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Abstract 
 
Fecal sludge (FS) is widely acknowledged as a major source of infectious pathogens. 
However, the proper management of FS to set a barrier on transmission pathways of such 
pathogenic organisms is rarely enforced all over the world, which is not exceptional in 
Thailand. In this study, two sub-districts, Tha Klong sub-district with indiscriminate FS 
dumping and Klong Luang sub-district with FS drying bed, which are located in Klong 
Luang Municipality, Pathumthani province, Thailand, were selected . In order to determine 
health risks due to these FS management practices, the Quantitative Microbial Risk 
Assessment (QMRA) was conducted by using microbial data of E.coli and Salmonella spp. 
The results from each sub-district were then cross analyzed for comparison. 
 
Overall fecal contamination level was higher in Tha Klong sub-district than those observed 
in Klong Luang sub-district. However, leaching from FS drying bed in absence of proper 
lining and separation distance from nearby waterways, especially from food market, were 
found to be the major pathogen contributors. Estimated mean values of yearly infection 
risks from accidental ingestion of canal water in various scenarios were at the range of 200 
- 3,130cases per 10,000 population for E.coli and 6,500 - 10,000 cases per 10,000 
population for Salmonella spp. that were significantly higher than acceptable risk defined 
by WHO, and thus require immediate establishment of local regulations to restrict the use 
of canal water. Besides, it was proved that E.coli could serve only as an indicator of the 
presence of other pathogenic organisms but tend to significantly underestimate infection 
risks posed by other enteric bacteria including Salmonella spp.  
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Chapter 1 
 

Introduction 
 
1.1. General Background 
 
Today, it has been widely known that human excreta – transmitted diseases are one of the 
predominant causes of mortality and disability in our global population, both in developed 
and developing countries. Pathogenic organisms that are generally contained in high 
concentrations in excreta and wastewater, once introduced into the environment, can take 
various transmission routes until they eventually reach a human host. In order to eliminate 
potential threats posed by the presence of those pathogenic organisms, the provision of 
appropriate excreta disposal and treatment systems as well as their safe handling are 
essential as the primary barrier against their transmissions.  
 
In urban areas of many developing countries, only a minority of inhabitants have been 
served with centralized sewerage system, and the majority of those who can afford the 
installation of safe excreta disposal are served by on-site sanitation systems (Strauss & 
Kone, 2003), which store and/or treat excreta at the point of generation and include septic 
tanks, aqua privies, family latrines and unsewered public toilets. Since the UN has declared 
the years between 1981 and 1990 as the International Drinking Water Supply and 
Sanitation Decade with the aim of providing safe drinking water and adequate sanitation 
systems for all people by 1991 (GDRC, 2004), increasing development activities have been 
promoted in the field of excreta treatment and disposal all over the world, in particular, an 
installation of relatively simple and low-cost onsite sanitation systems (OSS) for the urban 
poor. In fact, not only in developing countries but also many rural areas of developed 
countries such as the United States still rely on OSS due to their low investment cost, 
simplicity in operation and maintenance, as well as their applicability in rural settings.  
 
Fecal sludge (FS) that are sludge of variable consistency accumulating in OSS (Heinss et 
al, 1998) are, after a certain time period of storage, depending on the system, to be 
evacuated from those systems, transported and disposed of or treated for reuse as 
agricultural fertilizer or aquacultural nutrients in a safe manner. However, many areas of 
the world, even the developed countries, still do not have regulations pertaining 
specifically fecal sludge disposal or adequate disposal plan. In fact, it appears globally that 
the appropriate management of fecal sludge has been receiving relatively little attention by 
urban planners to date and only limited work has been done so far (Strauss & Kone, 2003). 
Even many of major internationally funded sanitation building programs in developing 
countries, notably Africa, seem to have been implemented without sufficient 
considerations to subsequent fecal sludge disposal (Boesch & Schertenleib, 1985).  
 
1.2. Problem Statements 
 
In many large cities of developing countries, fecal sludge (FS) collection and disposal are 
now becoming one of the most serious issues to be tackled, primarily because of the lack 
of proper arrangements for FS management, coupled with accelerating urbanization and 
the resultant mounting of fecal sludge produced and await to be managed. According to 
Kone and Strauss (2004), using the figure of 1L FS/cap/day as an average FS generation 
rate in urban areas, in the order of 1000 m3 of FS should be collected and disposed of in a 
city of 1 million inhabitants. However, reported daily collection rates for city with much 
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higher populations, such as Bangkok, Hong Kong and Accra, rarely exceed 300 – 500 m3 
and remains much below expected values. From this estimation, it can be assumed that the 
amount of FS, which have not been accounted for, has been either unofficially disposed of 
or reused in agriculture or aquaculture.  
 
FS is well known to be a major source of infectious pathogens including numerous bacteria, 
protozoa, viruses and helminthes. Extremely high prevalence of infectious diseases in 
many Asian and African countries where appropriate sanitation systems are lacking 
seemingly verifies our increasing recognition that proper management of FS to set a barrier 
on transmission pathways of such pathogenic organisms is critical for the protection of 
public health. In many low-income countries, however, selection of most appropriate FS 
management strategy is often faced with various difficulties such as limited capital and 
lack of data on effectiveness of different FS management measures as well as on local 
environmental setting. In order to select the best option that is financially affordable, 
institutionally feasible, cost-effective in reducing pathogenic pollution of the environment 
and infectious risks on the public, and can be upgraded when affordable, it is essential to 
know the microbial contamination levels and resultant health risks posed by various FS 
management practices. However, the reality is that FS management has rarely become a 
topic of in-depth research so far in any parts of the world.  
 
1.3. Objectives 
 
Considering the current situations prevailing in many peri-urban areas of developing 
countries as described above, health impact assessment from selected FS management 
practices was conducted. Specific objectives of this study were set as follows: 
 
1.  To investigate two sub-districts representative of different FS management practices. 
 
2. To conduct Quantitative Microbial Risk Assessment (QMRA) in the selected 

sub-district in developing countries. 
 
3. To investigate the potential difference between the use of fecal indicator organisms 

and actual pathogenic organism as QMRA input. 
 
4. To propose the best achievable strategy to minimize health risks for FS management in 

peri-urban regions of developing countries. 
 
1.4. Scope of the Study 
 
In order to fulfill the above study objectives, comparative case study approach was 
employed in this study, in which two sub-districts were selected from Klong Luang district. 
To assess the health risks posed by different FS management practices, examination of 
overall endemic levels of microbial contamination in environmental media was examined. 
Scope of this study was thus limited to the followings: 
 
1. Samples were taken from tap water (groundwater supply) and canal water (recreation) 

only, together with disposed FS itself for reference of original pathogenic 
contamination level at source. 
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2. Escherichia coli. and salmonella spp. (multiple non-typhoid pathogenic strains) were 
employed for the investigation of fecal contamination level in identified water 
environment to represent fecal indicator organism and actual pathogenic organism 
respectively.  

 
3. Assumptions were made for potential pathways of pathogenic microorganisms and 

typical ingestion rates of tap as well as canal water, considering the worst case 
scenarios of infection probability such as accidental ingestion of canal water in bathing. 

 
4. Diurnal variability in microbial levels was not accounted assuming that diurnal 

temperature changes as well as tidal change of canal water were on negligible scale.  
 
5. Water samples and FS samples were collected monthly for 5 month from Nov. 2004 to 

Mar. 2005 in order to obtain the representative FS contamination level of dry winter 
season in Thailand.  

 
6. Scenario-based risk estimation was conducted in this study rather than 

community-level risks in order to account for different risks posed by different 
behaviors since quantitative data on distribution patters of various exposures within the 
target sub-districts were not available. 

 
7. Only Primary infection was considered but not secondary transmission which requires 

further assumptions, such as short- and long-term immunity, and sophisticated 
mathematical models.  
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Chapter 2 
 

Literature Review 
 

2.1 Fecal Sludge and Pathogenic Organisms 
 
Human excreta might contain the full spectrum of pathogenic organisms, many of which, 
when introduced to the environment, can remain infectious for a long time and even be 
able to multiply in number. When an infectious dose of such excreted pathogens reaches a 
human host through various transmission pathways, it can cause varied degrees and types 
of infectious diseases such as cholera, typhoid, hepatitis, polio, cryptosporidiosis, 
ascariasis, and schistosomiasis. Hence, the presence of excreted pathogens in the 
environment poses a significant potential threat to human health. The World Health 
Organization (WHO, 2002) estimated that 2.2 million people die annually from diarrhea 
diseases and that 10 percent of the population of the developing world is severely infected 
with intestinal worms due to improper waste and excreta management. Sundaresan et al. 
(1978) stated that in some tropical countries, more than half the food grown and consumed 
by the rural poor goes to feed the parasitic worms that infest their bodies. Excreta generally 
contain high concentrations of fecal pathogens, particularly in countries where diarrhea 
diseases and intestinal parasites are prevalent (Carr, 2001). Therefore, safe excreta disposal 
and handling are essential as the primary barrier to minimize spreading further of such 
pathogens in the environment.  
 
2.1.1 Fecal Sludge 
 
Fecal sludge (FS) is sludge of variable consistency accumulating in septic tanks, aqua 
privies, family pits, bucket latrines and unsewered public toilets, and typically consists of 
varying concentrations of settleable fecal solids as well as that of non-fecal matters (Heinss 
et al., 1998). FS quality is affected by various factors such as the amounts and types of 
food consumed by individuals, their lifestyles, and the types of on-site sanitation systems 
used. It may therefore differ significantly from place to place, or even from household to 
household.  Figure2.1 illustrates the major factors that influence fecal sludge quality. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.1 Major factors influencing the quality of fecal sludge 

(Adopted from Heinss et al., 1998) 

Temperature Moisture

Storage duration Performance of septic tank 

Tank emptying patters 

Intrusion of groundwater 
Admixtures to FS 
(e.q. kitchen waste, grease) 

The presence of 
infected people 

Quality of Fecal Sludge 

Food consumed 
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Fecal sludge is the major source of excreta-related pathogens. In many areas of Africa, 
Asia and Latin America, helminthes, notably nematode infections such as Ascaris, 
Trichuris, Ancylostoma and Strongyloides, are highly prevalent, of which Ascaris eggs are 
particularly persistent in the environment (Strauss & Montangero, 2002) and thus remain 
infectious for a prolonged time period in the environment once they are excreted and 
disposed of in the environment without proper treatment. The concentrations of such 
helminth eggs in FS are largely dependent on the prevalence and intensity of infections in 
the populations from which FS is collected (Strauss & Montangero, 2002). Table2.1 
illustrates typical characteristics of fecal sludge from on-site sanitations systems in tropical 
countries compared with that of tropical sewage. These data is based on the results of FS 
studies conducted in Accra (Ghana), Manila (Philippines), and Bangkok (Thailand) 
(Heinss et al. 1998). Figure2.2 lists the differences in solid contents of FS, WWTP sludge 
and tropical wastewaters. The survival and inactivation rates of pathogenic organisms in 
FS that are the most important factor in disease transmission are principally controlled by 
the same parameters as for those in surface/groundwater and soil.  
 

 
Source: Strauss & Montangero (2002) 

Figure2.2. Solid contents of fecal sludge, WWTP sludge and tropical wastewater 
 
In many of less developed countries, effluent and natural water quality standards do not 
exist, and even if they do, they might exist for wastewater but not for FS (Heinss et al. 
1998). In fact, as Strauss et al (1997) stated, FS disposal is still unresolved problem in 
many developing countries, where the sludge are usually dumped untreated at the shortest 
possible distance on open ground, into drainage ditches, into water courses, or into the sea. 
The possible reasons for the prevalence of this situation could be as follows: 
 

• Traffic congestion. 
• Lack of suitable disposal or treatment sites at short distance from FS collection site. 
• Lack of suitable incentives and sanctions structures. 
• Inappropriate supervision and training of collectors (collectors might try to save 

their work hours). 
• Lack of involvement of private sectors. 
• Lack of finances of householders for the payment to FS collectors. 
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Table2.1. Characteristics of fecal sludge from on-site sanitation systems in tropical 
countries and comparison with tropical sewage 

Item Public toilet or bucket 
latrine sludge 

Septage Sewage 

Characterization 
 
 
 
 
 
 
COD (mg/L) 
COD/BOD 
NH4 – N (mg/L) 
TS 
SS (mg/L) 
Helminth eggs 
(no./L) 

Highly concentrated; 
mostly fresh FS; stored 
for days or weeks only 
 
 
 
20, – 50,000 
2:1 – 5:1 
2, - 5,000 
≥ 3.5% 
≥ 30,000 
20, - 60,000 

FS of low concentration; 
usually stored for several years; 
more stabilized than public 
toilet sludge 
 
< 10,000 
5:1 – 10:1 
< 1,000 
< 3% 
7,000 
4,000 

Tropical 
sewage 
 
 
 
 
 
 
500 – 
2,500 
2:1 
30 – 70 
< 1% 
200 – 700 
300 – 
2,000 

Source: Heinss et al. (1998) 
 
However, as USEPA has addresses that improper disposal of sludge should be considered 
as a non-point source of pollution (NSA, 2004), today it has been increasingly aware that 
such an indiscriminate disposal of FS in the environment without prior treatment may 
cause soil, surface and groundwater contamination, and thus pose significant potential 
threat upon human health if the environment is overloaded with FS to the level beyond its 
natural assimilation capacity.  
 
2.1.2 Excreta-Related Pathogenic Organisms  
 
Excreta-related pathogens in general term include viruses, bacteria, protozoa and 
helminthes that escape from the intestines of infected persons into their excreta.  
 
Viruses are the smallest infectious particles with the size ranging from 20 to 80 nm in 
diameter. Viruses have relatively simple structures made up of a nucleic acid core 
surrounded by a protective protein coat, or capsid, which is comprised of subunits called 
capsomeres (Heritage, 2003). They have negative surface charges as a typical property of 
colloids. Some of these are present in very large numbers but cannot multiply in nature, 
while others might be able to cell-cultured (Oragui, 2003). More than 120 different viruses 
may be excreted in feces (Haas et al., 1999).Viruses are the commonest cause of 
gastrointestinal infection world-wide (Heritage, 2003), and include enteroviruses such as 
ECHO, polio, coxsackie, rotaviruses, human caliciviruses such as Norwalk-like viruses, 
hepatitis A and E viruses, astroviruses, and adenoviruses. Most of these viruses can cause 
not only gastroenteritis but also severe illnesses such as meningitis, encephalitis, paralytic 
polymyelitis, myocarditis, hepatitis, and conjunctivitis (Fergusson et al, 2003). As Gerba et 
al (1996) has reviewed, gastroenteritis is still one of the major causes of mortality 
worldwide, even in the United States. A common cause of serious gastroenteritis in 
humans is rotavirus (Gerba et al, 1996). As has been stated by Bern et al (1992), 
rotaviruses are believed to be responsible for the deaths of 4-5 million people annually all 
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over the world. Besides, it is the most important cause of life-threatening diarrhea in 
children under 2 years old, and in fact rotaviruses alone account for 20 percent of 
infections diarrhea cases in developing countries (Heritage, 2003). Once shed into the 
environment, all viruses decrease in number. However, some viruses such as rotavirus, 
poliovirus and hepatitis A virus are resistant and can survive under suitable conditions for a 
prolonged time period. Viruses are unable to multiply outside a suitable host cell, but are 
immediately infective upon release into the environment, and their minimal infective dose 
is usually low.  
 
Bacteria are the most numerous living organisms on earth in terms of species diversity and 
population, each cell of which are small, typically 1-2 μm in diameter and length, and has a 
total mass of 1-10 pg (Schroeder & Wuertz, 2003). Bacteria have traditionally been 
considered the leading group of organisms causing gastrointestinal illness, especially in 
developing countries where outbreaks of cholera, typhoid and shigellosis are of major 
concern and becoming more frequent in urban and peri-urban areas (Schonning & 
Stenstrom, 2004). Table2.2 lists the principal waterborne diseases and the associated 
pathogenic bacteria. Among those, Salmonella, Campylobacter and enterohaemorrhagic 
E.coli are generally of importance both in industrialized and developing countries 
(Schonning & Stenstrom, 2004). Pathogenic bacteria are transmitted through direct contact 
with an infected host, by the ingestion of contaminated food or water, or by the action of 
an intermediate host or disease vector. Important characteristics of pathogenic bacteria to 
be noted when undertaking an environmental assessment of those organisms are their 
immediate infectivity upon release into the environment; medium to high infective dose in 
contract to viral pathogens, a certain degree of ability to multiply outside the host; 
host-specific infectivity; and the fact that their survival in soil, water and feces is highly 
dependent on the chemical, physical, and biological conditions of these matrices as 
environmental stress (Ferguson et al, 2003).  
 
Protozoa are defined as single-celled eukaryotic organisms that feed heterotrophically and 
exhibit diverse mechanisms of motility (Horan, 2003). Many protozoa are free-living, and 
can infect any human tissues as either intercellular or extracellular parasites. Infection can 
occur when protozoa specie produces the cysts, which is in the size range of 4-18 μm in 
length, in the human or animal intestine, which are then released to the environment, reach 
the new host’s intestine either via fecally contaminated hands or through ingestion of 
contaminated food or water (heritage, 2003). The common pathogenic species of human 
intestinal protozoa are dysentery ameba, Cryptosporidium, and Giardia. The typical 
numbers of cysts found in feces of infected person of above three species are follows: 
 
      Dysentery Ameba     up to 107 cysts per g of feces 
 
            Cryptosporidium      up to 105 – 106 cysts per g of feces 
 
            Giardia             up to 104 – 105 cysts per g of feces 
 
Cysts of such protozoa are capable of surviving outside the host if conditions are suitable. 
However, multiplication outside the host is impossible. The amounts of excreted cysts 
from infected persons are high especially in asymptomatic carries, ranging from 105 to 108 
per g of feces. Typical infective doses of protozoan cysts are relatively low, in the order of 
10 to 100 only, and it is believed that even single cyst can cause infection.   
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Table2.2. Principal waterborne diseases and the associated pathogenic bacteria 
Disease Bacteria Infectious 

dose 
Characteristics 

Cholera Vibrio cholerae 106 Severe diarrhea, dehydration 
Salmonellasis Salmonella spp. < 1000 Watery diarrhea often with 

abdominal cramping, nausea, 
vomiting, fever and chills 

Typhoid fever Salmonella typhi < 500 Fatigue, headache, 
abdominal pain, elevated 
temperature. Nearly 4% 
death rate. 

