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SuMMary

SuMMary

Groundwater represents the quantitative most important fresh-
water resource on our planet. Generally well protected by over-
laying soil and sediment layers, it is a valued source for drin-
king water. Along with demographic development and global 
change the quality of groundwater is increasingly challenged 
by anthropogenic impacts including the direct and indirect in-
troduction of potentially harmful pathogenic microorganisms 
and viruses. Does this pose a new risk to human health? This 
review paper provides a brief summary on (1) the diversity of 
pathogens continuously or occasionally found in groundwater, 
(2) their sources and ways of entry to groundwater systems, (3) 
their transport and attenuation, as well as (4) their survival and 
potential growth in aquifers. Further sections of the paper focus 
on (5) drinking water contamination and disease outbreaks, (6) 
developments in pathogen detection and the use of indicator 
organism. Finally, the report (7) highlights knowledge gaps and 
open research questions and provides recommendations for sa-
feguarding groundwater and drinking water resources.
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1. introDuCtion

Groundwater is one of men’s most important sources for life. 
Globally groundwater accounts for approximately one third of 
all freshwater resources and represents around 99% of availab-
le freshwater (UNESCO 1999; Danielopol et al. 2003). In most 
countries worldwide it is used as the main source of drinking wa-
ter. Groundwater usage in Europe ranges from only 13% in Nor-
way up to 100% in Denmark, Lithuania and Austria (EEA 1999; 
UNECE 1999; Ashbolt 2004; WHO 2006; BGR 2007). The ave-
rage proportion of groundwater as drinking water in US states is 
about 65% and hence quite similar to the European consump-
tion. In Germany, about 70% of the drinking water derives from 
aquifers. However, there is a huge variation between the federal 
states, with Bremen, Hamburg, Saarland and Schleswig-Holstein 
as the top groundwater consumer states (100%), whereas the 
proportion of groundwater in drinking water in Berlin and Saxo-
ny is only about 25% and 33%, respectively (BGR 2007).

There is logic behind the utilization of groundwater as drinking 
water source. Naturally, groundwater ecosystems are well pro-
tected by overlaying soil and sediment layers. Water from preci-
pitation recharging aquifers needs to pass these zones which act 
as effective mechanical and biological filters, hence providing a 
natural clean-up of newly generated groundwater. In aquifers, 
the biological components, mainly microorganisms, provide the 
valuable ecosystem services of water purification and storage 
at high quality for decades and centuries (Herman et al. 2001; 
Avramov et al. 2010). Nevertheless, today groundwater faces in-
creasing threats from anthropogenic impacts (Sampat 2000), 
including contamination with pathogenic microorganisms and 
viruses (Pedley and Howard 1997). Thus, although drinking 
water in Germany is the best controlled food (Bundesregierung 
2009) and therefore generally considered to be safe, there is 
a steady and possibly increasing risk for human health from 
contaminated groundwater.

Groundwater for a long time has been thought completely free 
of microbial contaminants and viruses, believing that vertical 
transport times are long enough and microbial survival too short 
to reach the aquifers. However, the risks of water contaminati-
on are obvious when having a look at the manifold small and 
huge endemic outbreaks from pathogenic microbes and viruses 
in the last two centuries which could be linked to contaminated 
groundwater and drinking water consumption (Andersson and 
Bohan 2001; OECD 2003; Craun et al. 2006; Craun et al. 2010). 
Today, there is no doubt that pathogenic microorganisms and 
viruses can be found everywhere in the environment. Some re-

levant pathogenic microorganisms even became or always have 
been members of natural microbial communities (e.g. species 
of the genus Legionella; Fliermans et al. 1981; Fliermans 1996; 
Steinert et al. 2002). Others may survive for years and decades 
or even reproduce in the environment. There are multiple sour-
ces of contamination including wastewater entering different 
environmental compartments and manure applied to fields in 
agricultural areas. Pressures on terrestrial and aquatic environ-
ments may increase in the future due to global change. It may 
be suggested that pathogenic microorganisms and viruses will 
more often enter soil, river banks and aquifers along with irregu-
lar storms, flood and drought events (Foster and Chilton 2003; 
Schwarzenbach et al. 2010). The efficiency of natural attenua-
tion of pathogenic agents in soils, vadose zone sediments and 
porous, fissured or karst aquifers is highly dependent on the 
matrix characteristics and environmental conditions. In regions 
with thin soil layers, fractured rocks or in karst regions, aquifers 
are especially vulnerable to contamination. In contrary, exten-
ded soil layers are a good protection shield against pathogens 
entry. More specific, biologically active environmental compart-
ments, such as soils, often have been observed to support fast 
and efficient pathogen elimination (Hurst et al. 1980; Hurst 
1988; Nasser et al. 2002). Unfortunately, hardly any of the va-
rious antagonistic biological processes have been elucidated in 
detail. Thus, it is in time to newly interpret information available 
on pathogens ecology and reconsider strategies in groundwater 
and drinking water protection as well as current standards in 
water quality control and drinking water treatment.
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2. SourCeS anD entry

Due to growing populations and expanding land use, sources 
of pathogen contaminated wastes steadily increase hence also 
raising the potential pollution of groundwater reservoirs with 
infectious agents all around the world. This is mainly true for 
pathogens originating from human and animal faeces. Sources 
of faecal contamination in groundwater potentially include (i) 
leakage from on-site sanitation systems such as septic tanks or 
sewers, (ii) underground storage tanks, (iii) disposal systems, (iv) 
animal manure and compost, and (v) from (accidental and non-

accidental) wastewater discharge or (vi) sewage sludge applied 
to fields in agricultural areas (Reynolds and Barrett 2003; Gerba 
and Smith 2005; Arnone and Walling 2007; Fig. 1). Additio-
nally, (vii) surface waters receiving treated or untreated sewage 
from human sources or livestock enterprises and discharge from 
non-point sources like urban and agricultural runoff are a stea-
dy source and reservoir of pathogenic agents (Kirschner et al. 
2009).

River

Sources

Entry

Storm water runoff
Agricultural manure

Leaking sewers

Improper wastewater treatment,
pathogens in receiving waters

Leakage from
septic tanks

Unsaturated Zone

Fractured rocks, karst Soils and sediments

Aquifer

Fig. 1: Major sources of faecal pathogens and potential entry paths to groundwater.
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Today’s sewage treatment plants are highly efficient in remo-
ving and transforming most organic and inorganic pollutants 
contained in wastewater; with some exceptions. Although the 
number of (potentially) pathogenic microorganisms and viruses 
contained in raw wastewater is reduced by 1-3 orders of mag-
nitude during classical treatment, the elimination processes are 
incomplete leading to a continuous release of pathogens to the 
recipient and surface waters (Hirn 1980; Omura et al. 1989; 
Rose et al. 1996; George et al. 2002).

Especially during periods characterized by increased bacterial 
and viral infections in the population (e.g. winter time in Germa-
ny), the incoming numbers of pathogens in wastewater may rise 
dramatically. A person that is infected with Campylobacter may 
excrete between 1 x 106 and 1 x 108 bacteria per gram faeces 
(Taylor et al. 1993). Assuming 200 g of faeces being produced 
by a person each day, this accounts for 2 x 108 to 2 x 1010 Cam-
pylobacter specimen. The numbers are even higher with viruses. 
The faeces of a person infected with Adenovirus may contain 
up to 1 x 1011 virus particles per gram (Wadell 1984; Albert 
1986). A possible cycle between increased numbers of patho-
genic agents released with faeces from infected persons to was-
tewater treatment plants and consequently surface waters and 
groundwater and the distribution of these agents with drinking 
water is currently discussed (e.g. Soddemann, pers. comm. 2010; 
see also section 6).

Sources of pathogens, which verifiable caused epidemic out-
breaks of waterborne diseases are most often related to im-
proper management of wastewater disposal being the top-of-
the-list responsible cause of direct pathogens entry to aquifers 
(Lawson et al. 1991; Kukkula et al. 1997; Willocks et al. 1998). 
In the US leaked septic fluids from tanks or cesspools, compared 
to all human sources, account for the highest overall quanti-
ty of wastewater discharged directly to groundwater, and are 
therefore a major concern regarding the potential risks to hu-
man health (Miller 1980; Yates 1985; Bloetscher and Van Cott 
1999). In comparison, other point sources, such as leachates 
associated with land disposal of industrial and human wastes, 
are of only minor concern related to groundwater contaminants 
(Miller 1980; Ritter et al. 2002).

A serious source of pathogens entering soils and groundwater is 
diffuse contamination (= non-point sources), for example from 
spreading of manure to fields and crops. Similar to human fa-
eces, animal manure may contain high concentrations of patho-
genic organisms (>106 per gram of faeces) including bacteria, 
viruses, protozoa and helminths, potentially causing zoonotic di-

seases in humans (Cotruvo et al. 2004; Gerba and Smith 2005). 
This poses a serious risk for human health in rural areas (Bian-
chi and Harter 2002; Cotruvo et al. 2004), arising for example 
from frequent contamination of private wells that are used for 
drinking water supply of farms. A statistical evaluation of 1,200 
rural farms in the US revealed that approximately one-third of 
the private wells were, from a hygienic and bacteriological point 
of view, contaminated (Goss and Barry 1995).

Outbreaks of waterborne diseases in developing countries fre-
quently correlate with flooding events resulting in a direct pul-
se response of shallow groundwater contamination to rainfall 
(Godfrey et al. 2005). Similar in Europe, strong rainfalls after 
the application of manure foster the contamination of shallow 
groundwater. In urban areas run-off from the mainly sealed sur-
face captured in the public drainage system often exceed wa-
ter holding capacities of water treatment plants. Consequently, 
flooding of sewage plants results in high loads of pathogens 
in the recipient. Additionally, public water drainage systems 
discharge their surplus untreated into nearby surface waters. 
Further down the line, floods trigger the fast import of water 
carrying contaminants including pathogenic agents into bank 
sediments and aquifers. 

The ex-filtration of wastewater and thus the release of patho-
gens into groundwater via leaking sewers is a common source 
in urban areas. A significant proportion of wastewater is lost 
to the underground during transport from households and in-
dustry to water treatment plants. Investigations from the late 
1980s documented potential sewage ex-filtration at a length of 
about 22% of the total sewer system in Germany. For Munich 
the amount of wastewater loss was estimated with 5% of the to-
tal sewer flow (Reynolds and Barrett 2003). Subsequent studies 
in Germany estimated the yearly leakage of wastewater from 
partly damaged sewage systems into soil and groundwater with 
several 100 million m3 (Eiswirth and Hötzl 1997). These values 
underline the continuous contamination of groundwater in ur-
ban areas. There is also a small risk of cross contamination since 
underground drinking water distribution networks in Germany 
are often in close vicinity to sewage pipes, and are suggested to 
have a similar frequency of leaks.

Proper wastewater management, modern sanitation and 
groundwater protection strategies efficiently contribute to a 
reduction of pathogen entry into the subsurface. This is often 
not implemented in developing countries. Consequences of po-
verty and overpopulation are becoming most noticeable in pro-
blems related to hygiene and sanitation. Sanitation standards 
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are often outdated and insufficient and most of the sewage is 
discharged to the environment without any treatment (UNESCO 
1999). Groundwater and/or drinking water in these regions dif-
fer fundamentally in its quality from what is generally served 
in developed countries (Schwarzenbach et al. 2010). More than 
half of the world's population will still not be connected to pu-
blic sewerage systems in the next 20 years (UNESCO 2009).
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3.  DiVerSity of PatHoGenS in GrounDWater  
anD relateD DiSeaSeS

Groundwater is an active and quantitatively very important 
component of the hydrological water cycle. Pathogens which 
appear in soil and surface waters, regularly or at least occasio-
nally enter aquifers. It is therefore not surprising that most of 
the known pathogenic microorganisms and viruses have been 
found in groundwater. 

3.1 baCteria

There is a great diversity of pathogenic bacterial groups and 
species potentially harmful to human health, of which represen-
tatives are frequently detected in groundwater and even drin-
king water. The majority’s natural habitat is the gastrointestinal 
tract of humans and animals which they leave unintentionally 
via the excretion of faeces. Most known pathogenic bacteria 
belong to the family Enterobacteriaceae. Members of the Entero-
bacteriaceae are not necessarily pathogenic. Many representa-
tives are widely distributed in soils and aquatic environments 
(Stevens et al. 2003). The most prominent members of the En-
terobacteriaceae are the coliforms including a heterogeneous 
mix of different genera and species which vary considerably in 
terms of their pathogenic properties and virulence. Members of 
the coliform group, including the total coliform bacteria, the 
thermotolerant coliform bacteria, Escherichia coli and faecal 
streptococci are to date the most important indicators of faecal 
contamination (Gleeson 1997; Ashbolt et al. 2001; Leclerc et al. 

2001). A common characteristic of this group is the growth at 
37°C. Thermotolerant coliforms, including E. coli, are even able 
to grow at up to 44°C (WHO 2006). Among the pathogenic re-
presentatives of the Enterobacteriaceae are several E. coli strains 
responsible for severe infections, namely enteropathogenic E. 
coli (EPEC), enterotoxic E. coli (ETEC) and enterohaemorrhagic E. 
coli (EHEC) (Nataro and Kaper 1998). The Enterococcus group, 
a subgroup of the faecal streptococci is known to be, within the 
coliforms, most resistant to environmental conditions and chan-
ges and carry resistances to several antibiotics (McFeters et al. 
1974; Hartke et al. 1998; Sapkota et al. 2007). One member of 
this group, E. faecalis, tolerates high temperatures (up to 45°C), 
high pH values (9.6), and high salt concentrations (up to 6.5% 
sodium chloride) and is therefore also a valuable bacterial in-
dicator for determining the extent of faecal contamination of 
water (Foulquie Moreno et al. 2006; Farnleitner et al. 2010). The 
coliform group and its advantages and disadvantages as indica-
tors are discussed in more detail in section 7.

Further typical bacterial pathogens distributed by the faecal-oral 
route and occasionally found in groundwater include species of 
Salmonella and Shigella, and, emerging mainly in developing 
countries, species of Vibrio with Vibrio cholerae being the most 
prominent representative. The genus Salmonella and Shigella 
are also members of the Enterobacteriaceae, however, they are 
not considered coliforms.

PatHoGen Major DiSeaSeS SourCeS

Bacteria

Escherichia coli Gastroenteritis, Haemolytic Uraemic Syndro-
me (enterotoxic E. coli)

Human faeces

Salmonella spp. Enterocolitis, endocarditis, meningitis, pericar-
ditis, reactive arthritis, pneumonia

Human and animal faeces

Shigella spp. Gastroenteritis, dysentery, reactive arthritis Human faeces

Campylobacter jejuni Gastroenteritis, Guillain-Barré syndrome Human and animal faeces

Yersinia spp. Diarrhoea, reactive arthritis Human and animal faeces

Vibrio cholerae Cholera Human faeces and freshwater zooplankton

Legionella spp. Pneumonia (Legionnaires’ disease) Thermally enriched water

Pseudomonas aeruginosa Pneumonia, urinary tract infections, bactere-
mia

Soil and water

Mycobacterium spp. Pulmonary disease, skin and soft tissue 
disease

Soil and water

Table 1: Pathogens found in groundwater.
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As shown in Table 1 several pathogenic bacteria are causing 
acute gastrointestinal illness. The outbreak of disease is caused 
through growth inside the host (e.g. Salmonella) or by release 
of toxins (e.g. Campylobacter, Shigella and some species of E. 
coli). Newly recognized pathogens from faecal pollution include 
Campylobacter and Yersinia (Szewzyk et al. 2000). Outbreaks 
of campylobacteriosis show an increasing trend (USEPA 2006). 
Exclusively carried and shed by humans, contaminations with 
Shigella are less widespread than contaminations with E. coli.

There are numbers of other pathogens of serious health concern 
readily detected in the environment. For example, different spe-
cies of Staphylococcus, a common antibiotic resistant organism, 
are often found biofilm-associated (Hall-Stoodley et al. 2004; 

Singh et al. 2009). They are frequently disease triggers of severe 
chronic infections in hospitals. Their occurrence in groundwater 
could be documented by a study on a large number of wells in 
Turkey. Staphylococcus was found in about 30% of all ground-
water samples tested (Aydin 2007).

Half of the world's population is assumed to be infected with  
Helicobacter pylori and in developing countries even 70 to 90% 
of the population seems to carry this pathogen (Dunn et al. 1997). 
Infections are harmless in the majority of cases, however, part of 
the infected individuals suffer from chronic gastritis or even gas-
tric cancer (Ernst and Gold 2000). The potential transmission of 
H. pylori via drinking water was supported by epidemiological 
studies in developing countries but also independent findings of  

Viruses

Poliovirus Poliomyelitis Human faeces

Coxsackievirus Fever, pharyngitis, rash, respiratory disease, 
diarrhoea, haemorrhagic conjunctivitis, myo-
carditis, pericarditis, aseptic meningitis, en-
cephalitis, reactive insulin-dependent diabetes

Human faeces

Echovirus Respiratory disease, aseptic meningitis, rash, 
fever

Human faeces

Enteroviruses 68-71 Polio-like illness, aseptic meningitis, hand, 
foot and mouth (E71), epidemic conjunctivitis 
(E70)

Human faeces

Hepatitis A Fever, nausea, jaundice, liver failure Human faeces

Hepatitis E Fever, nausea, jaundice Human faeces

Norovirus (Norwalk virus) Gastroenteritis Human faeces

Calicivirus Gastroenteritis Human faeces

Astrovirus Gastroenteritis Human faeces

Sapovirus Gastroenteritis Human faeces

Orthoreovirus Gastrointestinal and upper respiratory disease Human faeces

Rotavirus A and C Gastroenteritis Human faeces

Coronavirus Gastroenteritis Human faeces

Adenovirus Respiratory disease, gastroenteritis Human faeces

Protozoa

Cryptosporidium parvum Cryptosporidiosis (gastroenteritis) Water, human and other mammal faeces

Giardia lamblia Giardiasis (chronic gastroenteritis) Water and animal faeces

Entamoeba histolytica Dysentery Human and animal faeces

Acanthamoeba spp. Encephalitis, Keratitis Human faeces

Naegleria fowleri Meningoencephalitis Warm water

Toxoplasma gondii (congenital) Toxoplasmosis (Encephalitis) Human and animal faeces

Resource: Adapted from Macler and Merkle 2000; Ashbolt 2004.
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H. pylori in Europe and the USA provided evidence for infection 
via well water (Engstrand 2001; Park et al. 2001; Krumbiegel et 
al. 2004). Nevertheless, more data are needed on the occurrence 
of this pathogen in the environment and explicitly in groundwater.

There are a few pathogenic and potentially pathogenic bacteria 
that naturally occur in aquatic environments, reproducing wi-
thout any specific host, e.g. members of the genus Legionella, 
Pseudomonas aeruginosa and several species of the genus Myco-
bacterium (Riffard et al. 2001; Leclerc et al. 2002; Brooks et al. 
2004). These may cause infectious disease, however, mainly in 
compromised and only rarely in healthy individuals (Rusin et al. 
1997; Falkinham et al. 2001; Sharma et al. 2003; Ashbolt 2004; 
Fok 2005). Infecting their host they take opportunity of weake-
ned defence mechanisms and hence are called opportunistic mi-
croorganism. They typically inhabit surface waters or appear to 
grow in biofilms in water pipes causing regular problems in drin-
king water distribution systems. Representatives of Pseudomonas 
and Mycobacterium potentially cause pneumonia or skin diseases 
(Tab. 1). Growth of several species of Legionella is best in warm 
waters, in-house hot water systems and cooling towers (Park et 
al. 2003). A potentially new habitat are zones of aquifer ther-
mal heat storage, areas in the subsurface to which warm water is 
pumped during summer to be used in winter for heating purposes 
(Brielmann et al. 2011). In natural groundwaters opportunistic 
pathogens are usually found in only small numbers and thus the 
risk of infection or disease outcome in healthy individuals is low.

3.2 ViruSeS

The smaller a particle, the easier it may pass filters such as soil 
and sediments. Hence, the penetration of pathogenic viruses to 
aquifers seems much more likely than for pathogenic bacteria 
and protozoa (Schijven and Hassanizadeh 2000). The risk of viral 
contamination of water is further increased because of the ext-
remely high numbers by which enteric viruses are shed into the 
environment. Their numbers in infected individuals range from 
105 up to 1011 per gram of stool (Fong and Lipp 2005). Moreover, 
viral pathogens from human and animal faeces have much longer 
survival times in water than most intestinal bacteria, are generally 
more infectious than bacteria and protozoa and are remarkab-
le resistant to common disinfection treatments (Fong and Lipp 
2005). These features make pathogenic viruses the most impor-
tant candidates for faecal contamination of groundwater. 

To date more than 15 different groups of enteric viruses are 
known including more than 140 different serotypes that can 

be found in the human gut (Leclerc et al. 2002). Therefore, the 
group of enteric viruses comprises the highest diversity among 
all waterborne pathogens (Wyn-Jones and Sellwood 2001). The 
enteric viruses of major concern belong to the families Picorna-
viridae (poliovirus, enterovirus, coxsackievirus, hepatitis A virus, 
and echovirus), Caliciviridae (norovirus, calicivirus, astrovirus, 
and sapovirus), Reoviridae (reovirus and rotavirus), Adenoviridae 
(adenovirus), and Coronaviridae (coronavirus). The hepatitis E 
virus, once considered a calicivirus, now belongs to an unassig-
ned genus, the hepatits E like-viruses (Berke and Matson 2000). 
Most of these mammalian viruses are nonenveloped (except the 
enveloped coronavirus) RNA viruses. Adenoviruses exclusively 
bear a genome of double-stranded DNA (Fong and Lipp 2005).

Besides the taxonomic affiliation of the individual viruses, there 
is a functional and physiological systematic that combine some 
of the potential viral pathogens to the enteroviruses. Members 
of this group include the polioviruses, coxsackieviruses A and B, 
echovirus and four ungrouped enteroviruses (types 68 to 71). 
One main characteristic of enteroviruses is the extreme resis-
tance to environmental stress and stability under acidic condi-
tions (to pH 3). Common diseases caused by enteroviruses are 
aseptic meningitis or respiratory diseases, or poliomyelitis in the 
case of poliovirus. As obvious from Table 1 the major disease 
caused by most of the enteric viruses is acute gastroenteritis, 
one of the most common illnesses, affecting both adults and 
children. Members of the familiy Caliciviridae, including norovi-
rus, calicivirus, astrovirus, and sapovirus, are probably the most 
important cause of gastroenteritis in adults and adolescents. In 
contrast, infections with rotaviruses are the most important viral 
causes of severe gastroenteritis in infants and young children 
(Tyring et al. 2006).

The species coronavirus, also a potential pathogen of viral gas-
troenteritis, is the only enveloped virus listed here. Infectivity of 
these viruses depends on an intact lipid layer envelope which is 
generally more susceptible to environmental changes in physical 
and chemical parameters. Although reduced environmental stabi-
lity of enveloped viruses compared to more robust non-enveloped 
viruses is known, coronavirus was surprisingly shown to be quite 
resistant in cold water, remaining infectious for more than 100 
days in pasteurized settled sewage (Casanova et al. 2009; Gun-
dy et al. 2009). The potential high risk for human health from 
transmission of waterborne coronavirus was underlined by the 
evidence that coronaviruses from a faulty sewage system were 
responsible for the major outbreak of severe acute respiratory syn-
drome (SARS) in Hong Kong in 2003 (Peiris et al. 2003).
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Members of the family Adenoviridae frequently occur in aquatic 
environments potentially causing respiratory and gastrointesti-
nal diseases (Tab. 1) in both adults and children and were in-
cluded in the ‘Contaminant Candidate List’ (CCL, the document 
was first published in March 1998 with the intention to inform 
about potential hazardous pathogens in public water systems) 
in 1998 as part of the Safe Drinking Water Act (SDWA) by the 
US Environmental Protection Agency (USEPA 1998). To date, 
fifty-one different serotypes of human adenoviruses have been 
identified and adenoviruses are considered to be the second 
most important viral pathogen of childhood gastroenteritis fol-
lowing rotavirus (Crabtree et al. 1997; Gu et al. 2003). The risk 
of adenoviral contamination of groundwater and drinking water 
is considerably high as adenoviruses are up to 60 times more re-
sistant to water treatment by UV irradiation when compared to 
RNA viruses, such as enteroviruses and hepatitis A virus (Meng 
and Gerba 1996; Gerba et al. 2002; Mena and Gerba 2009).

3.3 ProtoZoa

Most common species of human pathogenic protozoa include 
the zoonotic Cryptosporidium parvum, Giardia lamblia, and To-
xoplasma gondii as well as Entamoeba histolytica which potenti-
ally cause severe diarrhoe, encephalitis or even dysentery in the 
infected individuals (Smith and Smith 1990; Exner and Gornik 
2004). Generally infections with the four mentioned protozoan 
pathogens are self-limited in healthy individuals. However, they 
can cause life threatening diseases in elderly, immunocompro-
mised hosts or unborn children. Within parasites E. histolytica 
infections are third in terms of lethality, right behind malaria-
causing plasmodia and schistosomes (Marshall et al. 1997). 
While giardiasis and amoebiasis can effectively be cured with 
drugs, at present no efficient drug treatment exists for crypto-
sporidiosis (Smith and Smith 1990; Chakrabarti and Chakrabar-
ti 2009).

Free-living amoebae are common members of aquatic microbi-
al communities. Some representatives, e.g. Acanthamoeba spp. 
and Naegleria fowleri, have been documented to cause disease 
in humans (Schuster and Visvesvara 2004). Naegleria fowleri 
occur in warm water bodies and may cause primary amoebic 
meningoencephalitis (Blair et al. 2008; Laseke et al. 2010).

At present, several symbiotic and pathogenic interactions bet-
ween bacteria and free-living protozoa or even higher organisms 
(e.g. copepods) are described (Bichai et al. 2008; Thomas et al. 
2009). For example, increased numbers of the protozoan para-

sites Naegleria spp. generally go along with a contamination of 
the water with coliforms. Some species of protozoa were shown to 
interact with Legionella spp., and might play a role in its distribu-
tion (Visvesvara and Stehr-Green 1990). In many cases the human 
pathogenic species L. pneumophila was identified as the bacte-
rial endosymbiont (Rowbotham 1980; Barker and Brown 1994; 
Park et al. 2003). This aspect adds a new perspective to protozo-
an pathogenicity and should be considered for the determinati-
on of waterborne protozoan diversity. However, high numbers of 
bacterial infected amoebae were, so far, found only in cooling 
towers, but not in natural environments (Berk et al. 2006).

3.4 funGi anD HelMintHS

There is little information regarding groundwater and fungi in 
general (Schlosser 2011) and to date pathogenic fungi have 
not been implicated in waterborne outbreaks. Hence water 
works appear to have only little expertise with waterborne fun-
gi (Paterson et al. 2009). Current control strategies and water 
treatment against fungi are poorly understood, and the few stu-
dies conducted are inconsistent (Niemi et al. 1982; Nagy and 
Olson 1985; Frankova and Horecka 1995; Kelley et al. 2003). 
Chemical coagulation with iron or sand filtration are current-
ly discussed as the most promising removal strategies of fungi 
during water treatment while chemical disinfection of fungal 
spores was found to be most effective with chlorine dioxide and 
ozone (Niemi et al. 1982; Kelley et al. 2003). Also the group of 
helminths include waterborne pathogens that potentially cause 
human disease. However, parasitic helminths, e.g. Ascaris lum-
bricoides, are typical pathogens in surface water of developing 
countries. Their transmission into groundwater is unlikely, due 
to the size of the organism and their eggs, and if so, they are ea-
sily removed from raw water during drinking water production 
by filtration (Ashbolt 2004; Levantesi et al. 2010).
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4. tranSPort anD attenuation

Potential entry of pathogenic microorganisms and viruses into 
groundwater strongly depends on the vulnerability of the aqui-
fer which is assigned by several parameters regarding thickness, 
structure and activity of the soil and vadose sediment layers 
covering the aquifer, the hydrological regime and the type of 
contamination source (Harter and Walker 2001; Chilton 2006). 
Preferential flow and transport pathways such as fractures, fissu-
res, and heterogeneities in soil and porous sediments, as well as 
abandoned boreholes substantially increase the risk of patho-
gens entry into an aquifer (Cronin et al. 2003).

4.1 SoilS anD tHe unSaturateD SeDiMentS

Soils and unsaturated sediments are effective natural barriers 
constituting mechanical and biological filters. A pathogen that 
enters unsaturated soil and sediments is challenged with a mul-
titude of complex processes (Ginn et al. 2002). In the uppermost 
layers filtration and adsorption constitute important attenuati-

on mechanisms (Pekdeger and Matthess 1983; Yavuz Corapcio-
glu and Haridas 1984). The effect of filtration is mainly related 
to the sediment grain size distribution (Jin et al. 2000; Chu et 
al. 2001). Fine sediments with lots of dead end pores support ef-
fective straining of microorganisms and viruses. Maybe the most 
important process is adsorption to soil particles and sediment 
surfaces. It is mainly determined by the hydrophobicity of the 
sediment, soil and sediment moisture, the pH, the ionic strength 
and composition of the soil water (Dizer et al. 1984). Moreover, 
cell wall properties of pathogens are a crucial factor. Adsorption 
may be irreversible or reversible (Gerba 1984). Recharge of high 
amounts of rainwater may lead to a lower ionic strength of the 
pore water due to dilution potentially causing the release of 
formerly attached pathogens (Carlson et al. 1968; Duboise et 
al. 1976; Landry et al. 1979; Bales et al. 1993).

Not surprisingly, the size of pathogens matters for its transport 
and attenuation (Tab. 2, Fig. 2). As shown for bacteriophages, lar-
ger particles exhibited a better retardation (Aronino et al. 2009).

ClaSS MiCroorGaniSM SiZe

Virus Bacteriophage 0.02-0.2 μm diameter

Poliovirus 0.03 μm diameter

Bacteria Bacterial spores (Bacillus, Clostridia) 1 μm

E. coli 0.5 μm x 1.0 μm x 2.0 μm

Salmonella typhi 0.6 μm x 0.7 μm x 2.5 μm

Shigella spp. 0.4 μm x 0.6 μm x 2.5 μm

Protozoa Cryptosporidium oocysts 4.0-6.0 μm diameter

Giardia 7.0-14.0 μm diameter

Enteroamoeba histolitica 20-25 μm diameter

Table 2: Average size ranges of selected microorganisms and viruses.

Resource: Adapted from Pedley et al. 2006.
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CHaraCteriStiCS of tHe PatHoGen aquifer ProPertieS

Size Groundwater flow velocity

Shape Dispersion

Organism Type Pore size (intergranular or fracture)

Cell motility Kinematic/effective porosity

Density Organic carbon content (solid)

Growth phase Temperature

Surface charge Chemical properties of groundwater (ionic strength, pH, etc.)

