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ABSTRACT 
 

Treated or untreated surface water is one of the main sources of drinking water under field and 
emergency conditions. The aims of the present thesis were to determine the prevalence of 
enteropathogens in surface water in Finland, evaluate the purification capacities of water treatment 
devices and the methods used for detection of enteropathogens and indicators to obtain data for 
the assessment and management of microbial risks in drinking water production from surface 
water. The present study will aid in developing practical plans to improve water safety, especially 
under field conditions. 
 
In all, 41.0% (57/139) of the surface water samples collected during 2000-2001 were positive for at 
least one of the analysed pathogens: 17.3% positive for campylobacters, 13.7% for Giardia spp., 
10.1% for Cryptosporidium spp. and 9.4% for noroviruses (23.0% genogroup I and 77.0% 
genogroup II). During the winter season, the samples were significantly (p < 0.05) less frequently 
positive for enteropathogens than during other sampling seasons. No significant differences were 
found in the prevalences of enteropathogens between rivers and lakes. The presence of 
thermotolerant coliforms, Escherichia coli and Clostridium perfringens showed significant bivariate, 
nonparametric, Spearman’s rank order correlation coefficients (p < 0.001), with a sample being 
positive for one or more of the analysed enteropathogens. No significant correlations were 
observed between counts or count levels of thermotolerant coliforms, E. coli or presence of F-RNA 
phages and enteropathogens in the analysed samples. 
 
In general, the water treatment devices tested were able to remove bacterial contaminants by 3.6–
6.9 log10 units from contaminated raw water, while devices based only on filtration through pores 
0.2–0.4 µm or larger failed in viral and chemical purification. Only one device, based on reverse 
osmosis, was capable of removing F-RNA phages and botulinum neurotoxin (BoNT) at 
concentrations under the detection limit and microcystins by 2.5 log10 units. Simultaneous testing 
for various enteropathogenic and indicator microbes was a useful and practical way to obtain data 
on the purification capacity of commercial small-scale drinking water filters.  
 
The m-Endo LES SFS 3016:2001 was the only method showing no statistical differences in E. coli 
counts compared with the reference method LTTC ISO 9308-1:2000, whereas the Colilert 18 and 
Readycult methods showed significantly higher counts for E. coli than the LTTC method. Based on 
this evaluation study, the Colilert 18, Readycult and Water Check methods are all suitable for 
coliform and E. coli detection both under field conditions and in routine use in the water industry. 
The two rapid enzyme immunoassay tests intended for the detection of BoNT failed to detect BoNT 
from aqueous samples containing an estimated concentration of BoNT of 396 000 ng/l. 
 
We estimated the prevalence of Giardia infections in the asymptomatic (i.e. no gastroenteric 
symptoms) general population in the Nordic countries to be 2.97% (95% CI: 2.64; 3.31) and in the 
symptomatic population 5.81% (95% CI: 5.34; 6.30). For Cryptosporidium the prevalences were 
0.99% (95% CI: 0.81; 1.19) and 2.91% (95% CI: 2.71; 3.12), respectively. The vast majority of 
cases will remain unregistered in the national registers of infectious diseases, since for single 
registered cases there will be 254-867 cases of Giardia remaining undetected/unregistered and 
4072-15 181 cases of Cryptosporidium, respectively. 
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1. INTRODUCTION  
 
Drinking water is worldwide the most important single source of gastroenteric diseases, mainly due 
to the faecally contaminated raw water, failures in the water treatment process or recontamination 
of treated drinking water (Medema et al., 2003a; World Health Organization, 2003a). Two thirds of 
the total drinking water consumed worldwide is derived from various surface water sources 
(Annan, 2000) that may easily be contaminated microbiologically by sewage discharges or faecal 
loading by domestic or wild animals or whose microbial quality may be endangered by various 
weather conditions. In Finland 42% of the total drinking water was produced from surface water in 
2001 (Finnish Environment Institute, 2003). Surface waters are also widely used for leisure and 
recreational activities, and thus unintended ingestion of microbiologically contaminated water 
poses a potential health risk (Cabelli et al., 1982; Asperen van et al., 1998; Stuart et al., 2003; 
Schönberg-Norio et al., 2004). 
 
Treated or untreated surface water is also one of the main sources of drinking water under field 
and emergency conditions (Backer, 2002; Townes, 2002; Boulware et al., 2003). A minimum of two 
litres of safe drinking water should be available per person daily to compensate for the water lost in 
urine, faeces or perspiration (North Atlantic Treaty Organization, 2002). During physical exercise, 
compensation for lost fluid is essential to maintain physical and mental activity (Noakes et al., 
1988; Armstrong et al., 1997). Unsafe or contaminated drinking water may infect and incapacitate 
not only individual persons but also large groups, thus prohibiting them from fulfilling their tasks 
(Blaisdell, 1988; Aho et al., 1989; Sartin, 1993; Cook, 2001; Boulware et al., 2003; Boulware, 
2004). Field conditions here refer to those situations without organized, municipal or other piped 
water supplies. The present work focuses on those field conditions under which individual persons 
or groups produce their drinking water from various surface fresh water sources for direct 
consumption. This type of condition is usually encountered by military and aid personnel, hikers or 
any person in wilderness or emergency situations.  
 
Drinking water production, from surface water sources to the consumer, is described as a flow 
chart in Figure1 from the perspective of microbial safety and security. The term drinking water 
safety refers here to drinking water hygiene, microbiological hazards, microbial risk assessment 
and management of risks, whereas security refers to preventive measures for minimizing the risk 
that drinking water supplies will be tampered with or become targets for bioterrorism (Khan et al., 
2001; Rose, 2002; Luthy, 2002). All these activities combined under the concepts of drinking water 
safety and security help ensure the microbial safety of drinking water. The term microbial 
pathogens refers here to the waterborne organisms, enteropathogenic bacteria, viruses and 
protozoa and the toxins produced by them and assessment of microbial safety regarding the 
possibility of these hazardous agents entering drinking water supplies (World Health Organization, 
2003b).  
 
Microbial risks associated with the water treatment processes at large water plants, during 
distribution of treated drinking water to consumers or activities undertaken by the end-user are not 
included here. These factors play a significant role in the overall microbial safety of drinking water, 
especially in communities with extensive piped water supply systems. Under field and emergency 
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conditions the main safety and security efforts are focused on selection of the best raw water 
source available, utilization and control of an effective treatment process and control of security.  
 
The significance of drinking water safety and security has increased, especially after the terrorist 
acts in 2001 (Rose, 2002; Meinhardt, 2005). Although, these acts were not targeted against 
drinking water supplies, the vulnerability of these supplies as targets of bioterrorism has been a 
concern of public health authorities and policymakers (Christen, 2001). The international concepts 
of hazard analysis of critical control points (HACCP) (Dewettinck et al., 2001; Howard, 2003; 
Westrell et al., 2004) and water safety plans (WSP) by the World Health Organization (WHO) 
(World Health Organization, 2004) have been introduced to enable the improvement of drinking 
water safety and security. WSPs include health-based targets, which means that the microbial 
risks and adverse health effects to which a population is exposed through drinking water should be 
minimized, be very low and not exceed the tolerable risk suggested by WHO (World Health 
Organization, 2004). Nationally both civil and military authorities and other organizations have 
initiated projects to develop plans and measures for ensuring safe drinking water supplies. The 
present studies will hopefully aid in assessing the microbial safety of drinking water and in 
developing practical plans to improve water safety, especially in the field.  

Water
treatment

Surface water 
source Water consumers

Outcome of 
waterborne
diseases

-End-point
monitoring of 
purified water
-Security

-Operational 
control
-Security

-Surveillance
and control 
of raw 
water quality
-Selection of 
best source

-Sewage
-Animals
-Agriculture
-Weather conditions
-Seasonal factors

-Inefficiency
-Malfunction
-Carelessness 
-Errors

-Failures 
in control 
and in
surveillance

-Dose
response
-Host-
related 
factors

-Intentional 
contamination
(B-terrorism)

-Surveillance
of waterborne
diseases

 
 
Figure 1. A flow chart showing production of drinking water from surface water, including factors bearing 
impact on microbial safety and selection of critical control points. Production stages and critical control 
points bearing major impact under field conditions are underlined.  
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2. REVIEW OF THE LITERATURE 
 
2.1 DRINKING WATERBORNE ENTERIC DISEASES IN HUMANS 
 
2.1.1 Significant drinking waterborne enteropathogens worldwide and in Finland 
 
Waterborne gastrointestinal infections remain one of the major causes of morbidity and mortality 
worldwide (World Health Organization, 2002b; World Health Organization, 2003a). The most 
important microbes causing infections or epidemics through drinking water include the bacteria 
Campylobacter spp., Escherichia coli, Salmonella spp., Shigella spp., Vibrio cholerae and Yersinia 
enterocolitica, viruses such as: adeno-, entero-, hepatitis A- and E-, noro-, sapo- and rotaviruses 
and the protozoa: Cryptosporidium parvum, Dracunculus medinensis, Cyclospora cayetanensis, 
Entamoeba histolytica, Giardia duodenalis and Toxoplasma gondii (World Health Organization, 
2004).  
 
Historically, large waterborne cholera epidemics with numerous casualties in the mid-1800s, the 
early investigations of cholera epidemics in London by John Snow (1813-1858) and the works of 
Robert Koch (1843-1910) on V. cholerae have remarkably increased the level of understanding of 
the epidemiology and prevention of waterborne diseases (Brock, 1999). Worldwide, V. cholerae is 
still a significant cause of waterborne infections, especially in developing countries where most of 
the victims are children under five years of age (World Health Organization, 2002b; World Health 
Organization, 2003a; Ashbolt, 2004a).  
 
Epidemiological studies of waterborne outbreaks in Finland have indicated that the most important 
waterborne pathogens in Finland are noroviruses (NVs; formerly referred to as the Norwalk-like 
viruses) and campylobacters (Miettinen et al., 2001; Vartiainen et al., 2003; Kuusi, 2004). During 
1998-1999, eight of a total of 14 waterborne outbreaks reported were caused by NVs and three by 
campylobacters (Miettinen et al., 2001). This trend has continued also during a longer surveillance 
period, in 1980-2001 nine (15%) of a total 61 waterborne outbreaks reported were caused by 
campylobacters and 17 (27%) by noro- and other viruses, while in 26 (43%) outbreaks the causal 
agent remained unknown (Johansson et al., 2003). NVs are also the leading causes of 
gastroenteritis elsewhere in the Western world, causing 60-80% of all gastroenteritis outbreaks 
(Fankhauser et al., 2002; Lopman et al., 2003b). Under field conditions NV outbreaks are common, 
especially during military deployments (Sharp et al., 1995; McCarthy et al., 2000; Ahmad, 2002). 
Campylobacter spp. are the most common bacterial causes of gastroenteritis in the Nordic 
countries (Rautelin and Hänninen, 2000). A total of 15 000 persons have been estimated to have 
infected in reported waterborne outbreaks in Finland during 1988-2002 but the true number of 
infected persons was estimated to be significantly higher (Vartiainen et al., 2003). 
 
The leading technical cause of community-based outbreaks in Finland has been faecally 
contaminated groundwater, either by surface water overflow or by sewage discharge (Miettinen et 
al., 2001). One large NV epidemic with almost 3000 infected persons occurred when contaminated 
and untreated surface water was distributed in a community to customers (Kukkula et al., 1999). In 
Finland one documented campylobacter outbreak occurred under field conditions when drinking of 
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untreated surface water caused severe campylobacter gastroenteritis among military conscripts 
during a field exercise (Aho et al., 1989).  
 
Enteric parasites such as Giardia spp. and Cryptosporidium spp. have not been reported to cause 
waterborne epidemics in Finland according to the National Register of Infectious Diseases (Finnish 
National Public Health Institute, 2003), but a small number of sporadic cases are reported 
annually. However, these protozoa are well recognized as emerging pathogens in drinking water 
and as being able to cause severe waterborne enteritis even with small doses, especially in 
immunocompromised persons (Franzen and Muller, 1999; Szewzyk et al., 2000). Giardia spp. and 
Cryptosporidium spp. are common causes of human diarrhoeal diseases in the developed and 
developing countries (Marshall et al., 1997; Clark, 1999). Outbreaks associated with contaminated 
drinking water have occurred, especially in the United States of America (USA) and the United 
Kingdom (UK). Cryptosporidium parvum infected 403 000 persons, in one of the largest 
waterborne epidemics ever seen, in Milwaukee, WI, USA in 1993 (MacKenzie et al., 1994). During 
the 1990s Cryptosporidium was one of the most important pathogenic contaminants found in 
drinking water, due to its low infective dose (Dillingham et al., 2002), high resistance to the 
commonly used water disinfectant, chlorine, and to environmental factors such as low temperature 
(Rose, 1997; Fayer et al., 1998; Payment, 1999). 
 
 
2.1.1.1 Noroviruses 
 
Human NVs, earlier described as Norwalk-like viruses, belong to the genus Caliciviridae, together 
with the sapoviruses. NVs are small ribonucleic acid (RNA) viruses, with an RNA genome of 
approximately 7.5-7.7 kb, which enables their high degree of genomic plasticity and capability to 
adapt to new environmental niches (Radford et al., 2004). NVs were divided recently into five 
genogroups, genogroups I and II being associated mostly with human infections. Within 
genogroups there is wide inherent genetic variability and at least 20 genotypes have been 
recognized (Radford et al., 2004).  
 
NV infection is typically a violent vomiting disease with a sudden onset and an incubation period of 
normally 1-3 days. In addition to vomiting, symptoms may include high fever, diarrhoea and 
headache. The symptoms are generally self-limited and last 2-3 days (Kaplan et al., 1982a). The 
infective dose for man is very low: 10-100 virus particles may cause a clinical infection (Green, 
1997; Schaub and Oshiro, 2000). Large amounts of viruses, 109-10 virus particles per ml (Bonsdorff 
von and Maunula, 2003), are excreted in faeces and vomit and the person may be infective during 
the incubation period and remain infective to 2-3 weeks after the symptoms have ended 
(Okhuysen et al., 1995; Thornton et al., 2004). NV gastroenteritis is rapidly and effectively spread 
from person to person, especially in close contacts (Koopmans et al., 2002). In most cases the NV 
infection does not require medication but some severe cases may need hospitalization and fluid 
therapy (Kaplan et al., 1982b; Arness et al., 2000). 
 
Detection methods of NVs in faecal samples have developed remarkably after molecular methods 
were applied to virus detection (Koopmans and Duizer, 2004). The most sensitive method for 
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detecting NVs is the reverse transcriptase -polymerase chain reaction (RT-PCR), which is able to 
detect 1-1000 virus particles per gram, although the less sensitive electron microscopy and 
enzyme-linked immunosorbent assay (ELISA) are also utilized (Koopmans and Duizer, 2004; 
Thornton et al., 2004). Before these specific detection methods were available, the causative 
agents of most viral epidemics and infections remained unspecified or unsolved (Johansson et al., 
2003). These molecular methods are useful tools in epidemiological investigations and in tracking 
of infection routes (Maunula et al., 1999; Bonsdorff von and Maunula, 2003; Lopman et al., 2003a; 
Kuusi, 2004).         
 
 
2.1.1.2 Campylobacter spp. 
 
Campylobacter enteritis in man is caused mainly by Campylobacter jejuni or C. coli which are 
zoonotic and carried by wild and domestic animals, especially by birds and poultry (Blaser, 1997). 
The pathogenic potential of C. jejuni and C. coli was not discovered until the 1970s (Szewzyk et 
al., 2000). Cambylobacters are microaerophilic and survive for only a few hours in the environment 
at high temperatures (> 30 °C) but several days at low (4 °C) temperatures (Szewzyk et al., 2000). 
The infective dose of campylobacters is relatively low: 800-100 000 ingested organisms are 
needed to cause illness in man (Black et al., 1988). During the 1990s, Campylobacter-like 
organisms, such as Arcobacter spp. were described, which occur in the environment and possess 
pathogenic potential (Szewzyk et al., 2000).  
 
Campylobacter infection is usually self-limited and characterized by diarrhoea, fever and 
abdominal cramps (Butzler, 2004). The incubation time can vary from 1 to 10 days, but is usually 
2-5 days. Diarrhoea may last for 3-5 days, although abdominal pain and cramps may continue 
afterwards (Blaser, 1997). Campylobacter infection may lead to severe but rare sequelae, including 
reactive arthritis (Hannu et al., 2004), Guillain-Barré syndrome (Hughes, 2004; Kuwabara, 2004) or 
myocarditis (Cunningham and Lee, 2003). Risk for developing Guillan-Barré syndrome is low, less 
than 1 per 1000 infections (Hughes, 2004; Kuwabara, 2004).     
 
