
any cleaning procedure of the tubing system. Hourly pollution pulses were detected 
together with a significant contamination event with diesel oil. In conclusion, fluorescence 
spectroscopy is a very effective technique for in situ monitoring, offering many possibilities 
for further research for various applications. 

5.3 Potential applications 
It has been established, so far, that this technique can characterize natural organic matter 
(Baker and Spencer, 2004; Winter et al., 2007) and detect different types of aquatic pollutants, 
like sewage (Baker, 2001; Reynolds, 2002), oil (Budgen et al., 2008; Patra and Mishra, 2002; 
Carstea et al., 2010) or pesticides (Jiji et al., 2000). Furthermore, DOM fluorescence data 
correlate with water quality parameters such as: total organic carbon (Vodacek et al., 1995), 
aquatic plankton (Mopper and Schultz, 1993), faecal coliforms (Pfeiffer et al., 2008) and 
biological oxygen demand (Reynolds and Ahmad, 1997; Hudson et al., 2008).  
Although the technique advantages have been thoroughly tested, in various conditions, 
there are still multiple potential applications, which have not been tested, yet. For instance, 
Ahmad and Reynolds (1999) have suggested this method for on-line process control in 
sewage treatment plants. Subsequently, other studies have implied the use of fluorescence 
spectroscopy as a potential monitoring tool for recycled water (Henderson et al.,2009), 
drinking water treatment processes (Cheng et al., 2004; Bieroza et al., 2009), urban 
watersheds with sewage effluents (Hur et al., 2008) and evaluation of DOM composition 
and concentration in relation to the production of disinfection by products during drinking 
water chlorination (Spencer et al., 2007 and references therein). However, many issues have 
to be clarified before using this method for the previously mentioned application: possibility 
for automated data analysis, optimized calibration procedure to ensure reliability and 
repeatability of results and optimum instrument configuration (Henderson et al., 2009). 
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6. Conclusions 
The study has presented fluorescence spectroscopy ability to characterize in real-time and in 
situ DOM fractions properties. Fluorescence spectroscopy can be influenced by numerous 
factors, but these issues can be overcome by the use of a calibration curve. 
Fluorescence fingerprints are very useful in establishing the natural characteristics of the 
water body, the quantity and quality of DOM and the relative proportions of terrestrially 
and microbially derived components. Based on the natural characteristics, researchers can 
easily identify a pollution event. Fluorescence spectroscopy presents several opportunities 
for future research with potential application in drinking water and waste water treatment 
monitoring.  
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1. Introduction  
Heavy metals are ubiquitous environmental pollutants and concern over possible health 
risks and ecosystem effects in sediments have increased in recent years. In aquatic 
sediments, heavy metals are mostly enriched in the fine grained fractions (Salomon and 
Förstner 1984; Muwanga, 1997; Prego et al., 1999). Studies have therefore used clay (< 2 µm) 
(Förstner 1987) and < 63 µm (Muwanga 1997) fractions in assessment of heavy metal 
concentrations in sediments. The specific surface area of sediments is dependant on 
granulometric parameter and mineral composition (Juracic et al., 1982). Association of 
metals with smaller grain-size particles is attributed to co-precipitation and complexation of 
metals on particle surfaces and this determines the distribution pattern of heavy metals in 
sediments (Ho et al., 2010). Most of the metal content occurs in complex form with insoluble 
inorganic and organic ligands. Heavy metal emissions from anthropogenic activities occur 
in stream or river sediments, where they are absorbed onto clays and other fine grained 
materials (Ho et al., 2010) Heavy metals can be absorbed on negatively charged surfaces of 
clay minerals, organic matter or iron and manganese oxides and hydroxides. Sediments are 
considered to be important carriers as well as sinks for heavy metals in the hydrological 
cycle (Muwanga, 1997). The objectives of this study were: (1) to determine heavy metal 
content in urban stream sediment fractions and, (2) to assess source apportionment of heavy 
metals in stream sediments. This study was conducted between the months of August 2008 
to November 2009, along the Nakivubo Channelized stream, Kampala Uganda. 

2. Materials and methods 
2.1 Study area and sampling site 
This study was conducted along the Nakivubo Channelized stream in metropolitan 
Kampala (0°15'N and 32°30'E). Nakivubo channel drains through Kampala city centre and 
the Upper and Lower Nakivubo swamps before discharging into the Inner Murchison Bay 
of Lake Victoria. The study area is located 45km north of the equator and 8km north of Lake 
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Victoria , with a total area of 190 km2 (Fig. 1). The study area has a tropical climate that is 
attributed to high altitude, relief, proximity to Lake Victoria and long distance from the sea 
(Matagi et al., 1998). The Lake Victoria basin has warm temperatures ranging between 23°C 
to 32°C and a bi-modal rainfall pattern averaging approximately 1260 mm annually. The 
area is underlain by granites and granitoid gneisses of the Precambrian. These are overlain 
by phyllites and schist of the Buganda-Toro system with a mixture of alluvial and lacastrine 
sand, silt and clay that characterise Nakivubo swamp soils. Soils have been derived from 
weathering of the rocks. The alluvial soils from the upper (profile A) layers are composed of 
semi-liquid organic material and those underneath consists of reddish ferruginous loams 
and clays (profile B) attributed to organic decomposition and runoff (Kansiime and 
Nalubega, 1999).  
In this study, the stream was subdivided into three sections (Fig. 1; Table 1) namely; 
Upstream (US01 – MD05) characterised by commercial establishments, Midstream (MD05 – 
DS15) characterised by commercial and industrial establishment and Downstream (DS15 
and beyond), characterised by the Nakivubo wetland. 
 

 
Fig. 1. Map of Kampala showing the locations of the sampling sites along the Nakivubo 
Channelized stream in Kampala. US-upstream; MS-midstream; MST-midstream tributary; 
RW-rain water; MSD-midstream discharge point; DS-downstream; DST-downstream 
tributary 
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Site/Location Code Activity/Establishment Sediment 

Upstream    

Agakhan High 
School Bridge US1 

Car washing bay, fish factory, gas/fuel station, 
residential, bus parking yard, seepage from 

walls 
Sand 

Bativa Hotel Bridge US2 Car washing bay, gas/fuel station, slum 
residential and commercial and seepage Sand 

Kiseka market Bridge US3 Car washing bay, garage, commercial and 
seepage Sand 

Nakivubo Stadium 
Bridge US4 Recreational, commercial, market, vehicle 

traffic, bus park, gas/petro station, and seepage Silty sand 

Midstream    

Fire Brigade Bridge MS5 
Commercial, recreational, vehicle traffic, bus 
park, gas/petro station, cement stores, Katwe 

metal works and fabrications and seepage 
Silty sand 

6th Street Bridge 
Mukwano MS9 Commercial,  oil storage in vicinity, vehicle 

traffic, gas/petro station, seepage, industries Silty sand 

Downstream    

5th Street Bridge DS15 
Industries, vehicle traffic, sewerage plant,   
seepage, garages, metal fabrication, petro 

station , residential 
Sand 

Luzira Culvert DS17 Industries, cultivation, fishing, residential Muddy sand 

Tributaries    

Kayunga Stream MT7 
Solid waste dump sites, horticulture, 

recreational, slum and residential, vehicle 
traffic, gas/petro station 

Sand 

Kitante Stream MT10 horticulture, recreational,  residential and 
commercial, vehicle traffic, gas/petro station Sand 

Lugogo Stream MT13 
Vehicle traffic, commercial, residential and 

Industrial, electric station, horticulture, 
carpentry works, pole treatment and seepage 

Sand 

Kibira Road Stream DT16 Battery , plastic  and paper factory, Industries, 
and gas/petro station Sand 

US-upstream; MS-midstream; DS-downstream; MT-midstream tributary; DT-downstream tributary 

Table 1. Sample site Location, description of activities and sediments type  

2.2 Determination of sediment particle size (texture) 
Sediment samples were collected between August, 2008 to November, 2009 along the 
Watindo stream (the control) and Nakivubo Channelized stream and its tributaries (Fig.1), 
using a hand trowel. Watindo stream was chosen to be outside the study area, 30 km along 
Gulu road for comparison purposes. The samples were placed in Ziploc bags and 
transported to the laboratory. The hand trowel [plastic] was washed with a detergent, rinsed 
and dried before each use so as to minimize contamination. Sediment samples were air 
dried and 300.0 g were transferred into a set of standard sieves (0.063 mm, 0.125 mm, 0.25 
mm, 0.5 mm, 1.0 mm and 2.0 mm) with the largest mesh size on top and the smallest at the 
bottom. The sieving was carried out using a vibrating machine. The weight of soil retained 
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on each sieve was determined and a cumulative percentage calculated. Coefficient of 
curvature and uniformity were assessed to determine particle-size distribution fractions of 
each sample.  
The total content of Pb, Cd, Cu, Zn, Mn and Mn in sediment fractions was determined 
using the method as described by Sekabira et al. (2010). Ideally, 1.25 g of each sample  
was digested with 20 mL aqua regia (HCl/HNO3 3:1) in a beaker (open-beaker digestion) 
on a thermostatically controlled hot plate. The digest was heated to near dryness and 
cooled to ambient temperature. Then 5.0 mL of hydrogen peroxide was added in parts to 
complete the digestion and the resulting mixture heated again to near dryness in a fume 
cupboard. The beaker wall was washed with 10 ml of de-ionised water and 5.0 ml HCl 
were added, mixed and heated again. The resulting digest was allowed to cool and 
transferred into a 50 mL standard flask and made up to the mark with de-ionised water. 
Pb, Cd, Cu, Zn, Mn and Fe were then analyzed by direct aspiration of the sample solution 
into a Perkin-Elmer model 2380 Flame Atomic Absorption Spectrophotometer (AAS). All 
metals were analysed using lean-blue acetylene flame at wavelength 324.8 nm, slit width 
0.2 mm and sensitivity check of 5.0 mg/L Cu; wavelength 228.8 nm, slit width 0.7 and 
sensitivity check of 2.0 mg/L Cd; wavelength 213.9 nm, slit size 0.7 nm and sensitivity 
check 9.0 mg/L Pb and wavelength 279.5 nm, slit size 0.2 nm and sensitivity check of  
2.5 mg/L Mn. Sediment pH was measured in a suspension of 1:2.5, sediment to water 
ratio using a calibrated pH meter (WE-30200). Accuracy of the analytical method  
was evaluated by comparing the expected metal concentrations in certified reference 
materials with the measured values. Simultaneous performance of analytical blanks, 
standard reference (JG-3) (Imai et al., 1995) and calculation of the average recoveries  
of heavy metals confirmed that the accuracy of the method was within acceptable  
limits (Table 2).  
 
Heavy metals Pb Cd Cu Zn Mn (%) Fe (%) 
Reference 
material 11.7 0.054 6.81 46.5 0.055 2.58 

Measured 
values 10±0.981 0.05±0.002 6.75±0.131 48.25±1.041 0.048±0.003 2.35±0.139 

%  Recovery 85.5 92.6 99.1 103.8 87.3 91.1 

Table 2. Quality control (mean ± SD) (mg/kg trace and % for elements) 

2.3 Assessment of heavy metal distribution in sediment 
Enrichment Factor (EF): As proposed by Simex and Helz (1981), EF was employed to assess 
the degree of contamination and to understand the distribution of heavy metal elements of 
anthropogenic origin from sites by individual elements in sediments.  Iron (Fe) was chosen 
as the normalizing element while determining EF-values, since in wetlands it is mainly 
supplied from sediments and is one of the widely used reference element (Loska et al., 2002; 
Kothai et al., 2009:  Chakravarty and Patgiri, 2009; Seshan et al., 2010). Other widely used 
reference metal elements include Al and Mn (Nyangababo et al., 2005a; Kamaruzzaman et 
al., 2008; Ong and Kamaruzzaman, 2009).  

Enrichment Factor (EF) = (Cn/Fe) sample/ (Cn/Fe) background 
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where Cn is the concentration of element “n”. The background value is that of average shale 
(Turekian and Wedepohl, 1961). Elements which are naturally derived have an EF value of 
nearly unity, while elements of anthropogenic origin have EF values of several orders of 
magnitude. Six categories are recognised: ≤ 1 background concentration, 1 - 2 depletion to 
minimal enrichment, 2 – 5 moderate enrichment, 5 – 20 significant enrichment,  20 – 40 very 
high enrichment and > 40 extremely high enrichment (Sutherland, 2000). 
Analysis of variance (ANOVA): ANOVA was employed to determine whether groups of 
variables have the same means on data that are continuous or normally distributed and with 
homogeneous variance. Additionally, it was employed to assess the relationship between 
heavy metal concentrations and their interaction between sections of the stream. 
Correlation analysis: Pearson’s correlation analysis was adopted to analyse and establish 
inter-metal relationship and physico-chemical characteristics of the stream water. 
Cluster Analysis (CA) and Factor analysis (FA): CA was performed to classify elements of 
different sources on the basis of their similarities using dendrograms and to identify 
relatively homogeneous groups of variables with similar properties. FA was employed on 
the variables that are correlated to isolate or determine specific factors that are associated 
with such groupings of metal concentrations so as to establish their origin and distribution. 
The data was standardised to give a normal distribution with a mean of 0 and a variance of 
1. Sample means were standardised by subtracting the mean of their distribution and 
dividing by standard error (SE) or square root of the variance. 

3. Results 
3.1 Sediment grain size 
Textural composition of the sediment samples is shown in Fig 3. Stream sediments along 
Nakivubo Channelized stream ranged from 3.0 to 14.0 % clay and silt, 5.0 to 20.0 % fine 
sand, 15.0 to 29.0 % medium sand and 16.0 to 48.0 % coarse sand grain size fractions. The 
Nakivubo tributaries ranged from 3.3 to 7.2 % clay and silt, 6.0 to 18.0 % fine sand, 25.0 % to 
60.0 % medium sand and 27.0 to 52.0 % coarse sand grain size fractions. Industrial outfall 
sediments indicated a range of 3.2 to 16.0 % clay-silt, 3.0 to 15.0 % fine sand, 15.0 to 30.0 % 
medium sand and 31.0 to 53.0 % coarse sand grain size fractions. Watindo stream sediments 
range from 11 to 16.4 % clay and silt, 14 to 18.0 % fine sand, 17 to 23.0 % medium sand and 
23 to 29.0 % coarse sand grain size fractions. However, sediments sampled along the 
Nakivubo channelized stream can generally be described as coarse grained. The percentage 
of all fractions showed a similar trend (Fig. 3) along the Nakivubo stream.    

3.2 Heavy metal concentrations in various fractions 
The mean pH ranged between 5.71±1 (slightly acidic) and 7.25±1 (neutral), but at Watindo 
stream, the mean pH of the sediments ranged from highly acidic (4.53±1) to acidic (5.40±1) 
(Table 3). Total heavy metal concentrations in < 63 µm and 63-125 µm sediments as well as 
distribution pattern along the Nakivubo Channelized stream are indicated in Table 3, Fig. 2 
and Fig. 4. The Nakivubo stream sediments showed the highest heavy metal content of Pb 
(218.64 mg/kg) at Kisekka market in fine sand fractions, Cd (2.46 mg/kg) and Cu (435.96 
mg/kg) at Agakhan High School Bridge in fine sand fractions and Zn (261.2 mg/kg) at 
Luzira culvert in clay-silt fractions. Industrial outfall sludge and sediment samples showed 
high heavy metal concentration of Pb (132.0 mg/kg), Cu (495.2 mg/kg) and Zn (1361.2 
mg/kg) at National Water and sewerage corporation plant in clay-silt fractions and Cd  



 
Water Pollution 

 

74

 
Table 3. Total heavy metal content (mg/kg) in the stream sediments (silt-clay < 63 and  
63- 125µm) fractions of Nakivubo Channel, its tributaries, industrial discharge outfall and 
Watindo stream 
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Fig. 2. Heavy metal concentrations along Nakivubo channelized stream in sediment 
fractions: (A) clay-silt fractions; (B) fine-sand fractions 

(4.0 mg/kg) at Peacock paint factory in clay and silt fractions respectively. Nakivubo 
tributaries also indicated high heavy metal concentration of Pb (352.0 mg/kg) along Kibira 
Road stream in clay-silt fractions and Cu (283.2 mg/kg) and Zn (577.2 mg/kg) along 
Lugogo stream in clay-silt fractions. Watindo stream sediments showed high concentration 
of Pb (54.05 mg/kg) at site CTL1 in fine sand fractions, Cd (2.0 mg/kg) at CTL3 in clay-silt 
fractions and Cu (195.6 mg/kg) and Zn (93.2 mg/kg) at CTL 1 in clay-silt fractions. Heavy 
metal concentrations corresponded with the percentage clay-silt fractions in sediments 
along the Nakivubo channelized stream. 
Analysis of variance (ANOVA) was used to determine whether heavy metal variables in the 
sediment fractions have the same mean on data that are normally distributed. ANOVA 
results are shown in Table 4. Heavy metal concentrations in sediments along Nakivubo 
Channelized stream showed significant variation in the means of clay-silt and fine sand 
fractions for Zn (F1,14 = 6.646, p < 0.05) whereas, Pb (F1,14 = 1.258, p = 0.281), Cd (F1,14 =0.069, 
p = 0.797) and Cu (F1,14 = 0.901, p = 0.359) were not significantly different. Mean values for 
Cu (F1,4 = 10.52, p < 0.05) and Cd (F1,4 = 65535, p < 0.05)along Nakivubo tributaries were 
significantly different whereas, Pb (F1,4 = 0.238, p = 0.651), and Zn (F1,4 = 3.13, p = 0.152) 
showed no significant difference. Lead, cadmium, copper and zinc showed no significant  
(p ˃ 0.05) difference in the means of the elemental concentrations along Watindo stream 
(Table 4). However, the mean values were higher for clay-silt fractions than fine sand. 
ANOVA showed no significant variation in the means of clay-silt and fine sand in Pb, Cd and 
Cu elements Mean concentrations of clay-silt fractions were higher than the mean of fine sand 
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fractions. Clay-silt and fine sand sediment fractions accumulated Pb, Cd, Cu, Zn, Mn and Fe. 
Concentrations of Cu in tributaries, Zn along the Nakivubo Channelized stream and Mn and 
Fe elements were significantly high in clay-silt fractions (< 63 µm). EF values of heavy metals 
in the clay-silt fractions showed a relatively homogeneous distribution pattern within the 
Upstream and Midstream section, suggesting local pollution and terrigenous influences. 
 

 
(A and B); tributaries (C); Watindo (D); industrial outfall (E) 

Fig. 3. Textural composed of the sediment grain-size fractions in Nakivubo stream 
sediments  

 
Source of Variation Dependent variables SS DF MS F p 
Nakivubo Channel sites Pb 0.050 1 0.050 1.258 0.281 
  Cd 0.001 1 0.001 0.069 0.797 
  Cu 0.085 1 0.085 0.901 0.359 
  Zn 0.316 1 0.316 6.646 0.022 
 Nakivubo tributaries Site Pb 0.046 1 0.046 0.238 0.651 
  Cd 0.000 1 0.000 65535 0.051 
  Cu 0.543 1 0.543 10.520 0.032 
  Zn 0.322 1 0.322 3.130 0.152 
 Industrial outfall sites Pb 0.007 1 0.007 0.223 0.649 
  Cd 0.009 1 0.009 0.204 0.664 
  Cu 0.117 1 0.117 0.858 0.381 
  Zn 0.000 1 0.000 0.000 0.995 
 Watindo stream Pb 0.000 1 0.000 0.004 0.951 
  Cd 0.008 1 0.008 0.560 0.496 
  Cu 0.231 1 0.231 2.426 0.194 
  Zn 0.105 1 0.105 2.426 0.194 

Table 4. One-way ANOVA results for sites and mean heavy metal concentration variables 
(Dependent variables were log-normal transformed) 
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Fig. 4. Heavy metal contents of Pb, Cd, Cu and Zn in the fine fractions (< 63 µm and  
63-125 µm) of Nakivubo stream sediments 

3.3 Sediment enrichment 
The results show that enrichment factor values can be assessed with respect to the average 
shale in reference to the degree of contamination (Harikumar et al., 2009; Ong and 
Kamaruzzaman, 2009). Enrichment factor values for fine sediments were highest at 
Nakivubo Stadium Bridge for Pb (19.0), Cd (13.33), Cu (2.8), Zn (2.74) and Mn (0.47) in 
fine sand fraction. The sequence of elemental enrichment in sediment fractions followed a 
decreasing order of Pb > Cd > Cu > Zn > Mn in clay-silt and fine sand fractions at Fire 
Brigade Bridge, whereas, sediments at 5th Street Bridge showed a decreasing sequence of 
Pb > Cd > Zn > Cu > Mn in clay-silt and fine-sand fractions. Lead and cadmium in 
sediments are significantly enriched (5-20), Cu and Zn are moderately enriched (2-5) and 
Mn was within background concentration (≤1) in fine sand fractions. Generally, 
enrichment factor in clay-silt fractions for Pb, Cd, Cu, Zn and Mn increased downstream, 
whereas the EF values for fine sand fractions showed a gradual decrease. Manganese  
EF values showed background concentrations in clay-silt and fine sand fractions (< 1) 
(Fig. 5). EF values of heavy metals (Pb, Cd, Cu, Zn and Mn) in clay-silt fractions showed a 
relatively homogeneous distribution pattern along the Nakivubo stream sediments.  
The heavy metal concentrations in clay-silt (< 63µm) and fine sand (63- < 125 µm) 
fractions are within the same order of magnitude, with some variations in concentrations 
at different sites. 
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Fig. 5. Distribution of enrichment factor values of Pb, Cd, Cu, Zn, Mn and Fe along the 
Nakivubo Channelized stream sediment fractions; c-clay-silt fractions; s-fine sand fractions 

Results of Pb-Fe, Cd-Fe, Cu-Fe, Zn-Fe and Mn-Fe scatter plots are shown in Fig. 6a. A very 
poor correlation between naturally occurring concentrations of Fe and other metals (Pb, Cd, 
Cu and Zn) sampled except Mn which was positively correlated. This may suggest 
anthropogenic influences of Pb, Cd, Cu and Zn and Mn as a naturally occurring metal 
concentration in clay-silt fractions. Heavy metals were weakly adsorbed to iron oxides in the 
clay-silt fractions. At neutral pH, clays have strong negative surface charges that attract Pb, 
Cd, Cu and Zn cations and iron oxides and hydroxides with positive surface charges.     
Results for Pb-Mn, Cd-Mn, Cu-Mn and Zn-Mn scatter plots are shown in Fig. 6b. A linear 
correlation between Fe-Cd and Fe-Cu elemental pairs suggest that Cd and Cu were 
naturally occurring heavy metal concentrations (terrigenous) and the outliers would suggest 
anthropogenic sources.  Cadmium and Copper were strongly adsorbed to manganese 
oxides and hydroxides in the clay-silt fractions. However, Pb and Zn were poorly correlated 
with Mn suggesting anthropogenic influence. 
Results for Pb-Fe, Cd-Fe, Cu-Fe and Zn-Fe scatter plots are shown in Fig.7a. A linear 
correlation between Fe-Cu and Fe-Mn elemental pairs suggest that Cu and Mn were 
naturally occurring heavy metal concentrations (terrigenous) and the outliers above the 
threshold would suggest an anthropogenic source. However, Pb, Cd and Zn were poorly 
correlated with Mn suggesting anthropogenic influence in fine-sand fractions. 
Results for Pb-Mn, Cd-Mn, Cu-Mn and Zn-Mn scatter plots are shown in Fig.7b. A linear 
correlation between Fe and Cu elemental pairs suggest that Cu was naturally occurring 
heavy metal concentrations (terrigenous) and the outliers above the threshold would be 
regarded as anthropogenic. Copper showed strong adsorption to manganese oxides and 
hydroxides in the clay-silt fractions. However, Pb, Cd and Zn were poorly correlated with 
Mn suggesting anthropogenic influence in fine-sand fractions. 
Heavy metal concentration data in the sediment fractions were subjected to ANOVA and 
showed no significant variation in the means of clay-silt and fine sand for Pb, Cd and Cu, 
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except for Zn along the Nakivubo Channelized stream (Kruopiene, 2007), Cd and Cu along 
the tributaries. However, the mean values were higher in clay-silt fractions in all the 
samples. Elemental concentrations were within the same order of magnitude as observed by 
Sekabira et al., (2010) along the Nakivubo drainage system except for Cu and Zn which 
showed extreme high elemental concentrations in sediment fractions of clay-silt and fine 
sand. Enrichment Factor values of heavy metals in clay-silt fractions (< 63 µm) for Pb, Cd, 
Cu, Zn and Mn increased gradually downstream, whereas the EF values for fine sand 
fractions showed an irregular decrease. This phenomenon of increasing heavy metal 
concentration downstream may be attributed to the increased pollution downstream and 
adsorption of heavy metals from the water by fine grained sediments with large surface area 
and clay with negative surface charge. Irregular distribution of heavy metals in fine sand 
fractions may indicate a localized source of the pollutants, sink and/or retention 
phenomena (Zanganeh et al., 2008). 
 

 
Fig. 6. a. Scatter plots of heavy metals of Nakivubo Channelized stream in clay-silt fractions 
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Fig. 6. b. Scatter plots of heavy metals of Nakivubo Channelized stream in clay-silt fractions 

3.4 Source apportionment of pollutants 
Inter-metal and sediment property association was also evaluated by using Pearson 
correlation coefficient (r) and the results are presented in Table 5. Results show that 
elemental pairs Cu-c/Pb-c (r = 0.52 at P = 0.05), Zn-c/Pb-c (r = 0.706, P = 0.01), Pb-s/Pb-c 
(r = 0.841, P = 0.01), Zn-s/Pb-c (r = 0.487, P = 0.05), Cd-s/Cd-c (r = 0.767, P = 0.01), Zn-
s/Cd-c (r = 0.521, P = 0.05), Zn-c/Cu-c (r = 0.773, P = 0.01), Pb-s/Cu-c (r = 0.581, P = 0.01), 
Cu-s/Cu-c (r = 0.463, p = 0.05), Zn-s/Cu-c (r = 0.646, P = 0.01), Pb-s/Zn-c (r = 0.714,  
P = 0.01), Cu-s/ Zn-c (r = 0.545, P = 0.05), Zn-s/Zn-c (r = 0.853, P = 0.01), Zn-s/Pb-s  
(r = 0.528, P = 0.05), Cu-s/Cd-s (r = 0.720, P = 0.01), Zn-s/Cd-s (r = 0.686, P = 0.01), Zn-
s/Cu-s (r = 0.693, P = 0.01), Mn-s/Cu-s (r = 0.485, P = 0.05), Fe-s/Cu-s (r = 0.461, P = 0.05), 
Fe-s/Mn-s (r = 0.943, P = 0.01), BOD/pH-s (r = 0.525, P = 0.05), BOD/Pb-c (r = 0.502,  
P = 0.05), BOD/Pb-s (r = 0.514, P = 0.05), BOD/Zn-s (r = 0.564, P = 0.05) and Cd-c/% clay-
silt (r = 0.481, P = 0.05) are significantly correlated with each other. Lead in clay-silt 
fractions (Pb-c), Zn-c, Pb-s, Zn-s and BOD were significantly associated with sediment 
pH, suggesting its influence as a controlling factor. Elemental associations were assessed 
using Pearson correlation coefficient (r) and indicated that each paired elements had an 
identical source, geochemistry, and/or common sink (Nyangababo et al., 2005b; Sekabira 
et al., 2010). Cadmium elemental association with grain size fraction contents may signify 
its influence as a controlling factor. In aquatic sediments, heavy metals are mostly 
enriched in and are associated with the fine grained fractions (Muwanga, 1997; Prego et 
al., 1999; El-Moselhy and Abd El-Azim, 2005). Association of copper in sediments with Mn 
and Fe-oxides/hydroxides may suggest specific adsorption and co-precipitation by 
isomorphic substitution. 



 
Grain Size and Source Apportionment of Heavy Metals in Urban Stream Sediments 

 

81 

 
**Correlation is significant at the 0.01 level (2-tailed); *. Correlation is significant at the 0.05 level (2-
tailed); BOD-biological oxygen demand 
s- silt-clay fractions; s- Fine-sand fractions 

Table 5. Pearson correlation coefficient (r) matrix of heavy metals, sediment property and 
BOD in Nakivubo Channelized stream sediments (n=19) 
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Fig. 7. a. Scatter plots of heavy metals of Nakivubo Channelized stream in fine-sand 
fractions 
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Cluster Analysis (CA) was performed on the data using Ward or Average linkage and 
correlation coefficient distance. Results for CA are shown in Fig. 8. Four clusters of 
elemental associations were identified based on the fusion of the clusters that are similar. 
The dendrogram explains the influence and association of the heavy metal clusters or 
groups by their relative elemental concentrations at each site.  CA showed the association of 
pH and BOD with Pb and Zn in clay-silt and fine-sand fractions as well as Cu in clay-silt 
fraction in the first group (I). This may suggest the association of Pb with organic matter and 
pH as a controlling factor. The second group (II) showed the association of Cd and Cu in 
fine-sand fractions as well as Cd in clay-silt fractions in the Nakivubo stream sediments. 
Elements in group III (Mn and Fe) originate from terrigenous sources (Sekabira et al., 2010) 
in both clay-silt and fine-sand fractions. Group IV contains percentage fractions of clay-silt 
and fine-sand. A biplot of sites and elemental concentrations associated Agakhan High 
School Bridge and Lugogo stream with Cu and Cd (Fig. 9). This may be attributed to car 
washing bay, petrol stations and vehicular emissions. Sludge at National Water and 
Sewerage Corporation contained the highest concentrations of Cu and Zn in both fractions 
followed by Kiseka Market Bridge attributed to car washing bay and garages. Lead and Zinc 
concentrations were highest at DT16 site attributed to Uganda batteries limited factory, 
Uganda Baati limited [galvanised iron sheets] and plastic factory [Uganda house of plastics]. 
Peacock paint factory is a source of Pb in fine-sand and clay-silt fractions. Cadmium in clay-
silt fraction was highest at Nakivubo stadium bridge [US4] attributed to vehicular 
emissions, car park and a petrol station. 

 

 
 

Fig. 7. b. Scatter plots of heavy metals of Nakivubo Channelized stream in fine-sand 
fractions 
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Fig. 8. Dendrogram of urban stream sediment samples along the Nakivubo drainage 
ecosystem and Watindo stream 

 

 
 

 
Fig. 9. Biplot of sites and elemental concentrations in Nakivubo drainage system, industrial 
discharge outfall and Watindo stream; BOD-biological oxygen demand 
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Variable Factor 1 Factor 2 Factor 3 Factor 4 Communality 

pH-s 0.502 0.038 0.045 -0.586 0.598 
Pb-c 0.883 -0.198 -0.111 -0.249 0.894 
Cd-c -0.004 -0.2 0.925 0.029 0.896 
Cu-c 0.748 0.261 0.273 0.094 0.711 
Zn-c 0.868 0.064 0.31 -0.143 0.875 
Mn-c 0.197 0.844 -0.15 -0.112 0.785 
Fe-c -0.005 0.752 0.213 -0.31 0.708 
Pb-s 0.872 -0.004 -0.021 -0.258 0.827 
Cd-s 0.182 0.186 0.891 0.024 0.862 
Cu-s 0.438 0.439 0.586 0.091 0.737 
Zn-s 0.632 0.166 0.647 -0.236 0.901 
Mn-s 0.057 0.935 -0.004 -0.031 0.877 
Fe-s -0.134 0.936 0.082 -0.008 0.901 
% Clay-silt -0.242 -0.176 0.493 0.69 0.809 
% Fine-sand 0.006 -0.213 0.063 0.859 0.787 
BOD 0.371 -0.03 0.341 -0.63 0.652 

Variance 3.9859 3.5124 3.0339 2.2874 12.8197 
% Var. 0.249 0.22 0.19 0.143 0.801 

Table 6. Varimax rotated factor loadings and communalities of the Nakivubo stream, 
tributaries, industrial outfall sediment fractions and Watindo stream (n=15) 

Factor Analysis was carried out to establish the influence of sediment grain size, pH and 
BOD on heavy metal concentrations in clay-silt and fine-sand fractions (Table 6). Four 
factors with eigenvalues > 1 were extracted in the analysis to help explain the data. The 
first four factors account for 80.1 % of the total variance/inertia in the data set. The 
rotated factor matrix is explained by four factors with high communalities of elements 
except pH. The first factor accounts for 24.9 % of the total variance and contains Pb, Cu 
and Zn, as well as BOD in water and pH with high variable loading on this factor and 
corresponds to group I of the cluster analysis. This suggests pH as the controlling factor 
(Muwanga, 1997; Prego et al., 1999; Abílio et al., 2006 and Ho et al., 2010) and the influence 
of organic matter on Pb. At neutral pH, clays possess negative surface charges that attract 
Pb, Cu nd Zn cations into bottom sediments. The second factor accounts for 22.0 % of the 
total inertia and contains Mn and Fe as well as Cu in fine sand fractions with high 
variable loadings and corresponds to group III of cluster analysis. This association may be 
due to their common occurrence in the basic rocks [terrigenous], since their concentrations 
were within background values (EF ≤ 1) (Sekabira et al., 2010).   The Third factor accounts 
for 19.0 % of the total inertia and contains Cd, Cu and Zn in fine-sand fractions as well as 
clay-silt fractions and BOD. The association of Cd and Zn may be attributed to their 
similar geochemistry and may indicate a source of mixed origin and/or sink of vehicular 
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emissions, Katwe metal works and cement stores at Good Shade.  The association of 
heavy metals and BOD may suggest the role of organic matter (OM) in heavy metal 
sequestration and the dual origin of Cu and Zn. This causes the transfer of heavy metals 
into bottom sediments. The Fourth factor accounts for 14.3 % of the total inertia and 
contains percentage clay-silt and fine-sand fractions with high variable loadings and 
corresponds to group IV of the cluster analysis.  