Inactivation rate (die-off) Mineral composition of aquifer/soil material

(Ir)reversible adsorption Predatory microflora (bacteria, protozoa, fungi, algae, etc.)

Physical filtration Moisture content
Pressure

Fig. 2: Size range of pathogens compared to aquifer matrix characteristics (at 
the top pore size ranges of silt, sand and gravel are shown).

Table 3: Factors affecting transport and attenuation of microorganisms and viruses in groundwater.

10 nm 100 nm 1 µm 10 µm 100 µm 1 mm 10 mm

Fine Pores
15%
33%

Medium Pores
15%
33%

Large Pores
70%
33%

Sand
Loam

Viruses 20 – 200 nm

Bacteria 0.4 – 2.5 µm 

Protozoa 4.0 – 25 µm 

Silt 0.4 – 12 µm 
Sand 12 – 400 µm 

Gravel > 400 µm 

Resource: Adapted from Matthess and Pekdeger 1981.

Resource: Adapted from West et al. 1998.
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Further factors taking influence on the transport and attenuati-
on of pathogens through the unsaturated zone include the sedi-
ment mineral composition, the organic matter content and the 
biological activity (Tab. 3). Global change, including new clima-
tic dynamics (irregular heavy storm and rain events, long-term 
drought periods) as well as a change in land use may locally or 
even regionally lead to a deterioration of natural attenuation 
capacity of soils (Foster and Chilton 2003; Morris et al. 2003).

In most studies the soil zones and the unsaturated sediments 
turned out to carry a higher attenuation capacity when compa-
red to the saturated subsurface (Lance and Gerba 1984; Pow-
elson et al. 1990; Powelson and Gerba 1994; Chu et al. 2001; 
Chu et al. 2003). To give one example, infectious viruses were 
reduced by 8 orders of magnitude in dune sand within 30 m 
transport distance (equalled 25 d of travelling) from the source 

at the surface. The same degree of reduction took a 40 d travel 
distance when injected to a deeper saturated subsurface at the 
same site (Schijven 2001).

4.2 tHe SaturateD Zone

Arrived in the saturated zone, pathogens are distributed by ad-
vection, dispersion and diffusion (Harvey 1993; Sen 2010). Aqui-
fer porosity and water flow velocity contribute two important va-
riables determining the attenuation and transport of pathogens 
in aquifers (Taylor et al. 2004; Pang 2009). In this context, the 
type of aquifer, porous, fissured or karst, which is strongly related 
to groundwater flow velocities, significantly affects the travelling 
distance of the pathogenic agents (Tab. 3, Fig. 3).

1 10 100 1000 10000

Sand and gravel aquifer

Gravel aquifer

Fractures bedrock/karst aquifer

3 m

505 m

141 m

238 m

380 m

1116 m

1233 m
1299 m

Bacteria

Viruses

Protozoa

Protozoan-sized microspheres

Distance, log10(m)

Fig. 3: Transport distances of pathogens in different aquifer matrices. The average travel distances are represented by red symbols. Data collected from the literature.
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Best attenuation of pathogens is achieved in porous sediments 
(Logan et al. 2001; Stevik et al. 2004). Clay, silt and fine sand 
deposits are characterized by flow velocities of only centimetres 
to decimetres per day. Middle sand, coarse sand and gravel-cob-
ble aquifers typically exhibit high groundwater flow velocities 
in the range of meter to tens of meters per day (Matthess and 
Pekdeger 1985; Chilton and Seiler 2006). Water flow in fissured 
aquifers exhibits a strong variation with less than a meter per 
day to hundreds of meters per day. Highest flow velocities and 
longest travel distances for all pathogens are found in the big 
channels of karst aquifers often with thousands of meters a day 
(Matthess and Pekdeger 1985; Fig. 3). Therefore, karst aquifers 
are extremely susceptible to contamination due to their low fil-
tration capacity (Leibundgut 1998; Kačaroğlu 1999; Goeppert 
and Goldscheider 2010). Consequently, waterborne disease 
outbreaks are often related to non-porous media aquifers, such 
as fractured bedrock (metamorphic rock) or karst (limestone) 
(Fong et al. 2007). However, also in porous aquifers microbes 
and viruses may travel long distances of several hundred meters 
(Fig. 3). This can, at least partly be explained by the pronounced 
structural heterogeneity of aquifers. Surprisingly, in porous sandy 
aquifers the average travel distance of bacterial cells is almost 
4-times higher compared to the smaller viral particles (Fig. 3). 
Reduced retardation of larger particles can be explained by the 
phenomenon of pore-size exclusion in porous sediments which 
obviously not applies to coarse gravel aquifers as smaller viruses 
travel furthest under these conditions (Fig. 3; Sinton et al., 2000).

Retention of pathogens in porous aquifer systems depends on 
mainly the same physical, chemical and biological parameters 
already discussed for the unsaturated zone. The extent of 
retardation of pathogens is highly dependent on water che-
mistry and surface charge of both the aquifer matrix and the 
cells of the pathogens (e.g. Thurston et al. 2001; McCarthy 
and McKay 2004; Branford et al. 2005). Additionally, further 
cell- and particle-specific factors such as the physiological sta-
te (e.g. starvation) or growth conditions can affect bacterial 
transport behaviour (Yang et al. 2006; Haznedaroglu et al. 
2008; Haznedaroglu et al. 2009).

Direct comparison of the transport of E. coli and Campylobacter 
jejuni in saturated porous media revealed a very species-specific 
transport behavior, mainly due to differences in cell properties 
(Bolster et al., 2006). Transport characteristics of both orga-
nisms were analyzed taking into account their cell geometry, 
hydrophobicity and electrophoretic mobility. C. jejuni exhibited 
a significant greater negative surface charge than E. coli. Thus, 
C. jejuni was removed more efficiently by metal-oxide-coated 

sands (Ø 250-350 µm). In contrast, attenuation of E. coli cells 
was more pronounced in all setups with uncoated quartz sand, 
resulting in greater transport distances of C. jejuni. This was the 
case, although cells of C. jejuni were slightly longer, narrower, 
and less spherical than E. coli cells. This contradicts what was 
repeatedly found in other studies, that a spherical cell shape 
favors transport in porous media (Weiss et al. 1995; Dong et al. 
2002; Salerno et al. 2006; Bolster et al. 2009). These exemplary 
results are of great significance as they demonstrate that patho-
genic C. jejuni might be present in zones of aquifers not reached 
by the indicator organism E. coli. Even within different strains of 
mammal E. coli isolates a large diversity in transport behaviour 
was observed (Bolster et al., 2009). Again, this was related to 
a strain-specific surface charge and hydrophobicity. Foppen et 
al. (2010) analyzed the transport behaviour of 54 different E. 
coli strains in terms of their outer membrane lipopolysaccharide 
(LPS) composition under identical flow conditions in saturated 
quartz sand. The attachment efficiencies varied by two orders of 
magnitude within the strains tested. No single factor out of all 
cell characteristics tested (cell shape, motility, surface charge, 
cell aggregation, LPS composition, variation in gene expressi-
on) was of statistical significance to solely explain variations in 
attachment and transport. Unfortunately, most studies on bac-
terial transport have been conducted in columns packed with 
quartz sand. Recent studies including E. coli O157:H7, as well 
as other pathogenic bacteria, i.e. Yersinia enterocolitica and E. 
faecalis, revealed that attachment efficiencies calculated for E. 
coli and E. faecalis were lower in columns packed with loamy 
agricultural sand when compared to a setup with quartz sand 
(Schinner et al. 2010). Hence, it is questionable to what extent 
experiences from laboratory studies can be used to predict at-
tenuation and transport behaviour of pathogens in different en-
vironmental compartments (Unc and Goss 2004).

The attenuation of viral particles in the saturated zone is also 
strongly affected by virus particle properties, e.g. the varying 
content of hydrophobic substances in their capsids and varying 
isoelectric points (Powelson and Gerba 1994). Filtration efficien-
cy, as was shown for non-infectious recombinant noroviruses, is 
highly dependent on the nature and magnitude of electrostatic 
interactions that develop between the virus particle and the ma-
trix (Redman et al. 1997). High amounts of dissolved humic sub-
stances and organic matter in general compete with viruses for 
hydrophobic sites at sediment surfaces (Dizer et al. 1984; Lance 
and Gerba 1984). Consequently, the risk of potential entry into 
aquifers and long distance transport of pathogenic viruses, as 
shown for poliovirus, are increased at high organic matter con-
ditions (Gerba et al. 1975; Farrah et al. 1978; Powelson et al. 
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1991). Comparative adsorption studies on human enteroviruses, 
simian rotavirus and five bacteriophages underlined, similar to 
pathogenic bacteria, that adsorption behaviour is highly strain 
specific (Goyal and Gerba 1979).

Although adsorption in sediments tends to be very effective 
in retarding the major mass of virus particles within only de-
cimeters to meters of unsaturated soil and saturated aquifer 
sediments, numerous exceptions of successful viral entry into 
groundwater systems have been documented. Finally this is a 
matter of the source virus concentration. As demonstrated for 
the model virus PRD-1, a strong decrease in abundance was 
observed within 1 to 5 meters in uncontaminated and conta-
minated sediments, respectively. However, a small part of the 
virus populations continued to migrate with groundwater flow 
without further decrease in concentration (Blanford et al. 2005).

Studies on C. parvum transport in saturated porous media show-
ed that retardation of protozoan oocyst is a complex process that 
is very sensitive to water ionic strength and flow velocity. Again, 
the sediment grain size was found a critical factor (Kim et al. 

2010). These results underline that retardation of protozoan oo-
cysts generally is very efficient in fine-grained sediments (Fig. 3). 
Several studies demonstrated that protozoan oocysts from  
C. parvum are efficiently removed from water and wastewater 
by sand filtration (Chapman and Rush 1990; Timms et al. 1995; 
Logan et al. 2001). A significant amount of initially deposited 
oocysts, however, might be remobilized due to time-dependent 
detachment (Harter et al. 1999).

Transport of Giardia cysts through aquifer sands also seems to 
be mainly controlled by straining. A hundred percent retention 
of Giardia cysts was observed in sediment columns packed with 
fine sand (Ø 150 µm). A recovery of only 1.8% was found with 
coarse sand (700 µm). The amendment of manure suspensions, 
surprisingly, resulted in a strong increase in oocyst concentra-
tion in the effluent varying from 75 up to 172%. These results 
highlight that many pathogen transport studies neglecting the 
simultaneous presence of manure (as the source) are in risk to 
underestimate real oocyst transport distances in manure-conta-
minated sediments (Bradford et al. 2006).
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Terrestrial and aquatic environments are generally hostile habi-
tats for most human pathogenic microorganisms and viruses, 
and fortunately an efficient decay based on physical, chemical 
and biological retardation, inactivation and destruction of pa-
thogens takes place. Environmental factors, such as exposure 
to light (at the surface), water characteristics including tempe-
rature, pH and ionic strength as well as the adsorption of patho-
genic agents to soil and sediment particles are currently consi-
dered main factors affecting pathogens survival (Keswick and 
Gerba 1980; Fattal et al. 1983; Gerba 1983; Yates et al. 1985; 
Burkhardt et al. 2000). Since the decay of pathogenic agents at 
the generally low temperatures in the subsurface is suggested 
to be slow, physical and chemical attenuation processes are of 
major importance (Riemer 1983; Matthess and Pekdeger 1985; 
Filip et al. 1986). The factors that lead to the destruction of pa-

thogenic agents in aquifers are hardly known, but may be main-
ly based on biological activities, i.e. microbial antagonism (Tab. 
4; Keswick and Gerba 1980; Yates et al. 1987; Hurst 2000).

In surface waters the majority of pathogenic microorganisms 
and viruses are readily inactivated when exposed to solar ra-
diation (visible light and UV) (Brookes et al. 2004). Two other 
factors which effectively contribute to pathogen decay at the 
surface are temperature and desiccation (Tab. 4). By contrast, 
after infiltration into the subsurface transport, attenuation and 
survival of pathogens are mainly influenced by attachment 
and sorption to soil and sediment particles (Buchan and Flury 
2008). However, adsorption to soil particles does not necessari-
ly result in inactivation of the pathogen.

faCtor influenCe

Temperature Long survival at low temperatures, rapid die-off at high temperatures. For some faecally-derived bacteria high 
temperatures might give rise to growth.

Moisture content Desiccation is detrimental to most microorganisms (spores excepted). An increased rate of reduction will occur 
in drying soils. This is of most relevance in the unsaturated zone.

Sunlight More rapid die-off at the soil surface due to UV irradiation.

pH Bacteria die-off more rapidly in acid soils (pH 3-5) than in alkaline soils. The pH influences the adsorption of 
microorganisms and viruses to the soil matrix and indirectly influences survival.

Microflora Soil bacteria and fungi may produce exo-enzymes that damage the structure of faecal microorganisms, while 
amoebae and other protozoa may feed on them. Bacterial survival is shorter in natural soils than in sterilised 
soils, but for viruses no clear trend is observed.

Organic carbon content The presence of organic carbon increases survival and may give rise to the regrowth of bacteria.

Cations Certain cations have a thermal stabilising effect on viruses and increase virus survival. Cations also enhance 
virus adsorption to soil and this indirectly increases survival, as viruses appear to survive better in the adsorbed 
state.

Table 4: Factors that influence the survival of pathogens in the subsurface.

Resource: Adapted from Gerba 1984.



20

5. SurViVal anD GroWtH

Pathogen survival in groundwater has been studied in various 
experimental setups including laboratory batch and microcosm 
experiments and incubation of pathogens in groundwater using 
membrane chambers or dialysis tubes. However, although most 
of these studies mimic the situation in aquifers in various ways, 
the data obtained for pathogen survival need to be critically 
interpreted in terms of survival rates in the environment.

5.1 SurViVal of baCterial PatHoGenS

There is a pile of literature on the survival of pathogenic bac-
teria in the aquatic environment. Survival periods reported are 
very group-, species- and strain-specific and last, in exceptional 
cases, for up to several years (e.g. spores). Moreover, there are 

pathogenic bacteria which have been reported to reproduce in 
soils and aquatic environments as well as in water distributi-
on systems and house water installations. In the following, the 
pathogen-specific variations and factors related to survival and 
growth are described by selected examples.

In the framework of an interdisciplinary research project fun-
ded by the German Federal Environment Agency (UBA), seve-
ral working groups evaluated the effectiveness of the 50 days 
protection zone, as it is applied in Germany to safeguard drin-
king water production (see section 6). In a series of batch and 
column experiments numerous model microorganisms (bacteria 
and fungi) and viruses were tested for their persistence in sterile 
and non-sterile groundwater (Filip et al. 1986). 
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at 10±1°C lasting for 300 days. Escherichia coli, Salmonella thyphimurium, Pseudomonas aeruginosa, Yersinia enterococolitica, Staphylococcus aureus, Streptococcus 
faecalis, Bacillus cereus, Clostridium perfringens, Streptomycos griseus, Nocardia alba, Aspergillus niger. 

Resource: Data compiled from Filip et al. 1986.
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As can be seen in Fig. 4A, when starting batch incubations with 
cell densities of 1 x 105 to 1 x 107, almost all strains tested 
could still be detected after 300 days at 10°C in groundwa-
ter. Only Staphylococcus aureus and Bacillus megaterium (data 
not shown) readily disappeared decreasing in numbers by more 
than six orders of magnitude within 15 to 25 days. E. coli fell 
below detection after 250 days (Fig. 4A). For Bacillus cereus an 
initial decrease was observed which then labelled off for the 
residual time of the experiment. A similar pattern was observed 
for Clostridium perfringens, which was most probably caused by 
spore formation in both strains (Filip et al. 1986). The decay 
rates for selected strains are shown in Fig. 4B. The results of Filip 
et al. (1986) are in agreement with findings from others. Weber 
et al. (1982) reported the persistence of E. coli, Y. enterocolitica, 
P. aeruginosa and other enterobacteria of more than 300 days 
in cold drinking water (4°C).

Filip et al. (1986) further tested the effect of adding (1) sedi-
ment of varying grain size, (2) organic carbon (1.1 gL-1) and 
nitrate (50 mgL-1), or (3) a combination of both, sediment 
and substrate, to the batch experiments. After an incubation 
time of 100 days it was found that the presence of sediments 

resulted either in no or only a slight reduction of suspended 
microorganisms when compared to the numbers incubated in 
groundwater only (Fig. 5). With a few strains a slight increase 
in suspended microbes were observed. The combination of both 
treatments revealed growth for some strains, while others decre-
ased faster in numbers in the presence of Corg, N, and sediments 
(Fig. 5C).

The set of treatments allows drawing some conclusion on fac-
tors influencing the survival, decay or growth of pathogenic 
microbes, which is discussed exemplarily for selected strains. E. 
coli, for example, showed a faster disappearance from the water 
phase with both treatments which ‘added up’ when combined 
(Fig. 5C). This is contradicting other studies, which postulated 
longer survival times for E. coli when adsorbed to particles. In 
most cases, extended survival times were detected in sediments 
when compared with overlying waters (Merkli 1974; Gerba and 
McLeod 1976; Filip et al. 1983). No ‘additive’ effect could be ob-
served in the experiments of Filip et al. (1986) for Streptococcus 
faecalis, i.e. the addition of Corg and N allowed longer survival, 
while the presence of sediment significantly reduced the cell 
numbers in the water phase. When combining both treatments, 

Fig. 5: Effect of sediment and nutrient (organic carbon [Corg; DOC = 1.1 gL-1] and nitrogen [NO3 = 50 mgL-1] onto the survival (detectability) of various model microor-
ganisms in groundwater batch experiments at 10±1°C lasting for 100 days. The final concentration of microbes in unamended batch bottles containing only ground-
water served as reference. The experiment lasted for 100 days. For the effects observed with the originally three different sediment treatments (addition of middle 
sand fraction, coarse sand fraction and natural sand) we depicted a mean value. In case of Staphylococcus aureus, 25 d data and 30 d data have been extracted for 
(A) and (B, C), respectively. Also in case positive as well as negative effects have been found with different sand fractions, a mean trend is given. For persistence and 
disappearence of the various strains tested in unamended groundwater see Fig. 4. Arrows pointing in the positive (+) direction indicate growth, those directed in the 
negative (–) direction indicate cell inactivation and decay. Escherichia coli, Salmonella thyphimurium, Pseudomonas aeruginosa, Yersinia enterococolitica, Staphylo-
coccus aureus, Streptococcus faecalis, Bacillus cereus, Clostridium perfringens, Streptomycos griseus, Nocardia alba, Aspergillus niger. 
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the sediment effect was found determining (Fig. 5C). Although 
the experiments of Filip and co-workers revealed very interesting 
findings with respect to the survival of pathogenic bacteria and 
fungi in groundwater, the mechanisms behind the decrease or 
increase of cell numbers are not clearly understood.

It was believed for a long time that enteric bacterial pathogens 
are not able to grow outside its human host (Burgess 1998), 
and growth and replication of pathogens in the environment 
is the exception but not the rule (Camper et al. 1991; Pedley et 
al. 2006). However, there is growing evidence that individual 
pathogenic bacteria are able to reproduce in soil and aquatic 
systems. This has been shown, for example, for Vibrio cholerae 
(strain O1 Ogawa Eltor) und E. coli (strain O157) which grew in 
sterile oligotrophic river and pond water (Vital et al. 2007; Vital 
et al. 2008). Growth of both strains was positively correlated 
with temperature. Vibrio cholerae even showed a positive growth 
rate in non-sterile waters (Vital et al. 2007), which allows the 
conclusion that growth of specific pathogens in groundwater 
can not be ruled out.

5.2  PerSiStenCe anD Proliferation of  
PatHoGeniC ViruSeS

Viruses are particles without own metabolism. In that way they 
may be compared to resting stages of bacteria and protozoa, 
such as spores and cysts, respectively. This may also explain the 
comparably long persistence of pathogenic viruses in the en-
vironment (Fig. 6). At the surface, irradiation is an important 
factor promoting viral inactivation and decay (Fattal et al. 1983; 
Sinton et al. 2002; Brookes et al. 2004). Another important pa-
rameter is temperature, while low temperatures support a long 
persistence (Yates et al. 1985). Consequently, at typical ground-
water temperatures of ≤ 15°C viruses may survive and stay 
infectious for several hundred days (Fig. 6). In groundwaters, 
examined all over the US, only temperature, out of several physi-
cal-chemical parameters measured, significantly correlated with 
the survival or inactivation rate of viruses. Similar observations 
were made for viral decay in soils (Yeager and O‘Brien 1979). 

Among enteric viruses, members of the familiy Adenoviridae are 
known to be very stable in natural aquatic environments. The 
same seems to be true for poliovirus as early studies described 
enormous stability of infectious particles in cold groundwater 
for up to 550 days (Althaus 1983; Fig. 6). However, in compa-
rative tests, adenovirus serotypes 40 and 41 were found much 
more stable in 4°C tap water than hepatitis A and poliovirus 1. 

Prolonged incubation at 4°C revealed a total persistence time 
of 304 days for serotype 41 (Enriquez et al. 1995). These results 
demonstrate common discrepancies regarding persistence data 
most likely due to experimental variations. Recent studies on 
adenovirus serotype 2 (AdV2) repeatedly assessed viral survi-
val in groundwater via simultaneous analyses of each sample 
by both a cell culture assay (infective particles) and real-time 
reverse transcription (RT)-PCR (total particles) (Charles et al. 
2009; Ogorzaly et al. 2010). AdV2 survived at least 364 days 
in groundwater at 12°C and viral DNA was detectable for 672 
days of the 728 day monitoring period (Charles et al. 2009). 

By contrast to adenovirus, to date no adequate cell culture 
assay exists to determine the number of infectious particles of 
human pathogenic noroviruses (Duizer et al. 2004a). The de-
tection of viral nucleic acid in groundwater samples by quan-
titative RT-PCR is helpful but does not reveal information on 
infectivity (Duizer et al. 2004b). Thus, during the last years 
several culturable viral surrogates (e.g. murine norovirus, feline 
calicivirus, poliovirus or phage MS2) were tested with respect 
to inactivation rates and persistence in water. In these studies 
murine norovirus turned out to be the most promising candi-
date as a human norovirus surrogate, as both viruses revealed 
comparable nucleic acid stability in surface water (25°C) and 
groundwater (4°C) (Kadoi and Kadoi 2001; Allwood et al. 
2003; Wobus et al. 2006; Bae and Schwab 2008). However, 
up to now data on survival of human noroviruses in groundwa-
ter and drinking water are sparse and partially contradictory 
(Beuret et al. 2002; Lamothe et al. 2003; Sanchez et al. 2005; 
Ngazoa et al. 2008; Charles et al. 2009).

Survival of enteroviruses, including coxsackie- and polioviruses, 
at low temperatures was shown for weeks to months in shallow 
groundwater (Wellings et al. 1975) and also exposed to deep 
groundwater (Keswick et al. 1982; Bitton et al. 1983). Filip et al. 
(1986) tested survival of selected model viruses, i.e. coxsackie-
virus A9, echovirus 7 and poliovirus 1 in groundwater in labora-
tory batch experiments at 10°C. It was observed that the virus 
titer dropped by only 2 to 3 orders of magnitude within 260 
days. All three of the tested viruses showed at the end of the ex-
periment higher numbers in the controls (autoclaved groundwa-
ter), pointing at antagonistic effects of the natural groundwater 
microbial community. 

Further factors discussed to influence the survival and decay of 
pathogenic viruses in aquatic environments, include the concen-
tration of dissolved oxygen and redox conditions. A removal stu-
dy with bacteriophages ΦX174 and MS2, two surrogates for hu-
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man pathogenic viruses, revealed that removal during transport 
through an anoxic aquifer was considerably lower compared to 
that in oxic aquifers due to lower inactivation and adsorption 
rates. One explanation for higher inactivation rates in aerobic 
sediments might be the presence of ferric oxihydroxides resul-
ting in higher adsorption rates of pathogenic agents (Abudalo 
et al. 2005). Consequently the authors suggest to differentia-
te between oxic and anoxic aquifers regarding to groundwater 
protection and to extend the microbial protection zones around 
anoxic aquifers (Van der Wielen et al. 2008).

Studies on different enteric viruses and bacteriophages also 
underlined the role of adsorption as controlling factor in viral 
survival (Hurst et al. 1980). Noteably, most of the studies publis-
hed took into account only the virus fractions suspended in the 
water phase. What really happens to virus particles adsorbed to 
sediment is generally unknown.

5.3 SurViVal of PatHoGeniC ProtoZoa

Protozoa are able to outlast long periods of time as oocysts which 
are insensitive to environmental stress and many treatments proce-
dures applied during drinking water production. However, data on 
protozoan survival in groundwater and subsequent infectivity in hu-
mans are sparse as only in a few studies infectious oocysts could be 

detected in aquifers due to the influx of contaminated surface wa-
ter (Hancock et al. 1998). At the land surface survival of protozoa 
and their cysts are heavily influenced by temperature, desiccation 
and freezing, respectively. Drying of C. parvum cysts on microscope 
slides for more than 2 h at room temperature resulted in 100% 
death (Robertson et al. 1992). In soil and sediments protozoan oo-
cysts are efficiently retarded by filtration and adsorption. Inactiva-
tion rates of Cryptosporidium in surface water matrices and sterile 
river water were found to be very low for a temperature range of 5 
to 20°C (Robertson et al. 1992; Medema et al. 1997; Chauret et 
al. 1998). Cryptosporidium oocysts that were held in sterile water 
at 15°C remained infectious in mice and cell cultures for 7 months 
(Fayer 2004). For groundwater at 5°C, survival times of protozoan 
cysts were calculated to range between 176 days and more than 
200 days (Fig. 6; Robertson et al. 1992; Ives et al. 2007).

The results obtained on survival and persistence of pathogenic 
bacteria, viruses, and protozoa in natural groundwater need to 
be viewed and interpreted critically, before transferred to the situ-
ation in situ. First, the various experiments conducted in the lab 
and in the field strongly differed according to their experimental 
setup, model pathogens used, sampling and detection protocols 
applied. Jansons et al. (1989) nicely demonstrated the significant 
difference of seeded vaccine strains or natural viral isolates in 
terms of sorption and inactivation. Second, in most studies, the 
focus was only on the suspended fraction of pathogens. Rarely 
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Fig. 6: Survival times of pathogens in groundwater and drinking water. Only survival times in the temperature range between 4 and 15°C were summarized from the 
literature. Data of protozoan survival in groundwater are scarce (green box) and do not reflect general survival times of oocysts in the environment. To better illustrate 
the high environmental persistence of oocysts, also published experimental data from different water types have been introduced (dashed box).
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the sediment associated (adsorbed, attached) fraction was further 
evaluated for its long-term fate.

5.4 MiCrobial antaGoniSMS

It was repeatedly suggested that microbial activity and compe-
tition with autochthonous microorganisms, summarized here as 
microbial antagonism, supports a faster decay of pathogens in 
the environment (Keswick and Gerba 1980; Althaus et al. 1982; 
Filip et al. 1986; Yates et al. 1987; Hurst 2000). Processes may 
include grazing of bacteria and viruses by protozoa, bacterial 
endoparasitisms, bacterial production of toxins and lysogenic 
enzymes. Althaus et al. (1982) provided a comprehensive sum-
mary of early literature on microbial antagonism. However, the 
question if such processes are of relevance in groundwater could 
so far not be satisfactorily answered.

An early study of Bagdasaryan (1964) showed that virus in-
activation was greater in intact soil compared to sterile soil 
incubations while others, 16 years later, found no significant 
differences between active and inactive, as well as aerobic and 
anaerobic set-ups (Hurst et al. 1980). Very often, the fact that 
survival of viruses and bacteria is longer in sterile waters or 
waters of low microbial activity was quoted as direct evidence 
for antagonistic interactions (McCoy and Hagedorn 1979; 
Matthess and Pekdeger 1985; Althaus 1983). Similarly, faecal 
pathogens, such as poliovirus 1 and E. coli, were found more 
stable in groundwater than in sea and river water, which was 
attributed to the higher microbial activity in surface waters 
(Bitton et al. 1983). Microbial activity is directly influenced by 
the concentration of organic matter and nutrients, temperature, 
oxygen and light. These factors also have been shown to have 
a direct influence on the decay of individual pathogens. For ex-
ample, correlations between increased virus inactivation rates, 
higher activity of indigenous microorganisms in groundwater, 
and the water oxygen concentration have been observed (Yates 
et al. 1988; Jansons et al. 1989; Gordon and Toze 2003). Hurst 
(1988) impressively demonstrated that the presence of aerobic 
microorganisms significantly influenced virus survival, resulting 
in a two- to threefold increase of viral inactivation.

Hirsch and Rades-Rohkohl (1983) tested 217 aerobic bacte-
rial isolates from groundwater against E. coli K12. More than 
20% of the strains showed inhibitory effects to E. coli, about 
8% showed aggregation, and about 7% stimulated the model 
pathogen. Cliver and Herrmann (1972) demonstrated the inac-
tivation of Cocksackie virus type A-9 by bacterial (Pseudomo-

nas aeruginosa) proteolytic enzymes and the uptake of 14C-label 
from the virus coat protein by the bacterial cells. Also Lipson 
and Stotzky (1985) indicated that bacteria may utilize viruses 
as growth substrates. Nasser et al. (2002) reported the effect 
of different microbial enzyme activities on virus reduction in sa-
turated soil. Low concentrations of protease pronase led also 
to an inactivation of Cocksackie virus type A-9. Pseudomonas 
aeruginosa extracellular enzymes additionally reduced hepatitis 
A virus, while poliovirus type 1 and MS2 bacteriophages seemed 
insensitive to these treatments. Virus decay in the environment 
may be further caused by biological degradation of the viral 
genome by free nucleases and destruction of viral capsids by 
proteases (Gerba 1987).

It may further be expected that pathogenic viruses are also 
reduced by grazing protozoa, similar to natural prokaryotic 
bacteriophages (Gonzalez et al. 1992; Suttle and Chen 1992). 
Gonzalez and Suttle (1993) estimated that flagellates feeding 
on viral particles can thus gain up to 9% of the carbon they 
obtain from ingested bacteria. The authors also indicate that 
it may need a critical number of bacteriophages to serve as a 
sufficient carbon source for protozoa. Without doubt, protozoa 
may also ingest viruses and large viruses might be taken up 
preferentially (Murray 1995), thus part of the pathogenic viru-
ses can be suggested to be reduced by grazing, what needs to 
be addressed in future investigations.