Diagnosis of Campylobacter gastroenteritis is traditionally done by bacterial culture of faecal 
samples in selective media and isolation and detection of typical colonies and by morphological 
and biochemical tests (Hänninen et al., 2003). Positive isolates can be further subtyped to various 
serotypes according to the antigens detected; tests for antibiotic resistance can also be applied for 
subtyping. During recent years, pulsed-field gel electrophoresis has been utilized in typing of 
Campylobacter strains and this has increased the accuracy of epidemiological investigations 
(Hänninen et al., 1998; Moore et al., 2001; Hänninen et al., 2003).      
 
 
2.1.1.3 Giardia spp. and Cryptosporidium spp. 
 
The genus Giardia comprises six species that can infect a variety of hosts. Giardia duodenalis 
(also referred to as G. intestinalis or G. lamblia) is infectious for humans but can also cause 
infections in other hosts (Monis et al., 2003). The spectrum of clinical giardiasis varies from 
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asymptomatic carriers to severe diarrhoea and malabsorption. Acute giardiasis develops after an 
incubation period of 1-14 days (mean 7 days) and usually lasts 1-3 weeks. The symptoms include 
watery, foul-smelling diarrhoea, abdominal pain, bloating, nausea and vomiting. In chronic 
giardiasis the symptoms are recurrent and malabsorption and debilitation may occur. Occasionally, 
the illness may last for months, or even years, causing recurrent mild or moderate symptoms such 
as impaired digestion, especially lactose intolerance, intermittent diarrhoea, tiredness and 
weakness, and significant weight loss. Giardiasis is diagnosed by the identification of cysts or 
trophozoites in the faeces, using direct microscopy as well as concentration procedures. Repeated 
samplings may be necessary, sometimes for 4-5 weeks, to obtain a positive laboratory 
diagnosis. In addition to faecal samples, samples of the duodenal fluid or a duodenal biopsy may 
demonstrate trophozoites. Alternative methods for detection include antigen detection tests using 
enzyme-immuno assays (EIA) and detection of cysts by immunofluorescence assay (IFA), 
commercial reagents are available for both methods. 
 
The genus Cryptosporidium was recently suggested to comprise over 20 species based on 
morphological, biological and genetic studies (Xiao et al., 2004). These species have several 
mammalian and nonmammalian hosts and cross-infections may occur between various host 
species (Dillingham et al., 2002). In humans cryptosporidiosis was first diagnosed in the late 1970s 
in immunocompromised persons for which Cryptosporidium can cause severe, even fatal disease 
(Marshall et al., 1997). Later the causal agent C. parvum was noted as a global human 
enteropathogen. Cryptosporidium parvum is genetically divided into human genotype 1 (C. 
hominis) and genotype 2, which also infects cattle (Dillingham et al., 2002). The life cycle of 
Cryptosporidium is more complex than that of Giardia and includes an asexual and a sexual stage 
inside the host’s intestine and an infective stage outside the host: the oocyst stage (Centers for 
Disease Control and Prevention, 2001; Dillingham et al., 2002; Centers for Disease Control and 
Prevention, 2003; Monis and Thompson, 2003). 
 
The symptoms of cryptosporidiosis include diarrhoea, loose or watery stools, stomach cramps, 
upset stomach and a slight fever (Centers for Disease Control and Prevention, 2003). Some 
infected persons are asymptomatic, while in others the symptoms generally begin after a 2-10 -day 
incubation period. In persons having average immune systems, the symptoms usually last 
approximately two weeks. The symptoms may occur in cycles in which the person may appear to 
recover for a several days, then feel worse, before the illness ends. Although Cryptosporidium can 
infect all people, some groups are more likely to develop more serious illness. People that have a 
severely weakened immune system, cancer, transplant patients receiving certain 
immunosuppressive drugs and those with inherited diseases that affect the immune system are at 
risk for more serious disease (Keusch et al., 1995; Gerba et al., 1996). In these patients the 
symptoms may be more severe and could lead to serious, even life-threatening illness.  
 
Testing for Cryptosporidium can be difficult and several stool specimens over several days may be 
needed to detect the oocysts of the parasite. Acid-fast staining methods, with or without stool 
concentration, are most frequently used in clinical laboratories for detection of Cryptosporidium 
oocysts. For increased sensitivity and specificity, IFA and EIA are used in some clinical 
laboratories, while molecular methods in the detection and subtyping are mainly applied for 
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research purposes. However, tests for Cryptosporidium are not routinely done in most clinical 
laboratories (Nygård et al., 2003). There is no established specific therapy for human 
cryptosporidiosis (Marshall et al., 1997). Rapid loss of fluids resulting from diarrhoea can be 
managed by fluid therapy. Nitazoxanide has provided some encouraging results in the 
management of cryptosporidiosis in immunocompetent patients (White, Jr., 2003). For persons 
with acquired immunodeficiency syndrome antiretroviral therapy, which improves immune status, 
will also reduce oocyst excretion and decrease the diarrhoea associated with cryptosporidiosis 
(Miao et al., 2000; Ives et al., 2001; Kaplan et al., 2002).  
 
 
2.1.2 Surveillance for drinking waterborne enteric diseases 
 
Surveillance of waterborne outbreaks in Finland is the responsibility of the local municipal public 
health authorities (Statute Book of Finland, 1994a). The health authorities have the duty to 
investigate suspected waterborne outbreaks and report them further to provincial and 
governmental authorities, the National Public Health Institute, National Food Agency and Food and 
Veterinary Research Institute. When the outbreak is investigated the report is sent to the National 
Food Agency. State authorities, including the National Public Health Institute and National Food 
Agency, collect the reports and analyse them annually. The present notification system has been in 
effect since 1997 (Kuusi, 2004). The assumption is that large community-based drinking 
waterborne epidemics will be reported, even if delayed but mild, single or obscure waterborne 
infections will probably remain undetected and unreported. Military organizations usually have well-
established regular health surveillance systems and single outbreaks, epidemics and severe cases 
of waterborne infections are usually noted without delay.   
 
To be able to recognize and report a waterborne disease, the health care provider or medical 
personnel must first be contacted by the infected person who develops the symptoms. The 
symptoms and anamnesis may then guide the medical personnel to suspect a waterborne disease 
and take the necessary faecal, vomit or other samples. Other possible patients with similar 
symptoms and anamneses, e.g. time and place of exposure, can provide valuable information for 
outbreak investigation. The WHO defines a waterborne outbreak as an episode in which two or 
more persons experience a similar illness after ingestion of the same type of water from the same 
source and when the epidemiological evidence implicates the water as the source of the illness 
(Schmidt, 1995). A sufficient number of samples collected from the drinking water consumed at the 
early stages of investigation are essential to facilitate connection of the exposure with the outbreak. 
To obtain representative samples may be difficult or even impossible due to the time-lag between 
the exposure and the time when person has developed symptoms and contacted the health care 
personnel (Hunter et al., 2003a).        
 
The present assumption is that some of waterborne diseases are underdetected and 
underreported (Kukkula et al., 1999; Leclerc et al., 2002; Vartiainen et al., 2003) especially those 
caused by Giardia and Cryptosporidium, in official infectious disease registers in the Nordic 
countries (Nygård et al., 2003). One evident reason for this underestimation is that not all patients 
have severe symptoms and seek medical care. The clinical symptoms may be masked by other 
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causes and thus faecal samples will not be analysed for the presence of protozoa. Laboratory 
analysis may also fail to detect these parasites in faecal samples. Underreporting has also been 
estimated for viruses (Kukkula et al., 1999; Koopmans and Duizer, 2004). Thus the subclinical, 
asymptomatic or undetected cases may play significant roles in infection transmission and 
epidemiology in the general population.  
 
 
2.2 ENTEROPATHOGENIC AND INDICATOR MICROBES IN SURFACE WATER  
 
2.2.1 Enteropathogens in surface water 

 
Enteropathogenic microbes are usually adapted to multiplying in the intestines of humans and 
animals and surface water is only a niche in their circulation (Figure 1) through the environment 
and human or animal populations (Medema et al., 2003a). The occurrence of waterborne 
enteropathogenic microbes in surface water is associated with faecal contamination of surface 
water sources (Westrell et al., 2003; Ashbolt, 2004a). Environmental factors influence how 
enteropathogens survive and move in surface water. Faecal contamination can originate from 
municipal or domestic sewage discharges or from direct release of faecal material into surface 
water by domestic or wild animals. Enteropathogenic and other microbes can adhere to soil 
particles and be carried on them (Stenström, 1989). Exceptional weather conditions such as heavy 
rains and flooding may increase the faecal load in surface water, lakes and rivers, by moving 
sewage, other waste or contaminated soil into the water (Kistemann et al., 2002; Auld et al., 2004; 
Chigbu et al., 2004). Surface runoff after snowmelt can also impact surface water quality. The 
diffuse and single-point pollution sources in the catchment area heavily influence surface water 
quality in densely populated areas, but remote wilderness waters can also be faecally 
contaminated and contain human enteropathogens (Welch, 2000; Boulware et al., 2003).    
 
Extensively collected and documented monitoring data are available in Finland on the hygienic 
quality of surface water sources based on faecal indicator microbes, mainly thermotolerant 
coliforms and to a lesser extent on E. coli counts (Poikolainen et al., 1994; Niemi et al., 1997). 
According to these monitoring studies coastal rivers tend to have higher counts of thermotolerant 
coliforms compared with lakes, probably indicating higher loading of faecal contamination in rivers. 
Modern satellite surveillance technologies have also been applied into monitoring of surface water 
quality (Harma et al., 2001). Monitoring programmes have not included data on the prevalence of 
various enteric pathogens in surface water. Few systematic studies were undertaken to analyse 
simultaneous prevalence of various enteric pathogens in surface water in Finland and elsewhere 
(Goyal et al., 1977; Arvanitidou et al., 1997; Maunula et al., 1999; Payment et al., 2000; Lee et al., 
2002).  
 
Possible seasonal or time-related variation in the occurrence of various groups of enteric 
pathogens in surface water appears to be dependent on the source of contamination and 
conditions facilitating contaminants discharged into surface water. If the major sources are 
effluents from sewage plants that treat human wastes, seasonal patterns similar to those found in 
human infections for a particular pathogen would be detected in effluents and downstream water 
samples (Kukkula et al., 1999; Nylen et al., 2002; Hänninen et al., 2005). If the watershed is 
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contaminated from discharges stemming from agricultural runoffs, the highest numbers of zoonotic 
enteric pathogens would be found during the pasture season, after snowmelt, floods and heavy 
rainfalls (Bodley-Tickell et al., 2002). Most of the human Campylobacter infections in Finland occur 
during the warm months of the year in July and August, and most of the NV infections in winter and 
early spring in January, February and March, according to the Register of Infectious Diseases 
(Finnish National Public Health Institute, 2003) and therefore seasonality would also be expected 
in surface waters due to sewage loading. 
 
The major dissimilating factors between seasons in watersheds in Finland and regions with similar 
climatic conditions are temperature, ice cover, and solar radiation (Järvinen et al., 2002). Low 
temperatures (< 5-10 °C) in water during winter and high solar radiation during the summer months 
(June, July and August) are known to impact the survival and recovery of Campylobacter spp. In 
studies done in Norway (Brennhovd et al., 1992; Kapperud and Aasen, 1992) and Finland 
(Korhonen and Martikainen, 1991b), campylobacters in natural waters exhibited seasonal patterns, 
the number of positive samples being highest in winter and lowest in summer. Campylobacter 
jejuni and C. coli survive in cold water below 10 °C much longer than in water with temperatures 
exceeding 18 °C (Korhonen and Martikainen, 1991a; Korhonen and Martikainen, 1991b). A 
confounding factor in the assessment of campylobacter seasonality in natural water sources is 
faecal loading caused by waterfowl living in watershed areas that are known to be carriers of C. 
jejuni, C. lari and C. coli (Waldenström et al., 2002; Hänninen et al., 2003).  
 
Recent data has revealed that the protozoan parasites Giardia duodenalis and Cryptosporidium 
parvum occur in surface water sources in rivers and lakes from the Nordic countries and can pose 
a potential biohazard for drinking water supplies (Robertson and Gjerde, 2001; Rimhanen-Finne et 
al., 2002; Hänninen et al., 2005). In Norway the prevalence of Giardia was 7.5% and 
Cryptosporidium 13.5% in water samples taken from water treatment plants and in raw water 
samples 9.0% and 13.5%, respectively (Robertson and Gjerde, 2001). A significant association in 
the occurrence of Giardia and Cryptosporidium was discovered if the turbidity in water samples 
was ≥ 2 nephlometric turbidity units (NTU) and high numbers of domestic animals were present in 
the catchment area (Robertson and Gjerde, 2001). 
 
Few studies are available on the possible seasonality of the intestinal parasites Giardia spp. and 
Cryptosporidium spp. in surface waters. Lower numbers of positive samples with these parasites 
during the cold winter months compared with other seasons have been found in some studies 
(Wallis et al., 1996). In one study the highest frequencies of positive samples for Giardia spp. and 
Cryptosporidium spp. were found during autumn and winter in surface waters impacted by 
agricultural discharges due to heavy rains (Bodley-Tickell et al., 2002), but no clear seasonality 
was found in some other studies (Robertson and Gjerde, 2001).   
 
 
2.2.2 Indicator microbes and water quality 
 
Since the analysis of various enteropathogens can be laborious and require special analytical 
techniques, extensive efforts to find or develop an overall indicator of hygienic quality have been 
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undertaken. In the late 1800s the concept of total heterotrophic plate count (HPC) had already 
been used to assess drinking water quality and > 100 bacteria in a 1-ml sample was noted as 
unacceptable (Bartram et al., 2003; Medema et al., 2003a). The United States Environmental 
Protection Agency (US EPA) has suggested that the HPC should not exceed 500 colony-forming 
units (CFU)/ml, and it was estimated that HPC bacteria of water do not represent a significant 
fraction of the total bacteria in the average diet in the USA (Stine et al., 2005). The absence of 
correlation between HPC and pathogenic microbes was found in most studies (Edberg and Smith, 
1989; Bartram et al., 2003) and the HPC is no longer used as a faecal indicator of drinking water 
quality (World Health Organization, 2004). HPC bacteria are considered to be harmless but some 
studies have proposed that they may constitute a health risk, especially for immunocompromised 
individuals (Pavlov et al., 2004).  
 
To reliably assess the level of faecal contamination of water and thus the possibility for occurrence 
of enteropathogenic microbes other indicators have been proposed, amongst which the earliest 
was E. coli (Ashbolt et al., 2001). Research on faecal indicator bacteria in water hygiene was also 
conducted in Finland (Hirn, 1979) based on research on the relations between the counts of faecal 
indicator bacteria (Hirn and Raevuori, 1976), faecal indicators and Salmonella (Hirn, 1980) and 
stability of faecal indicators in water samples (Hirn and Pekkanen, 1977; Hirn et al., 1980). 
Microbial indicators of drinking water quality and faecal contamination should 1) be absent in 
unpolluted water and present when a source of pathogenic microorganisms is present, 2) not 
multiply in the environment, 3) be present in greater numbers than the pathogenic microorganisms, 
4) respond to natural environmental conditions and water treatment processes in a manner similar 
to that of the pathogens and 5) have methods available for their isolation, identification and 
enumeration (Medema et al., 2003a).   
 
Total coliform and E. coli counts are used worldwide as indicators for faecal contamination of 
drinking and recreational bathing water (Edberg et al., 2000; Havelaar et al., 2001; Rompre et al., 
2002; Scott et al., 2002). The focus of debate has concerned the suitability of these organisms as 
indicators of water quality and contamination, since pathogens may be present in drinking water 
without the presence of coliforms or E. coli (Payment et al., 1991; Gofti et al., 1999). Some E. coli 
strains have also been isolated from surface and industrial wastewater without connection to faecal 
contamination (Niemi et al., 1987). The correlation between the actual coliform or E. coli counts 
and presence of pathogens has been studied extensively and direct correlation is weak or 
nonexistent (Grabow, 1996). 
 
In addition to coliforms and E. coli other organisms have also been proposed as suitable indicators 
of the hygienic quality of drinking and bathing water, e.g. faecal enterococci, sulphite-reducing 
clostridia, Clostridium perfringens and bifidobacteria (Barrell et al., 2000; Ashbolt et al., 2001; 
Skraber et al., 2004). The spores of C. perfringens exhibit long persistence in water; this 
persistence is considered to be much longer than that of most enteropathogenic bacteria (Cabelli 
et al., 1982), thus making these spores candidates for indicators of the presence of Giardia cysts 
or Cryptosporidium oocysts. Bacteriophages such as somatic coliphages, F-specific RNA (F-RNA) 
bacteriophages, or phages of Bacteroides fragilis have also been proposed as indicator organisms 
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especially suitable for assessment of viral contamination (Payment and Franco, 1993; Contreras-
Coll et al., 2002).  
 