4. Conclusions 
1. Clay-silt fraction sorting increased for zinc concentrations in the Nakivubo stream 

sediments and generally for lead. Heavy metal concentration increased downstream 
with percentage increase in clay-silt fractions and enrichment in the very fine grained 
fractions, probably due to their negative surface charge and higher particulate surface 
area. 

2. The distribution patterns of the heavy metals are controlled by the sorting of fine-
grained fractions, pH and organic matter as indicated by BOD. 

3. This study showed that stream sediments have background concentrations for Fe and 
Mn at most of the sites. 

4.  Factor analysis also indicated three sources of pollutants; (1) mixed origin or retention 
phenomena of Pb, Cu and Zn as well as BOD of industrial and municipal waste 
effluents [NWSC]; (2) industrial and vehicular emissions of Cd, Cu and Zn and 
terrigenous fraction sources characterised by Cu, Mn and Fe. 
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1. Introduction 
Metagenomics is defined as the culture-independent genomic analysis of biological 
assemblages providing access to the whole set of genes and genomes from a sample. It 
encompasses a variety of techniques that are based on (i) total DNA extraction from samples 
followed by PCR amplification of specific genes, (ii) library construction or amplification 
and sequencing of the whole genetic material. These methodologies have successfully been 
applied in studies of composition, dynamics, and functions of microbial communities in a 
variety of ecosystems including those subjected to anthropogenic modifications (Gilbert & 
Dupont, 2011). 
Culture independent methods allow the analysis of a set of metabolic genes from microbial 
communities, which can be used to determine how environmental conditions such as 
pollution can shape community composition and the diversity of genes associated with 
biogeochemical cycles such as those of carbon, nitrogen, and phosphorus (Singh et al., 2009). 
This approach is also useful for the discovery of novel environmental microorganisms and 
genes, with important applications for biotechnology, medicine, and bioremediation 
(Cardoso et al., 2011).  
This applicability has resulted in a recent sharp increase in studies focusing in the 
metagenomic analysis of polluted sites. Their aim is to characterize microbial communities 
from a diverse set of environments such as freshwater, marine sediments, open ocean, pelagic 
ecosystems, soil, and host-associated communities. An example of these initiatives is the 
Global Ocean Sampling Expedition (GOS), which assessed the genetic diversity of marine 
microbial communities around the Earth. Since 2003, an enormous amount of data has been 
generated by GOS helping scientists to reveal the microbial diversity and also allowing them 
to better understand microbial phylogeny and ecology (Gilbert & Dupont, 2011). 
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2. Metagenomics and bioinformatics  
Microorganisms can be found across all environments. Adequate sample collection is the 
initial and essential step to achieve a comprehensive coverage of the microbial diversity. For 
aquatic studies, the collection of large volumes of water followed by filtration is 
recommended since it increases the chance of retrieving rare groups. After sample 
collection, an optional enrichment culture step can be performed to maximize the 
abundance of a targeted group of microorganisms by providing its ideal growth conditions. 
Further screening for specific phenotypic features may be performed during the cultivation 
step in order to target microbial species of unusual metabolism. 
Genetic material can be obtained from samples by several methods that include physical 
and/or chemical cell lysis followed by extraction and purification of nucleic acids (DNA or 
RNA). However, the amount of non-biological matter associated with the biological material 
may interfere with the extraction, quantification and amplification processes. Thus, different 
samples will require different extraction methods as a good representation of the biological 
diversity relies on the efficiency of the nucleic acid extraction step. The extracted genetic 
material must be free of amplification inhibitors and special attention must be given when 
dealing with samples retrieved from polluted sites (Cardoso et al., 2010). 
Metagenomics may shed light in understanding the complex degradation routes of 
xenobiotics, which is currently poorly understood. These compounds can be toxic for living 
organisms and represent a threat to ecosystems. The use of molecular techniques based on 
genomic analysis can be applied in the monitoring of enzymes associated with the 
metabolism of xenobiotics, including herbicides and other pollutants (Malik et al., 2008). 

Microbial communities can be screened by gene-specific PCR to detect the presence of genes 
of interest within a community. This method, however, has a bias of favoring previously 
known genes. An alternative method, which allows for the identification of novel genes and 
metabolic pathways, is the construction of expression libraries from metagenomic DNA. 
Through this method, positive clones expressing randomly cloned environmental genes are 
screened for their capacity to metabolize a specific substrate by plating in media containing 
a particular compound. In this way, the clones that metabolize this compound can be 
selected for DNA sequencing.  
By gene-specific PCR it is possible to quickly identify genes associated with biodegradation 
in an environmental sample and sometimes affiliate them with a specific taxonomic group. 
This approach is limited by the fact that the metabolic pathways to which xenobiotics are 
submitted can encompass several steps, requiring more than a single enzyme to be 
catabolized. Therefore, cloning the full set of genes would be required to obtain the desired 
phenotype, which is not always possible since those enzymes can be encoded by different 
genes spread throughout the genome.  
An alternative procedure for novel gene discovery is by Stable Isotope Probing (SIP). SIP is 
based on the incorporation of stable isotope-labeled substrates into molecular biomarkers. 
Once labeled substrates are provided to a microbial community, those microorganisms 
capable of metabolizing this substrate (e.g. a pollutant molecule) are likely to incorporate 
labeled atoms in their DNA, RNA and protein molecules. Nucleic acids with labeled atoms 
can be extracted to retrieve genomic material exclusively from a community capable of 
metabolizing a desired substrate (Malik et al., 2008). Furthermore, the sequencing of 
complete genomes of microorganisms can also reveal a set of metabolic genes with 
important applications for the biodegradation process, representing another important tool 
for bioremediation strategies (Eyers et al., 2004).  
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However, metagenomic studies usually result in the production of a great amount of 
sequence data so an advance in the capacity of bioinformatics tools is expected to deal with 
it. The processing of metagenomic data for subsequent genetic/environmental analysis 
requires a series of bioinformatics tools since the abundance of sequences obtained, 
especially with next generation sequencing equipments, can no longer be processed 
manually. Considering the high number of bioinformatics tools that have been and are still 
being developed, this chapter will focus on those most used for microbial community 
analysis in water pollution studies.  
Sequences obtained from environmental metagenomic projects are usually compared  
to local or global nucleic acid sequence databases to identify the relationship between  
them and previously obtained data. Popular databases include GenBank (http:// 
www.ncbi.nlm.nih.gov), the RDP (http://rdp.cme.msu.edu), CAMERA (http:// 
camera.calit2.net), SILVA (http://www.arb-silva.de) and others, some of them dedicated to 
particular taxa. General databases are more fitted for a broad analysis whereas databases 
dedicated to a specific taxonomic group may contain more rare and reliable sequences. 
DNA sequence databases can also be divided between curated databases and non-curated 
ones. While some databases accept all sorts of nucleic acid and protein sequences (non-
curated), others are more restrictive and perform a pre-selection of deposited sequences 
leaving a lower but more reliable amount of sequences available.  
When using DNA sequencing for taxonomic identification ribosomal genes are frequently 
used but there is no gene or genomic region that is a golden standard for such procedure. In 
fact, some sequences present high similarity levels with more than one gene or a single 
species. Usually a DNA sequence from a single gene can confer a trustful identification to a 
family or genus level, depending on the gene and size of the DNA fragment. However, there 
is still much debate regarding which portion of genome is reliable for identification of 
organisms to a species level and whether such a perfect region does exist.  
Several sequence alignment tools are available for the comparison of protein and nucleic 
acid sequences. A reliable alignment is required for a common practice within metagenomic 
approaches: the construction of phylogenetic trees. These trees, which may be constructed 
using software such as MEGA and ARB (http://www.megasoftware.net; http://www.arb-
silva.de), are widely used to show sequence diversity within samples and to determine how 
these sequences are related to each other in evolutionary terms. It is important to highlight 
that sometimes the trees should not be interpreted as a precise evolutionary model of the 
studied sequences but as mere representations of which sequences are present in a selected 
sample and how they are related to reference sequences and to each other.  
Computational tools can be also used in the quantification of differences between distinct 
datasets. For example, the software LIBSHUFF (http://whitman.myweb.uga.edu 
/libshuff.html) generates homologue and heterologous coverage curves to compare gene 
libraries in order to determine if two sequence libraries are statistically distinct from each 
other. UniFrac can be used for comparing microbial communities through principal 
component analysis, allowing several datasets to be compared at once, which helps in the 
detection of distribution patterns in communities of microorganisms and to correlate them 
with environmental variants (Lozupone & Knight, 2005).  
Correspondence analysis is a similar approach, which helps to quantify how much of the 
microbial diversity is explained by environmental variables, with major applications for 
pollution studies as it determines the extent to which microbial communities are affected by 
pollutants (Vieira et al., 2008). Concerning microbial community diversity, DOTUR can be 
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used as a tool to assign sequences as operational taxonomic units (OTUs) (Schloss & 
Handelsman, 2005). In addition, this software can be used to generate rarefaction and 
collector’s curves and diversity indexes. Altogether these features help to quantify how much 
of the microbial diversity is being covered within a collected sample, to estimate how much of 
biological diversity is being retrieved through a metagenomic approach from a sample, and to 
determine how much effort is still required to reach a full coverage of sequence diversity. 
Bioinformatics tools are evolving towards packages which aggregate different softwares to 
facilitate analysis. MOTHUR has emerged as a powerful tool for comparison of microbial 
communities (Schloss et al., 2009), allowing several steps of bioinformatics from 
metagenomic analysis to be performed in a single platform. MOTHUR implements tools like 
LIBSHUFF, DOTUR and UniFrac improving the use of bioinformatics tools to non-
specialists. A simple flowchart summarizing the several steps of metagenomic analysis and 
bioinformatics is shown in Figure 1. 
 

 
Fig. 1. Flowchart summarizing the several steps of metagenomic analysis and 
bioinformatics.  

3. Metagenomics applied to water pollution studies 

3.1 Guanabara Bay 

Guanabara Bay is a coastal bay located in Rio de Janeiro state, SE Brazil, centered on latitude 
S 22°50' and longitude W 43°10', with a perimeter of 131 km and an area of 384 km², of 
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which 328 km² are of water surface and 56 km² are comprised of islands. The mean water 
volume is 1.87 x 109 m³. The bay measures approximately 28 km from west to east and 
approximately 30 km from south to north. The narrow entrance to the bay is 1.6 km wide. 
Guanabara Bay’s drainage basin comprises a set of 32 separate sub-watersheds and is 
drained by 45 rivers and stream channels spread throughout an area of 4080 km². The bay’s 
water surface area has suffered a reduction of about 10% due to urban expansion.  
The bay’s climate is tropical humid, with wet warm summers and dry cool winters, a 
mean annual air temperature of 23.7 °C and a mean rainfall of 1173 mm. The bay is 
characterized by high salinities and temperatures; the mean salinity is 29.5 ± 4.8 % with a 
total range from 9.9 to 36.8%, characterizing the bay as an estuarine environment. The 
average temperature is 24.2 ± 2.6 °C with a total range from 17.0 °C to 31.0 °C. Salinity 
decreases horizontally from the ocean entrance towards the inner reaches of the bay due 
to freshwater discharge while temperature increases from the ocean entrance towards the 
inner reaches (Paranhos & Mayr, 1993). 

Guanabara Bay is located in a region that was originally covered by the Atlantic rainforest, 
an ecosystem of which only a very small fraction was conserved. Vegetation was cut down 
along the centuries as the region developed economically to become the second largest 
metropolitan area of Brazil. Most of the vegetation preserved along the basin is restricted to 
conserved portions of mangrove wetlands, in small fringes of the bay and covering 
mountain slopes. Studies have demonstrated a possible role for mangrove ecosystems in the 
attenuation of the anthropogenic impact imposed over the bay, raising awareness for the 
need to preserve and restructure those environments (Gomes et al., 2008; Santos et al., 2011).  
Guanabara Bay is surrounded by the metropolitan region of Rio de Janeiro city, 
encompassing several towns and smaller communities, totaling around 10 million 
inhabitants. Sewage runoff is discharged, mostly untreated, directly into the bay and in the 
rivers and streams that flow into it, which have been shown to undergo a severe 
eutrophication process (Mayr et al., 1989).  
Rio de Janeiro went through an abrupt industrialization and intense population increase in 
the 1950s when the bay started to suffer with a severe anthropogenic impact. It is estimated 
that nowadays 540 tons of high biochemical oxygen demand waste and 5.5 tons of garbage 
are deposited daily into the bay (FEEMA, 2008). A large number of industries are present on 
its borders and thousands of ships circulate in its waters every year. Also, the bay’s drainage 
basin possesses several urban, cattle raising, aquaculture, and agricultural areas in its 
surroundings, besides harboring one of the main industrial poles in the country. The bay is 
also subjected to several types of pollutants such as heavy metals, pesticides, antibiotics, oil, 
polycyclic aromatic hydrocarbons and organochlorines, raising the bay as one of the most 
impacted coastal environments in Brazil. Bay pollution has implications in public health 
issues, since its waters are utilized for recreational purposes and commercial fishing.  
In the beginning of the 1990s a cleansing program was created for Guanabara Bay. Until 
2010, almost a billion US dollars have been spent in an attempt to decrease the levels of 
pollutants discharged into the bay, which nonetheless persists as a highly impacted 
estuarine environment. Recent studies have shown that the bay has a high overload of 
organic and inorganic nutrients. Higher mean nutrient concentrations are found in the inner 
bay margins, due to sewage runoff and less efficient water renewal. At these same sites 
significant differences are observed in nutrient concentration between surface and bottom 
waters while nutrient levels are strongly reduced towards the bay’s entrance (Vieira et al., 
2007; Vieira et al., 2008).  
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Organic matter can either be deposited into the bottom sediments or undergo bacterial 
decomposition, consequently increasing nutrient availability in the water column and 
promoting eutrophication. The innermost reaches of the bay present elevated levels of 
biochemical oxygen demand as a result of the consumption of dissolved oxygen for 
degradation of organic matter derived from sewage runoff. High levels of chlorophyll a are 
also highest in the inner portions of the bay, presumably due to elevated nutrient overload 
allowing for higher phytoplankton production. 

3.1.1 Metagenomics studies in Guanabara Bay  

Estuaries can be biologically very diverse due to the mixing of seawater and freshwater so 
more knowledge about the composition and the ecological roles played by estuarine microbial 
communities is necessary. In 2007 and 2008, Vieira and colleagues studied the free-living 
planktonic Archaea and Bacteria diversity through the construction of 16S rRNA gene 
libraries, in a transect along Guanabara Bay, extending from a heavily polluted inner channel 
to the pristine costal seawater of the southern Atlantic Ocean. Nutrient levels along the 
transect revealed a clear trophic and pollution gradient along the bay, with higher nutrient 
levels in inner bay sites that decreased towards the bay`s entrance and beyond. This gradient 
reflected in bacterial abundance and production, which peaked in inner sites. Bacterial 
diversity in three of the sampled sites revealed clones associated with marine, estuarine and 
brackish waters and also with species present in sewage, indicating the effect of pollution in 
structuring the microbial communities of the bay. Additionally, in the highly polluted anoxic 
inner channel, several clones were affiliated with opportunistic pathogenic genera. This 
finding illustrates the risks to public health associated with impacted environments.  
Exploring the diversity of bacterioplankton communities in a latitudinal gradient along 
Latin America through pyrosequencing of the V6 hipervariable region of the 16S rRNA 
gene, Thompson and colleagues, revealed in 2011 that among 7 different coastal seawater 
sites, that included Guanabara Bay, Proteobacteria followed by Cyanobacteria, Bacteroidetes and 
Actinobacteria, are the most abundant phyla. Proteobacteria accounted for more than 75% of 
the 17631 sequence tags obtained from the bay, with similar proportions observed in the 
other sites, indicating that this phylum is dominant among coastal seawater environments. 
Potentially pathogenic microorganisms were also detected within the bay, which is probably 
a result of nutrient overload that promotes the growth of heterotrophic bacteria, which 
include a diverse set of opportunistic pathogens (Thompson et al., 2011). This explains how 
a previously less harmful microbiota from a pristine aquatic environment is replaced by a 
set of new microorganisms that present higher risks to human health upon pollution 
impacts. This work is an excellent example of the applications of pyrosequencing to uncover 
rare members and perform a quantitative analysis of microbial communities which can be 
used to determine distribution patterns of microorganisms along the globe. On the other 
hand, the low extension of V6 tags obtained in this approach (~60 nt), hampers a full 
taxonomic characterization of sequences to a species level.  
Archaeal species diversity in water samples from 4 distinct bay sites, with different levels of 
anthropogenic impact, was evaluated. Denaturing gradient gel electrophoresis (DGGE), 
revealed that free-living and particle attached archaeal communities are significantly different 
(Vieira et al., 2007).  Suspended particulate material (SPM) is abundant in several sites of 
Guanabara Bay and SPM has been considered a hotspot of microbial activity because particles 
function as sites of intense heterotrophic metabolism (Azam et al., 2001). Interestingly, the 
highest levels of archaeal diversity found by Vieira and colleagues were detected in sites 
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located in the interface between sewage polluted freshwater and coastal seawater, indicating 
that water mixing patterns promote increases in archaeaplankton diversity. Clones obtained 
through 16S rRNA gene library construction were mostly affiliated with other uncultured 
environmental Archaea. Libraries were dominated by typical estuarine Euryarchaeota followed 
by Crenarchaeota but in the anoxic heavily polluted inner channel library, most clones were 
associated with Thermoplasmatales and anaerobic methanogenic archaeal groups. The libraries 
also presented an abundance of species known for their hydrocarbon degradation activities, 
revealing a diverse set of microorganisms with potential applications for the bioremediation of 
ecosystems subjected to oil contamination.  
Clementino and co-workers analyzed the archaeal diversity among several sites that 
included the bays water, agricultural soil, wastewater treatment plant water, halomarine 
sediment and a landfill leacheate, located in the bay`s surroundings. 16S rRNA gene library 
clones revealed that wastewater samples were exclusively of the Euryarchaeota phylum, most 
of them affiliated with methanogenic Archaea. These high levels of pollutants in inner bay 
anoxic environments are promoting the growth of anaerobic Archaea with methane 
producing metabolism. Bay water samples presented clones of the Euryarchaeota and 
Crenarchaeota phyla affiliated with marine water samples (Clementino et al., 2007). It is likely 
that more archaeal phyla are present in this environment than could be detect by the low 
number of sequences obtained.  
In 2010, Turque and colleagues published a work comparing the diversity of archaeal 
communities associated with the marine sponges Hymeniacidon heliophila, Paraleucilla magna 
and Petromica citrina, from Guanabara Bay with those from an offshore less impacted 
environment, the Cagarras Archipelago. The diversity of the amoA gene was also analyzed. 
This gene belongs to the operon amo that encodes the catalytic subunit of ammonia 
oxygenase, which catalyzes an ammonia oxidation reaction being therefore extremely 
relevant in the nitrogen biochemical cycling with potential applications in bioremediation 
processes. Results showed that although the two sampling sites are located very close to 
each other, Guanabara Bay waters presented higher levels of NH3, total phosphorus, 
chlorophyll a, prokaryotic abundance and production when compared to the Cagarras 
Archipelago. No operational taxonomic units (OTUs) were shared between water samples of 
the two sites, indicating that differences in the levels of pollutants drastically change the 
archaeal communities of those environments. Some OTUs were also related to the archaeon 
Methanoplanus petrolarius, a species associated with petroleum contaminated anoxic 
environments, indicating a possible contamination of Guanabara Bay by petroleum spills. 
Another relevant finding was that sponges of the same species separated by a short distance 
presented distinct archaeal communities suggesting that environmental conditions can 
shape these sponge associated microbial communities. The amoA sequence diversity within 
sponge associated samples indicated that this gene can play a central role in the adaptation 
of sponges to eutrophicated environments, which usually present high levels of ammonia. 
This raises the hypothesis that sponges harboring a microbiota more capable of performing 
detoxification of their tissues would be more fitted to survive in an environment with high 
ammonia levels such as Guanabara Bay (Turque et al., 2010).  
In 2011, Gonzalez and colleagues published the analysis of amoA and nifH gene diversity 
from bacterial communities Guanabara Bay water samples. The nifH gene encodes one of 
the nitrogenase protein complex subunits present in diazotrophic microorganisms, capable 
of reducing atmospheric nitrogen to ammonia. Most amoA sequences were related to 
uncultured environmental organisms, which probably correspond to new species that 
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participate in ammonia oxidation. A similar pattern was observed for the nifH gene. The 
diversity of nitrogen fixing and nitrifying activity genes of these bacterial communities 
brings to light a complex set of microbial metabolic routes associated with nitrogen 
biochemical cycling in Guanabara, which can be extrapolated to other coastal estuarine 
ecosystems. Future studies are still necessary for a better characterization of the pollution 
impact of nutrients in this and other polluted ecosystems to expand the knowledge in the 
dynamics of urban estuarine biochemical cycles to understand how these impacted 
environments can function to remediate themselves (Gonzalez et al., 2011).  
Mangroves are ecologically important ecosystems located in the interface between 
terrestrial, freshwater and seawater environments. Guanabara Bay harbored an extensive 
mangrove system which suffered significant reduction along the years due to anthropogenic 
impact. Very little is known about the microbial biodiversity in these habitats.  
A 16S rRNA gene DGGE study of the bacterial communities in sediments from three distinct 
sites in Guanabara Bay’s mangrove system, all subject to distinct levels of heavy 
hydrocarbon pollution, revealed that the bacterial microbial communities from the three 
sites were significantly different. This provides evidence that each mangrove site harbors 
distinct bacterial community patterns, which could be the result of the different levels of 
hydrocarbon contamination that each sampled site is subjected to (Gomes et al., 2008). When 
some of the DGGE bands were sequenced a diverse set of species that are capable of 
metabolizing hydrocarbons was revealed, illustrating the potential for bioremediation of 
environments subjected to oil spills.  
Sediments of three mangrove forests from Guanabara Bay presenting distinct levels of PAH 
contamination (one of them near a petrochemical refinery) were analyzed regarding the 
diversity of genes encoding the multicomponent enzyme system naphthalene dioxygenase 
(NDO) that initiates the degradation metabolism of low molecular weight polycyclic 
aromatic hydrocarbons (PAH),). They revealed that PAH pollution is capable of shaping 
NDO gene diversity within these microbial communities (Gomes et al., 2007). 
Hydrocarbon degrading bacterial communities from Guanabara Bay mangrove sediments 
were characterized utilizing mesocosm systems by Brito and colleagues in 2006. In this 
study, bacteria obtained from bay’s mangrove sediments were inoculated into in situ 700 
cm2 surface mesocosms systems installed in the Guapimirim mangrove. Mesoscosms 
received 350 ml of petroleum and after 130 days of incubation bacteria retrieved from the 
mesocosms were isolated and inoculated in culture media containing one of five different 
hydrocarbons (octadecane, pristane, naphthalene, pyrene or fluoranthene) as a sole carbon 
source. Measurements of hydrocarbon degrading activities revealed that several isolates 
were capable of degrading hydrocarbons and some of them presented degrading activity of 
up to four kinds of aliphatic or aromatic hydrocarbons (Brito et al., 2006).  
Sequencing of 16S rRNA genes from isolates showed that bacteria retrieved belonged to the 
following groups: Gammaproteobacteria, with a large number of isolates associated with 
genera known for their hydrocarbonoclastic activities; Alphaproteobacteria, of which most of 
the bacterial isolates were affiliated with hydrothermal vent strains, raising the possibility 
that these environments may harbor organisms with potential oil degrading activities; and 
Actinobacteria, which were affiliated with genera that due to their metabolic flexibility are 
capable of degrading different kinds of materials, like rubber, oils and hydrocarbons. More 
studies are still required to describe how microbial communities respond to hydrocarbon 
pollution in mangroves and other environments, especially regarding archaeal groups 
which present an unexplored set of metabolic activities.  
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These findings described above suggest that Guanabara Bay microbial communities are 
strongly affected by the high levels of anthropogenic impact to which this environment is 
subjected. The input of organic and inorganic nutrients promotes shifts in the diversity and 
abundance of microbial species that, in turn, are involved in biogeochemical cycles.  
Different sites from Guanabara Bay present distinct levels of bacterial production and 
abundance (Vieira et al., 2008), which can be associated with the impact levels that each of 
those sites is subjected. To further understand how pollution affects the metabolism of these 
microbial communities a better understanding of the complex biochemical pathways that 
undergo in the Bay is still necessary therefore new generation sequencing techniques may 
play an important role in the process of expanding knowledge in this area in the near future.   
The degradation of Guanabara Bay and other aquatic ecosystems seems to promote the 
emergence of opportunistic pathogenic species, suggesting that pollution of aquatic 
environments represents a direct threat to public health and stresses the importance of 
preserving ecosystems for maintaining the quality of life of humans and other species in the 
planet. Opportunistic pathogens are common in polluted environments but a further 
description of pathogenic bacteria in the bay is still required, with special attention to 
antibiotic resistant bacteria, which endanger the millions of people living in the bay’s 
surroundings. The microbial communities of the Bay’s aquatic and surrounding mangrove 
ecosystems are repeatedly affected by hydrocarbon pollution due to nearby petrochemical 
facilities. Coincidently, the resident communities at these same sites seem to harbor the 
metabolic machinery necessary to remediate those impacts, increasing the relevance of 
studying their diversity more deeply. Hydrocarbon pollution is a global ecological issue and 
metagenomics can provide insights into the effects of hydrocarbon contamination on 
microbial communities worldwide and consequently help in the development of 
bioremediation strategies to bypass this common kind of environmental degradation. 

3.1.2 Worldwide metagenomic studies of polluted habitats 

Metagenomics has been applied to several studies of aquatic pollution worldwide to 
understand how the presence of pollutants affects microbial community composition and 
ecology. An example is the characterization of archaeal and bacterial sediment communities 
from two distinct portions of Western Europe’s largest freshwater reservoir, Lake Geneva in 
Switzerland (Haller et al., 2011).  
The Bay of Vidy is the most contaminated area of the lake: it is subjected to discharges from 
a wastewater treatment plant and shows the higher levels of nutrients and heavy metals 
while the Ouchy area is a nearby less polluted site. The sites were compared based on 16S 
rRNA gene library constructions from environmental DNA. Rarefaction analysis showed a 
higher number of bacterial OTUs in the Ouchy site, suggesting a higher diversity. Most of 
the retrieved bacterial sequences were associated with Proteobacteria and Bacteroidetes at both 
sites. However, phylogenetically distinct OTUs from these two bacterial groups were found 
at each site. A Multiple Factor Analysis (MFA) indicated that differences in bacterial 
community composition were statistically correlated to differences in the levels of organic 
matter, nutrients and heavy metals. All archaeal sequences belonged to the Euryarchaeota 
division. Several clones from the Vidy site were associated with archaea that present 
methanogenic metabolism, which can be associated with organic matter degradation in this 
polluted site. This work showed that microbial communities from nearby sites can suffer 
compositional changes due to treated sewage contamination, indicating not only that those 
communities are extremely sensible to alterations in environmental conditions but also that 
even after treatment sewage drastically affects species diversity within aquatic ecosystems.  
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Huang and colleagues (2011) published a metagenomic analysis of heavily polluted small 
streams in China. As those environments seem to be more sensible to pollution than large 
masses of water, the description of how they are affected by anthropogenic impacts is 
extremely relevant. The authors performed a DNA profiling technique based on Terminal 
Restriction Fragment Length Polimorfism (T-RFLP) in parallel to construction of bacterial 16S 
gene libraries to analyze three distinct streams subjected to industrial, agricultural and urban 
pollution. T-RFLP analysis showed significant differences in community composition between 
the three sites, even though physicochemical parameters were very similar among them. The 
results suggest that a large number of other factors that go beyond nutrient levels may be 
responsible for shaping the composition of the bacterial communities (Huang et al., 2011).  
Gene libraries showed that Betaproteobacteria were widespread through all the three streams, 
although divisions such as Alpha and Gamma-Proteobacteria, Bacteroidetes and Cyanobacteria 
had distinct distribution patterns between the three samples, suggesting that the proportion 
between these taxa varies between streams. Furthermore, clones affiliated with several 
genera that have been previously associated with polluted environments such as 
Flavobaterium, Rhodobacter and Hydrogenophaga were retrieved. In addition to an evaluation 
of 16S rRNA gene libraries, this study presents a sequencing independent metagenomic 
analysis based on T-RFLP using environmental DNA. This technique can be applied for a 
crude characterization of microbial communities, with potential applications for 
biomonitoring strategies of aquatic environments. However, sequencing based techniques 
provide a deeper understating of bacterial community composition even though they are 
more expensive and time consuming.  
Contamination of aquatic environments by sewage originated pollution poses a threat to 
human health. Fecal bacteria may infect humans that consume contaminated water for 
recreational, feeding or drinking purposes. Although quantification of Enterobacteria has 
been extensively used for water quality analysis, many species of this bacterial group can 
colonize different host species. Therefore, this analysis provides poor information about the 
origin of pollution (i.e. whether its source is human feces or fecal bacteria of other animals).  
Wéry and colleagues (2010) studied the human specific fecal bacteria originated from 
wastewater treatment plant effluents focused on the following groups: Bacterioidales, 
Clostridiales, Bifidobacteria, and the Bacillus-Streptococcus-Lactobacillus (BSL) cluster. 
Construction of V6 region of the 16S rRNA gene libraries from genomic material of effluents 
from five French wastewater treatment plants was performed. A set of specific primers to 
target the selected bacterial groups were utilized (Wéry et al., 2010). Besides library 
construction, an analysis based on Capillary Electrophoresis Single Stranded Conformation 
Polymorphism (CE-SSCP) was performed to characterize the profiles of the four bacterial 
groups between samples, which suggested an smaller diversity of Bifidobacterium within 
samples when compared to the three other bacterial groups. This can possibly be accounted 
for by the small number of species from this group that is part of the human gut microbiota. 
 Sequences obtained were affiliated with bacteria originated from feces, although some 
groups of Bacteroides commonly found in the human gut could not be retrieved from 
environmental samples, probably because some species are not fitted to survive in the 
wastewater environment and are more adapted to a host associated lifestyle.  
Comparisons of bacterial species diversity between the wastewater treatment plants showed 
that the species profile of Bacteroides, Clostridiales, Bifidobacterium and BSL cluster is very 
similar, suggesting that specific bacteria from those groups are ubiquitous in wastewater 
treatment systems effluents. To identify the putative source of bacterial 16S rRNA gene 
sequences obtained through metagenomics the authors utilized a bioinformatics tool to 
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associate sequences retrieved from samples to previously obtained fecal samples and 
observed that all Bifidobacterium and Clostridiaceae were associated with database sequences 
of fecal source while the other two groups were affiliated with sequences of fecal and non-
fecal source. Overall, the results indicate B. adolescentis, B. caccae, L. pectinoschiza and H. 
filiformis as potential indicators of human fecal contamination in aquatic environments. 
Although the exclusivity of those bacteria as human gut associated organisms is debatable, 
this work provides insights into the development of molecular techniques based on 
metagenomics and bioinformatics analysis, for fecal source tracking on aquatic 
environments, which can shed light into the quantification of impacts caused by wastewater 
effluents to which environments are subjected.  
Bacterial resistance to antibiotics has recently become a public health issue. Aquatic 
environments are ecosystems where bacteria can easily exchange antibiotic resistance genes 
through horizontal gene transfer, promoting the spread of antibiotic resistant bacteria 
(Martinez, 2008). Analyses conducted in the Seine River in France and in the Zenne and 
Scheldt rivers in Belgium, subjected to urban and industrial sewage discharge, were 
performed focusing on antibiotic resistant bacteria, revealing an alarming truth for public 
health. Those environments presented a diverse set of heterotrophic bacteria that possess 
antibiotic resistance, including genera of important human pathogens (Garcia-Armisen et 
al., 2010). The 16S rRNA gene libraries showed that among bacteria that presented multiple 
resistance to several antibiotics obtained from sewage-contaminated rivers, most of them 
were affiliated with the Bacterioidetes or Proteobacteria phyla, reflected by the isolation of 
multi-resistant bacteria.  
Based on the abundance of sequences associated with pathogenic bacteria, the authors raised 
the awareness to the health risks associated with polluted rivers, which could function as 
hotspots of dissemination of antibiotic resistance and as environments that promote shifts in 
bacterial behavior towards a pathogenic state. Additionally, the analysis of a 16S gene library 
originated from water samples of the heavily impacted Zenne river, revealed the severe 
impact to which microbial communities undergo upon sewage contamination, suffering 
drastic compositional changes that may result in alterations in ecosystem functioning.  
Heavy metal contamination is a common form of aquatic pollution worldwide. Those 
compounds are toxic to living organisms and also present mutagenic activity. Microbial 
communities are capable of interacting with these compounds, consequently affecting their 
availability and impact in the environment. Rastogi and colleagues (2011) studied the Couer 
d’Alene river, located in the United States as a model environment of severe metal 
contamination. Metagenomic analysis integrating gene library construction and a 
microarray based technique, the PhyloChip were used to describe microbial communities 
from this site (Rastogi et al., 2011).  
Couer d’Alene River has suffered an impact of 125 years of acidic ore mining, which resulted 
in extremely high levels of metal in its waters, that include As, Cr, Cu, Ni, Pb and Zn. 
Ribosomal small subunit gene libraries revealed only a modest bacterial diversity in this 
environment, as suggested by rarefaction curves, but the PhyloChip approach was capable of 
covering a much larger portion of the bacterial diversity which reached 40 phyla while 
sequences retrieved by library construction retrieved only 6 phyla. Most OTUs originated from 
river sediment samples were associated with the Phylum Proteobacteria, followed by Firmicutes, 
Actinobacteria, Bacteroidetes, Acidobacteria and Chloroflexi. In addition, several other phyla with a 
smaller number of OTUs could only be detected by the PhyloChip. Several OTUs obtained in 
this study were affiliated with sequences obtained from samples subjected to heavy metal 
pollution but also with soil and aquatic samples that were not subjected to such impacts.  
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Additionally, several OTUs where associated with microorganisms whose metabolism is 
involved in processes of heavy metal bioavailability and mobilization. The authors also 
explored the diversity of the amoA and mcrA genes, associated with microbial ammonia 
oxidation and methanogenic metabolism, respectively, through library construction. Libraries 
produced a small number of OTUs evidencing that few species harboring such genes are 
present in this environment. While the amoA gene library was dominated by species of the 
ammonia oxidizing genus Nitrosospira, the mcrA gene library was dominated by methanogenic 
species of the genus Methanosarcina, evidencing an important role of archaea in the process of 
methane production within the river. Although little information could be retrieved from the 
amoA and mcrA gene libraries, they provide the first insights into the characterization of the 
roles of ammonia oxidizers and methanogenic microorganisms in this environment.  
Interestingly, the amoA and mcrA genes are associated with very distinct environments. The 
former commonly occurs in strictly aerobic microorganisms while the latter is usually 
associated with anaerobic metabolism. So, the apparent paradox of both genes being 
retrieved in the same environments is still to be elucidated.  This work is a good example of 
how distinct metagenomic techniques can complement each other. Since microarrays rely on 
previously known sequences it cannot be applied for detecting new species. Furthermore, 
this technique provides very little information concerning the composition of DNA 
sequences, revealing only if they are present or absent. On the other hand, the detection of 
novel taxa can be reached by 16S rRNA gene library construction. One limitation is that rare 
groups tend to be neglected by this approach, even with a very large sequencing effort. 
Hydrocarbon pollution is a global issue, oil spills cause contamination of aquatic environments 
affecting living organisms in most areas of the world. Efforts to avoid, reduce, and remediate 
those continuous and/or acute contaminations are extremely necessary. Some advancement in 
this subject, however, has been recently achieved. For example, Marcos and colleagues (2009) 
identified bacterial populations in sub-Antarctic marine sediments, subjected to severe 
hydrocarbon pollution, capable of degrading polycyclic aromatic hydrocarbons (PAH). These 
findings revealed potential bioremediation strategies based on bacterial oxygenase genes 
obtained from those environments. In this work, samples were retrieved from the Ushuaia 
Bay, Argentina, a region subjected to constant small accidental hydrocarbon spillages, due to 
loading and unloading of petroleum-derived substances in a nearby pier. Using metagenomic 
DNA, construction of gene libraries were performed using primers designed for the gram-
negative bacterial dioxygenase gene (Marcos et al., 2009).  
The dioxygenase is the catalytic subunit of a multicomponent enzyme complex that 
catalyzes the insertion of molecular oxygen into benzene rings, an important step in PAH 
degradation pathways. Phylogenetic analysis of the dioxygenase protein sequences deduced 
from these gene sequences revealed a diverse set of enzymes in Ushuaia Bay’s bacterial 
communities. Results revealed important biological indicators of PAH pollution and 
highlight the potential applications of metagenomics in the search for enzymes to be used 
for the development of PAH bioremediation strategies. 
An recent evaluation of the bacterial diversity within mangrove sediments revealed several 
groups sensible to oil contaminations, which represent potential oil spillage indicator 
organisms in ecosystems (Santos et al., 2011).  
In this work, bacterial communities in microcosms containing mangrove sediments exposed to 
2% and 5% v/w of fuel oil were analyzed prior to oil exposure and after 23 and 66 days of oil 
contamination. Pyrosequencing of partial 16S rRNA gene sequences revealed that bacterial 
communities from all samples were dominated by the Proteobacteria phylum, mostly of the 
Gamma, Delta and Alpha-proteobacteria classes. Interestingly, petroleum contaminated 
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microcosms presented higher indexes of species richness when compared to their control 
samples. Additionally, the authors observed significant shifts in bacterial genera abundance 
associated with hydrocarbon degradation (Alcanivorax) and hydrocarbon contaminated 
environments (Marinobacterium, Marinobacter, Clostridium, and Fusibacter). On the other hand, 
an intense decrease in the abundance of sequences associated with the genera Helia after 
hydrocarbon contamination indicated that this group seems to be very sensitive to oil pollution.  
A similar study focused on the diversity of microeukaryotes retrieved from the same 
mangrove system within microcosms subjected to the same levels of oil contamination.  
DGGE and 18S rRNA gene library construction revealed organisms within the 
microeukaryote group that could be used as potential bioindicators in the monitoring of oil 
pollution (Santos et al., 2010).  
Results suggested that Fungi and Metazoa, the originally dominant group in the mesocosm, 
are the most sensitive to oil contamination, being replaced by Stramenopiles as the most 
abundant group after oil contamination.  Therefore, the balance between those two groups 
can reflect the level of oil impact to which an ecosystem is submitted. Interestingly 
microeukaryote species richness and diversity indexes were lower in the oil contaminated 
mesocosm, in opposition to the prokaryotic pattern of higher diversity and richness in 
contaminated mesocosm.  
Determining the reason why these communities behave differently upon oil 
contamination will shed light on the variables that regulate microbial community 
composition on polluted environments and possibly establish new ecological 
relationships by which prokaryotic and microeukaryotic populations affect each other in 
pristine and polluted ecosystems. Also, the comparison of microbial communities in 
microcosms subjected to oil contamination in different time periods suggests that shifts in 
prokaryotic and microeukaryotic communities are time-dependent, undergoing distinct 
alterations according to the time passed since contamination. Altogether these results 
provide precious information to be used in the development of bioindicators based on 
microbial diversity, abundance and community composition. Even though those results 
are very promising, further study is required to determine if microbial communities 
respond to oil contamination in a similar pattern as they respond in microcosm 
environments before reliable biomonitoring strategies can be developed.  