5.5  MiCrobial StrateGieS for a  
lonG-terM SurViVal

Several behavioural and physiological strategies of bacteria, 
including encapsulation, attachment and participation in mi-
crobial biofilms or a shift to low-activity or dormant stages, 
successfully contribute to a longer survival in the environment 
(LeChevallier et al. 1988). The embedment of pathogens in mi-
crobial biofilms efficiently provides protection against external 
factors such as water treatment. For unencapsulated Klebsiella 
pneumoniae attachment to glass slides was shown to increase 
its resistance to chlorination 150-fold (LeChevallier et al. 1988). 
Biofilms in aquatic environments and especially in drinking wa-
ter distribution systems are places for the long-term persistence 
of potential pathogens such as E. coli, Legionella, Klebsiella 
and/or Pseudomonas (Banning et al. 2003; Taylor et al. 2009; 
Declerck 2010). However, because real biofilms hardly occur in 
oligotrophic, energy-limited aquifers, numbers of Legionella spp. 
detected in groundwater were always lower than those detected 
in man-made environments (Costa et al. 2005; Diederen et al. 
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2007). Legionella species might survive also protected in proto-
zoan amoeba. The human pathogenic L. pneumophila prolifera-
tes in various amoebal hosts (Rowbotham 1980). Fortunately, 
so far high numbers of infected amoeba have been found only 
in cooling towers but not in natural environments. Therefore, 
this association between bacteria and amoeba might be fa-
voured only under special environmental conditions (Berk et 
al. 2006).

Together with a multitude of natural non-pathogenic bacteria 
some faecal pathogens developed a unique strategy to survive 
in oligotrophic, energy-limited conditions. These bacteria, inclu-
ding the species E. coli, E. faecalis, V. cholerae, Shigella spp., and 
Campylobacter spp. may change their physiological stage and en-
ter a low-active or dormant, viable but not culturable state. This 
state, characterized by a very low content of nucleic acids and 

significantly smaller cell size, allow the organisms to resist unfavo-
urable conditions (Colwell et al. 1985; Rollins and Colwell 1986; 
Byrd et al. 1991; Ravel et al. 1995; Rahman et al. 1996; Arana et 
al. 1997). Although still alive, partially still infectious or at least 
able to return to an infectious stage they are no longer detectable 
by traditional enrichment assays (Oliver 2005).

One of the most persistent bacterial states of dormancy is the 
survival in spores. The production of spores, as known for species 
of the genus Bacillus and Clostridium, allows surviving hostile 
conditions such as the physical and chemical treatments used 
in drinking water production. Fortunately, efficient adsorption of 
Cl. perfringens spores to sand particles was shown, however the 
attachment was reversible for most of the spores dependent on 
their total concentration (Schijven et al. 2003).
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6. ContaMination of DrinKinG Water anD 
outbreaK of Waterborne DiSeaSeS

The top candidates of harmful pathogens in aquatic environments 
changed during the last centuries due to the improvement of water 
hygiene. In the 19th century life-threatening bacterial outbreaks in-
cluding cholera and typhoid fever dominated waterborne diseases 
(Exner and Koch 2011). Today, and especially in Europe and the 
USA, human populations are mainly challenged by waterborne gas-
trointestinal illnesses that are self-limited or curable in most cases of 
infections. The responsible agents are high infectious and environ-
mental resistant pathogenic viruses including norovirus, rotavirus, 
adenovirus or members of the enteroviruses, besides individual bac-
terial pathogens such as Campylobacter species or E. coli (Domingo 
and Ashbolt 2010). It is worth mentioning that the risk of infection 
when consuming contaminated drinking water is 10- to 10,000-fold 
greater with viruses than with pathogenic bacteria. However, some 
pathogens of great concern in the past are still serious causative 
agents for waterborne epidemics. The bacterial pathogen Vibrio 
cholerae was indicated as the causative agent in the first documen-
ted waterborne outbreak in 1892 and it seems to be still a serious 
risk for human health in other regions of the planet as is demonst-
rated by the current cholera epidemic in Haiti with nearly 210,000 
infected individuals and more than 4,000 deaths (CDC 2010).

6.1 Waterborne DiSeaSe outbreaKS

There is a long history of severe outbreaks of waterborne di-
sease. Historical outbreaks in Germany are documented for 
typhoid fever (Salmonella typhi) in Berlin in 1889, Gelsenkir-
chen in 1901, Pfortzheim in 1919, Hannover in 1926, and in 
Neuötting twice in 1946/47 and 1948. The last severe out-
break of cholera in Germany (V. cholerae) dates back to 1892 
in Hamburg (Althaus et al. 1982). A very recent outbreak of 
dysentery (Shigella spp.) took place 1978 in Ismaning (Bava-
ria) (Althaus 1983). In all cases, the outbreaks were connected 
to contaminated groundwater and/or drinking water.

Also nowadays pathogens are frequently detected in ground-
water and drinking water, and still regular small and even lar-
ger disease outbreaks occur in Germany, Europe and all over 
the world, which can directly or indirectly be related to ground-
water and drinking water consumption.

A comparison of etiologic agents and their impact in out-
breaks via groundwater or surface water in the United States 
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Fig. 7: Etiologic agents associated with drinking water outbreaks in the US between 1989-2000 distinguished into the type of source water, i.e. groundwater or 
surface water. Unknown = acute gastrointestinal illness of unknown cause (etiology). n = number of outbreaks traceable to either a groundwater or surface water 
source. An outbreak is generally defined as two or more people experiencing similar illness traceable to a common drinking water source. The three primary categories 
of pathogens, bacteria, viruses, and parasites (including protozoa), are highlighted in terms of colour.

Resource: Adapted from the Centers for Disease Control and Prevention, Gerba 2004.
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(US) is shown in Fig. 7. The significance of viral transmission 
via groundwater becomes obvious as the viral contribution in 
waterborne outbreaks due to groundwater is four-times higher 
than surface water related outbreaks. Similarly, bacteria are pre-
ferentially transmitted via groundwater, while the risk of parasitic 
(including protozoa) outbreaks is highest with surface water (Fig. 
7). It is important to mention that a large portion (47%) of etiolo-
gic agents in groundwater is still unknown.

Contaminated groundwater is the most commonly reported sour-
ce of waterborne disease in the US, associated with 64% of the 
drinking water outbreaks between 1989 and 2002 (Fong et al. 
2007). An even increasing tendency of groundwater associated 
pathogen outbreaks was observed between 2003 and 2006. 
In these years the National Center for Infectious Disease (CDC) 
documented 11 pathogen associated drinking water outbreaks 
in the US and in 82% of all cases contaminated groundwater 
was found to be the major source (Liang et al. 2006; Yoder et 
al. 2008). However, waterborne outbreak documentation is dif-
ficult as it is not possible to backtrack all waterborne outbreaks 
to the relevant water source and outbreaks are often underre-
ported because those infected do not always seek medical care 
(Craun et al. 2006; USEPA 2006).

Some of the recent severe waterborne outbreaks due to patho-
genic bacteria, viruses and protozoa in contaminated ground-
water are listed in Table 5. Pathogenic pollution of ground-
water is often attributed to the failing of septic systems and 
uncontrolled release of sewage. Moreover, water supply wells 
in regions with fractured rocks or karst are highly vulnerable to 
faecal pollution as impressively demonstrated by three major 
disease outbreaks in Walkerton, Texas and Ohio (Tab. 5; Barwick 
et al. 2000; Worthington et al. 2002; Fong et al. 2007). A minor 
norovirus outbreak in Wisconsin in June 2007 also occurred due 
to highly vulnerable hydrogeological settings as an 85 m deep 
well in a fractured dolomite aquifer was contaminated by faecal 
pathogens (Borchardt et al. 2010). Settings like this are espe-
cially at high risk of contamination during times of snowmelt 
or irregular heavy precipitation events and flooding as it was 
also demonstrated by several studies on waterborne outbreaks 
in Canada (Charron et al. 2004; Schuster et al. 2005; Thomas 
et al. 2006). Unfortunately, such extreme hydrological events 
accumulate in the future due to climate change.

outbreaK/iMPliCationS PatHoGen reaSon referenCe

Salmonellosis, May/June 1965, Riverside, 
California, USA; 16,000 infected  
individuals.

Salmonella typhimurium Unknown source Boring et al. 1971;  
Report 1971

Gastroenteritis and Hepatitis A, June 1980, 
Georgetown, Texas, USA; 
~ 8,000 (79%) infected individuals.

Enterovirus, Rotavirus,  
Coxsackievirus,  
Hepatitis A

Leaky sewage line Hejkal et al. 1982

Viral gastroenteritis, March 1981, Eagle-
Vail, Colorado, USA; 56 (44%) infected 
individuals

Rotavirus Improper working sewage 
treatment plant

Hopkins et al. 1984;  
Hopkins et al. 1985

Bloody diarrhoe, Dec 1989/Jan 1990, 
Missouri, USA; 243 infected individuals,  
4 died.

E. coli O157:H7 Unchlorinated water supply Swerdlow et al. 1992

Viral gastroenteritis, April 1994, Finland; 
up to 3,000 (50%) infected individuals.

Norwalk Virus (Norovirus), 
Adenovirus, Rotavirus

Spring flood, contamination by 
polluted river water

Kukkula et al. 1997

Diarrhoe, August 1995, Idaho, USA; 82 
(35%) infected individuals.

Shigella sonnei Heavy rainfall, improperly 
drained sewage

CDC 1996

Cryptosporidiosis, spring 1997, North Tha-
mes, UK; 345 infected individuals.

Cryptosporidium Contaminated water from 
treatment works

Willocks et al. 1998

Table 5: Recent major groundwater-borne outbreaks.
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Cryptosporidiosis, 1998, Brush Creek, Te-
xas, USA; 1,300-1,500 infected individuals.

Cryptosporidium Spill of raw sewage (karst 
aquifer)

Bergmire-Sweat et al. 1999

Gastroenteritis/Campylo-bacteriosis, May 
2000, Walkerton, Ontario, USA; 
~ 2,300 infected individuals, 7 died.

E. coli O157:H7, Campylo-
bacter

Heavy rainfall, 
cattle manure contamination

Hrudey et al. 2003

Gastroenteritis, August 2000, Gourdon, 
France;  
~ 2,600 (37%) infected individuals.

Campylobacter coli,  
Rotavirus, Norovirus

Contamination by agricultural 
run-off, failure in the chlorinati-
on system

Gallay et al. 2006

Viral gastroenteritis, summer 2004, South 
Bass Island, Ohio, USA; ~ 1,450 infected 
individuals

Campylobacter spp., 
Norovirus, Giardia spp., and 
Salmonella typhimurium

Contamination with untreated 
or partially treated sewage 
(karst region)

USEPA 2006; Fong et al. 
2007; O‘Reilly et al. 2007

In less developed countries with lower sanitation standards there 
is a clear correlation of climate and groundwater contamination 
in rural and urban areas. The burden of improper installed on-
site sanitation or inadequately protected wells and boreholes is 
increased by a direct pulse-response between heavy rainfalls and 
pathogenic contamination (Lewis et al. 1982; Lewis and Chilton 
1984; Godfrey et al. 2005).

Also in the USA a correlation between enteric waterborne out-
breaks and precipitation becomes obvious as more than half of 
the 548 reported outbreaks between 1948 and 1994 were rela-
ted to heavy rainfalls (Curriero et al. 2001).

In industrialized countries, virus infections took over as the 
most common cause of waterborne disease, mainly gastroente-
ritis. Meanwhile, norovirus infections are considered to be the 
most common cause of gastroenteritis in the western world 
(Besner et al. 2011).

Approximately half of all waterborne diseases outbreaks in the US 
from groundwater consumption are presumed to be of viral origin 
(Borchardt et al. 2007). In 2003, Abbaszadegan et al. performed 
a survey of 448 utility wells in 35 states of the USA. In this study 
approximately one third of groundwater supplies sampled were 
found to be positive for infective enteric viruses (including entero-
virus, rotavirus, and hepatitis A) or viral indicators as detected by 
molecular methods (RT-PCR). As the detection limit for the mole-
cular assays is rather high, i.e. a minimum of 9.3 virus particles in 
1 mL as shown for enteroviruses (Donaldson et al. 2002), the real 
number of contaminated wells can be suggested much higher.

The main causative agents of bacterial gastroenteritis that are 
characterized by relatively high infectivity are C. jejuni and E. coli 
O157:H7, with C. jejuni found to be one of the leading causes 
for acute gastroenteritis worldwide (Swerdlow et al. 1992; Allos 
2001; Hrudey et al. 2003; Besner et al. 2011). The infectivity of 

E. coli O157:H7, also known as enterohaemorragic E. coli (EHEC) 
is one of the highest known for bacterial pathogens. As few as 
10-100 EHEC cells compared to 500-1000 C. jejuni cells and 105 
Salmonella cells can cause infections (Pachepsky et al. 2006; Bes-
ner et al. 2011).

An additional risk may arise in the future as more and more bac-
terial strains are detected carrying antibiotic resistance (McKeon 
et al. 1995). The analyses of E.coli strains in sewage revealed a 
broad resistance against several antibiotics, especially in hospital 
sewage. These strains might cause severe disease when released 
into the environment (Reinthaler et al. 2003). Another potential 
hazard of antibiotic resistance are antibiotic-resistant enterococci 
that have been detected in swine manure. With the application 
of manure to agricultural land, these may enter soils and aquifers 
and are potentially distributed with groundwater (Sapkota et al. 
2007). The high risk of water pollution by agricultural land use is 
highlighted by a comparison of agricultural lands with non culti-
vated natural areas in Finland. While faecal indicators such as E. 
coli and streptococci where detected in only half of the samples 
in non cultivated land (up to 100 bacteria per 100 mL) probably 
originating from wild animals, coliform concentrations in agricul-
tural areas were frequently more than tenfold higher and hence 
vastly exceeded that of treated wastewater (Niemi and Niemi 
1991).

Environmental transmission, mostly due to farm animals, is also 
relevant for zoonotic protozoan pathogens such as Cryptospiridia 
and Giardia. These pathogens are frequently involved in water-
borne outbreaks due to their relatively high infectivity; ingestion 
of less than 10 oocysts can lead to infection. However, most of 
these outbreaks were related to contaminated surface waters or 
groundwater directly influenced by polluted surface water (Han-
cock et al. 1998; Semenza and Nichols 2007; Valderrama et al. 
2009). Due to the bigger size of protozoan pathogens (oocysts of 
Cryptosporidium, 4-6 µm) compared to bacteria (≈ 1-2 µm) and 



29

6. ContaMination of DrinKinG Water

viruses (20-200 nm) well protected groundwater aquifers are ge-
nerally at low risk with respect to protozoan contamination. How-
ever, contaminated or improper treated groundwater contributed 
18% of all outbreaks caused by Giardia and Cryptosporidium 
(Howard et al. 2006; USEPA 2006). In the case surface water is 
used for drinking water supply and routinely applied water treat-
ment processes as coagulation and filtration fail, cryptosporidio-
sis may cause severe epidemics as impressively demonstrated by 
one of the largest waterborne outbreaks in the US history in 1993 
in Milwaukee with more than 400,000 infected individuals (Mac 
Kenzie et al. 1994). Highest concentrations of protozoa, e.g. Cryp-
tosporidium, are found in urbanised or agricultural waters com-
pared to relatively low concentrations in pristine waters (LeChe-
vallier et al. 1991; Rose 1997; Medema et al. 2006). To reduce 
the risk of groundwater contamination in rural areas constructed 
wetlands have emerged as a promising technology for sanitation 
of wastewater effluents with low operational maintenance cost 
(Redder et al. 2010).

6.2 SeaSonality of PatHoGen oCCurrenCe

There is some seasonality observed with the occurrence of patho-
gens in aquatic systems. This seasonality is mainly correlated to 
water temperature. While the warmer temperatures in late sum-
mer go along with Salmonella, Campylobacter or E. coli infec-
tions (Kovats et al. 2004; Kovats et al. 2005; Fleury et al. 2006), 
the cold season is characterized by the occurrence of noro- and 
rotaviruses, which can persist over months to years at low tem-
peratures (Cook et al. 1990; Levy et al. 2009; Keller et al. 2010). 
A wintertime seasonality of norovirus, for example, causing the 
so called 'winter vomiting disease' was observed between 2005 
and 2008 when 253 outbreaks could be related to norovirus in 
Toronto, Canada (Greer et al. 2009). In accordance to published 
data, the current monitoring of noro- and rotavirus infections in 
drinking water in Germany also indicates a seasonality of these 
viral pathogens (Soddemann, pers. comm. 2010). 

The number of infections by noroviruses seems to go parallel with 
cold temperatures in the subsurface (Fig. 8A). Similar results are 
available for rotavirus infections in Germany. However, the ma-
xima of rotavirus infections are slightly shifted and occur a few 
months later (Fig. 8B). These results provoked some speculation 
on distribution of noroviruses and rotaviruses with drinking water 
during winter time (Soddemann 2006). 
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Fig. 8: Norovirus (A) and rotavirus (B) infections in the federal states of Saxony and Hessen compared to the average overall infections in Germany displayed along 
with soil temperature.

Resource: By courtesy of W. Soddemann, 2010; data from Robert Koch Institut (RKI).
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Another fact, which supports this argument is, that in federal 
states of Germany that produce their drinking water almost ex-
clusively from groundwater (e.g. Hessen) the numbers of infec-
tions are significantly lower than in federal states where predo-
minantly surface water is used (e.g. Saxony; Fig. 8; Soddemann, 
pers. comm. 2010).

It is known that a significant number of viruses enter together 
with treated wastewater rivers and streams. In times of epide-
mics, this load of viruses released from infected patients results 
in increased concentrations in wastewater and finally in much 
higher concentrations in the water which leaves the sewage 
treatment plant. In surface waters, at the low winter tempe-
ratures, decay of the pathogenic viruses is slow. Additionally, 
irradiation, as an important factor linked to viral reduction, exhi-
bits a reduced intensity in winter. Similarly, microbial activity in 
surface waters and sediments is low at that time. Taking these 
circumstances into account, there is an improved persistence of 
viruses and where surface water is used for drinking water pro-
duction, a high risk for the entry of viruses into drinking water.

Irrespective of sporadic infection events no waterborne out-
breaks of enteric viruses via drinking water due to contaminated 
groundwater and water treatment issues are known for Germa-
ny. This is, as repeatedly argued because of the high standards 
in groundwater protection and the German drinking water or-
dinance (Trinkwasserverordnung). Single drinking water related 
outbreaks in Switzerland and Germany only occurred due to ob-
vious failures in water treatment or break-in of sewage (Maurer 
and Sturchler 2000; Szewzyk et al. 2006).

The newly proposed regular spreading of pathogenic agents with 
drinking water (Soddemann, pers. comm. 2010) still awaits con-
firmation by drinking water analysis. This indeed is not trivial, as 
no simple plate and cell culture assays exist for norovirus and 
the detection limit with molecular methods is not sufficient at 
all for the monitoring of low concentration of viruses (e.g. 1 virus 
particle per litre or several litres of water), which still may con-
stitute an infective dose and thus a high risk to human health. 
New techniques for the concentration of virus particles from large 
quantities of water are urgently needed (see section 8).

Currently seasonal endemics of human influenza viruses are 
also discussed to potentially occur through transmission via 
groundwater. The fact that endemics mostly occur local regar-
ding virus subtypes and areas and that they are generally restric-
ted to colder regions might be explained by their increased sta-
bility in cold drinking water (Soddemann 2005; Mauckner and 

Soddemann 2007). Human influenza viruses were also detected 
in faeces of several mammals, including swine and cattle (Graves 
and Oppenheimer 1975; Zhou et al. 1996; Webster 1998; Brown 
2000). Therefore the transmission from the environment to natu-
ral waters and groundwater can not be excluded at the moment.

6.3  eConoMiC iMPaCt of Waterborne  
outbreaKS

Waterborne outbreaks do, besides the risk of human infection, 
have a severe impact on our economic and social system and 
places a major burden on the health system. Payment (1993) 
estimated the total costs of infectious gastrointestinal illness, 
the major disease of waterborne outbreaks, in the US to be 
more than $20 billion per year. This is a major part of the esti-
mated annual costs of $6.5-$34.9 billion for total microbial 
foodborne illness, demonstrating the great significance of wa-
terborne outbreak (Buzby and Roberts 1997). A more detailed 
study on the costs of loss of productivity because of sick leave 
during a waterborne gastroenteritis outbreak affecting 1,600 
people in Denmark were amounted to 1,600,000 Danish kro-
ner (about $280,000 or €215,000, respectively) (Laursen et 
al. 1994). The costs for enteric viral infections per individual 
were calculated in the US based on 1997-1999 data. Direct 
and indirect costs ranged from $88/case for a norovirus infec-
tion to $1,193/case for enterovirus aseptic meningitis for non-
hospitalized cases. Direct costs of hospitalization were even 
higher and ran from $887/case for norovirus to $86,899/
case for hepatitis A (Nwachuku and Gerba 2006). These data 
impressively demonstrate the importance of proper water ma-
nagement and control of waterborne disease spread, not only 
to prevent life threatening illnesses but also to keep the eco-
nomic damage of waterborne infections as low as possible.

6.4 GrounDWater ProteCtion reGulationS

Risk assessment is one of the major tasks for the prevention 
of contamination of groundwater that is intended for drinking 
water supply. As shown in Table 6 most countries in the world 
apply a similar system of protection zones, comprising of three 
individual zones to protect drinking water production wells.

The dimensions of the zones are very similar. Zone I is dedicated 
to protect the direct neighbourhood of the production well. Size 
of zone II is derived from tracer tests or hydrogeological model-
ling and accounts for individual groundwater travel times. Zone 
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III in most cases encompasses the whole catchment. Obvious 
differences in the wellhead protection zone are found for very 
arid countries as indicated for Oman (Tab. 6). In Arab regi-
ons were water resources are very limited, protection zones 
are used primarily to ensure adequate control over abstraction 
rates (Chave et al. 2006).

The groundwater well risk assessment in the US, which is laid 
down in the ‘Guidelines for the Delineation of Wellhead Protec-
tion Areas’ (USEPA 1987) is different to most other countries as 
no certain zoning system is proposed. Hence, the implementing 
authority can decide and plan the appropriate procedure in each 
individual case which can reduce costs. Additionally, the prepa-
ration of a contingency plan and the plan for the siting of new 
wells (vulnerability maps) is required. The lack of a zoning system 
might be due to the large variations of conditions from state to 
state. However, the guidelines leave much room for arbitrary de-
lineations of protection zones and decisions might be difficult to 
defend legally (ACSAD-BGR 2003). By contrast, no vulnerability 
maps that might be essential to delineate protection zones in 
karst aquifers are included in the German guidelines.

Further, no contingency or emergency response plan is included 
in the law and regulations so that most water supply companies 
prepare their own plans. However, a comparison of the inexpensi-
ve well-established German wellhead protection area (WHPA) de-
lineation models to the more cost-intensive USEPA-recommended 
WHPA delineations for agricultural settings revealed that several 
German delineations fitted well with an advanced numerical EPA 

module. Hence German WHPA methods might be a cost-saving al-
ternative for farm operators in the US (Strobl and Robillard 2006). 
To further improve groundwater protection and to reduce the risk 
of infection via water a new European ‘multi barrier system’ was 
appointed in 1980 and especially the German drinking water 
suppliers have agreed on this advanced protection concept. The 
approach includes three major principles, (1) the protection of 
drinking water resources, (2) high technical standards regarding 
to the production, treatment, storage and distribution of drinking 
water, and (3) a proper operating domestic installation (Castell-
Exner 2001; Szewzyk et al. 2006). In summary, the German regu-
lations have proven to be effective in groundwater protection in a 
global point of view as to date no waterborne outbreaks of ente-
ric viruses via drinking water due to improper water treatment are 
documented (Szewzyk et al. 2006).

 6.5 Water treatMent

The production of safe drinking water generally requires speci-
fic processing steps including physical (filtration, UV light), bio-
logical (aerobic microbial purification) and chemical treatments 
(free chlorine, chlorine compounds, ozone). In the past artificial 
groundwater recharge or bank filtration was proved to be highly 
effective in natural attenuation of contaminants including patho-
gens and emerged nowadays as a way of drinking water supply 
of growing importance (Balke and Zhu 2008). Physical filtrati-
on is known to efficiently remove the majority of bacterial and 
protozoan pathogens, however, viruses have been shown to pass 

Country
inner ProteCtion Zone 
(WellHeaD)

MiDDle ProteCtion Zone
outer ProteCtion 
Zone

Travel time and/or radius of zone

Australia 50 m 10 years Whole catchment

Austria < 10 m 60 days Whole catchment

Denmark 10 m 60 days or 300 m 10-20 years

Germany 10-30 m 50 days Whole catchment

Ghana 10-20 m 50 days Whole catchment

Indonesia 10-15 m 50 days Whole catchment

Ireland 100 days or 300 m – Whole catchment or 1000 m

Oman 365 days 10 years Whole catchment

Switzerland 10 m Individually defined Double size of middle zone

United Kingdom 50 days and 50 m minimum 400 days Whole catchment

Table 6: Comparison of protection zones in different countries.

Resource: Adopted from Chave et al. 2006.
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many filter systems (Szewzyk et al. 2006). Additionally, viruses 
(especially adenoviruses) are known to be very resistant against 
UV treatment, a habit which they share with bacterial spores and 
the protozoan Acanthamoeba. By contrast, most vegetative bac-
terial cells and oocysts of Cryptospridium and Giardia are highly 
susceptible to UV inactivation; between 19 and 28-times more 
sensitive compared to viruses (Hijnen et al. 2006).

A similar picture can be drawn according to traditional chemical 
treatment of water by chlorination or ozonation. The significant-
ly increased viral persistence is best illustrated by the need for 
much higher doses and intensities of disinfection agents and 
treatments, respectively (Tab. 7). The wide range given is mainly 
related to water pH and exposure time, as well as water tempe-
rature. The efficiency of chlorination or ozonation, for example, 
is decreasing along with water temperature. Moreover, elimina-
tion of viruses by chlorination, ozone treatment or UV irradiati-
on is insufficient with aggregated microorganisms or in biofilms 
(Lechevallier and Au 2004).

Protozoan oocysts are most resistant to chlorination (Tab. 7, Ko-
rich et al. 1990; Betancourt and Rose 2004). Viruses, on the 
other hand, are more resistant to inactivation than bacterial 
cells but are still effectively inactivated by free chlorine. Most 
pathogens seem to be quite resistant to chloramines. By cont-
rast, ozone is a very powerful oxidant and a much better biocide 
than the other antimicrobial compounds (Tab. 7). It is therefore 
very useful as primary disinfectant.

It is worth to mention that disinfection by-products of chlori-

nation, ozonation or UV treatment have been linked to cancer 
and reproductive defects (Amy et al. 2000). Better knowledge 
about the fate of pathogenic microorganisms and viruses in soil 
and groundwater allows optimizing disinfection needs and the 
kind of disinfection. Therefore, current research also focuses on 
potential alternative non-chemical water treatments. It has been 
shown that viruses (ΦX174 and MS2) could be efficiently remo-
ved by nanoscale zero-valent iron (nZVI) by inactivation and/
or adsorption (You et al. 2005). However, application needs to 
be further evaluated since nZVI may also interact with other 
organisms. If unspecific reactions are comparable to free chlo-
rine which is much more active against bacteria compared to 
viruses, nZVI may potentially also kill autochthonous bacteria in 
groundwater (Keane 2009).

PatHoGen
free CHlorine 
(PH 6-7)

PreforMeD CHlora-
MineS (PH 8-9)

CHlorine DioxiDe 
(PH 6-7)

oZone (PH 6-7)

E. coli 0.034 – 0.05 95 – 180 0.4 – 0.75 0.02

Poliovirus 1 1.1 – 2.5 768 – 3740 0.2 – 6.7 0.1 – 0.2

Rotavirus 0.01 – 0.05 3806 – 6476 0.2 – 2.1 0.006 – 0.06

Phage f2 0.08 – 0.18 – – –

G. lamblia cysts 47 – 150 – – 0.5 – 0.6

G. muris cysts 30 – 630 1400 7.2 – 18.5 1.8 – 2.0a

C. parvum 7200b 7200c 78b 5 – 10c

a Values for 99.9% inactivation at pH 6-9. 
b 99% inactivation at pH 7 and 25°C. 
c 90% inactivation at pH 7 and 25°C.

Table 7: CT values (disinfectant concentration and contact time, mg x min/L) for 99% inactivation at 5°C.

Resource: Adapted from Clark et al. 1993.
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7.  uSe of inDiCator orGaniSMS anD  
MetHoDoloGiCal liMitationS

7.1 inDiCator orGaniSMS

Routine monitoring of hygienic water quality is essential to rule 
out waterborne disease outbreaks. This has led to guidelines for 
the assessment of water quality in various types of water bodies, 
including bathing waters and most important drinking water 
(Barrell et al. 2000). For the purpose of routine monitoring an 
indicator system is of great use as it is impossible to screen the 
high number of water samples for each specific known patho-
gen. Early, the group of coliform bacteria (total coliforms) was 
identified as indicator that is (1) universally present in human 
and warm-blooded mammal faeces in large numbers, (2) easy to 
detect, (3) not reproducing in natural aquatic environments or 
water distribution systems, and (4) behaving similar regarding 
persistence and water treatment as the waterborne pathogens 
of concern (WHO 1996). Coliforms themselves are, with some 
exceptions, non-pathogenic. All members of the total coliform 
group belong to the Enterobacteriaceae, sharing common cha-
racteristics including being gram-negative, non spore forming, 
oxidase negative, and rod-shaped facultative anaerobes that 
are defined by their ability to ferment lactose (using the enzy-
me galactosidase) with the production of acid and gas (Gilpin 
and Devane 2008). Because, the total coliforms also include 
organisms of environmental origin, there value as indicator for 
faecal contamination is frequently discussed. In Germany, the 
total coliforms lost importance as formerly mandatory indica-
tor with a set quantitative threshold (0/100 mL) in the new 
drinking water ordinance (Trinkwasserverordnung), and stay as 
a qualitative indicator only (Exner and Koch 2011). The group 
of total coliforms is sometimes further distinguished into the 
subgroup of faecal coliforms. Members of the faecal coliforms 
are all thermotolerant (Tab. 8).

Escherichia coli is the most prominent coliform among the intes-
tinal microflora and its presence is therefore a good indication 
for faecal contamination. Furthermore, faecal streptococci, 
especially enterococci are used as indicators. They are cha-
racterized by longer survival times than E. coli and are thus 
very stable in the environment (section 5, Fig. 6). Hence, their 
presence might be a hint to previous faecal contaminations 
(McFeters et al. 1974; Geldreich 1976; Edberg et al. 1997). 
However, some E. coli species can also be found in natural 
waters with no known sources of faecal contamination and 
environmental species also known within the enterococci (Car-
rillo et al. 1985; Brtkova et al. 2010).

Most laboratories responsible for water quality monitoring rou-
tinely test for the presence of total coliforms, faecal coliforms, 
E. coli, or enterococci (Leclerc et al. 2001). The guideline values 
for the number of individual indicator allowed to be present in 
safe drinking water are internationally accepted with only minor 
variations (Tab. 9).