To obtain reliable data on a specific enteropathogen in a surface water source, the investigation 
must make use of adequate sampling and analytical methods. Inadequate sampling may result in 
failure to detect pathogenic and indicator organisms that may otherwise be present e.g. lack of use 
of sodium thiosulphate to inactivate chlorine was reported to cause false-negative Legionella and 
HPC results in chlorinated water samples (Wiedenmann et al., 2001). The ecological and 
environmental survival characteristics of bacterial, viral and parasitic enteropathogens vary, 
revealing that most probably no single indicator organism can predict the presence of all enteric 
pathogens.  Furthermore, whether a true correlation exists between pathogens and the indicator 
organisms generally used, and to which extent and under which circumstances these organisms 
can be used as reliable determinants in water hygiene are matters that have been frequently 
discussed (Edberg et al., 2000; Leclerc et al., 2001; Tillett et al., 2001; Duran et al., 2002).  
 
However, E. coli is still considered to be superior as an indicator of faecal contamination and 
hygienic quality of drinking water (Edberg et al., 2000; Havelaar et al., 2001). Escherichia coli is 
abundant in human and animal faeces; in fresh faeces it can be present at concentrations of 109 

CFU/g (Payment et al., 2003). To some extent coliforms or E. coli can also be used as process 
indicators when water treatment processes and water purification devices are tested (Grabow et 
al., 1999). 
 
Coliform bacteria are defined as Gram-negative, nonspore-forming, oxidase-negative, rod-shaped, 
facultative anaerobic bacteria that ferment lactose and β-galactosidase to acid and gas within 24-
48 h at 36 ± 2 °C (Ashbolt et al., 2001). Thermotolerant coliforms are those coliforms that produce 
acid and gas from lactose at 44.5 ± 0.2 °C within 24 ± 2h. In addition E. coli as a thermotolerant 
coliform that produce indole from tryptophan at 44.5 ± 0.2 °C (Ashbolt et al., 2001). E. coli have 
been defined also as thermotolerant coliform that produce indole but also as a coliform that 
produce β-glucuronidase (Ashbolt et al., 2001).  
 
Detecting and counting of total coliforms and E. coli have traditionally been based either on the 
multiple-tube fermentation method, using the most probable number (MPN) estimation of the 
bacterial count or membrane filtration (MF) methods (Ashbolt et al., 2001; Rompre et al., 2002). 
The reference method used in the European Union (EU) for detection of E. coli in drinking water 
samples is an MF method of the International Organization for Standardization (ISO) 9308-1:2000 
(International Organization for Standardization, 2000) based on cultivating the membrane filter on 
lactose triphenyl tetrazolium chloride Tergitol-7 (LTTC) agar (Council of the European Union, 
1998). Furthermore, an MF method based on the use of m-Endo agar LES method of the Finnish 
Standards Association (SFS) 3016:2001 (Finnish Standards Association, 2001) has been used in 
Finland and in many other European countries. According to the present legislation, ISO 9308-
1:2000 is the official reference method for E. coli from drinking water samples, but methods that 
show equivalent results can also be used (Statute Book of Finland, 2000). 
 



 14

Since traditional cultivation-based methods require a minimum of 24 h of incubation followed by a 
confirmation procedure lasting 24-48 h, the need for rapid test methods has increased especially in 
the water industry and in emergency situations (International Water Association, 2000b). During 
recent decades new chromogenic or fluorogenic, defined-substrate methods based on β-
galactosidase (total coliforms) or β-glucuronidase (E. coli) and ready-made culture media have 
been introduced. Numerous comparative studies have shown these tests to give results 
comparable to those of the MF LTTC or m-Endo Agar LES methods (Edberg et al., 1988; Edberg 
and Edberg, 1988; Clark et al., 1991; Edberg et al., 1991; Clark and el Shaarawi, 1993; Eckner, 
1998; Ashbolt et al., 2001; Rompre et al., 2002; Schets et al., 2002). Due to differences in the test 
principles, the outcome of different test methods may vary in the numbers of organisms detected 
and the tests may also detect metabolically different types of organisms (Ashbolt et al., 2001; 
Rompre et al., 2002). One explanation may be the apparent differences in sensitivity and specificity 
due to the various selective or confirmation components used in the test media or procedures in 
the confirmation tests, e.g. the production of indole versus β-glucuronidase in E. coli detection.  
 
 
2.3 MICROBIOLOGICAL REQUIREMENTS FOR DRINKING WATER QUALITY 
 
Drinking water or water intended for human consumption is defined in the EU legislation as all 
water intended for drinking, cooking, food preparation or other domestic purposes or water used in 
food production (Statute Book of Finland, 1994a; Council of the European Union, 1998). The 
western military organizations, North Atlantic Treaty Organization (NATO) and national defence 
forces define drinking water as water to be used for all hydration, quenching of thirst and nutritional 
purposes, as well as food preparation (North Atlantic Treaty Organization, 2002). In most 
developed countries, drinking water is ranked as food, and high standards are set for its quality 
and safety (Szewzyk et al., 2000) 
 
The WHO has established revised guidelines for drinking water quality that can be applied to 
national standards and legislation, taking into account the national climatic, geographic, 
socioeconomic and infrastructural characteristics, as well as national health-based targets (World 
Health Organization, 2004). The national legislation regulating drinking water quality in Finland 
(Statute Book of Finland, 2000) and in the other member states of the EU is implemented from 
directive 98/83/EC (Council of the European Union, 1998). The directive and national legislation 
follow the guidelines given by the WHO. In general, water intended for human consumption “must 
be free from any micro-organisms and parasites and from any substances which, in numbers or 
concentrations, constitute a potential danger to human health” at the point of compliance (Council 
of the European Union, 1998). Although not written in the directive, to fulfil this requirement 
necessitates a risk assessment for microbiological and chemical hazards in a particular drinking 
water production process or plant. The specific parametric values for microbiological quality require 
that E. coli or enterococci may not be detected in a 100-ml sample using the accepted detection 
methods. Similar requirements are also effective outside the EU (Havelaar et al., 2001).  
 
NATO as well as the Finnish and Swedish defence forces have established their own requirements 
for drinking water quality under field and emergency conditions, the requirements of which comply 
generally with the civil legislation (Swedish Defense Forces, 1998; North Atlantic Treaty 



 15

Organization, 2002; Tiili et al., 2004). However, the use of water not fulfilling the microbiological 
requirements (e.g. untreated surface water) can be consumed only in extreme situations where 
microbiologically approved water or treatment is by no means available and the lack of water would 
lead to more severe consequences. The fundamental objective in these regulations is to prevent 
waterborne diseases that could incapacitate the personnel immediately or shortly after water 
consumption and prohibit them from fulfilling their tasks. Historically, military as well as civilian 
requirements have been more detailed, including statements on the highest accepted numbers of 
viruses, spores and cysts in drinking water (North Atlantic Treaty Organization, 1994). However, 
there were and still are no means to reliably investigate viruses or parasites under field conditions, 
and these regulations have had to be modified. The effective NATO standard states that 
microbiologically approved drinking water may not have coliforms detected in a 100-ml sample, but 
offers no reference method for analysing coliform bacteria (North Atlantic Treaty Organization, 
2002).  
 
European legislation sets requirements for the quality of surface water intended for the production 
of drinking water (Council of the European Communities, 1975; Statute Book of Finland, 1994b). 
The legislation gives instructions for the minimum treatments required for production of drinking 
water from surface water according to surface water quality. Surface waters are divided into three 
quality categories based on various microbiological and physicochemical parameters. The 
microbiological parameters include the counts of coliform and thermotolerant coliform bacteria, 
faecal streptococci and Salmonella in water samples. Military NATO regulations instruct in the use 
of the best surface water source and treatment method available for drinking water production 
(North Atlantic Treaty Organization, 1996; North Atlantic Treaty Organization, 2002). In general, 
the consumption of untreated surface water in the field is not permitted except in a life-threatening 
situation (Tiili et al., 2004). 
 
 
2.4 WATER TREATMENT METHODS UNDER FIELD CONDITIONS 
 
2.4.1 Overview on water treatment 
 
The general purpose of water treatment under field conditions is to make water potable by 
removing or inactivating the pathogenic organisms and toxins from drinking water entirely or to a 
level at which no harmful effects will occur to the consumer (Backer, 2002). Disinfection is a 
process in which harmful microbes are inactivated, chemically or physiologically, while purification 
refers to removal of harmful substances from drinking water. The terms treatment, disinfection and 
purification are commonly used interchangeably. In general, the purpose of drinking water 
treatment is not to sterilize the water but only to destroy or remove harmful microbes and 
substances (Backer, 2002).  
 
The concept of multiple barriers is essential in water treatment, since only in exceptional cases is a 
single treatment method capable of removing or inactivating all different types of pathogenic 
microbes under all conditions (Stanfield et al., 2003; LeChevallier and Au, 2004). In practice, the 
multiple barrier concept means a combination of two or more treatment methods or steps in 
drinking water production. Having multiple barriers lessens the possibility that harmful microbes or 



 16

toxins will enter the drinking water through failure in one of the treatment steps (World Health 
Organization, 2004). The multiple barrier concept can also make use of steps beyond the actual 
treatment process, such as selection of the best possible raw water source and protection of the 
treated water (LeChevallier and Au, 2004).  
 
Treatment methods suitable for field conditions can basically be the same as those utilized in large 
community-based water treatment plants, limited only by their flexibility, mobility, robustness and 
source of energy. Several methods are available that are easy to implement, require no energy 
and are robust. Chemical disinfection methods are suitable under various conditions for a single 
person but also for larger groups of persons under field or emergency conditions and these 
methods also protect the water after the treatment. Some methods, e.g. thermal treatment and 
small-scale filtration, are best suited for single persons or small groups under primitive conditions. 
Several small-scale devices, usually various filters, from different manufacturers are commercially 
available for drinking water purification in the field. These devices, mostly based on filtration 
through ceramic or membrane filters, are needed especially by soldiers, hikers or workers of aid 
organizations operating in primitive wilderness or under disaster conditions (Backer, 2002). Similar 
filters are also marketed for point-of-use in single households. Some methods, such as ultraviolet 
(UV) radiation and reverse osmosis (RO), require a source of energy and are more suitable for 
larger groups. For the treatment of drinking water for large groups (several hundreds or thousands 
of persons), technical products are available from several manufacturers; these products are 
without exception based on the multiple barrier concept.  
 
To assess the purification capacity of a treatment method or device it is essential to perform 
evaluation tests in which the method or device is challenged against microbial and/or chemical 
substances (Monjour et al., 1990; Eisenberg et al., 2001). Data are available on the purification 
capacity of basic treatment methods, e.g. thermal and chemical treatments and some treatment 
devices. Usually, however, these data are based on the capacity of these treatments to remove or 
destroy only selected microbial organisms, e.g. E. coli, coliforms or Cryptosporidium oocysts 
(Raynor et al., 1984; Grabow et al., 1999; Schlosser et al., 2001), rather than simultaneously 
removing or destroying several types of microbes. There are some reports in which water 
purification devices or techniques were tested for their capacity to eliminate microbial toxins, 
mainly cyanobacterial toxins (Rapala et al., 2002b) and botulinum neurotoxins (BoNT) produced by 
Clostridium botulinum (Wannemacher et al., 1993; Josko, 2004). 
 
 
2.4.2 Thermal treatment 
 
Thermal treatment, i.e. letting the water boil at 100 °C for < 1 min, is the oldest means of 
disinfecting water and is a simple way to treat smaller (less than a few tens of litres) amounts of 
water under field and emergency conditions when a heat source is available (Backer, 2002). The 
‘boil water’ advice is also a common practice in communities when drinking water is suspected of 
having been contaminated or temporal quality problems have occurred. Intervention studies done 
on the population level in developing countries have shown that boiling-water campaigns improve 
the quality of drinking water and reduce the incidence of childhood diarrhoea (Mclennan, 2000). To 
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heat the water until ‘too hot to touch’, which is approximately 60 °C or less, is inadequate for safe 
drinking water purposes (Groh et al., 1996). Under field conditions the most reliable way is to 
ensure that all the water volume boils at any altitude and no thermometer is needed, although 
special indicator strips have been developed to indicate heating temperatures of 65 °C or 70 °C 
(Iijima et al., 2001; Qazi et al., 2003). In desperate situations an adequate temperature can be 
reached in hot, sunny climates using a solar oven or reflectors (Backer, 2002).  
 
The destructive effect of heat on microbes is based on the irreversible denaturation of DNA or RNA 
molecules and intra- and extracellular proteins. In practice all vegetative bacteria and protozoa and 
viruses begin to be inactivated at temperatures above 50-60 °C, with final inactivation depending 
on the temperature and length of heating time. Heat inactivation of microbes is exponential and 
thermal death occurs in less time at higher temperatures (Backer, 2002). Some mathematical 
models have been designed to estimate the level of thermal inactivation (Lambert, 2003). At a 
temperature of 100 °C all pathogenic vegetative bacteria, protozoa and viruses are destroyed; only 
microbial spores, e.g. spores of Clostridium and Bacillus, and heat resistant toxins such as some 
cyanobacterial toxins, survive or maintain their toxicity (Backer, 2002). 
 
Studies done on coliform and thermotolerant coliform bacteria such as E. coli, Salmonella 
typhimurium and Streptococcus faecalis in water have shown that 3 logarithmic (log10) units 
inactivation is obtained once water is heated at 65 °C (Fjendbo Jorgensen et al., 1998). Vibrio 
cholerae was inactivated at 60 °C in 10 min and at 100 °C in 10 s (Rice and Johnson, 1991). 
Another experiment showed no inactivation of E. coli viability when the temperature was 50 °C, but 
total inactivation occurred in 5 min at 60 °C, in 1 min at 70 °C and in any time at 100 °C (Groh et 
al., 1996). Giardia cysts were destroyed when water was heated at 72 °C for 10 min (Ongerth et 
al., 1989) and Cryptosporidium oocysts at 72 °C for over 1 min (Fayer, 1994). Hepatitis A virus was 
totally inactivated at 98 °C in 1 min (Krugman et al., 1970) and caliciviruses by 3 log10 units at 71.3 
°C in 1 min (Duizer et al., 2004). Inactivation of a heat-sensitive BoNT was shown when water was 
heated at 80 °C for 30 min (Josko, 2004). 
        
For some purposes water may need to be distilled, i.e. the water molecules are transformed at 
boiling temperature from a liquid to a gaseous phase and separated from the remaining liquid and 
substances. This is a method for producing pure water and the temperature at normal air pressure 
is also effective against microbes and heat-sensitive toxins. Vacuum distillation is a method for 
distilling the water under negative pressure; the temperature needed to boil the water may be as 
low as 50 °C (Al-Kharabshed and YogiGoswami, 2003). This method is used especially to produce 
drinking water from salty seawater but it is not considered as effective against pathogenic 
microbes.     
 
 
2.4.3 Chemical disinfection  
 
Chemical treatment of drinking water includes the use of various forms of the halogens chlorine or 
iodine, or of silver or ozone. All of these compounds can be used in the field, although the ozone 
generation requires technical equipment. Chemical treatment, especially with halogens, is the only 
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method that ensures some protection for treated drinking water after the treatment. The efficiency 
of chemical treatment is a function of dose, contact time, temperature and pH (Stanfield et al., 
2003). The practical application of this kinetics is the concentration time (CT) concept, which is a 
product of the residual chemical concentration in milligrams per litre and the contact time in 
minutes (Stanfield et al., 2003). The antimicrobial effect of a chemical is depending on the 
microbe’s susceptibility; a given CT value can be applied when a required inactivation of a certain 
microbe in log10 units is estimated. The treatment efficiency of all chemicals is reduced by solvents 
and organic material such as humic acids in the water, since a proportion of the added chemical 
(also referred to as chemical demand) is bound to the organic material and cannot act against 
microbes; only the free residual chemical is effective in microbial inactivation. All chemicals are 
most efficient at moderate temperature (15-20 °C) and at a pH of 6-9 (Backer, 2002). In addition to 
the antimicrobial effect, chemicals can also oxidize and remove some harmful chemicals from 
drinking water.  
  