4. Conclusions 

We now know that pollution severely affects microbial communities indicating how fragile 
aquatic biota can be, so it is necessary to explore how exactly those impacts affect 
microorganisms directly (e.g. characterizing which of pollutants cause death of organisms 
and which ones promote slowing of growth). Rarefaction curves generated from 
metagenomic analysis indicate that a large amount of the diversity of Bacteria and Archaea 
is not being covered, calling for further efforts to fully identify these organisms, especially 
when focusing on rare groups.  
New generation sequencing techniques seem to be the option for a complete access to 
Earth’s Biota. Also, due to the capability of those methodologies to generate very large 
datasets, they are more fitted for quantitative inference, which is only poorly explored 
through library construction due to the smaller number of sequences that is generated 
through this method when compared to these new generation sequencing technologies.   
Future studies focusing on microbial communities from aquatic environments subjected to 
anthropogenic pollution, to determine their composition, structure, metabolic capacities, 
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and ecological relationships are still necessary for a deep understanding of how those 
complex environments function and how the severe impacts to which they subjected can be 
reversed or at least attenuated. Function driven metagenomics, focused on specific genes 
associated with biogeochemical cycles (e.g. amo genes) contribute to a more detailed 
interpretation of the data gathered so far, so scientists can know not only which 
microorganisms are living in impacted environments but also how they are behaving 
biochemically. Furthermore, the utilization of metagenomic techniques will help to 
determine what effects pollution produces in aquatic microorganisms in a global level, 
specifying which alterations are common to all impacted environments and which ones are 
associated with a specific ecosystem, pollutant or a microbial group.  
A great number of polluted sites where microbial diversity was explored through 
metagenomics are subjected to more than one kind of pollutant (industrial, wastewater, 
agricultural, etc.) Analyzing similar sites subjected to different pollutants will contribute 
to the understanding of which pollutants are more aggressive against environmental 
microbial communities and what sorts of alterations each one of them is capable of 
promoting.  
For example, several studies suggest that while some sorts of pollutants, such as heavy 
metal and hydrocarbons, tend to alter or decrease microbial diversity, sewage 
contamination usually produces increases in microbial diversity. Sequences originated from 
polluted environments are often associated with pristine sources, indicating that those sites 
may harbor an important microbiota capable of surviving and growing in heavily polluted 
sites. Further exploring the diversity of organisms in these ecosystems will provide relevant 
insights for biomonitoring strategies as these microorganisms may present important 
metabolic traits that can be applied for bioremediation. Therefore, pristine environments are 
as much important as polluted ones in the development of biotechnology strategies, and 
thus require further efforts to elucidate their microbiota.  
Certainly, an enormous amount of species, genes, proteins, enzymes, and metabolic 
pathways are still to be discovered. Guanabara Bay has been shown to be a potential site 
harboring those unexplored biological units, which presents potential applications for 
biomonitoring, bioremediation and even sanitary policies.  
Metagenomic analysis showed that Proteobacteria are widely spread throughout polluted 
environments, therefore, further studies focused on this phylum will contribute to our 
understanding of the anthropogenic impacts in aquatic environments.  The study of the 
behavior of microbial communities in Guanabara Bay during and after the cleansing 
program to which it is being submitted can provide insights into how aquatic life in heavily 
polluted aquatic environments responds to attempts to revert impacts, to determine if such 
an attempt is successful and to quantify the extent of the damage that can be reversed. Due 
to its characteristics, Guanabara Bay could be used as a model ecosystem for this sort of 
analysis. Therefore, Guanabara Bay has an unexplored biological and biotechnological 
richness requiring further research, specially focusing on microbial groups that are poorly 
studied such as environmental microeukaryotes, viruses and archaeas. For these future 
studies metagenomic approaches will surely be indispensable and will certainly contribute 
much valuable information.  
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1. Introduction 

Flooded river valley meadows particularly in their deltas are very important for water 
quality and river ecology, as growing there grasses entrap the flow sediments and sediment 
bond chemical materials brought by river. Consequently the water of seas, gulfs and lagoons 
becomes much clearer. The river flow bring from the river-basin area the washed from 
agriculture fields ground, so called ”wash load”, which contain many fine clay particles 
with adsorbed organic and nutrient materials as nitrogen phosphorus or even heavy metals. 
The suspended sediment load in significant part is brought into the valleys, where its 
deposition is going on. So the water quality in the rivers and seas is improved.  
It was estimated that in the Nemunas delta during the period 1950 – 1981 it got deposited 
about 250 t potassium, 950 t phosphorus, 38000 t of calcium, and 147000 t organic matter rich 
with nitrogen (Vaikasas et al. 1997). It did not get in the Curonian Lagoon and the Baltic Sea 
(Fig. 1). Nevertheless, the grass–covered floodplains and deltas are often separated from 
rivers by dikes for intensive agriculture or other purposes. When such systems are designed, 
it is necessary to model sediment deposition in these separated areas to estimate the future 
increase of water contamination of the rivers and their receivers: gulfs and seas. However, 
the calculation methods used in the known mathematical models are adapted for flow over 
the sandy river bottom only (Bixio & Defina, 2004). Calibration results of the mathematical 
model of the river Nemunas delta with common sediment deposition formulae for riverbed 
flows did not correspond to the data of measurements (Rimkus & Vaikasas, 1997). Sediment 
deposition in the grassed floodplains was several times greater than on the sandy beds, as in 
the meadows there are other boundary conditions much more favourable for sediment 
deposition. Therefore the calculated increase of water contamination would be much less 
than the possible real. Consequently, it was necessary to study the peculiarities of flow and 
sediment motion under these conditions as well as to work out the sediment deposition 
calculation formulae, suitable for calculations on the new created mathematical model. 
Intensive sediment deposition in grassed floodplains was estimated and significant reduce 
of nutrients was found in many other rivers (Large & Petts, 1994; Fustec et al., 1991; 
Haycock & Burt, 1990, 1991; Middelkoep & Haselen, 1999). The decrease of sediment-bound 
phosphorus and nitrogen reached even 80-87% (Jankowska, 2006; Lamsodis & Vaikasas, 
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2005). It was also stated that accurate prediction of the movement and deposition calculation 
of muddy sediments is highly desirable, however knowledge of these complex objects is 
limited, and there is no generally accepted formula for accurate calculation of sediment 
transport rate (Soulsby et al., 2010). 
The focus of our studies was processes of suspended sediment deposition in the flooded 
delta of the river Nemunas and in the grassed floodplain of the river Nevėžis and the small 
river Virvytė.  
Investigations of sediment motion analysis in the Nemunas delta showed, that the 
suspended sediment deposition in flooded valley meadows was very intensive. It reaches 
about 80% of summary sediments bought to the delta by river flow. That is due to the 
favourable conditions for sediment deposition in the delta. The river flow of the Nemunas in 
its delta is divided in two parts: the part overflowing in the wide valley and the part 
remaining to flow further along the riverbed. During the floods, particularly the large ones, 
flow velocities in the riverbed below this overflow in the valley are hardly decreased; 
therefore the sandy sediments are intensively deposited here. They pond the water level 
higher and increase the overflow into the valley, where the deposition of fine sediments is 
hardly increased also.  
 

 
Fig. 1. Scheme of floodplain of the Nemunas delta and the Curonian Lagoon (The model 
area is indicated by a rectangle) 

After the maximal water discharges of floods and between them, the deposited large 
amounts of sediments are washed off and leveled. This process has been modeled in the 
Nemunas delta for 50 years with various flood intensities. Consequently the dynamics of 
sediment motion in the riverbed and valley flows has been investigated.  
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In the flooded meadows of the river Nevėžis the suspended sediment deposition in grassed 
areas has been investigated (Vaikasas, 2010). The received data were employed for 
calibration of new formulae for the calculation of sediment deposition in grassed valleys of 
plane Lithuanian rivers.  
In the small river Virvyte the sedimentation process in the riverbed and in flooded valley 
has been investigated under the conditions, when the cascade of hydropower plants along 
the whole river was build, which led to the modified conditions for water flora and fauna 
life. The hydro energetic plants worsened the ecological conditions of river, therefore the 
coordination ways of environmental and water energy employing needs were studied. 

2. Methods of investigation 

The sediment deposition in the riverbeds and floodplains in investigated objects has been 
estimated by calculation of deposited sediment amounts for the period 1950 – 1991, for 
which the hydrometric data about the sediment concentrations was available. During this 
time of investigations the periods with high and low floods were observed, then on the 
bottom of riverbed the sediments were either accumulated from year to year or washed. 
Subsequently the river became either more shallow or deeper, also the water levels during 
the floods were changing accordingly. The discharge of water overflowing into the valley 
depends on these water levels. Consequently during these periods the sediment deposition 
in the valley was also changing. By calculations for long period the average data of sediment 
deposition have been received. 
According to calculations, during the high floods the riverbed below the places of water 
overflow in the valley was filed with sediments almost fully, as the flow velocity decreased 
there significantly, and the flow was not able to bring the sediments further. Such were the 
floods in 1951, 1958 and 1979. The water overflow into the valley and sediment deposition 
was very increased then. During the sinking of flood and after it the accumulated sediment 
layer in this strip was quickly washed out and spread below. The water flow remains 
normal. 
Sediment deposition calculations were performed for 4 sediment fractions found by 
investigations. Their particle diameters were 0.005, 0.01, 0.02 and 0.1 mm. These are the 
sediment particles from clay to fine sand. According to investigations of hydrometric 
stations the concentrations of these sediment fractions fluctuated in large diapason – from 3 
to 100 mg/l. Their measured meanings were employed for calculations.  
Sediment deposition intensity depends on the flood size. During low floods when small 
water discharge flows; all sediments brought into the valley get settled. With increasing 
floods the certain part of sediments is brought to the end of investigated valley interval and 
returned to the riverbed. Therefore for estimation of this process the investigations were 
necessary to be continued in long term period. 
Sediment deposition in the Nemunas valley was calculated applying our own hydraulic-
mathematical model “DELTA” created for the study of the Nemunas delta (Fig. 2) (Rimkus 
et al., 2004, 2007). The known mathematical models (MIKE 21 1995) were not applicable for 
our purpose because they are not adapted for sediment deposition calculations in the 
flooded meadows, for which the special formulae are to be applied.  
For riverbed flows it is characteristic the bottom sediment load with high sediment 
concentration. The sediment deposition process begins when the flow in this bottom sediment 
layer is saturated, i.e. when the transportable sediment concentration or critical flow velocity is 
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achieved. The concept of critical velocity or transportable concentration cannot be applied for 
sediment deposition calculations for flow with grass-covered bottoms, where neither the bed 
load of sediments nor high concentrations necessary for flow saturation are observed. The 
unique sediment deposition is constantly going on at the bottom in the flow over grass. 
Having measured the water turbidity, it was determined that at the grass level suspended 
sediment concentration exceeded the average concentration by only about 1.2 times, while the 
concentration near the sandy bottom of the river Minija (tributary of the Nemunas River in its 
delta) was eight times higher (Vaikasas & Rimkus, 1996). Consequently, the boundary 
conditions for sediment deposition in riverbed on grassed flood plains are quite different. 
Therefore the calculation equations, in both cases must be different as well.  
The ability of grasses to entrap the sediment was already noticed earlier (Barfield et al., 1979, 
Thornton et al., 1997; Pasche & Rouve, 1984; Cristiansen & Wiberg, 1997; Carpena et al., 
1999; Deletic, 2001). However the sedimentation process in grassed food plains was yet not 
investigated properly. 
Method for calculation of sediment deposition in the grass-covered floodplain, proposed by 
Rimkus, was created with estimation of grass ability to entrap the sediments (Rimkus et al., 
2007). Because of the low flow velocity between the grasses, the sediment deposition in them 
becomes similar to the deposition in still water. It is proportional to the fall velocity of 
sediment particles and on the sediment concentration between the grasses, which is formed 
by concentration in the flow at the grass layer. Therefore the sediment deposition into the 
unit of bottom area can be expressed as follows: 

 cor bD k wC  (1) 

where w – the fall velocity of sediment particles, Cb – sediment concentration at the flow 
bottom, i.e. at the surface of grass layer, kcor – correction coefficient depending on the state of 
grasses; for the luxuriant grass it is greater.  
The fall velocity of sediment particles depends mostly on their diameter. To estimate it, the 
composition of sediment particles must be known; therefore the water examples containing 
suspended sediments are taken during the floods. In natural water samples, fine sediments 
usually make the aggregates. During the laboratory experiments, the aggregates commonly 
are destroyed, and the physical sediment composition is received. However for cohesive 
sediment deposition calculations the deposition of aggregates must be estimated, therefore 
the experiments of sediment composition for this aim is to be performed of natural water 
samples with non-destroyed aggregates. Then the aggregates receive the equivalent 
diameter of sandy particles. It gives the real fall velocity of aggregates (Pukštas & Vaikasas, 
2005). 
Usually sediment concentration in the flow is expressed by average concentration C ; 
therefore it is necessary to estimate their ratio / bF C C . Then formula (1) changes so: 

 /corD k wC F  (2) 

For calculation of ratio F the next formula was derived: 
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where h – water depth, y - distance of  investigated point from the bottom,  vy – water 
velocity at the distance y from the bottom, a=0.3hgr , hgr – thickness of grass layer, k=0.4 – Van 
Karman number, z – Rouse number,   - ratio of the sediment and momentum diffusion 
coefficients, u* - shear velocity. 
For calculation of ratio F, the velocity distribution along the water depth is necessary. This 
distribution can be accepted, for example, as logarithmic. The vertical velocity distribution 
depends on the flow turbulence distribution, which depends on the boundary conditions. In 
the width valleys this conditions are simple and similar to the ones existing in wide enough 
experimental channels with grass-covered bottom, in which the logarithmic distribution of 
velocities is found (Kouwen & Unny, 1973; Christensen, 1985; Temple, 1986; Kouwen, 1987; 
Yurchuk, 1999). Such velocity distribution was used in our model. For fine clay sediments, it 
is received F=1. 
This sediment deposition calculation method is described in detail in the published articles 
(Rimkus et al., 2007; Rimkus & Vaikasas, 1999). Sediment deposition calculations were 
performed according these formulae.  
To calculate sediment motion in the Nemunas riverbed it was necessary to chose the 
formulae for calculation of discharges of bottom and suspended sediments. Difficulty was, 
that mostly they were derived and therefore are suitable for sediment particles coarser than 
1 mm, while in the Nemunas Delta they are finer. The formulas of van Rijn (1993) was 
chosen, which are suitable and for particles with diameter equal to 0.2 mm. For bottom 
sediments they are as follows: 

  0.5 0.5 1.5 0.3 2.1
50 *0.153 1dgq s g d d T  , when  /kr krT     <3, (4) 

  0.5 0.5 1.5 0.3 1.5
50 *0.1 1dgq s g d d T  , when 3T  , (5) 
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   50kr s krgd      (7) 

   1/32
* 50 1 /d d s g    (8) 

 /ss    (9) 

here dgq  – the bed load; 50d  and ir 90d  – diameters of sediment particles of probability 50 
and 90 %;   –  the bed shear stresses; kr  – critical value  for sediment deposition  of bed 
sear stresses; vidv  – the average velocity of flow; h  – water depth; *d  – non dimensional 
diameter of sediment particles; s  and ir   – density of sediments and water;   –  viscosity 
of fluid. 
For the suspended sediments van Rijn (1993) proposed such formulas: 

 sknd vid aq Fv hC  (10) 
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here skndq  – the discharge of suspended sediments; F  – ratio of the sediment concentration, 
existing at the height a, and the average in the flow concentration, which can be estimated 
according the formula 2;   – the height of sandy waves at the bottom.  
The calculation of suspended sediment deposition within the regions of investigated flow 
requires estimation of the stream velocities, which is most often done by using one-
dimensional calculation methods. However, these methods determine only an average flow 
velocity and the sediment discharge in the floodplain as a whole. According to our model, 
created for estimating the sediment distribution across the valley, the river flow is divided 
into several strips with equal water discharges, and one-dimensional equations are 
employed in calculations. (Fig. 2). Consequently, the model turns to a quasi two-
dimensional one and, therefore, it can give more exact results. The application of real 2D 
models would be very difficult, since a large number (several millions) of net points must be 
chosen due to a complicated valley relief, and the calculations take too much time. The work 
with such models is not efficient particularly, when the flow and sediments discharges are 
variable. Therefore, our quasi-2D model was used. This enabled us to calculate the sediment 
deposition in a many-year period and to estimate thoroughly the influence of HPP ponds 
and weir heights on the quality of river water as well. 
 

 
Fig. 2. Distribution of computerised stream strips at the investigated section of the Nemunas 
delta model (the flood of 1996): I-XXII – cross-section numbers; 1-5 – numbers of 
measurement posts; 1-11 – numbers of flow strips. 
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3. Modelling of the suspended sediment dynamics 

3.1 Sediment motion dynamics in the river Nemunas delta 
Amounts of sediments for four fractions deposited in upper and down strips of Nemunas 
delta calculated according the described calculation method are plotted in Fig. 3 and 4. 
The change of sediment layer in the riverbed during 1950-1991 is represented in Fig. 5. There 
are plotted the thickness of sediment layer accumulated till this time. They were calculated 
for 4 segments. The first two are in down strip of valley and the third and fourth – in the 
upper one. 
As the calculation results show, most of the sediments in the valley and also in the riverbed 
was deposited at the beginning of investigations, as the floods were large then (Rimkus 
&Vaikasas, 1999, 2010). Particularly intensive deposition was in 1958, when the flood was 
very large (probability 1%). 
 

 
Fig. 3. Sediments deposited in down strip of valley: 1 – diameter of fraction particles  
0.005 mm; 2 – diameter of fraction particles 0.01 mm; 3 – diameter of fraction particles  
0.02 mm; 4 – diameter of fraction particles 0.1 mm. The summary amount of sediments 
settled during 1950–1991 time interval is equal to 739000 t. 

The conditions for sediment deposition in the down and the upper parts of the delta are 
different, so the settled amounts of sediments are different too. The valley in the upper part 
is much wider; therefore the sediment deposition was more intensive there. However the 
floods overflow more rare in this part, because the altitudes of the overflow the places are 
rather high, therefore it decreased the overflow rates and sedimentation amount. In the 
upper strip the river did not overflow in 19 years of 42 years of the entire investigations. In 
the down strip area the river did not overflow only 11 times, as the overflow places are 
lower here. That increased the sedimentation here. However because of the less area of this 
strip, the sediment deposition was less intensive there.  
The deposited amounts of sediments are quite large. In the upper part of delta it was 
deposited 35% of all sediments brought by river. Sedimentation in both strips reaches 60% 
of the brought by the river flow. Summary amount of sediments makes 2.3 mln t. The 
sediment deposition is going on also and in valley part near the Curonian Lagoon. Therefore 
the total deposition in the delta can reach about 80% of the brought by the river.  
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The not implemented project was made to protect these valley areas from the spring floods 
for intensive farming. It would increase the water contamination in the standing water of 
south part of the Curonian Lagoon, where and in this time the water is not quite clear. The 
similar project was realized in Denmark on the delta of the river Skjern. It caused the hard 
increase of water contamination in the Rinkgobing lagoon, and fishes began to die there. 
(Ministry…, 1999). Therefore it became necessary to restore the former floodwater flow 
through the valley. This example shows, how important is to perform the modeling of 
sediment motion in such cases. In the Nemunas delta only the protecting from summer 
floods was useful and had been performed. However, for example, in the valley of the river 
Minija the protection of some valley parts from the spring floods was suitable, as there are 
large enough not separated areas. In the river deltas such areas are absent mostly 
(Dolgopolova, 2004). 
 

 
Fig. 4. Sediments deposited in upper strip of valley: 1 – diameter of fraction particles  
0.005 mm; 2 – diameter of fraction particles 0.01 mm; 3 – diameter of fraction particles  
0.02 mm; 4 – diameter of fraction particles 0.1 mm. The summary amount of sediments 
settled during 1950–1991 time interval is equal to 1670000 t 
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Fig. 5. The thickness of accumulated sediment layer: 1 – in the first segment of riverbed, in 
the first half of down strip; 2 – in the second segment, in the second half of down strip till 
the river Gege; 3 - in the third segment, in the first half of upper strip; 4 – in the forth 
segment, in the upper strip till its top. 

3.2 The possibilities to increase the sediment deposition in the valleys 
Naturally it would be desirable to find the means to increase the sediment deposition of 
muddy water still more. Therefore it was investigated the means and factors influencing the 
sediment deposition in the valleys. (Rimkus & Vaikasas, 2010). These factors are: 
1. The increase of water discharge flowing through the valley by deepening and widening 

of places where the floodwater overflows from riverbed into the valley. 
2. The forming before the floods of the best state of the grasses for sediment entrap in the 

floodplain meadows. 
3. The building of way banks across the floodplain 
4. The slowing of water stream in the valley by growing of bushes and wood. 
For the increase of water discharge overflowing in the upper part of Nemunas delta it was 
widened and deepened the natural water overflow place existing at the settlement 
Panemunė (Fig.6). Increase of the conductivity of this overflow was successful, as the water 
flows further into the wide lake Užlenkė, from which it spreads into the whole valley. 
Attempt to increase the conductivity of other smaller overflows, for example of Malūnkalnis 
or Marižiogis, was not successful, as the overflowing water further flows through the 
narrow beds, which limits their conductivity. Widening only of the inflow from the riverbed 
is not effective.  
The sediment deposition in the valley can be increased also by deepening of wide water 
overflow place below the railway bridge, however economically effective appeared only the 
deepening of the overflow at the Panemunė. On the possibility to dig here the channel the 
attention was turned during the investigations to select the optimal trace for the road round 
the town Sovietsk. The ground for the road banks could be taken from this channel. Thus it 
was found by these investigations not only the optimal trace of the road, excluding it’s 
negative influence, it was detected also the possibility to increase and the conductivity of the 
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valley. For the building of this road it would be necessary to dig the channel with the width 
120 m and the depth – 2 m. 
 

 
Fig. 6. The main canal and floodplains of the river Nemunas in Panemunė 

The built across the Nemunas delta railway and highway decrease the sediment deposition 
about by 30%, as they are nearly to the main water overflow in valley. However the 
deepening of the water overflow into the valley at the Panemunė compensates this negative 
influence and still increases the water discharge flowing in the valley. 
The bush and wood growing in the valley decreases the flow velocities there. The decrease 
of flow velocities in the riverbeds can to increase deposition of suspended sediment. 
However in the meadows of the floodplains the sediment deposition does not increase with 
decreasing of flow velocities, as the velocities in flooded valleys are low and the grasses are 
not laid. Consequently they can to entrap the sediments independently on the little 
exchange of flow velocities, as their state does not change in these conditions. 
In the cases when the thick bushes increase the water level too much, they can pond the 
water inflow in the valley and to decrease the sediment deposition there. 

3.3 Sediment motion dynamics in the River Virvyte 
To utilize the renewable energy, hydroelectric power plants (HPPs) are built in rivers. 
However, their weirs and made ponds affect the natural conditions of the rivers, thus 
deteriorating the life conditions of water fauna and flora. Ponds have major impact on river 
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hydrology. It was found and in other rivers (Wang et al., 2003, Marčiulioniene et al., 2011). 
Weirs disrupt the natural motion of sediments and the organic materials accepted with 
them. The organic silt is mostly retained in the reservoirs, instead of fertilizing the 
downstream floodplains. In reservoirs, anaerobic processes and algal populations tend to 
dominate, and eutrophication may occur if there is an excess of nutrients in the water and 
sediments (WFD, 2007; Povilaitis, 2008). Thus, ecosystems can be influenced to a large extent 
and the water quality may get worse (Vaikasas & Dumbrauskas, 2010; Rimkus & Vaikasas, 
2010; Olli, 2008). Therefore, it is necessary to analyse these processes and reduce their 
negative influence by choosing optimal methods of hydro-energy employment. This was the 
second aim of the study. 
Further in the chapter, there are presented the results of mathematical-hydraulic modelling 
of the influence of HPP ponds with various weir heights on the sediment deposition in 
valleys inundated during the floods. When the weirs are not too high and the riverbed 
volume is sufficient for arrangement of the ponds, the valleys are inundated only during the 
floods. In the flooded meadows, the sediments washed from the fields settle steadily.  
Consequently, the quality of river water is improved greatly because of the settled particles, 
brought from the adjacent agricultural lands and deposited there, are rich with adsorbed 
nutrient load (Bakel, 2006). On the contrary, when the weirs are too high, some part of the 
valley area is always inundated. In this case, the valley area, useful for sedimentation, 
decreases. Consequently, the water self purification process decreases also, as more 
significant part of sediments, containing pollutant materials, return from the valley to the 
river flow. Therefore the too high weirs can worsen the water quality in the downward river 
reaches.  
In deep ponds, there are some other factors that are unfavourable for the formation of water 
quality. The low stream velocities in large ponds create favourable conditions for algae and 
other small vegetation to grow. The decayed fine vegetation pollutes the water. The silt 
sinks on the bottom, although elevated flow velocities could lift it. These velocities increase 
during the daylong power regulation. With increased turbine discharge, the suspend 
organic silt mixes with water and passes down. The oxidation of these organic materials 
decreases the amount of dissolved oxygen over a long interval of the river. This process in 
the Lithuanian rivers has already been discussed earlier (Vaidelienė, 2008; Ždankus, 2008; 
Ždankus & Sabas, 2005; Zdankus et al., 2008). 
Most ponds of the river Virvytė fill up only the riverbed, and only few of them overflow 
into the valley. The present investigation is based on the modelling of a 12-km interval of 
the small river Virvytė, where a 11 HPP cascade includes three HPPs: Skleipiai, Kapėnai, 
and Kairiškiai (Fig.7). In the modelled river interval, the pond of Kapėnai HPP occupies 30 
ha of a dammed valley. This decrease the sediment deposition in the valley. The main 
amount of sediments settled in the valley deposits during the frequent, although not large 
floods. In a modelled 50-year interval, an area of 60–70 ha at the Kapėnai pond was flooded 
most frequently. Therefore, it is natural that, in such a long period of time, the 
sedimentation decreased by half. The average sediment deposition in the valley strips near 
the riverbed makes 2–3 t/ha/year. The similar quantities were found during the field 
investigation in the flooded valley of the river Nevėžis (Vaikasas, 2010). 
For the ponds in Skleipiai and Kairiškiai, the riverbed is sufficient for their ponds; while in 
the Kapėnai pond, as it is mentioned above, some part of the pond overflows in the valley. 
The calculation results show a considerable decrease of the sediment deposition in the 
valley in the lower region of this pond. The results are plotted in Fig. 8. 
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Fig. 7. The HPPs cascade in the river Virvyte 

Three groups of curves are plotted in Fig. 8. Thin lines depict the case when the HPP ponds 
are absent and the sediment deposition is naturally great. Thick lines indicate the case where 
all ponds are present in the investigated interval and the sediment deposition decreases 
intensively. During the high floods, the sediment deposition decreases almost by half and, 
during the small ones, even several times. The dotted lines show the case where only the 
Kairiškiai pond is equipped. Here, the sediment deposition is practically the same or even 
somewhat greater compared with the case without HPP weirs. Thus, such a HPP has some 
positive influence, since even low weirs slightly pond up the flood water levels. 
The sediment deposition in the inundated valley increases quickly with rising of water rates, 
since in this case the sediment discharge also increases, and the decrease of sediment 
concentration because of their deposition is then compensated. In addition, the area of 
inundated valley increases with the flood increase. The floodplain area in the region of these 
three ponds during the flood of a 1% probability covers 400 ha. The deposition of coarse 
particles increases with discharge growing much more intensively, because the fall velocity 
of these particles is also much higher. 
In Fig. 9 the deposited sediments are expressed as part of the total amount of sediments 
brought to the river. The deposition is quite intensive. When the water discharge is large, 
the deposition of fine sediments increases less intensively than in the case of sediments 
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brought by the river. Therefore, the relative deposition of these sediments starts decreasing 
a little. 
 

