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ABSTRACT 

The primary objective of conventional drinking water treatment and distribution is to deliver to the 
consumer water that is both aesthetically pleasing and does not constitute a human health risk. To 
achieve this, water utilities employ a range of physical (i.e. sand and membrane filtration) and 
chemical (i.e. flocculation and disinfection) barriers in order to reduce the numbers of 
microorganisms as well as the nutrients that may support their growth within biofilms. In this thesis, 
biofilms and microbial barriers in water treatment and distribution were therefore examined. 
The development of biofilms within artificial recharge was investigated in pilot column at Norsborg 
waterworks in Stockholm. The proportion of active bacteria, measured as numbers of EUB338-
positive cells relative to the total number of bacteria enumerated by total direct counts, decreased 
with time. Through the addition of nutrients however, two to three times more bacteria were able to 
be active (measured by an increase in activity after activation with additional nutrients). By extracting 
the recalcitrant hydrophilic and hydrophobic fractions of humic substances it was possible to assess 
the microbiological response to these compounds. It was shown that bacteria more firmly attached 
to the sand grains preferred the hydrophobic fraction whilst more loosely-associated bacteria 
preferred the hydrophilic one. The amount of easily degradable matter in raw water (measured as 
assimilable organic carbon) was generally low. Biofilms were investigated by two different methods 
for extraction and analysis of microorganisms. Glass slides introduced into the sand material were 
dominated by α-Proteobacteria, and underestimated loosely-associated bacteria, whilst extracts from 
sand were dominated by γ-Proteobacteria, and also caused variations due to the extraction method 
employed  
The barrier function of biofilms was investigated in biofilters, also fed with raw water from 
Gothenburg. The focus here was on particle removal in size-intervals of 1-15 µm (protozoa) and 0.4-
1 µm (bacteria). In both size fractions, autofluorescent microalgae, which were naturally-occurring in 
raw water, were also enumerated in parallel. Their removal was 60-90%. In parallel, defined amounts 
of fluorescent hydrophilic and hydrophobic microspheres (1 µm) were added. They showed a 
reduction of hydrophobic spheres by 98% and hydrophilic ones by 86%. Removal of viruses was 
determined by adding a defined dose of bacteriophages and gave lower reduction values of 40-61%. 
Both naturally-occurring particles in defined size intervals and added particles or organisms were 
shown to provide a clearer picture of barrier function than usually performed measurements of 
turbidity.  
The efficiency of chemical treatment against viruses was also measured in a pilot-plant in 
Gothenburg. It was shown that commonly-used MS-2 bacteriophages were much more sensitive 
than φX174 bacteriophages. Reduction of MS-2 over the entire chemical step (when added after 
dosing of chemicals) was 5-log10 whilst φX174 was reduced by 1-log10. The latter was shown to be a 
more conservative model for virus removal. The effects of different steps in the chemical 
precipitation showed that the primary dosage of chemicals and the development of flocs had great 
importance for the assessment of removal efficacy. When added before the dosing of chemicals, 
reduction of φX174 and MS-2 was 3.8-log10 and 6.2-log10, respectively. 
The establishment of biofilm within a distribution system was followed in a 1000 metre long pilot-
plant (with parallel lines) at Lovö waterworks as well as in two of Stockholm’s main distribution 
systems (Nockeby and Hässelby). The pilot-plant was shown to satisfactorily represent processes 
within the distribution systems. The development of biofilms was slow, producing thin biofilms over 
a one to two month periods. Numbers of bacteria were generally in the range of 104 – 105 per cm2, 
which is lower than shown in other earlier investigations. The implementation of primary ultra-violet 
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(UV)-treatment in place of chlorination (both systems being chloraminated prior to distribution) did 
not considerably change the numbers of bacteria in biofilms. No significant difference could be seen 
between the system that had UV-treatment as a primary treatment step, and the system that was 
chlorinated over the whole period. Chlorine residuals were generally low at the distal parts of the 
distribution systems. Naturally-occurring protozoa were present in distribution systems in numbers 
ranging from 280 – 3500 protozoa per cm-2. Protozoa may play a significant role as predators of 
biofilm bacteria, however they can also act as protection for bacteria against external influences i.e. 
disinfection. Should sudden contamination of a distribution system occur, biofilms can provide 
protection and act as a site for potential regrowth of introduced microorganisms. 
Biofilms developed in the pilot-scale that represented water from different distances from the 
waterworks were exposed to fluorescent microspheres, (hydrophobic and hydrophilic, 1 µm) 
legionellae (as a model for opportunistic bacterial pathogens) and bacteriophages (human enteric 
virus model) in order to determine their accumulation and persistence within the biofilm, and release 
to the bulk water. It was shown that introduced model organisms were released continuously, 
primarily through desorption, and additionally through the influence of disinfection and the activity 
of protozoa.  
Desorption was also assessed in a laboratory experiment under laminar and turbulent flow. Laminar 
flow conditions that were representative of a distribution system gave a slow and continual release of 
individual cells, whilst turbulent conditions detached larger aggregates.  
In conclusion, based on this work an increased understanding was gained both of barrier functions at 
the different steps of water treatment, their effects on overall biofilm dynamics and structure and the 
role that biofilm plays within the drinking water system itself.  
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SUMMARY IN SWEDISH 

De primära målen med konventionell dricksvattenbehandling och distribution är att leverera ett 
estetiskt tilltalande vatten som inte utgör en risk för människors hälsa. För att uppnå detta används 
olika fysikaliska, biologiska (artificiell grundvattenbildning, sandfiltrering) och kemiska (fällning, 
klordesinfektion) barriärer för att reducera antalet mikroorganismer, samt näringsämnen som kan 
befrämja deras tillväxt i biofilmer. Denna avhandling fokuseras runt mikrobiologiska undersökningar 
av biofilmer och barriärverkan vid behandling och distribution. 
Biofilmutveckling vid artificiell råvatteninfiltration undersöktes i försökskolonner vid Norsborgs 
vattenverk i Stockholm. Den aktiva fraktionen av bakterier, mätt som den relativa mängden EUB 
338 positiva celler av totala antalet celler minskade med tiden. Dock kunde mellan 2 till 3 gånger fler 
aktiveras vid näringstillförsel (mätt som aktivitetsökning av antal celler vid näringstillförsel). Genom 
att extrahera fram de svårnedbrytbara hydrofila och hydrofoba fraktionerna av humusämnen kunde 
också den mikrobiologiska responsen av dessa bestämmas. Det visade sig att de mer fast aggregerade 
bakterierna till sandkornen preferensmässigt bröt ner den hydrofoba fraktionen medan mer löst 
associerade bakterier föredrog den hydrofila fraktionen. Halten lättnedbrytbara ämnen i råvattnet 
(mätt som AOC) var generellt sätt låga. I biofilmundersökningarna användes två olika metoder för 
att isolera och analysera mikroorganismerna i biofilmen. Införda glasskivor i sandmaterialet gav en 
dominas av α-proteobakterier och en underestimering av löst associerade bakterier medan extrakt 
från sanden dominerades av γ-proteobakterier och gav upphov till variationer beroende på 
biofilmextraktionen. 
Den biologiska barriärverkan undersöktes också i biofilter, som också tillfördes råvatten, ifrån 
Göteborg. Här fokuserades på den partikulära avskiljningen i storleksintervall 1-15 och (protozoer); 
0,4 – 1 mikrometer (bakterier). I båda fraktionerna användes också parallellt autofluroscerande 
mikroalger, som förekom naturligt i råvattnet. Dessa visade en avskiljning på 60-90%. Parallellt 
tillsattes bestämda mängder fluorescerande hydrofila och hydrofobamikrosfärer (1 mikrometer). 
Dessa gav reduktion på 98% av hydrofoba och 86% hydrofila. Virusavskiljningen bestämdes genom 
tillförsel av en bestämd dos bakteriofager och gav lägre värden på 40 – 61%. Både naturligt 
förekommande partiklar i bestämda storleksfraktioner samt tillförda partiklar eller organismer ger 
alltså en klarare bild av barriärverkan än vanliga turbiditetsmätningar. 
Den kemiska behandlingens effektivitet mot virus, mättes också i en modellanläggning i Göteborg. 
Det visade sig att den mer vanligt använda fagen MS-2 var mycket känsligare än fag φx174. 
Reduktionen av den förra var över det totala kemiska steget (tillförd efter kemikaliedosering) 5-log10 
medan φx174 reducerades med 1-log10. Den senare är alltså en bättre konservativ modell för 
virusavskiljningen. Effekten av de olika delstegen i den kemiska fällningen visade att den primära 
kemikalietillsättningen och flockbildningen hade en mycket stor betydelse i bedömningen av 
avskiljningseffekten. Vid tillförsel innan kemikaliedosering var reduktionen av φx174 samt MS2 3.8-
log10 respektive 6.2-log10.  
Biofilmetableringen i distributionsnätet följdes dels i en 1000 meter lång pilotanläggning (med 
parallella linjer) vid Lovö vattenverk och dels i två av Stockholms stads huvuddistributionsledningar 
(Nockeby och Hässelby). Vi visade att pilotanläggningen väl avspeglade skeendena i 
huvudledningarna. Biofilmutvecklingen var långsam och gav endast upphov till tunna biofilmer 
under en tvåmånadersperiod. Antalet bakterieceller var generellt i storleksordningen 104 – 105/cm2, 
vilket är lägre än vad som tidigare visats i andra undersökningar. Införandet av primär UV 
behandling, istället för klorbehandling (båda understödda med låg dos klorammonium) förändrade 
inte halten bakterier i biofilmen signifikant. Inga signifikanta skillnader kunde heller ses mellan den 
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ledning som hade UV som primärbehandling och den som hade klor hela tiden. Kloröverskottet var 
generellt sett lågt i ändledningarna. Naturligt förekommande protozoer fanns i ändledningarna i 
halter på mellan 280 – 3500 protozoer/cm2. Dessa spelar troligen en stor roll som predatorer på 
biofilmen men kan också fungera som skydd för bakterier mot yttre inverkan, t ex av 
desinfektionsmedel. Vid en plötslig förorening på ledningsnätet kan biofilmen fungera som skydd, 
och potentiellt tillväxtställe för tillförda mikroorganismer.  
Biofilmer utvecklade i pilotanläggningen, som representerade vatten på olika avstånd ifrån 
vattenverket, exponerades därför för fluorescerande mikrosfärer, legionella (som modellbakterie) och 
bakteriofager, för att bestämma deras ackumulationsgrad, persistens i biofilmen och frisättning igen 
till vattnet. Det visade sig att de tillförda modellorganismerna frisätts kontinuerligt till vatten genom, i 
första hand desorptions-processerna, och i andra hand genom påverkan av desinfektionen och 
aktivitet av protozoa.  
Desorptionen bestämdes också i ett laboratorieexperiment både under laminära och turbulenta 
flöden. De laminära förhållandena som också var representativa för ledningsnätsförsöken gav en 
långsam frisättning av enstaka celler medan de turbulenta förhållanden slet med sig större 
partikelaggregat. 
Sammanfattningsvis har vi fått en ökad förståelse, baserat på detta arbete både av barriärverkan vid 
olika behandlingssteg och effekter på biofilmen samt dess dynamik och biologiska sammansättning 
på basis av de genomförda undersökningarna. 
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1. INTRODUCTION 
 