Drinking water chlorination was first used in 1800, but it was not until the early 1900s that 
chlorination became widely used in water treatment, after which it dramatically reduced the number 
of waterborne outbreaks (Beck, 2000). Today chlorination is the most widely used method of 
chemical water treatment for inactivation of pathogenic microbes. Chlorination can be performed 
using liquefied chlorine gas, sodium hypochlorite solution or calcium hypochlorite granules, sodium 
dichloroisocyanurat, chloramines and chlorine dioxide, each having different disinfection properties 
(Stanfield et al., 2003; World Health Organization, 2004). Chloramine has lower disinfection activity 
than chlorine but is more stable. Chlorine dioxide has greater effectiveness against protozoa but is 
not so as stable as chlorine. The wide use of chlorination has raised the question of possible side 
effects and chlorine has been shown to form mutagenic compounds when reacting with organic 
material, especially humic acids. However, the benefits of drinking water chlorination have been 
estimated to exceed tremendously the negative side effects of by-products (Ashbolt, 2004b). The 
formation of by-product can be minimized by filtering the cloudy water before chlorination and by 
not using excessive concentrations of chlorine (World Health Organization, 2004).   
 
In general, chlorination is effective against bacteria and viruses but less effective or ineffective 
against protozoa and algae at the concentrations normally used in drinking water, e.g. 0.5-1 mg/l 
(parts per million, ppm) of free residual chlorine. In addition to the use of chlorination for drinking 
water treatment, it can be used as shock chlorination at high doses of 10-50 mg/l for disinfecting 
drinking water pipelines or storage tanks.  
 
Another halogen, iodine, can also be used as a water treatment chemical and its effects are mainly 
similar to those of chlorine, but there are some physiological concerns, e.g. its effects on the 
thyroid, potential toxicity and allergenicity (Backer and Hollowell, 2000; Goodyer and Behrens, 
2000). However, in short-term use iodine is considered to be safe except for persons with thyroid 
dysfunction, iodine allergy or pregnancy. One of iodination’s benefits is its more acceptable taste 
compared with chlorination. Iodine, like chlorine, is also applied to products for use under 
emergency and field conditions (Gerba et al., 1997). Some CT values of chlorination and iodination 
against various microbes and chemical compounds are presented in Table 1. 
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Table 1. Concentration time (CT) values needed for chlorine and iodine to attain 2 log10 units (99%) 
reduction in counts of various microbes or concentration of various chemicals in water at pH 6-9. 
 
       
  Conditions during experiment  
Halogen type,                        Concen-

tration 
Contact 
time 

CT 
value 

Temper-
ature 

Reference 

 organism mg/l 
(ppma) 

min min x 
mg/l 

°C  

       
       
Chlorine dioxide      

  0.18 20 (LeChevallier et al., 1988)   Escherichia coli 
  0.38 15 (LeChevallier et al., 1988) 

       
Chlorine      

1.02 60 60 25 (Rose et al., 2005)  Bacillus anthracis 
0.88 216 190 5 (Rose et al., 2005) 

 Campylobacter spp. 0.3 0.5 0.15 25 (Blaser et al., 1986) 
 E. coli 0.1 0.16 0.016 5 (White, 1992) 
 Calicivirus (CaCV48) 300 10 3000b 20 (Duizer et al., 2004) 
 Hepatitis A virus 0.5 5 2.5b 5 (Sobsey, 1975) 
 Norwalk-like virus (human 

noroviruses) 
5-6 30 150-

180c 
25 (Keswick et al., 1985) 

 Giardia spp. cysts 2.5 60 150 5 (Rice et al., 1982) 
10 720 7200 20 (Carpenter et al., 1999)  Cryptosporidium spp., 

oocysts 80 90 7200  (White, 1992) 
 Clostridium botulinum,  

neurotoxin 
5 30 150b  (Wannemacher et al., 

1993) 
       
Iodine      
 E. coli 1.3 1 1.3 2-5 (Backer, 2002) 

4 120 480 5 (Fraker et al., 1992)  Giardia spp., cysts 
    13 20 260 20 (Gerba et al., 1997) 

 Cryptosporidium spp., 
oocysts 

13 240 3120d 20 (Gerba et al., 1997) 

       
a ppm, parts per million of free residual halogen. 
b End point > 3 or 4 log10 units reduction. 
c Result obtained from clinical responses in volunteers, one of eight developed clinical symptoms. 
d End point < 1 log10 unit reduction, iodine considered not effective against Cryptosporidium spp. oocysts.   
 
 
The silver ion has bactericidal effects at low doses (≤ 100 µg/l, parts per billion, ppb), but the effect 
is strongly moderated by adsorption onto the surface of any container as well as by any 
substances in the water. The data covering its effect on viruses and cysts are scant (National 
Academy of Sciences, 1980). Therefore the use of silver ion products is better suited as a water 
preservative for previously treated water, not for disinfection of surface water (Backer, 2002). The 
silver ion is used in many filter devices as a coating of filter media to reduce bacterial growth on 
media (Backer, 1995). 
 
Ozone is a powerful oxidant and effective against bacteria, viruses and even protozoa. In general 
the CT values needed to reduce protozoa are much lower than those of chlorine or iodine; e.g. the 
CT value for reducing Giardia cysts by 2 log10 units at 5 °C is 0.5-0.6 (LeChevallier and Au, 2004). 
In addition to microbes, ozonation is also effective against cyanobacterial toxins, e.g. microcystins, 
at concentrations of 1.5 mg/l for 9 min (Hoeger et al., 2002; LeChevallier and Au, 2004). However, 
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ozone production needs special technical equipment and therefore ozonation is not readily 
available for small-scale water treatment in the field, but large-scale mobile water treatment plants 
have been constructed. Another limitation for ozonation in the field is that to achieve its the full 
effect the ozone needs a prolonged reaction time in addition to the actual contact time (Hoeger et 
al., 2002). Ozonation may also produce bromate as a harmful by-product in water (World Health 
Organization, 2004). 
 
 
2.4.4 Filtration 
 
Filtration is a physical removal method for organisms and other particulate matter from drinking 
water based on particle and sieve size. The various filtration methods (Figure 2) have their own 
effective removal ranges according to the pore size of the filter media (Stanfield et al., 2003; 
LeChevallier and Au, 2004). Particle (also referred to as granular media) filtration is the most 
widely used filtration process in drinking water treatment, usually combined with coagulation, 
flocculation and sedimentation. Filter media usually consist of fine-grained sand or other similar 
material. Slow sand filters are used in rural areas and attempts at modelling microbial 
contamination removal have been done (Rooklidge et al., 2005). Sand filtration was shown to be 
effective in removal of bacteriophages and the cyanobacterial toxin microcystin in some 
experiments (Rapala et al., 2002b). For field conditions there are no commercial sand filters 
available but an experimental sand filter can be easily constructed, e.g. from a bucket and fine-
grained, heated and washed sand.  
 
Primitive filters can be constructed e.g. from woven fabric, in which the removal efficiency is 
dependent on the number of fabric layers, density and material. In India a four-times-folded used 
sari fabric was shown to reduce the V. cholerae counts from water by 99% (2 log10 units), probably 
because the V. cholerae was attached to plankton particles (Huo et al., 1996). Simple particle 
filters are especially useful under primitive conditions in which surface water containing cloudy, 
organic material is treated to reduce the amount of solvents and turbidity e.g. prior to the chemical 
treatment. 
 
In addition to particle granular media, filtration media can be constructed of ceramics or special 
membranes. Ceramic filters, of which the first were already developed during the late 1800s (Beck, 
2000), are usually filter devices in which mechanical pressure or gravity forces the water through 
porous filter media. Usually the removal capacity of ceramic filters is ≥ 0.2 µm according to the 
material. A smaller pore size and thus removal of smaller particles can be achieved using 
membrane technology. The pore size utilized in ultra- and nanofiltration and reverse osmosis (RO) 
is such that passage of water molecules and separation from the remaining substances must be 
achieved by high pressure over a range of 15-50 atmospheres (1.5-5 x 103 kPa) pressure (World 
Health Organization, 2004). However, although various MF methods are effective in removal of 
microorganisms, contamination and microbial fouling of filter media can nevertheless lead to a 
breakthrough of organisms and failure in water treatment (Daschner et al., 1996; Kimura et al., 
2004). The number of sporadic cryptosporidiosis cases declined during 1996-2002 in England in 
two governmental districts where MF was installed (Goh et al., 2004). 
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The RO technique is also effective for removal of monovalent ions and organic compounds of 
molecular weight > 50 (World Health Organization, 2004). RO is the most commonly used 
application for desalination of seawater; several manufacturers offer MF devices for use in the 
field.  
  

 
Figure 2. Pore size (dashed lines) and range of removal capacity (solid lines) of various filtration methods 
and general size range of microbial particles (dodded lines).    
 
 
2.4.5 Other treatment methods 
 
Ultraviolet (UV) radiation can be categorized as UV-A, UV-B, UV-C or vacuum-UV, with 
wavelengths between 40 and 400 nm, The UV-A and UV-B bands are effective against 
microorganisms and the maximum effective wavelength is approximately 265 nm (LeChevallier 
and Au, 2004). The permeability of UV radiation is reduced by substances, e.g. organic material 
and humic acids (Huovinen et al., 2000); in water and cloudy waters treatment with UV radiation is 
not considered effective (LeChevallier and Au, 2004). The dose of UV radiation is calculated as the 
total amount of UV energy incident on a certain area during a certain period of time. The unit of UV 
dosage is joules per unit area (J/cm2 or J/m2), which is defined as the irradiance rate of the UV 
radiation (in watts) multiplied by the time the material was exposed to such radiation (in seconds) 
per unit area. The limiting factor for use of UV radiation in the field is usual lack of a source of 
electric power. Under primitive conditions solar UV radiation can be utilized for drinking water 
treatment, e.g. by exposing the water bottles to direct sunlight (McGuigan et al., 1998).   
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Typical UV (250-275 nm) doses for a 4-log10 unit reduction of bacteria in laboratory experiments 
with clear water (turbidity < 1 NTU) range from 30 J/m2 for V. cholerae to 80 J/m2 for E. coli 
(LeChevallier and Au, 2004). For virus inactivation higher doses are required: e.g. for animal 
caliciviruses 340, human rotavirus 500 and human adenovirus 1210 J/m2 (Duizer et al., 2004). A 
UV dose of 10 J/m2 was shown to be effective for inactivation of Giardia cysts (Linden et al., 2002) 
and 20 J/m2  for Cryptosporidium oocysts (Linden et al., 2001), although in one surface water pilot 
study 500 J/m2 was needed to destroy 3.9 log10 units of Cryptosporidium oocysts (Betancourt and 
Rose, 2004).   
  
Activated carbon is used as a compound, e.g. in water filters, usually in either powdered or 
granular form (World Health Organization, 2004). Activated carbon is produced by the controlled 
thermalization of carbonaceous material such as wood. The activation produces a porous material 
with a large surface area and a high affinity for organic compounds (World Health Organization, 
2004). Activated carbon loses its ability to absorb compounds once saturated; the carbon can be 
reactivated by thermalization. Activated carbon is used for removal of taste and odour compounds, 
cyanobacterial toxins and other organic chemicals (World Health Organization, 2004). Removal of 
microbes is only minimal through adhesion on the surface of activated carbon (Backer, 1995).   
 
 
2.5 CONCEPTS OF MICROBIAL RISK ASSESSMENT AND MANAGEMENT OF 
DRINKING WATER 
 
2.5.1 Quantitative microbial risk assessment (QMRA) 
 
The purpose of the QMRA approach is to calculate the risk of disease in the population from what 
is known, or can be inferred, of the concentration of specific pathogens in the water supply and the 
infectivity of these pathogens in humans (Hunter et al., 2003b). The formal steps involved in QMRA 
are: 1) problem formalization and hazard identification, 2) dose-response analysis, 3) exposure 
assessment and 4) risk characterization. To perform a reliable QMRA for a certain pathogen in the 
drinking water supply and for a given population requires knowledge of the concentrations of a 
pathogen in the source water, removal or inactivation efficiency of the treatment process, 
consumption of drinking water and any special characteristics in a population. Host related factors 
and single-hit models at low doses may complicate the dose-response analysis and the outcome of 
QMRA (Teunis et al., 2000). Some published studies have performed  QMRA for Cryptosporidium 
in surface water treatment (Medema et al., 2003b) and for biofilms, amoebae and Legionella 
pneumophila in distributed water (Storey et al., 2004)  
 
The QMRA approach can also be used to rank or scale various hazardous scenarios by assessing 
the likelihood, consequences and scale of effects of these scenarios (Westrell et al., 2003). QMRA 
in relation to drinking water has several practical benefits: it can 1) predict the burden of 
waterborne diseases in the community under outbreak and non-outbreak conditions, 2) aid in 
setting microbial standards for the drinking water supply, 3) identify the most cost-effective option 
to reduce microbial health risks, 4) aid in determining the optimum treatment of water and 5) 
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provide a conceptual framework for understanding the nature and risk from use of water and how 
these risks can be minimized (Hunter et al., 2003b). 
 
 
2.5.2 Hazard analysis of critical control points (HACCP) and water safety plans (WSP) 
 
The HACCP approach was first introduced for food production with the aim of producing safe food 
for astronauts, but the framework has since also been found acceptable for risk management 
processes in the water supply  (Deere et al., 2001; Dewettinck et al., 2001; Howard, 2003; Westrell 
et al., 2004). The formal principles for HACCP are: 1) identification of hazards and preventive 
measures, 2) identification of critical control points, 3) establishment of critical limits, 4) 
identification of monitoring procedures, 5) establishment of corrective action procedures, 6) 
validation and verification of HACCP plans and 7) establishment of documentation and record-
keeping.   
 
The approach to assessing and managing the risks in drinking water production as related to 
HACCP is the WSPs introduced by the WHO (World Health Organization, 2004). The WSPs draw 
on many of the principles and concepts from other risk management approaches, in particular from 
the multibarrier approach and from HACCP. The general principles of the WSPs should be 
developed and implemented for individual drinking water system. The key steps in the WSPs are 
similar to those of HACCP. For drinking water supplies under emergency or field conditions, the 
basic principles can be applied but to establish a full-scale WSP may not be realistic (World Health 
Organization, 2004). However, the principles provide a suggestive framework for assessing and 
managing microbial risks in any circumstance.   
 
 
2.5.3 Acceptable risk 
 
The purpose of drinking water treatment and drinking water hygiene is to minimize the adverse 
health effects of hazards on the consumer, although in practice it is impossible to reduce the risks 
to zero under all circumstances (Hunter and Fewtrell, 2001). Therefore, some risk must be 
accepted or tolerated and several approaches can be applied to estimate what the acceptable level 
of risk may be in a given situation. A risk may be acceptable when 1) it falls below an arbitrarily 
defined probability, a level that is already tolerated, an arbitrarily defined attributable fraction of the 
total disease burden in the community, 2) the cost of reducing the risk would exceed the costs 
saved, including those saved when the costs of suffering are also factored in, 3) the opportunity 
costs would be better spent on other, more pressing, public health problems or 4) public health 
professionals, the general public (whether they say or not) or politicians say the risk is acceptable 
(Hunter and Fewtrell, 2001). Each of these approaches could lead to a different definition of the 
acceptable risk, even in the same population. 
 
The acceptability of risk is dependent on the given population, circumstances and time; a risk 
accepted somewhere is not necessarily accepted elsewhere. In the field, it may be acceptable to 
risk developing diarrhoea from unsafe drinking water if the risk of developing even more severe 
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health effects is probable due to severe thirst. The opposite extreme would be the near-zero 
tolerance to developing a disease from drinking water for astronauts or combat pilots during flight 
operations.  
 
The US EPA requires that the microbial risk of drinking water is less than one infection per 10 000 
persons annually, using Giardia as a reference organism (Macler and Regli, 1993). The logic 
behind this requirement is that Giardia is more resistant to drinking water disinfection than other 
microbial pathogens. Requirement is based on the numbers of annually reported cases of 
giardiasis in USA at present. The US EPA is so far the only internationally known authority that has 
defined quantitatively the acceptable level of microbial risk for drinking water (Hunter and Fewtrell, 
2001).      
 
Acceptable risk can be defined also using a disability-adjusted life-year (DALY) –concept as 
suggested by WHO (World Health Organization, 2004). DALY is the sum of years lost by 
premature mortality and years lived with a disability using the severity weights of a particular 
disease or disability. WHO has suggested a reference level of tolerable loss of healthy live of 10-6 
DALYs per person-year (World Health Organization, 2004).   
 