Gastroenteritis or 
Campylobacteriosis 

Campylobacter 
jejuni 

10 Watery diarrhea often with 
abdominal cramping, nausea, 
vomiting, fever and chills 

Dysentery or shigellosis Shigella spp. Unknown Bloody diarrhea, abdominal 
cramps, rectal pain. 

Haemorrhagic cilitis and 
haemolytic uraemic 

syndrome 

Escherichia coli 
O157:H7 

Unknown Severe, systemic conditions 
principally in children under 
10 years of age 

Leptospirosis Leptospira spp. Unknown Fever, kidney infection, may 
result in kidney failure 

Legionellosis Legionella 
pheumophilia 

Unknown Acute pneumonia, high 
fever, headache, cough, little 
sputum 

Peptic ulcer and gastric 
cancer 

Helicobacter 
pylori 

Unknown Sore or hole in the lining of 
the stomach or 
duodenum.Cancer 

Source: Schroeder & Wuertz (2003) 
 
Helminthes are the parasitic worms that live in many species of animals, and are generally 
categorized into nematodes (roundworms), trematodes (flukes) and cestodes (tapeworms). 
Human helminth infections are the major cause of morbidity and mortality, especially in 
developing countries (Hoglund, 2001). Helminthes are characterized by their complex life 
cycle as described below: 
 
1. Escape of eggs / larvae into the environment. 
 
2. Development and survival in the environment or in the body of intermediate host. 
 
3. Infection of another human host. 
 
4. Adult life within the human body where eggs are produced again. 
  
As can be seen here, helminthes are not capable of multiplying within the human host and 
thus must distribute their eggs into the outside environment, which are then able to reach 
the human host. Human excreta fertilize eggs that are developed in the soil (Hoglund, 
2001). They are relatively long-lived, ranging from a few months to 30 years. The severity 
of helminth infection and the rate at which the infection is propagated by transmission of 
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eggs in the feces, urine or sputum of human host are principally governed by the number of 
worms which have invaded the human body from outside (Hawkins & Feachem, 1978).  
 
As Heritage (2003) has explained, nematodes (roundworms) that commonly cause human 
infections include Ascaris lumbricoides (common roundworm), Enterobius vermicularis 
(threadworm/pinworm) and Toxocara cati, a parasite of cats, while human cestode 
(tapeworm) infections are most commonly caused by Taenia saginata (beef tapeworm), 
Taenia solium (pork tapeworm), Diphyllobothrium latum (fish tapeworm) and 
Echinococcus granulosus (dog tapeworm). Trematode (fluke) infections are typically 
caused by Schistosoma spp. (which cause schistosomiasis, a.k.a. bilharzia), the liver fluke 
Fasciola hepatica, and the oriental liver fluke Clonorchis sinensis. Infection by 
hookworms (ancylostomiasis) and whipworms (trichriasis) has also been globally 
distributed causing severe clinical manifestations in heavily infected individuals (Feachem 
et al., 1983). Table2.3 lists the typical mean values of helminth eggs excreted in faces. 
Helminth infection is prevalent especially in many areas of developing countries, largely 
due to the high resistance of helminth eggs in the environment. 
 

Table2.3. Mean values of helminth eggs excreted per g feces 
Helminth Values / g 

Ascaris 104 - 105 
Hookworm 102 

Strongyloides 10 

Whipworm 103 

Taenia (tapeworm) 104 

Schistosoma mansoni 4 – 10 
                   
2.1.3 Fate of Pathogens 
 
Pathogenic organisms, once excreted into the environment, will undergo a process of 
dispersion, transport, retention and inactivation. Since most enteric pathogens do not 
possess the motility, water is a primary transmission vehicle for them, rather than a source 
of pathogens (Medema et al., 2003). This is the case not only when fecal sludge (FS) is 
disposed of into surface watercourses but also when FS is dumped on the ground, the 
accumulation of which might be transported for a distance by overland runoff with 
increased water flows in heavy rain / storm events. Once introduced to the aquatic 
environment, many pathogens can attach themselves to particles in water and are 
transported as biological particles by advection (Gerba, 1984; Wellings et al., 1974). Under 
normal conditions, ‘self-purification’ of water might occur by sedimentation, dilution, 
sunlight inactivation, predation and starvation, whereas under rapid flow conditions, 
self-purification becomes much less significant (Medema et al., 1974). Labelle et al. (1980) 
found that total coliform, fecal coliform, salmonella all tend to be concentrated in the 
upper layers of the sediment in watercourses and survive there until they are resuspended 
by disturbance such as dredging and rapid rainwater runoff. Goyal et al. (1978) also 
reported that sediments tend to serve as reservoirs of pathogens, providing some protective 
effects for them, and the concentrations of enteric viruses present in seawater was related 
to the number of total coliform present in sediment. 

 
The ability of pathogens to survive in surface water is known to be influenced by various 
factors. As has been stated by Medema et al. (1997) and Crawn (1984), in general, lower 
water temperature of less than 100C is consistent with prolonged survival of pathogens. 



 10

Other factors that might influence survival of pathogens include sunlight intensity, the 
presence of aquatic microorganisms that may use the pathogens as a food source or 
produce exo-enzymes causing pathogen integration, and adsorption to particles as has been 
mentioned earlier (Medema et al., 2003). Table2.4 lists the disappearance rates and time 
for 50 percent reduction in concentrations of pathogens in surface water. 
 

Table2.4. Disappearance rates and reduction time 
for selected microorganisms in surface water 

Microorganisms Disappearance rate 
(per day) 

Time for 50% reduction of 
concentration (days) 

Pathogens 
   Parasites 
     Cryptosporidium sp. 
     Giardia sp. 
   Viruses 
     Enteroviruses 
     Hepatitis A 
     Rotavirus 
   Bacteria 
     Salmonella spp. 
     Shigella spp. 
     Viblio cholerae 
Index Parameters 
   E.coli 
   Coliforms 
   Enterococci 
     F-RNA phages 
   Somatic coliphages 
   Clostridium perfringens 

 
 
000057 – 0.046 
0.023 – 0.23 
 
0.01 – 0.2 
0.05 – 0.2 
0.24 – 0.48 
 
1 – 7 
0.7 
* 
 
0.23 – 0.46 
0.77 
0.17 – 0.77 
0.01 – 0.08 
0.6 – 6 
0.0023 – 0.011 

 
 
15 – 150 
3 – 30 
 
3 – 70 
3 – 14 
1.2 – 2.4 
 
0.1 – 0.67 
1 
* 
 
1.5 – 3 
0.9 
0.9 – 4 
29 – 230 
2 – 20 
60 - >300 

Source: Medema et al. (2003) 
* Vibrio cholerae is environmentally competent and in unfavourable environmental 
conditions is thought to survive for longer periods in water in a non-culturable state 
(Colwell & Grimes, 2000). 
 
Apart from surface water transport and survival, today it has also been known that 
pathogens present in fecal matters deposited on land can percolate through the soil, causing 
not only soil contamination but also groundwater pollution, contrary to the traditional 
assumptions that the soil can act as a filter to remove harmful compounds as the water 
percolates though the soil matrix (Yates & Yates, 1988). OTA (1984) stated that septic 
tanks, which are widely used in the United States, contribute 820 to 1460 billions of waste 
to the subsurface every year and are the most frequently reported sources of groundwater 
contamination. Craun (1984) also reported that the overflow or seepage of sewage from 
on-site sanitation systems such as septic tanks or cesspools was responsible for 43% of the 
reported outbreaks and 63% of the reported cases of illness caused by the use of 
contaminated, untreated groundwater from 1971 to 1979. The schematic diagram below 
illustrates the possible transport pathways of microorganisms underground. The black 
arrow (→) indicates the pathways of microorganisms. 
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Figure2.3. Schematic diagram on possible transport 
pathways of microorganisms under ground 

 
The transport of pathogenic microorganisms through the subsurface is governed by various 
factors as shown in Table2.5, of which the major ones are water flow and soil texture 
(Medema et al., 2003), since pathogens do not possess motility and thus percolating water 
will be the driving force though the soil matrix. Gilbert et al. (1976) found that most 
bacteria are removed in the soil surface by filtration and adsorption, whereas virus removal 
by soil is mainly by adsorption, and that salt content, pH, organic matters, soil conditions, 
infiltration rates, and climatic conditions then control the degree of retention of bacteria 
and viruses by soil. Drewry and Elassen (1968) indicated adsorption rather than filtration 
to be probable mechanism of virus removal during soil percolation. In general, soils having 
a high clay and silt content are the most effective pathogen adsorbents due to the large 
surface areas of clay particles and their higher moisture contents, whereas relatively 
homogenous and dry sandy soils can more effectively pass pathogens through (Vaughn et 
al., 1978; Blanc & Nasser, 1996; Bales et al., 1995). Subsurface structures such as the 
presence of fracture zones have also been demonstrated to be an important promoter of 
subsurface pathogen transport (Allen & Morrison, 1973). In reality, however, viruses tend 
to be retained in the first few centimeters of the soil profile, remain adsorbed there, and 
become eluted only during heavy rain (Damgaard-Larsen et al., 1977 and Lance et al., 
1976). Once in groundwater, viruses can migrate great distance under the right condition 
(Gerba & Keswick, 1980).  
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Table 2.5 Factors affecting transport of enteric pathogens through soil 
Factors Influence in transport 

Soil texture 
 
 
 
 
 
Water flow 
 
 
 
 
 
pH 
 
 
 
Cations 
 
 
 
 
 
Metal hydroxides 
 
 
Soluble organics 
 
 
 
 
 
 
Microorganisms characteristics 
 
 
 
 
 
Saturated versus unsaturated flow 
 
 

Fine-textured soils retain viruses, bacteria 
and protozoa more effectively due to 
increased interaction and adsorption. 
Fractured soils, however, are poor retainers 
of microorganisms. 
 
Water flow is the driving force of transport, 
and pathogen transport velocities appear to 
be proportional to the water flow. Increased 
water flow may remobilize adsorbed 
microorganisms. 
 
Adsorption generally increases when pH 
decreases due to reduced electrostatic 
repulsion. 
 
The presence of multivalent cations (Ca2+, 
Mg2+) increases adsorption due to the 
formation of salt bridges between negatively 
charged microorganisms and soil particles. 
 
Iron hydroxides improve the adsorption of 
microorganisms. 
 
Soluble organics can influence transport in 
various ways: they may compete with 
microorganisms for attachment sites (humic 
and fulvic acids compete with viruses), but 
they may also give rise to microbial activity 
that enhances attachment and inactivation. 
 
Bacteria and parasites are more readily 
removed than viruses because of their size 
(1 – 20 μm versus 20 – 80 nm). Differences 
in isoelectric points and surface composition 
determine the adsorption rates. 
 
Under unsaturated flow conditions, water 
fills only the small pores. This increases 
soil-microorganism contact and adsorption. 

Source: Medema et al. (2003) 
 
Following excretion, the concentrations of enteric pathogens such as protozoa and viruses 
decline due to the death or loss of infectivity of a portion of organisms since they are 
unable to grow in the environment. On the other hand, bacteria may multiply themselves 
under favorable environmental conditions (Hoglund, 2001) and thus can increase in 
number. The persistence of microorganisms, whether in retention or transport in the 



 13

environmental media, is species-specific and also influenced by a wide range of 
environmental factors as listed in Table2.6. The disappearance rates of various enteric 
microorganisms in natural groundwater are shown in Table2.7. Bacteria inactivation as 
well as viral inactivation have often been reported to follow first-order kinetics (Cramer et 
al., 1983; Gray et al., 1993), which is characterized by the initial increase or plateau before 
the onset of inactivation as well as fast inactivation of the major part of the microbial 
population with only a few organisms persisting for longer periods (Hoglund, 2001). In 
general, viruses are known to survive longer than bacteria. No data on the survival of 
protozoan parasites in groundwater are available yet, but it can be assumed that these 
pathogens are able to survive longer than the viruses (Medema et al., 2003). Since the 
effects of sunlight are eliminated and the temperature is lower, their survival times appear 
to be longer in groundwater than in surface water. Similarly, due to the same effects, 
inactivation of viruses could be much faster for those which are retained near the soil 
surface than those which penetrate deep into the soil (Gerba & Keswick, 1980). Craun 
(1984) and Blanc & Nasser (1996) reported that no virus die-off occurred at low 
temperature of less than 10 0C and thus viruses could persist for long periods both in soil 
and groundwater under low temperature conditions whereas at ambient temperature of 
around 23 0C, the highest die-off rate of viruses were detected after 20 days of incubation 
of the soil. Bales et al. (1995) also found that bacteriophage sorption and desorption are 
highly pH-dependent and increasing the pH caused rapid phage release into the flowing 
groundwater. As a finding of field studies, Wellings et al. (1975) suggested that viruses 
could survive for at least 28 days in groundwater, while Gerba and Keswick (1980) 
reviewed the survival of viruses in surface waters for as long as 188 days as well as that in 
drinking water for more than 200 days.  
 
As long as the land disposal of fecal matters are concerned, since the optimum amounts 
and application rates that the soil and natural waters can handle are still poorly defined and 
are dependent upon a variety of factors such as the local climate, soil types, and the 
topography of the area, each land disposal site should be evaluated individually (Gilbert et 
al., 1976).  
 
2.1.4 Fecal Indicator Organisms  
 
It is neither technically possible nor economically feasible to routinely measure 
concentrations of all kinds of pathogenic organisms in sample. Therefore, a certain 
indicator organisms are usually used as a means to determine the bacteriological quality of 
water, soil or other environmental media without directly monitoring the infinite number of 
potential pathogens that might be present (Reynolds, 2003). The World Health 
Organization (1993) and Grabow (1996) have listed the following parameters as the 
properties of ideal fecal indicator organisms: 
 

1. Suitable for all categories of water. 
2. Present in wastewater and polluted water whenever in greater numbers than 

pathogens. 
3. Having similar survival characteristics as pathogens in water and wastewater 

treatment processes. 
4. Unable to multiply in water. 
5. Non-pathogenic. 
6. Able to be detected in low numbers reliably, rapidly and at low cost. 
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Table2.6. Factors that influence the survival of microorganisms in souls and thus 
affect their ability to reach groundwater system 

Factor Influence 
Temperature 
 
 
Moisture content 
 
 
 
 
 
Sunlight 
 
 
pH 
 
 
 
 
 
Microflora 
 
 
 
 
 
 
 
Organic carbon content 
 
 
 
Cations 
 

Long survival at low temperatures, rapid 
die-off at high temperatures.  
 
Desiccation is detrimental to most 
microorganisms (except for spores). An 
increased rate of reduction will occur in 
drying soils. This is of most relevance in the 
unsaturated zone. 
 
More rapid die-off at the soil surface due to 
UV radiation. 
 
Bacteria die-off more rapidly in acid soils 
(pH3-5) than in alkaline soils. The pH 
influences the adsorption of microorganisms 
to the soil matrix and indirectly influences 
survival. 
 
Soil bacteria and fungi may produce 
exo-enzymes that damage the structure of 
fecal microorganisms, while amoebae and 
other microbiota may feed on them. Bacteria 
survival is shorter in natural soils than in 
sterilized soils, but for viruses no clear trend 
is observed. 
 
The presence of organics carbon increases 
survival and may give rise to the regrowth of 
bacteria. 
 
Certain cations have a thermal stabilizing 
effect on viruses and increase virus survival. 
Cations also enhance virus adsorption to soil 
and this indirectly increases survival, as 
viruses appear to survive better in the 
adsorbed state. 

Source: Medema et al. (2003) 
 
According to those criteria, since 1920s enumeration of intestinal microorganisms, 
particular those of the coliform group, has been used as the standard microbial indicators 
mainly of water quality. Coliforms (total coliforms) are the historic indicator of fecal 
contamination, though many of the bacteria in this group are not of fecal origin. It typically 
includes species such as Enterobacter, Klebsiella, Citrobacter, and Escherichia. They are 
gram-negative, non-spore forming rods, able to ferment lactose, producing both acid and 
gas by-products when incubated at 35 0C for 48 hours. In the coliform group, 
fecal-originated coliforms, namely fecal coliforms, are sub-groups of the total coliforms 
bacteria with the ability to ferment lactose at 44 - 45 0C (Reynolds, 2003). They are also  
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Table2.7. Examples of disappearance rates of enteric microorganisms 
in natural groundwater 

Microorganism Disappearance rate (per day) 
Viruses 
     Hepatitis A virus 
     Poliovirus 1 
     Coxsackeivirus 
     Rotavirus SA11 
     Coliphage T7 
     Coliphage f2 
     MS2 
Bacteria 
     Escherichia coli 
     Fecal streptococci 
     Salmonella typhimurium 

 
0.10 – 0.33 
0.013 – 0.77 

0.19 
0.36 
0.15 

0.39 – 1.42 
0.063 – 0.75 

 
0.063 – 0.36 
0.03 – 0.24 
0.13 – 0.22 

Source: Medema et al. (2003) 
 
called “thermotolerant coliform”. Fecal coliforms bacteria that are commonly used are 
Escherichia coli., enterococci / fecal streptococci. Of these organisms, E.coli is considered 
to be specifically of fecal origin, being always found in the feces of humans, other 
mammals and birds in large numbers but rarely found in water or soil that has not been 
subject to fecal pollution (Payment, 2003). However, since it has been discovered that 
human animals excreta around 1011 E.coli per day and over 95% of population of total 
coliforms bacteria in those human and animal feces are E.coli, which can number around 
109 bacteria per gram of feces (Reynolds, 2003, Horan, 2003), it is widely accepted that 
the presence of thermotolerant coliforms in high numbers in samples indicates 
contamination by fecal material from warm-blooded animals including human (Lepesteur, 
2004). The common method that has been widely used since 1948 is to distinguish 
thermotolerant fecal coliforms from total coliforms (Raynolds, 2003) where total 
coliforms, which include both fecal and non-fecal coliforms, are routinely monitored as 
indicators of the bacteriological quality in treated drinking water, and only samples that 
have tested positive for this group are examined for the presence of fecal coliform (Horan, 
2003). For routine purposes, fecal coliforms, thermotolerant coliforms and E.coli may be 
all regarded as nearly equivalent indicators of fecal pollution (Horan, 2003). Analyzing 
samples for detection of a few fecal organisms is generally more efficient than looking for 
a range of enteric pathogens possibly present (Hoglund, 2001) as well as more 
cost-effective, requiring only simple and inexpensive bacteriology laboratory facilities. 