 
Fig. 8. Amount of deposited sediments in the investigated interval of the river Virvytė valley 
as a function of flood discharge: thin lines – weirs are absent, thick lines – with all 3 HPP 
weirs, dotted lines – only with a weir of Kairiškiai HPP. Particle diameters in the sediment 
fractions are 0.001 (1), 0.002 (2), 0.005 (3), and 0.01 (4) mm. 

 

 
Fig. 9. Intensity of sediment deposition in the inundated valley as part of sediments brought 
by the river: thin lines – dams are absent, thick lines – with all 3 HPP dams, dotted lines – 
only with a dam in Kairiškiai HPP. Particle diameters in the sediment fractions were 0.001 
(1), 0.002 (2), 0.005 (3), and 0.01 (4) mm. 
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The arrangement of the Kapėnai pond decreased the sediment deposition in the valley more 
intensively during the relatively low floods, since this pond took away some of floodplain 
parts important for the sediment retention, which would be flooded by the low, but more 
frequent floods. 
Fig. 10 depicts the longitudinal profile of the investigated interval of the river Virvytė 
during the floods with a water discharge of 20, 50, 100, and 150 m3/s. These floods pond the 
water level below the HPP and somewhat decrease the power of the turbines. In the 
Kapėnai pond, there is a greater area of cross-sections near the dam, and thus the water 
level along the river increases less than in the other two ponds. Therefore, the stream 
velocities in the ponds of Skleipiai and Kairiškiai are higher, and their water levels increase 
along the flow more intensively. This leads to increase of inundated area of the valley and to 
increase of sediment deposition. As a result, the floodplain meadows are more fertilized and 
the water quality of the Virvyte River is improved. 
During high floods, the sediment deposition in the meadows of the Virvyte is more 
intensive; however, such floods are rare. The lower flood discharges occur more frequently 
and the significant part of sediments is deposited then. To estimate the influence of different 
floods, the calculations were performed for a long-term period. The results are shown in 
Figure 11. 
The amount of sediments deposited in a one-year period depends on the size of the flood. 
The most intensive deposition was observed during the large flood with a 1% probability in 
1958. Some years, the floods were low and did not overflow in the valley. In this case, the 
processes of sediment deposition and retention do not proceed. When all three ponds are 
involved, the sediment retention decreases by about 50% due to the too high weir of 
Kapėnai HPP. 
 

 
Fig. 10. Longitudinal profile of the investigated interval of the river Virvytė. Water levels of 
floods with water discharges of 20 (1), 50 (2), 100 (3), and 150 (4) m3/sec. HES dams: A – 
Skleipiai, B – Kapėnai, and C – Kairiškiai. 
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Fig. 11. Amounts of the sediments settled during a many-year period in the interval of 
Virvyte with the HPP ponds of Skleipiai, Kapėnai, and Kairiškiai: 1 – ponds are absent and  
2 – all three ponds are involved. 

Thus, the volume of sediments deposited in the floodplain is quite large. Such amounts of 
sediments per unit floodplain area have been found in our field investigations (Rimkus & 
Vaikasas, 2010; Rimkus et al., 2007; Lamsodis & Vaikasas, 2005; Vaikasas & Rimkus, 2003). 
In periodically flooded meadows, the grasses actually entrap the sediments and favour 
self-cleaning of the rivers. Therefore, a decrease in the grassed areas worsens this natural 
process. This fact was also confirmed by other researchers (Jankowska-Huflejet, 2006; 
Habersack et al., 2008; Vaikasas & Dumbrauskas, 2010; Lukianas et al., 2006; Ždankus & 
Sabas 2005; Zdankus et al., 2008). As one can see, in small rivers, high dams are not 
desirable from the ecological point of view; they can be important only for energetic 
purposes, for example, for the daylong regulation of power or for water energy 
accumulation. One rather large pond at the upper station of a cascade would be enough to 
successfully regulate the water discharge for the plants in the lower region of the river. It 
would not worsen the ecological conditions significantly, however such a pond would 
better supply the local exchange of electricity demands, and all the necessary pike energy 
could not be transported from the system. This would reduce the energy losses in the 
electricity supply network.  
Ten hydropower stations built on the river Virvytė are grouped in two cascades. In the 
lower one, the upper station (Sukančiai) has a pond sufficient for a daylong power 
regulation. However, such a regulation and optimal energy production are impossible now, 
since these stations are equipped with only one or two large propeller-type turbines (for 
economic reasons). Usually, they operate at their maximum power, which is much higher 
than the one ensured by the river; otherwise, their efficiency coefficient would be too low. 
Having worked down the water level in the pond to a permissible limit, the power units are 
stopped, and only a sanitary discharge is allowed to pass until the pond is filled again. This 
situation was discussed by Ždankus and Krakauskas (2000), too. According to the 
investigations performed in the river Virvytė, such an intensive fluctuation regime is very 
unfavourable for the environment. The living fish is decreasing in number. Such 
unfavourable conditions were also found in other rivers (Lopardo & Seone, 2004).  
When designing the power stations on the river Virvytė, the necessity to install better 
turbines has not been considered, because the total power of all river stations was small 
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compared with the power of the whole system. Therefore, the regulation of small HE power 
stations was not considered to be of significant importance. Moreover, no attention was paid 
to the ever-increasing possibility of ecological damage.  
To improve this situation, at least one Kaplan-type turbine with a wide power regulation 
should be installed anew or replace the old one at each station. The installation of Kaplan-
type turbines would be compensated economically in some period of time, since it would be 
not necessary to pass a sanitary discharge uselessly, when the utilized volume of pond is 
refilled. The turbines with a power regulation allow utilizing almost the whole water 
discharges of the river, except the surplus flowing during the floods. In addition, this makes 
it possible to produce higher-value energy adapted to the usage exchange. In this way, the 
ecological and energetic demands will be coordinated. Therefore, it is even supposed that 
the erection of HPPs in small rivers can be also possible and useful (Bruno, 2009). However, 
a certain large enough amount of rivers in each region must be left untouched, for 
preservation of natural environment. 
Since the most dams of the river Virvytė are not high, the stream velocities in its ponds 
during the floods are sufficient for transportation of fine sediments. Therefore, they are not 
silted by the deposition of silt and clay particles. Only coarse particles brought from the 
fields settle there. This fact has been proved by analysing the ground samples taken from 
the bottom in all ponds of HPPs. 

4. Conclusions 

The flooded meadows in river valleys especially in their deltas are very important for 
ecology conditions, as the grasses in these valleys entrap the brought by water flow 
sediments with adsorbed contaminations. 
When the protection of river valleys from the spring floods is designing, it is necessary to 
model the sediment deposition, and to estimate the possible increase of water 
contamination. In such cases it is necessary the large enough areas not separated by dikes 
for sediment deposition, which usually are absent in the deltas. 
The calculation methods for sediment deposition in flooded grassed valleys have not been 
performed yet, therefore the new formulae for these calculations are proposed. 
When in the rivers the hydro energetic power plants are constructed, the environmental and 
energetic needs are to be coordinated. When designing power plants on the river Virvyte, 
this coordination was no performed. Therefore the ecological conditions were heavily 
worsened. 
Water self cleaning in small rivers with HPPs is better, when the weirs are not too high, and 
the ponds do not inundate in the valleys. 
Mostly in small rivers HPP turbines are of cheaper propeller type, which cannot regulate 
their power, and therefore work periodically with the maximal power. That is very harmful 
for water flora and fauna. To improve this situation the Kaplan type turbines with power 
regulation must be installed. 
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1. Introduction 
1.1 Background 
The Shingwedzi River drains one of the drier sub-catchments of the South African 
component of the Limpopo River Catchment which is situated in the north-eastern part of 
the Limpopo Province of South African (Figure 1). This non-perennial river is a tributary of 
the Olifants River, or Rio des Elephantes as it is known in Mozambique, into which it drains 
which in turn joins up with the Limpopo River.  
 

 
Fig. 1. Map of the study area showing rivers, sampling sites and the boundary of the Kruger 
National Park, South Africa (Adapted from Fouché and Vlok, 2010). 
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The Integrated Catchment Management (ICM) approach currently applied in South Africa 
has resulted in 19 Water Management Areas (WMAs) demarkated within the country’s 
boundaries.  The Luvuvhu-Letaba Water Management Area (WMA 02), of which the 
Shingwedzi River forms part, lies entirely within the Limpopo Province and borders on 
Zimbabwe and Mozambique (DWAF, 2004a). A unique feature of this WMA is the world 
renowned nature conservation area, the Kruger National Park (KNP), along its eastern 
boundary which occupies more than a third of the land area of the WMA. The Shingwedzi 
River and the two major rivers of the WMA, the Luvuvhu and Groot Letaba Rivers, flow 
through the KNP into Mozambique. The Luvuvhu River is a direct tributary of the Limpopo 
River but the Groot Letaba River first flows into the Olifants River before joining the 
Limpopo River. 
The Shingwedzi River, which originates near the town of Malamulele (S 23° 00, 680 E 30° 
42,416), has a number of tributaries of which the Mphongolo, Phugwane, Shisha and 
Dzombo (Figure 1) are the most important. The first two originate outside the KNP whilst 
the entire catchments of the latter two are within the boundaries of the KNP.  
The Shingwedzi River Catchment is relatively small, covering an area of ca 5300 km2, and 
the climate is regarded as hot and dry. In addition to low rainfall, which ranges between 400 
and 650 mm a-1, it also has a high mean annual evaporation rate of ca 1700 mm a-1, resulting 
in a low annual run-off (Table 1) which, typical to South Africa, displays a historically high 
degree of variability as is illustrated by the data records of the Shisha River, one of the major 
Shingwedzi River tributaries (Figure 2). The catchment forms part of the summer rainfall 
region of South Africa and it typified by dry winters. Average temperatures range between 
2,4°C in winter to 40,8°C in summer and the area is mostly frost free. 
 

Sub-catchment Natural MAR 
Ecological 

Reserve 

Luvuvhu        520           105 

Shingwedzi         90            14 

Groot Letaba       382           72 

Klein Letaba       151          20 

Total       1053        241 

Table 1. The mean annual runoff (MAR) and recommended Ecological Reserve (million  
m³ a-1) of the sub-catchments in the Luvuvhu-Letaba Water Management Area in South 
Africa (Adapted from DWAF, 2004a, 2004b). 

The topography of sub-catchment is characterised by plains with a low to moderate relief in 
the east, giving rise to open hills, while low mountains with high relief are present towards 
the west (Midgley et al., 1994).  Based on the geology, three regions can be distinguished. 
The first region consists of the upper reach of the Shingwedzi River and actually includes 
only a small section of river. The second region lies mostly to the west of the KNP boundary 
and the third region contains the lower reaches of the Shingwedzi River and is 
predominantly inside the KNP. The first region consists mainly of basalts of the Letaba 
Formation (Lebombo Group, Karoo Supergroup). The second region consists of potassium-
poor quartz-feldspar of the Goudplaats Gneiss Basement, with some Letaba basalts (Karoo 
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Supergroup). The third region is made up mainly of Goudplaats Gneiss and Makhuttswi 
Gneiss with a small contribution from ultramafic metavolcanics and metasediments of the 
Giyani Greenstone Belt (Swazian Erathem).  The erodibilty of soils throughout the whole 
sub-catchment is high and according to Midgley et al. (1994) soil depths are moderate to 
deep in the east, where acid and intermediate intrusives occur and sandy loam soils 
dominate whereas it is moderate to deep in the west, with its basic/mafic lavas, where the 
soils are clayey. In the north and south of the sub-catchment small patches of intercalated 
assemblages of compact sedimentary and extrusive rocks appear. 
 

 
Fig. 2. The Mean Annual Runoff recorded between 1961 and 1987 on the Shisha River, a 
tributary of the Shingwedzi River, South Africa (Midgley et al., 1994). 

The vegetation in the sub-catchment is diverse and Mucina & Rutherford (2006) recognise 
the distinct vegetation units listed in Table 2 in the sub-catchment.  Based on the vegetation 
and climate the whole sub-catchment is regarded to fall within one region which can 
generally be referred to as Lowveld or which is referred to by Kleynhans et al., (2007b) as the 
Bushveld Basin Ecoregion. 
 

Vegetation Units Dominant  woody vegetation 
Cathedral Mopane Bushveld Colophospermum mopane
Mopane Basalt Shrubland Combretum  sp /  Colophospermum mopane 

Tsende Mopaneveld Colophospermum mopane / Acacia 
nigrescens/Combretum sp 

Lowveld Rugged Mopaneveld Colophospermum mopane 
Mopane Gabbro Shrubland Colophospermum mopane
Makuleke Sandy Bushveld Pterocarpus rotundifolius / Combretum collinum 
Nwambyia-Pumbe Sandy 
Bushveld Combretum apiculatum 

Granite Lowveld Mixed Combretum / Terminalia sericea 

Table 2. The vegetation units recognised in the Shingwedzi catchment (Mucina & 
Rutherford, 2006). 
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With regard to development the sub-catchment differs from the rest of the WMA where 
economic activity is characterized by irrigation, afforestation, tourism and commercial and 
informal farming. Most of the areas outside the KNP are dominated by rural settlements, 
informal farming and very little industrial development.  Midgley et al. (1984) reported that 
the land listed for formal irrigation covers an estimated 2,9 km2. Small scale mining 
operations, of which the majority is defunct, are dotted through the landscape. Under 
natural conditions the quality of the surface water is good but water of high mineral content 
occurs in some of the drier parts (DWAF 2004b). Bacteriological pollution of the surface 
water is a result of run-off from cattle pens and rural villages with insufficient sanitation 
infrastructure and services.  The water resources within the WMA are nearly fully utilized 
resulting in limited options for further resource development.  Reconciliation of water 
availability and requirements, based on data of the year 2005 (Table 3) show that 
requirements, with the exception of the Luvuvhu and Shingwedzi River sub-catchments, 
exceeded the available resources (DWAF 2004a, 2004b). The zero balance in the Shingwedzi 
sub-catchment is reason for concern because not only is water use regarded as “neglible” 
(DWAF 2004b) but the available amount of water is based primarily on groundwater 
resources. The concern is strengthened by the statement that the “over-exploitation of 
groundwater in the sub-catchment is not sustainable whilst there is insufficient knowledge 
on the long-term sustainable yield from groundwater and the interdependencies with 
surface water” (DWAF 2004b). It should further be borne in mind that the reconcilliation, 
and in particular the requirements, was based on an estimated population of 135 000 people 
(DWAF 2004a) in the sub-catchment at that time. If the trend in population growth in this 
region is similar to the rest of South Africa it would be correct to surmise that the 
Shingwedzi River and its tributaries could come under severe pressure as the need for more 
water will increase in the near future.  Based on the above it is important to take cognisance 
of the fact that if the increased water requirements for human needs are met using surface 
water it could become difficult to meet the ecological reserve (Table 1). These deficits could 
lead to a failure in supplying an adequate amount of water of appropriate quality to address 
the ecological requirements of the KNP and the honouring of international obligations to 
Mozambique. Both of these aspects are key considerations in the South African National 
Water Resources Strategy (NWRS)  (DWAF 2004b). 
 

Sub-catchment Local yield Local requirement Balance 

Luvuvhu 147 98 49 

Shingwedzi 3 3 0 

Groot Letaba 159 196 (37) 

Klein Letaba 32 37 (5) 

Table 3. Reconciliation of the water availability and requirements for the year 2005 
(million m³  a-1) of selected sub-catchments in the Luvuvhu-Letaba Water Management 
Area, South Africa.   Figures in brackets are negative (Adapted from DWAF 2004b). 

Although it is often stated that no major dams occur in the Shingwedzi River system 
(DWAF, 2004b; Midgley et al, 1994) it should be noted that the Makuleke Dam (S 22° 52,046 
E 30° 54,377) has been constructed in the Mphongolo River, while there are dams in the 
upper catchment, near the town of Malamulele, and in main the stem of Shingwedzi River.  
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In the latter case there is the Kanniedood Dam near the Shingwedzi Rest  Camp and the 
Sirheni Dam  near a rest camp with the same name, in the KNP. Although no or little water 
extraction is done at these impoundments, the impact that they have on the flow regime and 
connectivity of the system can not be ignored.  
As far as the water quality perspectives are concerned it is stated (DWAF 2004b) that 
phosphate, which result from diffuse sources such as the run-off from agriculture and 
informal domestic wastewater, is regarded as the only parameter that is adversely affected 
by activities in the sub-catchment. In addition point sources of pollution, that include 
mining effluents and treated sewage effluents, could have negative impacts on other water 
quality parameters. 
According to Kleynhans and Louw (2007) EcoClassification is a term used in South Africa 
for “the ecological classification process for river ecosystems and refers to the determination 
and categorisation of the Present Ecological State (PES) as well as the health or integrity of 
various biophysical attributes of rivers relative to the natural or close to the natural 
reference condition”. The purpose of the EcoClassification process is to gain insight and 
understanding into the causes and sources of the deviation of the PES of biophysical 
attributes from the reference condition.  In South Africa the EcoClassification process forms 
an integral part of a number of methods such as Ecological Reserve and Environmental 
Flow Requirement determinations. The methodology is also applied in the national River 
Health Programme (RHP) where it is used to establish biological response as an indicator of 
ecosystem health and only assesses cause and effect relationships in general terms.  
A number of indices that form part of a suite of tools, originating to a large extent from 
those developed for use in the RHP, has been adapted for use in the EcoClassification 
process where it is used to determine the Ecological Category (EC) of a river or reach of a 
river. The indices, each inter alia characterised by a strict protocol, were developed following 
a Multi Criteria Decision Making Approach (MCDA) (Kleynhans & Louw, 2007) and include 
the driver asssessment indices  (the Hydrological Driver Asessment Index, the 
Geomorphology Driver Assessment Index and the Physico-chemical Driver Assessment 
Index) and the biotic response indices (the Fish Response Assessment Index, the  Macro 
Invertebrate Response Assessment Index  and the Riparian Vegetation Response 
Assessment Index). 
Kleynhans (2007) refers to the Fish Response Assessment Index (FRAI) as “an assessment 
index based on the environmental intolerances and preferences of the reference fish 
assemblage and the response of the constituent species of the assemblage to particular 
groups of environmental determinants or drivers”. The Vegetation Response Assessment 
Index (VEGRAI) is “designed for the qualitative assessment of the response of riparian 
vegetation to impacts in such a way that that qualitative ratings translate into quantitative 
and defensible results “(Kleynhans et al., 2007b).  Thirion (2007) describes the Macro 
Invertebrate Response Assessment Index (MIRAI) as an index that “is used to determine the 
invertebrate EC by integrating the ecological requirements of the invertebrate taxa in a 
community or assemblage and their response to modified habitat conditions”.  A second 
macro-invertebrate based index, the South African Scoring System (SASS) which in  
actual fact is the forerunner of MIRAI, was developed as an indicator of water quality. 
According to Thirion (2007) it has become clear that SASS also gives a general indication of 
the present state of the invertebrate community but  it does not have a particularly strong 
cause-effect basis.  
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Physico-chemical monitoring has traditionally been the backbone of water quality 
monitoring in many countries including South Africa (DWAF, 1986). These results are 
however representative of conditions at the instant of sampling and do not provide 
information about the effects of these changes on biological communities and in particular 
do not provide an insight into historic conditions. The use of diatoms to assess conditions in 
the aquatic environment has a long history and diatom indices have been developed for 
various impacts such as salinity, pH, oxygen requirement, nitrogen metabolism, the trophic 
state which includes inorganic nitrogen and phosphorus concentrations, saprobity or 
organic enrichment reflected by biological oxygen demand and desiccation (Fouché & Vlok 
2009). These indices are based on the fact that diatoms are sensitive to, and appear to have a 
consistent tolerance to a wide range of environmental parameters. Diatoms have extensively 
been studied in South African river systems (Schoeman, 1982; Passy et al., 1997; Hardy et al., 
2004; Taylor et al., 2007a) and efforts have been made to relate diatom to water quality 
(Archibald, 1972). Benthic diatom assemblages, being sessile, are exposed to water quality 
changes at a site over a period of time (Breen, 1998). Initially the approach used for 
prediction of ecological conditions using diatoms was focused on the abundance of 
ecologically known taxa but this was refined to indicator-based environmental predictions 
(Watanabe et al., 1988) where diatom taxa that are tolerant to pollution will always be 
present in high numbers (Birks et al., 1990). As a result an “indicator value” is always 
included in an index in order to provide greater weight to those taxa which are good 
indicators of particular environment conditions. 

1.2 Rationale for the study 
Although it feeds into the KNP, which is often regarded as the flagship conservation area of 
South Africa, the Shingwedzi sub-catchment has been neglegted probably due to the fact 
that “for practical purposes no sustainable yield is derived from surface flow and water use 
is neglible”(DWAF 2004b).  Even though the ecosystem health of a substantive number in 
South African Rivers have been determined in recent years, the Shingwedzi River has not 
been part of the effort of the national River Health Programme (RHP) (Strydom et al., 2006). 
To an extent this is contradictory to the importance of a river that lies within a water-scarce 
area. In addition a survey of the literature (Gaigher, 1969; Pienaar, 1978; Russell, 1997; 
Olivier, 2003) showed that a paucity of data existed with regard to fish and this lack of 
knowledge was in particular severe with regard to areas outside the borders of the KNP. 
As part of the project it was hypothesised that the ecological status of the Shingwedzi River 
is under pressure due to impacts on the drivers and that this is reflected by negative changes 
in the biological responses which include the fish and riparian vegetation.  

2. Materials and methods  
2.1 Site selection and surveys 
Prospective sites, that were regarded as representative of the different river reaches, were 
selected using 1:50 000 maps of the area during a desktop study. This was followed by an 
aerial survey designed not only to investigate the suitability of the sites for monitoring but 
to detect and locate point and non-point sources of pollution and other anthropogenic 
impacts on the river. The selection of the sites were then adjusted to include the downstream 
effects of potential pollution sources such as de-commisioned mines, villages, sewage 
treatment works and areas of large-scale farming activities. Following the aerial survey all 
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the identified sites were “ground-truthed”during a pilot survey after which the best suited 
sites were selected for the survey. Each site was surveyed twice, with one survey during 
summer and the other during winter which also in effect represents the high flow and low 
flow seasons respectively.  
At each site the protocol of the Geomorphological Index (Rowntree et al., 2000) was followed 
and aspects such as the bank stability, the habitat diversity, erosion and the habitat cover 
assessed. The gradient of a river segment between consecutive sites was calculated using the 
recorded altitude of the sites and the distance between the sites. These gradients were used 
to deduct the zone class and longitudinal zones for each segment and then a “long profile” 
(Rowntree & Wadeson, 1999) for the Mphongolo, Phugwane and Shingwedzi rivers were 
drawn.  

2.2 Impacts 
During the aerial surveys impacts were identified and their location recorded using a 
handheld GPS. Limited video footage and photographs were captured to illustrate sources 
of pollution, habitat modifications and other land uses that had a negative impact on the 
environment. These impacts were then verified and rated during the surveys. The impacts at 
the survey sites were also noted and recorded. While traveling between sites during the 
surveys additional impacts were noted and recorded.   

2.3 In situ determinations and water samples 
At each site the pH, dissolved oxygen, electrical conductivity, total dissolved substances and 
temperature was determined in situ with handheld Eutech meters. Sub-surface water 
samples were collected in acid treated bottles, placed on ice and transported to the 
laboratory for the determination of nutrient content and total suspended solids. 

2.4 Biological indices 
The status of the riparian vegetation was determined by applying the protocol of the  
Vegetation Response Assessment Index (VEGRAI) (Kleynhans et al., 2007b) and selected 
aspects of the Riparian Vegetation Index (Kemper, 2001). At all the sites a minimum length 
of 100m of the riparian zone on both the right and left hand river banks were surveyed. The 
decision whether species in the woody component could be regarded as riparian was based 
on the findings of van Wyk & van Wyk (1997), Grant and Thomas (2000, 2001) and Schmidt 
et al. (2007). 
At each site, where water was present, the relevant macro-invertebrate biotopes were 
identified and the macro-invertebrates sampled at hand of the protocol used for the South 
African Scoring System (SASS ver.5) (Dickens & Graham, 2005) and MIRAI (Thirion, 2007). 
According to the SASS 5 scoring system a sensitivity value with regard of their tolerance 
towards organic pollution in the water is allocated of the families. These sensitivity scores 
range between 15 for the sensitive group which includes the Oligoneuridae and 
Prosopistomatidae, to 1 for the least sensitive group which includes the Muscidae and 
Culicidae. In this study an arbitrary cut-off point at 8 was taken as the separation between 
sensitive and non-sensitive. Due to the fact that that SASS was developed as an indicator of 
water quality it was decided calculate the SASS scores which could then be related to the 
recorded in situ and determined water quality parameters. 
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With regard to the Fish Response Assessment Index (FRAI) each site was photographed, the 
biotopes or flow-depth classes (Kleynhans, 2007) identified, demarcated and a sketch map 
drawn.  Overhanging vegetation and undercut banks were identified, their extent estimated 
and scored. In fast-deep and fast-shallow biotopes the fish were electro-narcotized and 
collected with scoop nets.  Where possible, due to the presence of crocodiles and snags, a 
small seine net was used in the slow-deep and slow–shallow biotopes. Where this was not 
possible fish were sampled with a cast net. In small pools, backwaters and in particular 
where sampling had to be done under and amongst vegetation a pole-seine net was used. 
All the specimens collected were identified using the key from Skelton (2001). The data 
collected was used to populate the FRAI model and calculate the scores. To calculate the 
FRAI scores it is imperative that the reference state (RS) of the river be established 
(Kleynhans, 2007; Kleynhans & Louw, 2007). In this study the RS was established at the 
hand of available historic data or derived from similar neighbouring rivers in the same 
ecoregion (Kleynhans, 2007). The Frequency of Occurrence (FROC) ratings of the expected 
fish species was obtained from Kleynhans et al. (2007a). 
Diatom sampling, at the sites where water occurred, and preservation was done at hand of 
the methods of Taylor et al. (2007a). Following sample preparation diatoms were 
microscopically identified using the key provided by Taylor et al. (2007b) and the data was 
then used to populate the following indices: the Specific Pollution Sensitivity Index or SPI, 
the Biological Diatom Index or BDI (Lenoir & Coste, 1996) and the Trophic Diatom Index or 
TDI (Kelly & Whitton, 1995).  In addition the Water Quality Index (WQI) (Bate et al., 2004), 
which is a scale to estimate water quality using measured water quality parameters, was 
calculated.  

3. Results 
3.1 The selected sites and sampling frequency 
A total of twenty six sites were selected in the river system both in- and outside the 
boundaries of the KNP (Figures 1 and Table 4). The site in the Tshamidzi River, a 
tributary of the Mphongolo River, was selected as the highest upstream point in the sub-
catchment of the respective river systems and represented what could be regarded as a 
“least impacted” site. The sites in the Shisha and Dzombo rivers, sites 7 and 26 
respectively, were selected to represent two smaller tributaries that originate within the 
boundaries of the KNP and could therefore be regarded as the least impacted rivers 
within the Shingwedzi River system. Figure 3 shows that although the Shingwedzi sub-
catchment falls within one ecoregion (Ecoregion 3 or Bushveld Basin) three level 2 
subregions (3.02, 3.03 and 3.05) could be identified and Table 5 shows the distribution of 
the sites within these ecoregions and supplies a brief description of each sub-region. 
While the sites inside the KNP were surveyed in June 2007 (winter, low flow) and March 
2008 (summer, high flow) the sites outside were surveyed in May 2007 (winter, low flow) 
and February 2008 (summer, high flow).  

3.2 River zonation and long profiles 
The long profiles of the three rivers (Figure 6), created by plotting the altitudes of the sites, 
are all very similar and no sharp decrease in altitude in any of the rivers was observed. 
Although the altitudes at which all three  rivers originate are similar the origin of the 
Mphongolo at Tshamidzi is at the lowest altitude. 
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The calculated gradients between sites and the resultant zone class according to Rowntree & 
Wadeson (1999) for the three rivers are shown in Table 6.  Based on these classes the whole 
of the Mphongolo River and the whole of the Shingwedzi River, with the exception of the 
section between Jilongo and Altein, can be classified as “lower foothill” (Table 7).  Although 
the gradient of the section between Jilongo and Altein causes it to be classified as a “lowland 
river” it should be noted that the calculated gradient is very close to the lower end of the 
gradient of “lower foothill”.  With the exception of the section between Halahala and 
Mashobye, which is classified as “upper foothill” the Phugwane River is classified as “lower 
foothill”.  Lower foothill zones are described by Rowntree & Wadeson (1999) as zones i) 
with a mixed bed alluvial channel dominated by sand and gravel, ii) where locally there 
may be bedrock controls,   iii) where reach types typically include pool-riffle or pool-rapid 
and iv) where sand bars are common in pools.  According to these authors “pools form a 
significantly greater component than rapids or riffles and flood plains are often present in 
these river zones“. 
 

Site 
no Site name River Coordinates Site 

no Site name River Coordinates 

1 Tshamidzi Mphongolo 
(Tshamidzi)

22° 53.565     
30° 46.180 14 Dili Phugwane 23° 01.905   

31° 07.851 

2 Red Ivory Mphongolo 22° 52.388 
30° 49.065 15 Zari Phugwane 23° 04.115   

31° 13.517 

3 Makuleke Mphongolo 22° 51.699 
30° 55.629 16 

Mphongolo 
Phugwane 
confluence 

Phugwane 23° 01.146   
31° 19.283 

4 Ntlhaveni Mphongolo 22° 52.846 
30° 57.489 17 Giyani Bridge Shingwedzi 23° 04.383   

30° 40.537 

5 Groot Geluk Mphongolo 22° 52.783 
31° 02.613 18 Jilongo Shingwedzi 23º 07.455   

30° 50.764 

6 Sirheni Mphongolo 22° 57.859 
31° 15.098 19 Altein Shingwedzi 23° 08.234   

30° 54.071 

7 Vlakteplaas Shisha 22° 52.165 
31° 13.450 20 Shangoni Shingwedzi 23° 10.623   

30° 56.234 

8 
Mphongolo/

Shisha 
confluence 

Mphongolo 22° 58.344 
31° 15.191 21 Larini Shingwedzi 23° 12.610   

31° 05.460 

9 Malamulele Phugwane 23° 00.680 
30° 42.416 22 Middle 

firebreak Shingwedzi 23° 12.538   
31° 13.935 

10 Halahala Phugwane 23° 03.538 
30° 47.021 23 Red Rocks Shingwedzi 23° 10.321   

31° 18.419 

11 Halahala Dam Phugwane 23° 03.464 
30° 47.474 24 Shingwedzi Shingwedzi 23° 06.433   

31° 26.255 

12 Mashobye Phugwane 22° 59.965 
30° 52.849 25 Dipene Shingwedzi 23° 23.191   

31° 33.224 

13 Phugwane 
East Phugwane 22° 59.996 

31° 01.927 26 Dzombo Dzombo 23° 13.306   
31° 33.110 

Table 4. The site numbers, names and position of the sites surveyed in the Shingwedzi River 
sub-catchment, South Africa. 
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Fig. 3. Map of the study area and the location within the three level 2 Ecoregions of the 
rivers in the Shingwedzi River sub-catchment, South Africa (Adapted from Kleynhans & 
Hill, 1999). 

 
 

Level 2 
ecoregion Ecoregion description River/Tributary Sites 

Reaches 
used for 

FRAI 
calcultions 

3.02 Mixed Lowveld 
bushveld 

Mphongolo and 
Tshamidzi 1,2 I 

3.03 Mopane Bushveld Mphongolo and 
Shisha 

3, 4,5, 6, 7 
and 8 II 

3.03 Mopane Bushveld Phugwane 
9,10, 11,12, 
13, 14, 15 

and 16 
III 

3.03 Mopane Bushveld Shingwedzi and 
Shisha 

17, 18, 19, 
20, 21, 22 
and 23, 

IV 

3.05 Lebombo Arid 
Mountain Bushveld Shingwedzi 24, 25 and 

26 V 

Table 5. The distribution of the sampling sites within the level 2 ecoregions (Kleynhans et al., 
2007b) identified in the Shingwedzi River sub-catchment, South Africa. 