GrouP
CHaraCteriStiCS

Growth Cells per g faeces

total coliforms 37±1°C 107 – 108

  Faecal coliforms 44±1°C

  E. coli 44±1°C

faecal Streptococci 45±1°C 106

  Enterococci 10 – 45°C, pH 9.6, NaCl 6.5%

Table 8: Coliform group and faecal streptococci.
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Since coliform bacteria, faecal coliforms and E. coli are used as 
indicators for faecal contamination, their appropriateness and 
reliability is continuously discussed. Major points of discussion 
include (i) their natural occurrence in the environment, (ii) their 
possible growth outside their hosts, (iii) huge variation in sur-
vival between individual species and strains. Without doubt, 
their common use as surrogates of bacterial enteric pathogens 
requires knowledge on their behaviour in natural environments.

There is a pile of studies, which proved that coliforms and es-
pecially E. coli do not reproduce under natural conditions. For 
example, more than 40 field and laboratory survival experiments 
of Mancini in 1978 reported no coliform growth in natural wa-
ters. Similar results were obtained exclusively for E. coli revealing 
survival times in a range of 4 to 12 weeks (Edberg et al. 2000). 
However, there is also a number of contradicting studies. Several 
hints of reproducing E. coli are available from raw wastewater stu-
dies, were growth is enabled by nutrient-rich conditions (Niemi et 
al. 1987; Ashbolt et al. 1997). The growth of selected pathogenic 
and non-pathogenic enteric bacteria was observed in river water 
at 30°C, which was, however, not sufficient for a survival at 5°C 
(Hendricks 1972). Similarily, growth of E. coli O157 was shown 
under low carbon conditions in sterile freshwater at temperatures 
between 20 and 30°C. At temperatures below, no growth could 

be observed or was negligible (Vital et al. 2008). These data are 
promising. The common characteristics of oligotrophic and ‘cold’ 
groundwater represent hostile conditions for E. coli. The fact that 
up to date there is no strong evidence for growth of E. coli in 
groundwater or drinking water systems favours its application as 
common indicator organism of faecal groundwater contaminati-
on (Leclerc et al. 2001). However, does the absence of E. coli also 
guarantee the absence of other pathogenic bacteria?

The use of faecal coliforms and E.coli as universal indicators of 
groundwater contamination needs to be considered carefully. 
There are many enteric pathogens that behave differently to E. 
coli, particularly with respect to transport behaviour, survival, 
and disinfection resistance (Stevens et al. 2003). Several studies 
on E. coli and other enteric pathogens showed that the different 
cell properties of the individual strains tested significantly chan-
ged their transport behaviour (Bolster et al. 2006; Bolster et al. 
2009). Even within E. coli isolated from different host species 
(Dombek et al. 2000; Carson et al. 2001) or even from the same 
host species (Kudva et al. 1997; Galland et al. 2001; Vali et al. 
2004) a high genetic variability was observed. These genetic 
differences went along with differences in cell surface characte-
ristics that again affected transport and/or cell motility in the 
environment (Yang et al. 2004; Morrow et al. 2005).

Table 9: International guidelines for drinking water.

total ColiforM E. coli
MonitorinG requireMentS

Population Samples/months

United States  
(USEPA 1990)

0/100 mL (95%) 
A consecutive sample 
from the same site must 
be coliform-free

0/100 mL (100%) – ca. 1/1000 inhabitants

Canada (Ministère de la 
santé 1996)

10/100 mL (90%) 
None should contain 
more than 10 CFU/100 
mL  
a consecutive sample 
from the same site must 
be coliform-free

0/100 mL (100%) < 5000 
5000 – 9000

 
> 9000

4 samples/month 
1/1000 inhabitants

 
90+  
(1/10000 inhabitants)

WHO (1994) 0/100 mL (95%) 0/100 mL (100%) – –
Germany (Trinkwasser- 
verordnung, 2001)

0/100 mL 0/100 mL (100%) – –

Resource: Adapted from Rompré et al. 2002.
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A critical point in safeguarding drinking water quality is that 
common tests for faecal contamination are generally done with 
freshly produced drinking water and not with source water prior 
to its treatment. As some pathogenic bacteria show a higher re-
sistance to chlorination and UV-radiation than E. coli or total co-
liforms, the absence of E. coli does not exclude the presence of 
others. An example is the Salmonellosis outbreak due to Salmo-
nella typhimurim in Riverside, California in 1965. Routine bac-
teriological test revealed no significant contamination (Report 
1971). Also pathogenic viruses and protozoa have been shown 
to be much more resistant against common chlorination (Tab. 
7; Engelbrecht et al. 1980; Korich et al. 1990; Li et al. 2002) 
and have been detected in water free of E. coli (< 1 colony in 
100 mL) and other indicator bacteria (Payment et al. 1994; Lees 
2000; Szewzyk et al. 2006).

The situation of using bacterial indicators as surrogates for fae-
cal contamination potentially including pathogenic viruses and 
protozoa, besides pathogenic bacteria, is unsatisfactory. As al-
ready mentioned, in Germany drinking water quality is typically 
diagnosed for the absence of E. coli and faecal enterococci in 
100 mL after treatment (Szewzyk et al. 2006). Because of their 
long-term persistence in the environment and their much higher 
resistance against some of the common water treatment proce-
dures, the absence of E. coli does clearly not prove the absence 
of enteric viruses. Contrariwise, the presence of E.coli makes it 
very likely that enteric viruses are also present. And indeed, stu-
dies on drinking water wells demonstrated the inadequacy of 
bacterial indicators for the assessment of virus contamination. 
Although most of the wells considered (> 80%) were tested ne-
gative for coliforms almost 90% were tested positive for enteric 
viruses (Wellings et al. 1975). 

Currently, intensive research is directed to find adequate indi-
cators that are able to reliably indicate viral contamination in 
water samples (Ashbolt 2004; current research project – see 
discussion below). Studies concentrate on the main subgroups 
of bacteriophages, the F-RNA and the somatic bacteriophages 
(Bitton et al. 1983; Snowdon et al. 1989; Palmateer et al. 1991; 
Ijzerman et al. 1994; Woody and Cliver 1994; Leclerc et al. 
2000; Grabow 2001; Espinosa et al. 2009). To date, a number 
of frequently used model bacteriophages, i.e. MS2, PRD1 and 
ΦX174, provide first estimations on removal rates of pathogenic 
viruses during sediment passage in column studies and during 
artificial groundwater recharge (Schijven and Hassanizadeh 
2000; Schijven et al. 2003; Harvey and Ryan 2004). A compa-
rable removal was observed for the model virus MS2 and the 
enteric virus coxsackievirus B4, but not with poliovirus 1 (Schij-

ven et al. 2003). MS2 is very common in surface waters and/
or treated wastewater that is used for groundwater recharge. 
Moreover, MS2 is very stable in the environment poorly adsor-
bing to surfaces (Schijven and Hassanizadeh 2000). Therefore, 
these authors suggested that the F-specific RNA bacteriophage 
MS2 may well fulfill the function of a worst-case viral indicator. 
It needs to be considered, however, that bacteriophages may 
replicate in nature and the concentration of autochthonous coli-
phages in unpolluted aquatic environments is high (Moriñigo et 
al. 1992; Gleeson 1997; Leclerc et al. 2000; Tallon et al. 2005).

But also model viruses of human and non-human origin within 
the enteric viruses itself, e.g. the very environmentally resistant 
adenoviruses, are currently tested for their applicability as uni-
versal viral faecal indicators (Ley et al. 2002; Choi and Jiang 
2005; Griffin et al. 2008; Ahmed et al. 2010).

Besides bacteriophages several microorganisms were intensi-
vely tested for their adequacy as surrogates in the indication 
of pathogens where E. coli might fail (Tallon et al. 2005). The 
list includes Cl. perfringens and Clostridium spores as surrogates 
for contamination with protozoan oocysts (Schijven et al. 2003; 
Tyagi et al. 2006). However, limitations are given to the fact 
that Clostridium is an anaerobic organism and present in faeces 
in relatively low numbers.

7.2 MetHoDS uSeD in PatHoGenS DeteCtion

The sensitive and specific detection of pathogens in groundwa-
ter is one of the biggest challenges as microbial and viral agents 
are generally present in very low numbers (Girones et al. 2010). 
In case of faecal pollution, fast and reliable detection methods 
are required to ensure the rapid identification of pathogen type 
and its origin, which constitute the most important initial steps 
to prevent epidemic waterborne disease outbreaks.

To date, detection of pathogens in drinking water and ground-
water depend mainly on cultivation techniques and increasingly 
on steadily improving molecular methods. The most traditional 
approaches which have been developed for the detection of fae-
cal indicator organisms (total coliforms and subgroups) are the 
multiple-tube fermentation (MTF) technique, the aerobic plate 
count and the membrane filter (MF) technique using different 
specific media and incubation conditions (Tortorello 2003). Alt-
hough more rapid enzymatic and molecular based methods (e.g. 
PCR) are available today, these assays are not yet fully develo-
ped and have serious limitations in specificity and resolution 
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(high detection limit). For these reasons, the relatively simple 
to perform and inexpensive MF technique is still the approach 
most commonly used for routine enumeration of coliforms in 
drinking water (Rompré et al. 2002). Unfortunately, for many 
well known and emerging pathogens no appropriate standar-
dized cell culture system exists (Dong et al. 2008). Also biofilm 
associated bacteria or bacterial pathogens that have entered a 
viable but not culturable (VBNC) state cannot be detected by 
cell culture assays (Cenciarini-Borde et al. 2009). Consequently, 
molecular methods such as the real-time or quantitative PCR 
(qPCR) technique are used with an increasing frequency for qua-
litative and quantitative assessment. Despite the many advan-
tages of qPCR including speed, high sensitivity and specificity, 
detection limit is often reached due to very low pathogen con-
centration in environmental samples. Thus, initial enrichment 
steps (see below) are needed (Noble and Weisberg 2005).

Approaches for the detection of viable microorganisms in aqua-
tic environments include fluorescent microscopy or the highly 
specific fluorescent in situ hybridization (FISH) technique (Bot-
tari et al. 2006). FISH has been successfully applied in studying 
bacterial pathogens in water, sewage and sludge, and biofilms 
(Gilbride et al. 2006). In contrast to FISH which is mainly used 
for community analyses, flow cytometry (FCM) can be used for 
microbial analysis at both the community and single-cell levels. 
FCM combined with immunological staining (immunofluores-
cent assays) have been successfully used for the detection of 
aquatic pathogenic protozoa. A recently developed FCM proto-
col for the detection of C. parvum using a specific monoclonal 
antibody-conjugate revealed a detection limit of 2 x 103 oocysts 
mL-1 (Barbosa et al. 2008). Another FCM-based protocol was 
used for the fast detection of L. pneumophilae in water with a 
detection limit of 500 cells L-1. Füchslin et al. (2010) described 
a 'speed' protocol based on immunomagnetic separation and 
FCM, which allows sample analysis within 3 h. Using specific 
antibodies, this approach could be applied also for a great vari-
ety of other pathogenic microorganisms (Wang et al. 2010). The 
application of FCM could also be an additional or alternative 
method to the molecular PCR-based detection of pathogens. 
Although PCR-based techniques are highly sensitive in the nuc-
leic acid detection of potential pathogens, it is not possible to 
distinguish between dead, inactivated or still infectious cells or 
particles. Microfluidics-FCM is proposed to be a new rapid and 
inexpensive approach for the detection of pathogenic bacteria 
(Sakamoto et al. 2007).

As faecal groundwater pollution can be of both human and ani-
mal origin, microbial source tracking methods (MST) emerged 

in the recent past (Meays et al. 2004; Cimenti et al. 2007; Field 
and Samadpour 2007). These methods include several approa-
ches such as culturing, phenotypic and genetic analyses, and 
chemical analyses. The main focus within MST methods today 
lies on genetic fingerprinting of faecal microorganisms.

Keeping in mind that only one single viral particle might be 
sufficient for human infection a low detection limit is of great 
significance regarding to human health risks. To date more than 
100 types of enteric viruses of faecal origin are known but only 
a few can be detected by established cell culture systems. PCR-
based methods are, in this respect, the most promising tool for 
pathogenic virus detection in the future (Rodriguez et al. 2009). 
However, due to the high detection limit, analysis of pathogens 
(mainly viruses) in water requires a two-stage process, consis-
ting of (1) pathogen enrichment either by ultracentrifugation 
or adsorption to charged microfiltration membranes, followed 
by (2) the application of infectivity tests or specific molecular 
analysis. Commonly used filtration techniques rely on com-
bined adsorption and elution procedures, e.g. filtration of water 
through electropositive filters or glass wool columns or ultra-
filtration (Donaldson et al. 2002; Haramoto et al. 2005; Rajal 
et al. 2007; Lambertini et al. 2008; Hill et al. 2010). However, 
for testing the putative presence of enteric viruses in drinking 
water, large sampling volumes (10-30 m3) need to be screened. 
The problem of low numbers of target microorganisms and viru-
ses is accelerated by difficulties in a quantitative extraction and 
amplification of nucleic acids from environmental samples. This 
is mainly due to co-extraction of inhibitory substances such as 
humic compounds (Lebuhn et al. 2003). Most virus detection 
assays are restricted to the amplification of viral nucleic acids 
by molecular techniques including several modified protocols of 
the PCR method such as reverse transcriptase (RT)-PCR, nested 
PCR, integrated cell culture PCR (ICC-PCR), or qPCR. Real-time 
qPCR allows the quantitative determination of nucleic acid co-
pies and is currently the preferentially used molecular approach 
for the analysis of viral genomes in clinical and environmental 
samples (Espy et al. 2006).
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8. réSuMé - KnoWleDGe GaPS anD reCoMMenDationS

8.1 StatuS quo

The use of naturally, well protected groundwater is generally 
the safest way of drinking water supply for human consump-
tion. In Germany about 70% of all drinking water is produced 
from groundwater and spring water (Statistisches Bundesamt 
2009). However, the continuous growth of the world´s popula-
tion with all its consequences compromises our natural ground-
water resources in many ways and not in all areas groundwater 
quantity and quality is sufficient. Alternatively, drinking water 
is produced from surface water via bank filtration and artificial 
groundwater recharge. On average drinking water produced by 
bank filtration or infiltration (artificial groundwater recharge) in 
Germany is about 8% (Statistisches Bundesamt 2009). In Ber-
lin, as much as 75% of the drinking water originates from river 
bank filtration (Schmidt et al. 2003). In consequence, such are-
as have a partly closed water cycle. Treated wastewater which 
leaves the sewage treatment plants into rivers is to some extent 
‘reused’ for drinking water production. Water recycling and reu-
se increases the risk of contamination by persistent pathogens, 
such as viruses.

8.2 CHallenGeS

Groundwater in Germany is a well protected resource. In cont-
rast to most other countries of the world a comprehensive area-
wide groundwater protection is legally defined (SRU 1998). 
Based on the epidemiological data available, the risk of wa-
terborne outbreaks from drinking water which was produced 
from groundwater seems negligible (Botzenhart and Fleischer 
2009; Preuß et al. 2011). However, there are still a number of 
risks which need to be considered and even today a waterbor-
ne disease outbreak caused by contaminated groundwater and 
drinking water is possible. The risks are mainly associated with 
(1) a malfunction of wastewater storage (leaks in septic tanks), 
treatment (flooding of sewage treatment plants and/or collapse 
of microbial communities in there) and transport (leakages in 
sewers and pipes), (2) insufficient attenuation of pathogens in 
river bed sediments and soils (along and after heavy rain falls 
and floods), (3) excessive application of manure, (4) contamina-
ted surface water, and (5) deficient protective layers (thin soil 
zones on top of karst systems). In such cases, a severe contami-
nation and risk to human health is given. Finally, there is some 
vital discussion on a possible regular distribution of pathogenic 
viruses during the cold season with drinking water produced 
from surface water (Soddemann 2005, 2006). These speculati-
ons await urgent evaluation.

In this final section of the paper it was tried to identify and 
highlight the lack of knowledge with respect to the distributi-
on, survival, ecology, and detection of pathogenic microorga-
nisms and viruses in groundwater and drinking water in gene-
ral. Based on the information condensed in this review and the 
identified gaps of knowledge, recommendations for future sci-
entific research and water management actions are expressed. 
Especially the recommendations for an improved safeguarding 
of water quality are emphasized with a focus on drinking water 
independent of its source. Some of the topics listed have alrea-
dy been discussed before in the framework of an expert forum 
organized by the German Federal Environment Agency (UBA) 
in 2005 (Szewzyk et al. 2006). Our résumé is primarily from the 
point of view of microbial ecologists and unlikely complete. 

8.3 reCoMMenDationS

8.3.1 next generation enrichment techniques
While there are strict thresholds for the microbial contamination 
of drinking water, there are so far only recommendations for 
pathogenic viruses (Botzenhart and Fleischer 2009). With re-
gard to the USEPA recommendations for drinking water quality, 
the probability of an infection by pathogens via consumption of 
drinking water should not exceed one infection per 10,000 per-
sons per year (‘tolerable infection risk’; Rose and Gerba 1991). 
The WHO developed the concept of 'Disability Affected Life Ye-
ars' (DALY), which considers the concentration of viral particles, 
their infection potential, and the outcome of an illness (WHO 
2004). The concept allows calculating the maximum acceptable 
virus concentration in drinking water. Since for pathogenic viru-
ses – and the same is true for protozoa (e.g. Cryptosporidium) - 
already one particle is an infective unit, this concept runs into a 
severe problem of detection limits. For rotavirus, as an example, 
a target value of < 1 virus particle in 32 m3 of drinking water 
is recommended, which equals less than 1 DALY per 100,000 
consumers (WHO 2006). To take these recommendations seri-
ous, large sample volumes need to be screened in the future. 
To date there is no routinely applicable technique, which allows 
the quantitative enrichment and recovery of viral particles from 
large water volumes (> 10 m3) in a reasonable time (< 1 day).

Recommendation → Development of new enrichment tech-
niques.
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Directly connected to the problem of enrichment is the pro-
blem of sensitivity of our cultivation-dependent and cultiva-
tion-independent (molecular) detection methods. While plate 
assays (CFU and PFU) are able to detect 1 single cell or virus 
particle per subsample (generally 1 ml), the same copy num-
ber is needed in 50 µl (= 20 cells/particles ml-1) for PCR, or 
even more if some inefficiency during nucleic acid extraction 
is assumed. The difference between the USEPA/WHO recom-
mendations and the current detection limits is in the range of 
7-8 orders of magnitude.

Recommendation → Sensitivity improvement of molecular as-
says.

8.3.2 Methodological developments and challenges
 > 8.3.2.1  Reliable indicators of viral and protozoan contami-

nation

To date the global water monitoring concepts and surveillance 
regulations regarding hygienic (pathogenic) contamination of 
water are based on the coliform indicator principle, i.e. on bac-
terial indicators exclusively. The WHO (2006) states that the ab-
sence of E. coli is not an appropriate indicator which guarantees 
the absence of pathogenic viruses. However, to date the surveil-
lance for pathogenic enteric viruses is not mandatorily defined 
in any regulations with respect to groundwater and drinking 
water protection. Without doubt due to their high infectious 
potential, their small size (regularly pass standard filter systems) 
and their robustness (withstand some of the common water 
treatment procedures) separate viral indicators are urgently nee-
ded. Within the enteric viruses, coliphages and adenovirus have 
been considered useful indicator viruses (Pina et al. 1998; Jiang 
2006; Szewzyk et al. 2006). The same story is valid for protozoa. 
To date, the assessment of parasitic pathogens is not mandato-
ry. A modern integrative water quality concept should consider 
all groups of pathogens, i.e. bacteria, viruses and protozoa.

Recommendation → Development of an integrative indicator 
concept.

 > 8.3.2.2 Improvement and development of molecular tools

Pathogen-specific detection using molecular methods require 
the quantitative extraction and amplification of nucleic acids 
from environmental samples. To date, extraction often is inef-
ficient and amplification is inhibited by the presence of natural 
constituents in water and sediments, such as humic substances 

and iron species. These inhibitory compounds are enriched to-
gether with the organisms of interest (i.e. pathogens). Conse-
quently, inefficient extraction adds on top to the already ‘high’ 
detection limit. 

Recommendation → Development and testing of appropriate 
sample extraction and clean-up protocols.

 > 8.3.2.3 Infectivity tests for all prominent pathogens

The moment, the quantification of all pathogens of interest is 
possible, the question of their infectivity in a given water sample 
remains. Thus, we need to have in hands tests for infectivity for 
all frequently occurring pathogenic microorganisms and viruses. 
To give one example, although today norovirus is the most pro-
minent causative reason for gastroenteritis epidemics, detection 
of infectious norovirus particles is still not possible due to the 
lack of an appropriate in vitro cell culture system. 

Recommendation → Development of cell culture assays for re-
levant pathogens.

 > 8.3.2.4  Consideration of genotypes/serotypes in case of 
contaminations and outbreaks

In case of contaminations and along with epidemiological stu-
dies, the different genotypes (e.g. in case of norovirus) and/or 
serotypes (e.g. in case of adenovirus) shall be considered. This is 
suggested to speed up the identification of the contamination 
source and therefore might help to prevent more widespread 
epidemic waterborne outbreaks through improved surveillance 
of water sources (Nygard et al. 2003; Maunula and Von Bons-
dorff 2005; Koh et al. 2008). Moreover, it has been shown that 
virus serotypes exhibit a significantly different behaviour in the 
environment (Fong et al. 2010; H.C. Selinka, pers. comm. 2010).

Recommendation → Consideration of genotypes and serotypes 
in forensic research.

 > 8.3.2.5  A simple modular set for the estimation of  
pathogen reduction

There is a typical reduction in concentration of pathogens as-
sociated with different environmental compartments. The load 
of pathogenic viruses in wastewater is generally reduced by 1-3 
orders of magnitude (1-3 log levels) during treatment in a con-
ventional sewage plant. A comparable reduction of pathogens 
is achieved in a vital top soil zone. This leads to the idea of a 
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simple modular set for the estimation of pathogen reduction 
useful in an initial risk assessment. First, the system of interest is 
distinguished into its main environmental compartments which 
themselves are characterized by typical reduction potentials. The 
individual reduction potentials (including attenuation and elimi-
nation) are summed up for the compartments from the source of 
the water (e.g. wastewater) to the raw water (e.g. groundwater) 
in case of drinking water production via bank filtration.

8.3.3 improved monitoring of drinking water
 > 8.3.3.1 Drinking water produced from surface water

Surface waters, especially close to effluents of sewage treat-
ment plants, carry a higher load of pathogens compared to the 
naturally well protected groundwater. In consequence, where-
ver surface water is used for drinking water production (e.g. via 
bank filtration or artificial groundwater recharge) a frequent 
end monitoring of the raw water is proposed including irregular 
events of heavy rainfall and snow melt. 

Recommendation → Systematic evaluation of possible viral con-
tamination of drinking water from bank filtration during times 
of increased viral infections.

 > 8.3.3.2 Retain samples

Maunula et al. (2005) suggested the implementation of an 
easy to handle monitoring strategy for water works. The regular 
(daily or weekly) storage of a representative subsample of the 
freshly produced drinking water allows the back tracking of the 
contaminant source in case of waterborne disease outbreaks. 
Retain samples are stored for 50 days. This is suggested a cost-
saving improvement of risk management. We further propose 
also to store in parallel representative volumes of raw water (1-5 
L), where the number of pathogens in case of contamination is 
likely much higher and thus easier to detect.

Recommendation → Retain samples from raw water and drin-
king water.

 > 8.3.3.3 Epidemiological monitoring

In Germany, single and multiple noro- and rotavirus infections 
seem to occur throughout the whole year, but with increasing 
numbers of infected persons during winter time (RKI 2011). For 
some bacterial pathogens (e.g. Salmonella) the peak of docu-
mented infections is in summer. The path of transmission is not 

always clear. To date individual infections are epidemiologically 
not documented, which in many cases prevents the correlation 
between disease and source. 

Recommendation → Further developed epidemiological docu-
mentation of waterborne disease outbreaks.

8.3.4 improved water management
To better assess the risk of viral infection through drinking water 
the WHO proposed a ‘water safety plan (WSP)’. This concept 
suggests the combined assessment of raw water quality together 
with the efficiency of the applied water treatment methods. If 
the virus concentration in raw water and the efficiency of the 
respective treatment are known it is possible to estimate the 
risk of virus contamination of drinking water and therefore the 
risk to human health (WHO 2004). The ‘multi barrier system’ 
applied in Germany is comparable to the WSP of the WHO and 
is composed of a systematic resource protection as the first step 
followed by adequate treatment techniques. Finally, the drin-
king water is tested for the absence of faecal indicators. Not in 
all cases, the resource protection and the treatment techniques 
are sufficient (Szewzyk et al. 2006). It is thus recommended that 
viral risk calculations, as recommended by the WHO, are applied 
additionally to improve the safeguarding of drinking water. This 
includes, as already mentioned before, a regular control of the 
raw water taking into consideration also extreme climatic and 
hydraulic events such as stormwater run-off, flooding or snow-
melt (Szewzyk et al. 2006).

Recommendation → Improved water quality management stra-
tegies. Concepts of groundwater and drinking water protection 
should be expanded by taking into account the concept of ‘aqui-
fer vulnerability’ (Harter and Walker 2001; Chilton 2006). In 
areas with a high aquifer vulnerability protection zones need to 
be delineated more carefully.

8.3.5  legal framework - groundwater protection 
zones

The data summarized in section 5 impressively show, that patho-
gens may survive or persist at low temperatures in the subsur-
face for months to several years. Moreover, some pathogens may 
even reproduce in the environment. This is not in accordance 
with the 50 days dwelling distance of groundwater protection 
zone II as applied in Germany and other countries (Tab. 6). In-
deed, the transport distance of pathogens in aquifers (and river 
banks) is much less than just the product of survival time and 
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flow velocity (Althaus 1983). Physical and chemical processes 
as well as biological activities contribute to a generally efficient 
attenuation of pathogens. This was also the conclusion of a lar-
ge multidisciplinary project funded by the German Federal En-
vironment Agency (UBA) 25 years ago (Filip et al. 1986). How-
ever, contamination with faecal indicators is regularly detected 
in karst systems and fissured aquifers. We also see a potential 
risk for contamination of groundwater in highly heterogeneous 
porous aquifers. 

Recommendation → We thus recommend, from a microbiolo-
gical point of view, to delineate protection zones based on ex-
tensive tracer experiments with non-pathogenic representatives 
of prominent pathogens or appropriate surrogates taking into 
account also extreme climatic and hydraulic situations.

8.3.6 basic research
 > 8.3.6.1 Viral surrogates

Several model viruses, e.g. the F-specific bacteriophage MS2, so-
matic phages (PRD-1, ΦX174) or bacteriophages infecting Bac-
teroides fragilis have been proposed surrogates of pathogenic 
viruses, which show behaviour of transport and attenuation in 
the environment similar to some pathogens (Tartera and Jofre 
1987; Leclerc et al. 2000; Grabow 2001; Van der Wielen et al. 
2008). Model viruses are needed for many purposes, for examp-
le tracer experiments in the field. During the last years the mu-
rine norovirus, which has been successfully propagated in cell 
culture and can reproducibly be detected by RT-PCR, emerged to 
be a promising surrogate for the human-pathogenic counterpart 
(Bae and Schwab 2008).

Recommendation → Identification and testing of appropriate 
viral surrogates.

 > 8.3.6.2  Attenuation and survival of pathogens in situ –  
The unseen fraction

First of all, most information available with respect to the trans-
port and attenuation of pathogens originate from lab studies 
and/or the use of surrogate pathogens. To derive a more relia-
ble picture for the situation in situ more field investigations are 
needed. Second, most studies concentrated exclusively on the 
recovery of pathogens from water passing through soil and sedi-
ments. Rarely, the fraction of strained and adsorbed or actively 
attached pathogens have been tackled in more detail. There 
is evidence that this fraction may stay alive and infectious for 

long periods of time, thus forming a reservoir. This aspect is, 
to our opinion, of relevance especially in situations where envi-
ronmental compartments (soil and sediments) are continuously 
infiltrated with water carrying pathogens which then leads to an 
accumulation of pathogens over time, i.e. where bank filtration 
is used for drinking water production. At a certain time point 
sorption places at the sediment particle surfaces may be occu-
pied and the natural attenuation capacity decreases. In case of 
changing hydrochemical (e.g. ionic strength) or hydraulic con-
ditions (e.g. flow velocity) initially adsorbed pathogens may be 
released and transported further downgradient.

Recommendation → Studies on pathogen transport and survi-
val in sediments (soils, hyporheic zone of streams, river bank 
sediments and aquifers) are needed considering the temporally 
immobilized sediment-bound fraction of pathogens.

 > 8.3.6.3 Elimination processes and microbial antagonism

Human pathogens when released into the environment are 
usually affected by many abiotic and biotic processes which, 
in concert, determine their stability and survival. It has been 
repeatedly shown that disappearance (retardation and/or eli-
mination) of pathogens is faster in biologically active systems 
(Hurst et al. 1980; Hurst 1988; Nasser et al. 2002). Moreover, 
direct antagonistic effects onto E. coli have been shown for au-
tochthonous groundwater bacterial isolates (Hirsch and Rades-
Rohkohl 1983). However, so far there is only sparse information 
on antagonistic activities of microorganisms causing pathogens 
elimination. A better understanding of natural elimination 
processes (natural barrier functions) will contribute to improve 
water protection and management and might safe costs of com-
mon treatment procedures.

Recommendation → Elucidation of biotic antagonistic proces-
ses and their significance in the elimination of pathogens.

 > 8.3.6.4  Ecology of pathogens – Strategies for long- 
term persistence

Microorganisms (and viruses) developed a multitude of strate-
gies to survive harsh, hostile conditions. To be released from 
human or animal intestine into the environment are without 
doubt harsh conditions for pathogens. It has been shown that 
pathogenic bacteria and protozoa partly cope with this situati-
on shifting into a viable but not culturable (VBNC) state or for-
ming spores and cysts (Roszak and Colwell 1987; Oliver 2005; 
Karanis et al. 2007). This inconsequence potentially leads to the 
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situation that pathogens are present in low-activity (potentially 
still infectious) or dormant state, but they are no longer detecta-
ble with traditional cultivation-based approaches (Oliver 2005). 

Recommendation → A better understanding of pathogens eco-
logy and improved cultivation independent detection methods 
are needed.