 
The accuracy, specificity and validity of indicator organisms have been questioned in 
recent years (Walker 1982). Payment et al. (1993) has pointed out the possibility of their 
regrowth outside intestinal environment such as water distribution pipes. Horan (2003) also 
reviewed that total and fecal coliforms are particularly good indicators of bacterial 
pathogens, less good indicators of viral pathogens, but indeed very poor indicators of 
protozoan and helminthic pathogens, primarily due to the variability in survival rates of 
those pathogens and greater resistance of indicators than pathogens (Hoglund, 2001). 
Regenstein et al. (2003) has also found no correlation among concentrations of different 
bacteria such as fecal coliform, E.coli or Salmonella in their waste composting process. 
However, as far as viruses are concerned, Oragui et al. (1987) found the good correlation 
between the number of fecal coliforms and that of viral as well as bacterial pathogens in 
wastewater treatment process in waste stabilization ponds. Feachem and Mara (1979) also 
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reviewed the usefulness of fecal coliforms as indicators of the microbiological 
contamination in water and wastewater. Yanko (1988) demonstrated that a strong 
correlation between fecal coliform densities and frequency of salmonella detection. 
According to his data, when the log fecal coliform density was below 3 (1000MPN/g total 
solids), the frequency of detection of salmonella was in the range of 0 to 3 MPN/g total 
solids, whereas no samples from 86 measurements contained salmonella for which fecal 
coliform densities were less than 1000MPN per gram. In addition, as far as protozoa and 
helminthes are concerned, satisfactory indicator organisms have not been defined yet and 
thus examination of water and wastewater samples has to be made for specific organisms 
such as Giardia Lamblia, Cryptosporidium parvum, Entamoeba histolytica, eggs of 
Ascaris lumbricoides and Trichuris trichiura. However, the routine monitoring of such 
organisms are very costly, primarily due to their extremely small sizes as well as low 
concentrations in many samples, and requires sophisticated laboratory as well as 
well-trained laboratory workers. Hence, fecal coliforms, especially E. coli, still remain as 
the best indicators of fecal contamination for routine monitoring today. 
 
Chain forming gram-positive fecal streptococci or so-called streptococcus are those 
streptococci generally present in human and animal feces, and Enterococcus, which 
belongs to a sub-group of the fecal streptococci, is mostly of fecal origin and can also be 
regarded as specific indices of human fecal pollution for most practical purposes (Payment 
et al., 2003). Streptococci are present in human feces at densities of 105 - 107 CFU / g, are 
more resistant to environmental stress and in particularly chlorination than E.coli. 
Therefore, streptococci and enterococci can be efficiently used as an index of fecal 
pollution, especially in tropical climates where E.coli might multiply itself or in arid 
regions because of their high resistance to drying. Bitton (1994) has suggested the potential 
of enterococci as a indicator of the presence of viruses, especially in sludge and seawater.   
 
New and more sophisticated assessment methods for environmental quality have been 
increasingly discovered using various types of microbial parameters such as heterotrophic 
aerobic and aerobic spore-forming bacteria counts, use of bacteriophages, 
sulphide-reducing clostridia and Clostridium perfringens, and hydrogen sulphide test as 
well as detection of specific pathogens using microscopic methods. At present, however, 
they are suitable for specific purposes only such as research studies, watershed evaluation 
to target point sources of fecal contamination, outbreak investigation, and research into 
treatment efficiency, rather than routine sanitary survey and monitoring (payment, 2003). 
This is true especially in developing countries where specialized laboratories and suitably 
qualified analytical workers are not readily available. After all, there is no single indicator 
bacterium that alone is sufficient to discern fecal contamination. Therefore, the combined 
use of several fecal indicator bacteria seems to provide the best way to estimate sources 
and levels of fecal contamination in various environments at present. 
 
2.2 Risk Assessment 
 
Risk is simply defined as ‘the possibility of loss, harm or injury’, the degree of which can 
be determined from the relationship between ‘the probability of an event’ and ‘the severity 
of that event’ (Hunter et al. 2003) as can be seen in the figure2.4. 
 
 
 

Low probability of severe harm High probability of severe harm Severity of 
Harm 
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Low probability of mild harm High probability of mild harm 
                           

 
Figure2.4. Two-dimensional classification of risk 

 
The National Academy of Science summarized risk assessment as “the use of the factual 
base to define the health effects of exposure of individuals or populations to hazardous 
materials and situations” (Picciotto, 1995). Risk assessment can be accomplished through 
three different approaches: epidemiological methods, quantitative microbial risk 
assessment, and qualitative risk assessment, of which quantitative microbial risk 
assessment is focused on in this study. 
 
2.2.1 Quantitative Microbial Risk Assessment (QMRA) 
 
Traditionally, epidemiological study was the method to assess human health risks from 
toxicants by measuring actual levels of the incidence and transmission of disease in 
populations. However, due to the fact that epidemiological evidence linking contaminants 
to their health effects in populations is often lacking, incomplete or imprecise, and very 
costly to obtain, as well as that conducting epidemiological study can be limited by the 
sensitivity of the study itself, especially for endemic disease risks (Haas et al., 1999), the 
use of risk assessment approach in the absence of epidemiological data is today becoming 
increasingly common. As Rose and Gerba (1991) stated, the use of models to establish 
potential health risks has many applications. Relative risks may be compared 
quantitatively. As the concentrations of contaminants in the environment maybe be too low 
to be determined with the current detection methods, risk assessment using mathematical 
models and existing data sets prove to be useful (Medema et al, 2003), especially for 
setting standards for contaminants in the aquatic environment (Rose & Gerba, 1991, 
Helmer et al., 1991)  
 
Quantitative Microbial Risk Assessment (QMRA) is a relatively new application of 
quantitative risk assessment approach into microbial pathogenic infections. QMRA 
approach attempts to calculate risk from what is known, or can be inferred, about the 
distribution and concentration of particular pathogens in the system of concern along with 
the information of the infectivity of those pathogens to determine risks to public health 
(Hunter et al., 2003). As has been reviewed by Haas et al. (1999), QMRA approach 
involves formalized procedures, based on the chemical risk assessment, as shown in 
Table2.8. 
 
However, as Hunter et al. (2003) and Fane et al. (2002) pointed out, while the conceptual 
framework for both chemical and microbial risk assessments is the same, pathogens differ 
from toxic chemicals because of their numerous inherent characteristics as living 
organisms as follows: 

 
 Pathogens possess the potential to evolve and alter their ability to cause disease 

(virulence) as well as their persistence in various environments, including human host.  
 Pathogens may be capable of multiplying within affected individuals. 
 Exact symptoms and severity of illness depend on host factors such as the health of the 

person, their pre-existing immunity and pathogen dose. 
 Pathogens can be passed from one person to many (secondary spread), from either 

healthy but infected (asymptomatic) or ill (symptomatic). 

Probability of Occurrence 
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 Pathogens are generally not evenly suspended in water.  
 
Nevertheless, this basic model of quantitative risk assessment now has been extended to 
account for the dynamic epidemiological characteristics of infectious disease processes 
(Haas & Eisenberg, 2001), as can be explained below.  
 

Table2.8. Steps involved in quantitative microbial risk assessment 
Step Aim 

1. Problem formalization 
and hazard identification 

To describe the overall environmental setting and relevant 
pathogens that may cause acute or chronic effects to 
human health 

2. Dose-response analysis To find appropriate relationship(s) between pathogen 
exposure and infection or illness (from epidemiological 
studies) 

3. Exposure assessment  To determine the size and nature of the populations 
exposed to each identified pathogen by route, amount and 
duration of the exposure 

4. Risk characterization To integrate the information from exposure and 
dose-response, to express public health outcomes, taking 
into account the variability and uncertainty of the 
estimations. 

Adopted from National Research Council (1983) 
 
2.2.1.1. Hazard Identification 
 
Hazard identification is the initial step of risk assessment focusing on the identification of 
potential hazard agents of concern (Chu et al., 2002) as well as the spectrum of human 
illness and diseases associated with the specific microorganism, clinical outcome of which 
ranges from asymptomatic infections to death (Haas et al., 1999).  In QMRA, potential 
hazard agents are specific species of pathogenic bacteria, viruses, protozoa or helminthes. 
This stage requires not only the identification of the microorganisms that might cause 
human illness and thus need to be focused on but also gaining the following knowledge 
(Haas et al., 1999): 
 

- Disease process from exposure to development of disease and death. 
- Possible transmission routes.  
- Prevalence and incidence of disease in population 
- Virulence factors and components of the microorganisms and its life cycle. 
- Role of the host immunity system in combating the infection. 

 
Pathogenic waterborne infection events may occur either in the general population or at 
higher frequency in a certain susceptible sub-populations since the outcomes of infection 
vary according to a number of factors and many groups within society as listed in Table 
2.9. Besides, as Haas et al. (1999) reviewed, there are a complex set of host immune 
responses that might alter the dose-response relationship as well as the severity of 
outcomes following infection, including asymptomatic illness, various levels of acute and 
chronic disease (mild illness, to more severe illness, to chronic problems, to that which 
requires hospitalization) and potentially, death (Figure 2.4). In reality, however, there are 
few direct human data to characterize the quantity of such effects. Although it is generally 
regarded that greater severity is observed in elderly, young and immunocompromised 
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populations, such is not always the case. For instance, Gerba at al. (1996) has found that 
the mobidity ratio in children was less than in normal healthy adults, while that of the 
elderly for a variety of agents was greater than for the general population. Regarding with 
immunity that might be developed by previous infection, either symptomatic or 
asymptomatic, quantitative data to evaluate there effects are not available for waterborne 
agents, and contrary to the conventional belief, there are some circumstances where prior 
exposure may result in hypersensitization to subsequent exposure(Haas et al., 
1999).Therefore, in general practice, a general population is focused on largely due to the 
current inability to quantify the risks to more susceptible sub-populations (Haas & 
Eisenberg, 2001). 
 

Table 2.9 Factors that lead to inequality of health risk 
 in relation to waterborne diseases 

Factor Affects 
Age The very young and very old are more likely to acquire infections due 

to naive or waning immunity and, once infected, are more likely to 
develop more severe outcomes. 

Pre-existing 
disease 

A person with AIDS or severe combined immunodeficiency 
syndrome is likely to suffer far more severe symptoms with 
cryptosporidiosis and other infectious illnesses. 

Genetic People with certain genotypes are more likely to experience 
complications such as joint problems following gastrointestinal 
infections. 

Gender/pregnancy Certain infections are more severe in pregnancy, either increasing the 
risk of fatality for the woman (hepatitis E), or damage to the fetus 
(toxoplasmosis). 

Behavior The amount of unboiled tap water an individual drinks will affect 
their risk of a waterborne infection. 
Foreign travel will expose an individual to risk of waterborne 
diseases that he will not have encountered at home. 
Other behaviors such as swimming will increase an individual’s risk 
of acquiring infections by routes other than drinking water. 

Socio-economic The poorest members of society may suffer more severe disease due 
to malnourishment. 
The poorest members of society may suffer more serious economic 
consequences of illness because they are in jobs that do not pay sick 
leave or are not covered by health insurance. 
The poorest members of society may not have ready access to health 
care. 
Many waterborne diseases are more likely to spread to family 
members in overcrowded conditions. 

Geography Various waterborne diseases have marked geographical distributions; 
hepatitis E is largely restricted to tropical countries, while tularemia 
is more common in northern latitudes. 
The quality of water treatment and distribution systems differs 
markedly from one country to another and between locations in the 
same country. 

Source: Hunter & Fewtrell (2003) 
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Figure 2.5 Outcomes of the infection process for quantification. 

(Adopted from Haas et al., 1999) 
 
7.2.1.2. Exposure Assessment  
 
Exposure assessment aims at determining the microbial dose typically consumed by the 
direct user of a water (or food), which necessitates the estimation of microbial 
concentration in concerned environmental media as well as the amount of ingested dose 
per exposure (Haas and Eisenberg, 2003). 
 
Here interested in are both the expected dose and the distribution of doses. Provided a large 
number of exposures occur, whether by having a large number of persons exposed, by 
having a few persons exposed many times, or by some combination, the expected dose 
would be the average dose among all those exposed and the dose distribution would be the 
probability distribution of doses (organisms / exposure) (Haas et al., 1999). Exposure 
assessment, therefore, requires ascertaining microorganism concentrations in a medium 
(water, air, food) and the consumption amount of the medium, for which experimental 
samples must be obtained and the distribution of microorganism densities should be 
determined.   
 
Conceptually, it is assumed that all microorganisms act as particles and are distributed 
randomly. Therefore, if a set of samples from a large body of material are taken randomly, 
in which the actual number of organisms are measured in each sample, the mean density in 
the large body of material can be estimated using the Poisson distribution. Under these 
circumstances, the principle of maximum likelihood (ML) can be used to estimate the 
mean, which states that the best estimate of a set of parameters from a set of data is 
obtained by maximizing the probability that the particular sample would have been 
obtained.  
 
For the amounts of ingested, inhaled or contacted materials per “exposure”, various 
assumptions might be used since investigation of actual ingestion or contact volumes, 

Infection Asymptomatic 
infection 

Disease Acute symptomatic 
illness, mild to moderate; 

days loss from work; 
health case costs 

Sensitive populations 

Hospitalizations 
Mortality 

Chronic 
infections: 

reactive 
arthritidis, 

myocarditis, 
cancer 

Exposure 
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taking into account duration and frequency of water-using activities is practically difficult. 
While soil is in most cases ingested involuntary, water ingestion occur either involuntary 
(during recreation and other domestic purposes such as body washing) or intentionally 
(drinking the water for survival) (Steyn et al., 2004).  
 
Involuntary ingestion volumes of water 
 
Steyn et al. (2004) reviewed documented involuntary ingestion volumes of water from 
local and international studies as can be shown in Table 2.9. 
 

Table 2.10 Involuntary ingestion volumes based on the intensity 
of water contact per event  

Contact 
intensity 

Intake volumes Events References 

Full-body 
immersion 

100mL swallowed / 
event 
 

- Swimming 
activities 

- Children playing 
in water 

- Body-washing 

- DWAF (1996) 
- WHO (1998) 
- Genthe and 

Rodda (1999) 
- Haas et al. 

(1999) 
Intermediate 50mL swallowed / 

event 
- Repeated 

immersion during 
skiing, surfing, 
canoeing 

- Medema et al. 
(2001) 

Other 10mL swallowed / 
event 

- Laundry 
- Fishing 
- Ingestion related 

to irrigation in 
agri- and 
horticulture 

- Genthe and 
Rodda (1999) 

- Medema et al. 
(2001) 

Source: Steyn et al. (2004) 
 
Intentional ingestion volumes of water 
 
Most typical adult water ingestion rate used is 2000mL /person/day (mL/p/d) based on 
human feeding studies (Haas et al., 1999; Haas and Eisenberg, 2001; USEPA, 1986; 
Watanabe et al., 2003; Regil et al. (1991)). Steyn et al. (2004) used that of 952 mL/p/d for 
adults (20 < age <65), 630 for children under 11 years old an 1,318 for infants in the study 
conducted in South Africa considering the lower income levels and accessibility to water 
supply. According to the interview survey conducted in Philippines that took into account 
average body weight as well as the high rice consumption rate in the region, typical 
intentional adult water ingestion rate was found to be 1400 mL/p/d for direct drinking and 
1500 mL for indirect intake such as that mixed with milk or powdered drink as well as that 
in cooked food (Riederer et al., 2003). 
 
2.2.1.3. Dose – Response Assessment  
                                                                                     
The objective of dose-response assessment is to develop a relationship between the level of 
microbial exposure and the likelihood of occurrence of an adverse consequence, especially 
when the level of potential risk from a single exposure is much lower than 1/1000 and thus 
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the use of direct experimentation on humans and animals to assess this risk becomes 
impractical, requiring a considerable quantity of samples (Haas et al., 1999). 
Dose-response modeling can provide risk estimates for population exposures to 
contaminated water and foodstuffs, especially when pathogens are associated with severe 
health effects and thus volunteer study cannot be undertaken (Havelaar, 2001). 
 
Data sources of dose-response modeling include volunteer feeding studies (randomized 
trials), animal and in vitro models, outbreak studies, and prospective cohort studies 
(Havelaar, 2001). The same author pointed out that controlled experiments such as 
volunteers studies can have well defined pathogen exposures and are conducted in a 
selected group of healthy adult subjects thus may not be generalized to the whole 
population. On the other hand, outbreak investigations and cohort studies can provide 
better information on the range of health effects in the general communities, while 
exposures might be poorly characterized. Such experimental data are used to find the 
best-fit dose-response model for each pathogenic microorganism that is capable of 
extrapolating a fitted dose-response curve into the lose-dose region (Haas & Eisenberg, 
2001). 
 
The simplest dose-response model is exponential dose-response model, which assumes that 
the distribution of organisms between doses is random (i.e. Poisson distribution), that each 
organism has an independent and identical survival probability (r), and that minimum 
infectious dose of organisms equals 1 (Haas et al, 1999), and the probability of infection 
(P1) can be given as the function of ingestion dose (d) by:  
 
P1 = 1 – exp (-rd) 
 
For many microorganisms and populations of human hosts, however, there may be 
variation in the pathogen-host survival probability (r) due to diversity in human responses, 
diversity of pathogen competence, or both (Haas et al., 1999). Here, beta-Poisson 
dose-response models are found to be capable of describing such dose-to-dose variability 
of Poisson distribution, and can be generalized as the function of two parameters, a median 
infectious dose (N50) and a slope parameter (α) of a dose-response curve that is specific to 
the organism describing the probability (Beta) distribution of N50 (Gerba et al.2002, Hunter 
et al. 2003) by: 
 
P1 = 1 – [1 + d / N50 ( 2 1 / α – 1)]-α 

 
It has been found that both exponential dose-response relationship and beta-Poisson 
models have the property of low dose linearity (Gale, 2003) that can be written as follows: 
 
P1(d) = rd      for rd<<1. 
 
In addition to such quasi-mechanistic models, various empirical models such as 
log-logistic, Weibull, and log-profit can also be applied (Haas et al, 1999). 
 