3.02
3.03

3.05 
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Fig. 4. Long proflies of the Mphongolo, Phugwane and Shingwedzi rivers in the Shingwedzi 
River sub-catchment, South Africa. 
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Section Distance between 
sites (m) 

Calculated
gradient Zone  class 

Mphongolo River 
Tshamidzi - Red Ivory 6700 0.004478 E 
Red Ivory – Makuleke 14100 0.002837 E 
Makuleke – Ntlaveni 5500 0.001636 E 
Ntlaveni – Groot Geluk 13400 0.001716 E 
Groot Geluk – Sirheni 29100 0.001581 E 
Sirheni - Mphongolo/Shisha 15400 0.001429 E 
Mphongolo/Shisha – 
Mphongolo/Phugwane 12200 0.002459 E 

Phugwane River 
Malamulele – Phugwane confluence 
(above Mashobye) 25500 0.004745 E 
Halahala - Halahala Dam 1000 0.007 D 
Halahala Dam – Mashobye 14300 0.005035 D 
Mashobye - Phugwane East 22100 0.001946 E 
Phugwane East – Dili 14100 0.002411 E 
Dili – Zari 13500 0.002222 E 

Shingwedzi River 
Giyani Bridge – Jilongo 27700 0.00231 E 
Jilongo – Altein 9900 0.000808 F 
Altein – Shangoni 10400 0.002115 E 
Shangoni – Larini 27800 0.001871 E 
Larini - Middle Firebreak 25100 0.001155 E 
Middle Firebreak - Red Rocks 11000 0.003909 E 
Red Rocks – Shingwedzi 22200 0.001261 E 
Shingwedzi – Dipeni 20400 0.001618 E 

Table 6. Calculated gradients and zone classes for the sectors in the Shingwedzi River sub-
catchment, South Africa. 
 

Longitudinal zone Macro-reach characteristics 
Valley form Gradient class Zone class 

• Source zone V10 not specified S 
• Mountain headwater stream V1, V3 > 0.1 A 
• Mountain stream V1, V3 0.04 - 0.99 B 
• Transitional V2, V3, V4, V6 0.02 - 0.039 C 
• Upper foothills V4, V6 0.005 - 0.019 D 
• Lower foothills V8, V10 0.001 - 0.005 E 
• Lowland river V4, V8, V10 0.0001- 0.001 F 

Table 7. The geomorphologic  zonation of river channels (Rowntree & Wadeson, 1999). 
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3.3 Impacts 
To simplify the discussion of the impacts the rivers were divided into four sections. Section 
1 consists of the Mphongolo River up to the confluence with the Phugwane River and sites 1 
to 8 are included, Section 2 is the Phugwane River up to its confluence with the Mphongolo 
River and includes sites 9 to 15, section 3 is the Shingwedzi River upstream of the 
Mphongolo River confluence and includes sites 17 to 23 while the Shingwedzi River 
downstream of the Mphongolo confluence to eastern boundary of the KNP, which includes 
sites 24 to 26 make up section 4. Only the impacts that are regarded as those that will have 
the most influence in each section are discussed.  
In section 1, in the area outside the KNP, the impacts that increased erosion, such as 
vegetation clearing, grazing and road crossings were rated as “moderate”. While the same 
rating applied  to aspects such as  sewage and sand mining,  the extensive impacts caused 
by the irrigation scheme downstream of Site 3, where water abstraction for the 20 centre 
pivots occurred  were rated as “high”. In addition the effect of return flow containing 
pesticides and liquid fertilizers from this irrigation scheme should be noted.  In section 2 the 
general impacts and their rating were similar to that in section 1. What should however be 
noted is the severe impact of the abandoned mining operation situated between sites 9 and 
12 where the dysfunctional slimes dams are severely degraded and runoff could be entering 
the system after rain events. In the same area the water treatment works and sewage 
treatment works are not well maintained and there is evidence that the return flows from 
these facilities are polluting the system. The impact of both the mine and the sewage works 
was rated as “extremely high”. Section 3 is probably the most impacted of all sections. The 
impacts included solid waste dumping and extensive grazing upstream of Site 17, water 
extraction at Site 17, brickworks that mine sand upstream of Site 18 and an abandoned mine 
and sewage return flow from the town of Altein, upstream of Site 19. All of these impacts 
were rated as “high”.  Within the KNP the impacts were rated as “low” and consisted 
mostly of road crossings leading to erosion in section 4. Cognisance should be taken of the 
return flow from Shingwedzi rest camp and associated sewage works which could lead to 
nutrient enrichment if not properly maintained. Other impacts are the impoundments in the 
river which leads to a breakdown in river connectivity. These impoundments include the 
dams upstream of Sirheni (Site 6) and Malamulele (Site 17), the large lake upstream of 
Makuleke (Site 3) and the Kanniedood Dam between sites 24 and 25. In addittion the low 
water bridges at sites 24 and 25 increases the impact on the river through erosion and flow 
modification. 

3.4 The water quality parameters  
The recorded winter and summer in situ water quality results are shown Tables 9 and 10.  In 
order to relate to their possible effects these results should be read in conjunction with the 
concept of Thresholds of Potential Concern (TPCs) and the values set by the South African 
National Parks Board (SANparks) for the KNP. Fouché & Vlok (2010) pointed  
out that “as part of their management strategy the KNP Management realised the 
importance and applicability of TPCs and acknowledged that monitoring programmes and 
associated management interventions are interlinked”.  In order to achieve their short and 
long term objectives the KNP then set  end-points or TPCs (Table 8) which, when clearly 
articulated, would contribute towards the strong goal-setting or objectives hierarchy 
approach (KNP, 2009). 
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Parameter Set TPC value 
In situ physico-chemical aspects

pH 6,5 – 8,5 
Electrical conductivity (μScm-1) 700 
Total dissolved substances (mgl-1) 450 

Chemical constituents (mgl-1) 
Phosphorous  0,1 
Nitrites and nitrates 6 
Ammonium 15 
Calcium 32 
Magnesium 30 
Potassium 50 
Silicon 18 

Table 8. Thresholds of Potential Concern (TPC) values for the Shingwedzi River set by 
SANParks (KNP, 2009). 

During the winter survey the pH values at sites 18, 19, 20 and 22 (Table 9) exceeded the set 
TPC value (Table 8) with the highest value of 9,09 measured at Site 18. Similar results were 
recorded during the summer survey (Table 10) with the TPC exceeded at seven sites and the 
highest value of 9,13 recorded at Site 15. A similar trend where the TPC was exceeded was 
observed with the electrical conductivity with the highest value of 2590 μScm-1 recorded at 
Site 14 during winter. In summer, when flow volumes increased, the maximum values were 
lower than during winter and the highest value recorded was the 1437 μScm-1 recorded at 
Site 7. Other high values of 1278 and 1029 μScm-1 were recorded at Site 26 and Site 20 
respectively.  
During the winter survey (Table 9) the TPC value for Total Dissolved Substances (TDS) was 
exceeded at two sites, with the highest value, 1530 mg l-1, recorded at Site 14. During the 
summer survey higher values were recorded with the highest value of 1820 mg l-1 recorded 
at Site 16. In addition the TPC for TDS was exceeded at four sites during the study period. 
TPC values for dissolved oxygen was not set by the KNP but international standards for 
oxygen saturation is set at between 80 and 120% (Dallas & Day 2004) while Kempster et al. 
(1980) suggested a dissolved oxygen concentration range of 4 to 5,8 mgl-1 as acceptable for 
aquatic life. During the winter survey (Table 9) oxygen saturation varied considerably with 
the lowest and highest values measured at sites 13 and 14. In addition, with the exception of 
sites 4, 9, 19, 20, 21 and 22, the values at all the sites were not within the set parameters.  
Table 10 shows that during the summer surveys matters improved with oxygen values at 
eleven of the sites within the parameters and no values above the upper parameter of 120%.   
With regard to oxygen concentration the results obtained (Tables 9 and 10) show that in 
both surveys only four sites were within the set parameters. In general, the oxygen 
concentrations exceeded the upper limit, which could be an indication of excessive algal 
growth. 
When the phosphorous TPC value (Table 8) is converted to a phosphate value, it can be 
equated to 0.0326 mg l-1.  Table 11 shows that with the exception of the sites where no 
phosphates could be detected, all the values exceeded the set TPC for phosphates in both the 
winter and summer surveys. The exceedingly high value of 15mgl-1 obtained at Site 26 is 
noteworthy.  
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The highest nitrate value recorded for both the winter and summer was 7 mg l-1, which was 
recorded at sites 3, 22 and 17 (Table 11). In addition, Site 3 was the only site where the set 
TPC value was exceeded during both the winter and summer surveys. 
The set TPC value for ammonium was exceeded at a number of sites, with values varying 
between 0 and 46 mg l-1 in winter, and 0 to 55 mg l-1 in summer (Table 11).  
 
 

Site 
no. Site name pH 

 

Electrical 
conductivity

Dissolved 
oxygen 

Dissolved 
oxygen 

Total 
dissolved 

substances

Total 
Suspended 

Solids 
Flow 

μScm-1 % mg l-1 mg l -1 mg l -1  
1 Tshamidzi       NW 
2 Red Ivory       NW 
3 Makuleke 7.86 631 76.3 5.73 317 0.07 N 
4 Ntlhaveni 8.25 285 97.9 7.8 143 0.1435 L 
5 Groot Geluk 6.69 287 72.7 6.35 143 0.18 N 
9 Malamulele 7.17 832 96 8.2 417 0.054 N 
10 Halahala       NW 
11 Halahala Dam 7.74 217 165 12.8 109 0.82 N 
12 Mashobye 8.06 759 56.9 4.69 378  N 
13 Phugwane East 7.45 269 25.1 2.45 308 0.144 N 
14 Dili 7.68 2590 178.4 14.62 1530 0.0795 N 
15 Zari 7.73 855 52 4.82 429 0.2 N 

16 
Mphongolo- 
Phugwane       NW 

17 Giyani bridge 7.94 164.5 68 5.6 82.7 0.045 L 
18 Jilongo 9.09 247 149.2 11.24 126 0.11 N 
19 Altein 8.76 295 115 9.23 147 0.0795 N 
20 Shangoni 8.79 1422 95.3 8.72 710 0.013 L 
21 Larini 8.2 1027 93 8.8 517  N 

22 
Middle 
Firebreak 8.88 503 117.7 10.15 251 0.087 N 

23 Red Rocks       NW 
24  Dipene       NW 
26 Dzombo 7.9 1243 55.2 4.26 623 0.09 L 

Table 9. The in situ measured and observed water quality and quantity at the sampling sites 
in the Shingwedzi River sub-catchment, South Africa,  during the winter (May and June) 
surveys. In the table NW = no water, N = no flow, L = low flow, M = moderate flow and  
H = high flow (Adapted from Fouché & Vlok, 2010). 

Table 12 shows that the calculated Water Quality Index (WQI) scores of the sites where 
diatoms were collected ranged from “poor” to “good” with none of the sites in either the 
“excellent” and “very poor” classes. It should be noted that with the exception of Site 14,  
the sites rated as “good” were in lower percentile of the range of that class and closer to 
being rated as “medium”. The same reasoning could be applied to sites 4, 6 and 20 which lie 
in the lower percentile of the “medium” class. In totality these results indicate that the water 
quality within the system is under threat. 



 
Water Pollution 140 

At this point the six sites where as many as three TPCs were exceded (Table 11) should be 
highlighted.  Four of the sites (5, 13, 22 and 25) are within the KNP boundaries while two of 
the sites (9 and 17) are outside. The calculated WQI scores (Table 12) show that the water 
quality for sites 5, 9, 25 and 17 is “poor”  while the score of the Site 13, which lead to a rating 
of  “medium” lies within the lower percentile of that class and could be regarded as “poor”. 
 

Site 
no. Site name pH 

 

Electrical 
conductivity

Dissolved 
oxygen 

Dissolved 
oxygen 

Total 
dissolved 

substances

Total 
Suspended 

Solids 
Flow 

μScm-1 % mg l-1 mg l -1 mg l -1  
1 Tshamidzi 8.52 762 119.2 9.35 382 0.053 L 
2 Red Ivory 8.02 729 32.6 2.89 365 0.0675 L 
3 Makuleke 8.01 1003 53.8 4.7 498 0.1775 L 
4 Ntlhaveni 8.43 618 84.4 6.24 390 0.1 L 
5 Groot Geluk 8.62 395 100.3 7.84 198 0.194 N 
6 Sirheni 7.33 230 47.2 4.7 115 0.09 N 
7 Vlakteplaas 8.9 1437 58.2 4.73 718 0.1235 N 
8 Shisha/Mphongol

o 7.08 271 52.5 3.98 271 0.1155 L 
9 Malamulele 6.83 750 60.3 5.04 375 0.122 N 
10 Halahala       NW 
11 Halahala Dam 6.75 194.3 36.9 3.18 96.6 0.082 N 
12 Mashobye 8.15 269 90.8 7.09 133 0.1 N 
13 Phugwane east 7.48 326 78.6 6.73 160 0.1175 L 
14 Dili 8.06 345 108.6 8.07 178 0.0795 L 
15 Zari 9.13 445 100.9 7.3 223 0.183 L 
16 Mphongolo/Phug

-wane 7.91 366 38.5 3.4 1820  L 
17 Giyani bridge 8.0 622 33.6 2.37 312  N 
18 Jilongo 8.3 333 72.6 6.7 166 0.23 N 
19 Altein 8.2 279 75.8 6.77 140 0.029 N 
20 Shangoni 8.91 1029 70.7 6.85 515 0.025 N 
21 Larini  7.85 169 86.4 6.32 84.7 0.1275 L 
22 Middle Firebreak 8.68 176 91.6 7.02 88.4 0.0665 L 
23 Red Rocks 8.53 202 88.0 6.95 120.0 0.124 L 
24 Shingwedzi  7.55 339 89.1 6.99 170 0.88 M 
25 Dipene  7.91 410 86.8 6.31 207 0.062 L 
26 Dzombo 7.59 1278 43.9 3.22 642 0.33 N 

Table 10. The in situ measured and observed water quality and quantity at the sampling 
sites in the Shingwedzi River sub-catchment, South Africa,  during the summer (February 
and March ) surveys.  (In the table NW = no water, N = no flow, L = low flow,  
M = moderate flow and H = high flow (Adapted from Fouché & Vlok, 2010). 
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Site 
no. Site name 

PO4 mg l -1 NO2 mg l -1 NO3 mg l -1 NH4 mg l -1 
Summer Winter Summer Winter Summer Winter Summer Winter 

1 Tshamidzi 4  0.6  4  22  
2 Red Ivory 4  0.7  4  20  
3 Makuleke 0  0.7  7 6 0.1 10 
4 Ntlhaveni 0.25 0 0.6 0.7 4 3 0 0.1 
5 Groot Geluk 0.25 4 0.5 0.6 2 5 20 6 
6 Sirheni 3  0.05  2  0  
7 Vlakteplaas 4  0.6  3  0.1  
8 Shisha/ 

Mphongolo. 4  0.6  2  21  

9 Malamulele 2 4 0.6 0.6 3 3 0.1 25 
12 Mashobye 3  0.2  2  22  
13 Phugwane east 3 2 0.7 0.7 2 4 55 21 
14 Dili 0 0.25 0.7 0.6 4 2 4 24 
15 Zari 0 0 0.7 0.7 2 3 6 22 
16 Mphongolo/ 

Phugwane  0.2  0  1  0 

17 Giyani bridge  3  0.6  7  20 
18 Jilongo  4  0.6  3 40 0 
19 Altein 3 2   2 2 0 0 
20 Shangoni 0 0 0 0 0 1 0 38 
21 Larini  3  0.6  4  0.3  
22 Middle Firebreak 3 0 0.2 0 7 2 25 23 
23 Red Rocks 0.1 3 0.7 0.7 4 4 0.1 0 
24 Shingwedzi  3  0.6  3  21  
25 Dipene  3 0.2 0.7 0 2 2 0 46 
26 Dzombo 15 0 0.6 0.5 2 2 0.2 44 

Table 11. Water quality at the sampling sites in the Shingwedzi River sub-catchment during 
the February and March (summer) and the May and June (winter) surveys (Adapted from 
Fouché & Vlok, 2010). 

3.5 Biological indices 
3.5.1 Diatoms 
Table 13 shows the calculated diatom based index scores of the Specific Pollution Sensitivity 
Index (SPI), the Biological Diatom Index (BDI) and the Trophic Diatom Index (TDI).  These 
results are classified into water quality, ecological status and trophic state classes at the 
hand of the criteria listed in Table 14. 
The allocated water quality classes, based on the SPI and BDI scores, show that with the 
exception of sites 5 and 14 all the sites were rated as either “unsatisfactory” or “poor” with Site 
21 the only site rated as “good”.  Because of the low SPI and BDI scores the ecological status of 
all the sites ranged from “poor” to “moderate” quality with no sites rated as “good” quality. 
TDI scores are used to determine the trophic status of a water resource and the calculated 
scores (Table 13) show that a history of high nutrient content, with most sites rated as 
eutrophic or hypertrophic, was detected in the system. The only sites where low nutrient 
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levels were detected were sites 25 and 21 that were classified as oligotrophic and oligo-
/mesosotrophic respectively.  The fact that five sites, namely 4, 6, 7, 12 and 24, were rated as 
hypertrophic should be noted. It is however important to take cognisance of the fact that 
only Site 4 was outside the KNP and that the trophic status could be ascribed to natural 
conditions such as a high organic content resulting from animal faeces and organic material 
of plant origin. 
 

Site 
numbers Site name 

Water 
Quality Index 

scores 

Water quality classes 
(91-100 = excellent, 71 – 90 = good, 51 

– 70 = medium, 26 – 50 = poor and  
0 – 25 = very poor). 

3 Makuleke 76 Good
4 Ntlhaveni 56 Medium
5 Groot Geluk 42 Poor
6 Sirheni 53 Medium
7 Vlakteplaas 60 Medium
9 Malamulele 42 Poor

12 Mashobye 67 Medium
13 Phugwane East 56 Medium
14 Dili 81 Good
17 Giyani bridge 40 Poor
18 Jilongo 76 Good
19 Altein 70 Medium
20 Shangoni 56 Medium
21 Larini 50 Poor
22 Middle Fire Break 74 Good
23 Red Rocks 79 Good
24 Shingwedzi 67 Medium
25 Dipene 48 Poor
26 Dzombo 62 Medium

Table 12. Water Quality Index (WQI) values and the resultant water quality classes (Bate et 
al., 2004) for sites in the Shingwedzi River sub-catchment, South Africa (Fouche & Vlok, 
2009).  

3.5.2 Macro-invertebrates 
Macro-invertebrates were sampled at 21 sites during summer (Figure 5) and at eleven sites 
during the winter survey (Figure 8).  The results show that not all the required biotopes 
(Thirion, 2007) were present at all the sites. During the summer survey, ten sites had all the 
biotopes namely gravel-sand-mud (GSM), stones (S) and marginal vegetation (VEG) present 
while nine sites had VEG and GSM and two sites only had GSM. Because of the lack of 
biotopes  the calculated SASS results should be viewed with caution.  
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Site 
number Site name SPI BDI TDI 

3 Makuleke 8.8 8.3 70.9 
4 Ntlhaveni 7.8 8.1 83.8 
5 Groot Geluk 12.7 12.9 66.6 
6 Sirheni 10.7 10.5 79.7 
7 Vlakteplaas 11 9.9 78.5 
12 Mashobye 9.3 8.6 83.4 
13 Phugwane East 13.1 10.5 68.6 
14 Dili 13.4 12.2 72.5 
18 Jilongo 11.5 6.3 73.1 
19 Altein 13.5 8.8 66.8 
20 Shangoni 11 9.8 76 
21 Larini 16.3 13.6 45.9 
22 Middle Fire Break 13 10.3 67 
23 Red Rocks 11 11.2 68.8 
24 Shingwedzi  10.3 8.6 86.5 
25 Dipene 12.4 13.4 36.5 
26 Dzombo 8.6 9.7 74 

Table 13. Calculated scores for the Specific Pollution Sensitivity Index (SPI), the Biological 
Diatom Index (BDI) and the Trophic Diatom Index (TDI) for sites the Shingwedzi River sub-
catchment, South Africa (Adapted from Fouché & Vlok, 2009).   
 

SPI and BDI TDI 
Index 
scores 

Water quality  Ecological status Index 
scores 

Trophic status 

> 17 Very good High quality < 35 Oligotrophic 
15 - 17 Good Good quality 35 – 50 Oligo-mesotrophy 
12 - 15 Satisfactory Moderate quality 50 - 60 Mesotrophy 
9 - 12 Unsatisfactory Poor  quality 60 - 75 Eutrophic 
< 9 Poor  > 75 Hypertrophy 

Table 14. Index scores for the calculated diatom indices and the related classification 
(Adapted from Kelly & Whitton, 1995; Lenoir & Coste, 1996). 

During the summer survey, the highest SASS score of 81 was recorded at Mashobye where 
although only VEG and GSM biotopes were present specimens belonging to fifteen families 
were identified. Of the fifteen families only four were regarded as sensitive, scoring above 8 
on the sensitivity scale. In addition seven families were air breathers, indicating that they 
could survive a poor water quality environment. Five other sites, namely Red Ivory, 
Phugwane East, Jilongo, Altein and Shangoni, had a score ranging between 65 and 75, with 
the number of families recorded varying between twelve and fifteen. These sites all had the 
full range of biotopes but low numbers of sensitive families and high numbers of air 
breathing families were observed indicating that the water quality was poor, probably due 
to organic pollution. When the SASS results for the sites where all the biotopes were present 
for the summer survey (Figure 5) are considered a decreasing downstream trend in water 
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quality in the Mphongolo, Phugwane and Shingwedzi rivers, is observed. Similar results 
were observed during the winter survey (Figure 6) when the biotope diversity was lower 
with most of the sites having only stones (S) as a biotope. The lowest score of 14 was 
recorded at Zari where GSM was the only available biotope compared to the highest score of 
72 recorded at Larini, again with stones (S) as the only available biotope. No sensitive 
families were present at Zari, whilst two of the four families present were air breathers. At 
Larini four sensitive families were recorded, with five air breathing families present. 
 

 
Fig. 5. SASS scores for the summer survey in the Shingwedzi River sub-catchment, South 
Africa. (Biotopes: GSM = ground, sand and mud; VEG = vegetation; S= sand). 

According to Dallas & Day (2004) the two factors that have the most profound impact on 
macro-invertebrate populations are  flow and the amount of total dissolved substances. Low 
SASS scores are generally regarded as an indication of poor quality (Thirion, 2007). Based on 
the scores obtained, and supported by the low numbers of sensitive families and the high 
number of air breathers, it is clear that the water quality in the Shingwedzi River system is 
poor. It can be ascribed to organic pollution which result from the lack of infrastructure in 
the catchment, with no or dysfunctional sewage treatment works and cattle faeces the main 
contributors. The Shingwedzi River System can be classified as an intermittent seasonal 
river (Rossouw et al., 2005). These authors describe this type of river as “a river that exhibit 
seasonally predictable intermittent flow where surface flow may disappear for a period each 
year reducing the channels to isolated pools or drying up completely during the dry season 
and flow that  commence during the rainy season and may be sustained or be intermittent 
over the wet season”. In addition these intermittent rivers can have variable flow and one to 
two year dry cycles in a five-year period are normally present (Rossouw et al., 2005). The 
low SASS scores could therefore be a result of a lack of flow, which is exacerbated by the 
weirs that obstruct flow, and an increase in water extraction. 

3.5.3 Vegetation 
Table 15 shows that with regard to the calculated Vegetation Response Assessment Index 
(VEGRAI) scores and the resultant Ecological Categories the sites ranged fom a low category 
D, which reflects a “largely modified” ecosystem (Table 16) to a category A, which reflects an 
“unmodified or natural” system (Table 16).  Although there is clear indication that impacts are 
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negatively affecting the riparian zone more than 50% of the sites were in a better state than a 
category C. This indicates a system that is moderately modified to largely natural. 
 

 
Fig. 6. SASS scores for the winter survey in the Shingwedzi River sub-catchment, South 
Africa. (Biotopes: GSM = ground, sand and mud; VEG = vegetation; S= sand). 

 
Site no Site Name River VEGRAI score EC class 

1 Tshamidzi Mphongolo 72.4 C 
2 Red Ivory Mphongolo 73.3 C 
3 Makuleke Mphongolo 68.9 C 
4 Ntlhaveni Mphongolo 80 C/B 
5 Groot Geluk Mphongolo 81.5 B 
6 Sirheni Mphongolo 76.7 C/B 
7 Vlakteplaas Shisha 94.1 A 
8 Shisha-Mphongolo confluence Mphongolo 78.6 C/B 
9 Malamulele Phugwane 49.0 D 

10 Halahala Phugwane 52.4 D 
12 Mashobye Phugwane 79.4 C/B 
13 Phugwane-east Phugwane 82.8 B 
14 Dili Phugwane 76.8 C 
15 Zari Phugwane 78.5 C/B 
17 Giyani bridge Shingwedzi 63.4 C 
18 Jilongo Shingwedzi 77.4 C/B 
19 Altein Shingwedzi 61.7 C/D 
20 Shangoni Shingwedzi 80.1 B/C 
21 Larini Shingwedzi 72.4 C 
22 Middle Firebreak Shingwedzi 60.5 C/D 
23 Red Rocks Shingwedzi 81.2 B/C 
24 Shingwedzi camp Shingwedzi 75.4 C 
25 Dipene causeway Shingwedzi 80.6 B/C 
26 Dzombo Dzombo 90.7 A/B 

Table 15. The calculated Vegetaton Response Assessment Index (VEGRAI) scores and 
Ecological Category (EC) classes of the sites surveyed in the Shingwedzi River and 
tributaries, South Africa (Adapted from Fouché & Vlok, 2009). 
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Index 
scores     
(% of 
total) 

Category/class description 

Ecological 
category / 
Ecological 

class 
90 - 100 Unmodified, natural. A 

80 - 89 
Largely natural with few modifications. A small change in 
natural habitats and biota may have taken place but the 
ecosystem functions are essentially unchanged. 

B 

60 - 79 
Moderately modified. Loss and change of natural habitat and 
biota have occurred, but the basic ecosystem functions are still 
predominantly unchanged 

C 

40 - 59 Largely modified. A large loss of natural habitat, biota and 
basic ecosystem functions has occurred. D 

20 - 39 Seriously modified. The loss of natural habitat, biota and basic 
ecosystem functions is extensive. E 

0 - 19 

Critically/Extremely modified. Modifications have reached a 
critical level and the system has been modified completely with 
an almost complete loss of natural habitat and biota. In the 
worst instances the basic ecosystem functions have been 
destroyed and the changes are irreversible. 

F 

Table 16. The generic Ecological Categories, or classes,  and their descriptions related to 
VEGRAI and FRAI scores (Adapted from Kleynhans & Louw, 2007). 

The vegetation at seven sites in the Mphongolo River was surveyed in this study. The 
VEGRAI results (Figure 7) show that the three sites outside the KNP boundaries, Tshamidzi, 
Red Ivory and Makuleke, were in the worst condition (Ecological Category C). At Nthlaveni 
limited improvement was observed with the Ecological Category improving towards a B 
category (EC = C/B). This was followed by a further improvement to a B category at Groot 
Geluk. The presence of the Sirheni Dam however had a negative influence on the vegetation 
at the Sirheni site, which is downstream of the impoundment, resulting to a change to a 
category C.  Some improvement was again observed downstream of this site, which could 
be partly ascribed to the influence of the Shisha River and the vegetation at the Mphongolo-
Shisha confluence site was classified as a category C/B.  The fitted trend line in figure 9 
indicates a downstream improvement in the state of the riparian vegetation along the 
Mphongolo River. 
The Tshamidzi site is in the upper catchment of the Mphongolo River and lies on the 
watershed between the Luvuvhu and Shingwedzi catchments. Eighteen woody species were 
recorded of which only ten were classified as “riparian”. There is therefore a degree of 
terrestrial invasion in the form of  the Dichrostachys cinerea recorded and this “invasion” is 
typical of an area with low flow and variable seasonal differences. The population structure 
of the riparian woody plants seems to be in good condition as there are sufficient numbers 
of juveniles, e.g.  Breonadia salicina, present. This species is regarded as a TPC species 
indicative of healthy riparian vegetation. The Red Ivory site is characterized by a deep V-
shaped valley in which the river flows and this has the effect that the riparian zones on both 
sides are narrow. One of the implications is that very few shrubs can establish and this 
could also be the reason for the low diversity with only nine species of woody plants 
recorded. The actual site is an unused river crossing with resultant erosion. This is 
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exacerbated by the fact that the surrounding area is used for cultivated lands and grazing. 
The Makuleke site is influenced by the imoundment immediate upstream of the survey site. 
As a result of the effect of flood control by the dam wall a number of woody terrestrials have 
established and these species contribute up to 30% of the recorded plants at the site. On the 
other hand seepage, resulting from return flow, has led to the establishment of a well 
defined marginal zone.  As is the case with rivers that flow through inhabited areas, signs of 
pollution are evident in the form of excessive algal growth and the presence of solid waste 
such as plastic bags and other household refuse. 
 

 
Fig. 7. Calculated VEGRAI scores for sites 1, 2, 3, 4, 5, 6 and 8 in the Mphongolo River, South 
Africa. (The solid line represents a fitted trend line). (Adapted from Fouché and Vlok, 2009) 

The Shisha River is unique because it originates within the KNP and therefore does not have 
as many of the anthropogenic impacts as the other rivers in the system. With the exception 
of the Langtoon Dam in its upper catchment the impacts observed are all natural.  The 
Vlakteplaas site, which is typical of this reach of the Shisha River, consists of a deep stagnant 
pool that gives permanency to the site resulting in a well established marginal zone or 
wetted perimeter. It is possibly the most undisturbed site of all the sites surveyed during 
this study and was classified as the only category “A” site of the survey.  
In the Phugwane River the vegetation was surveyed at six sites and the VEGRAI results 
(Figure 8) indicate that two of the sites, namely Malamulele and Halahala which are both 
outside the KNP boundaries, are the only two sites in the entire  system that were classified 
as a category D, which reflects that they are “largely modified” (Table 16). In the case of the 
Malamulele site it can be attributed to human interference in the form of farming activities 
and pollution. Downstream of this site some improvement was observed at the Mashobye 
site. As was the case with the Mphongolo River the downstream trend is an upwards one in 
the riparian vegetation scores. The observed trend throughout the river is depicted by the 
trend line fitted in Figure 8. 
The Malamulele site is definitely the most impacted site of all the sites surveyed in the 
study. It is situated at origin of the stream flowing out of the wetland. This site in the 
headwaters of the river is in an area that is poorly managed with crop fields extending into 
the riparian zone. The Halahala site is a typical example of the effect of no or very little 
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water flow and water quantity and seasonality can be regarded as the factor with the most 
influence on the classification of the vegetation. Although thirteen woody species were 
recorded in the riparian zone only five were classified as riparian. This indicates an invasion 
of terrestrial species into the riparian zone which is typical of ephemeral streams and in 
particular those that flow through low rainfall areas. In general the population structure of 
the woody riparian species seems in order but very few juveniles were observed. In addition 
no non-woody riparian species were observed in the marginal zone. 
 

 
Fig. 8. Calculated VEGRAI scores for sites 9, 10, 12, 13, 14 and 15 in the Phugwane River, 
South Africa (The solid line represents a fitted trend line). (Adapted from Fouché & Vlok, 
2009). 

The vegetation at nine sites in the Shingwedzi River was surveyed during this study.  
As was the case with both other rivers a downstream increase in the status of the riparian 
vegetation was observed as depicted by the fitted trend line in Figure 9. The severe 
fluctuation between sites should be noted. In this river no unmodified or natural sites  
were observed.  
The Altein site shows distinctive signs of a high degree of impact in the form of wood 
cutting and grazing by cattle and goats. As a result the grass cover consisted of pioneer 
species. The broken road bridge acts as a hydraulic control forming a deep pool 
immediately upstream. Further upstream of the site an extraction weir regulates the flow in 
the river. Although 16 woody species were recorded five species, or more than 30%, are 
terrestrial species. In addition the woody species is dominated by shrubs (e.g. Gymnosporia 
senegalensis) and creepers (e.g. Acacia ataxacantha). Very few large tree specimens were 
present which can be the result of wood harvesting.  It is however important that some 
juveniles of Philenoptera violacea and sub-adult Ficus sycomorus were observed. Both these 
species are regarded as preferential riparian woody species 
The vegetation at the Shangoni site, which is downstream from the abandoned mines with 
resulting bad water quality, is still reasonably intact. In part this can be attributed to the 
remoteness of the site and the resultant low human impact. Fields that were historically 
ploughed and grazing areas were observed near the site but the effects are not evident at the 
site. In addition there are also few humans living upstream of the site. On the other hand the 
low impact on the vegetation can be ascribed to the fact that the adverse effect of the water 
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quality resulting from drainage of the mines are “more recent” and the riparian zones, other 
than the marginal zone have not yet been affected. The adverse effects in the marginal zone 
are evident from the fact that despite of the semi-permanent pool only a few scattered 
sedges are present at the site. 
 