 
2.6 BIOTERRORISM AND INTENTIONAL CONTAMINATION OF DRINKING WATER 
 
2.6.1 Biohazardous agents 
 
Water sources, drinking water supply systems and treated drinking water can become 
contaminated with naturally occurring microbes or toxins but may also be targets of bioterrorism, 
sabotage and intentional contamination (Mobley, 1995; Christopher et al., 1997; Burrows and 
Renner, 1999; Khan et al., 2001; Salem, 2003; Meinhardt, 2005). The United Nations Biological 
Weapons Convention has since 1972 prohibited member states from developing, producing and 
using bioweapons, but monitoring compliance with the Convention has proven to be difficult. Even 
the definition of a bioweapon or biological agent (B-agent) has proven to be elusive, since the 
Convention prohibits only the use of bioweapons and not the B-agent itself. The intentional 
destruction of drinking water resources leading to waterborne diseases without deliberate microbial 
contamination with a specific B-agent can also be viewed as a type of biological warfare (White, 
2002). Moreover, bioweapons are most probable used by terrorist organizations and disturbed 
individuals rather than by governments or nations. They may also target the civilian population to 
create panic and threaten civil order (World Health Organization, 2002a). 
 
B-agents that may be utilized in intentional contamination of drinking water include naturally 
occurring human enteropathogenic microbes, eradicated or uncommon pathogens, genetically 
modified organisms or microbial toxins (Black, III, 2003; Meinhardt, 2005). In theory, any microbe 
or microbial toxin capable of causing illness or disorder in man can be used as a B-agent against a 
target population through the drinking water supply. Table 2 lists some microbes and microbial 
toxins that have been identified as possible B-agents that pose a direct threat to public health 
(Burrows and Renner, 1999; Hickman, 1999; Salem, 2003; Meinhardt, 2005).  
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The most frightening B-agents include those microbes and microbial toxins that have low infective, 
incapacitating or lethal doses, high contagiousness, and for which there is no acquired immunity in 
the population and no medication or preventive means available. To infect or intoxicate through 
drinking water, the organism or toxin must be able to survive in the aquatic environment and 
tolerate other unfavourable environmental conditions. Intentional contamination of drinking water 
with microbes or toxins that are colourless, odourless and tasteless presents a serious threat; this 
threat cannot be assessed by sensory testing of water. BoNTs produced by Clostridium botulinum 
represent this type of severe threat and are the most potent biotoxins known (Gill, 1982; Atlas, 
1998; Schechter and Arnon, 2000; Lindström et al., 2005). 
 
Table 2. Microbes and microbial toxins that can potentially be used as biohazardous and bioterrorism agents 
in drinking water supplies. Sources: Burrows and Renner, 1999; Hickman, 1999; Salem, 2003; Meinhardt, 
2005, if not otherwise stated. 
 
     
Agent Weaponized Infectious or effective 

dose (per os for adult 
if not otherwise stated) 

Survival or stability in 
water (without free 
chlorine) 

     
     
Bacteria    
 Bacillus anthracis Yes 6000 spores 2 years (spores) 
 Brucella spp. Yes 10 000 bacteria 20-72 days 
 Clostridium perfringens Probable ~500 000 spores Weeks 
 Francisella tularensis Yes 25 bacteria < 90 days 
 Salmonella spp. Unknown 10 000 bacteria 8 days 
 Shigella spp. Unknown 10-100 bacteriaa 2-5 days 
 Vibrio cholerae Unknown 1000 bacteria Weeks 
 Yersinia pestis Probable 500 bacteria 16 days 
     
Rickettsia    
 Coxiella burnetii (Q fever) Yes 25 particles Unknown 
     
Viruses    
 Hepatitis A Unknown 30 plaque forming 

units (PFU)  
Unknown 

 Variola major and V. minor 
(smallpox) 

Possible 10 PFU Unknown 

     
Protozoa    
 Cryptosporidium parvum Unknown 130 oocysts Days-weeks 
     
Microbial toxin    
 Aflatoxin Yes 2 mg Probably stable 
 Botulinum neurotoxin  Yes 70 ngb Stable 
 Ricin Yes > 500 ngb Unknown 
 Saxitoxin Possible 0.3 mg Stable 
 Staphylococcus aureus 

enterotoxins 
Probable 20-50 µg (intravenous 

for monkey) b 
Probably stable 

    
a Source Kothary and Babu, 2001. 
b Source Gill, 1982. 
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2.6.2 Detection of bioterrorism  
 
To distinguish between naturally occurring disease or outbreaks and intentionally spread disease 
may be extremely difficult. The uncommon symptoms, high infectivity, severity or other abnormal 
factors may direct suspicions towards bioterrorism. Surveillance for infectious diseases and early 
notice of single cases and outbreaks of emerging diseases is essential for prevention of further 
cases in the population (Hugh-Jones, 2003). Unfortunately, the surveillance systems so far 
evaluated are insufficient for detecting possible intentional release of B-agents (Ashford et al., 
2003; Bravata et al., 2004).   
 
Rapid and sensitive diagnostic tests are needed for detection of B-agents and biotoxins as well as 
for rapid screening for suspected samples (Blazes et al., 2002). Some devices have already been 
developed for use and an expanding market has been predicted for the detection industry (Alocilja 
and Radke, 2003). Real-time PCR methods have provided some promising results for detection of 
Francisella tularensis (McAvin et al., 2004), E. coli and Bacillus anthracis (Higgins et al., 2003a). 
Some multiplex diagnostic platforms have also been described (Cirino et al., 2004). However, the 
fundamental differences in detection principles between microbes and inorganic chemicals 
probably mean that real-time detection methods that are similar and routine for both microbes and 
chemicals will not be developed in the foreseeable future (Green et al., 2003).  
 
Currently, the few rapid tests available for BoNT detection have not shown sensitivity or specificity 
sufficient to replace the standard mouse bioassay, which remains the only standard method 
available for BoNT detection (Arnon et al., 2001; Whitby et al., 2002). Apart from being time-
consuming, the mouse bioassay poses ethical, economic and safety concerns. Some EIA tests are 
available that show sensitivity similar to that of the mouse bioassay (Doellgast et al., 1993; 
Doellgast et al., 1994; Hallis et al., 1996; Wictome et al., 1999; Liu et al., 2004). 
 
 
2.6.3 Protection against bioterrorism 
 
All activities taken to ensure drinking water safety and security are also effective against 
bioterrorism and vice versa (Christen, 2001). There are only limited means available to specifically 
protect against B-agents used to intentionally contaminate drinking water supplies, in addition to 
controlling all critical control points, guaranteeing treatment efficiency and securing the treated 
drinking water from manipulation. The most effective general protection against B-agents is to 
maintain high general and drinking water hygiene and to use adequate treatment coupled with 
common sense (Berger and Shapiro, 1997). Probiotic microbes, e.g. Lactobacillus spp., are well 
known to have beneficial effects on stabilizing intestinal disturbances (Isolauri, 2001; Ried, 2004), 
but may provide only limited protection against less severe B-agents in the field.  
 
Vaccination and immunization can be implemented in cases of special threat, e.g. against B. 
anthracis, smallpox or BoNT (Arnon et al., 2001; Grabenstein, 2003; Grabenstein and 
Winkenwerder, Jr., 2004; Hunter et al., 2004). If exposure or suspected infection has occurred or 
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clinical disease has developed, specific medical treatment with appropriate antibiotics or antidotes 
can be initiated after consulting the medical experts.   
 
To protect the population against bioterrorism or intentional contamination of drinking water is a 
multi- and interdisciplinary challenge, in which close collaboration and cooperation between 
veterinary, public health and medical professionals together with experts on security, water 
engineering and communication is essential (Mossel, 1990; Hartung, 1992; Balogh de et al., 2002; 
Rose, 2002; Meinhardt, 2005). 
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3. AIM OF THE STUDY 
 
The aims of the present thesis were to determine the prevalence of enteropathogens in surface 
water in Finland, evaluate the purification capacities of water treatment devices and methods and 
methods used for detection of enteropathogens to obtain data for the assessment and 
management of microbial risks in drinking water production from surface water, especially under 
field conditions. The specific aims were as follows:  
 

1. To investigate simultaneously the occurrence of various enteropathogens belonging to 
different microbial groups, including Campylobacter spp., Giardia spp., Cryptosporidium 
spp., and noroviruses in diverse types of surface water in south-western Finland during 
several consecutive seasons (I). 

 
2. To analyse the correlation between these enteropathogens and selected indicator 

parameters, including counts of thermotolerant coliforms and Escherichia coli, the presence 
of Clostridium perfringens and F-RNA bacteriophages and turbidity (I). 

 
3. To obtain data on the purification capacity of several water treatment devices to 

simultaneously remove indicator bacteria, Cryptosporidium oocysts, F-RNA bacteriophages 
and cyanobacterial microcystins and to assess the evaluation procedure (II). 

 
4. To obtain data on the capacities of commercial water treatment devices to eliminate 

botulinum neurotoxin (BoNT) from experimentally contaminated drinking water and to 
evaluate commercially available rapid enzyme immuno assays for BoNT detection in 
comparison to the standard mouse bioassay (III). 

 
5. To compare some commercially available tests for detection of coliform bacteria and 

Escherichia coli with traditional reference membrane filtration methods and to assess the 
sensitivity and specificity of these tests for E. coli detection (IV).  

 
6. To use meta-analysis in prevalence studies of Giardia spp. and Cryptosporidium spp. 

infections, to estimate the prevalence and annual incidence of these infections in the 
asymptomatic and symptomatic human populations of the Nordic countries and compare 
these estimates with official national surveillance data on infectious diseases (V). 
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4. MATERIALS AND METHODS 
 
4.1 Enteropathogens and indicators in surface water (I) 
 
4.1.1 Sampling sites and sampling (I) 
 
A total of 139 surface water samples were collected at 30 different sites on five separate sampling 
occasions within a 2-3-week period during consecutive seasons in 2000-2001. The sampling sites 
were selected to cover rivers and lakes representing various types of catchment area in 
southwestern and coastal Finland. Primary selection was made on a macro (lake or river) and 
micro (sampling site) level (International Water Association, 2000a) using map reconnaissance. 
The sites included seven lakes, 13 rivers and a further 10 separate sites from two rivers (five sites 
at each): the Aura and Kokemäki rivers. These two rivers were included in this study due to their 
importance as local drinking water sources and differences in total flow rates, water volumes and 
catchment areas.  
 
The first sampling was performed in September-October (autumn) 2000, followed by February-
March (winter), May (spring), August (summer), and the final sampling in October (autumn) 2001. 
During the first period 19 samples were collected from 19 sites (Aura and Kokemäki rivers not 
included) and during the four subsequent periods the number of samples and sampling sites was 
increased to 30.  
 
Sampling consisted of four separate subsamples from each site and time: three separate 1-l 
samples for bacteriological, virological and physicochemical analysis and one 10-l grab sample for 
parasitological analysis. The samples were taken from the nearshore areas of lakes or rivers at 
0.5-1-m depths (20-30 cm beneath the surface), avoiding the sediment that would contaminate the 
sample. During the winter season sampling was done beneath the ice cover by vacuuming the 
sample with a pump through a hole made in the ice. The water samples were transported within 24 
h after sampling to the laboratories and stored there cooled (at 5-8 °C) prior to analysis, which was 
begun within 24 h. 
 
 
4.1.2 Microbiological and physicochemical analysis (I) 
 
Microbiological analysis and a summary of the analytical methods used are described in Table 3. 
The physicochemical parameters temperature (°C), pH and conductivity (µS/cm) were measured 
with portable devices immediately after sampling at each site (temperature: Delta Ohm HD8601P, 
Delta Ohm; Padua, Italy; pH: Eutech Cybernetics pHScanWP2, Eutech Instruments; Singapore 
and conductivity: HACH Model C0150 conductivity meter, HACH Company; Loveland, CO, USA). 
Turbidity was measured in the laboratory for each thoroughly stirred sample on the day after 
sampling, using a Eutech CyberScan WL Turbimeter TB1000 (Eutech) and the result was given in 
NTUs. 
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Table 3. Summary of the microbiological analysis parameters, methods and sample volumes for 139 surface 
water samples collected from southwestern Finland in 2000-2001. 
 
    
Analysis Methoda Sample 

volume 
Reference 

    
    
Escherichia coli MPN method. Colilert-18/Quanti-Tray 2000 test 

(IDEXX Laboratories, Inc; Westbrook, ME, USA). 
100 ml  

    
Thermotolerant 
coliform bacteria 

MF, m-FC broth with rosolic acid impregnated on 
cellulose pad (Millipore Corporation; Bedford, MA, 
USA); incubation at 44.5 ± 0.5 °C for 24 ± 2 h. 

100 ml  

    
Clostridium 
perfringens 

Heat treatment at 70 ± 2.0  °C for 10 min. MF, 
SFP agar (Becton Dickinson Microbiology 
System; Franklin Lakes, NJ, USA); anaerobic 
incubation at 44 ± 0.5 °C for 24 ± 2 h.  

100 ml ISO 6461-1:1986 
(International 
Organization for 
Standardization, 
1986) 

    
Campylobacter spp. MF, liquid Bolton Campylobacter enrichment broth 

(LabM; Bury Lancs, UK), incubation in 
microaerobic atmosphere at 37 ± 1.0 °C for 6 h 
followed by further incubation for 24 h at 42 ± 0.5 
°C after addition of LAB M X131 supplement 
(LabM), inoculation of 10 µl onto CCDA agar 
plates (Oxoid Ltd; Hampshire, UK), incubation 
microaerobically at 37 ± 1.0 °C for 48 h.  

100 ml Hänninen et al., 
2003 

    
Noroviruses Selective filtration and concentration, RT-PCR 1000 ml Gilgen et al., 1997; 

Kukkula et al., 
1999; Maunula et 
al., 1999 

    
F-RNA 
bacteriophages 

Culture of the sample with host strain Salmonella 
typhimurium WG49 on semisolid TPGY-based 
agar. 

1 ml ISO 10705-1:1995 
(International 
Organization for 
Standardization, 
1995) 

    
Giardia spp. and 
Cryptosporidium 
spp. 

MF, IMS, IFA microscopy and PCR 10 l Rimhanen-Finne et 
al., 2002 

    
a MPN, most probable number; MF, membrane filtration; SFP, Shahidi Ferguson Perfringens; CCDA, 
charcoal cefoperazone deoxycholate agar; RT-PCR, reverse transcriptase polymerase chain reaction; 
TPGY, tryptone-peptone-glucose-yeast extract; IMS, immunomagnetic separation; IFA,  
immunofluorescence assay (IFA) 
 
 
4.2 Assessment of water treatment devices and tests for detection of botulinum toxin, 
coliform bacteria and Escherichia coli (II-IV)) 
 
4.2.1 Natural and seeded water samples (II-IV) 
 
Lake water was taken into a plastic 700-l container (II) and treated tap water in a plastic 80-l 
container (III) for the assessment of water treatment devices. The contaminants (Table 4) were 
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added and mixed into the containers during filling and this intentionally seeded water was used as 
influent water for the water treatment devices. The concentrations of the contaminants were 
adjusted to represent microbially heavily polluted surface water with high nutrient level and 
cyanobacterial blooming (II) or high concentration of type B BoNT (III).  
 
Table 4. Microbial strains and toxins used in the assessment of water treatment devices and tests for 
detection of coliform bacteria, Escherichia coli and botulinum neurotoxin. 
 
     
Microbe Strain (alternative code) Origina Sourceb Study
     
     
Aeromonas hydrophila  ATCC 7966 NK ATCC IV 
     
Clostridium botulinum  ATCC 7949 (Hegarty 213 B)  Canned onions ATCC III 
  (7 strains) ATCC 17841 (McClung 1347 B) NK ATCC III 
 93/24 (FT243) NK IFR III 
 93/36 (4 B) NK IFR III 
 M15/18 Soil DFEH III 
 M18/2 Soil DFEH III 
 M46/15 Soil DFEH III 
     
Clostridium perfringens ATCC 12916 NK ATCC II 
     
Citrobacter freundii 173 NK DFEH IV 
     
Escherichia coli  ATCC 25922 NK ATCC II, IV 
  (2 strains) 36 NK DFEH II 
     
Enterobacter chloacae 87 NK DFEH II, IV 
     
Hafnia alvei ATCC 29927 NK ATCC IV 
     
Klebsiella pneumoniae  26 NK DFEH II 
  (2 strains) 46 NK DFEH IV 
     
Cryptosporidium parvum 
oocysts 

 NK Waterborne II 

     
F-RNA bacteriophages MS2 NK HI II 
     
Microcystin-producing 
cyanobacters, Anabaena 
spp. and  Microcystis spp.  

 Aquatic 
environment, 
Finland 

FEI II 

     
a NK, not known. 
b ATCC, American Type Culture Collection; IFR, Institute of Food Research, Norwich, UK; DFEH, 
Department of Food and Environmental Hygiene, University of Helsinki, Finland; Waterborne, New Orleans, 
LA, USA; HI, Haartman Institute, University of Helsinki, Finland; FEI, Finnish Environment Institute, Helsinki, 
Finland.   
 