Generally, several models may fit available data in a statistically acceptable sense yet 
produce significantly different risk estimates at an extrapolated low dose. Hence, given a 
set of experimental data for exposure of population to various doses of microorganisms 
and measurement of response, the best fitting parameters of a dose-response relationship 
may be computed via standard maximum likelihood techniques (Haas & Eisenberg, 2001). 
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There are several points to be noted in understanding dose-response models. First of all, 
the ability of pathogenic microorganisms to propagate within a susceptible host at an 
appropriate location within the body is a function of various factors such as age, sex and 
immunity level of each host. In fact, the development of consequences of infectious agents 
can be highly complex, involving multiple disease symptomatologies and endpoints from 
those which cannot be recognized by the health care system to mortality. Dose-response 
models, however, focus on early process of infection, rather than mortality, which is an 
extreme case, from conservative public health point of view (Haas et al, 1999). Secondly, 
dose-response studies are usually conducted on healthy adults and thus may not reflect the 
general population (Haas & Eisenberg, 2001). 
 
Table 2.10 summarizes available human dose-response information and parameters that 
have been computed for a number of pathogenic organisms. 
 

Table 2.11 Best-Fit Dose-Response Parameters (Human) 
Beta Poisson Organism Exponential k

N50 a 
Reference 

Poliovirus I (Minor) 109.87 6.17 0.2531 Minor et al, 1981 
Rotavirus    Haas et al. 1993; 

Ward et al. 1986 
Hepatitis A virus(a) 1.8229   Ward et al. 1958 

Adenovirus 4 2.397   Couch et al. 1966 
Echovirus 12 78.3   Akin 1981 
Coxsackie(b) 69.1   Couch et al. 1965; 

Suptel, 1963 
Salmonella(c)  23,600 0.3126 Haas et al. 1999 

Salmonella typhosa  3.60 × 106 0.1086 Hornick et al. 1966 
Shigella(d)  1120 0.2100 Haas et al. 1999 

Escherichia coli(e)  8.60 × 107 0.1778 Haas et al. 1999 
Campylobacter jejuni  896 0.145 Medema et al. 1996 

Vibrio cholera  243 0.25 Haas et al. 1999 
Entamoeba coli  341 0.1008 Rendtorff 1954 

Cryptosporidium 
parvum 

238   Haas et al. 1996; 
Dupont et al. 1995 

Giardia lamblia  50.23  Rose et al. 1991 

(a) Dose in grams of feces (of excreting infected individuals) 
(b) B4 and A21 strains pooled 
(c) Multiple (non-typhoid) pathogenic strains (S. pullorum excluded) 
(d) Flexnerii and dysenteriae pooled 
(e) Nonenterohaemorrhagic strains (except O111) 

Source: Haas & Eisenberg (2001) 

So far, no organisms have been found that do not fit either to the exponential or 
beta-Poisson dose-response model, and as noted here, enteric bacteria (Salmonella, 
Shigella, Vibro, Campylobacter, and E.coli) require the beta-Poisson model to fit the data 
adequately, whereas protozoa, particularly Giardia and Cryptosporidium, fit an 
exponential model despite having a large number of subjects and doses (Haas et al, 1999, 
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Fane et al. 2002, Watanabe et al. 2002, Rose & Gerba 1991, Teunis et al. 1997, Gerba et al. 
1996, Medema et al. 2003, Haas & Rose 1996).  
 
2.2.1.4. Risk Characterization  
 
Risk characterization integrates outcomes obtained from the three steps in order to 
characterize the types and magnitudes of the health risk posed to the public as well as to 
evaluate the variability and uncertainty. The risk is generally expressed as infections per 
year, and either for individual or in a population. The obtained risk might be compared 
with the acceptable risk. The acceptable risk is a key point in risk management, which can 
serve as a useful measure for evaluating the present performance or condition as well as to 
identify the need for further improvement.  
 
Risk assessment can be done using either point estimates or probability density functions 
(PDFs). In the former case, a single point estimate of exposure and dose – response 
parameters can be combined to obtain either a measure of central tendency or extreme – 
case estimates, whereas in the latter case, Monte Carlo Simulation is widely used to sample 
the PDFs in risk calculations, which can account for the probability distribution 
mathematically and thus for the variability (Hoglund, 2001). Hoglund (2001) reviewed 
some arguments on the validity of risk assessments pointing out the fact that they are not 
able to account for secondary transmission, variability in immune status and susceptibility 
in a population. However, QMRA using a point estimate yet appears to be a useful tool at 
screening level when all necessary data are not available (Ashbolt, 1999), which is usually 
the case in many developing countries, so that those data to be further required can be 
identified as well as for risk ranking to compare different environmental conditions and 
propose the most appropriate management measures despite of the numerous assumptions 
employed and a wide range of resultant variability and uncertainty (Haas et al., 1999).  
 
2.2.2 Acceptable Risk 
 
The level of risk that can be acceptable might vary with people, and thus there exists 
numerous definitions of acceptable risks. One of the definitions of acceptable risk that has 
been widely accepted by environmental regulation, although is not relevant to 
microbiological parameters, is if lifetime exposure to a substance increases a person’s 
chance of developing cancer by one chance in a million or less (Hunter & Fewtrell, 2003). 
Based on this definition, USEPA uses a target reference risk range of 10-4 to 10-6 for 
carcinogens in drinking water in line with World Health Organization (WHO) drinking 
water quality guideline (WHO, 1993). In terms of microbiological parameters, USEPA has 
defined the acceptable risk of 1 infection per 10,000 people per year, using Giardia, which 
is known to be more resistant to disinfection than other microbial pathogens, as reference 
organism (Macler and Regil, 1993).  

 
Another reference of acceptable level of infectious risk due to pathogenic microorganisms 
is Maximum Contamination Level (MCL), which is the highest level of a contaminant that 
is allowed in various purpose waters, or Maximum Contaminant Level Goal (MCLG), 
which is the level of a contaminant in such waters below which there is no known or 
expected health risk. MCLs are enforceable standards whereas MCLGs allows for a margin 
of safety and are non-enforceable public health goal (USEPA, 1986).  
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USEPA (1986) has set the following standards for fecal coliform concentrations in various 
purpose waters, taking fecal coliform as fecal contamination indicator organism: 
 

 For drinking water quality, no more than 5% of samples collected in a month should 
contain any total coliform and there should be no fecal coliform in any of such samples. 
This standard is same as the guideline values set by the World Health Organization 
(WHO) (Helmer et al., 1991).  

 
 For domestic water supply, fecal coliform count should not exceed 2000 fecal coliforms 

per 100mL based on the geometric mean of representative samples. 
 

 For water used for Class 1 primary contact including such activities as swimming, 
rafting and kayaking, any samples should not have fecal coliform counts above 200 fecal 
coliforms per 100mL, whereas water used for Class 2 secondary contact including 
activities such as fishing and other streamside or lakeside recreations, any samples 
should not have fecal coliform counts above 2000 fecal coliforms per 100mL (USEPA, 
1986).  

 
WHO guideline recommends that geometric mean of fecal coliform concentrations in 
samples from water used for irrigation in agriculture should contain less than 1000 MPN 
per 100 mL. The same guideline recommends shellfish-growing waters to contain less than 
10 fecal coliforms per 100 mL in 80 % of the samples and less than 100 fecal coliforms per 
100 mL in the remaining 20 % of the samples (WHO, 1989).  
 
In fact, defining a level of risk that is acceptable for all stakeholders is extremely difficult 
and requires considerations of numerous factors largely because the outcome of infection 
varies according to a number of factors and many groups within society. For example, the 
young, elderly and malnourished tends to be more susceptible to developing illness after 
infection than the general population (Hunter & Fewtrell, 2003) as mentioned in 2.2.1.1. 
Also, those belonging to lower hierarchy in society might have higher contact chances to 
contaminated environment due to financial constraints and lack of political power than 
those in higher hierarchy. This trend is especially true in less developed countries that have 
greater social inequality, where the level of protection could not be the same for all people. 
Considering such a high variability in actual illness after infection with the types and 
strains of microorganisms as well as host age and other host factors, acceptable risks of 1 
infection per 10,000 people per year has been established for risk of infection rather than 
illness (Gerba et al., 1996).  
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Chapter 3 
 

Methodology 
 
3.1 General Overview 
 
The main objective of this research was to investigate health impacts posed by pathogenic 
organisms from various fecal sludge management practices in urban and peri-urban areas 
of developing countries. The approach taken in this research was comparative case study 
method in which two sub-districts were chosen from peri-urban region of Bangkok, 
Thailand, based on the selection criteria as described in the following section, and both 
quantitative and qualitative data were gathered from each target sub-district for further 
evaluation of infectious risks posed by different FS management practices.  
 
As has been mentioned in Section 1.4., this study focused on Escherichia coli. as fecal 
indicator organism and Salmonella spp. as an actual pathogenic organism of fecal origin. 
Health risks posed by those enteric bacteria were determined using Quantitative Microbial 
Risk Assessment (QMRA), which estimated its infection probability. 
 
Following the selection of study sub-districts, preliminary data collection was conducted 
with the purpose of providing as much information as possible on the existing 
environmental conditions and the current practice of FS management in each sub-district. 
Based on the obtained data, Quantitative Microbial Risk Assessment was carried out, the 
outcomes of which were cross-analyzed. The flow chart of overall research design is 
presented in Figure3.1. 
 
3.2. Study Area Selection  
 
Firstly, Klong Luang municipality was selected as target area from which two specific 
sub-districts would be selected in this research based on the following criteria:  
  

 Located within 50km radius of AIT 
 Located in the peri-urban areas of Bangkok, Thailand 
 The majority of the community uses on-site sanitation (OSS) systems.  
 Comprised of communities employing varied FS management practices such as 

municipal collection followed by anaerobic digestion or drying, collection by private 
collectors followed by indiscriminate disposal into watercourses, or municipal 
collection followed by reuse of biosolids for soil amendment.  

 
Klong Luang Municipality (Amphoe Klong Luang) is 20km away from AIT, a distance of 
30 minutes travel by car. The major sanitation systems in use in the municipality are OSS 
systems, mostly septic tanks, depending on communities as well as individual households. 
Septage from OSS systems are officially supposed to be collected by the municipality 
trucks and digested in tank, but in reality a substantial amount seem to be also dumped in a 
prescribed pit, indiscriminately into canals and open lands, or reused informally for 
agriculture.  
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Secondly, according to the preliminary information of FS collection obtained through 
interview in Klong Luang municipality office, two sub-districts (Tambon) were selected for 
this study as follows: 
 

1) Klong Luang sub-district in which all FS is collected by the municipality and 
transported to municipal FS treatment facility equipped with drying bed. 

 
2) Tha Klong sub-district in which all FS is collected by private FS collectors and 

damped indiscriminately into canals or open lands. 
 

 
Figure 3.2 Tha Klong and Klong Luang sub-district 

 
3.3. Quantitative Microbial Risk Assessment (QMRA)       
 
Health risks posed by pathogenic contamination of various environmental media in 
selected two sub-districts with different FS management practices were assessed following 
the basic procedures of Quantitative Microbial Risk Assessment, which was comprised of 
four steps: 
 
1) Hazard identification. 
2) Exposure assessment. 
3) Dose-response assessment. 
4) Risk characterization. 
 
The specific procedures to be employed in each step were described below. The same 
procedures were followed for each sub-district in parallel as can be seen in Figure3.1. 

Tha Klong sub-district 

Klong Luang sub-district 

AIT 

0           3km 
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3.3.1 Hazard Identification  
 
The first step of QMRA was the identification of pathogenic organisms as agents of 
potential significance to cause acute or chronic effects to human health. As has been 
discussed earlier, E.coli and Salmonella spp. were employed in this study. In this stage, 
general properties and associated clinical features of E.coli and Salmonella spp. as well as 
critical pathogenic pathways were identified.  
 
3.3.1.1. Community Data Collection 
 
Secondary data as presented in Table3.3 was collected for each sub-district through 
interview with various officers, workers and local residents as well as field observation in 
order to identify critical exposure routes of the public to fecal bacteria as well as to 
construct exposure scenarios.  
 

Table3.1 Secondary data collection and application 
Data Source Application 

Cultural and social characteristics of the 
community 
     Population 
     Area 
     Land use 
     Water supply source 
     Types of OSS system in use 
     The number of household 
     Canal usage (if any) 
     Presence of drinking water wells 
     Presence of animal farms/industries 

Municipal / 
local 
authorized 
offices; Field 
observation. 

Background information 
of each sub-district and 
sampling sites; Evaluating 
the sanitary status of each 
sub-district. 

Geological characteristics of the 
community 
     Soil structure 
     Depth of groundwater table 

Municipal / 
local 
authorized 
offices; 
Literatures. 

Identifying potential 
pathogen transmission 
routes 

Fecal sludge data 
    The quantity produced per household  
    The total quantity produced in each 

sub-district 
    % of FS collected by municipality 
        The quantity 
        Frequency 
        Location of disposal site 
        Physical structure of disposal site 
        Method of collection and disposal 

 The destination of uncollected FS  

Local 
authorized 
office / FS 
collectors / 
Local residents 

Evaluating the 
environmental settings of 
each sub-district; 
Selection of sampling 
sites; Identifying potential 
pathogen pathways. 

Past history of waterborne disease 
     Types 
     Frequency 
     Severity 
     Possible causes 

Department of 
Health; Local 
hospitals / 
health centers 

Evaluating sanitary status 
of each sub-district; 
Identifying possible 
impacts of improper FS 
management. 
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3.3.1.2. Identification of Critical Pathogenic Pathways 
 
Based on the obtained data, the schematic diagrams of pathways of pathogenic organisms 
originating from the FS disposal site into the surrounding environment were constructed 
for each sub-district as shown in Figure 3.2 and 3.3, in order to identify the critical 
environmental media of pathogen transmission from its source to the public and thus to 
determine sampling locations for subsequent laboratory analysis of fecal contamination. As 
a result, canal water and tap water (groundwater abstracted) were identified as the critical 
transmission media. 
 

 
Figure 3.3 Event tree for transmission of fecal bacteria in Klong Luang sub-district 

 
 

Figure 3.4 Event tree for transmission of fecal bacteria in Tha Klong sub-district 
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3.3.2 Exposure Assessment  
 
Exposure assessment aimed to determine the microbial doses typically ingested by the 
target public of environmental transmission media, namely canal water and tap water in 
this study. This stage required the estimation of E.coli and Salmonella spp. levels in canal 
and tap water as well as the amounts of ingested / contacted materials per “exposure”.  

 
The concentrations of E.coli and Salmonella spp. in canal and tap water were analyzed at 
AIT laboratory using water samples collected as described below. Also, FS samples were 
collected directly from FS collection truck and analyzed for E.coli and Salmonella spp. 
counts for original pathogenic contamination levels of FS itself in this region.  
 
3.3.2.1 Sampling Design 
 
Sampling locations of canal and tap water which represent overall pathogenic 
contamination levels in each sub-district presenting the highest contact chances with the 
public were selected as follows. Canal 1 is locally called “Klong 1 (Klong = Canal in 
Thai)” on the bank of which exists numerous poorly-built residential housings and into 
which domestic wastewater is discharged, while irrigation canal is a relatively shallow 
ditch of stagnant nature. Tap water samples were collected from roadside restaurants and 
shops. 
 

 
Figure 3.5 Sampling sites for canal water 
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Figure 3.6 Sampling sites for tap water 

 
Sampling procedures followed the standard sampling method for grab samples (APHA, 
1998). Analysis of each sample was duplicated for higher accuracy and precision of the 
analytical method. The number of sampling sites, the number of samples to be collected 
from each selected site and sampling frequencies for each bacterium were listed in Table 
3.4.  

Table 3.2 Sampling details for each sub-district 
Sample Number of  

Sampling Sites 
Parameter Frequency 

Tap water 
(groundwater) 

4 from each sub-district E.coli 
Salmonella spp. 

Monthly 
(5 months in dry season) 

Canal water 
(surface water) 

4 from each sub-district E.coli 
Salmonella spp. 

Monthly 
(5 months in dry season) 

Fecal sludge 
 

FS directly from 
collection truck  

E.coli 
Salmonella spp. 

Monthly  
(5 months in dry season) 

  
Canal water was collected at the depth of 30cm from the surface. Before tap water sample 
collection, the mouth of tap was wiped with alcohol in order to reduce the potential of 
cross-contamination from the inner casing of the tap. Collected water and FS samples were 
put into sterilized plastic bottles and immediately transported to the laboratory for analysis, 

Tha Klong 
Sub-district 

Klong Luang 
Sub-district 

Talad  Thai
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where all samples were kept at 50C for subsequent analysis. Maximum holding time of all 
samples for microbiological analysis was 8 hours. 
 
3.3.2.2 Laboratory Analysis  
 
E.coli and Salmonella spp. concentrations were analyzed by using a standard five tube 
most probable number (MPN) method. For E.coli, the standard method described by 
APHA et al.(1998) was followed, while for Salmonella spp. the modified standard method 
(Fukushi et al. 2003) was followed on the ground that the concentrations in both canal 
water and tap water are suspected to be not so high as well as contain heterogeneous 
microorganisms. MPN analysis was always performed in duplicate and the arithmetic 
mean values were recorded as representative of each sample. 
 
3.3.2.3 Data Analysis 

 
In order to estimate microbial concentrations in canal water and tap water that can be 
combined with the typical ingestion doses for various scenarios to be applied to the 
subsequent dose-response analysis, spatial trend of E.coli and Salmonella spp. 
concentrations over Tha Klong and Klong Luang sub-district were explored. For this 
purpose, the following steps were employed. All statistical analyses were conducted using 
Microsoft Excel.  
 
i) All data were converted into logarithm and subjected to two-way ANOVA without 

replication in order to examine significance levels of sampling sites and months on 
variations of pathogenic concentrations.  

 
ii) To compare microbial concentrations in canal A and B of E.coli and Salmonella 

spp. respectively, one-way ANOVA was used, coupled with visual appraisal of 
histograms plotted with mean concentrations of E.coli and Salmonella spp. 
respectively. 

 
iii) To further explore spatial trends within canal A as well as within canal B of E.coli 

and Salmonella spp. concentrations respectively, geometric mean, maximum and 
minimum concentrations recorded at each site were compared, using histograms 
plotted with geometric mean concentrations.  