 
“Water is essential to sustain life, and a satisfactory (adequate, safe and 
accessible) supply must be available to all.” (WHO, 2004). 

 
The main objective of conventional water treatment is to provide drinking water to the consumer 
that is biologically stable, and as such, is both aesthetically pleasing and does not present a 
measurable health risk to the consumer. Since the most common and widespread health risk 
associated with drinking water is microbial contamination (WHO, 2004), water treatment methods, 
in all their variety, are ideally designed to build up safety barriers against all hazardous 
microorganisms. These safety barriers embrace drinking water systems as a whole; from catchments 
areas, source waters, treatment plants to distribution systems. They are directly linked with the 
identification of risks and methods for assessing those risks, and finally control and monitoring 
measures. 
 

1.1. Background 

In a conventional surface water treatment 
plant the first barrier is generally comprised of 
either chemical precipitation of raw water 
followed by solid–liquid separation through 
rapid sand filtration, or of biological treatment 
(slow sand filtration or artificial groundwater 
recharge). Usage of different primary and 
secondary disinfectants such as chlorine also 
represents one barrier mainly towards 
microorganisms. Additional treatment steps 
can include filtration using granular activated 
carbon (GAC) or biological activated carbon 
(BAC) i.e. to remove taste and odour 
compounds as well as soluble microbial 
toxins.  
To produce biologically-stable drinking water, 
defined as drinking water in which bacterial 
regrowth is strictly limited by a low 
concentration of growth-promoting 
substances (Rittmann and Snoeyink, 1984; van 
der Kooij and Veenendaal, 1992), individual 
treatment steps (physical, chemical and 
biological) should reduce as much organic 
matter as possible to minimise bacterial 
survival and growth in the distribution system. 
To produce safe drinking water, the treatment 
must be able to reduce all health-related 
microorganisms that may potentially occur in 

water. In addition, to distribute aesthetically 
acceptable drinking water, treatment must also 
reduce non–living constituents (particulates, 
colour components i.e. humics and tannins, 
cyanobacterial toxins and fungal compounds 
i.e. geosmin) to acceptable levels.  
Water treatment however cannot entirely 
remove all the nutrients and microorganisms 
present within it. Drinking water is not sterile, 
and contains a multitude of microorganisms 
that have the potential to grow in a system. 
Organic matter that has not been removed 
may cause the multiplication of bacteria in 
drinking water distribution systems and 
support biofilm accumulation. 
Failure to reduce health-related 
microorganisms poses an obvious risk to 
consumers since a wide range of pathogens 
and opportunistic pathogens may be 
distributed through the distribution system. 
Failure to reduce non-living constituents can 
also result in aesthetically-unacceptable 
drinking water i.e. poor quality in terms of 
colour, taste and odour. 
Biological activity within conventional water 
treatment presents a key component in 
treatment processes through the activity of 
biofilms. These biofilms play an essential role 
through the entrapment of particulate material 
and microorganisms as well as through their 
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ability to metabolise and thus remove a wide 
range of natural organic matter (NOM) 
occurring at different concentrations.  
In addition to being beneficial, biofilms can 
also be detrimental. Water practitioners have 
limited control over many of the processes 
that take place within a water distribution 
system, and here biofilms can impact on the 
aesthetic quality of water and act as a reservoir 
of microbial pathogens and indicators 
(Szewzyk et al., 2000).  
 

1.2. Biofilms 

Biofilms are a complex association of 
microbiota, extracellular products and detritus 
that form on almost any solid surface that 
comes into contact with a liquid such as water. 
Inorganic and organic molecules adsorb to the 
solid-liquid interface (Bryers and Characklis, 
1982), forming a layer termed a conditioning 
film (Marshall, 1988). Conditioning films most 
often though not necessarily, precede the 
sorption of cells to a surface (Peyton and 
Characklis, 1995). Processes that govern 
overall biofilm dynamics include cell transport 
to the substratum surface by sedimentation or 
motility, cell adsorption, reversible or 
irreversible attachment to the substratum, 
metabolic processes of attached cells, growth 
and multiplication, production of extracellular 
polymeric substances (EPS) (Sutherland, 
2000), cell lyses and decay and finally 
desorption or detachment (Bryers, 1993; Kell 
and Young, 2000). 
Immobilisation of bacteria and the 
development of biofilm is part of an overall 
survival strategy (Le Chevallier and McFeters, 
1985; Roszak and Colwell, 1987; Byrd et al., 
1991; Fletcher, 1991) that permits bacteria to 
survive in often harsh, low-nutrient 
environments. By immobilising themselves 
bacteria encounter a greater flux of nutrients, 
thus enhancing their survival prospects and 
regrowth potential (Characklis, 1981). 

Biofilms also provide bacteria with 
physicochemical protection against 
environmental stresses such as osmotic 
changes, UV-irradiation and dehydration 
(Ghiorse and Wilson, 1988; Schaulle et al., 
1993; Elasri and Miller, 1999). When included 
within the biofilm community, bacteria 
through their metabolic cooperation also 
exercise and display much greater efficiency in 
utilising available substrates when compared 
to those living in the bulk liquid phase (Møller 
et al., 1998; Davey and O'Toole, 2000). 
The terms microecosystem and microecology are 
appropriate when describing biofilms as 
spatially-limited and equilibrated bacterial 
populations that have the ability to maintain a 
stable environment and enable secondary 
colonisation and succession by other 
microorganisms (Block et al., 1993; Costerton 
et al., 1994). 
 

1.2.1. Adsorption and attachment 
 
Adsorption of cells to substrata results in the 
accumulation of cells from the bulk water 
directly onto a solid surface. This is the first 
step in biofilm development. Factors 
promoting adsorption include momentum 
transport in conditions of turbulent flow, cell 
motility and surface characteristics and 
Brownian motion (Peyton and Characklis, 
1995). 
Bacterial cell surfaces are characterised by 
having both hydrophilic and hydrophobic sites 
and a net negative charge. The hydrophilic 
sites are represented by for example carboxyl, 
phosphate and amine-charged groups, whilst 
hydrophobic sites consist of lipids and 
lipopolysaccharides (Mafu, 1991). 
Hydrophobicity, in a complex interplay of 
polar and non-polar outer surface 
components, provides a means by which 
bacteria are attracted toward solid surfaces 
(Rosenberg and Rosenberg, 1981; Marshall, 
1986; Marshall, 1988; Lünsdorf et al., 2000). 
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The rate and degree to which attachment takes 
place depends on variable bacterial 
hydrophobicity and on the ability of bacteria 
to create polymer bridging, which makes 
contact with solid surfaces possible.  
Adsorption, both reversible and irreversible, is 
also affected by substrate surface properties 
such as surface roughness. Under quiescent 
conditions cell surface charge, hydrophobicity, 
pili and cell surface proteins play an important 
role in biofilm initiation (Stickler, 1999). 
Furthermore, on adherence bacteria undergo 
phenotypic changes including the expression 
of genes (Costerton et al., 1994; Tolker-
Nielsen and Molin, 2000) involved in for 
example resistance against antimicrobial 
agents as well as reduction of bacterial 
metabolic rate to a near-dormant state 
(Coallier et al., 1994; McFeters et al., 1995). 
This enhances bacterial resistance to 
disinfection for example, and the ability of 
bacteria to adjust to often low-nutrient 
environmental conditions. Once biofilm is 
formed, new cells from the bulk liquid adhere 
to it, contributing to an overall increase in 
biofilm biomass.  
 

1.2.2. Colonisation and growth 
 
Following the adsorption and colonisation of 
the surface, immobilised bacteria produce EPS 
resulting in a polymeric matrix. This matrix 
represents an immobilised and dynamic 
microbial environment, where bacteria can 
grow and multiply. The structures of matrices 
vary significantly and depend on the 
microbiota present, their physiological status 
as well as available nutrients, and consist of 
water (95-97%), microbiota (2-5%), 
polysaccharides and proteins (1-2%) as well as 
nucleic acids DNA and RNA (1-2%) 
(Sutherland, 2001). 
The initial stages of bacterial colonisation and 
development of the biofilms depend on many 
different factors such as nutrient availability 

(Mueller et al., 1992), hydraulic conditions (Mc 
Coy et al., 1981), substrate properties (Mueller, 
1996), cell-to-substrate interaction (Palmer 
and White, 1997; Wolfaardt et al., 1998) and 
cell-to-cell signalling (Davies et al., 1998) as 
well as on physicochemical characteristics of 
bacterial cells and substrata. In essence, these 
same factors govern the growth and 
maturation (ageing) of biofilm.  
 