 
Fig. 9. Calculated VEGRAI scores for the sites in the Shingwedzi River, South Africa (The 
solid line represents a fitted trend line). (Adapted from Fouché & Vlok, 2009). 

It is important to note that the Shingwedzi site, downstream of the Rest  camp, is impacted 
by subsurface water extraction, polllution and a low-water bridge. This bridge forms a weir 
and a large semi-permanent pool is present at the site.  The river has a wide sand bed, in 
excess of 80m, with the pool and deeper channel against the left hand bank.  The low 
diversity of woody riparian species is of concern but on the other hand no invasion by 
terrestrial or exotic species was recorded.  A further concern is the low juvenile count of the 
riparian species present. 
The Dzombo site is the second least impacted site and is in the least impacted river in the 
current survey. It is however important to note that it is a small ephemeral stream which is 
subjected to extended periods of drought. This is reflected by the high number terrestrial 
species present in the riparian zone.  

3.6 Fish 
3.6.1 Historic fish distribution and biodiversity of the Shingwedzi River 
Fish distribution data were primarily obtained from the data bases of the Limpopo 
Department of Environment and Tourism (LEDET), the South African Institute of Aquatic 
Biodiversity (SAIAB), the KNP, the now defunct Transvaal Provincial Administration (TPA) 
as well as from the work of Gaigher (1969), Pienaar (1978), Russell (1997) and Olivier (2003).  
In addition data was obtained from experts (Angliss, pers com.1; Deacon, pers com.2; 
Kleynhans, pers com.3; Engelbrecht, pers com. 4) and added on to the data. This data were 
then used to construct the historic data and eventually deduct the reference state (RS). 
                                                                 
1 Angliss, M.K., Anglo Platinum, Polokwane, South Africa. 
2 Deacon, A.R.,  Scientific Services, Kruger National Park, South Africa 
3 Kleynhans, C.J. Resource Quality Services, Department of Water Affairs, Pretoria, South Africa. 
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When the historic data was compared with the fish data provided by Kleynhans et al. 
(2007a) for the two reference fish distribution sites (2LF2 and 2LF3) in the Shingwedzi River 
system some differences are observed namely:  
a. That although Kleynhans et al. (2007a) lists the eel Anguilla marmorata no reference to its 

presence was found in the other literature surveyed. 
b. That the Southern Mouth Brooder, Pseudocrenilabrus philander, is listed by Kleynhans et 

al. (2007a) as “a species derived to be present” at site 2LF3 in the Mphongolo River, the 
only record in the surveyed literature is that of Pienaar (1978) who collected the species 
in the vicinity of Red Rocks..  

c. That the tigerfish, Hydrocynus vittatus and the Purple Labeo, Labeo congoro, are not listed 
at both 2LF2 and 2LF3. This despite the fact that the presence of H. vittatus is reported 
by Pienaar (1978) at sites in the proximity of the current sites 6,  15, 24 and 25 and by 
Deacon (pers com.2) at Site 6.  

 
Family Historic biodiversity Recorded during the survey  
Characidae Hydrocynus vittatus

Brycinus imberi 
Micralestes acutidens 

Brycinus imberi 
 

Cyprinidae Labeobarbus marequensis
Barbus  afrohamiltoni  
Barbus matozzi 
B. trimaculatus 
B. paludinosus 
B. unitaeniatus 
B. viviparus 
B. annectens 
B. toppini 
B. radiatus 
Labeo congoro 
L. cylindricus 
L. rosae 
L. ruddi 
L. molybdinus 
Opsaridium peringueyi 
Mesobola  brevianalis 

Barbus  afrohamiltoni  
 
B. trimaculatus 
 
B. unitaeniatus 
B. viviparus 
B. annectens 
B. toppini 
B. radiatus 
 
L. cylindricus 
L. rosae 
L. ruddi 
L. molybdinus 
 
Mesobola  brevianalis 

Schilbeidae Schilbe intermedius Schilbe intermedius
Clariidae Clarias gariepinus Clarias gariepinus
Mochokidae Synodontis zambezensis

Chiloglanis paratus 
Cichlidae Oreochromis mossambicus

Tilapia rendalli 
Pseudocrenilabrus philander 

Oreochromis mossambicus 
Tilapia rendalli 
 

Gobiidae Glossogobius giuris Glossogobius giuris
Anguillidae Anguilla mossambica

Table 17. The historic fish diversity and fish recorded during this survey in the Shingwedzi 
River sub-catchment, South Africa. 
                                                                                                                                                                   
4 Engelbrecht, J. Private Limnology Consultant, Lydenburg, South Africa. 
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New frequency of occurrence (FROC) data was constructed by combining the findings of the 
Kleynhans et al. (2007) with the historic data gathered in this project. As part of this exercise 
certain sites were grouped together with the existing reference sites or were grouped on 
their own.  

3.6.2 Results of the survey 
Table 17 shows that during the surveys a total of 18 fish species, belonging to six families, 
were collected throughout the river system. Although specimens from of eleven species 
were not collected the absence of the Labeobarbus marequensis, Hydrocynus vittatus and the 
two eel species (Anguilla marmorata and A. mossambica) is of concern since both H. vittatus 
and L. marequensis is dependent on flow for breeding and the eels are the only true migrators 
that are negatively affected by barriers that prevent migration. The absence of  Barbus 
matozzi agrees with the observations of Engelbrecht (pers com.4) who found the species 
absent in areas of historic distribution in other rivers in adjoining WMAs. The absence of 
Purple Labeo (Labeo congoro) and the Brown Squeaker (Synodontis zambezensis) specimens in 
the samples could be ascribed to the lack of deep pools. The fact that no Barbus paludinosus 
specimens were collected is ascribed to a lack of habitat, which includes shallow water 
adjacent to the wetted perimeter. When flow is diminished this is the type of habitat 
primarily affected. The absence of  Micralestes acutidens is of real concern as this is one of the 
more common species, as is the case with L. marequensis . The specimens of the River Sardine 
(Mesobola brevianalis) and the Redeye Labeo (Labeo cylindricus), collected at sites 3 and 17 
respectively, are the first records of the two species at the specific sites. 
Two approaches were followed in the calculation of the FRAI scores. In the first approach 
each site was treated as an individual data point in order to establish the extent of 
anthropogenic impacts between sites.  The second approach was to combine the survey 
results of the sites within the same ecoregion of each tributary. This resulted in groupings 
(Table 5) which each was then regarded as a reach within the river system (Kleynhans, 
2007). For each of these reaches a FRAI score was then calculated. 
 

 
Fig. 10. The calculated Fish Response Assessment Index (FRAI) scores for the sites in the 
Shingwedzi River sub-catchment, South Africa (Adapted from Fouché & Vlok, 2010). 
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The FRAI results obtained for individual sites in the main stem of the river are shown in 
Figure 10. In the tributaries a trend of downstream improvement of the FRAI scores were 
observed. The exception was the low score obtained at Zari, in the Phugwane River, which 
indicates that a negative impact had occurred upstream of the site. Initially an upward trend 
was observed in the main stem Shingwedzi River, but a distinct decrease in the FRAI score 
occurred at Shangoni, below which a downward trend was observed.  
Table 18 shows the FRAI scores for four of the reaches formed by the grouping of sites in the 
sub-level 2 ecoregions. Because Site 1 (Tshamidzi) had received water only one day prior to 
the March 2008 survey and Site 2 (Red Ivory) only had a stagnant pool Reach I was not 
included. The FRAI scores show that the reaches were in a reasonably good ecological state, 
with the Mphongolo River being the best. The Phugwane River, with a score of 60,8 was in 
the worst state and this could be ascribed to the fact that this tributary had the lowest and 
most erratic flow. Notably, the sites within reaches II, III and IV comprised a combination of 
sites lying outside and inside the boundaries of the KNP. 
 

Reach River/Tributary Calculated 
FRAI score 

Ecological 
category (EC) 

II Mphongolo and 
Shisha 

78.7 B/C 

III Phugwane 60.8 C/D 
IV Shingwedzi 70.5 C 
V Shingwedzi 62.2 C 

Table 18. The FRAI scores calculated for the ecological reaches in the Shingwedzi River and 
tributaries, South Africa. (Fouché & Vlok, 2010). 

4. Conclusion 
A review of the literature, as cited in this report, has shown that the perception exists that 
phosphate is the only water quality parameter adversely affected by activities within the 
sub-catchment and creates the idea that this river has low levels of pollution. This study has 
however shown that it was not only phosphate but that it also applied to the nitrogenous 
compounds, ammonium and nitrate. All three the compounds exceeded the TPC values set 
by the KNP at a number of sites. In addition the TPC values for pH, electrical conductivity 
and Total Dissolved Substances were also exceeded in a number of instances. Based on the 
above the calculated Water Quality Index scores shows that on average the water quality of 
the rivers could only be rated as of “medium” quality.  These findings are supported by the 
low SASS and diatom index scores and are proof that the level of pollution is higher than 
originally thought. The fact that this is underpinned by the diatom based indices indicates 
that the pollution is a continuous and ongoing process.  
It is of concern that the high nutrient content in the water and the resultant trophic status of 
the rivers, as is indicated by the high Trophic Diatom Index scores, is most certainly the 
result of anthropogenic impacts such as incorrect or lack of waste management practices 
and return flow from commercial agricultural. With an increase in the population, as is 
expected in the sub-catchment, these activities, and consequently pollution, will increase. 
Research for this project has shown that historically the mean annual run-off (MAR) in the 
sub-catchment is low and consequently the flow in the Shingwedzi River and tributaries is 
not only low and episodic but also extremely variable. The current study however points to 
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even lower flows.  The evidence for this is observed in the riparian vegetation where there is 
a visible encroachment by terrestrial woody species. Lower water levels during floods as 
well as a decrease in the base flow create a suitable environment that allows these woody 
terrestrial species to flourish and even become dominant in some instances. The second 
indication that flow has diminished lies in the absence of fish species that are dependent on 
flow for breeding such as the tigerfish, H. vittatus,  and the Lowveld largescale yellowfish, L. 
marequensis (Fouché, 2009). In addition the fragmentation of the rivers caused by the 
building of weirs has destroyed the connectivity and consequently the loss of the only true 
migratory species within the system namely the eel A. mossambica.  
Higher demands for water resulting from an ever increasing population will ultimately lead 
to the construction of more weirs to create water storage reservoirs. This will not only 
diminish the flow and lead to further fragmentation of the river but incorrect management 
of releases could negatively impact on the seasonality and flow regime of the river. This in 
turn will not only affect the reproductive strategies of instream biota such as fish but also 
the recruitment of the obligate riparian plant species. These weirs can act as migratory 
barriers and could prevent local migratory fish species to migrate for breeding and 
dispersion purposes. 
Based on the above it can be concluded that the Shingwedzi River and its tributaries is not 
only vulnerable but increasingly under threat. The vulnerability is related to the fact that 
these rivers are in a water scarce area. To conserve these rivers, and in particular the role 
that they play within the landscape, is of utmost importance and can only be achieved 
through a well designed management plan that is properly implemented and maintained. 
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"Once you eliminate the Impossible, whatever remains, no matter how improbable,  
must be the truth" (Sherlock Holmes. (Sir Arthur Conan, Doyle, 1859 - 1930)) 

1. Introduction 

The world Health Organization has estimated that up to 80% of all diseases and sicknesses 
in the world are caused by inadequate sanitation, polluted water or unavailability of water. 
(Cheesbrough, 1984, Pritchard et al., 2009 and Yongabi et al., 2010) Faeces, gabbage resulting 
from improper sewage disposal are an important source of pathogenic organisms in water, 
especially the causative agents of diarrhoeal and dysentery diseases. Faeces are attractive to 
flies which support the development of the larval stages (maggots) of filth flies. These 
hazards couple with the indiscriminate disposal of faeces can also constitute a grave 
nuisance from the offensive sight and smell. In many parts of rural Africa, toilets and 
garbage disposal pits and/or sites are cited close to wells.The leachates from these could 
contaminate ground and surface water (Yongabi et al., 2011) Diseases associated with water 
could be broadly categorised into five epidemiological groups viz: Waterborne infections e.g 
cholera, typhoid, infective hepatitis, Water shortage diseases e.g. skin infections, trachoma, 
Water-impounding diseases e.g schistosomiasis and guinea worm, Water-arthropod disease 
e.g. malaria onchocerciasis, Chemical constituents either excess or shortage e.g. fluoride - 
this may have an indirect effect in the body.The World population is currently growing at 
an unprecendented rate, and as of 1996 a 1.8% growth rate per annum which translates to 
over 80 million people a year was reported (UN, 1996). There is no doubt that most African 
countries are presently characterised by inexorable population explosion (Adegbola, 1987 
and Yongabi et al., 2010) This has dire consequences to the food and environmental 
resources, more industries are springing up and the quest for survival is generating a lot of 
pollution.Inorder to meet the needs of this soaring population, the production capacity in all 
the sectors would have to be multiplied. All these sectors would need water as a raw 
material and apparently, there is water shortage in Sub Saharan Africa. For instance, in 
Nigeria, alot of volumes of water is used and needed for irrigation especially in the dry 
season.  
The potential irrigation area of Nigeria stands at about 2.5 Million hactares which is capable 
of producing close to 40% of the current total annual crop production. The small scale 
fadama irrigation constitutes 90% of the country's irrigation potentials (Dada et al., 1990). 
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This picture is similar across sub Saharan Africa. Apart from agriculture, the health sector, 
hospitals and pharmaceutical companies in Nigeria uses a lot of water during 
manufacturing and cooling systems. The waste water generated is high and often 
discharged untreated. This ultimately pollutes surface water. Such waste water is difficult 
and`expensive to treat and re-use as it contains a mix of chemical compounds. The major 
industries in Nigeria like food-based industries and breweries and refineries really use huge 
volumes of water and as such generate so much waste water. 
Taking the brewing industry as a good first point of call, only 8% of the nutrients in the 
spent grain are used. The other 92% is waste and usually discharged into the 
environment.Imagine 18.5 hl of wastewater (alkaline is leashed out to the environment to 
produce a bottle of beer (Ihl) with 1.2kg of BOD, equally, the water input is high. (20hl) 
Many breweries across sub saharan africa and the world over function along similar lines 
(Pauli, 1998) These sectors depend heavily on water which is scare and generates a lot of 
wastewater that is at best untreated and goes along way to generate ecological imbalances 
especially in the face of population explosion. As consequence of population explosion is 
heavy dependence on fresh water resources, fresh water gradually becoming impoverished 
in many parts of the world through a number of means; contamination, reclaimation and 
exhaustion. For instance, in Jordan and Yemen 30% of their water from their ground water 
acquifers are depleted per annum than the acquifers are able to recharge (Engle/Manand 
/eroy, 1993). This trend may be similar across many countries the world over. 

1.1 Statement of problem / justification 
Estimates reveal that water borne diseases contribute to the death of 4 million children in 
the developing countries each year. This estimate by UNICEF may be a far under 
estimation of the real situation on ground. In many African countries for instance, water is 
scarce in both the rural and urban settings. A local survey carried out in the states of 
Bauchi, Plateau and Benue states shows that most of the rural communities lack potable 
water and has to travel many miles to search for water in nearby polluted streams for 
domestic uses. (Table I) At Agakwe, in Tiv Land, Edoma land in Benue state of Nigeria, 
pipe borne water was found (Survey done by researchers with CARUDEP, JOS, 2005) 
while in Bauchi, an all the local Governments in the rural areas of Tafawa Balewa. 
Ganjuwa etc depend on wells that dry up in the dry season. The same holds true for many 
communities in the northern parts of Cameroon, Chad, Sudan, Central African Republic 
and Niger. The communities lack basic hygiene, sanitation and water (Table 2.) UNICEF 
(1993, 2009) acknowledged that the lack of universal access to health, education and water 
services for the world's poorest people is a big obstacle to the global targets for 
sustainable development ( UNEP, 2002) Unfortunately, this obstacle remains and it is 
uncertain if the strategies on ground can generate sustainability in any way.This is 
because, poor people in semi-urban and some rural communities in subsharan africa still 
pay a disproportionate share of their meagre incomes for water services that is irregular, 
inconvenient and often suspicious in quality.A survey done in some villages in Cameroon 
shows just how potable water is rare. (Table1).Paradoxically, so much attention, the world 
over has been placed on water pollution and sanitation programmes with huge 
expenditures but the impact, however, remains questionable. Perhaps to attempt to 
explain this short falls could be that most of the strategies used to solve these problems 
are in themselves not sustainable. 
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Community Name 
No. 

adult 
male 

No. of 
adult 

women 

Children 
1-12 

Youth 
12-25 

No. 
Latrines 

No 
houses 

Water 
point 

GarinAbare 400 800 1500 700 120 300 5 
GIKAR 1000 2250 4000 700 21 250 3 

KWABLANG 250 350 1000  32 100 19 
Barkaya 500 600 3500 1500 32 100 6 

DUKKUN Dindima 25 36 59 18 32 13 19 
Turiya 25 38 88 15 15 11 9 

Nassarawa 35 42 81 19 26 29 5 
Dindima 25 36 56 19 38 13 2 

Fumbinare 42 59 102 54 49 12 5 
G/Total 2302 4211 10386 1625 365 828 73 

*Done in collaboration with Development Exchange Centre (DEC), an NGO which provides / assist 
these communities with development projects in 2005 

Table 1. Baseline survey on water and sanitation facilities from communities in Bauchi state, 
Nigeria (The survey indicates limited safe water and sanitation among the rural area in 
Bauchi-Nigeria) 

 
Illnesses Adults No% Children 
Scabies 24 (2.9%) 32 (3.8%) 
Skin sepsis 16 (1.9%) 20 (2.4%) 
Yaws 4 (0.5%) 10 (1.2%) 
Lice 152 (18.3%) 250(30.0%) 
Trachoma 16(1.9%) 18(2.2%) 
Conjuntivitis 65(7.8%) 133(16.0%) 
Bacillary dysentery 106(12.7%) 198(23.8%) 
Salmonellosis 16(1.9%) 28(3.4%) 
Diarrhoea 14(1.7%) 108(13.0%) 
Ascariasis 10(1.2%) 18(2.2%) 
Paratyphoid Fever 20(2.4%) 34(4.1%) 
Worms 4 (0.5%) 24(2.9%) 
Stomach ache - 103(2.9%) 
Malaria 70(8.4%) 6(0.7%) 
 517(53.7) 986(117.4%) 

Table 2. Frequency distribution of common illnesses found in Bulli Village, 10km away from 
the university Community in bauchi, Nigeria. (The results in this table indicates high 
frequency of water borne diseases in the study area) 

Providing pipe borne water to communities, is laudable but when the low income earning 
communities cannot cope with maintenance cost and the robustness of the technologies in 
place, then it becomes a major problem.UNICEF (1993) reported that in the 1980s, some 10 
million dollars was spent yearly in the developing countries on high technology to 
improve services to people who already had water and sanitation predominantly in the 
cities. Only a fraction (20%) was reluctantly spared on low-cost appropriate technology 
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for the underserved majority of people in peri-urban areas (UNICEF, 1993).The high cost 
of treating water and its attending high energy input is prohibitive to most industries and 
factories in developing countries and as such release untreated wastewater into 
neighbouring streams, thereby polluting many fresh water bodies. These sources of water 
pollution includes heavy metals, halogenated hydrocarbons, dioxins, organochlorines 
such as DDT which do not easily break down under natural processes and tend to 
accumulate in biological food chain.The popular treatment system of water in sub saharan 
africa is the sedimentation, coagulation, disinfection (chlorination), filtration. 
Undoubtedly, this has generated potable water but, however, the final water products 
remain unaffordable by 70% of ther populace (Schultz et al., 1983; Yongabi et al., 2010) 
Reports also suggest chlorine resistant organisms such as, cryptosporidium oocysts, 
strains of salmonella sp, aeromonas, entamoeba cyst, mycobacterium sp, escherichia Coli. 
0157:47 and host of others (Madore et al., 1987;Yongabi et al., 2011).Chlorine has been 
noted as a potential carcinogen forming compounds such as tetrachloromethane (TCM) 
which also produces hormonal analoque that may interfere with male fertility. 
Aluminium sulphate (Alum), the widely used water coagulant thus generate acidic water, 
unsafe for pregnant women and causes predementia in some people (loss of memory) 
While all these defects exists, mankind has been endowed with indigenous knowledge 
and has been using it to survive proceeding the advent of all these technologies. There is a 
need to revisit our roots, study this indigenous system and improve on them. Exploring 
and exploiting the potentials of natural materials such as plants and sand to bring about 
cheap clean water in a more ecological friendly manner are the thrust of this work. This 
may have great lessons for ecological sustainability now and centuries to come.  

1.2 Aims / objectives 
The ultimate purpose of this chapter is to report results of our research on a water pollution 
management technology that is low-tech, cheap and above all ecologically friendly. The 
specific objectives of this study, therefore, are:to report the results of analysis of the pathogen 
level of polluted water from refinery, food and confectionery processing industry in Nigeria 
and Cameroon, stagnant pond water where people fetch water for household chores and for 
irrigation at. To carry out a survey / inventory on problems of clean water and indigenous 
knowledge on how communities treat their water in Nigeria and Cameroon. To use the 
collected knowledge and screen these plant materials and their extract for their coagulation/ 
disinfection activities in vitro using polluted water samples.To test their potential antimicrobial 
activity on isolates from polluted water samples and, to generate clean water using a 
constructed integrated biocoagulant - sand filter system and other geological-materials. 

2. Brief overview of interdisciplinary importance, dangers of water and 
existing gaps in water pollution management 

2.1 The necessity of water as a consumable product in all the aspects of life 
The role of water in life as a whole cannot be over emphasised as this universal solvent is 
the basis of life after air. What a life without water? Evolutionary, biologists hold strongly 
that life began in water and therefore explains why human use water at times for 
rituals.Water is a prime necessity for life, it forms the basis for a balanced diet without 
which digestion cannot function well. It is a lubricant for biological processes such as 
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excretion and major glands secretion are usually in water form.It acts as a cushion 
preventing crushing in internal structures, example synovial fluid. 
To the agriculturalist, crops cannot grow without water, therefore, it is needed for 
germination, that is probably why in dry areas irrigation is used to shunt this 
adversity.Water is used for laundry, domestication such as cooking and washing of 
utensils. This vital community is the basis for electricity in which case more important 
than electricity. It is the source for hydroelectricity which is the backbone of all industries 
and factories.Additionally, water is used in agro-industry for washing, media  
for dissolution, production of diary products, beverages etc.To the engineer, water is used 
as a cooling agent, lubricant and for building and construction.In addition, water is a 
useful transport source: Navigation. Water is a habitat for fish and minerals such as 
petroleum. Fish being used as sources of protein for man and petroleum and other 
minerals used as fuels. 
Water serves as a touristic site, for example the Kribi beach in Cameroon and the Gubi dam 
in Bauchi state. In the wise, a source of revenue for the Government. Indeed, highlighting 
the use of water could only tatamounts to an infinite list. Taking water as previously 
mentioned is a source of a balanced diet, it contains vital minerals such as Manessium, Ca, 
Fe, Cu, Zu, F, No3, So4 etc) for the International Standard for drinking water (WHO, 
1984).Therefore, good water should actually posses these minerals. Good water should be 
colourless, odourless and free from any toxic elements.Some toxic substances in drinking 
water could include Pb, Se, As, Cr and CN. According to World Health Organization, 1958, 
showed that a 0.001 4p.m s the maximum concentrations allowable, exceeding this level is 
pollution (see As cited above, toxic elements could be consumed from water that could lead 
to cancer. Water, even though has many uses serves as a breeding ground for some vectors 
of man's parasitic diseases, for example. Malaria and schistosomiasis. Rain water in excess 
could cause flood and hence heavy economic losses. Besides, this could also lead to erosion 
which inflicts heavy pains to Agriculture. Finally, sea accidents lead to loss of lives too. The 
overwhelming indispensability of water as a primordial stuff for all the arms of Economy 
has become a hot topic for discussion by many state governors and their administrations in 
africa.If the State governments are not supplying boreholes and other rural water Sources, 
she is either trying to solve flood problems or some other hazard cause by rain storm.From 
analysis of all budgets speeches since 1982 to date, it is interesting to note that water has 
been placed as a top priority amongst other projects yet little is achieved. Water which is 
safe for drinking must be free of pathogenic organisms, toxic substances and an excess of 
minerals and organic debris. It must be colourless, tasteless and odourless in order to be 
attractive to consumers and preferably cool.Water is the basis of life. About 75% of the body 
weight is made of water. In developing countries 15 million infants die every year due to 
contaminated drinking water, poor hygiene and malnutrition. About 80% of illness in 
developing countries are directly connected with contaminated drinking water (WHO).The 
Provision of water supply near by for consumers and sufficient for their daily needs will 
help greatly in decreasing the incidence of skin diseases and eye infections and also reduce 
diarrhea diseases and most worm infections, particularly if the water is of good quality 
bacteriological. However, major improvements in health conditions through provision of 
sufficient safe water can only be achieved through domestic hygiene and proper methods of 
water purification (Yongabi et al., 2010).Oyawaye et al (2000) in their study of water sources 
for three years in Bauchi, noted elevated levels of nitrates (33.3mgkg) in ground water 
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sources in the dry season.Higher nitrate values for treated and untreated waters still 
remained high in the rainy season but within acceptable limits.Excess Nitrates in water has 
been linked to methemoglobinemia (bleu babies) Many infant deaths in Africa and 
particularly sub Saharan Africa are mainly attributed to dysentery and diarrhoea of 
undefined sources which may be due to nitrates in water. Similarly, literature elsewhere has 
evidence that implicates N- Nitrosamines in the inccidence of carcinogenesis. The density of 
Microbial isolates has been reported to be inversely proportional to the level of residual 
chlorine from 1.0mgk to less then 0.2mgk. Residual chlorine also reduces steadily from point 
of application to point of collection. Twenty three bacterial genera belonging to groups of 
coliform, faecal coliform and Staphylococcus spp were isolated at various stages (Yongabi et 
al., 2011). 

2.2 General methods of water pollution management 
2.2.1 Application of chlorine, halogens and alum in water treatment 
Chlorine is widely applied to disinfect water. For instance, a well or a tank containing 1000 
litres of relatively clean water 2g of chlorine is added and if organic matter is present or one is 
doubting the purity you add 4g of chlorine. Then thoroughly mix it into the water and allow 
standing for at least 30 minutes before using it. However if water is highly turbid i.e 
containing a lot of sediments, alum is first added to make the sediments settle at the base. The 
water is then drain into another tank before chlorinating. The amount of Alum required 
treating 1000 litres of relatively clean water is 56g while for sufficient safe water for a 
community but then it requires highly skilled technicians who can measure and control the 
chlorine and alum dosage. This knowledge is lacking in the rural areas.Other halogens such as 
bromine and iodine are also applied in water treatment. The set backs have been discussed in 
recent publications (Yongabi et al., 2010 and Yongabi et al., 2011). 

2.2.2 Sand filter  
This method of purifying water has been known right from time immemorial. Over thousands 
of years now clean water have been obtained from river beds when dug. As water falls or 
flows over the river bed it percolates through the sand grains where the disease-causing 
organism filter out. Clean Sharp River sand is obtained and thoroughly washed; gravels are 
also obtained and washed. Tow clean containers are used for the construction of the sand 
filter. The container for the filter and storage could be made out of metal plastic or traditional 
clay. A hole is made two-thirds of the way up the filter container and hose with blocked  
base and perforated will be fixed at the opening into the drum. The gravel is then placed over 
it to a height of 7.5cm and the sand is placed above it to a height just below the hose fitting. 
The filter is then thoroughly flushed out with clean water for a week to allow for formation  
of biofilm. The attributes and set backs of the sand filter in terms of cost, installation, 
management and efficacy and the need to intergrate it with plant coagulants have been 
reported (Yongabi et al., 2010). 

2.2.3 Water treatment with plants: The case of moringa oleifera and water hyacinth 
The seed pods of Moringa oleifera have been used for water treatment. After shelving, the 
seeds are crushed, seized (3.5mm mesh) using traditional techniques employed in the 
production of maize flour. Approximately 50-150mg of the ground seed will be needed to 
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treat a litre of river water, depending on the quantity of suspended matter.Normally, a small 
amount of clean water is then mixed with the crushed seed to form a paste.The crushed seed 
powder when added to water, yields water soluble proteins that posses a net positive 
charge.The coagulant/flocculant characteristics of seed is linked to a series of low molecular 
weight cationic protein. Dose of Moringa oleifera seeds depends much on the tubidity of the 
water in question. Generally, 75-25mg/l (.75 - 2.5g) has been empolyed.For a turbidity of 
400NTU, ).5g of Moringa oleifera powder is used for a litre of turbid water.Extensive studies 
have been done on the applications of Moringa oleifera in water treatment. Other plants 
used in water treatment include, cactus, water hyacinth and syntrochnus potatorum which 
are reported to remove turbidity and heavy metals from water (Bina, 1991; Yongabi et al., 
2010) The need to catalogue such useful natural materials in Africa needs intensification. 

3. Materials and methods 

3.1 Study area 
The study was conducted in Bauchi State (at Abubakar Tafawa Balewa University) Nigeria 
and Bamenda, Cameroon 2010 to 2011. These two countries are located in sub shaharan 
Africa with the same climatic conditions and similar traditions and problems. These Natural 
plant materials collected from these focussed more on other plants rather than Moringa 
oleifera which has been extensively reported in literature. 

3.2.1 Materials used 
MacCathney and bijore bottles were purchased from supplies of Hospital and laboratory 
materials from bauchi metropolis. They were washed repeatedly using detergent and rinsed 
in clean water and then sterilised by autoclaving alongside with all glasswares used for the 
study. Autoclaving was done at 121°c for 15 minutes. 
A number of agars: Nutrient agar (oxoid Ltd), MacConkey Eosine Methylene blue, potato 
Dextrose agars (Oxoid) Ltd) were obtained from the University Zeri Research laboratory 
and Phytobiotechnology Research laboratory and School of Chemical engineering , The 
University of Adelaide, South Australia. 

3.2.2 Special equipment and apparati 
Some of the equipment and apparatuses used for the study include spectrophotometer 
(Phips) Vu/Vis, Pve, unicam sp 6-450) incubator (Jouan) bench. Certrifuge (Mistrail 1000) 
weighing balance (meter am100) and soxhlet apparatus (Galler kamp). 

3.2.3 Chemicals and reagents 
Nutient Agar were obtained from biotech laboratories survey, UK, Ferric chloride, 
potassium hydroxide, copper acetate, lead acetate, bismuth nitrate sodium chloride, 
chloroform, diethylether, ethanol were purchased from Britiest Drug Houses (BDH). 
Chemicals Ltd, poole England. 
Ammonia solution potassium tartrate picric acid, fhling solutions were obtained from Ma 
nd B Ltd England. 
All other regents an chemicals used were of analytical grade obtained from reputable 
scientific and chemical companies. All solutions were prepared in distilled water, redistilled 
from pyrex apparatus. 
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Carica Papaya Plant 
seeds used as a phydisinfectant and coagulant in rural Cameroon 

 

 
 

Clay 
used as a geocoagulant 

 

 
Pieces of Alum     Garcinia Kola seeds 

        Alum is a synthetic coagulant      used as a phytocoagulant and phytodisinfectant,  
       widely used, people have to buy. locally available in the communities in Africa 
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 Jatropha Curcas Plant 
Seeds used as a phytocoagulant, locally available in Subsaharan Africa, particularly Cameroon 

3.2.4 Polluted water sample collection 
Refinery wastewater was collected from other Kaduna Petroleum oil refinery. This is located in 
kaduna Town in Kaduna State in the northern parts of Nigeria and SONARA oil in Cameroon. 
The crude oil is fractionated and fuel produced amongst other, bye products. The refinery 
wastewater is usually discharged untreated into river Kaduna. Ten litres of the wastewater 
was collected with the assistance of students undertaking their internship at the refinery in 
2005-2011.Wastewater from the NASCO Company Ltd in Jos, plateau State of Nigeria was also 
collected. The NASCO household in Jos produces a number of confectioneries including, 
biscuits, conflakes etc and then Nasco soaps, detergents etc. Jos is located in the North Central 
region of Nigeria and has a teeming population. The wastewater is usually discharged into the 
neighbouring streams and brooks. Ten litres of the wastewater was collected with the acid of 
students on internship.Lastly, dirty (turbid) pond water was collected from a stagnant pond 
located at the western part of the Abubakar Tafawa Balewa University Campus. The stagnant 
water is used by the local people around for irrigation of Crops within the vicinity, other 
activities include fishing and washing of clothes as well as at times swimming. Ten litres of the 
sample was collected for laboratory studies. 