 
3.3.2.4 Exposure Volumes  
 
The following scenarios for ingestion of canal water and tap water were developed and 
typical ingestion doses in each case were assumed in reference to published literatures 
modified for Thai locals based on the author’s observation as tabulated in Table 3.3. Since 
dose-response analysis tends to be conservative in nature, worst-case scenarios were 
employed. As for drinking of unboiled tap water, 1800 mL/cap/day for adult and 1400 
mL/cap/day for children under 12 were assumed, taking into account less body weight of 
Thai nationals compared to western standard and tropical climate (Table 3.4). 
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Table 3.3 Involuntary canal water ingestion scenarios and dose assumptions 
Scenario Condition Ingestion dose of water 

1 Adult / Children Bathing (everyday) 
 
 
 
Adult / Children Bathing (every 2 days) 
 
 
 
Adult immersed fishing/recyclables collection 

100 mL/day, 
7 times/week, 
336 times/year 
 
100 mL/day, 
3 times/week, 
144 times/year 
 
100 mL/day, 
Once/week, 
48 times/year 

2 Children Swimming 
 

100 mL/event, 
Once/week, 
48 times/year 

3 Washing Utensils  8 mL / meal, 
2 times/day, 
730 times/year 

4 Laundry  10 mL/day, 
6 days/week, 
288 days/week 

Table 3.4 Intentional unboiled tap water ingestion volumes  
Scenario Condition Ingestion dose of water 

5 Adult (18 ≦ age < 65)  1800 mL/cap/day 
6 Children (1 ≦ age < 12) 1400 mL/cap/day 

 
3.3.3. Dose-Response Analysis 
 
The objective of dose-response analysis was to link the level of microbial exposure and 
potential adverse consequences on the public health by using dose-response modeling 
defined for each pathogenic organism. In this study, E.coli was used as fecal indicator 
organism to estimate possible risks of infection whereas Salmonella spp. was used as 
actual enteric bacteria to estimate probable risks of infection. 
 
3.3.3.1 Probability of Infection after a Single Exposure  

 
As reviewed in previous chapter, mathematical models to assess risks of infection from 
exposure to pathogenic organisms have been developed by utilizing data collected from 
human feeling studies. For this study, the following beta-Poisson dose-response models 
were employed to calculate the probability of infection after a single exposure (P1) to E. 
coli and Salmonella spp., respectively (Haas et al, 1999). 
 
Escherichia coli (Multiple non-enterohaemorrhagic strains except for O111) 
 

P1 = 1 – [1 + d / N50 (2 1 / α – 1)] –α               
 
d = dose or exposure (number of E. coli) 
α = 0.1778 (parameter that characterize dose-response relationship) 
N50 = 8.60 x 107 (median infection dose) 
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Salmonella spp. (Multiple non-typhoid pathogenic strains; S. pullorum excluded) 
 
P1 = 1 – [1 + d / N50 (2 1 / α – 1)] –α           
 
d = dose or exposure (number of Salmonella spp.) 
α = 0.3126  
N50 = 23,600 
 
Risk was calculated at exposure to the mean as well as at the 95th percentile concentrations, 
considering worst cases since dose-response models tend to be conservative in nature. 
 
3.3.3.2 Annual Risk of Infection  
 
Annual risk of infection was calculated for each scenario by multiplying the obtained 
single exposure risks by the number of exposures per year, based on the assumption that 
the dose-response relationship is approximately linear at low doses (Haas et al., 1999), as 
can be described in the below equation: 
 

Pn = 1 – (1 – P1)n ≈ n X P1          (P1 << 1) 
 
Where P1 and Pn are the probability of infection after a single (daily) exposure and after 
repeated exposures (n times a daily exposure) respectively.  
 
Obtained data were expressed as a fraction of 10,000 of the population as well as 
percentage (%). It was also plotted in logarithmic graph for visual appraisal, in which 
acceptable risk defined by USEPA of 1 case/10,000 persons/year was marked for 
comparision.  
 
3.3.4 Risk Characterization 
 
Risk characterization aimed at integration of the outcomes obtained from the three steps in 
order to characterize the types and magnitudes of health risks posed on the public. In this 
stage, the following main objectives of this study were explored as follows; 
 
1) To compare overall infection risks in Tha Klong and Klong Luang sub-district in 

relation to different FS management practices. 
 
Using the summary table of E.coli and Salmonella spp. concentrations in each sub-district, 
mean, maximum and minimum risks of E.coli and Salmonella spp. infection in Tha Klong 
and Klong Luang sub-district were estimated for each scenario respectively. Obtained data 
were plotted in graph for visual appraisal. 
 
2) To investigate the potential difference between the use of fecal indicator 

organisms and actual pathogenic organism as QMRA input. 
 
Firstly, geometric mean concentrations of E.coli and salmonella spp. recorded at 8 
sampling sites were compared using visual appraisal of a plotted graph and correlation 
analysis. Secondly, infection risks were estimated from the same microbial concentrations 
for further comparison. 
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3) To propose the best achievable strategy to minimize health risks for FS 
management in peri-urban regions of developing countries. 

 
Various uncertainties and variability identified throughout the study were discussed and 
effective measures of risk minimization in the studied region as well as in less developed 
countries were proposed.               
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Chapter 4 
 

Results and Discussion 
 
4.1 Environmental Overview of Klong Luang Municipality  
 
4.1.1 Pathum Thani Province and Klong Luang District 
 
Pathum Thani province, one of the five vicinity provinces of Bangkok, is located in a very 
fertile urban-rural fringe area of the central plains, 46 km to the north from the center of 
Bangkok (Figure 4.1). It occupies the total area of 1565 km2 and total population of 
677,600 (NSO, 2000). The number of households within the province is 54,706. Pathum 
Thani province is administratively divided into 7 districts called Amphoe in Thai language: 
Muang Pathum Thani, Lat Lum Kaeo, Sam Khok, Thanyaburi, Nong Sua, Klong Luang and 
Lam Luk Ka. Amphoe Klong Luang, from which two sub-districts were selected for this 
study, belongs to Pathum Thani Province in the central region of Thailand, to the north of 
Bangkok Metropolitan Area. It has a total population of 150,871 and 50,706 households, 
and covers a total area of 42 km2 (Sinsupan, 2004). Age distribution pattern in Klong 
Luang district is shown in Table 4.1. 
 

Table 4.1 Age ratio of population in Klong Luang district 
Age Population (%) 

0 – 20 38,259 (25.4%) 
20 – 40 79,090 (52.4%) 
40 – 65 28,917 (19.2%) 

65 ~ 4,605 (3%) 
     Source: NSO (2000) 

 
Figure 4.1 Thailand with administrative divisions, indicating  

Pathum Thani province in red circle 
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Figure 4.2 The lower Chao Phraya delta indicating Pathum Thani Province  

and Klong Luang district in red circle 
 
4.1.1.1 Geographical Features 
 
Pathum Thani province is situated in the swampy lowland area of Chao Phraya delta 
(Figure 4.2) that is a flat, low-lying plain, consisting of young fluvial, brackish and marine 
deposits. In this Chao Phraya delta, the Quaternary and Tertiary sediments of fine to 
medium grain size represent a complex sequence of more than 2000 meters vertically, of 
which only the upper most 200 meters is well known (Jarupongsakul & Kaida, 2000). The 
major drainage system of the region is the Chao Phraya River and its tributary, Tha Chin 
River. Besides, the region has extensive canal networks for multipurpose such as supplying 
water for agricultural irrigation and domestic use through diversions from the upstream, 
retaining flooding water, and reducing salinity of the agricultural land. The climate of the 
region belongs to the tropical lowland savanna type with the maximum monthly rainfall in 
September of 295.8 mm and the minimum of 208 mm. The lowest temperature of record is 
18 0C in December and the highest of record is 36.5 0C in April (Jarupongsakul & Kaida, 
2000). There are three main seasons in the region: the cool season (November to 
February), the hot season (April to May) and the rainy season (June to October) due to the 
influence of southwest monsoons.  
 
4.1.1.2 Socioeconomic Features 
 
Pathum Thani province was created by uncontrolled urban expansion during 1960 and 
1970. While the inner city districts of Bangkok Metropolitan Region, which is located 
within 10 km radius of the Rattanakosin area, serves as the main concentration area for 
government offices, commercial activities, educational establishments and living quarters, 
the outer part of Bangkok, which Pathum Thani province belongs to and is defined as the 
ring of 20-40 km radius from the center, linked by radial roads northwards and southwards 
to Nonthaburi and Samut Prakarn and westwards to Chachoengsao and Nakhon Pathom, 
mainly serves as the residential areas for commuters who work in Bangkok as well as 
manufacturing, commercial and agricultural areas (Nabangchang & Wonghanchao, 2000).   
 

Amphoe Klong  
Luang 
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Pathum Thani province, as one of many urban-rural fringe areas of Bangkok, has been 
experiencing a variety of impacts due to such uncontrolled urban expansion during the 
rapid economic growth period of Thailand. Numerous housing development projects were 
initiated by private developers without proper enforcement of planning and control 
measures of concerned authorities in the public sectors, which failed in linking up those 
projects with development of other public services such as water supply, electricity and 
waste disposal. Large agricultural lands were converted into golf courses, commercial, 
industrial as well as real estates, while many natural waterways and canals were filled up, 
altering drainage system in the region (Nabangchang & Wonghanchao, 2000). Such rapid 
economic and social changes have resulted in environmental degradation, adversely 
affecting the health and lives of the people (Jarupongsakul & Kaida, 2000).  

 
4.1.1.3 Environmental Conditions of Concern 
 
Based on field observation, existing canals are highly contaminated with the direct 
discharges of untreated wastewater from the whole city. Although large buildings are 
required to have some forms of wastewater treatment facilities and even small private 
houses are required to have at minimum septic tanks to receive toilet wastes, domestic 
wastewaters are mostly discharged into public drains without treatment (UNEP, 2001). The 
majority of houses in Klong Luang district are served with indoor pour-flush latrines 
connected to septic tanks or cesspool attached with soakage pits. Both systems are to allow 
the liquid effluents to percolate into the surrounding ground, while the accumulating 
sludge is periodically collected by vacuum trucks and transported off-site for disposal. 
Those septic tanks generally have outlets to public drains and canals, and since septic tanks 
cannot provide treatment efficiency higher than 30 – 40 %, the discharge of the effluent 
creates serious pollution of the receiving surface water (UNEP, 2001). Besides, illegal 
damping of fecal matters collected by either municipal or private collectors directly into 
canals without any treatment also seems to have been exercised in many areas. 

The soil in the region is clay in nature with low permeability value of the order of 10-10 
cm/sec, and the groundwater table is high, which creates the possibility of constant exchange 
of flow between groundwater and the leaching pit wastewater, leading to an increased 
probability of groundwater contamination and higher water levels in the pits (UNEP, 2001). 
What makes the matters worse is the land subsidence problem of the region due to 
over-exploitation of groundwater for domestic and industrial use, resulting in further 
lowering of groundwater level. 

4.1.2 Sub-Districts: Klong Luang and Tha Klong sub-district 
 
Klong Luang district is further divided into sub-districts called tambon (Amphoe Klong 
Luang has 60 tambons and 529 villages), among which Klong Luang and Tha Klong 
sub-districts were selected as study area, having similar environmental and socioeconomic 
background but different FS management. General information of each sub-district 
obtained from questionnaire interviews with each sub-district officers as well as FS 
collectors is given in Table 4.2. 
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Table 4.2 Background information of Klong Luang and Tha Klong sub-district 
 Klong Luang sub-district Tha Klong sub-district 

Population 45,833 (01 Oct, 2004)  35,371 (30 Apr, 2002)  
Total area 42,935 km2 63,000 km2 
Number of households  10,565 9,500 
Major land use  - Residential  

- Industrial 
- Green area 
- Large scale market (Tara 

Thai: food, plants, 
household commodities) 

- Residential  
- Industrial (1 industrial 

estate in Navanakorn 
with 200 plants) 

- Green area 
- Institutional (AIT, 

Thammasat University, 
National Science Park, 
Thammasat Hospital) 

Major industries  Service industries, food and 
drink processing, mechanical, 
vehicle and engine industries, 
chemical, plastic and metal 
processing, wood processing, 
garments, agricultural 
processing.  

Service industries, food 
processing, mechanical 
vehicle and electronic 
industries, chemical, 
plastic and metal 
processing, garments, 
furniture, agricultural 
processing. 

Major water supply source 
for drinking/ domestic use  

Bottled water/Tap water 
(groundwater) 

Bottled water/Tap water 
(groundwater) 

Types of latrines in use - Circular cesspool and 
soakage pits (90 %) 

- Septic tanks (10 %) 

- Cesspool and soakage 
pits (50 %) 

- Septic tanks (30 %) 
- Cesspool without 

soakage pits (20 %)  
FS collection Municipality’s trucks (1 truck 

= 6000L) 
Private collectors’ trucks 
sub-contracted by the 
municipality (1 truck = 
6000L or 4000L) 

FS collection quantity per 
month 

45,000 – 66,000 L 
(Average 66 households per 
month or 1,500 L per day) 

30,000 – 40,000 L 
(1,000L per tank x 30 – 40 
tanks per month)  

FS disposal / treatment 
method 

-   Municipal FS treatment 
plant (collection pits & FS 
drying bed; only one in the 
Tambon) 

-   Sold to fish farms 
(50%) 
- Discharged to canals 
(30%) 
- Buried in public land 
(20%) 

 
4.1.2.1 FS Collection and Disposal 
 
In Klong Luang sub-district, all FS within its area is collected by municipal truck, 
transported and disposed of into the municipal FS treatment facility. As illustrated in 
Figure 4.1, FS management facility consists of 20 concrete pits, each with a volume of 
8000 L. Pits were originally designed to be anaerobic digesters at a hydraulic retention 
time (HRT) of 30 days. However, in absence of proper management scheme and trained 
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staff, digesters have been left with their months open. Sub-district office has been 
considering the future potential of implementing the reuse system of collected and dried FS 
for composting. However, accumulated fecal matters have been simply left aside primarily 
due to insufficient financial capital and available land. This FS treatment plant in Klong 
Luang sub-district accepts FS from Bung Geetho sub-district that has no FS treatment 
facilities. 
 

   
Figure 4.3 Configuration of FS treatment plant in Klong Luang sub-district 

 
In Tha Klong sub-district, FS is collected by private FS collectors sub-contracted by the 
sub-district office. According to the FS collectors, collected FS is sold to a fish farm when 
the quantity becomes sufficiently large, otherwise it is disposed of into canals or open 
lands if the quantity is relatively small. The locations of canals and open lands used for 
such FS disposal were, however, not revealed due to confidential nature of indiscriminate 
FS dumping. Although the sub-district officer has noted that 50% of collected FS was sold 
to fish farms in the same sub-district, this value could be much lower since there exists 
only one fish farm in this sub-district, which might not have sufficient capacity to accept 
50% of the whole FS collected in Tha Klong sub-district. 
 
In both sub-districts, FS collection is conducted on the requests of residents when their 
septic tanks become full. FS is sucked by vacuum truck to be transported away. The 
manner of FS handling by FS collection workers was rather unhygienic, done by bare hand 
and bare foot. Vacuum pipe covered with fecal matters was washed again by bare hand, 
and washing of hands after FS collection was done without use of soap. 
 
4.1.2.2 Canal and Groundwater Usage 
 
In both sub-districts, the bottled water has been widely used for drinking purpose, whereas 
for other domestic purposes such as cooking, washing and showering, tap water extracting 
from groundwater is provided with. The main reasons for non-use of groundwater for 
drinking are, as revealed through informal interviews with local residents: (i) the locals 
strongly believe groundwater had been contaminated with various chemicals, (ii) 
pathogens and secondly that the price of bottled water is considerably low.  

 

Drying Bed Drying Bed 

FS Truck 

Digester Digester 
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There are several canals in both sub-districts, running in parallel from Tha Klong 
sub-district to Klong Luang sub-district. Canals in this region were originally constructed 
as a part of “Rangsit Project” in so –called “Greater Chao Phraya Project” that was 
initiated in 1880s with the aim of irrigating water for dry – season cropping so as to 
strengthen Thailand’s economic growth as well as serving industrialization and growing 
urban population (Figure 4.4). In order to supply water to 800,000 ha agricultural land in 
this lower river basin by gravity irrigation, ditches were dug at 400 m intervals, extending 
1 to 4 km perpendicular from lateral channels. However, agricultural production ended up 
in failure, primarily due to water shortage and financial problems, and since then canals 
have been neglected or regarded as a sewer to the sea in which wastes can be flushed and 
forgotten (Steve. 1995).  

 

     
Figure 4.4 The area of Greater Chao Phraya Project (left) and Rangsit Project  

 
Not only as open sewers for human wastes, but also those canals has been extensively used 
for washing clothes and household utensils as well as for showering purpose by local 
residents who live along or in the proximity of those canals. Catching of fishes by the 
locals was also frequently observed by the author. In addition, groups of the urban poor are 
diving in canal for collecting recyclable materials, in particularly plastics, to be sold for 
small income.  
 
Many parts of canal surface have been covered with water hyacinth, which tends to 
reproduce itself naturally in polluted water body, and it has not only hindered navigation 
but also trapped many waste matters, reducing aesthetic value of the canal itself. However, 
such dense covers of water hyacinth might have been acting as effective filters of 
contaminants such as organic matters and pathogens, reducing BOD, SS, P and N.  
 
4.1.2.3 Water-Related Disease Occurrences 
 
The relatively poor sanitary conditions prevailing in the region seems to be the major cause 
of water-related disease occurrence. Table 4.3 shows the record of water-related disease 
occurrences in the past 4 years in Klong Luang sub-district.  Considering the population 
of 45,833 in this sub-district in 2004, the risk of acute diarrhea occurrence in 2004 is 
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equivalent to 1418 cases per 10,000 populations, which seems significantly high compared 
to acceptable risk of 1 case per 10,000 populations for enteric infection defined by USEPA. 
At this stage, specification of factors causing acute diarrhea is not possible. Besides, it is to 
be noted that those data might not represent the true extent of waterborne diseases, as most 
cases, especially minor cases, are usually not reported. Tha Klong sub-district had no such 
recorded data. According to the data on 2004, occurrence rate of acute diarrhea is 
equivalent to 1418 cases per 10,000 populations per year, which is rather significantly 
higher than the acceptable risk of infection defined by USEPA (1986), though specification 
of cause is not possible in this stage. 
 