 
The bacterial strains were cultured separately in sterile 200-ml glass bottles in liquid brain-heart -
infusion (BHI) media and incubated at 35 °C for 24 ± 2 h either in aerobic or anaerobic (C. 
perfringens) conditions (II). The C. botulinum strains III were cultured separately in 100 ml 
tryptone-peptone-glucose-yeast extract (TPGY) liquid broth medium (Oxoid) anaerobically at 37 °C 
for 72 ± 2 h, followed by subculture at 37 °C for 16 h (III). The coliform bacterial strains and one 
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noncoliform bacterial strain were cultured separately on Brucella agar (Oxoid Ltd.; Basingstoke, 
Hampshire, UK) plates aerobically at 37 °C for 24 h followed by subculture in a liquid Brucella broth 
(Oxoid) at 37 °C for 18-22 h (IV).  
 
For evaluation of tests for detection of coliform bacteria and E. coli a total of 110 samples were 
randomly taken from various surface water sites (75 samples) and from drinking water supply 
systems or private wells (35 samples) between February and April 2004. A 1-l sample was taken 
from each site in a sterile 1-l plastic bottle, delivered to the laboratory within the same day and 
stored refrigerated before analysis. Bacteriological analysis for coliforms and E. coli was initiated 
within 24 h after sampling.  
 
 
4.2.2 Testing of the water treatment devices (II, III) 
 
The devices were selected among products commercially available, based on their suitability for 
field operation. It was not intended to include all commercially available devices but to obtain a 
representative selection of various types of filter or other devices and thus a general overview of 
their purification capacities. All devices tested (Table 5) were portable (weight < 10 kg) and 
functioned without electricity or chemical supplementation, except for the UV device in III. In 
addition, an experimental sand filter was developed for the botulinum test in III.  
 
The devices tested were used manually, following instructions by the manufacturer. Before 
treatment of the seeded raw water (influent), 1-2 l of sterile water were rinsed through each device. 
A total of 15 l (II) or 2 l (III) of purified water was produced, or less if filter blockage occurred. The 
purified water was collected in a sterile glass or plastic container. Samples for analyses were taken 
from this processed water (effluent). 
 
 
4.2.3 Microbiological and physicochemical analyses (II, III) 
 
All bacteriological (coliforms, E. coli and sulphite-reducing clostridia) and physicochemical 
parameters (turbidity, pH, conductivity, KMnO4 count, nitrate and nitrite concentrations, free and 
total chlorine) were analysed using national SFS standards (Finnish Standards Association, 1995). 
C. parvum oocysts and F-RNA bacteriophages were analysed as described earlier in Table 3 
(International Organization for Standardization, 1995; Rimhanen-Finne et al., 2002). Samples for 
microcystins were analysed using a commercial ELISA test (EnviroGuard Microcystins Plate Kit, 
Strategic Diagnostics Inc.; Newark, DE, USA) as described elsewhere (Lahti et al., 2001; Rapala et 
al., 2002a). BoNT was analysed using the mouse bioassay (Nordic Committee on Food Analysis, 
1991; Food and Drug Administration, 2001) with permission of the State Provincial Office of 
Southern Finland.  
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Table 5. Water treatment devices tested for elimination or inactivation of various microbes and microbial 
toxins, including microcystin and botulinum toxin type B from drinking water. 
 
    
Device 
(Manufacturer) 

Treatment techniquea Production 
capacitya 

l/h 

Study 

    
    
Katadyn Combi  
(Katadyn Products Inc.; 
Wallisellen, Switzerland) 

1. Ceramic filter (pores 0.2 µm) 
2. Activated carbon 

72  II, III 

    
Katadyn Pocket  
(Katadyn Products Inc.) 

1. Ceramic filter (pores 0.2 µm) 72  II, III 

    
Katadyn Survivor MROD-35  
(Katadyn Products Inc.) 

1. Reverse osmosis 4.5  II, III 

    
Nerox 02 Filter  
(Nerox Filter Oy; Tampere, 
Finland/Plastec AS; Gjovik, 
Norway) 

1. Membrane (pores 0.4 µm) 5  II, III 

    
Safe Water In-line Hydration Filter 
(SafeWater Anywhere; Ashland, 
OR, USA) 

1. Metal prefilter (pores 25 µm)  
2. Silver-coated primary filter (pores 2 µm) 

5  II 

    
Sand filter  
(Experimental device) 

1. Sand filtration (0.6-1.2 -mm silica sand 
granules, column height 20 cm, column 
diameter 20 cm) 

30  III 

    
Survival Straw (Ingram Water and 
Air; Paducah, KY, USA) 

1. Filter 
2. Bacteriostatic release 

5  II 

    
WalkAbout Microfilter (Sweet 
Water, Cascade Designs, Inc.; 
Seattle, WA, USA) 

1. Filter cartridge (pores 0.2 µm) 54  II 

    
WaterMiniWorks (Mountain Safety 
Research; Seattle, WA, USA) 

1. Ceramic filter (pores 0.3 µm) 
2. Activated carbon 

40  II 

    
WaterWorksII  
(Mountain Safety Research) 

1. Ceramic filter (pores 0.3 µm) 
2. Activated carbon 
3. Membrane (pores 0.2 µm) 

40  II, III 

    
Wedeco Aquada 4  
(Wedeco AG Water Technology; 
Düsseldorf, Germany) 

1. Low-pressure ultraviolet lamp (254-nm 
radiation) 

3870  III 

    
a Data according to the manufacturer. 
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4.2.4 Tests for detection of botulinum neurotoxin (III) 
 
Two commercial rapid EIA tests (Bot Tox BioThreat AlertTM Test Strip, Tetracore, Inc.; 
Gaithersburg, MD, USA and BADD BoNT Rapid Detection Kit, Osborn Scientific Group; Lakeside, 
AZ, USA) were used to analyse the water samples seeded with type B toxic C. botulinum strains 
and samples taken from water treated with the water treatment devices. The tests were qualitative, 
immunochromatographic and based on the use of dye-labelled anti-BoNT antibodies, which in the 
presence of BoNT appear as visible coloured lines. Both tests were performed according to the 
manufacturers’ instructions and the results were compared with a reference mouse bioassay. 
 
 
4.2.5 Tests for detection of coliform bacteria and Escherichia coli (IV) 
 
For the evaluation of tests (Table 6) for detection of coliform bacteria and E. coli -seeded water, 
surface and drinking water samples were analysed using each of the test methods simultaneously, 
following the test manufacturers’ procedures and/or the reference method. The MF method ISO 
9308-1:2000 with LTTC agar (Oxoid) was taken as the reference method for coliform and E. coli 
detection (International Organization for Standardization, 2000). 
 
 
4.3 Prevalence and incidence of Giardia spp. and Cryptosporidium spp. infections in the 
Nordic countries (V) 
 
4.3.1 Meta-analysis (V) 
 
The meta-analysis was conducted with the MEDLINE/PubMed database for searching articles 
published before 2004, using each of the following search words: Giardia, giardiasis, 
Cryptosporidium and cryptosporidiosis with each of the following geographical search words: 
Nordic countries, Denmark, Finland, Norway and Sweden. The search was also conducted using 
geographical search words: Baltic countries, Estonia, Latvia, and Lithuania to obtain data from 
these countries. The search was not restricted by other means and articles published in any 
language were included in the search.  
 
After the primary search the secondary search was conducted, reviewing the reference lists of the 
articles found in the primary search. The primary search resulted in 76 articles and the secondary 
search a further four articles; thus the total number of articles was 80. No article was found using 
any of the Baltic countries (Estonia, Latvia or Lithuania) as the geographical search words and 
none publishing duplicated data were noted. 
 
All the articles found were reviewed primarily to exclude those not focusing on human giardiasis or 
cryptosporidiosis. Of the articles 29 were rejected at this stage, 14 articles dealt with parasites in 
animals, nine with parasites in food items or the water supply and six with parasite taxonomy, 
diagnostics or pathogenesis. The remaining 51 articles were critically reviewed to locate studies  
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Table 6. Evaluated tests for detection of total coliforms (TC) and/or Escherichia coli (EC) in water samples. 
 

   
Test  
(Manufacturer) 

Principle Incubation Interpretation, confirmation 
(Reference) 

    
    
MFa, lactose Tergitol-7 
agar with TTCb 
supplement 
(Oxoid Ltd.; Hampshire, 
UK) 

Quantitative. Selective 
medium, detection of 
typical lactose- 
fermenting colonies. 

36 ± 2 °C, 21 
± 3 h 

TC: yellow or yellow-green, 
oxidase-negative, lactose- 
positive colonies 
EC: as TC and indole-positive 
and forms gas at 44.5 ± 0.5 °C. 
ISO 9308-1:2000 (International 
Organization for Standardization, 
2000) 

    
MFa, m-Endo Agar LES   
(Merck KGaA; Darmstadt, 
Germany) 

Quantitative. Selective 
medium, detection of 
typical colonies. 

36 ± 2 °C, 21 
± 3 h 

TC: dark or black, oxidase- 
negative, lactose-positive 
colonies with metallic shine 
EC: as TC and indole-positive 
and forms gas at 44.5 ± 0.5 °C. 
SFS 3016:2001 (Finnish 
Standards Association, 2001) 

    
Colilert 18, Quanti-Tray 
2000  
(IDEXX Laboratories, Inc.; 
Westbrook, ME, USA) 

Qualitative/quantitative. 
Selective 
chromogenic/fluorogenic   
(β-galactosidase, β-
glucuronidase) 
enrichment medium. 

35 ± 0.5 °C,  
18 h 

TC: yellow colour  
EC: yellow colour with 
fluorescence  
(Manufacturer) 

    
Readycult  Coliforms 100, 
modified  
(Merck KGaA) 

Qualitativec. Selective 
chromogenic/fluorogenic  
(β-galactosidase, β-
glucuronidase) 
enrichment medium. 

35-37 °C,  
18-24 h 

TC: blue-green colour 
EC: blue-green colour with 
fluorescence, indole-positive 
(Manufacturer)  

    
Water-Check-100  
(ICPbio Ltd.; Auckland, 
New Zealand) 

Qualitative/semiquantita-
tive. Selective 
chromogenic enrichment 
medium. 

37 °C,  
15 h 

TC: sample vial turns pink or 
white from blue 
(Manufacturer) 
 

    
3M Petrifilm E. coli / 
Coliform Count (EC) Plate  
(3M Corporate 
Headquarters; St. Paul, 
MN, USA) 

Quantitative. Ready-
made culture medium, 
detection of typical 
colonies. 

35 ± 1 °C,  
48 ± 2 h 

TC: red or blue colonies with gas 
EC: blue to red-blue colonies with 
gas 
(Manufacturer) 

    
DryCult Coli/Coliform, 
prototype 
(Orion Corporation Orion 
Diagnostica; Espoo, 
Finland) 

Quantitative. Ready-
made culture medium 
with enzyme substrates, 
detection of typical 
colonies. 

35-37 °C,  
24 (-48) h 

TC: blue-green colonies 
EC: dark or black colonies 
(Manufacturer) 

    
a MF, Membrane filtration (pore size 0.45 µm). 
b TTC, Triphenyltetrazolium chloride.  
c Test intended for qualitative analysis, test modified here for quantitative analysis using Readycult reagent 
with the Quanti-Tray 2000 (IDEXX Laboratories, Inc.; Westbrook, ME, USA) MPN application.    
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focusing on epidemiology, prevalence or incidence of giardiasis and/or cryptosporidiosis in any of 
the Nordic countries. The following a priori-decided inclusion criteria were used at this stage: the 
study population must have been adult with both genders included, with the study using random 
and fully described sampling of subjects, the latter of which had to be either symptomatic or 
asymptomatic. Furthermore, the case definition of giardiasis or cryptosporidiosis must have 
included microscopic analysis of stool samples, with the number of analysed stool samples per 
subject described and the number of study subjects and positive cases reported. After this stage of 
critical review, 13 articles were included in the meta-analysis. 
 
  
4.3.2 Estimation of annual incidence of Giardia spp. and Cryptosporidium spp. infections in 
the general population (V) 
 
The annual incidences of Giardia and Cryptosporidium infections in the general population of the 
Nordic countries were estimated per 100 000 population, using the random effects (RE) model 
prevalences obtained from meta-analysis. The estimation included the following: a) the point 
prevalence of gastroenteric symptoms due to any cause in the general population is 11% 
(Herikstad et al., 2002), b) the estimate for mean duration of excretion of Giardia cysts in faeces 
during the eventual symptomatic infection and asymptomatic shedding phase was 50 days 
(Centers for Disease Control and Prevention, 2001) and c) the estimate for excretion of 
Cryptosporidium oocysts was 35 days (Centers for Disease Control and Prevention, 2003). The 
estimated number of annual incidences per 100 000 population were compared with the mean 
annual numbers of cases reported to the various national infectious disease registers between 
1995 and 2002 in study countries where data were available. 
 
 
4.4 Statistical methods (I-V)   
 
4.4.1 Enteropathogens in surface water (I) 
 
All individual results were recorded using MS Excel 2002 software (Microsoft Corporation; 
Redmond, WA, USA) and the statistical analysis was performed with the Statistical Package for 
Social Sciences 11.5 for Windows (SPSS Inc.; Chicago, IL, USA) software. The point prevalences 
were calculated for each analysed microbe and arithmetic means with standard deviations (SDs) 
for the MPNs of E. coli, turbidity counts and temperature separately for each sampling time and 
type of sampling site (all lakes plus the Kokemäki, Aura and other rivers). Analysis of variance 
(ANOVA) was used to determine possible significant differences at the 0.05 level (p < 0.05) in 
prevalences and means between different sampling times and sites. If significant differences were 
obtained, the Duncan’s Post Hoc test was performed to determine which values differed from all 
other values. All samples were grouped according to the thermotolerant and E. coli counts at four 
different levels and the prevalence of enteropathogens and indicator microbes at each level was 
analysed, using ANOVA and Duncan’s Post Hoc test. 
 



 37

A nonparametric Spearman’s rank order correlation coefficient with two-tailed p value was 
calculated for cross-correlations between different indicator parameters (coliform and 
thermotolerant coliform counts, MPNs of E. coli, turbidity value, and presence/absence of C. 
perfringens and F-RNA bacteriophages). Spearman’s correlation coefficient was also computed for 
bivariate correlations occurring between indicator parameters and pathogen findings. The odds 
ratio (OR) with 95% confidence interval (95% CI) was calculated for each sample, being positive 
for analysed pathogens according to the outcome of various indicator parameters. 
  
All the samples were divided into two groups: pathogen absent or pathogen present (i.e. the 
sample was either negative for Campylobacter spp., Giardia spp., Cryptosporidium spp., and NVs 
or was positive for at least one of the analysed pathogens). ‘Pathogen absent’ was taken as a 
dependent variable in the logistic multivariable regression model. In this model various indicator 
parameters (i.e. levels of E. coli and thermotolerant coliforms and the presence of C. perfringens 
and F-RNA bacteriophages) were taken as independent variables and their predictive values for 
the dependent variable were analysed by computing the coefficient estimates (B values), p values 
for the B values, and ORs with 95% CIs from the B values. 
 
 
4.4.2 Evaluation of the water treatment devices (II, III) 
 
The purification capacities were calculated as log10 reductions (Equation 1) of analysed parameters 
between the concentrations in raw water (influent) and purified water (effluent). The raw water 
concentrations were calculated as the arithmetic mean of three separate samples from each 
analysis.  
 
Purification capacity ( )ei NN10log= ,     (Equation 1) 

where Ni = concentration in raw water before treatment (influent) and   
Ne = concentration in purified water after treatment (effluent). 

 
If no target organism or substance was detected in purified water, the log10 reduction was 
calculated assuming one organism or unit of concentration of the substance of the detection limit in 
purified water per analysed volume.  
 
 
4.4.3 Evaluation of tests for detection of coliform bacteria and Escherichia coli (IV) 
 
All individual results were recorded using MS Excel 2002 software (Microsoft) and the statistical 
analysis was performed with the Statistical Package for Social Sciences 11.5 for Windows (SPSS 
Inc.) software. All 110 natural surface and drinking water samples were recorded according to the 
outcome in various tests as positive or negative for E. coli. To determine the sensitivity and 
specificity of a particular test for detection of E. coli, MF LTTC method was used as a reference 
(Table 6).  
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A total of 69 samples were excluded from statistical analyses of the mean E. coli counts, bivariate 
correlations between various tests and proportion of confirmed E. coli counts, 21 due to uncertainty 
in the total coliform counts (CFUs of ≥ 1000/100 ml in any of the tests) and 48 because no 
coliforms were consistently detected in a sample with the tests. Arithmetic means for the E. coli 
counts with 95% CIs as detected with each test method were calculated and compared with the E. 
coli counts detected with the LTTC method. To analyse the statistical significance of differences in 
mean E. coli counts between tests, the paired sample t test and its p value were computed. A 
nonparametric Spearman’s rank order correlation coefficient with two-tailed p value was calculated 
for bivariate cross-correlations within the total coliform and E. coli counts detected with each test 
method. The mean proportions of confirmed E. coli counts in the total coliform count detected in 
the samples for each test were computed together with the 95% CI.  
 