3.3 Microbiology analyses 
One ml of each of the samples was diluted in 9ml of sterile distilled water and serially 
diluted up to 10-5 dilution and plated in triplicates on Nutrient agar for total heterotrophic 
bacterial counts, MacConkeyagar and Eosine Methylene blue agars for Total Coliform and 
E. coli counts respectively while on potato dextrose agar for fungal counts.Incubation was 
done at 37°C for 24 hours for bacterial counts and at 25°C for fungal counts. Discret colonies 
on each plates were counted on each plate and average of three plates taken.The presence of 
colonies on Eosine methylene blue agar indicated probable identify for typical coliform 
colonies, Gram stained portions of the colonies showed gram negative roads with absence of 
spores as a further elucidation of the Micromorphology of coliform. Colonies on EMB that 
appeared as Metallic greenish sheen confirmed the presence of Escherichia Coli. 

3.3.1 Collection and Identification of plants 
The leaves and Abus precatorius were collected from Shere hills, Jos Nigeria. This plant 
sample was authenticated by plant taxonomists at the Federal College of forestery Jos, 
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Nigeria. They were dried and pounded into well labeled, clean air tight. Containers and 
stored until required. 

3.3.2 Sources of test organisms 
Clinical isolated of Esehericaia coli, staphyococcus aureus, Salmonella paratyphi and 
Candida albican were isolated from polluted streams in Bamenda, Cameroon. 

3.3.3 Methods 

Preparation of plants for biological test 

The dried and pulverized samples were then extracted using ethanol, diethyl and water. 
This was done in increasing polarity. Most traditional healers sometimes use palm wine, 
which contains ethanil as their solvent. This gives additional reason for preferring ethanol to 
methanol. Deithyl ether is one of the best solvent for antimicrobial activities (nastro et al, 
2000). Water is a universal solvent. 

3.3.4 Aqueous extraction 
10g of powdered sample was weighed on a Mettle balance. It was then put in separate clean 
and sterile conical flasks containing 200ml of cold sterile. 

3.3.5 Biological assay 

Preparation of dilutions of the extracts 

The concentrations of various crude extracts were made in sterile distilled water and for 
dicthylether extrac) the concentrations prepared in those solvents were 50ml, 100mg/ml and 
150mg/ml. 

3.3.6 Purification of bacterial isolates 
The stock cultures of the bacterial isolates were subculture unto nutrient agar, blood agar 
and agar and macconkey agar to produce discrete colonies and incubated for 24 hours  
at 37°C. The plates were examined for purity and specific biochemical test were carried out 
to confirm the identity of the different isolates according to methods described by (Baker  
et al, 1980). 

3.3.7 Test for bacterial suspensions 
Preparation of fresh plates of the test bacteria was made from isolated stocks stored on  
agar slants. By the use of a stride wire loop, colonies of fresh cultures were picked and 
suspended in 20ml of nutrient broth in different sterile universal bottles. The centrifugation 
bottles were done in MSE refrigerating centrifuge at 1000m rpm for 30 minutes in virology 
department of N.V.R.I Vom. The supernatant was discarded. The organisms were again 
resuspended using equal volumes of sterile normal saline. The concentrations of the 
organism were obtained by comparison with 10 standard opacity bottles (Macfarland's 
Naphelometry) method of opacity, which contained various amounts of barium sulphate  
in 1% sulphereric acid (N/36). Most of the tubes corresponded to 10-4 which was very 
turbid. The organisms were then diluted down to 10-6 s then one loopted equivalent of 
0.02ml from each of the bottles 10-4, 10-5 and 10-6 was plated out on three different 
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petridishes containing nutrient agar and incubator over-right at 37°C to determine 
population density of the test organism. Member of colony forming units per millitre was 
obtained as follows, since for example 10-6 deliration had 25 colonies. Colonies on  
the second day 25 x 50 x 10-6 + 1.25 x 10-9 C.FU/ml. 1ml of the 10-6 dilution of various 
bacteria was used in flooding nutrient agar plates in the agar diffusion method of invitro 
sensitivity test. 

3.3.8 Preparation of media 
2.3g of nutrient agar was dissolved in 100ml of distilled water and heated slowly while 
shaking until the solution become clear and yellow in colour. The nutrient agar was cool to 
about 47°C and become semi-solid state. This is to facilitate the diffusion of large molecules 
of the crude extract as compound or standard or processed and purified antibiotics with 
small and readily diffusable molecules. 

3.4.1 Agar gel diffusion test (punch-hole method) 
The plates of nutrient agar were seeded in duplicates with 1.0ml of 10-6 dilution of the test 
bacteria. The plates were then swirled to allow the inoculum to spread on the excess was 
discarded in a disinfectant jar. The plates were allowed on the bench for 5 minute is and 
they were dired in the incubator for 1 hour at 37°C. 
Using a sterile cork borer four well were bored at equal distances around for plate. The 5th 
well was made in the middle. The bottoms of the wells were sealed with one drop each of 
sterile nutrient agar before the extracts were puts. 
The prepared concentrations the extracts were put into the wells. Sterile distilled water was 
put in the 5th well to serve as negative control for aqueous and ethanolic extracts while 
dimethysulfoxide ws used as negative control for diethylether. Gentamycin was used as a 
positive control in the 4th well. After allowing on the the bench for 1 hour, for diffusion of 
the extracts, the plates were incubated at 37°C for one day. The plates were examined the 
next day to concentrations of the extracts on the test bacteria. 
The zones of inhibitions were measured using a ruler in millimeters and the average of the 
two readings was taken to be the zone of inhibition of the bacterial species in a particular 
concentration. 

3.4.2 Minimum Inhibitory Concentration (MIC) 
This was determined using broth dilution technique (Puyelde, 1956). Freshly prepared broth 
in sterile Bijou bottles was used. Two sets of six Bijou bottles were used for each test. 1 ml of 
sterile nutrient broth was put in Bijo bottle number 1 to 6.1ml 200mg/ml was added to Bijou 
bottle number one. The extract in the bottle on was therefore diluted 1:2. It was properly 
mixed and 1ml was transferred to bottle number two which was diluted 1:4 and this was 
continued until the 5th bottle from which one ml was discarded. Bottle number six 
contained only sterile nutrient broth to serve as negative control.A loopful of 10-6 dilution of 
bacteria suspension with microbial load of 1.25 x 109 C.F.U/ml was then added to all the six 
bottles. This entire procedure was done for all the organisms that were susceptible to the 
various extracts. The bottles were thoroughly mixed by gentle shaking and incubation for 24 
hours at 37°C. The bottles were observed for turbidity after incubation visually by 
comparing with the control.Cultures from incubated bottles were subcultured onto fresh 
nutrient agar plates. The inoculated were incubated at 37°C for 24 hours. The plates were 
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examined for growth indicated bacteriocidal effect of the concentration of the extract used. 
Plates showing light growth were taken to have bacteriostatic effect, while those showing 
moderate or heavy growth were taken to have no inhibitory effect on the bacteria 
(Puyuelde, 1986). 

3.4.3 PH analysis 
The PH of the raw and treated wastewater samples was tested using a combi-9 test trip (a 
standard strip for routine urinary biochemical analysis). A fresh strip each was dipped into 
each of the samples and after sixty seconds, the colour change noticed was compared with a 
range of colour standards and when the colour of the strip Matched any of the colour 
standards, the PH label was directly read off. 
(Photo field solar weighing balance and Combi-9 Ph strip). 

3.4.4 Turbidity evaluation 
A subjective visual observation was done. The presence of colloidal suspended matter was 
noted in the untreated samples while their absence noted in the treated samples Floc 
formation and lack of floc formation was also observed as a distinct evidence of coagulation 
for the treated samples.The presence of odour and absences was also noted by suing the 
nose. The use of the sight and small senses were highly exploited. 

3.4.5 Plant sample selection and collection 
The plant coagulants used in this study were selected based on a survey of their local use in 
water purification by the indigenous people in sub-saharan africa (Yongabi K. A, 2004, 
www.biotech.kth.se/iobb/new/kenneth04.doc) Moringa Oleifera (Lam) seeds have been 
used by a rural Nigeria for water treatment and Literature elsewhere abound (Fuglie, 1999, 
Folkland et al, 2000, ) The dried seed of Moringa Oleifera were harvested from Bauchi State, 
Nigeria. Seeds of Garcinia Kola, Hibiscus sabdariffa and Carica papaya were collected from 
Enugu in Nigeria and Bamenda, Cameroon (Photo). 

3.4.6 Plant processing 
The seed pods were harvested and stored in Khaki envelopes, They were deshelled 
(specifically M Oleifera Garcinia Kola) while the seed of Carica papaya were scoped out 
from riped fruits as well as Hibiscus sbadafrifa seeds were purchased from the market at 
Mdulawal Market in Bauchi Metropolis. 

3.4.7 Coagulation studies 
Graded weight (0.5g to 5g) of the pulverized plant Materials each and Alum, Hydrogen 
peroxide, were each added to 200mls of each of the wastewater samples in 250ml capacity 
beakers. 
Increased weights in grams from 0.5g to 5.0g of each of the plant material was mixed in a 
small quantity of turbid water for form a paste and then mixed carefully with the water 
samples in the beakers. 
The same procedure was done for Alum and a turbid water sample in a beaker (200mls. was 
allowed to stand in a beaker for 24 hours as controls). The Coagulative effects and change in 
total bacterial counts, PH, visual clarity amongts other parameters were evaluated. 
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3.5.1 Cold extraction (Buck extraction) 
A cold Methanol and aqueous Extraction was then carried out on 50 grams each of Hibiscus 
sabdarigga seed and Carica papaya seed powders except for Moringa Oleifera. 50 grams of 
each of the powders was steeped in 250mls each of methanol and water for 24 hours. 
Gravity filtration was carried out using whatman filter paper N° 13 and solvent evaporated 
at room temperature. 

3.5.2 A cold sequential extraction of Moringa oleifera and Garcina kola seeds 
A cold Sequential solvent Extraction was carried out on Moringa oleifera seed powder using 
n-hexane, Dichloromethane Methanol and water in that order. The purpose of this was to 
exploit the polarity effect of the solvent on the possible isolation of the active portion from 
the plant material 50grams of the pulverized seed (pulverised using a pestle and mortar) 
was steeped in 250ml of n-hexane left for 24hours, filter off using gravity filtration using 
whatman filter paper No 13, The plant residue was dried in the sun and used for the next 
solvent and the order maintained for all the other solvents. 
The extracts were left in the open for 2 weeks for the solvent to evaporate. The extracts were 
now used for antibacterial bioassay. 

3.5.3 Antibacterial assay (agar diffusion method) 
The bacterial isolates were re-cultured in peptone water for 18 hours and 0.3ml of each of 
the bacterial suspension was mixed aseptically with 15ml nutient agar (oxoid) in sterile petri 
plates and allowed to solidify. A stainless steel borer of 6mm diameter was used to punch 
wells into the agar and each well was filled with 0.1ml of 2% extract, and with oil and of 
sterile distilled water, H202 and Alum as controls. 

3.5.4 Phytochemical screening 
The phytochemical screening of the powdered extracts obtained from the leaves of Abrus 
precatorius were carried out using standard qualitative procedures (Trease and Evans 1989, 
Sofowora 1986). 

3.5.5 Test for alkaloids 
Two grams of plants materials thoroughly grounded was treated in a test tube with 25ml of 
1% Ad for 15min in a water bath. The suspension was filtrated in a test tube and the 
filtration was divided in two pants A and b. 
To filtrate A, five drops of Dragendorff reagent were added. The formation of a precipitate 
indicated the presence of alkaloids. 

3.5.6 Test for flavonoids 
i. Well ground plant material (1g) was extracted with water (10ml) and methanol (5ml) 

and filtered. Few magnesium turnings were added to 3ml of filtrate and concentrated 
added dropwise (cyanidine reaction). Developments of colour indicate the presence of 
flavoniods a red colour and flavonones give a pink colour. 

ii. To 1ml of the extract 1ml of Naoh was added. The formation of a golden yellow 
precipitate indicated the presence of flavoniods. 
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3.5.7 Test for cardiac glycosides (salkowsi test) 
0.5g of extract was added to 2ml of chloroform and after mixing, 2ml of H2 so were carefully 
added to from a lower layer. Reddhis brown colour at the interface indicates the presence of 
a steroidal ring i.e. glycogen portion of the cardiac glycoside. 

3.5.8 Test for anthraquinones 
Anthraquinones are a sunset of anthranoids. For the specific test an ether chloroform 
maceration (1gin 5ml of CHd3 and 5ml of ethered was filtered and 1ml of 10% NaoH 
solution. A red quinones. A weak coloration was assigned a +, while a strong caloration  
a +++. 

3.5.9 Test for steroids 
Powdered plant material (1g) was covered with either and shaken occasionally for 2 hours. 
The solution was filtered and decanted. 1ml of the solution was put on porcelain plate to 
evaporate. A drop of conc. H2So4 was added and stirred orange colorition was positive 
indication. 

3.6.1 Test for saponins 
Well-grounded plant material (1g) in water (15ml) in a test tube was heated on water bath 
for 5 minutes. The solution was filtered and left to cool to room temperature. The filtrate 
(10m) in 16 x 160mm test tube was shaken for 10 second and the height of honeycomb troth, 
which persisted, was measured. Froth higher than 1cm confirms the presence of saponins. 

3.6.2 Test for tannins 
10ml of water were added to 5g of extract ad the mixture was stirred and filtered. To 2ml of 
the filtered. To 2ml of the filtrate few drops of 0.1% fecl3 solution and the development of 
precipitate was observed. A blue-black, green precipitate indicates the presence of tannins. 

3.6.3 Test for carbohydrate 
5g of the powder sample was boiled in 1oml-distilled water on hot plate for 5 minutes and 
filtered whole hot. The filtrated was used for the following tests. 
i. Molisih test 
To 3.0ml of the 2 filtrate was added 3 drops of molisch reagents then carefully run 3.oml 
conc, H2SO4 without shaking. The interphase formed was then observed for purple. 
ii. Benedicts test 
3 drops of the filtrate was added to 2.0ml of benedict reagent and placed on a hot plate for  
5 minutes to observe the formation of brick red precipitate 

3.6.4 Balsam test 
To 3 drops of alcoholic ferric chloride was added to 2.0ml of extract then warm a dark green 
coloration if formed with balsam. To 2.0ml of the extract were added few drops of 
potassium permanganate. The solutions was then warmed on hot plate and observe for 
benzaldehyde or almond adour. 
This was carried out in duplicate, and each set up was incubated at 37°C for 24 hours and 
the diameter of zone of inhibition in mm was recorded using a vernier caliper. 



 
Natural Materials for Sustainable Water Pollution Management 

 

171 

3.6.5 Phytochemical screening 
3.6.6 Test for alkaloid 
Twenty (20) mg of each of the extract was placed into a test tube, 1ml of distilled water and 
2 drops of 1% HCL were added and the solution was warmed gently in a waterbath to effect 
complete dissolution of the extract. A stream of dragendorff's reagent was added tot he 
solution from a test tube. 

3.6.7 Test for glycosides 
A ml (10 of each of the extract solution was placed in a test tube and a drop each of 2% 3.5 
dinitrobenzois acid in Methanol and 5% OH in water was added. 

3.6.8 Test for tannins 
A ml (1) of each of the extract was placed in a test tube and a stream of 5% Fecl3 solution 
was added. 

3.6.9 Test for flavonoids 
Twenty (20) mg of each of the extract was dissolved in 2ml ethanol in a test tube, a small 
size spatula full of zinc powder was added and a few drops of HCL was then added. 

3.7.1 Test for soluble carbohydrates  
Twenty (20) mg of each of the extracts was dissolved in 1ml distilled water and 2 drops of 
5% L-nahthol solution in methanol added in a test tube. While holding the tube at an angle, 
a stream of cone' H2so4 was added to it. 

3.7.2 Test for saponin 
Twenty (20)mg of each of the extracts was dissolved in 1ml of distilled water and 2 drops of 
1% Hcl was then heated gently on a water bath. 

3.8 Construction of a sand filter 
The design of a sand filter using two 200 litres plastic drums. The drum is cleaned out and 
hole is made two thirds of the way up so that an outlet pipe can be filtered. Depending on 
the size of the nipple, the hole is made. The water-collecting pipe is made with of hose 
piping. This is connected to the outlet pipe by a short hose piping. A number of saw cuts of 
drilled hole are made in hose piping ring and this is laid down on the bottom of the drum. 
The second drum is constructed for a storage drum. First a hole is made at the same level as 
that on the first drum and an appropriate nipple is fitted. A connecting hose is fix from the 
filter to the hole on the storage drum. Another hole is made at the other side and at the 
bottom of the drum at a height of about 7cm from the base and a water collecting pipe if 
fitted such that it is long enough to be dipped at the top. In other cases a tap could be fitted 
for collecting water, but this can easily become loose as a result of constant opening and 
closing, so the hose is more preferable. 
For setting up of the filter, clean sharp river sand of different sizes are obtained form a 
riverbed and sieved out. Gravels and coal of the correct sizes are also obtained and 
thoroughly washed with clean water; the sand is also thoroughly washed too kept in a place 
safe from dirt and dust. 
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3.8.1 Sand/gravel filter 
This was constructed using sand and gravel only as media. The gravels are first placed at the 
bottom to a height of 75mm (7.5cm), this is followed by a layer of coarse sand to a height about 
100mm. The last layer of fine sand is placed to a height just below the level of outlet pipe. This 
arrangement is made so that even if the tap is left on, the water drains out of the filter, a small 
layer of water remains above the sand. The sand must never be allowed to go dry, otherwise 
the biologically active ingredients in the sand which are important to the purification process, 
will die out. Both drums should have a lid to cover the drum, and this is made with a sieve or 
strainer for water with allot of sediments. The sieve should be covered too. 
When the filter has been completed, it must be thoroughly flushed through with clean water to 
further remove any dirt present. Once this is completed, a daily routine of adding raw water is 
maintained for a week or more so that the filter skin can form before usage begins.The design 
of the working components of the filter using a 200 litre drum should provide at least 624 litre 
of water per day. The yield rate will be controlled or regulated to 0.4 litres/minutes because 
the rate of flow of the filtered water to be slow to ensure satisfactory performance. However, if 
the raw water to be filtered has a bad odour, taste or colour, player of coal can be introduced 
between the sand and the gravel layers to control the situation.The procedure outlined about is 
for a 200 litre drum but the same technique can be used for a brick built container, metal drum, 
or clay pots.Below are some models of sand filter using different media and each had the 
calculation of the yield rate as a guide for other types of containers. 

4. Results highlights 

The picture below shows the turdity clearance level with various treatments including 
untreated storm water left as control 
 

 
Storm water being treated with Alum in 15 minutes, water is appears clear.1 storm water 
treated with garcinia kola seeds, particles settles comparable to Alum.The third treatment 
container from left is storm water treated with Hibiscus seeds, particles settle but not as 
clear as Alum and Garcinia.The fourth treatment container from left is untreated storm 
water left as control, less settlement of particles. 
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The findings are presented in the following tables.Data in table 1a shows the pH and 
bacterial counts of foul wastewater from refinery, in the untreated wasyewater, the total 
bacterial and fungal counts were high with a strog foul odour.Pseudomonas was also 
isolated in the untreated wastewater. In Table 1 b, after treatment with plant materials, the 
total microbial counts dropped significantly to tolerable levels, the pH was stabilized while 
odour was no longer perceived.pseudomonas spp was no more isolated.However, the 
various degree of treatment varies with the different plant materials applied.Moringa 
oleifera, Garcinia kola and Carica papaya exhibited the best results. 
 

Type of 
Treatment Colour PH Smell Appearance THBC 

Cfulml 
Coliforms 

Cfulml 
E. Coli 
cfulml TFC 

Untreated 
OVH 

Colourless 6.6 Engine Clear 560 Nil Nil 315 

   
Oil, 

crude 
     

   Oil smell      
Untreated 

DFH 
Brownish 7.05 strong Turbid 300 nil nil 6140 

   
Engine 

oil 
     

   Smell      

* OVH ---> Overhead fraction or foul wastewater * Pseudomonas spp isolated 
* DFH ---> Desalter foul water 

Table 3. (a) Effect of plant seed powders and Alum on oil Refinery wastewater from Kaduna 
State, Nigeria ( Significant reduction in turbidity and microbial load using plant coagulants 
and disinfectants as indicated in the table) 

 
Type of 

Treatment Colour PH Smell Appearance THBC 
Cfulml 

Coliforms 
Cfulml 

Coli 
cfulml TFC 

 
(b) 

 
        

Untreated 
OVH 

Colouless 6.6 
Engine 

oil, crude 
oil smell 

Clear 560 Nil Nil 315 

Treatment 
with 

Moringa 
Oleifera 

seed 

Very 
colouless 

7.0 
odour 
absent 

very clear 36 Nil Nil 100 

Treatment 
with 

Garcinia 
Kola seed 

Very 
Colourless 

7.0 
odour 
absent 

Clear 70 Nil Nil 173 

Treatment 
with 

Carica 
Papaya 
seeds 

Colourless 7.0 

odour 
absent 

(papaya 
odour) 

Clear 62 Nil Nil 87 
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Treatment 
with 

Hibiscus 
sabdariffa 

seeds 

Colourless 5.0 
odour 
(faint) 

Clear 133 Nil Nil 113 

Treatment 
with Alum 

Very 
Colourles 

 
5.0 

Odour 
(faint) 

Very clear 313 Nil Nil 6140 

 
(c) 

 
        

Untreated 
DFH 

Brownish 7.05 
strong 
engine 

oil smell 
Turbid 300 Nil Nil 6140 

Treatment 
with 

Moringa 
oleifera 

seed 

Very clear 
colourless 

 
7.0 

odour 
absent 

Clear 96 Nil Nil 89 

Treatment 
with 

Garcinia 
Kola 
Seeds 

Clear 
colourless 

7.0 
no 

tment 
with 

Clear 89 Nil Nil 125 

Alum 
Clear 
(very) 

5.0 
odour 
persist 
faintly 

Clear 122 Nil Nil 168 

 
In table 4 below, the results indicated that plant materials exhibited great disinfection 
potentials on grey water (detergent based water) when compared to alum. 
 

 
Table 4. Effects of Plant seed powders and alum on grey water detergent based water from 
Nasco Factory Jos, Nigeria 
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Table 5, the data shows that the physicochemical properties of the detergent based water 
such as turbidity and pH was significantly reduced when treated with the plant based 
coagulants when compared with the untreated wastewater sample. 
 

 
Table 5. Physicochemical properties of treated and untreated detergent based wastewater 
from food/detergent factory  

In table 6, the data shows that the plant seed powders demonstrated a significant 
disinfection properties on stagnant water frequently used for irrigation, more than 
Alum.This observation has been extensively reported for Moringa (Yongabi et al., 2010) but 
not with the other plant materials used in this study. 
 

 
Table 6. Effect of plant seed powders and Alum on stagnant water from a dirty pond and 
used for irrigation of crops at Abubakar Tafawa Balawa University. 
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In table 7, data indicates significant changes in pH and turbidity when plant materials are 
applied in a 24 -72 hours retention time. 
 

 
Table 7. Physicochemical properties of Treated and Untreated stagnant water used for 
irrigation of crops at Abubakar Tafawa Balewa University. 

In table 8, the results show a significant level of disinfection of storm water by the plant 
materials in comparison with Alum.This findings is in tandem with a similar findings using 
Hibiscus, Moringa and Jatropha by Yongabi et al., 2011 
 

 
Table 8. Effect of plant seed powders and Alum on Storm water collected from Bauchi 
Metropolis. 
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Not only did the microbial content changed after treatment with the natural materials but 
the pH and turbidity also changed considerably as shown in the data in table 9. 
 

 
Table 9. Physicochemical properties of treated and untreated storm water with Alum and 
plant seed powders. 

In the table 10 below, combined plant material with clay was applied in the treatment of 
refinery wastewater.this hubrid plant and geological material significantly improved the 
water quality bacteriologically and physicochemically than with the application of just 
either of the materials alone. 
 

 
Table 10. Effects of Combined Moringa Oleifera seed powder and clay in the treatment of oil 
refinery wastewater 
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In the table 11 below, a combined plant material comprising plants (moringa oleifera seed 
powder) and sand filter media was applied to treat refinery wastewater and the results 
indicated a significant improvement in water quality both bacteriologically and 
phyicochemically better than with either of the materials alone. This corroborates a similar 
observation using surface water in Cameroon (Yongabi et al., 2010 and yongabi et al., 2011) 
 

 
Table 11. Effect of combined Moringa Oleifera seed Powder and sand filter media on oil 
refinery waste water 

The data in table 12 below also shows similar findings using Garcinia kola sand filter media 
as with moringa oleifera sand filter media. 
 

 
Table 12. Effects of Combined Garcinia Kola seed powder and sand filter media on oil 
refinery wastewater 
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In tables 13, 14, 15, 16 and 17 the combined performance of the plant materials and clay, and 
cobined plant materials and sand filtered on various polluted water samples was tested 
bacteriologically and physicochemically.The results generally indicated strongly that these 
natural materials have strong ability to purify any type of water.The materials alone have 
the ability to treat water and wastewater but the combined effect of these materials have an 
added advantage in treating all kinds of polluted water as demonstrated by the data in the 
following tables 13, 14, 15, 16 and 17. 
 
 
 

 
 

Table 13. Effects of Moringa Oleifera seed powder and clay in the treatment of detergent 
based waste 

 
 
 

 
 

Table 14. Effects of Combined Hibiscus sabdariffa seed powder and sand filter media on oil 
refinery wastewater  
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Table 15. Effects of Combined Carica papaya seed powder and sand filter media on oil 
refinery  

 

 
Table 16. Effects of Combined Moringa Oleifera seed powder and sand filter media on 
detergent based  

 

 
Table 17. Effects of Combined Garcinia Kola seed powder and sand filter media on 
detergent based water  
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In table 18 below, one of the plants:Moringa oleifera was used to study its effect on unicellar 
organisms in water.The results indicated that moringa oleifera seed powder gets rid of 
unicellular organisms such as amoeba, microalgae such as spirogyra from water.The need to 
study the application of plant materials in the removal of microalage from water systems 
could be rewarding. 
 
 
 
 

 
 

a) Microscopy of pond/stagnant water before treatment 

 
 
 
 

 
 

b) Microscopy of Pond/Stagnant water after treatment with Moringa Oleifera seed powder, 
and after filtration 

Table 18. Effects of Moringa Oleifera seed powder on free living organisms in pond water 
used for irrigation 

An novel attempt was made to classify materials that can be applied in water pollution 
management and shown in table 19 below.more studies for a detail classification are 
underway 
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Table 19. Survey and classification of Natural materials for water pollution management in 
local communities 

In table 20, the nature of extracts from Garcinia kola was described. The water extract is a 
black solid.The coagulant and disinfection activity of Garcinia kola observed in this study 
may be soluble in water.More studies are need in this dimension. 
 
 

 
Table 20. Analysis of Phytochemical tests on solvent extracts of Garcinia Kola 

The results in table 19 gives an attempt to classify some of the phytoconstituents in this 
plant materials.More phytonutrients were detected in the aqueous extract suggesting an 
easy and cheap means of extracting water treatment chemicals from Garcinia kola. 
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Table 21. Result of Preliminary phytochemical analysis of Solvent Extracts of Garcinia Kola 
 

The data in table 22 shows that plant materials can significantly stabilize pH of various 
polluted water.This has ben observed with moringa in previous syudies (Yongabi et al., 
2010) but has not been done using various wastewater samples such as from cement and 
asbestos. 
 
 
 

 
 

Table 22. PH Content of various waste water/water treated with Alum and plant seed 
powders 

 
To further demonstrate the disinfection potential of the plant materials on the wastewater 
samples, a methanol extract of the plant materials was conceivable.The resulting extracts 
were tested on various bacterial isolates from all the polluted water samples.The data in 
table 21 below demonstrates a significant level of antibacterial activity comparable to Alum 
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Table 23. Effect of cold Methanol and Aqueous Extract of Garcinia Kola, Carica papaya and 
Hibiscus Sabdarrifa seeds on Bacterial isolates from waste water (Diameter zone of 
inhibition in mm) 

 
CFU  Colony Forming Units 
COD  Chemical Oxygen Demand 
CWE  Crude Water Extract 
IFX   Ion Exchange 
MIC  Minimum Inhibitory Concentration 
MO  Moringa Oleifera 
MOCP  Moringa Oleifera Coagulant Protein 
UC  Uniformity Coefficient 
OD  Optical Density 
WHO  World Health Organization 
WPC  Water Production per cycle 
TNTC  Too numurous to count. 
Ml   Mililitre 
OVH  Overhead Fraction or Foul Water 
DFH  Desalter Foul Water 

5. A pilot water treatment plant using natural materials at government 
technical College, Njinikom, Bamenda, Cameroon 

The Phytobiotechnology Research Foundation (PRF), Cameroon, in collaboration with the 
School of Chemical Engineering, The University of Adelaide, South Australia, is proposing 
to carry out a capacity building training on:A simple Moringa- sand based water filtration 
technology for clean potable water supply in the rural schools and villages in Boyo Division, 
Cameroon.This is part of a doctoral research in chemical engineering, The University  
of Adelaide, south Australia.Three undergraduate students in chemical engineering  
are undertaking their honours thesis on the water quality , management and training,  
safety and ethical issues associated with the implementation of Integrated biocoagulant-
sand filter system for drinking water purification at Government technical college, 
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Njinikom, Cameroon. A well with an approximate water volume of 2500 litres has been dug, 
and a filtration system using Moringa oleifera seeds and sand filter is being constructed 
expected to purify 2000 litres of water in 24 hours retention time to serve more than 7000 
students. 
 

 

5.1 Anticipated benefits  
 Clean potable water will be available for rural people. 
 Decimation of incidence of infectious/waterborne diseases  
Improved health  

5.2 Training method 
The training shall be conducted in conjunction with local NGOs in Bamenda, Cameroon. 
PRF is an NGO based in Bamenda and has a track record on community development 
projects in Cameroon and Nigeria. PRF has entry points to communities and has over the 
years worked with a number of Research institutes in the country. PRF has facilitated a 
number of training for local groups in Bamenda water quality in rural areas.Similarly, PRF 
has participated at training on water filtration technology at the ZERI Centre in Nigeria. 
Five (5) selected people from the local schools shall be trained and then the school authority 
shall provide them the resources to mount the outfits .The students will be encouraged to 
set up a household filter unit in their homes during holidays. 
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These trainees shall function in union with the PRF and the school authority who will in 
turn monitor and supervise effective functioning of the filter units. 