Table 4.3 Waterborne disease occurrences in the past 4 years  
in Klong Luang sub-district  

 2004 2003 2002 2001 
 Total  Death Total Death Total Death Total  Death 
Acute diarrhea 6,500 0 11,296 0 10,971 1 9,578 0 
Dysentery 27 0 58 0 132 0 159 0 
Enteric Fever 2 0 12 0 19 0 12 0 
Source: Klong Luang sub-district office (2004) 
 
The locals who take a shower frequently in the canal as well as children who swim there 
commonly suffer from skin irritation and diseases. Besides, though the actual number of 
occurrence in the same region were not surveyed in this study, dengue virus infection that 
is transmitted by mosquitoes living mostly nearby contaminated waterways also seems to 
have been observed widely in Bangkok region (Barbazan et al., 2000) 
 
4.2 Quantitative Microbial Risk Assessment (QMRA) 
 
4.2.1 Hazard Identification  
 
Since the objective of this study was to investigate overall fecal contamination levels of 
various water environments in selected sub-districts, E. coli was first selected as the 
indicator organism of fecal contamination to be focused on. In addition, with the 
assumption that E. coli can only indicate the possible risk of infection by pathogens (Steyn 
et al., 2004), non-typhoid strain Salmonella spp. was also selected as another target 
organism in order to estimate a probable risk of infection, which cause general diarrhea of 
various degree at higher frequency than in Salmonella typhi. In this initial stage of QMRA, 
the following characteristics of target organisms, E. coli and Salmonella spp., were 
identified.   
 
4.2.1.1 Escherichia coli 
 
Escherichia coli (E. coli) is a family of bacteria named Enterobacteriaceae, which is 
informally referred to as enteric bacteria, normally inhabiting in the intestinal tracts of 
healthy animals such as cattle, chickens, deer, sheep and pigs as well as humans. E. coli 
has been widely recognized as the leading cause of bloody diarrhea. Typical clinical 
features of E.coli infection are watery or bloody diarrhea and abdominal cramps, with or 
without fever. There are, at least, four types of E. coli pathogenic to humans: 
Enterotoxigenic (ETEC), Enterohaemorrhagic (EHEC) – O157: H7, Enteropathogenic 
(EPEC), and Enteroinvasive (EIEC). Fatalities due to ETEC, EIEC and EHEC infections 
are between 0.1 to 0.2 %, while that of EPEC infection can be up to 16% for newly born 
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babies (Haas et al., 1999). E. coli infection can mainly occur through eating uncooked 
ground meat, drinking fecally contaminated water, drinking unpasteurized milk or fruit 
juices, eating contaminated raw vegetables and working with cattle. Outbreaks can also 
occur through person-to-person transmission of the bacteria at home or settings such as 
daycare center and hospitals (CDC, 2004). In the United States, there are estimated to be 
200,000 cases of infection and 400 death per year attributed to pathogenic E. coli (Haas et 
al, 1999). According to the review of medical reports in the United States (Craun, 1991), 
the percentage of hospitalized cases in total cases of waterborne outbreaks due to E. coli is 
estimated to be 12.7%.  
 
The disappearance rate of E. coli is found to be between 0.23 and 0.46 % per day in 
surface water and between 0.063 and 0.36 % per day in groundwater, whereas time for 
50 % concentration reduction in surface water is between 1.5 and 3 days (Medema et al., 
2003), depending on a variety of environmental stressors such as high temperature, pH and 
sunlight intensity. 
 
4.2.1.2 Salmonella spp. 
 
Salmonella is one of the most common enteric infectious bacteria. It is gram-negative, 
flagellated and facultative anaerobic bacilli, characterized by O, H, and Vi antigens. The 
intestines of healthy animals such as chickens, turkey, pigs and cattle are the main 
reservoir. Nevertheless, its transmission tends to involve person-to-person contact since 
this specie practically lacks animal reservoirs (WHO, 2004). Fecally contaminated water is 
believed to be the major transmission media. In the United States, reported incidence of 
salmonella illnesses are about 17 cases per each 100,000 people, though this figure might 
only represent a small part of the true occurrence of salmonella infection (Salmonellosis) 
since only about 3 % of cases are said to be officially reported while many milder cases are 
never diagnosed (CDC, 2004). More than 2300 Salmonella serotypes are known to exist. 
Typhoid fever, a life-threatening illness, is caused by a particular strain called Salmonella 
typhi. In the United States, 400 cases occur per year, while in developing countries 12.5 
million persons have been affected per year (CDC, 2004). Salmonellosis, which is an 
illness caused by other salmonella strains, is also common with its cases estimated to be 2 
million to 5 million per year in the United States (Haas et al, 1999). Salmonellosis 
clinically ranges from the common Salmonella gastroenteritis such as diarrhea, abdominal 
cramps and fever to enteric fevers. According to the review of medical reports in the 
United States (Craun, 1991), the percentage of hospitalized cases in total cases of 
waterborne outbreaks due to Salmonella is estimated to be 4.1%. In this study, non-typhoid 
strains were employed, which is the cause of general diarrhea of various degrees at higher 
frequencies than in the case of Salmonella typhi. 
 
The disappearance rate of Salmonella spp. is found to be between 1 and 7 % per day in 
surface water and between 0.13 and 0.22 % per day in groundwater, whereas time for 50 % 
concentration reduction in surface water is between 0.1 and 0.67 days (Medema et al., 
2003), depending on a variety of environmental stressors such as temperature, pH and 
sunlight intensity. 
 
4.2.2 Exposure Assessment 
 
Exposure assessment aimed at the estimation of microbial concentrations in canal water 
and tap water, which can be combined with the typical ingestion doses for various 
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scenarios as presented in the previous chapter, to be applied to the subsequent 
dose-response analysis. For this purpose, spatial trend of E.coli and Salmonella spp. 
concentrations over Tha Klong and Klong Luang sub-district were explored. 
 
4.2.2.1 Pathogenic Contamination of Canal Water 
 
E. coli and Salmonella spp. concentrations in canal water samples were summarized in 
Table 5.1. 

 
Table 4.4 Summary of E.coli and Salmonella spp. concentrations in canals  

  Sampling point Geometric 
mean Max Min 

Tha Klong sub-district    
Canal water 1 1.5x102 3.4x102 80 
Canal water 4 8.4x104 1.7x105 3.5x104 

Canal water 5 2.8x103 1.6x104 7.9x102 

Canal water 6  1.6x105 1.6x106 9.0x103 

Klong Luang sub-district    
Canal water 2 1.1x102 1.1x103 1.7x102 

Canal water 3 1.0x103 1.7x104 1.7x103 

Canal water 7 1.4x104 3.5x104 3.3x103 

Canal water 8 4.3x103 9.2x104 90 

E. coli 
(MPN/100mL) 

FS from collection truck 7.5x106 3.5x107 1.1x106 

Tha Klong sub-district    
Canal water 1 56 1.1x102 30 
Canal water 4 2.1x103 5.4x103 7.0x102 

Canal water 5 4.0x102 2.2x103 1.3x102 

Canal water 6 6.6x103 1.7x104 2.2x103 

Klong Luang sub-district    
Canal water 2 1.1x102 2.3x103 2 
Canal water 3 1.6x102 3.4x102 50 
Canal water 7 5.5x102 7.0x103 40 
Canal water 8 3.7x102 2.2x103 40 

Salmonella spp. 
(MPN/100mL) 

FS from collection truck 3.6x105 4.0x106 1.4x105 

Water 
temperature 

(0C) 
  33 34 32 

 
The whole data set was converted into logarithms and subjected to two-way ANOVA 
without replication. As a result, no significant difference was found between variances of 
sampling time and E.coli / Salmonella spp. concentrations for F value is smaller than F 
critical value, and thus it was concluded that sampling months can be ignored as variables. 
On the other hand, effects of sampling locations on E.coli / Salmonella spp. concentrations 
were found to be of great significance, and thus the spatial trend of E.coli and Salmonella 
spp. concentrations along the canals was further investigated. Variations in temperature 
over 5 months sampling period were considered to be negligible and hence the effect of 
temperature on spatial variations of pathogenic concentrations was not explored in this 
study. 
 



 46

i) Comparison of E.coli and Salmonella spp. Concentrations between Canal 1 and 
Irrigation Canal 
 
Data sets were grouped into those in irrigation canal and those in canal 1 for comparison. 
Table 4.5 summarized the overall concentrations of E.coli and Salmonella spp. in the 
irrigation canal and canal 1. As can be seen clearly in Figure 5.1 and 5.2, site 4 and 6 
recorded extremely high concentrations for both E.coli and Salmonella spp, which is 
resultantly contributing to considerably higher mean concentrations as well as greater 
range of concentrations for both species in canal 1 than the irrigation canal. This 
significant discrepancy between the irrigation canal and canal 1 was also demonstrated by 
one- way ANOVA, which might be attributed to the fact that canal 1 has been used more 
intensively for domestic use, densely surrounded by residential huts and thus presumably 
receiving a higher amount of domestic waste and wastewater as well as receiving local 
sewer discharges, while irrigation canal has been rather regarded as the irrigation canal and 
thus neither local sewer discharge outlets nor residential housings have been set along the 
canal, though the author occasionally encountered local residents using canal 1 for laundry, 
bathing as well as collecting recyclable materials.  

 
Table 4.5 Summary of E.coli and Salmonella spp. concentrations in Canal 1 and the 

irrigation canal  
Concentrations (MPN/100mL) Species Location 

Geometric mean Max Min 
E.coli Irrigation Canal 1.0x103 1.7x103 80 
 Canal 1 1.8x104 1.6x106 90 
Salmonella spp. Irrigation Canal 1.3x102 2.3x103 2 
 Canal 1 1.0x103 1.7x104 40 
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Figure 4.5 Geometric mean E.coli concentrations in the irrigation canal and Canal 1 

 
 

 Irrigation canal Canal 1 
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Figure 4.6 Geometric mean Salmonella spp. concentrations the irrigation canal and 

Canal 1 
 
ii) Comparison within Irrigation Canal of E.coli and Salmonella spp. Concentrations 
 
Considering slightly different environmental settings of the irrigation canal and canal 1, 
data sets from site 1, 2 and 3 were grouped into those belonging to Tha Klong sub-district 
and those belonging to Klong Luang sub-district in order to focus on the spatial trend of 
E.coli and Salmonella spp. concentrations within irrigation canal. Table 4.6 summarized 
the geometric mean, maximum and minimum concentrations of E.coli and Salmonella spp. 
in Tha Klong and Klong Luang sub-district within the irrigation canal respectively.  
 

Table4.6 Summary of E.coli and salmonella spp. concentrations in canal A 
Concentrations (MPN/100mL) Species Sub-district Sampling 

site Geometric 
mean 

Max Min 

Tha Klong 1 1.5x102 3.4x102 80 E.coli 
Klong Luang 2, 3 2.8x103 1.7x104 1.7x102 

Tha Klong 1 56 1.1x102 30 Salmonella 
spp. Klong Luang 2, 3 1.5x102 2.3x103 2 
 
As long as the irrigation canal alone is considered, the section located in Klong Luang 
sub-district has substantially higher geometric mean and greater range of concentrations 
for both E.coli and Salmonella spp. than the one located in Tha Klong sub-district. Since 
canal A was originally constructed as irrigation canal and thus there is no direct discharge 
outlets of sewage, the differences between two sub-districts might be attributed to the fact 
that FS drying bed in Klong Luang sub-district is situated adjacent to the irrigation canal 
by physical distance of about 10 m or less without proper containment to minimize 
leaching and thus feces-oriented pathogens might have been transported via soil filtration, 
leaching or runoff from drying bed to the canal.  

Irrigation canal Canal 1 
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As can be seen in Figure 5.1 and 5.2, both E.coli and Salmonella spp. concentrations 
reached its peak downstream of the irrigation canal after passing FS damping points beside 
site 2. However, the rate of increase of concentrations from site 2 to site 3 is greater for 
E.coli that that for Salmonella spp. This could be because Salmonella spp. is generally 
known to have faster disappearance rate and shorter reduction time of concentrations in 
surface water than E.coli (Medema et al., 2003) and thus they have died off relatively 
faster than E.coli after leaching from FS damping point into canal A, while E.coli travels 
downstream slowly and even might increased in population. 

 
Since there was no rainfall event during the whole 5 months sampling period, the chance of 
overland runoff is believed to be negligible, which indicates a possible significant increase 
of pathogenic levels in the irrigation canal downstream (towards Bangkok) in wet season. 
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Figure 4.7 Geometric mean E.coli concentrations in the irrigation canal 
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Figure 4.8 Geometric mean Salmonella spp. concentrations in the irrigation canal 
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iii) Comparison within Canal 1 of E.coli and Salmonella spp. Concentrations 
 
Similarly, data sets from site 4 to 8 were grouped into those belonging to Tha Klong 
sub-district and those belonging to Klong Luang sub-district in order to further investigate 
the special trend of E.coli and Salmonella spp. concentrations within canal 1. Table 4.7 
summarized the geometric mean, maximum and minimum concentrations of E.coli and 
Salmonella spp. in Tha Klong and Klong Luang sub-district within canal 1 respectively. 
 

Table 4.7 Summary of E.coli and Salmonella spp. concentrations in canal B 
Concentrations (MPN/100mL)  Sub-district Sampling 

site Geometric 
mean 

Max Min 

Tha Klong 4, 5, 6 1.5x102 3.4x102 80 E.coli 
Klong Luang 7, 8 7.7x103 9.2x104 90 
Tha Klong  4, 5, 6 2.1x103 1.7x104 1.3x102 Salmonella 

spp. Klong Luang 7, 8 4.5x10s2 7.0x103 40 
 
In canal 1, the same trends were observed for E.coli and Salmonella spp. where extremely 
high concentrations were observed in site 4 and 6 throughout 5 months sampling period, 
compared to other 3 sampling sites. The fact that those extremely high concentrations were 
found on all sampling months and that the canal itself has a flow of water, though quite 
slow, indicates that there exist constant supply sources of E.coli and Salmonella spp. at or 
around site 4 and 6. Coupled with the author’s field observation, the following 
explanations were inferred: 
 
- Site 4 is close to sewage drainage outlet.  
- Site 6 is only a few hundred meters downstream of large-scale food market, from 

which a substantial amount of animal wastes has been either discarded into adjacent 
canal or reach the canal via drainage.  

- Site 4 / 6 has been used for constant FS damping site by FS collectors. 
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Figure 4.9 Geometric mean E.coli concentrations in Canal 1 
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Figure 4.10 Geometric mean Salmonella spp. concentrations in Canal 1 

 
4.2.2.2 Pathogenic Contamination of Tap Water 
 
Neither of E.coli nor Salmonella spp. was detected in excess of 2 MPN/100mL sample, 
which is the lowest concentration that can be detected by MPN method, from tap water 
samples in Tha Klong as well as Klong Luang sub-district, contrary to the perception of 
local residents that tap water (groundwater) had been contaminated with bacteria and thus 
was not drinkable. It could be due to the fact that in both sub-districts, groundwater, after 
pumping, is stored in steel-made water tank located about 10 m above the ground until it is 
extracted from tap, during which stored water is exposed to direct sunlight and the water 
temperature inside water tank can increases up to more than 35 0C, accelerating die-off of 
bacteria in groundwater.  
 
4.2.3 Dose-Response Analysis 
 
Using the dose-response equation for E.coli and Salmonella spp. adopted by Haas et al. 
(1999) respectively, the single exposure risks as well as yearly risks of E.coli / Salmonella 
spp. infections were calculated for each scenario that was developed in the previous 
chapter. As mentioned earlier, the infection risks due to E.coli were assumed to indicate 
possible risk of infection, E.coli being fecal indicator organism, whereas those calculated 
for Salmonella spp. were believed to indicate probable risk of infection, Salmonella spp. 
being the actual pathogenic organism. Risk was calculated at exposure to the mean as well 
as the 95th percentile doses, and expressed in percentage (%) probability and a fraction of 
10,000 of the population as well as the probability. According to USEPA (1994), 
maximum annual risk of enteric disease infection that can be considered acceptable is 1 
case in 10,000 persons per year. For each scenario, this level of acceptable risk was marked 
in logarithmic graph for comparison. Since E.coli / Salmonella spp. levels detected from 
tap water samples were negligible, dose-response analysis focused only on canal waters. 
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4.2.3.1 Probable Risk of Infection from E.coli in canal water 
 
i) Scenario 1: Adult (Children) Bathing / Adult immersed fishing/recyclables 
collection 
 
Daily bathing in canal seems to be a common custom for local residents both in Tha Klong 
and Klong Luang sub-district. Besides, the author very frequently encountered a group of 
the urban poor being submerged in canal water and fishing or collecting recyclable 
materials such as plastics to be sold to recycle vendors. Estimated probability of infection 
from single exposure, namely one time bathing or 30 min submersion in canal, in each 
sampling site was given in Table 4.8. As can be seen in Figure 5.5, all sites except for site 
1 showed extremely high probability of infection exceeding acceptable annual risk even 
after single bathing event.  
 

Table 4.8 Risk of E.coli infection from single exposure event in scenario 1 
Sub-district  Tha Klong Klong Luang 
Site  1 4 5 6 2 3 7 8 
Infection/10,000 

(mean) 
0.2 80 3 150 1 7 14 43 

 
Infection/10,000 
(95th percentile) 

0.3 150 14 940 11 17 34 8 
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Figure 4.11 Single exposure risk of E.coli infection from bathing in canal 

 
In case bathing in canal was continued daily throughout a year, yearly risks of E.coli 
infection were estimated to show extremely high values at all sampling sites both for mean 
and 95th percentile E.coli concentrations (Table 4.9). In particular, probable risk at site 6 in 
Tha Klong sub-district reached 100 percent probability.  
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Table 4.9 Yearly risk of E.coli infection from daily bathing in canal 
Sub-district  Tha Klong Klong Luang 
Site  1 4 5 6 2 3 7 8 
Infection/10,000 

(mean) 
58 9,300 950 9,900 370 2,400 4,600 1,400 

 
Infection/10,000 
(95th percentile) 

110 9,900 4,700 10,000 3,500 5,700 6,800 9,300 
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Figure 4.12 Yearly risk of E.coli infection from daily bathing 

 
Even in case of bathing 3 days a week throughout a year, estimated yearly risks of E.coli 
infection was still extremely high, showing 100 percent probability in site 6 in Tha Klong 
sub-district (Table 4.10).   
 

Table 4.10 Yearly risk of E.coli infection from bathing 3 days a week 
Sub-district Tha Klong Klong Luang 
Site  1 4 5 6 2 3 7 8 
Infection/10,000 

(mean) 
25 6,900 410 8,800 160 1,000 2,000 620 

Infection/10,000 
(95th percentile) 

46 8,900 2,000 10,000 1,500 2,400 4,900 6,800 
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Figure 4.13 Yearly risk of E.coli infection from bathing 3 days a week in canal 

 
Assuming the urban poor are employed with fishing or collection of recyclables once a 
week rather than everyday, yearly risks of E.coli infection for them were estimated as 
follows. It seems clear that reducing the number of bathing or canal water submersion 
carrying out per week could not improve significantly yearly risks of infection posed on 
the local as long as the act continued throughout a year. 