 > 8.3.6.5 Pathogens with antibiotic resistance

The increasing numbers of drug-resistant bacterial strains in 
the environment and the possibility of horizontal gene transfer 
between autochthonous and allochthonous species and speci-
men are of great scientific interest as well as socioeconomic 
concern. Along with the applications of various antibiotics in 
modern animal livestock production, an increasing antibiotic 
resistance among gastrointestinal bacteria is observed (Sapkota 
et al. 2007). Moreover, the potential risk of environmental con-
tamination by antibiotic-resistant bacteria derived from hospital 
sewage was demonstrated (Reinthaler et al. 2003). The fate of 
these genetically modified organisms in the environment and 
the probability of horizontal gene transfer in soil and aquatic 
environments await detailed investigation.

Recommendation → Scientific research on the fate of drug-resis-
tant microorganisms in the environment.

 > 8.3.6.6 General framework – standards for lab tests

To our opinion, it would be helpful to establish standards for 
performing bench-scale studies on attenuation and survival or 
persistence of pathogens as there is still a tremendous variabi-
lity within experimental findings observed. It is suggested to 
set up routine protocols for the propagation and preparation of 
seeded test organisms. Moreover, the inclusion of standardized 
internal controls, e.g. the bacteriophage MS2 or E. coli, will con-
tribute to minimize the variability of survival data that are repor-
ted for pathogenic microorganisms and viruses in groundwater 
(John and Rose 2005).

Recommendation → Agreement on standard protocols and ex-
perimental design.

 > 8.3.6.7  Current research - joint project on detection,  
transport and elimination of pathogenic  
viruses in water

Currently, a national multidisciplinary research project funded 
by the German Research Foundation (DFG) tackles several of the 
‘open’ topics mentioned above. Two working groups (M. Seidel 
& R. Niessner, Institute of Hydrochemistry, Technical University 
Munich (TUM); M. Exner & C. Koch, Institute for Hygiene and 
Public Health, University of Bonn), focus on the development 
of high-throughput filtration techniques (ultra- and nanofiltra-
tion). The colleagues from the TUM furthermore test selective 
methods for subsequent enrichment based on immunosepara-
tion and automated analytical microarrays. The working group 
from the German Federal Environment Agency (H. C. Selinka 
& I. Chorus, UBA, Berlin) investigates the fate of pathogenic 
viruses (noroviruses and adenoviruses) in surface water and try 
to optimize protocols for nucleic acid extraction and qPCR as-
says; the later topic in collaboration with colleagues from the 
University in Bonn (Ch. Drosten, Institute of Virology, University 
of Bonn Medical Centre). Identification and testing of promising 
indicator viruses is an additional topic of these two working 
groups. Factors determining the efficiency of pathogenic virus 
reduction during wastewater treatment and the improvement of 
mathematical models with predictive power on virus eliminati-
on are tackled by colleagues from Hannover (K.-H. Rosenwinkel 
& S. Wolter, Institute for Sanitary Environmental Engineering 
and Waste Engineering, Leibniz University of Hannover). Last 
but not least, the authors of this review currently conduct lab 
and field experiments to evaluate the contribution of microbial 
processes (grazing and bacterial lyses) to the elimination of pa-
thogenic viruses in aquatic systems. In summary, the scientific 
program of this joint research project on pathogenic viruses in 
water addresses major aspects in relation to an improved and 
sustainable drinking water quality management.
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9.  eMPfeHlunGen 
(deutsche Version des originaltextes unter 8.3)

 9.1  teCHniSCH-MetHoDiSCHe WeiterentWiCK-
lunG MoDerner filterSySteMe Zur anrei-
CHerunG PatHoGener Viren

Obwohl aktuell strenge Richtlinien in Bezug auf mikrobielle 
Kontaminationen von Trinkwasser gelten, gibt es bezüglich pa-
thogener Viren derzeit nur Empfehlungen (Botzenhart und Flei-
scher 2009). Nach Vorgabe der USEPA sollte die Wahrschein-
lichkeit einer Infektion je 10.000 Personen und Jahr durch 
Pathogene im Trinkwasser nicht übersteigen („tolerable infec-
tion risk“; Rose und Gerba 1991). Auch die WHO hat ein Kon-
zept entwickelt („Disability Affected Life Years“, DALY), welches 
die Konzentration von Viruspartikeln, deren Infektionspotenti-
al und das Ausmaß der jeweiligen Erkrankung berücksichtigt 
(WHO 2004). Dieses Konzept erlaubt es, die maximale tolerier-
bare Viruskonzentration im Trinkwasser, zumindest theoretisch, 
zu ermitteln. Wenn man berücksichtigt, dass bei pathogenen 
Viren (und teilweise auch bei pathogenen Protozoen, wie z. B. 
Cryptosporidium) bereits ein Partikel als infektiöse Einheit gilt, 
stößt man bei Viren schnell an methodische Grenzen. Für Rota-
viren wird beispielsweise ein Richtwert von < 1 Viruspartikel in 
32 m3 Trinkwasser empfohlen, der weniger als 1 DALY pro 100.000 
Verbrauchern entspricht (WHO 2006). Reicht es für E. coli 100 ml 
Wasser zu filtrieren, müssen in Anbetracht dieser Richtwerte und 
Empfehlungen für Viren künftig enorme Probenvolumen analy-
siert werden. Derzeit gibt es jedoch noch keine standardisierten 
Anreicherungsmethoden, die es ermöglichen, infektiöse Virusp-
artikel aus solch großen Wasservolumina (> 10 m3) in angemes-
sener Zeit (< 1 Tag) aufzukonzentrieren. Die Entwicklung von 
Filtrationssystemen zur Anreicherung von pathogenen Viren ist 
daher dringend notwendig, um zukünftig eine sichere Trinkwas-
serüberwachung zu gewährleisten. 

Ein weiteres Problem stellt die Sensitivität bestehender kulti-
vierungs-abhängiger und kultivierungs-unabhängiger (moleku-
larer) Nachweismethoden dar. Ein Plattennachweis (CFU bzw. 
PFU) erlaubt theoretisch die Detektierung einer einzelnen Zelle 
bzw. eines infektiösen Partikels in einem Milliliter Flüssigkeit. 
Aus statistischen Gründen sind aber mehr als 10 Kolonien bzw. 
Plaques notwendig für eine reproduzierbare Auswertung. Für 
einen PCR-Ansatz benötigt es bereits mehrere Partikel in nur 
10-50 µl Probe, was einer Anzahl von mehr als 20 Zellen bzw. 
Partikeln pro ml entspricht. Bei Umweltproben treten zusätzlich 
Verluste bei der Extraktion und Aufreinigung von Nukleinsäuren 
auf, die den sensitiven Nachweis erschweren. Vergleicht man die 
Empfehlungen von WHO und USEPA mit den heutigen techni-
schen Möglichkeiten, so liegt die Herausforderung in der Anrei-
cherung von Virenpartikeln um 7 bis 8 Größenordnungen. 

9.2 inteGratiVeS inDiKatorKonZePt

Die Sicherstellung von hygienisch unbedenklichem Trinkwasser 
basiert heutzutage international auf einem bakterien-spezifi-
schem Überwachungsprinzip. Trinkwasser wird routinemäßig 
auf bakterielle Indikatoren (zwingend E. coli, nicht zwingend 
Coliforme) getestet. Weitere Pathogene (Viren und Protozoen), 
die unter Umständen weitaus schwerwiegendere Erkrankungen 
verursachen können, werden dabei nicht erfasst. So weist die 
WHO (2006) ausdrücklich darauf hin, dass trotz Abwesenheit 
von E. coli die potentielle Gefahr einer Trinkwasserkontaminati-
on mit pathogenen Viren besteht. Dennoch gibt es bisher keine 
verpflichtenden Regelungen zur routinemäßigen Überwachung 
von Grundwasser bzw. Trinkwasser auf pathogene enterische 
Viren. Das hohe virale Infektionspotential, ihre geringe Größe 
(Viren passieren häufig Standard-Filtersysteme) und ihre hohe 
Widerstandsfähigkeit (besonders auch gegen die physikalische 
und chemische Wasseraufbereitung) unterstreichen die Notwen-
digkeit eines erweiterten Indikatorkonzepts. Aktuell werden Co-
liphagen und Adenoviren als virale Indikatoren diskutiert (Pina 
et al. 1998; Jiang 2006; Szewzyk et al., 2006). Auch der Nach-
weis auf parasitäre Protozoen, die ebenfall regelmäßig in noch 
infektiösem Zustand die Trinkwasseraufbereitung überwinden, 
ist bei der Trinkwasseranalyse bis heute noch nicht gesetzlich 
vorgeschrieben. Aufgrund der zunehmenden Kontaminations-
quellen, dem steigenden Grund- und Trinkwasserbedarf und der 
daraus resultierenden Zunahme der Trinkwasseraufbereitung 
empfehlen wir ein integratives Indikatorkonzept, welches alle 
relevanten Pathogenen mit einbezieht. 

9.3  WeiterentWiCKlunG Von Dna/rna-extraK-
tionSMetHoDen

Wie bereits zuvor erwähnt, setzt der erregerspezifische moleku-
lare Nachweis von Pathogenen aus Umweltproben eine quan-
titative Extraktion der Nukleinsäuren sowie deren effiziente 
Amplifikation voraus. Durch natürlich im Wasser und Sediment 
vorkommende hemmende Substanzen, wir z.B. Huminstoffe und 
Eisenverbindungen, ist die Extraktion bei aktuell verwendeten 
Methoden selten vollständig und der qualitative bzw. quan-
titative Nachweis erschwert. In der Regel kommt es bei einer 
Anreicherung von Pathogenen auch zu einer parallelen Anrei-
cherung der inhibitorischen Stoffe. Die Weiterentwicklung und 
Erprobung verbesserter Extraktions- und Aufreinigungsprotokol-
le muss vorangetrieben werden. 
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9.4  bioloGiSCHe teStVerfaHren/infeKtionS-
teStS für alle releVanten KranKHeitSer-
reGer

Da der alleinige (molekularbiologische) Nachweis von Krank-
heitserregern in Wasserproben noch keinerlei Rückschlüsse auf 
deren Infektiosität zulässt sind dringend verlässliche Infektiosi-
tätstests für alle relevanten pathogenen Mikroorganismen und 
Viren erforderlich. Dies wird besonders am Beispiel der Noroviren 
deutlich. Obwohl Noroviren heutzutage nachweislich die häu-
figste Ursache für den Ausbruch viraler Gastroenteritis-Epidemi-
en sind, konnte bisher kein geeignetes in vitro Zellkultursystem 
für den Nachweis von infektiösen Noroviren entwickelt werden.

9.5  berüCKSiCHtiGunG Von Geno- unD Sero-
tyPen in Der urSaCHenforSCHunG

Im Falle einer Trinkwasserkontamination und im Hinblick auf 
epidemiologische Studien könnte die Bestimmung der jeweili-
gen Genotypen (z.B. im Falle der Noroviren) oder der Serotypen 
(z. B. im Falle der Adenoviren) entscheidend zu einer verbesser-
ten Trinkwasserüberwachung beitragen. Die exakte Identifizie-
rung des jeweiligen Krankheitserregers erlaubt die Suche nach 
möglichen Kontaminationsquellen und hilft somit entscheidend 
bei der Eindämmung von wasserbürtigen Ausbrüchen (Nygard 
et al. 2003; Maunula und Von Bonsdorff 2005; Koh et al. 2008). 
Da mittlerweile bekannt ist, dass verschiedene Virus-Serotypen 
auch ein unterschiedliches Verhalten in der Umwelt zeigen 
können, sollte die Typisierung zukünftig für eine verbesserte 
Ursachenforschung in der Epidemiologie herangezogen werden 
(Fong et al. 2010; H.C. Selinka, pers. Mitt. 2010). 

9.6  entWiCKlunG eineS einfaCHen MoDularen 
SetS Von reDuKtionSPotentialen Zur riSi-
KobeWertunG

In Abhängigkeit von den Umweltbedingungen und Wegstre-
cken, kommt es in verschiedenen Umweltkompartimenten 
(Luft, Boden, Fluss, Aquifer) zu einer unterschiedlich starken 
Abreicherung von Pathogenen. Die Abwasseraufbereitung in 
einer konventionellen Kläranlage, beispielsweise, gewährleistet 
eine Veringerung der Anzahl an pathogenen Viren um etwa 2 
log-Stufen. Dies entspricht dem Reduktionspotential einer bio-
logisch aktiven Bodenschicht. Reduktionspotentiale typisch für 
verschiedene Umweltkompartimente können in ein einfaches 
modulares Set zur theoretischen Abschätzung der Konzentrati-

onsabnahme von Pathogenen entlang eines Eintragspfades ein-
fließen und erlauben eine erste Risikoabschätzung. Im Falle der 
Trinkwassergewinnung durch Uferfiltration könnten so z.B. die 
einzelnen Reduktionspotentiale vom Ausgangsprodukt (z. B. Ab-
wasser) bis hin zum Rohwasser (z. B. Grundwasser) aufsummiert 
werden und somit bereits Rückschlüsse auf das Risiko einer Ver-
unreinigung des Trinkwassers gezogen werden. 

9.7  MoDerne KonZePte Zur roHWaSSerüberWa-
CHunG Vor alleM bei Der ProDuKtion Von 
trinKWaSSer auS oberfläCHenWaSSer

Im Gegensatz zum viel besser geschützten Grundwasser enthal-
ten Oberflächenwässer, in die geklärtes Abwasser eingespeist 
wird eine erhöhte Anzahl an pathogenen Mikroorganismen 
und Viren. Daher wird speziell bei der Trinkwassergewinnung 
aus Oberflächenwasser, z. B. durch Uferfiltration oder künstli-
che Grundwasseranreicherung, empfohlen, eine regelmäßige 
Endproduktkontrolle am Rohwassers durchzuführen und hierbei 
besonders auch unregelmäßige klimatische bzw. hydrologische 
Ereignisse wie Starkregen oder Schneeschmelze zu berücksichti-
gen. Hierzu zählt auch die systematische Bewertung einer mög-
lichen viralen Kontamination von Trinkwasser in Zeiten erhöhter 
Infektionsaufkommen. 

9.8  rüCKStellProben Von roH- unD trinKWaS-
Ser Zur VerbeSSerten DoKuMentation Von 
WaSSerbürtiGen erKranKunGen

Erst kürzlich wurde für Wasserwerke die Einführung einer ein-
fach zu praktizierenden Methode zur besseren Trinkwasserü-
berwachung empfohlen (Maunula et al. 2005). Nämlich, die 
regelmäßige (täglich oder wöchentlich) Lagerung einer re-
präsentativen Stichprobe des frisch produzierten Trinkwassers 
und des Rohwassers soll im Falle eines wasserbürtigen Krank-
heitsausbruches einen schnellstmöglichen Rückschluss auf die 
Kontaminationsquelle ermöglichen. Diese Rückstellproben 
können problemlos über einen Zeitraum von 50 Tagen gela-
gert werden und wären somit eine kostengünstige Ausweitung 
des Risikomanagements. 
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9.9  ePiDeMioloGiSCHeS DoKuMentationSnetZ 
für WaSSerbürtiGe erKranKunGen

In Deutschland kann eine gewisse Saisonalität von Infektions-
krankheiten beobachtet werden. Virale Infektionen, z. B. durch 
Noro- oder Rotaviren verursacht, treten gehäuft in den kalten 
Wintermonaten auf (RKI 2011). Erkrankungen mit bakteriellen 
Krankheitserregern wie z.B. Salmonellen überwiegen dagegen 
im Sommer. In beiden Fällen sind die Übertragungswege nicht 
immer eindeutig geklärt. Da einzelne Infektionen heutzutage 
epidemiologisch noch nicht dokumentiert werden, kann oft-
mals der wichtige Bezug zwischen Erkrankung und Ursache/
Kontaminationsquelle nicht hergestellt werden. Ein verbesser-
tes epidemiologisches Dokumentationsnetz könnte bei der 
Suche nach möglichen Kontaminationsquellen helfen und 
somit dazu beitragen, die rasche Ausbreitung wasserbürtiger 
Ausbrüche zu verhindern und die Qualitätssicherung von Trink-
wasser nachhaltig zu entwickeln. 

9.10  WeiterentWiCKlunG Von WaSSerManaGe-
MentStrateGien (über Multi-barrieren-
KonZePt HinauS, analoG ZuM Water 
Safety Plan)

Die WHO hat zur besseren Risikoabschätzung von viralen In-
fektionen durch kontaminiertes Trinkwasser einen so genann-
ten „Water Safety Plan (WSP)“ erstellt. Zur besseren Beurteilung 
der Trinkwasserqualität berücksichtigt dieses Konzept sowohl 
die Qualität des Rohwassers als auch die Effizienz der ange-
wendeten Wasseraufbereitungsmethode. Bei bekannter Virus-
konzentration im Rohwasser und der kalkulierbaren Effizienz 
der jeweiligen Wasseraufbereitung, ermöglicht dieses Konzept 
eine Risikoabschätzung (WHO 2004). In Deutschland kommt 
als vergleichbares Konzept ein so genanntes dreistufiges Mult-
ibarrierensystem zur Anwendung, welches primär den systema-
tischen Ressourcenschutz, eine angemessene Aufbereitung und 
eine ordnungsgemäße Verteilung des Trinkwassers bis hin zur 
Hausinstallation beinhaltet. Da jedoch diese Schutzmaßnah-
men nicht immer ausreichend sind und das Trinkwasser final 
nur auf die Abwesenheit bakterieller Fäkalindikatoren gestestet 
wird (Szewzyk et al., 2006), wird nahe gelegt, das deutsche Sys-
tem um von der WHO empfohlene Schritte zu erweitern. Wie 
bereits zuvor erwähnt sollten für eine verlässliche regelmäßige 
Kontrolle des Rohwassers gerade auch extreme klimatische und 
hydraulische Bedingungen, wie z.B. Starkregenereignisse, Über-
schwemmungen oder auch Schneeschmelze, miteinbezogen 
werden (Szewzyk et al., 2006). Moderne Wassermanagement-

konzepte sollten zudem die Vulnerabilität von Einzugsgebieten 
und Grundwasserleitern berücksichtigen (Harter und Walker 
2001; Chilton 2006). Hierdurch könnten gerade in Gebieten 
mit erhöhter Gefahr einer Kontamination des Grundwasserlei-
ters die Schutzzonen besser ausgewiesen werden. 

9.11  auSWeiSunG Von GrunDWaSSerSCHutZ-
Gebieten unter berüCKSiCHtiGunG Von 
extreMen KliMatiSCHen unD HyDrolo-
GiSCHen beDinGunGen

Wissenschaftliche Studien belegen, dass Pathogene im Unter-
grund bei niedrigen Temperaturen über Monate bis zu mehrere 
Jahre hin überdauern können. Des Weiteren gibt es Hinweise, 
dass sich einige pathogene Bakterien auch außerhalb ihres Wir-
tes vermehren können. Es stellt sich daher die Frage, ob die in 
Deutschland und vielen anderen Ländern gültige 50-Tage-Linie 
der Grundwasser-Schutzzone II ausreichend Schutz vor einer 
Kontamination mit pathogenen Mikroorganismen und Viren 
gewährleistet. Gerade in Karst und Kluftleitern werden patho-
gene Verunreinigungen regelmäßig detektiert. Ein besseres 
Verständnis der komplexen physikalischen und biologischen 
Prozesse die zu einem Rückhalt bzw. dauerhaft zu einer Elimi-
nation von Pathogenen beitragen ist notwendig. Wir empfeh-
len, in Risikogebieten Schutzzonen auf Basis von weitläufigen 
Tracerexperimenten unter Verwendung von nicht-pathogenen 
Vertretern bekannter Krankheitserreger zu überprüfen und da-
bei auch extreme klimatische und hydraulische Situationen zu 
berücksichtigen.

9.12  MoDell- unD referenZViren für for-
SCHunGSZWeCKe

In der Vergangenheit wurden zahlreiche Modellviren (z.B. der F-
spezifische Bakteriophage MS2, die somatischen Phagen PRD-1 
oder Φ174, oder auch Bakteriophagen die spezifisch Bacteroi-
des fragilis infizieren) die sich bezüglich Transport und Rückhalt 
in der Natur ähnlich wie ihre pathogenen Verwandten verhal-
ten als mögliche nicht-pathogene Vertreter (surrogates) getestet 
(Tartera und Jofre 1987; Leclerc et al. 2000; Grabow 2001; Van 
der Wielen et al. 2008). Gerade im Hinblick auf Tracerstudien im 
Gelände kommt diesen Modellviren eine große Bedeutung zu. 
Am Beispiel des nicht-kultivierbaren hochinfektiösen Norovirus 
wird die Notwendigkeit der Identifizierung und Testung geeig-
neter Modellviren deutlich. In den letzten Jahren ist es gelungen 
ein murines Norovirus erfolgreich in Zellkultur zu vermehren und 
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reproduzierbar durch RT-PCR nachzuweisen (Bae und Schwab 
2008). Dieses, für den Menschen ungefährliche Virus, könnte 
in zukünftigen Studien als Ersatzvirus für das menschliche Noro-
virus fungieren und somit zu einer verlässlicheren Trinkwasserü-
berwachung beitragen.

9.13  felDVerSuCHe Zu tranSPort unD überle-
ben Von PatHoGenen in SeDiMent

Die Erkenntnisse, die bisher zu Transport und Rückhalt von Pa-
thogenen in der Umwelt gesammelt wurden, stammen überwie-
gend aus Laborversuchen und Experimenten mit nicht-pathoge-
nen Modellorganismen und -viren. Daher fordern wir für eine 
besseren Abschätzung der in situ Verhältnisse vermehrt Versu-
che im Feld. Bisher konzentrierten sich die meisten Studien zu-
dem beinahe ausschließlich auf die Analyse und Wiedergewin-
nung von Pathogenen aus der wässrigen Phase (Sickerwasser, 
Porenwasser, Grundwasser). Viruspartikel haften, zum Beispiel, 
sehr rasch an Sedimentoberflächen an. Diese können über einen 
langen Zeitraum infektiös bleiben und somit als ein Reservoir an 
Krankheitserregern verstanden werden. Dieser Aspekt der mög-
lichen Aufkonzentration von unerwünschten Keimen und Viren 
an der Festphase sollte besonders im Hinblick auf die stetige 
Zunahme von Wasserrecycling und Trinkwassergewinnung (z. 
B. Uferfiltration) berücksichtigt werden. Durch die zunehmende 
Belegung der Adsorptionsstellen kann sich die natürliche Rück-
haltekapazität des Untergrunds über die Zeit erschöpfen. Starke 
Änderungen in der Wasserzusammensetzung, vor allem die Ver-
ringerung der Ionenstärke, kann zu einer erneuten Freisetzung 
ursprünglich adsorbierter pathogener Partikel führen. Es wird 
daher empfohlen besonders auch den Transport und die Persis-
tenz von Pathogenen im Sediment (Böden, hyporheische Zone 
von Flüssen, Grundwasserleiter) im Hinblick auf die reversibel 
immobilisierte Fraktion an Pathogenen zu untersuchen.

9.14  beitraG biotiSCHer antaGoniStiSCHer 
ProZeSSe Zur eliMinierunG Von PatHo-
Genen

Es gilt mittlerweile als erwiesen, dass das Verschwinden von 
Pathogenen in Böden und Sedimenten (durch Rückhalt oder 
Elimination) mit der biologischen Aktivität korreliert (Hurst et 
al., 1980; Hurst 1988; Nasser et al., 2002). Gegenüber E. coli 
konnten sogar direkte antagonistische Effekte durch autochtho-
ne Grundwasserbakterien nachgewiesen werden (Hirsch und 
Rades-Rohkohl 1983). Insgesamt betrachtet ist bisher jedoch 

nur sehr wenig über antagonistische mikrobielle Effekte die ak-
tiv zur Elimination von Pathogenen in der Umwelt beitragen 
und die dahinter stehenden Prozesse bekannt. Ein besseres 
Verständnis dieser natürlichen Eliminationsprozesse könnte ent-
scheidend dazu beitragen den Trinkwasserschutz und das -ma-
nagement weiter zu verbessern und Kosten für die physikalisch-
chemische Wasseraufbereitung einzusparen. 

9.15  MoDerne MetHoDen ZuM naCHWeiS Von 
infeKtiöSen DauerStaDien

Mikroorganismen (und Viren) haben zahlreiche Strategien ent-
wickelt um ungünstige Lebensbedingungen zu überstehen. 
Von pathogenen Bakterien und Protozoen kennt man heute so 
genannte „Viable But Not Culturable (VBNC)“ Stadien, sowie 
die Ausbildung von Sporen oder Zysten (Roszak und Colwell 
1987; Oliver 2005; Karanis et al., 2007). Diese morphologisch 
und physiologisch veränderten Zustände zeichnen sich durch 
eine niedrige zelluläre Aktivität aus und ermöglichen es diesen 
Organismen außerhalb ihres Wirtes lange Zeit zu überdauern. 
Pathogene mit einer niedrigen Zellaktivität oder in einem Über-
dauerungsstadium sind oftmals nicht oder nur sehr schwer mit 
herkömmlichen kultivierungs-abhängigen Nachweismethoden 
zu erfassen (Oliver 2005). Da Krankheitserreger in diesen Dau-
erstadien jedoch weiterhin als potentiell infektiös gelten, birgt 
dies zusätzliche Risiken für eine sichere Trinkwasserüberwa-
chung. Ein besseres Verständnis der Ökologie von Pathogenen 
und die Weiterentwicklung möglicher kultivierungs-unabhän-
giger Nachweisverfahren können entscheidend zur Prävention 
wasserbürtiger Ausbrüche beitragen.

9.16  öKoloGie Von antibiotiKa-reSiStenten 
PatHoGenen MiKroorGaniSMen in Der 
uMWelt

Die Zunahme an multiresistenten Bakterienstämmen in der Um-
welt und der potentielle horizontale Gentransfer zwischen au-
tochthonen und allochthonen Arten sind nicht nur von großem 
wissenschaftlichem Interesse sondern betreffen auch sozioöko-
nomische Belange. Aufgrund der heutzutage oftmals unbedach-
ten Anwendung zahlreicher Antibiotika in der modernen Tier-
zucht kann eine deutliche Zunahme an Antibiotika-Resistenzen 
innerhalb von gastrointestinalen Bakterien beobachtet werden 
(Sapkota et al 2007). Ein weiteres Risiko einer Grundwasserbe-
lastung mit multiresistenten Bakterien bergen zudem immer 
häufiger die Abwässer von Krankenhäusern (Reinthaler et al., 
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2003). Das Verhalten dieser genetisch veränderten Organismen 
in der Umwelt ist bisher weitestgehend unbekannt und sollte 
wissenschaftlich genauer untersucht werden. 

9.17  einfüHrunG internationaler StanDarDS 
für labor- unD felDVerSuCHe

Im Anbetracht der großen Unterschiede innerhalb der zahlrei-
chen experimentellen Beobachtungen die bisher hinsichtlich 
Verhalten (Rückhalt, Adsorption) und Überleben bzw. Persistenz 
von Pathogenen gefunden wurden, sollte angedacht werden, 
für die Durchführung solcher Studien im Labormaßstab zu-
künftig Standardrahmenbedingungen einzuführen. Sowohl die 
Verwendung einheitlicher Protokolle für die Vermehrung und 
Präparation von eingesetzten Testorganismen als auch die stan-
dardisierte Einführung interner Kontrollen, wie z. B. der Bakte-
riophage MS2 oder E. coli, könnten helfen die große Streuung 
der dokumentierten Überlebensdaten zu einzelnen pathogenen 
Mikroorganismen und Viren im Grundwasser zu minimieren 
(John und Rose 2005).

9.18  aKtuelle forSCHunG – VerbunDProjeKt 
Zu naCHWeiS, tranSPort unD eliMination 
Von PatHoGenen Viren iM WaSSer

Ein multidisziplinäres Forschungsprojekt, welches von der 
Deutschen Forschungsgemeinschaft (DFG) finanziert wird, be-
arbeitet derzeit einige der angesprochenen Fragestellungen. 
Zwei Arbeitsgruppen (M. Seidel & R. Niessner, Institut für Hy-
drochemie, Technische Universität München, TUM; M. Exner & 
C. Koch, Institut für Hygiene und Öffentliche Gesundheit, Uni-
versität Bonn) arbeiten beispielsweise an der Entwicklung von 
Hochdurchsatz-Filtrationstechniken (Ultra- und Nanofiltration) 
zur Anreicherung von pathogenen Viren. Zwei Arbeitsgruppen 
am Deutschen Umweltbundesamtes (UBA, Berlin) erforschen 
unter der Leitung von H. C. Selinka & I. Chorus das Verhalten 
von pathogenen Viren (Noroviren und Adenoviren) in Ober-
flächenwasser und bei der Sedimentpassage. Es wird zudem 
versucht Protokolle zur Nukleinsäure-Extraktion zu optimieren 
(Zusammenarbeit mit Ch. Drosten, Institut für Virologie, Univer-
sität Bonn). Ein weiteres Ziel ist zudem die Identifizierung neuer 
Indikatorviren. Die Effizienz der Viruselimination während der 
Abwasseraufbereitung und mögliche beteiligte Faktoren wer-
den von Kollegen aus Hannover (K.-H. Rosenwinkel & S. Wol-
ters, Institut für Siedlungswasserwirtschaft und Abfalltechnik, 
Leibniz Universität Hannover) untersucht. Im Mittelpunkt steht 
hierbei die Entwicklung und Verbesserung von mathematischen 
Modellen zur Vorhersage der Effizienz der Viruselimination wäh-
rend der Abwasseraufbereitung. Die Autoren dieses Gutachtens 
sind selbst an der Erforschung von mikrobiellen Prozessen und 
deren Beitrag zur Elimination von pathogenen Viren in aqua-
tischen Systemen interessiert. Im Mittelpunkt stehen Versuche 
zum Grazing von Viren durch Protozoen und Experimente zur 
Lyse von Viren durch bakterielle Exoenzyme. 