1.2.3. Biofilm structure and function 
 
Structure is clearly a very important, almost 
crucial factor in how the activity of the biofilm 
bacteria will be expressed (de Beer et al., 1994; 
Massol-Deya et al., 1995). Investigation of 
biofilm structure is however extremely 
difficult since most methods are invasive and 
disruptive (Characklis, 1981; Peyton and 
Characklis, 1995; Stoodley et al., 1998; 
Stoodley et al., 1999). 
In multispecies biofilms, cells grow in 
microcolonies within stable matrices. Unlike 
planktonic cells, biofilm bacteria live in 
microbial communities where the availability 
of nutrients and diffusion of metabolic 
products to one cell depends on the activity of 
neighbouring cells. Biofilm bacteria live in 
matrix-enclosed environments and although a 
mature biofilm is characterised by complex 
architecture around water channels, they are 
subjected to conditions of limited diffusion 
where matrices function as a barrier 
minimising the loss of nutrients (Lünsdorf et 
al., 2000). In this way biofilm bacteria have an 
entirely different physiology from their 
planktonic counterparts.  
 

1.2.4. Detachment 
 
Processes contributing to biofilm detachment 
include erosion, sloughing, predator grazing 
and abrasion. Of all the biofilm processes, 
detachment is perhaps the least understood. 
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Detachment is the removal of parts of the 
biofilm and the release of bacterial biomass 
and products into the bulk liquid phase. 
Detachment can be caused by physical, 
biological and chemical factors and is perhaps 
the most important phenomena limiting 
overall biofilm accumulation (Peyton and 
Characklis, 1992; Brading et al., 1995). 
Erosion is an almost continual process and 
results in a gradual loss of biofilm from 
substrata. It is also one of the factors limiting 
biofilm thickness and results in the release of 
individual bacterial cells as well as cell clusters 
into the bulk liquid (Stewart, 1993). 
Biofilm sloughing is a more intermittent 
process that generally occurs in older, mature 
and thicker biofilms and often occurs when 
rapid changes in environmental conditions 
take place. Many different combined factors 
trigger sloughing and can include oxygen 
depletion in the depth of the biofilm, decay of 
the cells and matrix, changes in disinfection 
regime, application of biocides as well as 
hydrodynamic forces such as fluid shear. 
Biological processes such as protozoan 
grazing can also result in the continual 
detachment of biofilm bacteria adding as a 
controlling or limiting factor to biofilm 
accumulation (Block et al., 1997). 
 
 

1.3. Drinking water treatment barriers 

 

1.3.1. Removal of nutrients 
 
One of the primary goals of water treatment is 
the reduction of natural organic matter 
(NOM) to levels that will not promote the 
regrowth of bacteria during distribution 
(Servais et al., 1987; Le Chevallier et al., 1988a; 
Huck et al., 1991; Le Chevallier et al., 1991; van 
der Kooij and Veenendaal, 1992; Moll et al., 
1998; Volk and LeChevallier, 1999). 
Treatment processes at the waterworks usually 

meet these demands, whereby water leaving 
treatment plants is generally of satisfactory 
quality. Low concentrations of NOM in 
finished water will however remain, thus 
enabling bacterial regrowth and biofilm 
development within the distribution system 
(Le Chevallier et al., 1987; Sibille et al., 1997; 
Volk and LeChevallier, 1999). 
Recognition that biodegradable dissolved 
organic carbon (BDOC) is the main cause of 
bacterial regrowth has resulted in the need for 
methods to determine its concentration in 
drinking water systems. During the last two 
decades numerous methods have been 
developed and implemented to measure 
BDOC (Servais et al., 1987; Block et al., 1992), 
assimilable organic carbon (AOC) (van der 
Kooij et al., 1982; Kaplan et al., 1993; Le 
Chevallier et al., 1993; Miettinen et al., 1999; 
Escobar and Randall, 2001) and bacterial 
growth potential (Huck, 1990). In simple 
terms, these methods measure either bacterial 
biomass or changes in dissolved organic 
carbon (DOC) concentrations (Servais et al., 
1987). The application of these methods 
however is restricted to determine the efficacy 
of a given treatment method in removing 
BDOC and not to analyse the qualitative 
composition of raw and product water (Huck 
et al., 1991).  
Small fractions of DOC are available to 
bacterial metabolism as BDOC (Servais et al., 
1993; Volk and LeChevallier, 1999). The 
recalcitrant substances constitute the major 
fraction of organic matter in natural water 
(Barber, 1968; Graham, 1999). This group of 
compounds is not readily biodegradable, and 
site-specific biodegradation of them is 
generally slow (Huck, 1999). Pre-treatment 
and oxidative disinfection processes however 
may enhance removal of these substances 
(Hozalski et al., 1995; Melin and Ødegaard, 
1999). The biodegradation of recalcitrant 
substances by means of using site-specific 
bacteria was investigated in Paper II. 
The reduction of NOM and the use of 
disinfectants are closely linked. Addition of a 
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disinfectant or other agent results in the 
oxidation and/or removal of organic matter 
present. This process however can also 
represent a reaction where potentially 
hazardous disinfection by-products (DBP) are 
formed. The removal of humic substances 
from finished water is therefore essential since 
they act as a precursor to the formation of 
DBP including the trihalomethanes (THM). 
An important aspect is therefore which 
fractions of NOM actually occur in water. 
DOC is comprised of almost equal amounts 
of hydrophobic and hydrophilic humic 
fractions and both fractions react similarly 
with coagulants. The residual DOC after 
treatment has shown a significant potential to 
form DBP. In order to remove both major 
fractions of DOC as well as growth-
promoting fractions of NOM, the use of 
biological methods appears to be crucial 
(Carlson and Amy, 2000; Hem and Efraimsen, 
2001). The biological removal of NOM was 
investigated in Paper II.  
Lin et al. (2000) have reported that more 
recent treatment methods such as 
microfiltration and ultrafiltration often remove 
humic substances though to unsatisfactory 
levels, while Shin and Lim (1996) investigated 
the degree of bacterial oxidation/removal of 
aquatic fulvic acids and showed that bacteria 
were able to substantially reduce the lower 
molecular weight fraction.  
 
1.3.1.1. Chemical treatment 

Chemical treatment is a method most widely 
used in surface water purification. Chemical 
coagulants added to raw water result in the 
formation of flocs that capture dissolved and 
colloidal organic matter and other particulate 
material, which can thereafter be removed by 
sedimentation. The temperature, dose of 
coagulant, pH and characteristics of organic 
matter govern the overall efficacy of chemical 
treatment (Dennett et al., 1996). The amount 
of NOM that can be removed by chemical 

precipitation ranges from 50 – 90% (Reckhow 
et al., 1990; Hernebring et al., 1991). 
Chemical treatment is well understood, usually 
effective and is easy to control, though has its 
limitations. The coagulants can partly remain 
in the water, increase its salt content, shed 
microorganisms within floc-structures and 
generate a sludge that has to be removed. 
Furthermore, whilst the removal of organic 
fractions of the higher molecular weight is 
very efficient, cyanobacterial toxins and low 
molecular substances, which can deteriorate 
taste and odour and act like growth-promoting 
substances within a distribution system, are 
less efficiently removed. The efficacy of the 
removal of virus-sized particles by 
coagulations was investigated in Paper VI. 

 
1.3.1.2. Biological treatment/sand filtration 

Biological treatment by filtration represents a 
group of methods (i.e. slow sand filtration; 
filtration over a biofilm formed on different 
carrier-materials; artificial recharge, BAC etc.). 
As source water passes through a porous 
matrix, particles (including microorganisms) 
and NOM are removed. The biological 
removal of NOM has been reported by 
various investigators (Huck et al., 1991; Ribas 
et al., 1997; Carlson and Amy, 1998; Moll et al., 
1998). The fate of organic compounds during 
filtration depends on many factors and 
interactions, including its solubility in water, 
formation, biological activity in sand, 
properties of the sand matrix, 
sorption/desorption, filtration velocity, and 
temperature (Liu et al., 2001). Volatilisation, 
sorption and degradation are major processes 
of organic matter removal (Crites, 1986) and 
their efficacy depends primarily on solubility, 
composition and reactivity of the organic 
substances. 
The generally high quality of treated water 
achieved by traditional slow sand filtration can 
be explained in part by the slow filtration rate 
and fine effective size of the sand, though also 
as a result of biological processes in the 
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biofilm layer that accumulates within the 
upper layers of the sand bed, termed a 
schmutzdecke (Campos et al., 2002).  
The biologically-active microbial community 
on sand grain surfaces and in particular in the 
top layer of sand filters is a major factor 
contributing to water purification. These 
purification processes are generally performed 
within microbial consortia located in sand 
matrices, which provide an enlarged 
bioavailable interface with the bulk water 
(Stoodley et al., 1997). The microbial sorption 
of the organic matter with subsequent 
microbial metabolic activity ultimately 
removes organic matter from an aqueous 
system (Huck et al., 1991). The heterotrophic 
microorganisms readily degrade organic matter 
and utilise proteins, carbohydrates, lipids and 
organic carbon released from primary 
producers (Sundh and Bell, 1992).  
A functional bacterial barrier within sand 
filters is primarily dependent on biomass 
stability and density, the availability of BDOC 
and molecular size of NOM (Carlson and 
Silverstein, 1998) as well as temperature. 
When the microorganisms within the filter are 
in steady state the amount of removed organic 
matter is less likely dependent on operating 
strategies (Carlson and Amy, 1998; Niquette et 
al., 1998). Besides temperature, greater 
variation in pH can seriously disturb microbial 
degradation since a large portion of NOM is 
degraded by the activity of bacterial 
exoenzymes.  
Furthermore, the type and size of media 
particles also plays a decisive role since vastly 
different populations will associate with 
different grain-size fractions (Dodds et al., 
1996). Although larger sand particles have a 
lesser surface to volume ratio, they create 
larger pores allowing higher rates of nutrient 
diffusion, thus enabling uninterrupted 
metabolism by aerobic heterotrophs. 
Consequently, smaller sand particles are 
readily colonised by microaerophilic and 
anaerobic bacteria.  