 
Table 4.11 Yearly risk of E.coli infection from fishing /  

collecting recyclables once a week 
Sub-district Tha Klong Klong Luang 
Site  1 4 5 6 2 3 7 8 
Infection/10,000 

(mean) 
8 3,200 140 5,100 52 340 660 210 

Infection/10,000 
(95th percentile) 

15 5,200 680 9,900 510 810 1,500 3,100 
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Figure 4.14 Yearly risk of E.coli infection from fishing /  

collecting recyclables once a week 
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ii) Scenario 2: Children Swimming 
 
Assuming children residing near the canal swim once a week throughout a year, taking into 
account tropical climate of the region, yearly risk of E.coli infection was estimated. As can 
be seen in Table 4.12, yearly risks of infection not only exceeded acceptable level at all 
sites, it even reached nearly 100 percent probability at site 6. 

 
Table 4.12 Yearly risk of E.coli infection in scenario 2 

Sub-district Tha Klong Klong Luang 
Site  1 4 5 6 2 3 7 8 
Infection/10,000 

(mean) 
8 3,200 140 5,100 52 340 660 210 

Infection/10,000 
(95th percentile) 

15 5,200 680 9,900 510 810 1,500 3,100 
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Figure 4.15 Yearly risk of E.coli infection from children swimming 

 
iii) Scenario 3: Daily Utensil Washing 
 
The author frequently encountered residents along the canal washing their household 
utensils in canal. Yearly risks of infection were estimated with the assumption that 
household utensils were washed daily in canal and pathogenic bacteria remained infective 
even after utensils were dried naturally. Here, accidental ingestion of canal water during 
washing was not considered. Obtained risks of infection were again significantly high, not 
only exceeding acceptable risks at all sites but also exhibiting 100% probability in site 6 in 
Tha Klong sub-district. 

 
Table 4.13 Yearly risk of E.coli infection from daily use of utensils washed in canal 

Sub-district Tha Klong Klong Luang 
Site  1 4 5 6 2 3 7 8 
Infection/10,000 

(mean) 
10 3,800 170 6,000 64 410 800 250 

Infection/10,000 
(95th percentile) 

19 6,100 830 10,000 620 990 2,000 3,700 
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Figure 4.16 Yearly risk of E.coli infection from daily use of utensils washed in canal 

 
iv) Scenario 4: Laundry 
 
Daily laundry in canal was another scene the author commonly observed in both canals, 
usually by residents along the canals. Table 4.14 shows the estimated yearly risk of E.coli 
infection from accidental ingestion of canal water during laundry, assuming laundry was 
exercised 6 days a week throughout a year. As a result, considerably high yearly infection 
risks were found, even reaching nearly 100 percent probability in site 6 in Tha Klong 
sub-district.  
 

Table 4.14 Yearly risk of E.coli infection from laundry 
Sub-district Tha Klong Klong Luang 
Site  1 4 5 6 2 3 7 8 
Infection/10,000 

(mean) 
3 1,100 41 2,000 16 100 200 62 

Infection/10,000 
(95th percentile) 

9 3,700 410 9,800 310 490 900 2,100 
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Figure 4.17 Yearly risk of E.coli infection from Laundry 
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4.2.3.2 Possible Risk of Infection from Salmonella spp. in canal water 
 
i) Scenario 1: Adult (Children) Bathing/Adult immersed fishing/recyclables collection 
 
In the same manner as Probable Risk in the previous section, possible risks of salmonella 
spp. infection were estimated from obtained data of Salmonella spp. concentrations in 
canal water in two sub-districts. Estimated probability of infection from single exposure, 
namely one time bathing or 30 min submersion in canal, in each sampling site is given in 
Table 4.15. As can be seen in Figure 5.12, all sites but site 1 showed extremely high 
probability of infection exceeding acceptable annual risk even after single bathing event.  
 
Table 4.15 Risk of Salmonella spp. infection from single exposure event in scenario 1 

Sub-district Tha Klong Klong Luang 
Site  1 4 5 6 2 3 7 8 
Infection/10,000 

(mean) 
60 2,100 400 3,100 310 84 530 370 

Infection/10,000 
(95th percentile) 

110 3,100 1,500 4,500 1,500 320 3,000 1,500 
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Figure 4.18 Risk of Salmonella spp. infection from single exposure event in scenario 1 
 
When daily bathing or submersion in canal for fishing / collecting recyclables were 
assumed, estimated yearly risks of Salmonella spp. infection suggested extremely high 
values, reaching 100% possibilities in all sites but site 1 (Table 4.16 and Figure 5.13).    
 

Table 4.16 Yearly Risk of Salmonella spp. Infection from daily bathing 
Sub-district Tha Klong Klong Luang 
Site  1 4 5 6 2 3 7 8 
Infection/10,000 

(mean) 
8,700 10,000 10,000 10,000 10,000 9,400 10,000 10,000

Infection/10,000 
(95th percentile) 

9,800 10,000 10,000 10,000 10,000 10,000 10,000 10,000
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Figure 4.19 Yearly risk of Salmonella spp. infection from daily bathing 

 
Such extremely high possible risks of Salmonella spp. infection could not show significant 
reduction even when bathing was assumed to be taken 3 days a week rather than everyday, 
as can be see in Table 4.17 and Figure 5.14. 
 

Table 4.17 Yearly risk of Salmonella spp. infection from bathing 3 days a week 
Sub-district Tha Klong Klong Luang 
Site  1 4 5 6 2 3 7 8 
Infection/10,000 

(mean) 
5,800 10,000 10,000 10,000 9,900 7,000 10,000 10,000

Infection/10,000 
(95th percentile) 

9,800 10,000 10,000 10,000 9,900 10,000 10,000 10,000

 
Assuming the urban poor are employed with fishing or collection of recyclables once a 
week rather than everyday, yearly risks of Salmonella spp. infection for them were 
estimated as follows. It seems clear that reducing the number of bathing or canal water 
submersion carrying out per week could bring only negligible levels of improvements in 
reducing yearly risks of infection posed on the local as long as the act continued 
throughout a year. 
 
 
 

Table 4.18 Yearly risk of Salmonella spp. infection from fishing / collecting 
recyclables once a week 

Sub-district Tha Klong Klong Luang 
Site  1 4 5 6 2 3 7 8 
Infection/10,000 

(mean) 
2,500 10,000 8,600 10,000 7,800 3,300 9,300 8,400 

Infection/10,000 
(95th percentile) 

4,100 10,000 10,000 10,000 9,900 7,900 10,000 10,000
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Figure 4.20 Yearly risk of Salmonella spp. infection from bathing 3 days a week 
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Figure 4.21 Yearly risk of Salmonella spp. infection from fishing / collecting 

recyclables once a week 
 
ii) Scenario 2: Children Swimming 
 
Assuming children residing in the proximity of the canal swim once a week throughout a 
year, taking into account tropical climate of the region, yearly risks of Salmonella spp. 
infection were estimated. As can be seen in Table 4.19, yearly risks of infection not only 
exceeded acceptable level at all sites, it even reached 100 percent possibility at all sites but 
site 1 and 3. 

 
Table 4.19 Yearly risk of Salmonella spp. infection from children swimming 

Sub-district Tha Klong Klong Luang 
Site  1 4 5 6 2 3 7 8 
Infection/10,000 

(mean) 
2,500 10,000 8,600 10,000 7,800 3,300 9,300 8,400 

Infection/10,000 
(95th percentile) 

4,100 10,000 10,000 10,000 10,000 7,900 10,000 10,000
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Figure 4.22 Yearly risk of Salmonella spp. infection from children swimming 

 
iii) Scenario 3: Daily Utensil Washing 
 
In the same manner as Probable Risk estimation, yearly risks of infection were estimated 
with the assumption that household utensils were washed daily in canal for domestic use 
and pathogenic bacteria remained infective even after utensils were dried naturally. Here, 
accidental ingestion of canal water during washing was not considered. As can be seen in 
Table 4.20, obtained risks of infection were again extremely high, reaching 100% 
possibility at all sites but site 1. 

 
Table 4.20 Yearly risk of Salmonella spp. infection from daily use of utensils washed 

in canal 
Sub-district Tha Klong Klong Luang 
Site  1 4 5 6 2 3 7 8 
Infection/10,000 

(mean) 
3,400 10,000 2,500 10,000 8,600 5,000 9,700 9,000 

Infection/10,000 
(95th percentile) 

6,600 10,000 10,000 10,000 10,000 10,000 10,000 10,000
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Figure 4.23 Yearly risk of Salmonella spp. infection from daily use of utensils  

washed in canal 
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iv) Scenario 4: Laundry 
 
Assuming that laundry in canal was exercised by the residents alone the canal 6 days a 
week throughout a year, yearly risks of Salmonella spp. infection from accidental ingestion 
of canal water during laundry were estimated as can be seen in Table 4.21 and Figure 5.16. 
Extremely high possible risks of Salmonella spp. infection were estimated, reaching 100 % 
possibility in many sites. 
 

Table 4.21 Yearly risk of Salmonella spp. infection from Laundry 
Sub-district Tha Klong Klong Luang 
Site  1 4 5 6 2 3 7 8 
Infection/10,000 

(mean) 
1,800 7,900 7,100 10,000 6,200 2,700 8,200 3,900 

Infection/10,000 
(95th percentile) 

3,300 9,400 10,000 10,000 10,000 9,900 10,000 10,000
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Figure 4.24 Yearly risk of Salmonella spp. infection from Laundry 

 
4.2.3.3 Risks of Infection from drinking tap water 
 
As mentioned earlier, neither E.coli nor Salmonella spp. was detected in excess of 2 
MPN/100mL sample, which is the lowest concentration that can be detected by MPN 
method, from tap water samples in Tha Klong and Klong Luang sub-district. Hence, no 
observable differences between Tha Klong and Klong Luang sub-district in E.coli and 
Salmonella spp. concentrations as well as in associated yearly risks were found.  
 
However, when yearly infection risks from drinking tap water were estimated using 2 
MPN/100mL, which is the maximum value of probable concentrations that can occur in 
tap water of the study areas, significantly higher probable risks were found than acceptable 
risk defined by WHO, particularly for Salmonella spp. (Table 4.22). Though the 
probability of the occurrence of 2 MPN/100mL is assumed to be significantly low, 
considering 95th confidence limit of MPN method, further investigation with the use of 
microbiological detection method of higher accuracy is required to confirm the safety of 
drinking tap water in focus area. 
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Table 4.22 Yearly infection risks from drinking tap water in both sub-districts 
Risks Adult * Children **  

E.coli Infection / 10,000 people 13 11 
Salmonella spp. Infection / 10,000 people 7571 6678 
* Adult refers to a population with age between 18 and 65 years old. 
** Children refer to a population with age between 1 and 12 years old. 
 
4.2.4 Risk Characterization  
 
Risk characterization aimed at integrating the outcomes obtained from the three steps in 
order to characterize the types and magnitudes of health risks posed to the public as well as 
to evaluate the variability and uncertainty. In this stage, two main objectives of this study 
were explored as follows. Furthermore, the potential of QMRA and acceptable risks 
defined by USEPA to be applied for developing countries was explored by identifying 
various uncertainties and variability identified throughout the study. 
 
4.2.4.1 Comparison of Infection Risks in Tha Klong and Klong Luang Sub-district 
 
Using the data of E.coli and Salmonella spp. concentrations in each sub-district (Table 
4.22), percent mean, maximum and minimum risks of E.coli and Salmonella spp. infection 
in Tha Klong and Klong Luang sub-district were estimated respectively. 

 
Table 4.23 Summary of E.coli and Salmonella spp. concentrations in Tha Klong and 

Klong Luang sub-district 
Concentrations (MPN/100mL) Species Sub-district 

Geometric mean Max Min 
E.coli Tha Klong 8.6x103 1.6x106 80 
 Klong Luang 4.6x103 9.2x104 90 
Salmonella spp. Tha Klong 7.5x102 1.7x104 30 
 Klong Luang 2.5x102 7.0x103 <2 
 
Concentrations of E.coli in Tha Klong sub-district was considerably higher than those in 
Klong Luang sub-district in terms of geometric mean and maximum values whereas higher 
minimum concentration was obtained from Klong Luang sub-district due to the wider 
range of concentrations in the former sub-district. Correspondingly, Tha Klong sub-district 
recorded higher mean and maximum risks of E.coli infection as well as lower minimum 
risks of E.coli infection. Figure 5.17 illustrates yearly maximum, mean and minimum risks 
of E.coli infection in Tha Klong and Klong Luang sub-district for various scenarios 
explored in the previous sections. The level of acceptable risk has been marked for 
comparison in each graph. To be noted here is the fact that even minimum risks obtained 
from Tha Klong sub-district exceeded the acceptable risk in many cases. 
 
As for Salmonella spp., Tha Klong sub-district recorded significantly higher geometric, 
maximum as well as minimum concentrations, and thus presented higher risks of infection. 
However, as can be illustrated in Figure 5.18, even minimum risks of infection recorded in 
Klong Luang sub-district exceeded significantly the acceptable risk. 
 
In conclusion, Tha Klong sub-district with no FS management measures has recorded 
higher E.coli and Salmonella spp. infection risks than Klong Luang sub-district with FS 
treatment facility on the whole. However, the effectiveness of FS treatment facility on the 
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reduction of fecal contamination in the region is likely to be suppressed due to the 
mismanagement and lack of trained personnel. Notably, both sub-districts exhibit 
extremely high risks exceeding acceptable risks significantly and hence are in need of 
immediate mitigation measures. 
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Figure 4.25 Percent yearly max., mean and min. risks of E.coli infection in Tha Klong 
sub-district (♦),Klong Luang sub-district (▲)and acceptable risk (     ) for scenario 
(a)daily bathing, (b) bathing 3 times a week, (c)bathing once a week, (d) children 
swimming, (e)utensil washing and (f) laundry. 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 4.26 Percent yearly max., mean and min. risks of Salmonella spp. infection in 
Tha Klong sub-district (♦),Klong Luang sub-district (▲)and acceptable risk (     ) 
for scenario (a)daily bathing, (b) bathing 3 times a week, (c)bathing once a week, (d) 
children swimming, (e)utensil washing and (f) laundry. 

(a) (b) 

(c) (d) 

(e)  
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4.2.4.2 Use of Indicator Organism and Actual Pathogen in QMRA 
 
Geometric mean concentrations of E.coli and Salmonella spp. recorded at 8 sampling sites 
were compared (Table 4.22). As a result of correlation analysis, correlation coefficient of 
0.98 was obtained, which indicated a significantly high correlation between E.coli and 
Salmonella spp. concentrations from all sites. Scattered diagram drawn from logarithmic 
data of E.coli and Salmonella spp. mean concentrations (Figure 4.27) clearly illustrated the 
correlation between E.coli and Salmonella spp. concentrations together with the obvious 
trend that E.coli concentrations exceeded Salmonella spp. concentrations at all sites. 
 

Table 4.24 Geometric mean concentrations of E.coli and Salmonella spp. at 8 sites  
Concentrations (MPN/100mL) Species 

1 2 3 4 5 6 7 8 
E.coli 
 

1.5x102 1.1x103 7.0x103 8.3x104 2.8x103 1.6x105 1.4x104 4.3x103 

Salmonella 
spp. 

56 1.1x102 1.6x102 2.1x103 4.0x102 6.6x103 5.5x102 3.7x102 
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Figure 4.27 Correlation between E.coli and Salmonella spp. concentrations at all sites 
 
When infection risks were estimated from the same microbial concentrations, however, 
risks of Salmonella spp. infection became considerably higher than risks of E.coli infection 
as can be visually appraised from Figure 4.28, with correlation coefficient of 0.49. This 
significant difference is presumably because of much lower infection dose of Salmonella 
spp. than E.coli, posing significantly higher infection risks despite of lower concentrations.   
 
Therefore, it can be concluded that, though E.coli might serve as an indicator for the 
presence of human enteric-pathogens including salmonella spp., it cannot indicate the 
associated risk of infection, that is to say that infection risks estimated using E.coli tends to 
underestimate to a significant degree infection risks of other enteric infections. 
 

Table 4.25 Percent mean risks of E.coli and Salmonella spp. infection at all sites  
Risks (Infections / 10,000 populations)  Species 

1 2 3 4 5 6 7 8 
E.coli 
 

56 400 2,550 9,500 1,040 10,000 5,010 1,570 

Salmonella 
spp. 

8,900 9,900 10,000 10,000 10,000 10,000 10,000 10,000 
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Figure 4.28 Correlation between yearly E.coli and Salmonella spp. infection risks 

from daily bathing at all sites 
 
4.2.4.3 Risk Minimization and the Potential of QMRA Application in Developing 
Countries 
 
QMRA requires quantitative data on all major aspects of concerned water environment and, 
to a certain degree, has to rely on assumptions and estimations. This is particularly true 
when QMRA is applied to less developed countries where the similar framework should be 
used as in developed countries but reliable quantitative data are lacking. The followings 
were identified as sources of uncertainty and variability, apart from assumptions presented 
in Chapter 1, in the application of QMRA in peri-urban region of Thailand: 
 

 Modified ingestion dose of canal water from various activities as well as dose-response 
information (models and parameters) applied were mainly based on international 
literature due to the limited reference data for Thailand and thus unlikely to be 
applicable to the case in this study region.  

 
 Random errors due to limitations in sampling frequencies and microbial analysis such as 

recovery of pathogenic organisms in MPN assay.  
 

 Systematic errors due to the failure to consider the potential for subpopulation that might 
be more susceptible to microbial infections determined by the following factors: 

 
i) Age: The infant and elderly tend to have higher sensitivity to microbial infections. 
 
ii) Gender and pregnancy: Females and the pregnant are said to have higher sensitivity to 

microbial infections. 
 
iii) Behavior: Those who belong to the lower hierarchy of the society tend to have higher 

exposure chances to infection agents since they are generally the ones who settle down 
along the canals, utilizing canal water for various purposes or collecting fishes or 
recyclables. 
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iv) Immunity: Those who have been residing along the canal and thus have higher 
exposure chances to infection agents are likely to have developed a stronger immunity 
to them over their life time, and hence might be less susceptible to such microbial 
infections. 