 
4.4.4 Prevalence and incidence of Giardia spp. and Cryptosporidium spp. infections in the 
Nordic countries (V) 
 
The statistical analyses were performed with the Statistical Package for Social Sciences 11.5 for 
Windows (SPSS Inc.), EpiInfo v6.04c PLUS for DOS (Centers for Disease Control and Prevention 
(CDC); Atlanta, GA, USA) and MS Excel 2002 (Microsoft) software. The statistical heterogeneity of 
the combined studies included in the meta-analysis were tested separately in four subsets (Giardia 
and Cryptosporidium in both asymptomatic and symptomatic subjects), using the chi-square (χ2) 
test (Equation 2) with the Poisson approximation (Potthoff and Whittinghill, 1966a; Potthoff and 
Whittinghill, 1966b; Böhning et al., 2002). The cases and number of study subjects in each subset 
were pooled and meta-analytic techniques were applied, using the RE model (Equation 3) with the 
DerSimonian-Laird (DSL, Equation 4) estimator (Bailar, 1995; Chalmers and Altman, 1995; Welch, 
2000; Böhning et al., 2002). The prevalences of Giardia and Cryptosporidium with the 95% exact 
binomial CIs were the primary outcome of the meta-analysis. The statistical heterogeneity between 
different studies was statistically significant if the p value for the χ2 test was < 0.05 at specific 
degrees of freedom (df). 
 
To further assess the statistical heterogeneity between studies of each subset (column), a test 
value H (Higgins et al., 2003b) was calculated as the square root of the χ2 test value divided by its 
df value and the 95% CI for H using Equation 5. Furthermore, a test value I2 was calculated 
(Equation 6) to estimate the percentage of total variation across studies that was due to statistical 
heterogeneity rather than chance (Higgins et al., 2003b).  
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Random effects (RE) model, 
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5. RESULTS 
 
5.1 Enteropathogens and indicators in surface water (I) 
 
5.1.1 Prevalence of enteropathogens and indicators in surface water (I) 
 
A total of 57 samples out of 139 (41.0%) were positive for at least one or more of the analysed 
enteropathogens (Campylobacter spp., Giardia spp., Cryptosporidium spp., or NVs). Of these 57 
positive samples, 46 had one of the analysed pathogens, while two pathogens were isolated from 
10 samples and three pathogens from one sample. The pathogens were isolated less frequently 
(3/30; 10.0%) during the winter (p < 0.05) than during other sampling periods. There was no 
significant difference (p > 0.05) found in prevalences of positive samples for pathogens between 
different types of sampling site: lakes or the Aura, Kokemäki, or other rivers. Of 30 individual 
sampling sites only one was negative for all enteropathogens studied in all five samplings. Ten 
sites were positive at one sampling only, 10 during two and nine sites during three samplings. 
None of the sites was positive for one or more of the analysed pathogens in all five samplings.  
 
Campylobacter spp. were isolated from 24 samples (17.3%) and were the most frequently isolated 
enteropathogens in this study. From 24 campylobacter-positive samples, 11 (45.8%) were typed to 
C. jejuni, six (25.0%) to C. lari and one (4.2%) to C. coli, while six (25.0%) of the strains were 
undetermined. The samples were positive for campylobacters more often during May 2001 (43.3% 
of samples positive) than during other samplings (p < 0.05). Lakes and the Aura River were 
significantly (p < 0.05) more often positive for campylobacters than the Kokemäki or other rivers.   
 
NVs were detected in 13 samples (9.4%), three of which were typed to genogroup I and 10 to 
genogroup II. There were no differences in prevalence of NV findings between sampling times, but 
the Kokemäki River was more frequently (p < 0.05) positive for NVs than other sampling site types. 
NVs were the only pathogens analysed that showed significant differences in occurrence among 
30 sampling sites; two separate river sites were more frequently (p < 0.01) positive for NVs than 
the remaining 28 sites.  
 
Giardia spp. were isolated from 19 (13.7%) and Cryptosporidium spp. from 14 (10.1%) of the 139 
samples. Both Giardia spp. and Cryptosporidium spp. were found more frequently during summer 
2001 and less frequently during winter 2001 than during the other sampling times (p < 0.05). No 
significant differences between proportions of positive samples at different types of sampling site 
were detected. 
 
The MPNs of E. coli were below the detection limit of the test used (one microbe per 100 ml) in 13 
samples (9.3%), while a total of 110 samples (79.1%) had an MPN for E. coli of 100 CFUs/100 ml 
or less. Only five samples (3.6%) had MPNs > 1000/100 ml. The MPNs of E. coli varied widely 
between individual samples; thus there were no significant differences (p > 0.05) in mean MPNs 
between sampling times or sites. However, the MPNs tended to be higher in the Aura and most 
other rivers than in the lakes and the Kokemäki River. A total of 44 samples (31.7%) were positive 
for C. perfringens and 47 (33.8%) for F-RNA bacteriophages. Clostridium perfringens was isolated 
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most frequently during autumn 2000 and spring 2001 (p < 0.05). No sample from the Kokemäki 
River was positive for C. perfringens. There were no differences (p > 0.05) in occurrence of F-RNA 
bacteriophages between different sampling sites, but phages were more often isolated during 
winter 2001 and less frequently during autumn 2001 (p < 0.05). 
 
 
5.1.2 Correlation between enteropathogens and indicators in surface water samples (I) 
 
The indicator parameters used in this study (turbidity, counts of thermotolerant coliforms, MPNs of 
E. coli and presence/absence of C. perfringens) showed significant cross-correlation (correlation 
coefficients 0.30-0.86, p < 0.05). However, the presence/absence of F-RNA phages showed no 
significant correlation (p > 0.05) with other parameters, except with turbidity and the MPNs of E. 
coli, in which there was low significant correlation (coefficients 0.30 and 0.21, p < 0.05). The 
presence of any analysed pathogen did not correlate significantly with the presence of other 
pathogens (p > 0.05 for Spearman’s correlation coefficients).  
 
Significant (p < 0.05) bivariate, nonparametric, Spearman’s rank order correlation coefficients and 
ORs were detected between various indicator parameters and pathogens in the samples. Based 
on these bivariate correlations, four variables (levels of E. coli and thermotolerant coliform counts, 
absence of C. perfringens and F-RNA bacteriophages) were selected for use in a multivariate 
logistic regression model in which the absence of E. coli, thermotolerant coliforms and C. 
perfringens showed a significant (p < 0.05) predictive value (ORs 1.15 x 108, 7.57 and 2.74, 
respectively) for a sample being negative for any of the analysed pathogens. 
 
 
5.2 Evaluation of water treatment devices (II, III) 
 
In general, the devices tested were able to remove the bacterial contaminants E. coli, Klebsiella 
pneumoniae, Enterobacter cloacae and sulphite-reducing clostridia from raw water, but failed in 
removal of bacteriophages used as models for viruses and in removal of microcystins. Water 
treatment based purely on physical filtration was not able to remove viral contaminants or 
cyanobacterial microcystins from heavily polluted raw water. Removal of C. parvum oocysts 
showed results similar to those shown in removal of bacteria, but some devices failed in 
purification and passed some oocysts into the purified water.  
 
Two of the water treatment devices tested were able to eliminate some or all of the BoNT type B 
from the inoculated influent water. The device based on RO removed > 2.3 log10 units of BoNT to 
the level below the detection limit of the mouse bioassay, and the experimental sand filter reduced 
the level of toxin by 0.3-1.3 log10 units. Those devices based merely on physical filtration through 
ceramic or membrane filters through 0.2-0.4-µm pores were not able to remove BoNT from the 
inoculated influent water (reduction < 0.1 log10 units), nor was the UV radiation from the low-
pressure lamp able to destroy the toxin. All treatment devices, except for the sand filter, reduced 
the level of total aerobic count from the inoculated water by > 3.3 log10 units (sand filter by 0.8 log10 
units).  
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5.3 Evaluation of tests for detection of botulinum toxin (III) 
 
Both commercial rapid EIA test kits determined that all the samples that were positive in the mouse 
bioassay were negative for BoNT; all samples negative in the mouse bioassay were also negative 
in the rapid EIA tests. The BoNT concentrations in influent and effluent water samples were 
extrapolated from the mouse bioassay results to be in the range of 3960-5985 ng/l in undiluted 
inoculated influent water and 100-fold higher in the TPGY broth used for inoculating the influent 
water. 
 
 
5.4 Evaluation of tests for detection of coliform bacteria and Escherichia coli (IV) 
 
The tests detected typical coliform bacteria as coliforms and detected no noncoliform species, e.g. 
Aeromonas hydrophila, as coliforms except on LTTC agar in which A. hydrophila reproduced as a 
yellow colony. All the tests detected the reference E. coli strain as E. coli.  
 
The m-Endo LES SFS 3016:2001 was the only method showing no statistically significant (p < 
0.05) differences between E. coli counts compared with the LTTC method ISO 9308-1:2000, 
whereas the Colilert 18 and Readycult showed significantly higher counts for E. coli than the LTTC. 
In general, those tests based on the analysis of a 1-ml sample (Petrifilm EC and DryCult Coli) 
showed weak sensitivity (39.5-52.5%) but high specificity (90.9-78.8%). When the results of E. coli 
detection were compared between test methods, the highest agreement (both tests either negative 
or positive) with the LTTC was calculated for the m-Endo LES (83.6%), followed by the Colilert 18 
(82.7%), Water-Check (81.8%) and Readycult (78.4%), whereas the Petrifilm EC (70.6%) and 
DryCult Coli (68.9%) showed the weakest agreement.   
 
 
5.5 Prevalence and incidence of Giardia spp. and Cryptosporidium spp. infections in the 
Nordic countries (V) 
 
The prevalences of both Giardia and Cryptosporidium infections were significantly (p < 0.05) lower 
in the asymptomatic than in the symptomatic population, with prevalences of 2.97% (95% CI: 2.64; 
3.31) and 5.81% (95% CI: 5.35; 6.30) for Giardia and 0.99% (95% CI: 0.81; 1.19) and 2.91% (95% 
CI: 2.71; 3.12) for Cryptosporidium. Thirteen studies were excluded from the meta-analysis, since 
these studies did not meet the a priori-defined inclusion criteria for random sampling or study 
subjects recruited from the general population. The studies showed significant methodological and 
clinical differences and thus attempts to generate any subgroup meta-analysis, e.g. within 
hospitalized patients or children in daycare, were not feasible. Even though remarkable variation 
was shown in prevalences between the various studies, the latter also displayed higher 
prevalences of both parasites in subpopulations compared with the general population in meta-
analysis.  
 
Even though the prevalences of both Giardia and Cryptosporidium were lower in the asymptomatic 
compared with the symptomatic population, the asymptomatic cases of Giardia and 
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Cryptosporidium represented a major proportion of the total annual cases (19 300 asymptomatic 
and 4670 symptomatic cases of Giardia per 100 000 population, for Cryptosporidium 9190 and 
3340, respectively. The difference between the asymptomatic and symptomatic cases was 
statistically significant (p < 0.05). For each registered Giardia case an estimated 867 unregistered 
symptomatic cases can be expected to occur annually per 100 000 population in Finland, 634 in 
Norway and 254 in Sweden. For Cryptosporidium the ratio was 1:15 181 in Finland and 1:4072 in 
Sweden.   
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6. DISCUSSION 
 
6.1 Enteropathogens and indicators in surface water (I) 
 
Our results showed that all the enteropathogens analysed could be detected in surface waters 
from lakes and rivers located in southwestern Finland. This was the first systematic study done in 
Finland in which enteropathogens representing different microbial groups: NVs as a model for 
enteric viruses, campylobacters as enteric bacterial pathogens, and Giardia spp. and 
Cryptosporidium spp. as models for resistant protozoan parasites, were analysed from diverse 
surface water sites during several consecutive seasons. The point prevalences of the various 
enteropathogens in our study as well as in all biological and environmental studies were dependent 
on sampling time and site, but the findings can serve as rough general estimates of their 
prevalences in surface water as a whole and give qualitative data for risk assessment.  
 
Possible seasonal or time-related variation in the occurrence of various groups of enteric 
pathogens in surface water appears to be dependent on the source of contamination and 
conditions facilitating contaminants discharged into surface water. If the major sources are sewage 
plants that treat human wastes, seasonal patterns similar to those found in human infections for a 
particular pathogen would be detected in effluents and downstream water samples (Kukkula et al., 
1999). If the watershed is contaminated by discharges stemming from agricultural runoffs, the 
highest numbers of zoonotic enteric pathogens would be found during the pasture season after 
snowmelt, floods and heavy rainfalls (Bodley-Tickell et al., 2002). Even though most of the NV 
infections in Finland occur, according to the Finnish Infection Register, in winter and early spring 
(Finnish National Public Health Institute, 2003), no clear winter peak in the number of samples 
positive for NVs was detected in our studies, but positive samples were nevertheless detected in 
all seasons.   
 
No evidence that enteric pathogens would be more frequent in certain types of surface water in 
Finland was obtained. There was, however, a trend for higher E. coli counts in the Aura and other 
rivers compared with lakes and the Kokemäki River, thus confirming the results of previous 
monitoring studies (Poikolainen et al., 1994; Niemi et al., 1997). There was also a tendency for 
higher turbidity counts in rivers (except the Kokemäki River) compared with lakes; this result 
reflects the general appearance of coastal rivers with high loads of inorganic material and clay in 
river waters combined with relatively low flow rates.  
 
Occurrence of the various pathogens did not significantly correlate with traditionally used faecal 
indicator parameters, counts or count levels for E. coli or thermotolerant coliforms per 100 ml, or 
turbidity value. In some studies a significant correlation was found between the level of 
thermotolerant coliforms and number of samples positive for certain pathogens (Arvanitidou et al., 
1997; Payment et al., 2000). However, poor correlation similar to that shown in the present study 
was also demonstrated elsewhere (Carter et al., 1987; Geldreich, 1996; Leclerc et al., 2001; Tillett 
et al., 2001). The presence/absence of correlation between faecal indicators and pathogens could 
reflect the occasional appearance of enteropathogens in surface waters and the varying survival 
and recovery rates of these pathogens compared with faecal indicators. One possible factor 
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affecting this low correlation could also be varying microbial densities in the original contamination 
source and therefore the failure to detect pathogens due to too small sampling volumes (Geldreich, 
1996; Hänninen et al., 2003). For detection of Giardia spp. and Cryptosporidium spp. a 10-l, for 
NVs a 1-l, and for Campylobacter spp., E. coli and thermotolerant coliforms a 100-ml volume was 
used. However, a significant predictive value was found for a sample being positive for one or 
more of the analysed pathogens if E. coli or thermotolerant coliforms were detected in the sample. 
In multivariable analysis a significant positive predictive value was also found for a sample being 
negative for all of the analysed pathogens if no E. coli or thermotolerant coliforms were detected in 
100-ml volumes. Therefore the presence/absence of E. coli and thermotolerant coliforms appears 
to be a better predictor for occurrence of enteropathogens than the specific microbial CFU levels of 
these microbes.   
 
A positive correlation between the presence of C. perfringens and a sample being positive for one 
or more analysed pathogens was detected, as was a positive predictive value for a sample being 
negative for all of the analysed pathogens if there were no C. perfringens detected. However, a 
considerable number of samples with absence of C. perfringens were simultaneously positive for 
some of the analysed pathogens and vice versa, which decreases the practical usability of C. 
perfringens as a reliable indicator for the presence of enteropathogens. The presence of F-RNA 
bacteriophages could not be linked with the presence of NVs or any other enteric pathogen in a 
sample, and therefore they cannot serve as reliable indicator organisms. There are some earlier 
studies on the correlation of F-RNA phages with NVs that have suggested bacteriophages as 
suitable indicators for enteric viruses (Havelaar et al., 1993; Duran et al., 2002). 
 
The occurrence of enteropathogens in surface waters is linked directly to potential contamination 
sources, while environmental conditions affect only the survival of these microbes in water. The 
presence of traditionally used faecal indicators, including thermotolerant coliforms and E. coli, has 
significant predictive value for the presence of the enteropathogens studied but no significant 
correlation was found between the specific CFU level of indicators and the presence of pathogens. 
Microbial monitoring of raw water using only faecal indicator organisms is not sufficient for 
assessment of the presence of a particular enteropathogen. 
 