The microbial community responsible for 
removal of NOM includes, in addition to 
bacteria, algae, protozoa and metazoa. 
Important here is the presence and activity of 
protozoa (i.e. ciliates, flagellates and amoebas) 
as natural bacterial predators (grazers). Their 
activity is considered to be one of the major 
factors controlling bacterial densities, thus 
regulating and maintaining a quantitatively 
balanced relationship within the microbial 
communities of sandy aquifers (Harvey et al., 
1995; Novarino et al., 1997; Kinner et al., 1998; 
Madoni et al., 2000). The spatial and temporal 
quantification, phylogeny and activity of 
bacteria within sand filters was investigated in 
Paper I. 
Concerns have however been raised regarding 
the higher numbers of heterotrophs that can 
be found in the effluent of biological filters. 
Although the type and number of bacteria that 
would penetrate biological filtration may have 
an impact on biofilm formation, it is believed 
that those bacteria are unable to colonise pipe 
walls because of the strong competitiveness of 
already established biofilm bacteria (Norton 
and LeChevallier, 2000). 
 

1.3.2. Removal of pathogens 
 
Another of the primary objectives of water 
treatment is a reduction in the number of 
microorganisms, including pathogens and so-
called indicator organisms (Maki et al., 1986; 
Le Chevallier et al., 1988a). 
 

1.3.2.1. Chemical coagulation treatment 

Coagulation and flocculation are relatively 
efficient treatments for the removal of 
bacteria, viruses and protozoa, where the 
colloid-behaving viruses are removed at higher 
log rates than bacteria. The removal of 
microorganisms, particularly viruses by this 
treatment has been recently reviewed by Le 
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Chevallier and Au (2004). This has been dealt 
with in Paper VI. 

 
1.3.2.2. Biological treatment/sand filtration 

Biological filtration is an effective method for 
the reduction of microorganisms present in 
source water. The mechanisms for the 
immobilisation of microorganisms in porous 
media are a combination of size exclusion 
(Sharma and McInerney, 1994), which depend 
on particle size and water saturation, and 
adsorption, which is governed mainly by cell 
surface characteristics and pH. Attachment of 
bacteria onto the surface of particles is also a 
part of their survival strategy (Ghiorse and 
Wilson, 1988). Furthermore, microorganisms 
are removed from source water not only by 
physicochemical mechanisms but also by 
predation by protozoa and metazoa 
(Hutchinson and Ridgway, 1977). 
Most of the larger microorganisms such as 
protozoa (i.e. Giardia) and algae are easily and 
efficiently removed from treated source water 
(Le Chevallier and Norton, 1993). This was 
dealt with in Paper V. Bacteria can be, at least 
to some extent, removed from water and 
retained within sand materials. Despite their 
efficacy in this context, sand filters do not 
represent an ultimate barrier against 
microorganisms, and a certain amount of 
particles and particle-attached microorganisms 
will always penetrate filtration processes. The 
efficacy of the removal of model viruses and 
bacteria using two types of biological filtration 
was investigated in Paper V.  
The issue of particle-associated 
microorganisms is closely linked to filtration 
(and chemical precipitation) treatment. This 
constitutes a point of concern when such 
particles penetrate treatment barriers and enter 
a distribution system. Particles can function as 
transport vehicles for attached microorganims, 
and in addition can provide bacteria with 
increased protection from environmental (low 
nutrient availability), chemical (chlorine) and 
biological (predation) stresses. Bacteria 

attached to particles may exercise 150 to 3000-
fold higher resistance to disinfectants 
compared to their planktonic counterparts 
(Stewart et al., 1990).  
Studies have been carried out investigating the 
penetration of carbon particles after filtration 
by GAC. The common conclusion is that both 
heterotrophic bacteria and coliforms colonise 
the surface of carbon particles and thus can 
penetrate a drinking water distribution system 
(Camper et al., 1986).  
 

1.3.3. Disinfection as a barrier  
 
The disinfection of drinking water has its 
function as the most important barrier against 
a number of pathogenic microorganisms. 
Other water treatment processes such as 
filtration or coagulation-flocculation-
sedimentation will also remove pathogens but 
to a lesser extent. The choice of disinfectant 
depends on a several factors that include: 

• efficacy against pathogens (bacteria, 
viruses, protozoa, and helminths); 

• ability to accurately monitor and 
control methods for the disinfection 
process;  

• ability to maintain a disinfectant 
residual within the distribution system;  

• disinfectant should not compromise 
the aesthetic quality of the drinking 
water. 

A range of chemical or physical agents may be 
used to eliminate pathogens and thus fulfil 
their role as a treatment barrier. The most 
commonly-used disinfectants include chlorine, 
in its free and combined (chloramine) form, 
ozone as well as UV irradiation.  
Chlorination is the most widely-used water 
disinfectant due to its convenience and 
satisfactory performance. It can be applied at 
pre-treatment, where source water is 
chlorinated for the purpose of minimising 
problems with biofouling of filters, pipes and 
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storage devices, or as an oxidant. Chlorination 
is however, mainly applied to finished water as 
post-chlorination with the aim to ensure 
sufficient control of residuals within 
distribution pipes. Numerous reports claim 
that the latter is not actually the case. A 
valuable contribution to the understanding of 
this can be found in the work of Ridgway and 
Olson (1982) where the authors have 
explained the possible mechanisms of bacterial 
chlorine resistance. 
Disinfectant residuals must be present for a 
certain period of time to be able to eliminate 
unwanted microorganisms. The efficacy is 
based on a residual concentration/time-of-
exposure relationship. Dissolved organic and 
inorganic constituents of drinking water and 
organisms react with free chlorine (free 
oxidant), imposing a demand on available 
residuals and an overall decay of disinfectant 
(Chandy and Angles, 2001). Measurements of 
residuals are important as the means of 
controlling the disinfection process.  
Chlorine reacts with organic materials, 
including humic and fulvic acids, which occur 
naturally in all raw water supplies (Reckhow et 
al., 1990). The organic end-products are DBP, 
which in elevated concentrations can 
constitute a health-hazard. Among DBP 
classes, in addition to THM are haloacetic 
acids, haloacetonitriles, cetones, chloral 
hydrate and chloropicrin and other 
halogenated hydrocarbons. Concentration of 
DBP depends on the source and composition 
of organic matter and varies with season and 
with the treatment process.  
Combined chlorine (mono-, di- and tri-
chloramine) is produced through a reaction of 
chlorine and ammonia. Although a less 
efficient oxidant than free chlorine it has been 
found to be more reliable in providing stable 
disinfectant residuals (total or combined 
chlorine residuals) and producing lower 
concentrations of chlorinated DBP (Norman 
et al., 1980; Le Chevallier et al., 1988b). 
Furthermore, as a secondary disinfectant, 
chloramination has been proven to be safe 

and cost-effective (Momba et al., 1998; Kool et 
al., 1999; Momba et al., 1999).  
Chen and Stewart (2000) reported that 
chlorine and monochloramine removed 
similar amounts of biofilm biomass and 
showed that monochloramine was as effective 
as free chlorine for the inactivation of biofilm 
bacteria. Its penetrating power was greater, 
with chlorine being limited in its transport into 
the biofilm, mainly affecting the outer layers 
of the biofilm.  
In addition to being an effective disinfectant 
against both bacteria and viruses when proper 
doses are applied, UV is also considered to 
produce lesser concentrations of DBP (Wolfe, 
1990; Sommer et al., 1996). For this reason, 
UV has become a commonly-used method for 
the disinfection of drinking water. UV 
irradiation may however degrade natural 
organic matter and potentially further increase 
the concentration of assimilable carbon 
compounds (Governal et al., 1992; Wetzel et 
al., 1995; Corin et al., 1998) thus enhancing 
bacterial regrowth in water, though an 
opposite effect has also been reported (Haider 
et al., 2002) (Paper IV). 
Investigators however have reported that 
some bacteria (Muela et al., 2000) including 
those within biofilms (Elasri and Miller, 1999) 
and viruses (Meng and Gerba, 1996) may be 
able to exercise resistance against UV and also 
that UV may interact with certain materials 
(i.e. polyvinyl chloride, PVC and copper) to 
produce genotoxic DBP (Parkinson et al., 
2001). 
Although the combination of chlorine and 
ammonia (chloramination) is a less intensive 
oxidant than free chlorine, it was found to be 
much more reliable in providing stable 
disinfectant residuals (total or combined 
chlorine residuals) and producing lower 
concentrations of DBP (Norman et al., 1980). 
The addition of chloramines however can 
promote the growth of ammonia-oxidising 
bacteria since chloramines eventually decay 
and release ammonia (Regan et al., 2002). This 
in turn can sustain the growth of nitrifying 
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bacteria and heterotrophs since the activity of 
ammonia oxidisers causes depletion in 
disinfectant residual concentrations. This 
chain of events can lead to a significant 
deterioration in water quality (Wolfe et al., 
1990). 
 

1.4. Pathogens in drinking water  

 

1.4.1. Bacteria 
 
Different microbial species can survive within 
distribution system biofilms. These include 
primary as well as opportunistic bacterial 
pathogens, which can enter the distribution 
system through treatment processes or 
through deficiencies in the distribution system 
itself. A list of these pathogens can be found 
in Table I. Drinking water is mainly unsuitable 
for pathogen survival and growth. Helicobacter 
pylori, have been isolated from biofilms in 
drinking water distribution systems (Park et al., 
2001) and have been shown to survive at least 
one week on stainless steel coupons in a 
chemostat (Mackay et al., 1998). Armon et al. 
(1997) noted that Salmonella typhimurium was 
able to not only survive but also grow for a 
short time at 24 °C in non-sterile tap water. 
Opportunistic pathogenic bacteria have shown 
higher persistence and better growth in 
drinking water systems compared to primary 
pathogens. L. pneumophila for example is 
naturally-occurring and widely distributed in 
fresh water and can penetrate drinking water 
treatment, as well as survive and grow under 
favourable conditions (available nutrients and 
association with amoebae, as well as 
temperature) (Murga et al., 2001). In drinking 
water, Pseudomonas aeruginosa is associated with 
deteriorated water quality and can grow on 
certain material components and within the 
biofilms of a water distribution system (Keevil 
et al., 1995). Several species of Mycobacterium 

are also opportunistic pathogens (M. avium, M. 
intracellulare, M. chelonae, M. kansasii) and can 
grow within biofilms in distribution systems 
(Le Chevallier, 1999; Falkinham III et al., 2001; 
Le Dantec et al., 2002; Dailloux et al., 2003). 