48

10. referenCeS

10. referenCeS

abbaszadegan, M., leChevallier, M., and Gerba, C. (2003): 
Occurrence of viruses in US groundwaters. Journal of American 
Water Works Association. 95: 107-120.

abudalo, r.a., bogatsu, y.G., ryan, j.n., Harvey, r.W., Metge, 
D.W., and elimelech, M. (2005): Effect of ferric oxyhydroxide 
grain coatings on the transport of bacteriophage PRD1 and 
Cryptosporidium parvum oocysts in saturated porous media. En-
viron Sci Technol 39: 6412-6419.

aCSaD-bGr (2003): Technical Cooperation Project - Manage-
ment, Protection, and Sustainable Use of Groundwater and Soil 
Resources in the Arab Region. Volume 6 - Guideline for Sustai-
nable Groundwater Resources Management. Technical Coopera-
tion. Project No.: 1996.2189.7.

ahmed, W., Goonetilleke, a., and Gardner, t. (2010): Human 
and bovine adenoviruses for the detection of source-specific 
fecal pollution in coastal waters in Australia. Water Res 44: 
4662-4673.

albert, M.j. (1986): Enteric adenoviruses. Brief review. Arch Vi-
rol 88: 1-17.

allos, b.M. (2001): Campylobacter jejuni infections: update on 
emerging issues and trends. Clin Infect Dis 32: 1201-1206.

allwood, P.b., Malik, y.S., Hedberg, C.W., and Goyal, S.M. 
(2003): Survival of F-specific RNA coliphage, feline calicivirus, 
and Escherichia coli in water: a comparative study. Appl Environ 
Microbiol 69: 5707-5710.

althaus, H., jung, K.D., Mattheß, G., and Pekdeger, a. (1982): 
Lebensdauer von Bakterien und Viren in Grundwasserleitern. 
Umweltbundesamt, Erich Schmidt Verlag, Berlin. Materialien 
1/82:190 S.

althaus, H. (1983): Hygienische Bedeutung der Lebensdauer 
von Bakterien und Viren in Grundwasserleitern im Zusammen-
hang mit den Grundwassergewinnungsanlagen. In: Forum - Mik-
roorganismen und Viren in Grundwasserleitern - München 1983. 
DVGW-Schriftenreihe Wasser. ZfGW-Verlag Frankfurt. 35: 25-40.

amy, G., bull, r., Craun, G.f., Pegram, r.a., and Siddiqui, M. 
(2000): Disinfectants and disinfectant by-products. Environ-
mental Health Criteria 216. World Health Organization (WHO) 
2000. 1-26.

andersson, y., and bohan, P. (2001): Disease surveillance and 
waterborne outbreaks. Water Quality: Guidelines, Standards 
and Health. Edited by Lorna Fewtrell and Jamie Bartram. Pub-
lished by IWA Publishing, London, UK. ISBN: 1 900222 28 0.

arana, i., Pocino, M., Muela, a., fernandez-astorga, a., and 
barcina, i. (1997): Detection and enumeration of viable but 
non-culturable transconjugants of Escherichia coli during the 
survival of recipient cells in river water. J Appl Microbiol 83: 
340-346.

arnone, r.D., and Walling, j.P. (2007): Waterborne pathogens 
in urban watersheds. J Water Health 5: 149-162.

aronino, r., Dlugy, C., arkhangelsky, e., Shandalov, S., oron, 
G., brenner, a., and Gitis, V. (2009): Removal of viruses from 
surface water and secondary effluents by sand filtration. Water 
Res 43: 87-96.

ashbolt, n.j., Dorsch, M.r., Cox, P.t., and banens, b. (1997): 
Blooming E. coli, what do they mean? In: Coliforms and E. coli, 
Problem or Solution? (eds D. Kay and C. Fricker), The Royal Soci-
ety of Chemistry, Cambridge: pp. 78-85.

ashbolt, n.j., Grabow, W.o.K., and Snozzi, M. (2001): Indicators 
of microbial water quality. Water Quality: Guidelines, Standards 
and Health. Edited by Lorna Fewtrell and Jamie Bartram. Publis-
hed by IWA Publishing, London, UK. ISBN: 1 900222 28 0.

ashbolt, n.j. (2004): Microbial contamination of drinking wa-
ter and disease outcomes in developing regions. Toxicology 198: 
229-238.

avramov, M., Schmidt, S.i., Griebler, C., Hahn, H.j., and berk-
hoff, S. (2010): Dienstleistungen der Grundwasserökosysteme. 
Korrespondenz Wasserwirtschaft 3: 75-80.

aydin, a. (2007): The microbiological and physico-chemical 
quality of groundwater in west thrace, Turkey. Polish J. of Envi-
ron. Stud. 16: 377-383.

bae, j., and Schwab, K.j. (2008): Evaluation of murine norovi-
rus, feline calicivirus, poliovirus, and MS2 as surrogates for hu-
man norovirus in a model of viral persistence in surface water 
and groundwater. Appl Environ Microbiol 74: 477-484.

bagdasaryan, G.a. (1964): Survival of Viruses of the Enterovirus 
Group (Poliomyelitis, Echo, Coxsackie): in Soil and on Vegetab-
les. J Hyg Epidemiol Microbiol Immunol 120: 497-505.



49

10. referenCeS

bales, r.C., li, S., Maguire, K.M., yahya, M.t., and Gerba, C.P. 
(1993): MS-2 and poliovirus transport in porous media: Hydro-
phobic effects and chemical perturbations. Water Resour. Res. 
29: 957-963.

balke, K. D. and y. Zhu (2008): Natural water purification and 
water management by artificial groundwater recharge. Journal 
of Zhejiang University. Science. B 9(3): 221-226.

banning, n., toze, S., and Mee, b.j. (2003): Persistence of bio-
film-associated Escherichia coli and Pseudomonas aeruginosa in 
groundwater and treated effluent in a laboratory model system. 
Microbiology 149: 47-55.

barbosa, j.M., Costa-de-oliveira, S., rodrigues, a.G., Han-
scheid, t., Shapiro, H., and Pina-Vaz, C. (2008): A flow cyto-
metric protocol for detection of Cryptosporidium spp. Cytometry 
A 73: 44-47.

barker, j., and brown, M.r. (1994): Trojan horses of the microbi-
al world: protozoa and the survival of bacterial pathogens in the 
environment. Microbiology 140 (Pt 6):: 1253-1259.

barrell, r.a., Hunter, P.r., and nichols, G. (2000): Microbiolo-
gical standards for water and their relationship to health risk. 
Commun Dis Public Health 3: 8-13.

barwick, r.S., levy, D.a., Craun, G.f., beach, M.j., and Calde-
ron, r.l. (2000): Surveillance for waterborne-disease outbreaks-
-United States, 1997-1998. MMWR CDC Surveill Summ 49: 1-21.

bergmire-Sweat, D., Wilson, K., Marengo, l., lee, y.M., Ma-
cKenzie, W.r., Morgan, j. et al. (1999): Cryptosporidiosis in 
Brush Creek: Describing the epidemiology and causes of a large 
outbreak in Texas, 1998. In Proc. Internat. Conf. on Emerging 
Infectious Diseases, Milwaukee, WI, AWWA, Denver, Colorado.

berk, S.G., Gunderson, j.H., newsome, a.l., farone, a.l., 
Hayes, b.j., redding, K.S. et al. (2006): Occurrence of infec-
ted amoebae in cooling towers compared with natural aquatic 
environments: implications for emerging pathogens. Environ Sci 
Technol 40: 7440-7444.

berke, t., and Matson, D.o. (2000): Reclassification of the Ca-
liciviridae into distinct genera and exclusion of hepatitis E virus 
from the family on the basis of comparative phylogenetic analy-
sis. Arch Virol 145: 1421-1436.

besner, M.C., Prevost, M., and regli, S. (2011): Assessing the 
public health risk of microbial intrusion events in distribution 
systems: Conceptual model, available data, and challenges. Wa-
ter Res 45: 961-979.

betancourt, W. q. and j. b. rose (2004): Drinking water treat-
ment processes for removal of Cryptosporidium and Giardia. Ve-
terinary parasitology 126(1-2): 219-234.

beuret, C., Kohler, D., baumgartner, a., and luthi, t.M. (2002): 
Norwalk-Like Virus Sequences in Mineral Waters: One-Year Moni-
toring of Three Brands. Appl. Environ. Microbiol. 68: 1925-1931.

bGr (2007): Die Grundwasservorkommen in Deutschland. 
Bundesanstalt für Geowissenschaften und Rohstoffe. www.bgr.
bund.de/nn_322854/DE/Themen/Wasser/grundwasser__
deutschland.html

bianchi, M., and Harter, t. (2002): Nonpoint Sources of Polluti-
on in Irrigated Agriculture. ANR Publication 8055 FWQP REFE-
RENCE SHEET 9.1: 1-8.

bichai, f., Payment, P., and barbeau, b. (2008): Protection of 
waterborne pathogens by higher organisms in drinking water: a 
review. Can J Microbiol 54: 509-524.

bitton, G., Pancorbo, o.C., and farrah, S.r. (1983): Effect of hy-
drostatic pressure on poliovirus survival in groundwater. Ground 
Water 21: 756-758.

blair, b., Sarkar, P., bright, K.r., Marciano-Cabral, f., and Ger-
ba, C.P. (2008): Naegleria fowleri in well water. Emerg Infect Dis 
14: 1499-1501.

blanford, W.j., brusseau, M.l., jim yeh, t.C., Gerba, C.P., and 
Harvey, r. (2005): Influence of water chemistry and travel di-
stance on bacteriophage PRD-1 transport in a sandy aquifer. 
Water Res 39: 2345-2357.

bloetscher, f., and Van Cott, W.r. (1999): Impact of Septic 
Tanks on Wellhead Protection Efforts. Florida Water Resources 
Journal 51: 38-41.

bolster, C.H., Walker, S.l., and Cook, K.l. (2006): Comparison 
of Escherichia coli and Campylobacter jejuni transport in satura-
ted porous media. J Environ Qual 35: 1018-1025.



50

10. referenCeS

bolster, C.H., Haznedaroglu, b.Z., and Walker, S.l. (2009): 
Diversity in cell properties and transport behavior among 12 
different environmental Escherichia coli isolates. J Environ Qual 
38: 465-472.

borchardt, M.a., bradbury, K.r., Gotkowitz, M.b., Cherry, j.a., 
and Parker, b.l. (2007): Human enteric viruses in groundwater 
from a confined bedrock aquifer. Environ Sci Technol 41: 6606-
6612.

borchardt, M.a., bradbury, K.r., alexander, e.C., jr., Kolberg, 
r.j., alexander, S.C., archer, j.r. et al. (2010): Norovirus Out-
break Caused by a New Septic System in a Dolomite Aquifer. 
Ground Water.

boring, j.r., 3rd, Martin, W.t., and elliott, l.M. (1971): Isolati-
on of Salmonella typhimurium from municipal water, Riverside, 
California, 1965. Am J Epidemiol 93: 49-54.

bottari, b., ercolini, D., Gatti, M., and neviani, e. (2006): Appli-
cation of FISH technology for microbiological analysis: current 
state and prospects. Appl Microbiol Biotechnol 73: 485-494.

botzenhart, K., and fleischer, j. (2009): Abschätzung der Ge-
sundheitsgefährdung durch Viren im Trinkwasser. GWF-WAS-
SER/ABWASSER 5/09 361-366.

bradford, S.a., tadassa, y.f., and Pachepsky, y. (2006): Trans-
port of Giardia and manure suspensions in saturated porous 
media. J Environ Qual 35: 749-757.

brielmann, H., lueders, t., Schreglmann, K., ferraro, f., avra-
mov, M., Hammerl, V. et al. (2011): Oberflächennahe Geother-
mie und ihre potenziellen Auswirkungen auf Grundwasseröko- 
systeme. Grundwasser, in press.

brookes, j.D., antenucci, j., Hipsey, M., burch, M.D., ashbolt, 
n.j., and ferguson, C. (2004): Fate and transport of pathogens 
in lakes and reservoirs. Environ Int 30: 741-759.

brooks, t., osicki, r., Springthorpe, V., Sattar, S., filion, l., 
abrial, D., and riffard, S. (2004): Detection and identifica-
tion of Legionella species from groundwaters. J Toxicol Environ 
Health A 67: 1845-1859.

brown, i.H. (2000): The epidemiology and evolution of influen-
za viruses in pigs. Veterinary Microbiology 74: 29-46.

brtkova, a., filipova, M., Drahovska, H., and bujdakova, H. 
(2010): Characterization of enterococci of animal and environ-
mental origin using phenotypic methods and comparison with 
PCR based methods. Veterinarni Medicina. 55: 97-105.

buchan, G.D., and flury, M. (2008): Pathogens: Transport by 
Water. Encyclopedia of Water Science, Second Edition: 808 - 811.

bundesregierung (2009): Unser Lebensmittel „Wasser“. Maga-
zin für Verbraucher, 08/2009.

burgess, G. (1998): Bacteria in Oligotrophic Environments: Star-
vation Survival Lifestyle. World Journal of Microbiology and Bio-
technology 14: 305-305.

burkhardt, W., Calci, K.r., Watkins, W.D., rippey, S.r., and 
Chirtel, S.j. (2000): Inactivation of indicator microorganisms in 
estuarine waters. Water Research 34: 2207-2214.

buzby, j.C., and roberts, t. (1997): Economic costs and trade 
impacts of microbial foodborne illness. World Health Stat Q 50: 
57-66.

byrd, j.j., xu, H.S., and Colwell, r.r. (1991): Viable but noncul-
turable bacteria in drinking water. Appl Environ Microbiol 57: 
875-878.

Camper, a.K., Mcfeters, G.a., Characklis, W.G., and jones, 
W.l. (1991): Growth kinetics of coliform bacteria under condi-
tions relevant to drinking water distribution systems. Appl Envi-
ron Microbiol 57: 2233-2239.

Carlson, G.f., jr., Woodard, f.e., Wentworth, D.f., and Sproul, 
o.j. (1968): Virus inactivation on clay particles in natural wa-
ters. J Water Pollut Control Fed 40: R89-106.

Carrillo, M., estrada, e., and Hazen, t.C. (1985): Survival and 
enumeration of the fecal indicators Bifidobacterium adolescen-
tis and Escherichia coli in a tropical rain forest watershed. Appl 
Environ Microbiol 50: 468-476.

Carson, C.a., Shear, b.l., ellersieck, M.r., and asfaw, a. 
(2001): Identification of fecal Escherichia coli from humans and 
animals by ribotyping. Appl Environ Microbiol 67: 1503-1507.

Casanova, l., rutala, W.a., Weber, D.j., and Sobsey, M.D. 
(2009): Survival of surrogate coronaviruses in water. Water Res 
43: 1893-1898.



51

10. referenCeS

Castell-exner, C. (2001): Das Multi-Barrieren-System: Basis für 
eine sichere und nachhaltige Trinkwasserversorgung. Energie 
Wasser Praxis 10: 24-29.

CDC (1996): Shigella sonnei outbreak associated with contami-
nated drinking water - Island Park, Idaho, August 1995. Centers 
for Disease Control and Prevention. MMWR Morb Mortal Wkly 
Rep 45: 229-231.

CDC (2010): Update: Cholera Outbreak - Haiti, 2010. Centers 
for Disease Control and Prevention. Morbidity and Mortality 
Weekly Report. U. S. Department of Health and Human Services 
59: 1-36.

Cenciarini-borde, C., Courtois, S., and la Scola, b. (2009): 
Nucleic acids as viability markers for bacteria detection using 
molecular tools. Future Microbiol 4: 45-64.

Chakrabarti, r., and Chakrabarti, D. (2009): Chemotherapeu-
tics of Neglected Waterborne Parasites: Current Status and Fu-
ture Perspectives. Mol Cell Pharmacol 1: 98-102.

Chapman, P.a., and rush, b.a. (1990): Efficiency of sand filt-
ration for removing Cryptosporidium oocysts from water. J Med 
Microbiol 32: 243-245.

Charles, K.j., Shore, j., Sellwood, j., laverick, M., Hart, a., and 
Pedley, S. (2009): Assessment of the stability of human viruses 
and coliphage in groundwater by PCR and infectivity methods. 
Journal of Applied Microbiology 106: 1827-1837.

Charron, D., thomas, M., Waltner-toews, D., aramini, j., edge, 
t., Kent, r. et al. (2004): Vulnerability of waterborne diseases 
to climate change in Canada: a review. J Toxicol Environ Health 
A 67: 1667-1677.

Chauret, C., nolan, K., Chen, P., Springthorpe, S., and Sattar, 
S. (1998): Aging of Cryptosporidium parvum oocysts in river wa-
ter and their susceptibility to disinfection by chlorine and mono-
chloramine. Can J Microbiol 44: 1154-1160.

Chave, P., Howard, G., Schijven, j., appleyard, S., fladerer, f., 
and Schimon, W. (2006): Chapter 17 - Groundwater protection 
zones. Protecting Groundwater for Health - Managing the Qua-
lity of Drinking Water Sources. Edited by Oliver Schmoll, Guy 
Howard, John Chilton and Ingrid Chorus. World Health Organi-
zation (WHO) 2006. IWA Publishing: 465-492.

Chilton, j. (2006): Chapter 8 - Assessment of aquifer pollution 
vulnerability and susceptibility to the impacts of abstraction. 
Protecting Groundwater for Health - Managing the Quality of 
Drinking Water Sources. Edited by Oliver Schmoll, Guy Howard, 
John Chilton and Ingrid Chorus. World Health Organization 
(WHO) 2006. IWA Publishing: 199-241.

Chilton, j., and Seiler, K.-P. (2006): Chapter 2 - Groundwater oc-
currence and hydrogeological environments. Protecting Ground-
water for Health - Managing the Quality of Drinking-water Sour-
ces. Edited by Oliver Schmoll, Guy Howard, John Chilton and 
Ingrid Chorus. World Health Organization (WHO) 2006. IWA 
Publishing: 21-47.

Choi, S., and jiang, S.C. (2005): Real-time PCR quantification 
of human adenoviruses in urban rivers indicates genome preva-
lence but low infectivity. Appl Environ Microbiol 71: 7426-7433.

Chu, y., jin, y., flury, M., and yates, M.V. (2001): Mechanisms 
of virus removal during transport in unsaturated porous media. 
Water Resour. Res. 37: 253-263.

Chu, y., jin, y., baumann, t., and yates, M.V. (2003): Effect 
of soil properties on saturated and unsaturated virus transport 
through columns. J Environ Qual 32: 2017-2025.

Cimenti, M., Hubberstey, a., bewtra, j.K., and biswas, n. 
(2007): Alternative methods in tracking sources of microbial 
contamination in waters. Water SA 33.

Clark r.M., Hurst C.j., regli S. (1993): Costs and benefits of 
pathogen control in drinking-water. In: Safety of water disinfec-
tion: balancing chemical and microbial risks. Craun G.F. ed. ILSI 
Press, Washington, D.C.

Cliver, D.o., and Herrmann, j.e. (1972): Proteolytic and micro-
bial inactivation of enteroviruses. Water Research 6: 797-805.

Colwell, r.r., P. r. brayton, P.r., Grimes, D.j., roszak, D.b., 
Huq, S.a., and Palmer, l.a. (1985): Viable but Non-Culturab-
le Vibrio cholerae and Related Pathogens in the Environment: 
Implications for Release of Genetically Engineered Microorga-
nisms. Nature Biotechnology 3 3: 817 - 820.

Cook, S.M., Glass, r.i., lebaron, C.W., and Ho, M.S. (1990): 
Global seasonality of rotavirus infections. Bull World Health Or-
gan 68: 171-177.



52

10. referenCeS

Costa, j., tiago, i., da Costa, M.S., and Verissimo, a. (2005): 
Presence and persistence of Legionella spp. in groundwater. 
Appl Environ Microbiol 71: 663-671.

Cotruvo, j.a., Dufour, a., rees, G., bartram, j., Carr, r., Cliver, D.o. 
et al. (2004): Waterborne Zoonoses - Identification, Causes, and 
Control. World Health Organization (WHO) 2004. IWA publishing.

Crabtree, K.D., Gerba, C.P., rose, j.b., and Haas, C.n. (1997): 
Waterborne adenovirus: a risk assessment. Water Science and 
Technology 35: 1-6.

Craun, G.f., brunkard, j.M., yoder, j.S., roberts, V.a., Carpen-
ter, j., Wade, t. et al. (2010): Causes of outbreaks associated 
with drinking water in the United States from 1971 to 2006. 
Clin Microbiol Rev 23: 507-528.

Craun, M.F., Craun, G.F., Calderon, R.L., and Beach, M.J. (2006): 
Waterborne outbreaks reported in the United States. J Water 
Health 4 Suppl 2: 19-30.

Cronin, a.a., taylor, r.G., Powell, K.l., barrett, M.H., trowsda-
le, S.a., and lerner, D.n. (2003): Temporal variations in the 
depth-specific hydrochemistry and sewage-related microbiology 
of an urban sandstone aquifer, Nottingham, United Kingdom. 
Hydrogeology Journal 11: 205-216.

Curriero, f.C., Patz, j.a., rose, j.b., and lele, S. (2001): The 
association between extreme precipitation and waterborne di-
sease outbreaks in the United States, 1948-1994. Am J Public 
Health 91: 1194-1199.

Danielopol, D.l., Griebler, C., Gunatilaka, a., and notenboom, 
j. (2003): Present state and future prospects for groundwater 
ecosystems. Environmental Conservation 30: 1-27.

Declerck, P. (2010): Biofilms: the environmental playground of 
Legionella pneumophila. Environ Microbiol 12: 557-566.

Diederen, b.M., de jong, C.M., aarts, i., Peeters, M.f., and van 
der Zee, a. (2007): Molecular evidence for the ubiquitous pre-
sence of Legionella species in Dutch tap water installations. J 
Water Health 5: 375-383.

Dizer, H., nasser, a., and lopez, j.M. (1984): Penetration of dif-
ferent human pathogenic viruses into sand columns percolated 
with distilled water, groundwater, or wastewater. Appl Environ 
Microbiol 47: 409-415.

Dombek, P.e., johnson, l.K., Zimmerley, S.t., and Sadowsky, 
M.j. (2000): Use of repetitive DNA sequences and the PCR To 
differentiate Escherichia coli isolates from human and animal 
sources. Appl Environ Microbiol 66: 2572-2577.

Domingo, j.W.S., and ashbolt, n.j. (2010): Fecal pollution of 
water. In: Encyclopedia of Earth. Eds. Cutler J. Cleveland (Wa-
shington, D.C.: Environmental Information Coalition, National 
Council for Science and the Environment).

Donaldson, K.a., Griffin, D.W., and Paul, j.H. (2002): Detec-
tion, quantitation and identification of enteroviruses from sur-
face waters and sponge tissue from the Florida Keys using real-
time RT-PCR. Water Research 36: 2505-2514.

Dong, H., rothmel, r., onstott, t.C., fuller, M.e., Deflaun, 
M.f., Streger, S.H. et al. (2002): Simultaneous transport of two 
bacterial strains in intact cores from Oyster, Virginia: biologi-
cal effects and numerical modeling. Appl Environ Microbiol 68: 
2120-2132.

Dong, j., olano, j.P., Mcbride, j.W., and Walker, D.H. (2008): 
Emerging pathogens: challenges and successes of molecular di-
agnostics. J Mol Diagn 10: 185-197.

Duboise, S.M., Moore, b.e., and Sagik, b.P. (1976): Poliovirus 
survival and movement in a sandy forest soil. Appl Environ 
Microbiol 31: 536-543.

Duizer, e., Schwab, K.j., neill, f.H., atmar, r.l., Koopmans, 
M.P., and estes, M.K. (2004a): Laboratory efforts to cultivate 
noroviruses. J Gen Virol 85: 79-87.

Duizer, e., bijkerk, P., rockx, b., De Groot, a., twisk, f., and Ko-
opmans, M. (2004b): Inactivation of caliciviruses. Appl Environ 
Microbiol 70: 4538-4543.

Dunn, b.e., Cohen, H., and blaser, M.j. (1997): Helicobacter 
pylori. Clin Microbiol Rev 10: 720-741.

edberg, S.C., leClerc, H., and robertson, j. (1997): Natural 
protection of spring and well drinking water against surface 
microbial contamination. II. Indicators and monitoring parame-
ters for parasites. Crit Rev Microbiol 23: 179-206.

edberg, S.C., rice, e.W., Karlin, r.j., and allen, M.j. (2000): 
Escherichia coli: the best biological drinking water indicator for 
public health protection. Symp Ser Soc Appl Microbiol: 106S-116S.



53

10. referenCeS

eea (1999): Groundwater Quality and Quantity in Europe. Envi-
ronmental Assessment Report, No. 3.

eiswirth, M., and Hötzl, H. (1997): The impact of leaking se-
wers on urban groundwater. In: Chilton, J. et al. (ed.): Ground-
water in the urban environment. Vol. 1: Problems, Processes and 
Management, pp. 399-404, Balkema, Rotterdam.

engelbrecht, r.S., Weber, M.j., Salter, b.l., and Schmidt, C.a. 
(1980): Comparative inactivation of viruses by chlorine. Appl 
Environ Microbiol 40: 249-256.

engstrand, l. (2001): Helicobacter in water and waterborne 
routes of transmission. Symp Ser Soc Appl Microbiol: 80S-84S.

enriquez, C.e., Hurst, C.j., and Gerba, C.P. (1995): Survival of 
the enteric adenoviruses 40 and 41 in tap, sea, and waste wa-
ter. Water Research 29: 2548-2553.

ernst, P.b., and Gold, b.D. (2000): The disease spectrum of He-
licobacter pylori: the immunopathogenesis of gastroduodenal 
ulcer and gastric cancer. Annu Rev Microbiol 54: 615-640.

espinosa, a.C., arias, C.f., Sanchez-Colon, S., and Mazari-Hiri-
art, M. (2009): Comparative study of enteric viruses, coliphages 
and indicator bacteria for evaluating water quality in a tropical 
high-altitude system. Environ Health 8: 49.

espy, M.j., uhl, j.r., Sloan, l.M., buckwalter, S.P., jones, M.f., 
Vetter, e.a. et al. (2006): Real-time PCR in clinical microbio-
logy: applications for routine laboratory testing. Clin Microbiol 
Rev 19: 165-256.

exner, M., and Gornik, V. (2004): Parasitic zoonoses transmit-
ted by drinking water. Giardiasis and cryptosporidiosis. Bundes-
gesundheitsblatt Gesundheitsforschung Gesundheitsschutz 47: 
698-704.

exner, M., and Koch, C. (2011): Strategien zur Kontrolle mi-
krobiologischer Risiken in Roh- und Trinkwasser. Umweltmed 
Forsch Prax 16(1): 40-56.

falkinham, j.o., 3rd, norton, C.D., and leChevallier, M.W. 
(2001): Factors influencing numbers of Mycobacterium avium, 
Mycobacterium intracellulare, and other Mycobacteria in drin-
king water distribution systems. Appl Environ Microbiol 67: 
1225-1231.

farnleitner, a.H., ryzinska-Paier, G., reischer, G.H., burtscher, 
M.M., Knetsch, S., Kirschner, a.K. et al. (2010): Escherichia coli 
and enterococci are sensitive and reliable indicators for human, 
livestock and wildlife faecal pollution in alpine mountainous 
water resources. J Appl Microbiol 109: 1599-1608.

farrah, S.r., Goyal, S.M., Gerba, C.P., Conklin, r.H., and Smith, 
e.M. (1978): Comparison between adsorption of poliovirus and 
rotavirus by aluminum hydroxide and activated sludge flocs. 
Appl Environ Microbiol 35: 360-363.

fattal, b., Vasl, r.j., Katzenelson, e., and Shuval, H.i. (1983): 
Survival of bacterial indicator organisms and enteric viruses in 
the Mediterranean coastal waters off Tel-Aviv. Water Research 
17: 397-402.

fayer, r. (2004): Cryptosporidium: a water-borne zoonotic para-
site. Vet Parasitol 126: 37-56.

field, K.G., and Samadpour, M. (2007): Fecal source tracking, 
the indicator paradigm, and managing water quality. Water Res 
41: 3517-3538.

filip, Z., Kaddu-Mulindwa, D., and Milde, G. (1983): Überle-
bensdauer einiger pathogener und potentieller pathogener Mi-
kroorganismen im Grundwasser. In: Forum - Mikroorganismen 
und Viren in Grundwasserleitern - München 1983. DVGW-Schrif-
tenreihe Wasser. ZfGW-Verlag Frankfurt. 35: 81-88.

filip, Z., Dizer, H., Kaddu-Mulindwa, D., Kiper, M., lopez-Pila, 
j.M., Milde, G. et al. (1986): Untersuchungen über das Ver-
halten pathogener und anderer Mikroorganismen und Viren 
im Grundwasser im Hinblick auf die Bemesseung von Wasser-
schutzzonen. Institut für Wasser-, Boden- und Lufthygiene des 
Bundesgesundheitsamtes. WaBoLu Hefte. 3/1986.

fleury, M., Charron, D.f., Holt, j.D., allen, o.b., and Maarouf, 
a.r. (2006): A time series analysis of the relationship of ambi-
ent temperature and common bacterial enteric infections in two 
Canadian provinces. Int J Biometeorol 50: 385-391.

fliermans, C.b., Cherry, W.b., orrison, l.H., Smith, S.j., tison, 
D.l., and Pope, D.H. (1981): Ecological distribution of Legionel-
la pneumophila. Appl Environ Microbiol 41: 9-16.

fliermans, C.b. (1996): Ecology of Legionella: From Data to 
Knowledge with a Little Wisdom. Microb Ecol 32: 203-228.



54

10. referenCeS

fok, n. (2005): Pseudomonas aeruginosa as a waterborne gas-
troenteritis pathogen. Environmental Health Review: 121-130.

fong, t.t., and lipp, e.K. (2005): Enteric viruses of humans and 
animals in aquatic environments: health risks, detection, and 
potential water quality assessment tools. Microbiol Mol Biol Rev 
69: 357-371.

fong, t.t., Mansfield, l.S., Wilson, D.l., Schwab, D.j., Molloy, 
S.l., and rose, j.b. (2007): Massive Microbiological Groundwa-
ter Contamination Associated with a Waterborne Outbreak in 
Lake Erie, South Bass Island, Ohio. Environ Health Perspect 115.

fong, t.t., Phanikumar, M.S., xagoraraki, i., and rose, j.b. 
(2010): Quantitative detection of human adenoviruses in wa-
stewater and combined sewer overflows influencing a Michigan 
river. Appl Environ Microbiol 76: 715-723.

foppen, j.W., lutterodt, G., roling, W.f., and uhlenbrook, S. 
(2010): Towards understanding inter-strain attachment vari-
ations of Escherichia coli during transport in saturated quartz 
sand. Water Res 44: 1202-1212.

foster, S.S., and Chilton, P.j. (2003): Groundwater: the pro-
cesses and global significance of aquifer degradation. Philos 
Trans R Soc Lond B Biol Sci 358: 1957-1972.

foulquie Moreno, M.r., Sarantinopoulos, P., tsakalidou, e., 
and De Vuyst, l. (2006): The role and application of enterococ-
ci in food and health. Int J Food Microbiol 106: 1-24.

frankova, e., and Horecka, M. (1995): Filamentous soil fungi 
and unidentified bacteria in drinking water from wells and wa-
ter mains near Bratislava. Microbiol Res 150: 311-313.

füchslin, H.P., Kotzsch, S., Keserue, H.a., and egli, t. (2010): 
Rapid and quantitative detection of Legionella pneumophila 
applying immunomagnetic separation and flow cytometry. Cy-
tometry A 77: 264-274.

Galland, j.C., Hyatt, D.r., Crupper, S.S., and acheson, D.W. 
(2001): Prevalence, antibiotic susceptibility, and diversity of 
Escherichia coli O157:H7 isolates from a longitudinal study of 
beef cattle feedlots. Appl Environ Microbiol 67: 1619-1627.