 
6.2 Evaluation of water treatment devices (II, III) 
 
With regard to the treatment techniques of individual filters, the results coincided with their 
theoretical purification capacities and with the results of earlier studies on other drinking water 
treatment filters (Schlosser et al., 2001). Testing of water treatment filters simultaneously with 
indicator bacteria and bacteriophages as viral markers, protozoal oocysts and microbial toxins 
resulted in valuable information for safety assessment purposes. Comparison of marketing 
information with the test results revealed that some devices were advertised as being more 
efficient in removal of microbes and toxins than was found in our studies, while information from 
some manufacturers coincided closely with the test results. Some manufacturers stated in the 
marketing information that their products were able to decrease the counts of all bacteria (including 
E. coli) by 2-6 log10 units and parasites (including C. parvum oocysts) by 2-4 log10 units. Others 
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gave only a general statement of removal capacity or stated that the device was not able to 
remove viruses. Only one device based on RO was advertised as able to remove “harmful viruses 
and chemicals from raw water”. This device indeed was the only one that removed F-RNA phages 
under the detection limit and microcystins under the guide value 1 µg/l for microcystin in drinking 
water (World Health Organization, 2004). In the present study the construction or robustness of 
each device was not tested. Information on this aspect could be obtained through operational tests 
under various climatic and environmental conditions. In addition to the fundamental treatment 
technique, the construction of devices and cleaning and maintenance procedures may play 
important roles in the final purification capacity. 
 
Testing of the water treatment devices resulted in information crucial to the assessment of drinking 
water safety and security. Based on the present studies the only technique available for portable 
devices capable of eliminating BoNT from drinking water is RO. To some extent sand filtration 
could be effective in reducing biotoxins, as suggested here and in studies on microcystin removal, 
but this most probably is strongly dependent on the thickness of the sand bed and properties of the 
sand used (Lahti et al., 2001; Rapala et al., 2002b). 
 
In the present study, the 254-nm UV radiation produced by the low-pressure lamp was not able to 
degrade BoNT in the water. Some studies indicated that direct sunlight can degrade BoNT totally 
in 3 h (U.S. Army Medical Research Institute of Infectious diseases, 2001). Probably the 
degradation process required broad-spectrum UV radiation coupled with the oxidative spectrum 
produced by high-pressure UV lamps. Activated carbon combined with filtration through ceramic 
filters did not affect toxin removal in this study (III). A single previous study showed activated 
carbon to be effective against BoNT type A in water samples (Gomez et al., 1995), but the removal 
was apparently due to the amount and type of activated carbon used as well as to the flow rate of 
the water and contact time with the carbon. In the present study, the activated carbon was either in 
the form of a thin layer or in a relatively small cartridge.  
 
 
6.3 Evaluation of tests for detection of botulinum toxin (III) 
 
The rapid EIA tests for detection of BoNT showed poor performance compared with the results of 
the standard mouse bioassay. Even the primary growth medium with toxic C. botulinum cultures at 
estimated BoNT concentrations of 396 000-598 500 ng/l appeared to be negative for BoNT when 
evaluated with the rapid EIA tests. It can be estimated from the toxicological data that only 1.2-1.8 
ml of this broth constitutes the oral lethal dose for a 70-kg human being (Gill, 1982; Schechter and 
Arnon, 2000; Arnon et al., 2001). Intentional contamination of drinking water and water supply 
systems will apparently result in concentrations remarkably lower in distributed drinking water than 
in pure bacterial culture (Burrows and Renner, 1999). However, the total intake of the toxin can still 
cause symptoms or death due to the total amount of water ingested. Therefore, the usefulness of 
these rapid tests is very limited due to failure to detect lethal concentrations of toxin in drinking 
water. The negative test results will be misleading and may result in casualties if intentional release 
of BoNT into drinking water supplies has been committed. 
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6.4 Evaluation of tests for detection of coliform bacteria and Escherichia coli (IV) 
 
The present results with the MF m-Endo LES method SFS 3016:2001 were consistent with those 
obtained with the LTTC method ISO 9308-1:2000 for coliforms and E. coli detection in water 
samples. The defined-substrate Colilert 18, Readycult and Water Check methods attained levels of 
sensitivity and specificity in E. coli detection similar to those in the LTTC method. However, the 
Colilert 18 and Readycult methods detected higher E. coli counts in E. coli-positive samples 
compared with the LTTC method. The higher E. coli counts detected with these tests were most 
probably due to the ability of the test media to induce recovery of injured and stressed coliforms 
and E. coli in the samples (McFeters et al., 1993; McFeters et al., 1995). The MF procedure is also 
known to reduce the recovery of the target organisms (Standridge and Delfino, 1982; Brenner and 
Rankin, 1990). The bivariate correlation between the Colilert 18 and Readycult methods was highly 
significant both for detected total coliforms and E. coli in the water samples. To our knowledge, this 
study was the first to describe the Readycult method modified for use as an MPN method. 
 
These results are consistent with the methodological principles of test methods that have identical 
detection targets. Both MF methods are based on the same confirmation procedures and both the 
Colilert 18 and Readycult methods are based on the same defined substrates, e.g. the production 
of indole versus β-glucuronidase used in E. coli detection. Thus, the MF and defined-substrate 
tests do not detect the metabolically exact same organisms, and therefore detailed comparison of 
the equivalence between these two methods is not possible (Niemi et al., 2001; Niemelä et al., 
2003; International Organization for Standardization, 2004). However, we were able to show that 
the defined-substrate methods Colilert 18 and Readycult were able to attain at least the same 
sensitivity as the reference MF methods used in E. coli detection.  
 
Those tests based on use of a ready-made culture medium and analysis of a 1-ml sample failed to 
attain the level of sensitivity in E. coli detection shown in the reference MF method. Furthermore, 
these tests showed no significant correlation in coliform or E. coli detection between each other or 
between other evaluated tests. These results were most probably due to the uncertainty caused by 
analysis of the small 1-ml volumes compared with the 100-ml reference volume (Rompre et al., 
2002; Vail et al., 2003).   
 
Based on this evaluation study, the Colilert 18, Readycult and Water Check methods are all 
suitable for coliform and E. coli detection both under field conditions and in routine use in the water 
industry. These tests are labour-saving, easy to perform and able to give final results within 24 h. 
When the numbers of E. coli counts detected in water samples are compared, the results given by 
the Colilert 18 and Readycult methods are equal to, if not greater than those given by the reference 
MF ISO 9308-1:2000 method. 
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6.5 Prevalence and incidence of Giardia spp. and Cryptosporidium spp. infections in the 
Nordic countries (V) 
 
This is the first study to give a general estimate for the prevalences of Giardia and Cryptosporidium 
in the general population from the Nordic countries of Denmark, Finland, Norway and Sweden. The 
prevalences obtained were relatively low, both in the asymptomatic and symptomatic populations 
in all countries. However, the annual numbers of Giardia and Cryptosporidium cases were higher 
than would be expected based on these low prevalences. Furthermore, the majority of annual 
cases remain undetected and unregistered in the national surveillance registers of infectious 
diseases.  
 
Meta-analytical studies have been widely used for analysis of the relationships between various 
environmental exposures and clinical or other outcomes (Halvorsen et al., 1992). Our study, in 
which we used separate prevalence studies to generate general estimates for the prevalence and 
incidence of the protozoan enteropathogens Giardia and Cryptosporidium in the Nordic countries, 
is an application of the meta-analytical approach for which there are a very limited number of 
published studies. Caution must be observed when comparing or combining epidemiological 
studies due to potential biases caused by heterogeneity in the study population, case definitions, or 
laboratory diagnostics, as well as time-related differences.  
 
The prevalences obtained for Giardia and Cryptosporidium in the meta-analysis were relatively 
low, both in the asymptomatic and symptomatic members of the general population, although both 
parasites were statistically more prevalent in the latter. Similar prevalences have been detected in 
a sentinel study in Netherlands (Wit de et al., 2001). Epidemiological studies performed in 
immunocompromised or other subpopulations show a tendency toward higher prevalences in 
these populations compared with the general population (Castor, 1981; Ranki et al., 1985; Jokipii 
et al., 1985b; Benzeguir et al., 1999). When parasitological screening tests or monitoring surveys 
are planned, the number of subjects needed to be screened to find a positive case in the general 
asymptomatic population can be estimated to be 30-38 for Giardia and 84-123 for 
Cryptosporidium. In screening of immunocompromised subjects, the number screened can be 
estimated to be as low as 3-34 for Giardia and 9-108 for Cryptosporidium.  
 
One factor bearing an impact on estimation is the prevalence of persons having gastrointestinal 
symptoms at certain time points in the general population. The estimate used in this study was 
obtained from a study undertaken in the USA (Herikstad et al., 2002), and with reasonable 
presumption this estimate could also be utilized in the Nordic countries. This factor bears impact 
especially on the estimated number of annual Cryptosporidium cases: the higher the proportion of 
the symptomatic subpopulation the higher the annual number of Cryptosporidium cases in the 
general population. The other factor impacting the annual number of estimated incidences of cases 
is the duration of (oo)cyst excretion. In the present study an estimate of excretion included a 
combination of (oo)cyst excretion during the symptomatic phase followed by a 2-week 
asymptomatic excretion phase (Centers for Disease Control and Prevention, 2001; Centers for 
Disease Control and Prevention, 2003). A significant proportion of Giardia and Cryptosporidium 
infections in the general population will be asymptomatic. The estimate of annual incidence of 
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giardiasis and cryptosporidiosis is here based on the assumption that the point prevalence of these 
diseases is constant throughout the year. 
 
Registration and surveillance systems in the Nordic countries vary and Giardia and 
Cryptosporidium are not included in the national lists of notifiable diseases in all countries. 
Diagnosis of cryptosporidiosis requires specific methods such as modified acid-fast or 
immunofluorescence staining of the oocysts (Marshall et al., 1997), which are not included in 
routine microbiological analysis of patients with diarrhoea but instead must be specifically 
requested. As estimated in our study, the majority of Giardia and Cryptosporidium infections in the 
general population remains undetected and unregistered and only a small number will annually be 
reported in national registers for infectious diseases. A remarkable finding is that despite the lower 
prevalence of Cryptosporidium, a relatively smaller proportion of Cryptosporidium cases will be 
detected and registered. This finding is consistent with a previous study done in New York in which 
it was estimated that for every three cases registered, 10 000 cases remained undetected and 
unregistered in the general population (Perz et al., 1998). This factor of underreporting was also 
discussed in other studies (Marshall et al., 1997; Wheeler et al., 1999; Nygård et al., 2003). 
 
Domestic outbreaks reported in the Nordic countries as caused by Giardia or Cryptosporidium are 
rare (Kettis and Thoren, 1974; Pohjola et al., 1986b; Neringer et al., 1987; Ravn et al., 1991; 
Ljungström and Castor, 1992; Tjernström et al., 1992), and this finding supports the relatively low 
prevalence of these parasites. However, Giardia and Cryptosporidium appear to be endemic to the 
Nordic countries and since domestic epidemics do occur, however infrequently, parasites can be 
isolated in the Nordic environment, such as sewage sludge (Rimhanen-Finne et al., 2001; Ottoson 
and Stenström, 2003), surface water (Robertson and Gjerde, 2001; Rimhanen-Finne et al., 2002), 
and in animal reservoirs (Viring et al., 1993; Laakkonen et al., 1994; Iburg et al., 1996; Enemark et 
al., 2002), and not all sporadic cases can be linked to known risk factors, such as travelling abroad 
or animal contacts (Wester et al., 1963; Jokipii et al., 1983; Jokipii et al., 1985a; Pohjola et al., 
1986a).  
 
We were able to provide data for estimation of the importance and risk for public health caused by 
Giardia and Cryptosporidium in the Nordic countries. Both these parasites can cause significant 
morbidity with low infective doses, even for fully immunocompetent persons (Petersen, 1972; 
Dillingham et al., 2002), but especially for young, old, pregnant and immunocompromised persons 
(Dillingham et al., 2002). Only recently has medication been available against cryptosporidiosis in 
humans (White, Jr., 2003). Due to their capacity for survival in the environment and for zoonotic 
spreading, these parasites can pose a significant risk for public health, especially through 
contaminated drinking water. Most cases of giardiasis and cryptosporidiosis in human populations 
are assumed to be caused through contaminated drinking or recreational water (Marshall et al., 
1997; Slifko et al., 2000). When a sensitive subpopulation increases, especially the elderly in 
society, the role these parasites play may become more prominent in the general population and 
the disease burden in the general population caused by these parasites may increase.  
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7. CONCLUSIONS 
 

1. In all, 41.0% (57/139) of the surface water samples were positive for at least one of the 
analysed pathogens: 17.3% positive for campylobacters (45.8% Campylobacter jejuni, 
25.0% C. lari, 4.2% C. coli and 25.0% Campylobacter spp.), 13.7% for Giardia spp., 10.1% 
for Cryptosporidium spp. and 9.4% for noroviruses (23.0% genogroup I and 77.0% 
genogroup II). During the winter season the samples were significantly (p < 0.05) less 
frequently positive for enteropathogens than during other sampling seasons. No significant 
differences were found in the prevalences of enteropathogens between rivers and lakes.  

 
2. The presence of thermotolerant coliforms, Escherichia coli and Clostridium perfringens 

showed significant bivariate, nonparametric, Spearman’s rank order correlation coefficients 
(p < 0.001), with a sample being positive for one or more of the analysed enteropathogens. 
Absence of these indicators in a logistic regression model had significant predictive value 
(ORs 1.15 x 108, 7.57 and 2.74 respectively, p < 0.05) for a sample being negative for the 
analysed enteropathogens. No significant correlations were observed between counts or 
count levels of thermotolerant coliforms, E. coli or presence of F-RNA phages and 
enteropathogens in the analysed samples. 

 
3. In general, the water treatment devices tested were able to remove bacterial contaminants 

by 3.6–6.9 log10 units from contaminated raw water. Those devices based only on filtration 
through pores 0.2–0.4 µm or larger failed in viral and chemical purification. Only one 
device, based on reverse osmosis, was capable of removing F-RNA phages at 
concentrations under the detection limit and microcystins by 2.5 log10 units. Simultaneous 
testing for various enteropathogenic and indicator microbes and microcystins was a useful 
and practical way to obtain data on the purification capacity of commercial small-scale 
drinking water filters. 

 
4. Water treatment devices based on filtration through ceramic or membrane filters with pore 

size of 0.2-0.4 µm or radiation from low-pressure UV lamp (254 nm) failed to remove 
botulinum neurotoxin (BoNT) from raw water (reduction < 0.1 log10 units). A single device 
based on reverse osmosis was capable of removing the BoNT to a level below the 
detection limit of the mouse bioassay (reduction > 2.3 log10 units). The two rapid enzyme-
immune assay tests intended for the detection of BoNT failed to detect BoNT from aqueous 
samples containing an estimated concentration of BoNT of 396 000 ng/l. 

 
5. The m-Endo LES SFS 3016:2001 was the only method showing no statistical difference in 

E. coli counts compared with the reference, lactose Tergitol-7 (LTTC) ISO 9308-1:2000, 
whereas the Colilert 18 and Readycult methods gave significantly higher counts for E. coli 
than the LTTC. When the results of E. coli detection were compared between test methods, 
the highest agreement (both tests negative or positive) with the LTTC was calculated for 
the m-Endo LES (83.6%), followed by the Colilert 18 (82.7%), Water-Check (81.8%) and 
Readycult (78.4%), whereas the Petrifilm EC (70.6%) and DryCult Coli (68.9%) showed the 
weakest agreement. In general, those tests based on the analysis of a 1-ml sample 
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(Petrifilm EC and DryCult Coli) showed weak sensitivity (39.5-52.5%) but high specificity 
(90.9-78.8%). 

 
6. In combining the data of 13 clinically and methodologically nonheterogeneous studies 

published before 2004, using the random effects model with the DerSimonian-Laird 
estimator, we estimated the prevalence of Giardia cases in the asymptomatic (i.e. no 
gastroenteric symptoms) general population in the Nordic countries to be 2.97% (95% CI: 
2.64; 3.31) and in the symptomatic population 5.81% (95% CI: 5.34; 6.30). For 
Cryptosporidium the prevalences were 0.99% (95% CI: 0.81; 1.19) and 2.91% (95% CI: 
2.71; 3.12), respectively. In analysing the data, we estimated that there will be 4670 (95% 
CI: 4300; 5060) symptomatic cases of Giardia and 3340 (95% CI: 3110; 3580) of 
Cryptosporidium annually per 100 000 general population in the Nordic countries. The vast 
majority of cases will remain unregistered in the national registers of infectious diseases, 
since for single registered cases there will be 254-867 cases of Giardia 
undetected/unregistered and 4072-15 181 cases of Cryptosporidium. 
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