1.4.2. Protozoa 
 
Single-celled or colonial protozoa, mainly 
amoebae, are also found widely in water 
habitats including drinking water systems. 
They are mostly non-parasitic however some 
species, such as those listed in Table II, can 
cause infections.  
These organisms and their relationship to 
human health are well described. There are 
also environmental protozoa that interact with 
biofilms. These are amoebas such as 
Acanthamoeba spp., Hartmanella spp., Naegleria 
spp., Vahlkampia spp. and Vanella spp, and as 
well as some species of ciliates and flagellates. 
They graze on biofilm bacteria and represent a 
major factor affecting bacterial biomass, also 
causing physical disruption and detachment. 
In water distribution systems, bacterial 
communities have been shown to sustain 
protozoan numbers up to 5 x 105 L-1 (Block et 
al., 1993; Block et al., 1997; Sibille et al., 1998). 
Quantification of protozoa present within 
biofilms in the Stockholm Water distribution 
system and within a pilot-scale distribution 
system is included in Papers III and IV. 
Opportunistic pathogens are often associated 
with-free living protozoa (Levy, 1990; Cirillo et 
al., 1997). The significance of protozoa as 
environmental reservoirs for legionellae is well 
described (Bozue and Johnson, 1996; 
Newsome et al., 1998; Murga et al., 2001; 
Storey et al., 2004). Mycobacterium avium survives 
within environmental amoebae (Cirillo et al., 
1997) as does Vibrio cholerae (Brown and 
Barker, 1999). Other species reported to 
survive within amoebae include Escherichia coli 
0157, Burkholderia cepacia and Simkania negevensis 
(Barker et al., 1999). 
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TABLE I. Examples of primary and opportunistic bacterial pathogens that have been isolated from 
drinking water distribution systems. These pathogens are responsible for diseases ranging from mild 
gastroenteritis to meningitis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Microorganism Disease 

Primary pathogens  

Campylobacter jejuni gastroenteritis, Guillan-Barré 

Escherichia coli 0157 gastroenteritis 

Helicobacter pylori peptic ulcers 

Salmonella typhi/paratyphi typhoid/paratyphoid fever 

Salmonella spp. gastroenteritis 

Shigella spp. bacillary dysentery 

Vibrio cholerae cholera  

Yersinia enterocolitica gastroenteritis 

Opportunistic pathogens 

Acinetobacter calcoaceticus 
meningitis, urinary tract infections, 
septicaemia, pneumonia, 

Aeromonas hydrophila 
gastrointestinal illness, 
respiratory tract infection, sepsis 

Enterobacter spp. septicaemia, pneumonia 

Flavobacterium spp. septicaemia, meningitis 

Klebsiella pneumoniae septicaemia, pneumonia 

Legionella spp. legionnaires disease, Pontiac fever 

Moraxella spp. 
conjunctivitis, urethritis, 
meningitis, bronchitis, pneumonia, 
septicaemia 

Mycobacterium avium complex chronic diarrhoea, chronic lung disease 

Pseudomonas aeruginosa 
pneumonia, esp. with cystic 
fibrosis, meningitis 

Serratia marcescens septicaemia, pneumonia 
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TABLE II. Examples of protozoa associated with waterborne disease and of human health concern.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The ecological relationships between aquatic 
bacteria and protozoa has been summarised 
by Hahn and Höfle (1999). Protozoa may alter 
the physiological status of bacteria, their cell 
surface properties and for example increase 
their resistance to disinfectants. Despite the 
fact that intracellular bacterial proliferation in 
protozoa is well recognised, little attention has 
been given to a possible vector role of 
protozoa in drinking water systems (Brown 
and Barker, 1999). 
 

1.4.3. Viruses 
 
The human gastrointestinal (enteric) viruses 
present the largest health burden (WHO, 
2004) with more than a third of waterborne 
illness being attributed to viral aetiology 
(Cubitt, 1991). Enteric viruses, of which there 
are over 140 types, are not easily removed by 
water treatment processes (Meng and Gerba, 
1996; Espigares et al., 1999), and are generally 
more resistant than bacteria to conventional 
disinfectants (Tenno et al., 1980; Abad et al., 
1997; Blackmer et al., 2000). Viruses may  
 

 
under suitable conditions (i.e. low 
temperature) remain infectious in the 
environment for many months, particularly 
when associated with sediments and substrata 
(La Belle and Gerba, 1979; Rao et al., 1984). 
Despite their obvious concern, limited 
research has been undertaken into the fate of 
enteric viruses within biofilms in water 
distribution systems. Few exceptions to this 
include the research of Quignon et al. (1997a; 
1997b) who investigated viral (poliovirus-1) 
inactivation and adsorption to biofilms within 
a model distribution system and demonstrated 
the ability of viruses to accumulate within 
biofilms. Storey and Ashbolt (2001; 2003) 
subsequently quantified the persistence of 
model viruses within biofilms and 
demonstrated factors that may enhance their 
persistence within distribution pipe biofilms 
(Storey, 2002). In Paper III the accumulation, 
persistence and fate of model enteric viruses 
within water distribution biofilms was 
investigated.  
As a model for enteric virus behaviour in the 
environment, bacteriophages can be used. 
Many of these bacterial viruses generally do 
not replicate within the host cell at the low 

Microorganism Disease 

Acanthamoeba eye infection 

Cryptosporidium spp. gastroenteritis 

Cyclospora cayatanensis gastroenteritis 

Entamoeba histolytica amoebic dysentery 

Giardia spp. gastroenteritis 

Naegleria fowleri primary amoebic meningoencephalitis 

Toxoplasma gondii infectious mononucleosis 
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temperatures typically associated with 
distribution pipe environments. This trait 
combined with their resistance to 
environmental stresses and conventional water 
treatment, makes them a good indicator to 
assess the virological quality of water (Armon 
et al., 1997; Grabow, 2001). In addition to 
fulfilling a microbial indicator function, 
bacteriophages are also used as models for 
human enteric virion studies. Bacteriophages 
share many physical properties with enteric 
virions, such as size, morphology and 
isoelectric point. Bacteriophages have been 
used to examine the efficacy of conventional 
disinfection by chlorination (Cramer et al., 
1976) and UV-treatment (Meng and Gerba, 
1996). Furthermore, their rates of decay and 
resistance to conventional water treatment 
processes may be similar to that of human 
enteric virions (Havelaar et al., 1991). Studies 
exploiting the characteristics that 
bacteriophages share with enteric virions have 
been undertaken. These studies include the 
transport of bacteriophages through, and their 
adsorption to and persistence within, sandy 
soils (Bales et al., 1991; Dowd et al., 1998; 
Leclerc et al., 2000) and clays (Meschke and 
Sobsey, 1998). This was also included as a 
separate investigation to the biofilm studies in 
Paper I where the findings indicated very 
slow release of bacteriophages from the 
biofilm for an extended period of time after 
their introduction (Johansson et al., 1998).  
Bacteriophages have also been used to assess 
viral retention by microfiltration (Herath et al., 
1998; Ueda and Horan, 2000; van 
Voorthuizen et al., 2001), ultrafiltration, 
nanofiltration (Urase et al., 1993; Otaki et al., 
1998) and reverse osmosis membranes 
(Iranpour, 1998). In Paper V the reduction of 
model viruses in biological filters with 
different filter materials was investigated. 
 
 

1.5. Biofilms in distribution systems 

If beneficial conditions are present for 
microorganisms in the distribution system 
different types of microorganisms will thrive. 
These organisms include the planktonic cells 
that have penetrated water treatment and 
those that have been released from biofilms 
within the distribution system. Drinking water 
producers today are constantly facing the 
challenge to deliver stable water without 
compromising its physical and microbiological 
integrity. This deterioration in water quality 
may include the occurrence of coliforms, high 
counts of heterotrophs, compromised taste 
and odour, the presence of macroorganisms 
(Levy, 1990), as well as increased risk for 
gastrointestinal illnesses (Payment, 1999). The 
most prominent culprit responsible for the 
deterioration of water quality however is the 
bacterial biofilms that form ubiquitously on 
distribution pipe walls (Figure 1).  
 

1.5.1. Factors promoting/controlling biofilms in 
distribution systems 
 

Disinfectant residuals and nutrients 
Disinfection residuals and nutrients play a 
major role in governing biofilms in 
distribution systems, which are considered to 
be both stable and dynamic ecosystems. The 
system will also depend on characteristics of 
the biofilm such as age, composition and 
structure, as well as physiological status, 
phylogenetic structure, composition and 
competition. It is therefore important to 
consider the rather complex interaction of 
multiple determinants of biofilm growth 
within a water distribution system. Drinking 
water is a hostile, low-nutrient man-made 
environment. The primary objective of 
disinfection is to eliminate microorganisms, 
whilst bacteria strive to survive and multiply. 
The treatment aims to remove biofilm 
proliferation by the addition of various 
disinfectants and to reduce organic matter to 
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limit “food supplies” to the bacterial 
communities. These factors are simultaneously 
influenced by other outer factors such as 
temperature, pipe material, hydraulic 
conditions and residence time of water. 
Any excess of readily assimilable 
(biodegradable) organic material in drinking 
water will quickly be taken up by sessile 
microbiota on pipe surfaces and promote 

multiplication. Disinfectant residuals will react 
with organic matter in the bulk water, with 
bacterial cells (in bulk water and in biofilm), 
and with pipe material (Hallam et al., 2002). 
This results in the consumption of disinfectant 
residuals, which decreases the stress on 
bacteria.  
 

 
b. a. 

c. 