6. Conclusion and recommendation 

The research work has shown that there are many natural materials available in many 
communities in the world that can be used to treat water for drinking.Additionally, this 
research has demonstrated that these plant and geological materials can be applied in the 
treatment of any type of polluted water.These materials are ecological , low cost when 
compared to the application of synthetic chemicals currently used in water pollution 
management.The ongoing pilot system applying natural materials in water treatment in 
Cameroon could be replicated elsewhere.More research into the use of natural materials in 
water pollution management should be studied. 
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1. Introduction  
Components of the environment comprise three-phase aquatic ecosystems, whose basic 
phase is the liquid, i.e. water. On the one hand, it borders the gas phase, which is the 
atmospheric air, on the other – the solid phase, i.e. the ground which is most frequently 
covered with bottom sediment. In addition, water contains suspensions which may be 
formed by inorganic matter and living organisms, representing both flora and fauna. 
Consequently, the sources of origin and migration routes of various substances which affect 
surface water quality are numerous. 
An integral part of the aquatic environment is bottom sediments. They play a significant 
role in the biochemical cycle of elements as the place of deposition and chemical transitions 
of many compounds which find their way into water. Moreover, they constitute a habitat of 
water organisms, which results in biochemical transitions of the compounds deposited in 
the sediments. An assessment of pollution impact on surface water quality requires a study 
of anthropogene concentration levels and sources. In this respect, bottom sediments which 
function as sorption column offer particularly useful material for research aimed at 
determination of major sources of pollution as well as providing a clear picture of what 
happens in the pelagic zone. Given the relatively easy metal migration from the 
environment to the water phase, it may be assumed that the metal concentration level in 
bottom sediments is a sensitive indicator of environmental cleanliness. 
Together with water, soluble and insoluble substances in various states of matter migrate 
and may encounter resistance from a large variety of factors. The latter are usually taken to 
include internal and external friction, changes in shapes and cross-section dimensions, river 
load separation and transport, local obstacles to water flow in the river channel, vegetation 
overgrowing the river channel, as well as irregularities and curvatures of the horizontal 
system. The total resistance of the river channel is the sum of partial resistances due to 
individual factors, but the proportion of a factor in total resistances varies depending on 
flow volume as well as season, which need to be considered in hydrological analyses. 
For research into the processes which occur in surface waters, particularly those which 
shape bottom sediments, significant is the issue of direct measurement of river load 
movement intensity. Accurate understanding of the processes which occur in the river load, 
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including erosion, and transport – together with the accumulation of its material – is 
especially important, chiefly for determination of the speed and route of the pollution 
accumulated in the sediment [1].  
Metals bonded through physical adsorption and chemisorption are in the state of 
equilibrium with the intermolecular water of bottom sediment and can very easily penetrate 
into the solution which occurs mainly at increasing water salinification (in particular, an 
increase in chloride ion content, the ions complexing some of the metals). Metals, in turn, 
which are bonded through co-precipitation with hydrated iron and manganese oxides and 
carbonates penetrate into the solution with greater difficulty. This can occur under strongly 
reductive conditions in the case of metal oxides, and in the case of carbonates – under 
considerable environmental acidification [2].  
Primary and secondary (i.e. of pollution origin) metals are found in environmental material 
in various chemical forms. In view of that, an assessment of their mobility ought to include 
several aspects. The content of mobile metal forms which can take direct part in the biocycle, 
including soluble, ion-exchangeable and unstable complex metal associations, should be 
determined. An equally important issue is the content of solid metal forms as a potential 
reserve in the biocycle (e.g. chemisorption ions, poorly soluble salts or metal forms which 
are part of complex associations with organic matter) and isomorphic contaminants of 
various metal forms, the siliceous in particular [3]. 
Considering the relatively easy migration of metals from the environment to the water 
phase, it may be assumed that the metal concentration level in bottom sediments is a 
sensitive indicator of environmental cleanliness. Yet in order to obtain information on 
potential metal mobility in the investigated environment as well as assessing environmental 
impact of pollutants contained in the sediment which may be removed therefrom as a result 
of changing physical, chemical or biological conditions [4], it is necessary to perform an 
operational speciation analysis (fractionation).  
A speciation analysis of compounds in aquatic ecosystems, performed with a focus on 
bioavailability of individual entities and forms in which they occur, provides an opportunity 
to obtain the data necessary to define environmental hazards. The forms in which elements 
occur condition their toxicity, synergism and antagonism, or lack of these in relation to other 
elements, and hence – positive or negative impact on the functioning of living organisms. In 
a discussion of pollution-related problems, it is important to differentiate between various 
oxidation states and forms in which metals occur, both at the stage of their penetration into 
the environment, their migration and changes to particular elements of the biosphere.  
Studies of bottom sediments, both in watercourses and in reservoirs, which have been 
conducted for several years, point to various forms of metals cumulated at the bottoms of 
aquatic ecosystems. Depending on biological, chemical and physical properties of the 
environment, elements such as Cd, Cr, Cu, Fe, Pb, Ni and Zn can occur in a variety of forms 
and be related to, for example, organic or oxide matter. Some studies show, that oxic 
sediments tend to accumulate transition metals and a few other elements, e.g. Mn, Cu, ni, 
Co, V and Mo, while anoxic sediments overlain by bottom waters with very low or no 
oxygen accumulate these metals, with exception of Mn, plus many of the otherwise 
relatively unreactive oxyanions [5-7]. 
The interest in the sequential extraction technique for studies of metals in water sediments 
has been consistently growing, and more than ten methods are in use presently, enabling 
the separation of individual element fractions. The methods include those of Gatehouse et 
al. [8], Tessier et al. [9], Sposito et al. [10], Ure et al. [11] and Hall et al. [12]. To characterise 
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functional speciation of metals in bottom sediment, Tessier's five-stage method [9] which 
enables the separation of five fractions is most commonly applied. Consequently, most 
frequently analysed are the fractions in which metals occur in the following forms: 
• exchangeable (F1): these are metals adsorbed on the surface of solids which can pass to 

the solution due to changes to ionic composition of water or shift of balance in the 
sorption-desorption system; this fraction is available and relatively mobile; 

• bonded to carbonates (F2): these are metals which occur in the form of carbonates or are  
co-precipitated with carbonates; as a result of decreasing pH values, the carbonate 
balance is disturbed which causes passage of metals to the solution;  

• bonded to hydrated iron and manganese oxides (F3): these are metals adsorbed on the 
extended surface of the precipitating hydrated iron and manganese oxides under 
anaerobic (reductive) conditions; due to iron and manganese reduction, the sediment 
can be dissolved and metals can pass into the solution; 

• bonded to organic matter (F4): these are metals adsorbed on the surface of organic 
matter or metals bonded to that matter; they are temporarily immobilised, but due to 
naturally progressing sediment mineralisation, they can – with time – pass to one of the 
other fractions; 

• permanently bonded with minerals (F5): these are metals built into the crystal network 
of both secondary and primary minerals; they are permanently immobilised and, under 
natural conditions, do not pose a threat to the ecosystem [9]. 

The physical and chemical properties of aquatic ecosystems are characterised by several 
mutually dependent parameters. Depending on factors such as geological structure, land 
development, the form in which individual pollutants migrate to the aquatic ecosystem, 
climate factors (including temperature and humidity), the amount of oxygen or the 
environment's acidity, change may occur in solubility of salts present in the waters, forms in 
which individual entities occur, their bioavailability and toxicity. Consequently, familiarity 
with the mechanisms of heavy metal mobility in the aquatic environment, the specification 
of conditions which may cause re-mobilisation of substances deposited in bottom sediments 
into the environment and the ensuing assessment of real time-delayed chemical hazards is a 
very significant issue for aquatic ecosystem quality maintenance as well as elimination of 
aquatic ecosystem pollution sources. 
It should be noted that few of heavy metals, like manganese and iron, are of particular 
importance to river system, moreover manganese can be the most important oxidant in 
environmental. Fe and Mn cycling is a key thermodynamic regulator and kinetic catalyst in 
natural waters and their presence is connected with the oxygen, nitrogen, carbon, sulfur, 
and phosphorous geochemical cycles [13-15].  
The transport and fate of heavy metal in natural waters is strongly affected by Fe and Mn 
oxide precipitation and dissolution. Heavy metals adsorb on Fe and Mn oxide, create and 
determine a form of physical and chemical properties of the sediments. The heavy metals 
are also incorporated in the Fe and Mn oxide matrix as impurities when precipitation 
occurs or when new mixed metal/Fe and metal/Mn coprecipitates are possible [15, 16]. 
Aqueous Fe(II) and Mn(II) are significant in natural waters only in the absence of O2. 
Insoluble Fe(III) and Mn(III/IV) oxides form under oxic conditions. But manganese-oxide 
reductive dissolution is generally thought to occur concurrently with the reductive 
dissolution of Fe oxides [17]. Their solubilities limit the aqueous concentrations of Fe and 
Mn species. The metamorphosis among redox states and physical states are frequently 
slow in the absence of catalysis, e.g. aqueous solutions of Mn(II) in the presence of O2 at 
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pH=8.4 are exoergic toward oxidation, yet the uncatalyzed reaction proceeds slowly 
across years [15].  
Long-term deposition of compounds such as iron and manganese oxides and carbonates in 
the sediment may lead to these substances being turned into permanent crystal structures, 
which can cause total exclusion of the co-precipitated heavy metals from the cycle. Another 
situation occurs when metals are bonded to an organic substance. Its decomposition may 
cause passage of metals into the solution or their transition into other insoluble forms. 
Considerable amounts of metals may be trapped in the silicate crystal network, or form 
poorly soluble compounds. In practice, these metals cannot pose a hazard to the 
environment under natural conditions [18].  

2. Forms of metals in sediments of selected rivers  
From the chemical viewpoint, metals in sediments can occur in the forms of carbonates, 
hydroxides, silicates, sulphides, phosphates, or compounds with organic ligands at various 
crystallisation stages of various stechiometry and water content [19]. Moreover, some of 
these associations may be adsorbed on larger molecules. However, a change in salinity or 
increasing concentration of the metal-complexing Cl- is sufficient for the adsorbed 
substances to pass into the pelagic zone. The metals bonded to organic matter, upon its 
decomposition, are also released while those found in silicate crystal networks do not 
actually pass to the pelagic zone [18].  
Climate, development of the catchment area, the geological substratum, and the river type 
are but some of the factors which have affected river quality. Research into metal speciation 
in bottom sediments conducted in various parts of the globe suggests that each aquatic 
ecosystem ought to receive individual treatment. Even various bottom sediment sampling 
sites within a single river are affected by different factors (Table 1).  
A case in point may be the studies into bottom sediments of the Bobrza River, a right 
tributary of the Czarna Nida River, conducted by the present author [28, 29]. The river 
flows across terrain built of middle-Devonian limestone and dolomite, and across a 
depression filled with Pleistocene sediments of fluvial and glacial accumulation. This 
terrain is characterised by a large density of industrial plants and mines (cement and  
lime industry); closeness to a railway line and communications routes which are a source 
of dust pollution emissions, containing both metallic and non-metallic elements; as well  
as numerous tributaries which receive municipal and industrial wastewater. Sampling 
sites were located in front of and past the area where cement and lime industrial plants 
are situated. 
The investigated river contains no natural, related to substratum structure, sources of 
pollution with zinc, cadmium or iron. Consequently, the presence of metals in the aquatic 
ecosystem is a result of human activity. The total metal content in the bottom sediment is 
evidence of the bottom sediments being burdened with Zn, Cd and Pb from 
anthropogenic sources. The Bobrza River bottom sediments are characterised by large 
amounts of Zn, Cd and Pb in the forms of carbonates or precipitating hydrated iron and 
manganese oxides, co-precipitated with carbonates and adsorbed on the extended surface. 
Considerably lower analyte amounts are found in Fractions F1 (exchangeable) and F4 
(adsorbed on the surface of organic matter or bonded to that matter). The lowest amounts 
of Zn and Pb are found in the fraction permanently bonded to minerals (F5), and of Cd – 
in the exchangeable fraction (F1). 
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River/ 
Country 

Description Metal Forms Ref 

Daugava 
River/ 
Latvia 

The key characteristics of the hydrological 
regime are high and permanent flood in 
spring, a summer-autumn high-water 

caused by rains, lowered levels in 
midsummer, and low-water periods in 

winter; composed of Devonian sediments: 
dolomite, clay, dolomite marlstone, marl, 

and limestone; land use: about 45% 
covered with forests, 48% is agricultural 
land, inland waters- 3%, wetlands –3%, 

urban areas up 1% 

Pb 

 
 

F5>F4>F2>F3>F1 (FP) 
F4>F3>F5>F2>F1 (LP) 

 
 [20] 

Cd 
F5>F4>F3>F2>F1 (FP) 
F3>F4>F2>F1>F5 (LP) 

Anyang 
River/ 
Korea 

Limestone and limesilicates also occur 
along the western side of the river; The 
pollution of the river water is probably 

due to the rapid urbanization and 
industrialization from the early 1970s, 

giving rise to a large increase in 
population. Among the industries, the 

electronic sector comprises the largest part 
(44%), followed by machinery (24.5%) and 

chemicals/ textiles (14%) 

Pb 
F3>F4,F5>F2>F1 (FP) 
F5>F1>F2>F4>F3 (LP) 

[21] 

Fe 
F3>F5>F4>F2>F1 (FP) 
F3>F5>F4>F1>F2 (LP) 

Cu 
F1>F3>F4>F2>F5 (FP) 
F4>F3>F5>F1>F2 (LP) 

Cd 
F5>F4>F3>F2>F1 (FP) 
F3>F4>F5>F1,F2 (LP) 

Zn 
F3>F5>F2>F4>F1 (FP) 
F1>F3>F2>F5>F4 (LP) 

Yamuna 
River / 
India 

On the basis of the different geological and 
ecological characteristics, the river has 

been divided into five segments - 
Himalayan, Upper, Delhi, Eutrophicated 
and Diluted - of which Delhi is the most 

polluted stretch of the river; The river 
receives treated and untreated effluents 
from various towns and cities located on 

its banks. The major industrial towns at its 
banks before their confluence at Allahabad 

are Yamunanagar, Delhi, Mathura and 
Agra 

Cu 
F1>F3>F2>F4>F5 (FP) 
F4>F3>F1>F2>F5 (LP) 

 

[22] 

Pb 
F1>F5>F3>F2,F4 (FP) 
F5>F1>F3,F4>F2 (LP) 

 

Cd 
F4>F5>F3,F1>F2 (FP) 
F1>F4,F5>F2>F3 (LP) 

 

Zn 
F1>F3>F2>F4>F5 (FP) 
F1>F3,F4>F5>F2 (LP) 

Nile River 
/Egipt 

the majority of heavy industry (sugar 
factories in Komombo, Ques, Armant, 

Deshna and El-Hawamdia and the oil and 
Coca-Cola factories in Souha) is 

concentrated in Greater Cairo and 
Alexandria; changes in river water quality 
are primarily due to a combination of land 

and water use as well as water 
management interventions such as: (a) 

different hydrodynamic regimes regulated 
by the Nile barrages, (b) agricultural 
return flows, and (c) domestic and 

industrial waste discharges including oil 
and wastes from passenger and river 

boats. These changes are more 
pronounced as the river flows through the 

densely populated urban and industrial 

Cd 
F5>F4>F2>F3>F1 (FP) 
F5>F2>F4>F3>F1 (LP) 

[23-
24] 

Cu 
F5>F4>F2>F3>F1 (FP) 
F5>F4>F2>F1,F3 (LP) 

Cr 
F5>F4>F1,F2,F3 (FP) 
F5>F4>F1,F2,F3 (LP) 

Fe 
F5>F3,F4>F1,F2 (FP) 
F5>F3,F4>F1,F2 (LP) 

Pb 
F4>F3>F1,F2,F5 (FP) 

F4>F1>F3>F5>F2 (LP) 

Mn 
F5>F3>F2>F4,F1 (FP) 
F5>F1,F3>F2>F4 (LP) 

Ni 
F5>F4>F3>F1>F2 (FP) 
F5>F4>F1>F3>F2 (LP) 

Zn 
F5>F4>F2,F3>F1 (FP) 
F5>F4>F3>F1,F2 (LP) 
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centres of Cairo and the Delta region 

Ganges 
River/ 
India 

The river flows in the great alluvial plain,  
which is of Pleistocene-Holocene origin, 

and redistributes the weathered sediments 
of the Gangetic alluvial plain derived from 
the Himalayas; the river flowing through 

the districts of Pilibhit, Sajahanpur, 
Jaunpur and Ghazipur in Uttar Pradesh; 

there are a few small tributaries; The 
Gomti river drains over 10 districts. The 

sediments of the Gomti river are 
characterized by fine sand with slight 

changes along the river courses 

Cr 
F2>F5>F4 (F1,F3-non) (FP) 
F5>F2 (F1,F3,F4-non) (LP) 

 

[25] 

Cd 
F2>F3>F4 (F1,F5-non) (FP) 
F5>F1 (F2,F3,F4-non) (LP) 

 

Fe 
F5>F4>F2>F3 (F1-non) (FP) 
F5>F4>F3 (F1,F2-non) (LP) 

 

Cu 
F4>F2>F5>F3 (F1-non) (FP) 
F4>F5 (F1,F2,F3-non) (LP) 

Gediz (G) 
and 

Buyuk 
Menderes 

(BM)/ 
Turkey 

Rivers are known to be under 
contamination menace by wastes derived 

from industrial sources (industrial 
operations represent approximately 1/5 of 

the total industrial activity in Turkey), 
sewage (there are four big cities 

discharges) and agricultural activities 
which corespond in these regions to 35% 

of the total in Turkey 

Co 
F3>F4,F5>F1,F2 (BM) 
F3>F4>F5>F1,F2 (G) 

[26] 

Cr 
F3>F5>F4>F1,F2(BM) 

F5>F3>F2>F1>F4 F2 (G) 

Cu 
F5>F4>F3>F2>F1(BM) 

F5>F4>F3>F2>F1 F2 (G) 

Fe 
F5>F3>F4>F1,F2(BM) 

F5>F3>F4>F2>F1 F2 (G) 

Mn 
F3>F5>F2>F4>F1(BM) 

F3>F5>F1>F2>F4 F2 (G) 

Ni 
F5>F3>F4>F2>F1(BM) 

F5>F4>F3>F2>F1 F2 (G) 

Pb 
F5>F3>F4>F2>F1(BM) 
F3,F5>F2>F4>F1 F2 (G) 

Zn 
F3>F4>F5>F2>F1(BM) 

F4>F3>F2>F5>F1 F2 (G) 

Asa 
River/ 
Nigeria 

The Asa River is used for various 
purposes; domestic, industrial, farming, 
swimming and so on, both within and 

outside Ilorin town; there are some 
industries and establishments located 

along the course of the river in Ilorin that 
empty their waste discharges into this 

river either treated or otherwise.  
There is conspicuously a soap and 
detergent Industry, two beverage 

industries, a major hospital, a major 
market and a lot of farm practices are 

carried out along the bank of the river, to 
mention a few. 

Mn 
F5>F4>F3>F1,F2 (FP) 
F4,F5>F3>F1,F2 (LP) 

 

[27] 

Fe 
F5>F4>F3>F1,F2 (FP) 
F5>F4>F3>F2>F1 (LP) 

 

Pb 
F5>F3>F2>F4>F1 (FP) 
F5>F3>F4>F2>F1 (LP) 

 

Cr 
F5>F4>F3>F1>F2 (FP) 
F5>F4>F3>F1>F2 (LP) 

 

Zn 
F4>F5>F3>F1,F2 (FP) 
F4>F5>F3>F2>F1 (LP) 

 

Cu 
F5>F4>F2>F1>F3 (FP) 
F4>F5>F1>F2>F3 (LP) 

FP – first point, LP – last point. 

Table 1. The metal forms in bottom sediments in selected rivers of the world. 

Another distribution of metals in particular fractions has been noted in the studies into 
the Gorzyczanka River's sediments [29]. The channel of this river is built mostly of 
mudstone, siltstone, sandstone, shale, quartz and greywacke. Hence in the case of this 
river again there occur no natural, related to substratum structure, sources of pollution 
with zinc, cadmium, lead or other metals, with the exception of iron. The channel of the 
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Gorzyczanka is situated among farming fields, arable land and grassland, with the 
preponderance of orchards. Due to the crop type, appropriate pesticides and fertilisers are 
used, the latter containing pesticides, aromatic hydrocarbons, heavy metal salts (including 
zinc), acids, alkali and phenols. This land development causes metal distribution in 
individual fractions of bottom sediments to differ from that of the Bobrza River. The 
highest amount of metals in the Gorzyczanka River sediments has been noted in the 
organic (Zn) and oxide fractions (Cd and Pb).  
Yet another fractionation result has been obtained in studies of the material collected  
from the Nida River, which belongs to the left basin of the upper Vistula, and its left and 
right tributaries, the Maskalis and the Brzeźnica. These river channels are built of marl, 
limestone and gypsum deposits, postglacial sands, boulder clays of varying sandification as 
well as loess deposits of various depths, overlying limestone deposits. As is the case with 
the Bobrza and Gorzyczanka rivers, there are no natural sources of metal pollution. 
Farmland takes 69.3% of the catchment area, in which arable land accounts for 55.6%, 
orchards – for 1.3%, and meadows and pastures – for 12.4%. Forests, mostly coniferous and 
mixed, cover ca. 21.8% of the catchment area. The southern part of the catchment contains 
minor industrial centres (Jędrzejów, Pińczów, Sędziszów) and spa towns (Busko-Zdrój); 
gypsum and limestone are mined there as well, in the vicinity of Pińczów and Gacki  
[29, 30]. 
The Nida River and its tributaries receive municipal wastewater from three towns and 
industrial waste from plants representing industries such as mining, cement and  
lime, plaster goods, building materials, metallurgy and agro-food production, which to a 
large extent affects the waste quality. The agro-industrial nature of the catchment area 
causes farmland surface flows to affect surface water cleanliness. Particularly favourable 
conditions for fertiliser outwash are found in the central and southern parts of the 
catchment, given their intensive farming, impervious substratum, a dense river network and 
hilly terrain. 
High metal amounts in the exchangeable form (20-40% of total sediment content) can 
indicate environmental acidification. In some authors' studies of bottom sediments [31-34], 
zinc content in the exchangeable form, for instance, was low and did not exceed 2-3% of this 
element's total content in the sediment. Its low mobility may have been caused by the pH of 
the analysed environments, which approximated 8.7, since at pH > 8 zinc is precipitated out 
of water [29]. 
The content of Fraction F2 of high bioavailability, or metals adsorbed on the extended 
surface of precipitated Fe and Mn oxides and hydroxides, amounted on average to 19% for 
Zn, 14% for Cd and 18% for Pb in studied sediments. However, the proportion of  
metal carbonate associations in bottom sediments was the lowest in the Nida River (8% Zn, 
12% Cd and 11% Pb), and the highest in the Brzeźnica (26% Zn and Cd) and the Maskalis 
(17% Pb). Organic association content was the highest for lead (average of 40%), and the 
lowest for cadmium (16%), which may suggest for instance the occurrence of alkalisation 
processes in the environment, to which lead is subject as it turns into metalorganic 
compounds. Fraction F5, in turn, including analytes built into the crystal network of 
primary and secondary elements which are sediment components, indicates metals which 
are practically immobile, whose chemical compounds are passive, and biological ones – 
unavailable. The proportion of the residual fraction in the total zinc and lead content was 
small (2-11%), reaching 40% for cadmium in the sediment sampled in the Maskalis  
River [29].  
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Another example is the study of the Radomka River (a left tributary of the Vistula), and the 
Mleczna River (a tributary of the Radomka) [30]. The Radomka source substratum contains 
deposits of clayey resources and sandstone, iron ore (Jurassic siderites), and a phosphate 
belt. The predominant part of the Radomka valley holds shallow peat beds,  
and – occasionally – also brown coal. In its middle course, the river runs along a shallow 
marshy valley and then traverses the Kozienicka Primeval Woodland Complex.  
The Radomka catchment area is predominantly agricultural, over 50% being occupied by 
arable land, 22%– by woodland, 11% – of meadows and 6% – by orchards. Loose and loamy 
sands preponderate (43% of farmland area). Podsol soils account for 38.5%, sandy soils –  
for 30.5%, organogenic soils – for 11.2%, while brown soils, black earths and degraded 
alluvial soils take up ca. 6% each. The Radomka basin waters are polluted mainly  
by municipal wastewater, with the proportion of industrial wastewater not exceeding  
10-20% [30].  
The differences in zinc content and origin in sediment samples from the Radomka and Nida 
river basins have been reflected in different distributions of zinc among the determined 
chemical fractions. The basic characteristic of the zinc found in the Radomka basin sediment 
samples is the obvious relationship between the content of anthropogenic zinc and  
the proportion of the carbonate fraction. In a sample with natural zinc content, the carbonate 
fraction bonds 23.2% zinc, while in a sediment sample with heavy zinc pollution (267 mg·kg-1), 
this fraction's proportion amounts to 88.4%. In samples collected at other locations,  
with middling zinc contents (24.8 mg·kg-1 and 158.7 mg·kg-1), 45.8% and 83.0% of zinc is 
bonded with the carbonate fraction. The proportion of the less mobile oxide zinc fraction 
remains at stable levels in all studied samples, ranging from 3.0 to 10.6%. Determination 
results for the oxidisable fraction indicate different conditions for the formation of this fraction 
in the Radomka and Mleczna river channels. In the Radomka-Domaniów and Radomka-
Bartodzieje samples, concentrations of this form of zinc are comparable: 3.53 mg·kg-1 and  
2.06 mg·kg-1, and it may be assumed that the zinc bonded to organic substance corresponds to 
this fraction. Higher contents of the oxidisable fraction, i.e. 6.7 mg·kg-1 and 9.2 mg·kg-1, 
determined in the sediments of the heavily polluted Mleczna River waters, are rather the sum 
of the organic and sulphide forms. The formation of the latter is fostered by the oxygen deficit 
which occurs in the Mleczna River waters. Inert in the environment, the residual fraction 
bonds from 20.0% to 35.6% of zinc in the Radomka River sediments, and but a few per cent  
(3-5%) in the Mleczna River sediments. It must be stressed that in all the other samples  
(except for the sample with the highest zinc content) from both studied catchments, regardless 
of total zinc content, zinc content in the residual fraction remains at the level of a few mg· 
kg-1 [30]. 
The results of chemical fractionation of zinc in river sediments do not differ from the 
recently published results for other European river sediments. The study by Mossop and 
Davidson [35] gives the results of chemical fractionation of zinc in the White Cart River 
sediments (Great Britain) which contain 81 mg·kg-1 Zn: F(1)-Zn 42%, F(2)-Zn 13%, F(3)-Zn 
19%, and the residual  fraction – 26%. In the Ceruj River sediments (Romania) which 
contain from 120 mg·kg-1 to 650 mg·kg-1 of zinc, the carbonate fraction bonds from 30% to 
70% of zinc. In sediments with the highest zinc content, Fraction F(1) predominates [36]. 
Similar results have been obtained by Helios-Rybicka et al. [37] for the heavily polluted 
Odra River sediments, the ion-exchangeable and carbonate fractions in the sediment grain 
fraction <0.63 µm bonding up to 50% of zinc. In the Pisuerga River sediments  
(Spain), which receives industrial and municipal wastewater, depending on the sampling 
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site, the main zinc fractions are the mobile (34%), the reducible (40%) or the oxidisable 
(53%) [38]. 
Similarly, bottom sediment studies in Asian rivers suggest considerable impact of human 
use of rivers and catchment areas on physical and chemical properties of the sediments, 
including the occurrence of heavy metal forms. An example is the fractionation of bottom 
sediments from the Pearl River, the largest river system flowing into the South China Sea, 
and the analysis of the obtained extracts for Pb, Cu and Zn [39]. The Pearl River delta is a 
very large agglomeration located in the south of China, featuring large numbers of factories, 
inexpensive manufacturing plants, multi-million cities and environmental pollution. The 
sediment samples were taken at various depths, from seventeen sites, fractionated with 
Tessier’s method and subsequently analysed for Pb, Cu and Zn content. The proportions of 
Pb associated with various fractions were as follows: residual > Fe-Mn oxide > organic > 
carbonate > exchangeable. Yet fraction F5 (residual) is of little significance in bottom 
sediments on the west of the river's delta, and the highest amounts of Pb have been 
recorded in fractions F3 and F4. The varied lead distribution in various samples  
is conditioned by human activity and is of anthropogenic character. Zinc distribution on  
the surface and in particular layers taken from various depths varies. The majority of  
Zn is found in Fraction V. Smaller amounts have been noted, respectively, in fractions  
F3 (Fe-Mn oxide) and F4 (organic), while the lowest comparable amounts have been found 
in exchangeable and carbonate fractions. A similar distribution has been found for Cu, 
whose content was as follows: residual > organic > Fe-Mn oxide > carbonate > 
exchangeable. High Cu content in fractions F4 and F5 causes this element to be less mobile 
than Pb and Zn [39]. 
Another fraction distribution in bottom sediments has been determined through 
fractionation of bottom sediment samples of the Narmada River in India [40]. The  
material has been collected at twelve sites along the entire river length and analysed for Fe, 
Mn, Ni, Zn, Cr, Cu, Pb and Cd content. The Narmada river channel is built primarily of 
basalt type rock with a red soil cover. The river is fed by several other rivers; it flows across 
urbanised areas, and is traversed by communications routes; additionally, it has  
several dams and dykes – accordingly, the areas located within its range are classified as 
degraded.  
The copper fractionation profile indicates that a major portion is bonded to the residual 
fraction and the complexation with organic matter fraction. A substantial proportion of 
copper is also found in reducible (Fe–Mn oxide) and organic fractions, probably due to its 
more pronounced tendency for complexation with organic matter. The nickel fractionation 
profile indicates that in general nickel is associated in decreasing amounts in the following 
fraction order: residual > exchangeable > reducible > bonded to carbonate > oxidisable 
fraction. The chromium fractionation profile indicates that more than 50% of chromium is 
associated with first three fractions (exchangeable, carbonate bound and reducible) at  
most of the sites and can enter the food chain. The lead fractionation profile indicates that 
more than 90% of lead is associated with the residual fraction. A small portion (1-4%) is  
also associated with the exchangeable fraction, which indicates an anthropogenic  
source from municipal and industrial discharges. The cadmium fractionation profile 
indicates that a major portion of cadmium is associated with the residual fraction. About 
25% of cadmium is also associated with the first three fractions (exchangeable, carbonate 
and reducible) and may be easily remobilised by changes in environmental conditions. The 
association of cadmium with the exchangeable fraction indicates the dominance of 
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anthropogenic sources through atmospheric deposition and municipal discharges. The toxic 
nature of cadmium and its association with these fractions may cause deleterious effects to 
aquatic life [40]. 
Heavy metal binding forms for Cu, Zn and Pb have been determined at four representative 
sediment sampling sites in the canals of Delft (The Netherlands), with the use of Tessier's 
chemical extraction method [41]. The different heavy metal binding fractions in the 
sediment indicate that Cu is mostly (51–83%) present in the F4 (organic/sulphidic) phase, 
followed by the residual phase (F5), which was relatively prominent in the "background 
station" (highly polluted). Contributions of the remaining, labile fractions F1 – F3 were low, 
i.e. max. 5% in total. The dominant binding form for Zn was found to be Fraction F3  
("bound to Fe/Mn oxides"; ca. 60%), with most of the remainder in fractions F4 and F5. 
Finally, for Pb, the overall picture was more varied, with dominant binding forms being 
either fraction F5 (unpolluted and highly polluted stations) or F3 (slightly and medium 
polluted stations), and relatively high proportions of other binding forms. Thus, the average 
proportion of Fraction F1 (exchangeable) amounted to 15%, compared with 2.4% for Cu and 
Zn [41]. 
In contrast to others [38, 42], Kelderman and Osman [41] did not find significant (p > 0.05) 
correlations between loss on ignitron (LOI) and cation exchange capacity (CEC) on the one 
hand, and heavy metal contents on the other. The same holds true for the relationship 
between CaCO3 and heavy metal content, which is in agreement with other researchers' 
findings [38, 42, 43]. Mixed observations have been reported for correlations between Fe and 
Mn and heavy metal content [43, 44]. However, the relatively high R2 values (i.e. between 
0.65 and 0.9) are an indication of marked importance of Fe and Mn phases for heavy metal 
binding (mainly as (hydr)oxides) [41].   
Interesting results were obtained by studying the sediments of Bobrza River. The samples  
were taken from two different places characterized by different degree of acidity  
and alkalinity. The 1st point located in the impact zone of the Kielce Pump Factory and 
Formaster Company. The soils in the area are acidic and count among podsol soils, formed 
primarily out of glacier accumulation formations or on non-carbonate Triassic sandstones  
[50, 51]. 
In the 2nd point a chemical composition of cement and lime dust is rather constant and 
mainly depends on the composition of raw materials used in technological process, 
production technology, way of clinker burning and type of additives enriching the cement. 
The dust emitted from calcareous institutions cement plant contains mainly CaO, SiO2, 
Al2O3, K2O and has high values of pHKCl. The exhaust dust contains also heavy metals 
including Zn (173.0 mg·kg-1), Pb (140.0 mg·kg-1) and Cd (3.0 mg·kg-1) which causes 
enrichment of the soil and water environment with compounds of these elements [50, 51]. 
The presence of high metal contents in bottom sediments in the form of carbonate and oxide 
fractions is the result of environmental alkalinisation and deposition of dusts containing 
alkaline metal oxides together with non-ferrous metal oxides. 
Different types of land development at the level of a single river (Fig. 1-3) make it 
impossible to develop one general scheme for metal migration in the water – bottom 
sediment system. The number of factors, particularly anthropogenic ones, which determine 
the ion composition of water, the amount and type of the suspension, oxygenation extent, 
presence of microorganisms, and – consequently – forms in which metals are found in the 
ecosystem is too high to enable a definite statement that under certain conditions 
remobilisation or precipitation of a poorly soluble compound of a given metal will occur. 
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Fig. 1. The lead forms in bottom sediments in selected rivers of the world [on the basis of: 27, 
29, 40, 45-49] 

 
 

 
Fig. 2. The chromium forms in bottom sediments in selected rivers of the world [on the basis 
of: 51-55, 57-60]. 
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Fig. 3. The cooper forms in bottom sediments in selected rivers of the world [on the basis of: 
51-59]. 

3. Conclusions 
Surface waters, depending on their geological structure, substratum type and land 
development, are characterised by varied chemical composition. Metals such as Cd, Cr, Cu, 
Fe, Pb, Ni or Zn pass into water as a result of natural processes, as well as direct and indirect 
human activity. The number of sources from which substances originate, chemical 
properties of individual entities, their capacity for adsorption on solid particles, and forming 
hydrated ions or ion pairs, together with biological, physical and chemical conditions of the 
aquatic environment, all affect the variety of metal forms found in surface waters. Elements, 
while migrating from the environment, are deposited in bottom sediments, where they are 
temporarily immobilised and may pose a hazard to biological life in a given ecosystem.  
The knowledge of the quantity of metals in waters and bottom sediments may be used for 
ultimate chemical assessment of an aquatic environment and serve as an indicator of the 
geochemical status of a given catchment as well as the spread of pollution. Due to their 
properties, bottom sediments which are the main component of the elemental cycle, and the 
centre of accumulation, chemical transitions, and decomposition of toxic compounds which 
enter the aquatic environment, are a rather representative indicator of long-term changes in 
aquatic ecosystem pollution. They may be used as indicators of biological and chemical 
change in the aquatic environment.  
However, they may also pose a hazard of secondary pollution to the ecosystem as a result of 
desorption and passage of substances accumulated on the surface of solids into water. The 
soluble complex compounds which are then formed with organic and inorganic ligands  
present in rivers may cause secondary release of heavy metals in various forms, more or less 
dangerous to living organisms.  
Consequently, each aquatic ecosystem ought to receive individual treatment, allowances 
being made for both natural factors (including geochemical background, or climate) and 
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anthropogenic factors (land development in the catchment and the river itself). In order to 
develop schemes for metal migration or the probability of secondary pollution of the 
ecosystem which can enhance water resources management, it is necessary to conduct 
research in representative river segments, comparable in terms of natural factors but 
different in terms of anthropogenic ones.  
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