Gallay, a., De Valk, H., Cournot, M., ladeuil, b., Hemery, C., 
Castor, C. et al. (2006): A large multi-pathogen waterborne 
community outbreak linked to faecal contamination of a ground-
water system, France, 2000. Clin Microbiol Infect 12: 561-570.

Geldreich, e.e. (1976): Microbiology of water. J Water Pollut 
Control Fed 48: 1338-1356.

George, i., Crop, P., and Servais, P. (2002): Fecal coliform remo-
val in wastewater treatment plants studied by plate counts and 
enzymatic methods. Water Research 36: 2607-2617.

Gerba, C.P., Sobsey, M.D., Wallis, C., and Meinick, j.l. (1975): 
Adsorption of poliovirus onto activated carbon in waste water. 
Environmental Science & Technology 9: 727-731.

Gerba, C.P., and Mcleod, j.S. (1976): Effect of sediments on 
the survival of Escherichia coli in marine waters. Appl Environ 
Microbiol 32: 114-120.

Gerba, C.P. (1983): Virus survival and transport in groundwater. 
Dev. Ind. Microbiol. 24: 247-254.

Gerba, C.P. (1984): Applied and theoretical aspects of virus ad-
sorption to surfaces. Adv Appl Microbiol 30: 133-168.

Gerba, C.P. (1987): Phage as indicators of faecal pollution. In: 
Goyal SM, Gerba CP and Bitton G (eds.): Phage Ecology. Whiley, 
New York. : 197-209.

Gerba, C.P., Gramos, D.M., and nwachuku, n. (2002): Com-
parative inactivation of enteroviruses and adenovirus 2 by UV 
light. Appl Environ Microbiol 68: 5167-5169.

Gerba, C.P. (2004): Why the concern about pathogens in water? 
In: Waterborne Pathogens. Southwest Hydrology - The Resource 
for Semi-Arid Hydrology. University of Arizona. 3: 14-15.

Gerba, C.P., and Smith, j.e., jr. (2005): Sources of pathogenic 
microorganisms and their fate during land application of wa-
stes. J Environ Qual 34: 42-48.

Gilbride, K.a., lee, D.y., and beaudette, l.a. (2006): Molecular 
techniques in wastewater: Understanding microbial communi-
ties, detecting pathogens, and real-time process control. J Micro-
biol Methods 66: 1-20.

Gilpin, b., and Devane, M. (2008): Advanced indicators for the 
identification of faecal pollution sources. Auckland Regional 
Council. Technical Publication No. 338, 2003: 1-73.



55

10. referenCeS

Ginn, t.r., Wood, b.D., nelson, K.e., Scheibe, t.D., Murphy, 
e.M., and Prabhakar Clement, t. (2002): Processes in microbial 
transport in the natural subsurface. Advances in Water Resour-
ces 25: 1017–1042.

Girones, r., ferrús, M.a., alonso, j.l., rodriguez-Manzano, j., 
Calgua, b., de abreu Corrêa, a. et al. (2010): Molecular de-
tection of pathogens in water - The pros and cons of molecular 
techniques. Water Research 44: 4325-4339.

Gleeson, C., Gray, n (1997): The coliform index and waterborne 
disease: Problems of microbial drinking water assessment. E & 
FN Spon, London.

Godfrey, S., timo, f., and Smith, M. (2005): Relationship bet-
ween rainfall and microbiological contamination of shallow 
groundwater in Northern Mozambique. Water Sa 31: 609-614.

Goeppert, n., and Goldscheider, n. (2010): Transport and Va-
riability of Fecal Bacteria in Carbonate Conglomerate Aquifers. 
Ground Water 49: 77-84.

Gonzalez, j.M., iriberri, j., egea, l., and barcina, i. (1992): 
Characterization of culturability, protistan grazing, and death of 
enteric bacteria in aquatic ecosystems. Appl Environ Microbiol 
58: 998-1004.

Gonzalez, j.M., and Suttle, C.a. (1993): Grazing by marine na-
noflagellate on viruses and viral-sized particles: Ingestion and 
digestion. Mar. Ecol. Prog. Ser. 94: 1-10.

Gordon, C., and toze, S. (2003): Influence of groundwater cha-
racteristics on the survival of enteric viruses. J Appl Microbiol 
95: 536-544.

Goss, M., and barry, D. (1995): Groundwater quality: Respon-
sible agriculture and public perceptions. Journal of Agricultural 
and Environmental Ethics 8: 52-64.

Goyal, S. M. and C. P. Gerba (1979): Comparative adsorption 
of human enteroviruses, simian rotavirus, and selected bacterio-
phages to soils. Appl Environ Microbiol 38(2): 241-247.

Grabow, W.o.K. (2001): Bacteriophages: Update on application 
as models for viruses in water. Water SA 27: 251-268.

Graves, i., and oppenheimer, j. (1975): Human viruses in animals 
in West Bengal: An ecological analysis. Human Ecology 3: 105-130.

Greer, a.l., Drews, S.j., and fisman, D.n. (2009): Why “winter 
vomiting disease”? Seasonality, Hydrology, and Norovirus epide-
miology in Toronto, Canada. Ecohealth 6: 192-199.

Griffin, j.S., Plummer, j.D., and long, S.C. (2008): Torque teno 
virus: an improved indicator for viral pathogens in drinking wa-
ters. Virol J 5: 112.

Gu, Z., belzer, S.W., Gibson, C.S., bankowski, M.j., and Hayden, 
r.t. (2003): Multiplexed, real-time PCR for quantitative detec-
tion of human adenovirus. J Clin Microbiol 41: 4636-4641.

Gundy, P., Gerba, C., and Pepper, i. (2009): Survival of Coro-
naviruses in Water and Wastewater. Food and Environmental 
Virology 1: 10-14.

Hall-Stoodley, l., Costerton, j.W., and Stoodley, P. (2004): 
Bacterial biofilms: from the natural environment to infectious 
diseases. Nat Rev Microbiol 2: 95-108.

Hancock, C.M., rose, j.b., and Callahan, M. (1998): Crypto 
and Giardia in US ground water. J. Am. Water Works Assoc. 90: 
58-61.

Haramoto, e., Katayama, H., oguma, K., and ohgaki, S. 
(2005): Application of cation-coated filter method to detection 
of noroviruses, enteroviruses, adenoviruses, and torque teno 
viruses in the Tamagawa River in Japan. Appl Environ Microbiol 
71: 2403-2411.

Harter, t., Wagner, S., and atwill, e.r. (1999): Colloid Trans-
port and Filtration of Cryptosporidium parvum in Sandy Soils 
and Aquifer Sediments. Environmental Science & Technology 
34: 62-70.

Harter, t., and Walker, l.G. (2001): Assessing vulnerability of 
groundwater University of California Agricultural Extension Ser-
vice and the California Department of Health Services: 1-11.

Hartke, a., Giard, j.C., laplace, j.M., and auffray, y. (1998): 
Survival of Enterococcus faecalis in an oligotrophic microcosm: 
changes in morphology, development of general stress resi-
stance, and analysis of protein synthesis. Appl Environ Microbiol 
64: 4238-4245.

Harvey, r.W. (1993): Fate and transport of bacteria injected 
into aquifers. Current Opinion in Biotechnology 4: 312-317.



56

10. referenCeS

Harvey, r.W., and ryan, j.n. (2004): Use of PRD1 bacteriopha-
ge in groundwater viral transport, inactivation, and attachment 
studies. FEMS Microbiol Ecol 49: 3-16.

Haznedaroglu, b.Z., bolster, C.H., and Walker, S.l. (2008): The 
role of starvation on Escherichia coli adhesion and transport in 
saturated porous media. Water Res 42: 1547-1554.

Haznedaroglu, b.Z., Kim, H.n., bradford, S.a., and Walker, S.l. 
(2009): Relative transport behavior of Escherichia coli O157:H7 
and Salmonella enterica serovar pullorum in packed bed column 
systems: influence of solution chemistry and cell concentration. 
Environ Sci Technol 43: 1838-1844.

Hejkal, t.W., Keswick, b., labelle, r.l., Gerba, C.P., Sanchez, y., 
Dreesman, G. et al. (1982): Viruses in a community water supp-
ly associated with an outbreak of gastroenteritis and infectious 
hepatitis. J Am Water Works Assoc 74: 318-321.

Hendricks, C.W. (1972): Enteric bacterial growth rates in river 
water. Appl Microbiol 24: 168-174.

Herman, P.M.j., Middelburg, j.j., and Heip, C.H.r. (2001): Ben-
thic community structure and sediment processes on an inter-
tidal flat: results from the ECOFLAT project. Continental Shelf 
Research 21: 2055-2071.

Hijnen, W. a., e. f. beerendonk, et al. (2006): Inactivation cre-
dit of UV radiation for viruses, bacteria and protozoan (oo)cysts 
in water: a review. Water Research 40(1): 3-22.

Hill, V., Mull, b., jothikumar, n., ferdinand, K., and Vinjé, j. 
(2010): Detection of GI and GII Noroviruses in Ground Water 
Using Ultrafiltration and TaqMan Real-time RT-PCR. Food and 
Environmental Virology 2: 218-224.

Hirn, j. (1980): Indicator bacteria and Salmonella in food-pro-
cessing and domestic effluent. J Water Pollut Control Fed 52: 
48-52.

Hirsch, P., and rades-rohkohl, e. (1983): Microbial diversity in 
a groundwater aquifer in northern Germany. Dev Ind M icrobiol 
24: 183-199.

Hopkins, r.S., Gaspard, G.b., Williams, f.P., jr., Karlin, r.j., Cu-
kor, G., and blacklow, n.r. (1984): A community waterborne 
gastroenteritis outbreak: evidence for rotavirus as the agent. Am 
J Public Health 74: 263-265.

Hopkins, r.S., Shillam, P., Gaspard, b., eisnach, l., and Karlin, 
r.j. (1985): Waterborne disease in Colorado: three years‘ surveil-
lance and 18 outbreaks. Am J Public Health 75: 254-257.

Howard, G., bartram, j., Pedley, S., Schmoll, o., Chorus, i., and 
berger, P. (2006): Chapter 1 - Groundwater and public health. 
Protecting Groundwater for Health - Managing the Quality of 
Drinking Water Sources. Edited by Oliver Schmoll, Guy Howard, 
John Chilton and Ingrid Chorus. World Health Organization 
(WHO) 2006. IWA Publishing: 3-19.

Hrudey, S.e., Payment, P., Huck, P.M., Gillham, r.W., and Hru-
dey, e.j. (2003): A fatal waterborne disease epidemic in Walker-
ton, Ontario: comparison with other waterborne outbreaks in 
the developed world. Water Sci Technol 47: 7-14.

Hurst, C.j., Gerba, C.P., and Cech, i. (1980): Effects of environ-
mental variables and soil characteristics on virus survival in soil. 
Appl Environ Microbiol 40: 1067-1079.

Hurst, C.j. (1988): Influence of aerobic microorganisms upon 
virus survival in soil. Can J Microbiol 34: 696-699.

Hurst, C.j.l., H.D.a (2000): Defining the ecology of viruses. In: 
Viral Ecology, Academic Press: 3-40.

ijzerman, M.M., falkinham, j.o., reneau, r.b., and Hagedorn, 
C. (1994): Field evaluation of two colorimetric coliphage detec-
tion methods. Appl Environ Microbiol 60: 826-830.

ives, r.l., Kamarainen, a.M., john, D.e., and rose, j.b. (2007): 
Use of cell culture to assess Cryptosporidium parvum survival 
rates in natural groundwaters and surface waters. Appl Environ 
Microbiol 73: 5968-5970.

jansons, j., edmonds, l.W., Speight, b., and bucens, M.r. 
(1989): Survival of viruses in groundwater. Water Research 23: 
301-306.

jiang, S.C. (2006): Human adenoviruses in water: occurrence 
and health implications: a critical review. Environ Sci Technol 
40: 7132-7140.

jin, y., Chu, y., and li, y. (2000): Virus removal and transport in 
saturated and unsaturated sand columns. Journal of Contami-
nant Hydrology 43: 111-128.



57

10. referenCeS

john, D.e., and rose, j.b. (2005): Review of factors affecting 
microbial survival in groundwater. Environ Sci Technol 39: 7345-
7356.

Kačaroğlu, f. (1999): Review of Groundwater Pollution and 
Protection in Karst Areas. Water, Air, & amp; Soil Pollution 113: 
337-356.

Kadoi, K., and Kadoi, b.K. (2001): Stability of feline calici-
viruses in marine water maintained at different temperatures. 
New Microbiol 24: 17-21.

Karanis, P., Kourenti, C., and Smith, H. (2007): Waterborne 
transmission of protozoan parasites: a worldwide review of out-
breaks and lessons learnt. J Water Health 5: 1-38.

Keane, e. (2009): Fate, Transport and Toxicity of Nanoscale Ze-
ro-Valent Iron (nZVI) Used During Superfund Remediation. Na-
tional Network for Environmental Management Studies Fellow. 
Duke University. Prepared for USEPA. 38 pp.

Keller, r., tetro, j., Susan Springthorpe, V., and Sattar, S. 
(2010): The Influence of Temperature on Norovirus Inactivation 
by Monochloramine in Potable Waters: Testing with Murine No-
rovirus as a Surrogate for Human Norovirus. Food and Environ-
mental Virology 2: 97-100.

Kelley, j., Kinsey, G., Paterson, r., brayford, D., Pitchers, r., 
and rossmore, H. (2003): Identification and Control of Fungi in 
Distribution Systems. Denver, CO. Awwa Research Foundation 
and American Water Works Association.

Keswick, b., and Gerba, C. (1980): Viruses in groundwater. En-
vironmental Science & Technology 14: 1290-1297.

Keswick, b.H., Gerba, C.P., Secor, S.l., and Cech, i. (1982): Sur-
vival of enteric viruses and indicator bacteria in groundwater. 
Journal of Environmental Science and Health . Part A: Environ-
mental Science and Engineering 17: 903 - 912.

Kim, H.n., Walker, S.l., and bradford, S.a. (2010): Coupled fac-
tors influencing the transport and retention of Cryptosporidium 
parvum oocysts in saturated porous media. Water Res 44: 1213-
1223.

Kirschner, a.K., Kavka, G.G., Velimirov, b., Mach, r.l., Sommer, 
r., and farnleitner, a.H. (2009): Microbiological water quality 
along the Danube River: integrating data from two whole-river 
surveys and a transnational monitoring network. Water Res 43: 
3673-3684.

Koh, S.j., Cho, H.G., Kim, b.H., and Choi, b.y. (2008): An outbreak 
of gastroenteritis caused by norovirus-contaminated groundwater 
at a waterpark in Korea. J Korean Med Sci 26: 28-32.

Korich, D.G., Mead, j.r., Madore, M.S., Sinclair, n.a., and Ster-
ling, C.r. (1990): Effects of ozone, chlorine dioxide, chlorine, 
and monochloramine on Cryptosporidium parvum oocyst viabili-
ty. Appl Environ Microbiol 56: 1423-1428.

Kovats, r.S., edwards, S.j., Hajat, S., armstrong, b.G., ebi, K.l., 
and Menne, b. (2004): The effect of temperature on food poi-
soning: a time-series analysis of salmonellosis in ten European 
countries. Epidemiol Infect 132: 443-453.

Kovats, r.S., edwards, S.j., Charron, D., Cowden, j., D‘Souza, 
r.M., ebi, K.l. et al. (2005): Climate variability and Campylo-
bacter infection: an international study. Int J Biometeorol 49: 
207-214.

Krumbiegel, P., lehmann, i., alfreider, a., fritz, G.j., boeckler, 
D., rolle-Kampczyk, u. et al. (2004): Helicobacter pylori deter-
mination in non-municipal drinking water and epidemiological 
findings. Isotopes Environ Health Stud 40: 75-80.

Kudva, i.t., Hunt, C.W., Williams, C.j., nance, u.M., and Ho-
vde, C.j. (1997): Evaluation of dietary influences on Escherichia 
coli O157:H7 shedding by sheep. Appl Environ Microbiol 63: 
3878-3886.

Kukkula, M., arstila, P., Klossner, M.l., Maunula, l., bonsdorff, 
C.H., and jaatinen, P. (1997): Waterborne outbreak of viral gas-
troenteritis. Scand J Infect Dis 29: 415-418.

lambertini, e., Spencer, S.K., bertz, P.D., loge, f.j., Kieke, b.a., 
and borchardt, M.a. (2008): Concentration of enteroviruses, 
adenoviruses, and noroviruses from drinking water by use of 
glass wool filters. Appl Environ Microbiol 74: 2990-2996.

lamothe, G.t., Putallaz, t., joosten, H., and Marugg, j.D. 
(2003): Reverse Transcription-PCR Analysis of Bottled and Na-
tural Mineral Waters for the Presence of Noroviruses. Appl. Envi-
ron. Microbiol. 69: 6541-6549.



58

10. referenCeS

lance, j.C., and Gerba, C.P. (1984): Virus movement in soil du-
ring saturated and unsaturated flow. Appl Environ Microbiol 47: 
335-337.

landry, e.f., Vaughn, j.M., thomas, M.Z., and beckwith, C.a. 
(1979): Adsorption of enteroviruses to soil cores and their sub-
sequent elution by artificial rainwater. Appl Environ Microbiol 
38: 680-687.

laseke, i., Korte, j., lamendella, r., Kaneshiro, e.S., Marciano-
Cabral, f., and oerther, D.b. (2010): Identification of Naegleria 
fowleri in warm ground water aquifers. J Environ Qual 39: 147-
153.

laursen, e., Mygind, o., rasmussen, b., and ronne, t. (1994): 
Gastroenteritis: a waterborne outbreak affecting 1600 people in 
a small Danish town. J Epidemiol Community Health 48: 453-
458.

lawson, H.W., braun, M.M., Glass, r.i., Stine, S.e., Monroe, 
S.S., atrash, H.K. et al. (1991): Waterborne outbreak of Nor-
walk virus gastroenteritis at a southwest US resort: role of geo-
logical formations in contamination of well water. Lancet 337: 
1200-1204.

lebuhn, M., effenberger, M., Gronauer, a., Wilderer, P.a., and 
Wuertz, S. (2003): Using quantitative real-time PCR to deter-
mine the hygienic status of cattle manure. Water Sci Technol 
48: 97-103.

leChevallier, M.W., Cawthon, C.D., and lee, r.G. (1988): Fac-
tors promoting survival of bacteria in chlorinated water sup-
plies. Appl. Environ. Microbiol. 54: 649-654.

leChevallier, M.W., norton, W.D., and lee, r.G. (1991): Oc-
currence of Giardia and Cryptosporidium spp. in surface water 
supplies. Appl Environ Microbiol 57: 2610-2616.

leChevallier, M.W., and au, K.-K. (2004): Water Treatment and 
Pathogen Control – Process Efficiency in Achieving Safe Drin-
king Water. World Health Organization (WHO) 2004. IWA Pu-
blishing: 1-112.

leclerc, H., edberg, S., Pierzo, V., and Delattre, j.M. (2000): 
Bacteriophages as indicators of enteric viruses and public health 
risk in groundwaters. Journal of Applied Microbiology 88: 5-21.

leclerc, H., Mossel, D.a., edberg, S.C., and Struijk, C.b. (2001): 
Advances in the bacteriology of the coliform group: their suita-
bility as markers of microbial water safety. Annu Rev Microbiol 
55: 201-234.

leclerc, H., Schwartzbrod, l., and Dei-Cas, e. (2002): Microbial 
agents associated with waterborne diseases. Crit Rev Microbiol 
28: 371-409.

lees, D. (2000): Viruses and bivalve shellfish. International Jour-
nal of Food Microbiology 59: 81-116.

leibundgut, C. (1998): Vulnerability of karst aquifers. Karst Hy-
drology (Proceedings of Workshop W2 held at Rabat, Morocco, 
April-May 1997). IAHS Publ. 247: 45-60.

levantesi, C., la Mantia, r., Masciopinto, C., bockelmann, u., 
ayuso-Gabella, M.n., Salgot, M. et al. (2010): Quantification 
of pathogenic microorganisms and microbial indicators in three 
wastewater reclamation and managed aquifer recharge facili-
ties in Europe. Sci Total Environ 408: 4923-4930.

levy, K., Hubbard, a.e., and eisenberg, j.n. (2009): Seasona-
lity of rotavirus disease in the tropics: a systematic review and 
meta-analysis. Int J Epidemiol 38: 1487-1496.

lewis, W.j., foster, S.S.D., and Drasar, b.S. (1982): The risk of 
groundwater pollution by on-site sanitation in developing coun-
tries: a literature review. IRCWD - Report no. 01/82, Internati-
onal Reference Centre for Wastes Disposal, Dubendorf, Switzer-
land.

lewis, W.j., and Chilton, P.j. (1984): Performance of sanitary 
completion measures of wells and boreholes used for rural wa-
ter supplies in Malawi. Challenges in African Hydrology and 
Water Resources (Proceedings of the Harare Symposium, July 
1984). 1AHS Publ. no. 144: 235-247.

ley, V., Higgins, j., and fayer, r. (2002): Bovine enteroviruses 
as indicators of fecal contamination. Appl Environ Microbiol 68: 
3455-3461.

li, j.W., xin, Z.t., Wang, x.W., Zheng, j.l., and Chao, f.H. 
(2002): Mechanisms of inactivation of hepatitis a virus by chlo-
rine. Appl Environ Microbiol 68: 4951-4955.



59

10. referenCeS

liang, j.l., Dziuban, e.j., Craun, G.f., Hill, V., Moore, M.r., Gel-
ting, r.j. et al. (2006): Surveillance for waterborne disease and 
outbreaks associated with drinking water and water not inten-
ded for drinking - United States, 2003-2004. MMWR Surveill 
Summ 55: 31-65.

lipson, S.M., and Stotzky, G. (1985): Effect of bacteria on the 
inactivation and adsorption on clay minerals of reovirus. Can J 
Microbiol 31: 730-735.

logan, a.j., Stevik, t.K., Siegrist, r.l., and rønn, r.M. (2001): 
Transport and fate of Cryptosporidium parvum oocysts in inter-
mittent sand filters. Water Research 35: 4359-4369.

Mac Kenzie, W.r., Hoxie, n.j., Proctor, M.e., Gradus, M.S., 
blair, K.a., Peterson, D.e. et al. (1994): A massive outbreak 
in Milwaukee of Cryptosporidium infection transmitted through 
the public water supply. N Engl J Med 331: 161-167.

Macler, b.a., and Merkle, j.C. (2000): Current knowledge on 
groundwater microbial pathogens and their control. Hydrogeo-
logy Journal 8: 29-40.

Mancini, j.l. (1978): Numerical Estimates of Coliform Mortality 
Rates under Various Conditions. Water Pollution Control Federa-
tion 50: 2477-2484.

Marshall, M.M., naumovitz, D., ortega, y., and Sterling, C.r. 
(1997): Waterborne protozoan pathogens. Clin Microbiol Rev 
10: 67-85.

Matthess, G., and Pekdeger, a. (1981): Concepts of a survi-
val and transport model of pathogenic bacteria and viruses in 
groundwater. Sci Total Environ 21: 149-159.

Matthess, G., and Pekdeger, a. (1985): Survival and transport 
of pathogenic bacteria and viruses in groundwater. in C. H. 
Ward, W. Giger and P. L. McCarty (eds.), Groundwater Quality, 
John Wiley and Sons, New York, pp.: 472-482.

Mauckner, a., and Soddemann, W. (2007): Influenza: Primäre 
- initiale - Übertragung durch biotische Tröpfcheninfektion ex-
trem unwahrscheinlich. Abiotische Übertragung durch Trinkwas-
ser? Infektionen. umwelt·medizin·gesellschaft 20: 302-305.

Maunula, l., and Von bonsdorff, C.H. (2005): Norovirus geno-
types causing gastroenteritis outbreaks in Finland 1998-2002. 
J Clin Virol 34: 186-194.

Maunula, l., Miettinen, i.t., and von bonsdorff, C.H. (2005): 
Norovirus outbreaks from drinking water. Emerg Infect Dis 11: 
1716-1721.

Maurer, a.M., and Sturchler, D. (2000): A waterborne outbreak 
of small round structured virus, Campylobacter and Shigella co-
infections in La Neuveville, Switzerland, 1998. Epidemiol Infect 
125: 325-332.

McCarthy, j.f., and McKay, l.D. (2004): Colloid Transport in the 
Subsurface. Vadose Zone J. 3: 326-337.

McCoy, e.l., and Hagedorn, C. (1979): Quantitatively tracing 
bacterial transport in saturated soil systems. Water, Air & Soil 
Pollution. 11: 467-479.

Mcfeters, G.a., bissonnette, G.K., jezeski, j.j., thomson, 
C.a., and Stuart, D.G. (1974): Comparative survival of indicator 
bacteria and enteric pathogens in well water. Appl Microbiol 
27: 823-829.

McKeon, D.M., Calabrese, j.P., and bissonnette, G.K. (1995): 
Antibiotic resistant gram-negative bacteria in rural groundwater 
supplies. Water Research 29: 1902-1908.

Meays, C.l., broersma, K., nordin, r., and Mazumder, a. 
(2004): Source tracking fecal bacteria in water: a critical review 
of current methods. J Environ Manage 73: 71-79.

Medema, G.j., bahar, M., and Schets, f.M. (1997): Survival of 
Cryptosporidium parvum, Escherichia coli, faecal enterococci and 
Clostridium perfringens in river water: influence of temperature 
and autochthonous microorganisms. Water Science and Techno-
logy 35: 249-252.

Medema, G., teunis, P., blokker, M., Deere, D., Davison, a., 
Charles, P., and loret, j.-f. (2006): Cryptosporidium. WHO 
Guidelines for Drinking Water Quality.

Mena, K.D., and Gerba, C.P. (2009): Waterborne adenovirus. 
Rev Environ Contam Toxicol 198: 133-167.

Meng, q.S., and Gerba, C.P. (1996): Comparative inactivation 
of enteric adenoviruses, poliovirus and coliphages by ultraviolet 
irradiation. Water Research 30: 2665-2668.



60

10. referenCeS

Merkli, b. (1974): Untersuchungen über Mechanismen und Ki-
netik der Elimination von Bakterien und Viren im Grundwasser. 
Nat.wiss.Diss., ETH 5420, Zürich: 89 pp.

Miller, D. (1980): Waste Disposal Effects on Ground Water (Ber-
keley, CA: Premier Press, 1980).

Moriñigo, M.a., Wheeler, D., berry, C., jones, C., Muñoz, M.a., 
Cornax, r., and borrego, j.j. (1992): Evaluation of different 
bacteriophage groups as faecal indicators in contaminated na-
tural waters in southern England. Water Research 26: 267-271.

Morris, b.l., lawrence, a.r.l., Chilton, P.j.C., adams, b., Calow, 
r.C., and Klinck, b.a. (2003): Groundwater and its susceptibi-
lity to degradation: A global assessment of the problem and 
options for management. Early Warning and Assessment Report 
Series, RS. 03-3. United Nations Environment Programme, Nai-
robi, Kenya.

Morrow, j.b., Stratton, r., yang, H.H., Smets, b.f., and Grasso, 
D. (2005): Macro- and nanoscale observations of adhesive be-
havior for several E. coli strains (O157:H7 and environmental iso-
lates): on mineral surfaces. Environ Sci Technol 39: 6395-6404.

Murray, a.G. (1995): Phytoplankton exudation: exploitation of 
the microbial loop as a defence against algal viruses. Journal of 
Plankton Research 17: 1079-1094.

nagy, l.a., and olson, b.H. (1985): Occurrence and significance 
of bacteria, fungi and yeasts associated with distribution pipe 
surfaces. Proceedings of the American Water Works association, 
Water quality technical conference. Denver, Colorado: American 
Water Works Association: 213-238.

nasser, a.M., Glozman, r., and nitzan, y. (2002): Contribution 
of microbial activity to virus reduction in saturated soil. Water 
Res 36: 2589-2595.

nataro, j.P., and Kaper, j.b. (1998): Diarrheagenic Escherichia 
coli. Clin Microbiol Rev 11: 142-201.

ngazoa, e.S., fliss, i., and jean, j. (2008): Quantitative study of 
persistence of human norovirus genome in water using TaqMan 
real-time RT-PCR. Journal of Applied Microbiology 104: 707-715.

niemi, r.M., Knuth, S., and lundstrom, K. (1982): Actinomy-
cetes and fungi in surface waters and in potable water. Appl 
Environ Microbiol 43: 378-388.

niemi, r.M., niemela, S., Mentu, j., and Siitonen, a. (1987): 
Growth of Escherichia coli in a pulp and cardboard mill. Can J 
Microbiol 33: 541-545.

niemi, r.M., and niemi, j.S. (1991): Bacterial Pollution of Wa-
ters in Pristine and Agricultural Lands. J. Environ. Qual. 20: 620-
627.

noble, r.t., and Weisberg, S.b. (2005): A review of technolo-
gies for rapid detection of bacteria in recreational waters. J Wa-
ter Health 3: 381-392.

nwachuku, n., and Gerba, C.P. (2006): Health risks of ente-
ric viral infections in children. Rev Environ Contam Toxicol 186: 
1-56.

nygard, K., torven, M., ancker, C., Knauth, S.b., Hedlund, 
K.o., Giesecke, j. et al. (2003): Emerging genotype (GGIIb): of 
norovirus in drinking water, Sweden. Emerg Infect Dis 9: 1548-
1552.

o‘reilly, C.e., bowen, a.b., Perez, n.e., Sarisky, j.P., Shepherd, 
C.a., Miller, M.D. et al. (2007): A waterborne outbreak of gas-
troenteritis with multiple etiologies among resort island visitors 
and residents: Ohio, 2004. Clin Infect Dis 44: 506-512.

oeCD, W. (2003): Assessing microbial safety of drinking water - 
improving approaches and methods. Published on behalf of the 
World Health Organization and the Organisation for Economic 
Co-operation and Development by IWA Publishing: 1-295.

ogorzaly, l., bertrand, i., Paris, M., Maul, a., and Gantzer, C. 
(2010): Occurrence, survival, and persistence of human adeno-
viruses and F-specific RNA phages in raw groundwater. Appl En-
viron Microbiol 76: 8019-8025.

oliver, j.D. (2005): The viable but nonculturable state in bacte-
ria. J Microbiol 43 Spec No: 93-100.

omura, t., onuma, M., aizawa, j., umita, t., and yagi, t. 
(1989): Removal Efficiencies of Indicator Micro-Organisms in 
Sewage Treatment Plants Water Science and Technology 21: 
119-124.

Pachepsky, y.a., Sadeghi, a.M., bradford, S.a., Shelton, D.r., 
Guber, a.K., and Dao, t. (2006): Transport and fate of manure-
borne pathogens: Modeling perspective. Agricultural Water Ma-
nagement 86: 81-92.