 

FIGURE 1. Epifluorescence micrographs of biofilms formed on glass substrata within a drinking 
water distribution system. Biofilm microbiota were stained with DAPI and viewed under oil 
immersion. Scale bars represent a) 20 µm b) 20 µm and c) 100 µm. 
 
 
Biofilm bacteria are up to 200 times more 
resistant to disinfection than those in the bulk 

water. The disinfection will thus mainly 
control planktonic bacteria. Hermanowitz and 
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Filho (1992) stated that chlorine and 
monochloramine residuals in water can 
decrease the ability of planktonic bacteria to 
attach, which should constrain the formation 
of biofilm. The expectation may therefore be 
that even young, unestablished biofilms are 
also efficiently controlled by disinfectant 
residuals. Yu et al. (1993) found it to be the 
contrary which was also supported by other 
investigations that observed a rapid bacterial 
adaptation on new surfaces through various 
mechanisms (Le Chevallier et al., 1988a; 
Costerton et al., 1994; Sanderson and Stewart, 
1997; Norton and LeChevallier, 2000; Tolker-
Nielsen and Molin, 2000). The average 
concentration of disinfectant within 
established biofilms is 20% of that detected 
within the bulk water (de Beer et al., 1994). 
The penetration depth of the disinfectant 
varies and is dependent on spatial arrangement 
and heterogeneity of the biofilm biomass, 
which is one major factor responsible for the 
reduced efficacy of chlorine against biofilms 
bacteria (Daly et al., 1998; Payment, 1999). 
This is also consistent with our findings as 
reported in Papers III and IV. 
Cells near the biofilm-bulk water interface in 
contact with disinfectant will lose respiratory 
activity first, while greater respiratory activity 
can persist deep in the biofilm (Huang et al., 
1995). The loss of measurable respiratory 
activity however, does not necessarily mean 
cell death or removal. Gauthier et al. (1999a; 
1999b) also found that the survival of particle-
attached bacteria can be attributed mainly to 
high disinfectant reactivity of the particle 
surfaces and limited mass transfer. 
Furthermore, the penetration of antimicrobial 
agents into microbial biofilms is controlled by 
the reactivity of the agent with biofilm 
components (Stewart et al., 2001). The 
incomplete penetration of disinfectant 
residuals into the biofilm is a plausible 
explanation for the biofilm resistance against 
disinfection. In certain circumstances 
however, as a result of action of the 
disinfectant, when significant removal of 

bacterial biomass has occurred, a new and 
even more intensive growth of bacteria can 
take place (Morgenroth and Wilderer, 2000) 
possibly due to (improved) supply of oxygen 
and nutrients.  
It is generally considered that a key factor in 
the regulation of microbial regrowth in 
drinking water networks is the availability of 
readily assimilable organic carbon, however 
other inorganic substrates such as 
phosphorus, will when limited, have the same 
impact (Miettinen et al., 1997; Sathasivan and 
Ohgaki, 1999). 
 
Other factors  
In addition to nutrient availability and 
disinfection, competition is thought to be an 
important determinant of population 
dynamics in biofilms, affecting the biofilm 
population (Tijhuis et al., 1994). Since the 
diffusion of dissolved substances (including 
disinfectant residuals) to the base of the 
biofilm is limited, competition for nutrients 
and oxygen will take place where for example 
the heterotrophic population decreases in 
growth rate with increasing biofilm depth. At 
the same time bacteria at the base of the 
biofilm have the advantage of being protected 
from oxidants as well as detachment. This 
means that bacteria at the surface are removed 
more rapidly, thus contributing in the end to 
biofilm biomass control (Morgenroth and 
Wilderer, 2000). 
Block et al. (1997) have demonstrated the 
presence of protozoan grazing populations in 
almost all distribution systems and that their 
activity is an important factor in controlling 
and stabilising bacterial growth in biofilms 
(Figure 2). Several authors have also pointed 
out the importance of predator/prey 
relationships to control biofilm communities 
(Sibille et al., 1998; Hahn and Höfle, 1999). 
Many studies have confirmed that biofilm 
formation in drinking water distribution 
systems is also governed by the utilisation of 
organic compounds that are leached from pipe 
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materials (Burman and Colbourne, 1977; 
Colbourne, 1985; Pedersen et al., 1986; 
Pedersen, 1990; Lund and Ormerod, 1995; 
Niquette et al., 2000; Zacheus et al., 2000; 
Brocca et al., 2002; Camper et al., 2003; 
Skjevrak et al., 2003). These materials include 
PVC and polyethylene (PE) amongst others. 

In addition, metals such as copper and iron 
can be used as electron donors for the 
autotrophic bacteria. 
 
 

 
  

a. 

 

b. 

 
c. 

 

d. 

 
 
FIGURE 2. Epifluorescence micrographs of biofilm-associated protozoa. Biofilms were formed on 
glass substrata within a drinking water distribution system, stained with DAPI and viewed under oil 
immersion. Pictured is a) grazing front of protozoa; b and c) grazing amoebae and d) protozoa 
associated within a bacterial microcolony. Scale bars represent 100 µm. 
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Temperature is one of the very important 
factors in governing biofilm formation and 
microbial growth rates in distribution systems. 
Its influence has been described above 5 °C by 
Lund and Ormerod (1995) or 15 °C by Le 
Chevallier et al. (1996) and Zachaeus et al. 
(2000). It should however be appreciated that 
temperature effects are partly overshadowed 
by the combination of type of disinfectant and 
pipe material (Momba et al., 1998; Zacheus et 
al., 2000). 
 

1.5.2. Biofilm diversity 
 
The diversity between planktonic and sessile 
bacteria is greatest when comparisons are 
made on cell surface properties, phenotype, 
gene expression and susceptibility to 
disinfectants. The primary microbial 
constituents of biofilms are bacteria, however 
other microbiota including yeasts, filamentous 
fungi, protozoa, algae, viruses and even 
metazoans may be present. The groups of 
bacteria most commonly involved in biofilm 
formation include the pseudomonads, 
flavobacteria, alcaligenes, staphylococci and 
bacilli (Daly et al., 1998) and are predominantly 
Gram-negative (Smith et al., 2000). The 
question is whether it is possible to completely 
describe bacterial diversity since biofilms tend 
to exercise site-specific behaviour and 
characteristics of individual ecosystems. 
Identification of the bacteria in drinking water 
distribution systems has its history in the 
detection of culturable microorganisms such 
as heterotrophs, coliform bacteria and 
streptococci that carry “indicator” value. 
These organisms grow on selective media 
under laboratory conditions (Maki et al., 1986; 
Le Chevallier et al., 1987; Reasoner et al., 
1989). Plate count methods are however 
inadequate to address the whole complex 
problem of phylogeny of the biofilm bacteria 

(Ludwig and Schleifer, 1994; Amann, 1995b; 
Manz, 1999).  
 

1.5.3. Biofilms as barriers 
 
Biofilms play an essential barrier role in 
biological water treatment through the 
entrapment of particulate material (including 
microbial pathogens) as well as through 
nutrient removal. Biofilms also exhibit this 
behaviour in distribution systems. If 
pathogenic bacteria enter a distribution 
network, they may be captured and retained 
by the biofilm where they can remain for 
various periods of time and die due to the 
oligotrophic environment, grazing and/or 
microbial competition. In this scenario 
indigenous microbiota can act as a barrier 
against microbial contamination of the bulk 
water.  
As discussed earlier, different processes 
govern the detachment of biomass from 
biofilms (Stewart, 1993). Processes including 
abrasion, erosion and sloughing, biological 
grazing, ageing and chemical disinfection 
(Morgenroth and Wilderer, 2000) can be 
responsible for the removal of biofilm from 
substrata. The detachment rate is also a 
controlling process that affects biofilm 
accumulation in various situations.  
Problems can arise within a water distribution 
system when detachment of biofilm and 
biofilm-associated pathogens occurs. Here the 
barrier role of the biofilm ceases and biofilm 
become a source of water quality deterioration 
in terms of releasing indigenous bacteria, 
metabolic products and entrapped or 
harboured health-related microbiota, thus 
presenting an additional source of concern to 
the consumer.  
Entrapped bacteria can however remain 
infectious within biofilms for extended 
periods of time. Given that biofilms can 
protect allochthonous and autochthonous 
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microbes against disinfection the biofilm can 
act as both a safe haven and substratum, 
providing an opportunity for pathogenic 
bacteria to not only survive but regrow (Block 
et al., 1993; Keevil et al., 1995; Armon et al., 
1997; Momba et al., 2000). 
 