 
Based on the above factors, the estimated yearly risks of infection for various scenarios 
should be weighted by considering sensitivity factors for adjustment. However, 
epidemiological studies and documented outbreaks of such waterborne diseases are limited, 
probably due to the infrequent occurrences in developed countries. Therefore, effects of 
age, gender and pregnancy were not accounted in this study. As for distinct behavioral 
variations in the society prevailing in this region, scenario-based risk estimation was 
conducted in this study rather than community-level risks in order to account for different 
risks posed by different behaviors since quantitative data on distribution patters of various 
exposures within the target sub-districts were not available.  
 
Defining the universal standard of acceptable risk that can be shared both by developed 
and less developed countries is practically difficult due to the widely varying 
socio-cultural, economic and environmental conditions that prevail in different countries 
and regions. In fact, there have been a controversy between various researchers and WHO 
side, the former insisting that acceptable risk defined by WHO is not stringent enough to 
protect the health of the whole nationals of developed countries such as United States 
whereas the latter opposing with the view that this level cannot be raised any more 
considering the conditions in less developed countries which might not have sufficient 
resources to attain a high standard.  
 
In this study, a miniature scale of institutional setup with a wide range of social status was 
reflected. According to visual appraisal of graph comparing the acceptable risk and actual 
risk of infection estimated from the study sub-district, it might be anticipated that the 
acceptable risk defined by WHO is too stringent for the case in Thailand. However, 
considering the fact that the value of human being whose health need to be protected by the 
authority should be the same despite of the countries, regions or other socio-economic 
status, this universally acceptable risk originated from developed countries can serve as a 
recommended guideline in any countries including Thailand, which can suggest what 
needs to be done in order to minimize the risks of infection as a part of risk management. 
Besides, when there is a wide range of sub-groups having different degrees of exposure 
chances in the same region, establishing separate local regulations that can protect specific 
sub-population according to the behaviors and socio-economic status of each group is 
recommended. Such local regulations are then to be enforced with effective risk 
communication among the locals.  
 
Accordingly, in both sub-districts investigated in this study, the stringent restriction of 
canal water use for bathing, laundry, fishing, collection of recyclables and any other 
recreational purposes should be enforced, which can be facilitated by providing the local 
residents who are at potential risk with information of different levels of canal water use or 
behaviors and associated cost of infection, such as treatment cost and monetary loss of 
work hours, so that the residents can decide what need to be done. In Klong Luang 
sub-district, construction of lining of FS drying bed to shield leaching into adjacent canal 
water might not be feasible, though recommended. Thus such restriction of canal water use 
is essential. Furthermore, appropriate management of FS treatment facility as anaerobic 
digester should be enforced as well as low-cost reuse options of accumulated FS when the 
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pits and drying beds reach their full capacity needs to be explored for its more productive 
use, for which feasibility study of available options is to be conducted. The utilization of 
such existing system for new technology such as production of biogas might also be 
investigated. In Tha Klong sub-district, apart from establishing local regulations to restrict 
the use of canal water for domestic and recreational purpose as well as to direct discharge 
of sewage, particularly from the food market, establishment of FS treatment plant and 
subsequent future reuse of treated FS is recommended, based on the lessons learnt in Klong 
Luang sub-district. Additionally, in both sub-districts, removal effect of pathogenic 
organisms by water hyacinth can be investigated and if effective, it can be utilized as a 
pathogen filter, while if not, removal of water hyacinth cover and utilization by its reuse 
might be explored.  
 
In conclusion, this study attested that QMRA can be effectively used as a risk management 
tool to identify the possible risks of infection and thus required measures for risk 
minimization in less developed countries that have limited resources to conduct 
epidemiological study and microbiological analysis. It also verified the fact that scenario- 
or behavior-based risk estimation might be more effective than population-level one in less 
developed countries that tend to have a widely varied socio-economic hierarchy in the 
population and thus render generalization difficult and unrealistic. In order to set local 
regulations or standards, however, economic analysis should be incorporated to risk 
assessment. 
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Figure 4.25 Percent yearly max., mean and min. risks of E.coli infection in Tha Klong 
sub-district (♦),Klong Luang sub-district (▲)and acceptable risk (     ) for scenario 
(a)daily bathing, (b) bathing 3 times a week, (c)bathing once a week, (d) children 
swimming, (e)utensil washing and (f) laundry. 

(a) (b) 

(c) (d) 

(e) (f) 



 70

0.01

0.1

1

10

100

Max Mean Min

Pn

 

0.01

0.1

1

10

100

Max Mean Min

Pn

 

0.01

0.1

1

10

100

Max Mean Min

Pn

 

0.01

0.1

1

10

100

Max Mean Min

Pn

 

0.01

0.1

1

10

100

Max Mean Min

Pn

 

0.01

0.1

1

10

100

Max Mean Min

Pn

 
Figure 4.26 Percent yearly max., mean and min. risks of Salmonella spp. infection in 
Tha Klong sub-district (♦),Klong Luang sub-district (▲)and acceptable risk (     ) 
for scenario (a)daily bathing, (b) bathing 3 times a week, (c)bathing once a week, (d) 
children swimming, (e)utensil washing and (f) laundry. 

(a) (b) 

(c) (d) 

(e)  
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4.2.4.2 Use of Indicator Organism and Actual Pathogen in QMRA 
 
Geometric mean concentrations of E.coli and Salmonella spp. recorded at 8 sampling sites 
were compared (Table 4.22). As a result of correlation analysis, correlation coefficient of 
0.98 was obtained, which indicated a significantly high correlation between E.coli and 
Salmonella spp. concentrations from all sites. Scattered diagram drawn from logarithmic 
data of E.coli and Salmonella spp. mean concentrations (Figure 4.27) clearly illustrated the 
correlation between E.coli and Salmonella spp. concentrations together with the obvious 
trend that E.coli concentrations exceeded Salmonella spp. concentrations at all sites. 
 

Table 4.24 Geometric mean concentrations of E.coli and Salmonella spp. at 8 sites  
Concentrations (MPN/100mL) Species 

1 2 3 4 5 6 7 8 
E.coli 
 

1.5x102 1.1x103 7.0x103 8.3x104 2.8x103 1.6x105 1.4x104 4.3x103 

Salmonella 
spp. 

56 1.1x102 1.6x102 2.1x103 4.0x102 6.6x103 5.5x102 3.7x102 
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Figure 4.27 Correlation between E.coli and Salmonella spp. concentrations at all sites 
 
When infection risks were estimated from the same microbial concentrations, however, 
risks of Salmonella spp. infection became considerably higher than risks of E.coli infection 
as can be visually appraised from Figure 4.28, with correlation coefficient of 0.49. This 
significant difference is presumably because of much lower infection dose of Salmonella 
spp. than E.coli, posing significantly higher infection risks despite of lower concentrations.   
 
Therefore, it can be concluded that, though E.coli might serve as an indicator for the 
presence of human enteric-pathogens including salmonella spp., it cannot indicate the 
associated risk of infection, that is to say that infection risks estimated using E.coli tends to 
underestimate to a significant degree infection risks of other enteric infections. 
 

Table 4.25 Percent mean risks of E.coli and Salmonella spp. infection at all sites  
Risks (Infections / 10,000 populations)  Species 

1 2 3 4 5 6 7 8 
E.coli 
 

56 400 2,550 9,500 1,040 10,000 5,010 1,570 

Salmonella 
spp. 

8,900 9,900 10,000 10,000 10,000 10,000 10,000 10,000 
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Figure 4.28 Correlation between yearly E.coli and Salmonella spp. infection risks 

from daily bathing at all sites 
 
4.2.4.3 Risk Minimization and the Potential of QMRA Application in Developing 
Countries 
 
QMRA requires quantitative data on all major aspects of concerned water environment and, 
to a certain degree, has to rely on assumptions and estimations. This is particularly true 
when QMRA is applied to less developed countries where the similar framework should be 
used as in developed countries but reliable quantitative data are lacking. The followings 
were identified as sources of uncertainty and variability, apart from assumptions presented 
in Chapter 1, in the application of QMRA in peri-urban region of Thailand: 
 

 Modified ingestion dose of canal water from various activities as well as dose-response 
information (models and parameters) applied were mainly based on international 
literature due to the limited reference data for Thailand and thus unlikely to be 
applicable to the case in this study region.  

 
 Random errors due to limitations in sampling frequencies and microbial analysis such as 

recovery of pathogenic organisms in MPN assay.  
 

 Systematic errors due to the failure to consider the potential for subpopulation that might 
be more susceptible to microbial infections determined by the following factors: 

 
v) Age: The infant and elderly tend to have higher sensitivity to microbial infections. 
 
vi) Gender and pregnancy: Females and the pregnant are said to have higher sensitivity to 

microbial infections. 
 
vii) Behavior: Those who belong to the lower hierarchy of the society tend to have higher 

exposure chances to infection agents since they are generally the ones who settle down 
along the canals, utilizing canal water for various purposes or collecting fishes or 
recyclables. 
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viii) Immunity: Those who have been residing along the canal and thus have higher 
exposure chances to infection agents are likely to have developed a stronger immunity 
to them over their life time, and hence might be less susceptible to such microbial 
infections. 

 
Based on the above factors, the estimated yearly risks of infection for various scenarios 
should be weighted by considering sensitivity factors for adjustment. However, 
epidemiological studies and documented outbreaks of such waterborne diseases are limited, 
probably due to the infrequent occurrences in developed countries. Therefore, effects of 
age, gender and pregnancy were not accounted in this study. As for distinct behavioral 
variations in the society prevailing in this region, scenario-based risk estimation was 
conducted in this study rather than community-level risks in order to account for different 
risks posed by different behaviors since quantitative data on distribution patters of various 
exposures within the target sub-districts were not available.  
 
Defining the universal standard of acceptable risk that can be shared both by developed 
and less developed countries is practically difficult due to the widely varying 
socio-cultural, economic and environmental conditions that prevail in different countries 
and regions. In fact, there have been a controversy between various researchers and WHO 
side, the former insisting that acceptable risk defined by WHO is not stringent enough to 
protect the health of the whole nationals of developed countries such as United States 
whereas the latter opposing with the view that this level cannot be raised any more 
considering the conditions in less developed countries which might not have sufficient 
resources to attain a high standard.  
 
In this study, a miniature scale of institutional setup with a wide range of social status was 
reflected. According to visual appraisal of graph comparing the acceptable risk and actual 
risk of infection estimated from the study sub-district, it might be anticipated that the 
acceptable risk defined by WHO is too stringent for the case in Thailand. However, 
considering the fact that the value of human being whose health need to be protected by the 
authority should be the same despite of the countries, regions or other socio-economic 
status, this universally acceptable risk originated from developed countries can serve as a 
recommended guideline in any countries including Thailand, which can suggest what 
needs to be done in order to minimize the risks of infection as a part of risk management. 
Besides, when there is a wide range of sub-groups having different degrees of exposure 
chances in the same region, establishing separate local regulations that can protect specific 
sub-population according to the behaviors and socio-economic status of each group is 
recommended. Such local regulations are then to be enforced with effective risk 
communication among the locals.  
 
Accordingly, in both sub-districts investigated in this study, the stringent restriction of 
canal water use for bathing, laundry, fishing, collection of recyclables and any other 
recreational purposes should be enforced, which can be facilitated by providing the local 
residents who are at potential risk with information of different levels of canal water use or 
behaviors and associated cost of infection, such as treatment cost and monetary loss of 
work hours, so that the residents can decide what need to be done. In Klong Luang 
sub-district, construction of lining of FS drying bed to shield leaching into adjacent canal 
water might not be feasible, though recommended. Thus such restriction of canal water use 
is essential. Furthermore, appropriate management of FS treatment facility as anaerobic 
digester should be enforced as well as low-cost reuse options of accumulated FS when the 
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pits and drying beds reach their full capacity needs to be explored for its more productive 
use, for which feasibility study of available options is to be conducted. The utilization of 
such existing system for new technology such as production of biogas might also be 
investigated. In Tha Klong sub-district, apart from establishing local regulations to restrict 
the use of canal water for domestic and recreational purpose as well as to direct discharge 
of sewage, particularly from the food market, establishment of FS treatment plant and 
subsequent future reuse of treated FS is recommended, based on the lessons learnt in Klong 
Luang sub-district. Additionally, in both sub-districts, removal effect of pathogenic 
organisms by water hyacinth can be investigated and if effective, it can be utilized as a 
pathogen filter, while if not, removal of water hyacinth cover and utilization by its reuse 
might be explored.  
 
In conclusion, this study attested that QMRA can be effectively used as a risk management 
tool to identify the possible risks of infection and thus required measures for risk 
minimization in less developed countries that have limited resources to conduct 
epidemiological study and microbiological analysis. It also verified the fact that scenario- 
or behavior-based risk estimation might be more effective than population-level one in less 
developed countries that tend to have a widely varied socio-economic hierarchy in the 
population and thus render generalization difficult and unrealistic. In order to set local 
regulations or standards, however, economic analysis should be incorporated to risk 
assessment. 
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Chapter 5 
 

Conclusions and Recommendations 
 
This study investigated the health risks posed by different FS management practices in 
peri-urban regions of Thailand. Firstly, QMRA was conducted on two selected 
sub-districts having different FS management schemes in Klong Luang District, Thailand. 
The public health risks posed by use of canal water and tap water were cross analyzed for 
comparison. Secondly, the potential differences between the use of fecal indicator 
organisms and actual pathogenic organisms as QMRA inputs were investigated. Finally, 
application of QMRA as a risk management tool in developing countries was explored. 
Conclusions and recommendations for each sub-district as well as for further study drawn 
from this study are presented below. 
 
5.1 Conclusions  
 
5.1.1 Pathogenic Contaminations and Associated Risks at the Study Areas 
 
1. Significantly higher concentrations of E.coli and Salmonella spp. were found in Tha 

Klong sub-district with the mean of 8.6x103 MPN/100mL and 7.5x102 MPN/100mL 
respectively than those in Klong Luang sub-district with that of 4.6x103 MPN/100mL 
and 2.5x102 MPN/100mL respectively.  

 
2. Slightly higher yearly risks of infection were estimated in Tha Klong sub-district with 

no FS treatment measures than Klong Luang sub-district with FS treatment facility for 
all scenarios.  

 
3. Proper management of FS treatment facility, sufficient separation distance between 

adjacent waterways and FS drying bed as well as the appropriate lining of FS drying 
bed to prevent leaching of pathogenic organisms into the surrounding waterways are 
critical. 

 
4. Low flow rate of the canal coupled with extensive cover of water hyacinth on canal 

surface has hindered dispersion of pathogenic contaminants, rendering it a stagnant 
water pool.  

 
5. Tap water was found safe, presumably due to sufficient disinfection effect of storage 

in high-raised water tank under direct sunlight after withdrawal from groundwater. 
 
6. Yearly risks of pathogenic infection from accidental ingestion of canal water in 

bathing (daily to once a week), collection of recyclable wastes by the poor, children 
swimming, laundry and use of utensils washed in canal all significantly exceeded the 
acceptable risk of 1 in 10,000 population in both sub-districts. 

 
5.1.2 Use of Indicator Organisms and Actual Pathogens in QMRA 
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Based on statistical analysis, it was found that E.coli can serve only as an indicator 
organism of the presence of human enteric-pathogens including Salmonella spp. whilst it 
cannot indicate the associated risks of infection and tend to underestimate infection risks of 
other enteric infections. 
 
5.1.3 Application of QMRA and Acceptable Risk in Developing Countries 
 
1. QMRA can be effectively used as a risk management tool to identify the possible risks 
of infection and thus required measures for risk minimization in less developed countries 
that have limited resources to conduct epidemiological study and microbiological analysis. 
 
2. In developing countries which tend to have a wide range of subpopulations with varied 
socio-economic status, acceptable risk defined by WHO can serve as recommendation 
guideline to suggest what needs to be done in order to minimize the risks of infection as a 
part of risk management. Besides, separate local regulations to protect specific 
sub-population are to be issued, which should be enforced by effective risk communication 
among the locals.  
 
5.2 Recommendations  
 
5.2.1 Recommendations for Klong Luang District and Sub-District Authorities  
 
1. The stringent restriction of canal water use for bathing, laundry, fishing, collection of 

recyclables and any other recreational purposes should be enforced, which can be 
facilitated by informing the local residents of potential infection risks, together with 
provision of safe and appropriate domestic water source.  

 
2. In Klong Luang sub-district, the location of FS drying bed is critical for protection of 

nearby waterways from pathogenic contamination. If re-location is practically 
impossible, provision of physical barrier or lining to shield leaching are recommended 
with development of local regulations to restrict the use of canal water.  

 
3. In Klong Luang sub-district, the appropriate reuse options of dried FS when the pits 

and drying beds reach their full capacity needs to be explored, for which feasibility 
study of available options is to be conducted 

 
4. In Tha Klong sub-district, the direct discharges of animal wastes from food market and 

sewer discharge need to be suspended, and wastewater treatment before discharging 
into the canal should be implemented. In the meantime, establishing local regulations 
to restrict the use of canal water for domestic and recreational purpose and its 
enforcement through risk communication to the local residents is essential. 

 
5. In Tha Klong sub-district, the installation of FS treatment plant with the reuse options 

is recommended, based on the lessons learnt in Klong Luang sub-district. 
 
5.2.2 Recommendations for Further Research  
 
1. Reference data of ingestion dose of canal and tap water for various scenarios in 

Thailand should be obtained through interview survey and field investigations. 
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2. Sub-population groups that are more susceptible to microbial infections such as the 
young and elderly as well as those who are in lower hierarchy in society and resides 
along the canal should be taken into account by determining the probability 
distribution of various exposure scenarios in population.  

 
3. Detailed medical data of yearly waterborne disease occurrences in the region should 

be obtained and compared with estimated infection risks, thereby determining the 
coefficients for relative sensitivity when dose-response models are applied in 
developing countries.  

 
4. Economic evaluation of health implications should be incorporated to obtain more 

accurate situations of health risks posed in the region. 
 
5. Removals of pathogenic organisms by water hyacinth and its utilization options should 

be investigated. 
 
6. Feasibility study of various appropriate FS treatment options in each sub-district 

should be conducted in collaboration with the municipality.  
 
7. Integration of Material Flow Analysis (MFA) with QMRA should be further 

investigated for effective risk management tool in developing countries.  
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