61

10. referenCeS

Palmateer, G.a., Dutka, b.j., janzen, e.M., Meissner, S.M., and 
Sakellaris, M.G. (1991): Coliphage and bacteriophage as indica-
tors of recreational water quality. Water Research 25: 355-357.

Pang, l. (2009): Microbial removal rates in subsurface media 
estimated from published studies of field experiments and large 
intact soil cores. J Environ Qual 38: 1531-1559.

Park, M.y., Ko, K.S., lee, H.K., Park, M.S., and Kook, y.H. 
(2003): Legionella busanensis sp. nov., isolated from cooling to-
wer water in Korea. Int J Syst Evol Microbiol 53: 77-80.

Park, S.r., Mackay, W.G., and reid, D.C. (2001): Helicobacter 
sp. recovered from drinking water biofilm sampled from a water 
distribution system. Water Res 35: 1624-1626.

Paterson, r.r.M., Hageskal, G., Skaar, i., and lima, n. (2009): 
Chapter XIII - Occurrence, Problems, Analysis and Removal of 
Filamentous Fungi in Drinking Water. In: Fungicides: Chemistry, 
Environmental Impact and Health Effects ISBN: 978-1-60692-
631-4. Editor: P. De Costa and P. Bezerra: 1-21.

Payment, P. (1993): Viruses: prevalence of disease, levels, and 
sources. In: Safety of Water Disinfection: Balancing Chemical 
and Microbial Risks (Edited by Craun C. F.). ILSI Press, Washing-
ton, D.C.: 99-113.

Payment, P., Coffin, e., and Paquette, G. (1994): Blood agar 
to detect virulence factors in tap water heterotrophic bacteria. 
Appl Environ Microbiol 60: 1179-1183.

Pedley, S., and Howard, G. (1997): The public health implica-
tions of microbiological contamination of groundwater. Quar-
terly Journal of Engineering Geology and Hydrogeology 30: 
179-188.

Pedley, S., yates, M., Schijven, j.f., West, j., Howard, G., and 
barrett, M. (2006): Chapter 3 - Pathogens: Health relevance, 
transport and attenuation. Protecting Groundwater for Health - 
Managing the Quality of Drinking Water Sources. Edited by Oliver 
Schmoll, Guy Howard, John Chilton and Ingrid Chorus. World 
Health Organization (WHO) 2006. IWA Publishing: 49-80.

Peiris, j.S., Chu, C.M., Cheng, V.C., Chan, K.S., Hung, i.f., Poon, 
l.l. et al. (2003): Clinical progression and viral load in a com-
munity outbreak of coronavirus-associated SARS pneumonia: a 
prospective study. Lancet 361: 1767-1772.

Pekdeger, a., and Matthess, G. (1983): Factors of bacteria and 
virus transport in groundwater. Environmental Geology 5: 49-52.

Pina, S., Puig, M., lucena, f., jofre, j., and Girones, r. (1998): 
Viral pollution in the environment and in shellfish: human ade-
novirus detection by PCR as an index of human viruses. Appl 
Environ Microbiol 64: 3376-3382.

Powelson, D.K., Simpson, j.r., and Gerba, C.P. (1990): Virus 
transport and survival in saturated and unsaturated flow through 
soil columns. Journal of environmental quality 19: 396-401.

Powelson, D.K., Simpson, j.r., and Gerba, C.P. (1991): Effects 
of organic matter on virus transport in unsaturated flow. Appl 
Environ Microbiol 57: 2192-2196.

Powelson, D.K., and Gerba, C.P. (1994): Virus removal from se-
wage effluents during saturated and unsaturated flow through 
soil columns. Water Research 28: 2175-2181.

Preuß, G., Zawadsky, C., and tiehm, a. (2011): Kapitel 8 - Pa-
thogene Organismen. Grundwasserbiologie - Grundlagen und 
Anwendungen. Edited by A. Tiehm, H. Arndt, B. Bendinger, M. 
Gierig, C. Griebler, I. Guderitz, H. J. Hahn, J. Marxsen, G. Preuß, 
S. Richter, D. Schlosser (Hrsg.). DWA/DVGW Themenband. In 
preparation: 10 pp.

rager, K.t. (1983): Einführung und kurze Übersicht über den For-
schungskomplex „Untersuchungen der Lebensdauer von Bakte-
rien und Viren im Grundwasser“ im Hinblick auf die Ausweisung 
von Schutzgebieten für Grundwassergewinnungsanlagen. In: Fo-
rum - Mikroorganismen und Viren in Grundwasserleitern - Mün-
chen 1983. DVGW-Schriftenreihe Wasser. ZfGW-Verlag Frankfurt. 
35: 15-24.

rahman, i., Shahamat, M., Chowdhury, M.a., and Colwell, 
r.r. (1996): Potential virulence of viable but nonculturable Shi-
gella dysenteriae type 1. Appl Environ Microbiol 62: 115-120.

rajal, V.b., McSwain, b.S., thompson, D.e., leutenegger, C.M., 
Kildare, b.j., and Wuertz, S. (2007): Validation of hollow fiber 
ultrafiltration and real-time PCR using bacteriophage PP7 as 
surrogate for the quantification of viruses from water samples. 
Water Res 41: 1411-1422.

ravel, j., Knight, i.t., Monahan, C.e., Hill, r.t., and Colwell, 
r.r. (1995): Temperature-induced recovery of Vibrio cholerae 
from the viable but nonculturable state: growth or resuscitati-
on? Microbiology 141 ( Pt 2):: 377-383.



62

10. referenCeS

redder, a., Durr, M., Daeschlein, G., baeder-bederski, o., 
Koch, C., Muller, r. et al. (2010): Constructed wetlands - Are 
they safe in reducing protozoan parasites? Int J Hyg Environ 
Health 213: 72-77.

redman, j.a., Grant, S.b., olson, t.M., Hardy, M.e., and estes, 
M.K. (1997): Filtration of recombinant Norwalk virus particles 
and bacteriophage MS2 in quartz sand: Importance of electro-
static interactions. Environmental Science & Technology 31: 
3378-3383.

reinthaler, f.f., Posch, j., feierl, G., Wust, G., Haas, D., rucken-
bauer, G. et al. (2003): Antibiotic resistance of E. coli in sewage 
and sludge. Water Res 37: 1685-1690.

report (1971): A waterborne epidemic of salmonellosis in River-
side, California, 1965. Epidemiologic aspects. A collaborative 
report. Am J Epidemiol 93: 33-48.

reynolds, j.H., and barrett, M.H. (2003): A review of the ef-
fects of sewer leakage on groundwater quality. Water and Envi-
ronment Journal 17: 34-39.

riemer, r. (1983): Untersuchungen zum Transportverhalten von 
Bakterien in sandigen und kiesigen Filtermedien. Ph.D. Thesis, 
Univ. Kiel, Kiel: 161 pp.

riffard, S., Douglass, S., brooks, t., Springthorpe, S., fili-
on, l.G., and Sattar, S.a. (2001): Occurrence of Legionella in 
groundwater: an ecological study. Water Sci Technol 43: 99-102.

ritter, l., Solomon, K., Sibley, P., Hall, K., Keen, P., Mattu, G., 
and linton, b. (2002): Sources, pathways, and relative risks of 
contaminants in surface water and groundwater: a perspective 
prepared for the Walkerton inquiry. J Toxicol Environ Health A 
65: 1-142.

rKi (2011): SurvStat@RKI. Robert Koch Institut. www3.rki.de/
SurvStat/

robertson, l.j., Campbell, a.t., and Smith, H.V. (1992): Survi-
val of Cryptosporidium parvum oocysts under various environ-
mental pressures. Appl Environ Microbiol 58: 3494-3500.

rodriguez, r.a., Pepper, i.l., and Gerba, C.P. (2009): Applica-
tion of PCR-based methods to assess the infectivity of enteric 
viruses in environmental samples. Appl Environ Microbiol 75: 
297-307.

rollins, D.M., and Colwell, r.r. (1986): Viable but nonculturable 
stage of Campylobacter jejuni and its role in survival in the na-
tural aquatic environment. Appl Environ Microbiol 52: 531-538.

rompré, a., Servais, P., baudart, j., de-roubin, M.-r., and lau-
rent, P. (2002): Detection and enumeration of coliforms in drin-
king water: current methods and emerging approaches. Journal 
of Microbiological Methods 49: 31-54.

rose, j.b., and Gerba, C.P. (1991): Use of risk assessment for 
development of microbial standards. Water Science and Tech-
nology 24: 29-34.

rose, j.b., Dickson, l.j., farrah, S.r., and Carnahan, r.P. 
(1996): Removal of pathogenic and indicator microorganisms 
by a full-scale water reclamation facility. Water Research 30: 
2785-2797.

rose, j.b. (1997): Environmental ecology of Cryptosporidium 
and public health implications. Annu Rev Public Health 18: 
135-161.

roszak, D.b., and Colwell, r.r. (1987): Survival strategies of 
bacteria in the natural environment. Microbiol Rev 51: 365-379.

rowbotham, t.j. (1980): Preliminary report on the pathogenici-
ty of Legionella pneumophila for freshwater and soil amoebae. J 
Clin Pathol 33: 1179-1183.

rusin, P.a., rose, j.b., Haas, C.n., and Gerba, C.P. (1997): Risk 
assessment of opportunistic bacterial pathogens in drinking wa-
ter. Rev Environ Contam Toxicol 152: 57-83.

Sakamoto, C., yamaguchi, n., yamada, M., nagase, H., Seki, 
M., and nasu, M. (2007): Rapid quantification of bacterial cells 
in potable water using a simplified microfluidic device. J Micro-
biol Methods 68: 643-647.

Salerno, M.b., flamm, M., logan, b.e., and Velegol, D. (2006): 
Transport of rodlike colloids through packed beds. Environ Sci 
Technol 40: 6336-6340.

Sampat, P. (2000): Deep Trouble - The Hidden Threat of Ground-
water Pollution. World Watch Paper 154.

Sanchez, G., joosten, H., Meyer, r., and beuret, C. (2005): Pre-
sence of Norovirus Sequences in Bottled Waters Is Questionable. 
Appl. Environ. Microbiol. 71: 2203-2205.



63

10. referenCeS

Ministère de la santé, (1996): Recommandations pour la qua-
lité de l’eau potable au Canada, 6ième edn. Centre d’édition 
du gouvernement du Canada, Approvisionnements et services 
Canada.

Sapkota, a.r., Curriero, f.C., Gibson, K.e., and Schwab, K.j. 
(2007): Antibiotic-resistant enterococci and fecal indicators in sur-
face water and groundwater impacted by a concentrated swine 
feeding operation. Environ Health Perspect 115: 1040-1045.

Schijven, j.f., and Hassanizadeh, S.M. (2000): Removal of 
Viruses by Soil Passage: Overview of Modeling, Processes, and 
Parameters. Critical Reviews in Environmental Science and Tech-
nology 30: 49 - 127.

Schijven, j.f. (2001): Virus Removal from Groundwater by Soil 
Passage. Modeling, Field and Laboratory Experiments. Ph.D. 
Thesis, Delft University of Technology, ISBN 90-646-4046-7.

Schijven, j.f., de bruin, H.a., Hassanizadeh, S.M., and de roda 
Husman, a.M. (2003): Bacteriophages and Clostridium spores 
as indicator organisms for removal of pathogens by passage 
through saturated dune sand. Water Res 37: 2186-2194.

Schinner, t., letzner, a., liedtke, S., Castro, f.D., eydelnant, 
i.a., and tufenkji, n. (2010): Transport of selected bacterial 
pathogens in agricultural soil and quartz sand. Water Res 44: 
1182-1192.

Schlosser, D. (2011): Kapitel 5 - Pilze. Grundwasserbiologie - 
Grundlagen und Anwendungen. Edited by A. Tiehm, H. Arndt, 
B. Bendinger, M. Gierig, C. Griebler, I. Guderitz, H. J. Hahn, J. 
Marxsen, G. Preuß, S. Richter, D. Schlosser (Hrsg.). DWA/DVGW 
Themenband. In preparation: 15 pp.

Schmidt, C.K., lange, f.t., brauch, H.-j., and Kühn, W. (2003): 
Experiences with riverbank filtration and infiltration in Germany. 
DVGW-Water Technology Center (TZW), Germany: 1-17.

Schuster, f.l., and Visvesvara, G.S. (2004): Free-living amoebae 
as opportunistic and non-opportunistic pathogens of humans 
and animals. International Journal for Parasitology 34: 1001-
1027.

Schuster, C.j., ellis, a.G., robertson, W.j., Charron, D.f., ara-
mini, j.j., Marshall, b.j., and Medeiros, D.t. (2005): Infectious 
disease outbreaks related to drinking water in Canada, 1974-
2001. Can J Public Health 96: 254-258.

Schwarzenbach, r.P., egli, t., Hofstetter, t.b., von Gunten, 
u., and Wehrli, b. (2010): Global Water Pollution and Human 
Health. Annual Review of Environment and Resources 35: 109-
136.

Semenza, j.C., and nichols, G. (2007): Cryptosporidiosis sur-
veillance and water-borne outbreaks in Europe. Euro Surveill 12: 
E13-14.

Sen, t.K. (2010): Processes in Pathogenic Biocolloidal Contami-
nants Transport in Saturated and Unsaturated Porous Media: A 
Review. Water Air Soil Pollut: 1-18.

Sharma, S., Sachdeva, P., and Virdi, j.S. (2003): Emerging wa-
ter-borne pathogens. Appl Microbiol Biotechnol 61: 424-428.

Singh, r., ray, P., Das, a., and Sharma, M. (2009): Role of 
persisters and small-colony variants in antibiotic resistance of 
planktonic and biofilm-associated Staphylococcus aureus: an in 
vitro study. J Med Microbiol 58: 1067-1073.

Sinton, l. W., M. j. noonan, et al. (2000): Transport and attenu-
ation of bacteria and bacteriophages in an alluvial gravel aqui-
fer. New Zealand Journal of Marine and Freshwater Research 
34(1): 175- 186.

Sinton, l.W., Hall, C.H., lynch, P.a., and Davies-Colley, r.j. 
(2002): Sunlight Inactivation of Fecal Indicator Bacteria and 
Bacteriophages from Waste Stabilization Pond Effluent in Fresh 
and Saline Waters. Appl. Environ. Microbiol. 68: 1122-1131.

Smith, H.V., and Smith, P.G. (1990): Parasitic protozoa in drin-
king water. Endeavour 14: 74-79.

Snowdon, j.a., Cliver, D.o., and Hurst, C.j. (1989): Coliphages 
as indicators of human enteric viruses in groundwater. Critical 
Reviews in Environmental Control 19: 231 - 249.

Soddemann, W. (2005): Influenza in Deutschland: Als Zoo-
nose durch Trinkwasser übertragbar? Hinweise und Indizien. 
Wissenschaftlicher Originalbeitrag, Infektionskrankheiten. 
umwelt·medizin·gesellschaft 18: 49-60.

Soddemann, W. (2006): Mikrobiologische Trinkwasserüber-
wachung in Deutschland: weder unabhängig noch effizient. 
umwelt·medizin·gesellschaft 19: 134-139.



64

10. referenCeS

Sru (1998): Sondergutachten. Flächendeckend wirksamer 
Grundwasserschutz. Ein Schritt zur dauerhaft umweltgerechten 
Entwicklung. Der Rat von Sachverständigen für Umweltfragen. 
Verlag Metzler-Poeschel, Stuttgart: 209 S.

Statistisches bundesamt (2009): Wassergewinnung der öffent-
lichen Wasserversorgung nach Wasser-arten. Statistisches Bun-
desamt, Fachserie 19 Umwelt, Reihe 2.1 Öffentliche Wasserver-
sorgung und Abwasserbeseitigung (1991, 1995, 1998, 2001, 
2004) und Mitteilung vom 27.05.2009.

www.umweltbundesamt-daten-zur-umwelt.de/umweltdaten/
public/theme.do?nodeIdent=2302

Steinert, M., Hentschel, u., and Hacker, j. (2002): Legionella 
pneumophila: an aquatic microbe goes astray. FEMS Microbiolo-
gy Reviews 26: 149-162.

Stevens, M., ashbolt, n.j., and Cunliffe, D. (2003): Review of 
Coliforms as Microbial Indicators of Drinking Water Quality. Na-
tional Health and Medical Research Council. Australian Govern-
ment: 1-42.

Stevik, t.K., aa, K., ausland, G., and Hanssen, j.f. (2004): Re-
tention and removal of pathogenic bacteria in wastewater per-
colating through porous media: a review. Water Res 38: 1355-
1367.

Strobl, r.o., and robillard, P.D. (2006): Comparison of several 
EPA-recommended US and German well-head protection area 
delineation methods in agricultural settings. ISSN 0378-4738 = 
Water SA Vol. 32 No. 4 October 2006. ISSN 1816-7950 = Water 
SA (on-line). www.wrc.org.za: 507-518.

Suttle, C.a., and Chen, f. (1992): Mechanisms and rates of de-
cay of marine viruses in seawater. Appl Environ Microbiol 58: 
3721-3729.

Swerdlow, D.l., Woodruff, b.a., brady, r.C., Griffin, P.M., tip-
pen, S., Donnell, H.D., jr. et al. (1992): A waterborne outbreak 
in Missouri of Escherichia coli O157:H7 associated with bloody 
diarrhea and death. Ann Intern Med 117: 812-819.

Szewzyk, u., Szewzyk, r., Manz, W., and Schleifer, K.H. (2000): 
Microbiological safety of drinking water. Annu Rev Microbiol 
54: 81-127.

Szewzyk, r., lópez-Pila, j., and feuerpfeil, i. (2006): Entfer-
nung von Viren bei der Trinkwasseraufbereitung—Möglichkeiten 
einer Risikoabschätzung. Bundesgesundheitsblatt - Gesund-
heitsforschung - Gesundheitsschutz 49: 1059-1062.

tallon, P., Magajna, b., lofranco, C., and leung, K.t. (2005): 
Microbial Indicators of Faecal Contamination in Water: A Cur-
rent Perspective. Water, Air, & amp; Soil Pollution 166: 139-166.

Tartera, C., and jofre, j. (1987): Bacteriophages active against 
Bacteroides fragilis in sewage-polluted waters. Appl Environ 
Microbiol 53: 1632-1637.

taylor, D.n., Perlman, D.M., echeverria, P.D., lexomboon, u., 
and blaser, M.j. (1993): Campylobacter immunity and quantita-
tive excretion rates in Thai children. J Infect Dis 168: 754-758.

Taylor, r., Cronin, a., Pedley, S., barker, j., and atkinson, t. 
(2004): The implications of groundwater velocity variations on 
microbial transport and wellhead protection - review of field evi-
dence. FEMS Microbiol Ecol 49: 17-26.

taylor, M., ross, K., and bentham, r. (2009): Legionella, pro-
tozoa, and biofilms: interactions within complex microbial sys-
tems. Microb Ecol 58: 538-547.

thomas, K.M., Charron, D.f., Waltner-toews, D., Schuster, C., 
Maarouf, a.r., and Holt, j.D. (2006): A role of high impact 
weather events in waterborne disease outbreaks in Canada, 
1975 - 2001. Int J Environ Health Res 16: 167-180.

thomas, V., McDonnell, G., Denyer, S.P., and Maillard, j.y. 
(2009): Free-living amoebae and their intracellular pathogenic 
microorganisms: risks for water quality. FEMS Microbiol Rev.

thurston, j.a., Gerba, C.P., foster, K.e., and Karpiscak, M.M. 
(2001): Fate of indicator microorganisms, Giardia and Crypto-
sporidium in subsurface flow constructed wetlands. Water Res 
35: 1547-1551.

timms, S., Slade, j.S., and fricker, C.r. (1995): Removal of 
Cryptosporidium by slow sand filtration. Water Science and Tech-
nology. © IWA Publishing 31: 81-84.

tortorello, M.l. (2003): Indicator organisms for safety and qua-
lity - uses and methods for detection: minireview. J AOAC Int 
86: 1208-1217.



65

10. referenCeS

trinkwasserverordnung (2001): www.gesetze-im-internet.de/
trinkwv_2001/BJNR095910001.html.

tyagi, V.K., Chopra, a.K., Kazmi, a.a., and Kumar, a. (2006): 
Alternative microbial indicators of faecal pollution: current per-
spective. Iran. J. Environ. Health. Sci. Eng. 3: 205-216.

tyring, S.K., Ward, r., jiang, x., farkas, t., and bass, D. (2006): 
Virology of the Gastrointestinal Tract. In: Mucosal Immunology 
and Virology: Springer London, pp. 55-98.

unc, a., and Goss, M.j. (2004): Transport of bacteria from ma-
nure and protection of water resources. Applied Soil Ecology 
25: 1-18.

uneCe (1999): Inventory of Transboundary Groundwaters. UN-
ECE Task Force on Monitoring and Assessment. Guidelines on 
monitoring of transboundary groundwaters, vol. 1, Supporting 
Technical Documents.

uneSCo (1999): World Water Resources at the Beginning of 
the 21st Century. CD version, UNESCO, Paris.

uneSCo (2009): The United Nations World Water Develop-
ment Report 3 - Water in a Changing World. UN Educ. Sci. Cult. 
Organ. Paris/New York: UNESCO/Berghahn Books.

uSePa (1987): Guidelines for Delineation of Wellhead Protec-
tion Areas. United States Environmental Protection Agency: 215 
pp.

uSePa (1990): Total coliform rule and surface water treat-
ment rules. Federal Regulations. Government Printing Office, 
Washington, DC.

uSePa (1998): Announcement of the Drinking Water Contami-
nant Candidate List; Notice. United States Environmental Pro-
tection Agency 63: 10273-10287.

uSePa (2006): Occurrence and Monitoring Document for the 
Final Ground Water Rule. United States Environmental Protec-
tion Agency 

Valderrama, a.l., Hlavsa, M.C., Cronquist, a., Cosgrove, S., 
johnston, S.P., roberts, j.M. et al. (2009): Multiple risk factors 
associated with a large statewide increase in cryptosporidiosis. 
Epidemiol Infect 137: 1781-1788.

Vali, l., Wisely, K.a., Pearce, M.C., turner, e.j., Knight, H.i., 
Smith, a.W., and amyes, S.G. (2004): High-level genotypic va-
riation and antibiotic sensitivity among Escherichia coli O157 
strains isolated from two Scottish beef cattle farms. Appl Envi-
ron Microbiol 70: 5947-5954.

Van der Wielen, P.W., Senden, W.j., and Medema, G. (2008): 
Removal of bacteriophages MS2 and ΦX174 during transport 
in a sandy anoxic aquifer. Environ Sci Technol 42: 4589-4594.

Visvesvara, G.S., and Stehr-Green, j.K. (1990): Epidemiology of 
free-living ameba infections. J Protozool 37: 25S-33S.

Vital, M., fuchslin, H.P., Hammes, f., and egli, t. (2007): 
Growth of Vibrio cholerae O1 Ogawa Eltor in freshwater. Micro-
biology 153: 1993-2001.

Vital, M., Hammes, f., and egli, t. (2008): Escherichia coli O157 
can grow in natural freshwater at low carbon concentrations. 
Environ Microbiol 10: 2387-2396.

Wadell, G. (1984): Molecular epidemiology of human adeno-
viruses. Curr Top Microbiol Immunol 110: 191-220.

Wang, y., Hammes, f., De roy, K., Verstraete, W., and boon, n. 
(2010): Past, present and future applications of flow cytometry 
in aquatic microbiology. Trends Biotechnol 28: 416-424.

Weber, G., reisinger, M.f., Klarner, M.G., and Stanek, G. 
(1982): Überlebensfähigkeit von Yersinien in Trinkwasser. Forum 
Städte-Hyg. 33: 242-244.

Webster, r.G. (1998): Influenza: an emerging disease. Emerg 
Infect Dis 4: 436-441.

Weiss, t.H., Mills, a.l., Hornberger, G.M., and Herman, j.S. 
(1995): Effect of Bacterial Cell Shape on Transport of Bacteria 
in Porous Media. Environmental Science & Technology 29: 1737-
1740.

Wellings, f.M., lewis, a.l., Mountain, C.W., and Pierce, l.V. 
(1975): Demonstration of virus in groundwater after effluent 
discharge onto soil. Appl Microbiol 29: 751-757.

West, j.M., Pedley, S., baker, S.j., barrott, l., Morris, b., Storey, 
a. et al. (1998): A Review of the Impact of Microbiological 
Contaminants in Groundwater. UK EA, R&D Technical Report, 
Bristol.



66

10. referenCeS

WHo (1994): Guidelines for Drinking Water Quality, 2nd edn. 
World Health Organisation, Geneva.

WHo (1996): Guidelines for Drinking Water Quality: Second 
Edition, Vol. 2. Health Criteria and Other Supporting Informati-
on. World Health Organization, WHO, Geneva, 1996.

WHo (2004): Guidelines for Drinking-Water Quality: Recom-
mendations. 3rd edn, vol 1, WHO, Geneva.

WHo (2006): Protecting Groundwater for Health - Managing 
the Quality of Drinking-water Sources. Edited by Oliver Schmoll, 
Guy Howard, John Chilton and Ingrid Chorus. World Health Or-
ganization (WHO) 2006. IWA Publishing: 697 pp.

Willocks, l., Crampin, a., Milne, l., Seng, C., Susman, M., Gair, 
r. et al. (1998): A large outbreak of cryptosporidiosis associ-
ated with a public water supply from a deep chalk borehole. 
Outbreak Investigation Team. Commun Dis Public Health 1: 
239-243.

Wobus, C.e., thackray, l.b., and Virgin, H.W.i.V. (2006): Mu-
rine Norovirus: a Model System To Study Norovirus Biology and 
Pathogenesis. J. Virol. 80: 5104-5112.

Woody, M.a., and Cliver, D.o. (1994): F-RNA coliphages for mo-
nitoring groundwater near on-site systems. In E. Collins (ed.), On-
Site Wastewater Treatment. Proceedings of the Seventh Interna-
tional Symposium on Individual and Small Community Sewage 
Systems. Atlanta, GA: 551-558.

Worthington, S.H., Smart, C.C., and ruland, W.W. (2002): As-
sessment of groundwater velocities to the municipal wells at 
Walkerton. In: Ground and Water Theory to Practice [CD-ROM], 
edited by A. R.Piggott, D. Stolle, and J. J. Crowder, Can. Geotech. 
Soc., Alliston, Ont., Canada.

Wyn-jones, a.P., and Sellwood, j. (2001): Enteric viruses in the 
aquatic environment. J Appl Microbiol 91: 945-962.

yang, H.H., Vinopal, r.t., Grasso, D., and Smets, b.f. (2004): 
High diversity among environmental Escherichia coli isolates 
from a bovine feedlot. Appl Environ Microbiol 70: 1528-1536.

yang, H.H., Morrow, j.b., Grasso, D., Vinopal, r.t., and Smets, 
b.f. (2006): Intestinal versus external growth conditions change 
the surficial properties in a collection of environmental Escheri-
chia coli isolates. Environ Sci Technol 40: 6976-6982.

yates, M.V., Gerba, C.P., and Kelley, l.M. (1985): Virus persi-
stence in groundwater. Appl Environ Microbiol 49: 778-781.

yates, M.V., yates, S.r., Wagner, j., and Gerba, C.P. (1987): Mo-
deling virus survival and transport in the subsurface. Journal of 
Contaminant Hydrology 1: 329-345.

yates, M.V., yates, S.r., and Gerba, C.P. (1988): Modeling 
microbial fate in the subsurface environment. Critical Reviews 
in Environmental Control 17: 307 - 344.

yavuz Corapcioglu, M., and Haridas, a. (1984): Transport and 
fate of microorganisms in porous media: A theoretical investiga-
tion. Journal of Hydrology 72: 149-169.

yeager, j.G., and o‘brien, r.t. (1979): Enterovirus inactivation 
in soil. Appl Environ Microbiol 38: 694-701.

yoder, j., roberts, V., Craun, G.f., Hill, V., Hicks, l.a., alexan-
der, n.t. et al. (2008): Surveillance for waterborne disease and 
outbreaks associated with drinking water and water not inten-
ded for drinking - United States, 2005-2006. MMWR Surveill 
Summ 57: 39-62.

you, y., j. Han, et al. (2005): Removal and inactivation of wa-
terborne viruses using zerovalent iron. Environmental Science & 
Technology 39(23): 9263-9269.

Zhou, n., He, S., Zhang, t., Zou, W., Shu, l., Sharp, G.b., and 
Webster, r.G. (1996): Influenza infection in humans and pigs in 
southeastern China. Archives of Virology



67

erSCHienene PubliKationen

Materialien Der ProjeKtGruPPe „GeoreSSourCe WaSSer – HerauSforDerunG Globaler WanDel“

Udo Wiesmann: Historische Impressionen bei einer Spreefahrt durch Berlin, acatech Materialien Nr. 2, München 2011.

Insa Theesfeld, Christian Schleyer: Institutional Requirements for Integrated Water Resource Management in Germany, acatech Ma-
terialien Nr. 3, München 2011.

Helmar Schubert: Die Konzepte des Virtuellen Wassers und des Wasser-Fußabdrucks, acatech Materialien Nr. 4, München 2011.

Hagen Koch, Uwe Grünewald: Anpassungsoptionen der Wasserbewirtschaftung an den globalen Wandel in Deutschland, acatech 
Materialien Nr. 5, München 2011.

Steffen Krauss, Christian Griebler: Pathogenic Microorganisms and Viruses in Groundwater, acatech Materialien Nr. 6, München 2011

Der aktuelle Stand der acatech Materialien zum Projekt „Georessource Wasser – Herausforderung Globaler Wandel“ sowie einzelne 
Texte sind unter anderem im Internet unter http://www.acatech.de/de/projekte/laufende-projekte/georessource-wasser.html ein-
sehbar. An gleicher Stelle sind auch Hinweise auf weitere Publikationen und auf Veranstaltungen im Rahmen des Projektes zu 
finden.



> acatech – DeutSCHe aKaDeMie Der teCHniKWiSSenSCHaften
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gemeinwohlorientierter Weise. Als Arbeitsakademie berät acatech Politik und Gesellschaft in technikwissenschaftlichen und techno-
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herausragende Wissenschaftler aus Hochschulen, Forschungseinrichtungen und Unternehmen. acatech finanziert sich durch eine 
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> Die reiHe „acatech Materialien“
In der Reihe „acatech MATERIALIEN“ erscheinen Diskussionspapiere, Vorträge und Vorstudien, die im Rahmen der Entwicklung oder 
Durchführung von Projekten der Akademie entstanden sind. Die Bände dieser Reihe liegen in der inhaltlichen Verantwortung der 
jeweiligen Herausgeber und Autoren.



Ziel des acatech Projektes „Georessource Wasser – Herausforderung Globaler Wandel“ 
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