 

1.6. Investigating biofilms in drinking 
water systems 

 
As has been pointed out in previous sections 
biofilms in drinking water systems have 
become an important topic of microbiological 
investigations during the last two decades. The 
methodological and analytical approach is a 
challenging task with several inherent 
obstacles. Firstly, the degree of invasiveness of 
the chosen method will determine the 
representativeness of the samples. Secondly, 
the drinking water systems are mainly 
inaccessible for in situ examinations and 
thirdly, the biofilm has an inherent inner 
variability as a microecosystem.  
Devices with removable surface components 
(coupons) have largely improved and 
facilitated sampling and subsequent analyses 
of biofilms without the need to disrupt its 
structure. These devices (sometimes called 
Robbin’s devices) can either be introduced 
into the main flow or as bypass systems (Mc 
Coy et al., 1981; Mc Coy and Costerton, 1982). 
With modifications (Nickel et al., 1985) they 
were originally constructed for monitoring 
biofilms in industrial systems. In recent years 
they have been used to analyse pipe biofilms 
formed within a municipal distribution system 
(Manz et al., 1993; Johnston and Jones, 1995; 
Kalmbach et al., 1997b; Kalmbach et al., 1997a; 
Ollos et al., 1998; Carter et al., 2000; Storey and 
Ashbolt, 2002).  
Laboratory-scale devices, ranging from simple 
flow cells (Stoodley et al., 1994; de Beer and 
Stoodley, 1995; de Beer et al., 1996; de Beer et 
al., 1997; Palmer and Sternberg, 1999) to more 

complex annular reactors (Characklis, 1990) 
have been developed for the propagation and 
examination of biofilms in environmental and 
industrial systems. Flow cells are favoured for 
their simplicity and minimal expense, while 
annular reactors are favoured for their ease of 
use and control over experimental conditions 
such as shear stress, temperature, substrate 
concentration, hydraulic residence time and 
disinfectant concentration (Griebe and 
Flemming, 2000).  
Pilot-scale systems usually comprise lengths or 
loops of pipe and are designed with the main 
objective to, as closely as possible, mimic the 
situation and conditions of larger scale, real-
life systems. Model distribution systems built 
at the laboratory- (Le Chevallier et al., 1990) 
(Percival et al., 1998), pilot- (Parent et al., 1996; 
Quignon et al., 1997a; Sibille et al., 1998; 
Norton and LeChevallier, 2000) and larger 
field-scale have been developed (Mc Math et 
al., 1999).  
Full-scale studies of biofilms in the existing 
water distribution network will mainly be 
possible to perform at pre-installed sampling 
units within the distribution network. These, 
as well as constructed sampling devices, will 
form the basis for further investigations of the 
drinking water quality (e.g. biofilm dynamics 
and composition of the microbiota). These 
types of investigations will give valuable site-
specific baseline information though will never 
capture the full complexity of dynamics within 
the distribution network. To be able to study 
biofilm development, as well as its effect on 
water quality and response to different 
treatment alternatives, it is necessary to have 
the ability to manipulate the system. This was 
one of the aims of the investigations presented 
herein where for example the addition of 
fluorescent particles and living 
microorganisms was undertaken (Papers III, 
V, VI) or where the different treatment 
methods were assessed (Paper III). This 
enabled an investigation into the functionality 
of the biofilm structure, and its dynamics and 
characteristics as a safety barrier. Keeping 
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controlled experimental conditions makes it 
possible to do comparisons between parallel 
lines (i.e. different filter materials, different 
treatment alternatives), which is seldom 
possible in a full-scale system. A mini 
distribution network therefore has several 
advantages to allow for comparative 
assessments and manipulations. Based on 
results obtained of the structural and 
biological composition of the biofilm in the 
mini distribution system, comparisons and 
applications may be scaled up to a full-scale 
municipal system. 
Using either bypass systems or annular 
reactors with exchangeable coupons, biofilms 
can be investigated microscopically directly on 
solid surfaces or sampled either by scraping, 
sonication and/or stomaching. This invasive 
approach results in a suspension-form of the 
biofilm sample. Biofilm samples obtained by 
both approaches can further be examined for: 
 - quantification of biofilm microorganisms 

i) by culturable techniques 
ii) by direct, molecular and 
microscopic methods 

 - quantification of biofilm biomass  
 - activity measurements 
 - characterisation of biofilm constituents 

i) by culture-based methods and 
subsequent biochemical identification 

ii) by direct, molecular methods  
 
Quantification of biofilm bacteria by culture-
based methods is useful since it enables 
quantification of indicator microorganisms 
(heterotrophs, coliforms, enterococci etc.) 
related to national and international standards 
for drinking water quality monitoring. It 
should be emphasised however that 
enumeration of culturable heterotrophs 
grossly underestimates numbers of microbiota 
present in environmental samples (Kalmbach 
et al., 1997a) and that these methods are both 
labour-intensive and time-consuming.  

The use of fluorescent dyes with subsequent 
quantifications with i.e. epifluorescence 
microscopy (EFM) represents an enormous 
improvement in quantification methodology. 
Direct (fluorescent) staining of samples 
enables quantification of all biofilm 
constituents as total direct counts (TDC) by 
using nucleic acid fluorochromes such as 
acridine orange (AO) (Kogure et al., 1979; 
McFeters et al., 1991) or 4´,6-diamidino-2-
phenylindole (DAPI) (Kepner and Pratt, 1994; 
Yu and McFeters, 1994), SYTOX green, 
propidium iodide and many others. Whilst 
DAPI stains both living and dead cells, the 
discrimination between live (active) and dead 
cells can partly be done by the direct viable 
count (DVC) (Kogure et al., 1979) and 
LIVE/DEAD® Bac™Light assay (Boulos et al., 
1999).  
There are numerous methods routinely used 
for the quantification of biofilm biomass. 
Biomass assessment is affected by the fact that 
most of the methods used must remove 
biofilm material from the solid surface thus 
adding to loss in precision. Furthermore the 
heterogeneity of biofilm matrices and its 
constituents adds to overall imprecision in 
biomass quantification. Less imprecision can 
be obtained by using cellular or biofilm-
specific markers, fluorescein diacetate (FDA) 
(De Rosa et al., 1998), lipid biomarkers or 
enzyme assays (Butterfield et al., 2002).  
The activity of bacterial cells can also be 
measured by techniques such as the DVC, 
microautoradiography, DNA/RNA ratio and 
microsensors, (Lisle et al., 1999) as well as 
respiratory stains such as 5-cyano-2,3-ditolyl 
tetrazolium chloride (CTC) (Rodriguez et al., 
1992) and 2-(4-iodophenyl)-3-(4-nitrophenyl)-
5-phenyl tetrazolium chloride (INT) (Schaulle 
et al., 1993; Smith and McFeters, 1997) or by 
using rRNA fluorescence in situ hybridisation 
(FISH) in the probe active count (PAC) assay 
(Kalmbach et al., 1997a). Recently green 
fluorescent protein (GFP) based methods 
have been developed for on-line measurement 
of growth activity on an individual cell basis 
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within complex biofilms (Chalfie et al., 1994; 
Sternberg et al., 1999; Cassidy et al., 2000). 
Identification and/or characterisation of 
biofilm bacteria by direct nucleic acid probing 
by FISH with rRNA-targeted oligonucleotide 
probes (Amann, 1995b) has become a widely 
accepted approach for assessing 
microorganisms present in environmental 
samples (Amann, 1995a). FISH offers one of 
the simplest, yet most sophisticated 
approaches to whole-cell in situ identification 
of subsurface microbiota (Amann et al., 1997) 
and numerous applications of this technique 
have been reported for studies on bacterial 
communities in different ecosystems (Manz et 
al., 1993; Neef et al., 1997; Santegoeds et al., 
1998; Moter and Gobel, 2000).  
Targeting the small-subunit (SSU) ribosomal 
RNA (16S or 23S rRNA) with oligonucleotide 
probes specific for major phylogenetic groups 
has given microbiologists the ability to 
examine the spatial distribution, population 
dynamics, and microbial successions not only 

of a few morphologically conspicuous 
microorganisms but of a large number of 
species, most of which might still be 

uncharacterised and unculturable (Amann et 
al., 1997; Pernthaler et al., 1998). These probes 
can be specific to different taxonomic levels 
(for i.e. α-β-γ-phylogenetic subgroups of 
Proteobacteria), genus/species-specific such as 
probes for Enterobacteriaceae, enterococci, 
legionellae and probes for bacteria 
representing various metabolic groups i.e. the 
nitrogen or sulphur cycle bacteria). rRNA-
targeted whole-cell hybridisations provide 
precise information on the structure of the 
community, distributions of defined 
phylogenetic groups, cell morphology as well 
as specific cell counts (Amann et al., 1995). 
It is crucial to define an applicable 
methodological- and scale-approach for a 
given biofilm investigation and to decide what 
degree of invasiveness a sampling strategy 
should have.  
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2. SCOPE AND AIMS OF THIS STUDY 

This thesis covers investigations of bacterial biofilms in drinking water systems from the waterworks, 
their function within selected treatment strategies and their dynamics within the distribution system 
(Figure 3). Biofilms have been studied by different investigative approaches (pilot-scale versus field-
scale) and methods, with the aim to broaden the overall understanding of their microbial 
composition and dynamics. Furthermore, the aim has also been to supplement these investigations 
with others directed toward an assessment of the barrier function of selected treatment processes 
against intrusion of pathogenic microorganisms. 
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FIGURE 3. A schematic of a conventional drinking water treatment and distribution system. Points 
of investigation within the scope and aims of this thesis are highlighted and cross-referenced with 
Papers I - VII. 
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Individual papers had specific aims:  
 
Paper I 

• To assess microbiota within sand 
columns (sandy aquifers) used for 
biological treatment of source water by 
comparing the biofilm microbiota that 
developed on glass slides inserted into 
sand columns versus that extracted 
directly from the sand grains.  

• To resolve major phylogenetic groups 
and general activity of biofilm bacteria 
as a function of depth and time 
through the in situ hybridisation of 
microbiota using sand extracts versus 
glass slides. 

 
Paper II 

• To determine whether biological 
filtration by sandy aquifers alone will 
remove sufficient AOC and 
microorganisms to produce finished 
drinking water that is both 
microbiologically safe and at the same 
time, biologically stable.  

• To describe whether sand column 
performance could be explained in 
terms of the microbiota contained 
within them.  

• To determine to what extent site-
specific microbiota (SSM) can 
metabolise hydrophobic and 
hydrophilic fractions of NOM isolated 
from raw source waters that would 
feed the artificial surface water 
infiltration. 

 
Paper III 

• To assess the barrier role of biofilms 
developed within water treated by two 
different primary disinfection methods 
(UV-treatment and chlorination) by 
challenging them with a range of 

model microbial particles and 
identifying the accumulation and 
persistence of these models within 
biofilms. 

• To apportion particle accumulation 
and loss to biological (i.e. inactivation, 
predation) and physical (i.e. 
detachment, disinfection) phenomena. 

 
Paper IV 

• To compare the influence that two 
primary disinfection methods (UV-
treatment and chlorination) may have 
on biofilm biomass within a water 
distribution system in situ. 

• To investigate the incidence of a range 
of bacterial pathogens and indicators 
and other microorganisms within a 
UV-treated and chlorinated water 
distribution system in situ. 

• To conduct a simultaneous 
investigation within a pilot-scale 
distribution system in order to 
evaluate its adequacy for the analysis 
of larger-scale systems. 

• To evaluate results by relating them to 
seasonality. 

 
Paper V 

• To assess the barrier function of 
biofilters by challenging pilot-scale 
biofilters with fluorescent 
microspheres and bacteriophages and 
quantifying their removal, spatial 
retention and potential detachment. 

• To compare the barrier function of 
two different filtration materials.  

• To comparatively assess barrier 
function by quantifying the removal of 
naturally-occurring particles (by 
different size fractions) and microalgae 
in source water.  
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Paper VI 

• To assess the impact of two different 
dosage points on the barrier function 
of a pilot-scale conventional treatment 
(chemical precipitation) system by 
challenging it with somatic (φX174) 
and F-specific (MS-2) bacteriophages 
as model enteric viruses.  

 

Paper VII 

• To quantify the accumulation, 
persistence and detachment of 
legionellae as model pathogens within 
drinking water biofilms and assess 

these processes under varying 
experimental hydraulic regimes and 
disinfectant concentrations.  

• To assess those processes considering 
the interaction of added model 
pathogens with biofilms and protozoa 
(Acanthamoeba).  
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3. MATERIALS, METHODS AND PARAMETERS  

 
Investigations presented in this thesis are performed either on pilot-scale systems directly connected 
to drinking water treatment plants in Stockholm (Norsborg and Lovö) and Gothenburg 
(Lackarebäck) and/or in parallel directly within a full scale distribution system (Stockholm). All 
investigations were performed with the actual source and finished water used at the respective plants. 
Running conditions of the pilot-scale systems used in these investigations, experimental conditions, 
sampling strategy and methods of analysis used are given in detail in Papers I-VII, respectively. 

 

 

3.1. Pilot-scale systems 

3.1.1. Pilot-scale artificial recharge system at Norsborg 
waterworks (Papers I, II) 
 
Norsborg waterworks, with its two production 
units, is the largest of its type in Scandinavia. 
The annual production rate is 77 x 106 m3 
finished water with a nominal capacity of 15 
000 m3h-1. It has 9 sedimentation basins (8 000 
m2), 28 rapid filters (2 200 m2) and 38 slow 
sand filters (70 000 m2), and uses Lake 
Mälaren as the raw water source. The source 
water treatment train includes chemical 
precipitation with aluminium sulphate, rapid 
sand filtration, slow sand filtration with final 
disinfection, and is of 15 hours duration. 
To simulate the artificial recharge treatment of 
Stockholm’s water, four large columns (4 m 
high, 0.3 m wide) were constructed and filled 
with local sand (grain size: 0.1 - 4 mm, d60= 
0.9 mm) as described by Johansson et al. 
(1998) (Figure 4). Column 3 however had 
more fine-grained sand (0.1 – 1 mm, d60= 0.5 
mm) in its uppermost metre. The specific 
areas of the sand were 0.8 and 1.0 m2.g-1, 
respectively, and the average total porosity was 
40-42%. The sand consisted of approximately 
70% silica.  

 

 
 
FIGURE 4. Schematic of the sand column 
set-up at Norsborg waterworks used in 
biofilm investigations in Papers I and II. 
Sand columns were designed to simulate the 
artificial recharge treatment of Stockholm’s 
water. 
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Two holes were drilled (each of 16-17 mm 
diameter) at five depths (5, 15, 40, 110, and 
250 cm) for sand sampling (approx. 10 g per 
depth), and at the same levels, six holes for the 
insertion and retrieval of glass slides (70 x 10 x 
2 mm). Raw water from Lake Mälaren at the 
Stockholm Water Treatment Plant, Norsborg 
was fed into the columns. Hydraulic loads 
were set at 1 m3.m-2d-1 for columns 1, 3 and 4 
and at 2 m3.m-2d-1 for column 2. Columns 
were fed with raw source water using a 
peristaltic pump and silicon tubing. 
 

3.1.2. Pilot-scale distribution system at Lovö 
waterworks (Papers III, IV) 
 
The annual production rate of this waterworks 
is 50 x 106 m3 with a nominal capacity of 5 600 
m3h-1. It has 6 sedimentation basins (4 700 
m2), 48 rapid sand filters (1 700 m2) and 16 
slow sand filters (35 000 m2). It uses Lake 
Mälaren as the raw water source and the 

source water treatment train is identical to the 
one in use at Norsborg waterworks.  
Two study sites within the Stockholm 
distribution system were investigated. 
Hässelby district, which currently receives 
drinking water that utilises UV-treatment in 
primary disinfection, and Nockeby district, 
which receives water treated with chlorine as a 
primary disinfectant. Water in both systems 
was sourced at the Lovö Waterworks, 
Stockholm. Water in both systems had 
undergone conventional treatment including 
chemical precipitation and flocculation, 
sedimentation, rapid and slow sand filtration 
and chloramination prior to its distribution at 
a target total chlorine residual of 0.3 mg.L-1. 
Two novel pilot-scale water distribution 
systems were constructed (Figure 5a) for the 
purpose of studying biofilms formed   
 
 

 
a. 

 

b. 

 

FIGURE 5. a) Schematic of the pilot-scale water distribution system comprised of 1 km of 50 mm 
PE tubing. b) biofilm chambers equipped with 20 glass slides were located at distances equating to 
water residence times of 0.1 h. 15 h. 40 h. and 110 h. (Papers III, IV, VII).  
 
 

Pipe loop (1 km 
Ø50 mm PE) 

waste

inlet
direction of water flow

0.1h

biofilm 
chamber

15h

110h

40h



Biofilms and Microbial Barriers in Drinking Water Treatment and Distribution 
 

 

27 
 

27

in two differently (by means of primary 
disinfection) -treated waters. Each system 
comprised 1 km of 50 mm PE tubing that was 
connected directly to the finished water. 
Biofilms were propagated in sampling devices 
(chambers) (Figure 5b), equipped with 20 
exchangeable glass slides that were located at 
various distances along each pilot-scale system 
equating to residence times of 0.1, 15, 40 and 
110 hours within the greater Stockholm 
distribution system. The volume of each 
biofilm chamber was 215 mL and water 
flowed through each up-flow device in single-
pass mode at a rate of 12 L.h-1, providing a 
residence time of 1 minute and a (laminar) 
linear velocity of 13 mm.s-1. 

3.1.3. Pilot-scale biological filter system at 
Lackarebäck waterworks, Gothenburg (Paper V) 
 
The additional investigations performed in 
pilot-scale systems in Gothenburg aimed to 
obtain information on the removal efficacy of 
chemical precipitation and biological 
treatments. Lackarebäck waterworks uses 
Göta Älv (River) as a raw water source. Source 
water is further stored in Lake Delsjön for a 
period of weeks to months prior to entering 
the treatment train that includes chemical 
precipitation with aluminium sulphate, 4-
hours sedimentation, rapid filtration through 
activated carbon, and finally pH-adjustment 
and chlorination. Treatment takes 8-10 hours. 
 

 

 
FIGURE 6. Pilot-scale system at Lackarebäck waterworks (Gothenburg) used in investigations of 
the barrier function of biofiltration (Paper V). These columns (3 m high, 0.2 m wide) had a bed 
depth of one metre with 15 cm gravel support. Two biofilters were each filled with GAC (Filtrasorb 
300, Calgon Carbon Corporation) and crushed expanded clay (EC, Leca; Filtralite NC 0.8 - 1.6 mm).  
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The pilot-scale system comprised 4 columns 
(3 m high, 0.2 m wide) and was constructed at 
Lackarebäck waterworks, Gothenburg, 
Sweden (Heinicke et al., 2000) (Figure 6). 
Columns had a bed depth of one metre with 
15 cm gravel support. Empty bed contact time 
(EBCT) was 31 minutes, and the hydraulic 
load 1.9 m.h-1. Two biofilters were each filled 
(at a depth of 1 m) with GAC (Filtrasorb 300, 
Calgon Carbon Corporation) and crushed EC 
(Leca™; Filtralite NC 0.8 - 1.6 mm, Optiroc, 
Norway).  
The specified nominal efficient size (d10) of 
the Leca™ grains is 0.9 mm, with a range of 
0.8 - 1.6 mm and a uniformity coefficient 
(d60/d10) of 1.5. Commercial Fitrasorb 300™ 
had a d10 of 0.8 - 1.0 mm and a uniformity of 
2.1. Grading curves showed that the carbon 
material was strongly fractionated, with mass 
percentages passing the 1 mm sieve varying 
between 97% in surface media and 3% in the 
bottom media (d10 values 0.55, 0.62, 0.70 and 
1.15 mm). The more lightweight Leca™ 
material was more homogenous over the 
profile, with 36 to 15% passing 1 mm (d10 
values 0.69, 0.63, 0.74 and 0.83 mm). 
Downflow biofilters received untreated, soft, 
moderately humic surface water from Lake 
Delsjöarna. Samples of media were taken from 
the filter surface and from sampling openings 
at 5 cm, 54 cm and 99 cm depth. 
 
 

3.1.4. Pilot-scale conventional treatment system 
(Paper VI) 
 
A pilot-scale flocculation-sedimentation-GAC 
filtration system was set up at Lackarebäck 
waterworks, Göteborg, Sweden and run at 1 
m3.h-1 (Figure 7). Treatment at the pilot-scale 
system included sequential addition and static 
mixing of NaOH and alum, flocculation in 
four chambers, sedimentation, and filtration 
through activated carbon (F200, Calgon) that 
had previously been in operation for 2.5 years. 

The hydraulic retention time during 
flocculation was 108 minutes, and the surface 
loading to sedimentation was 0.63 m.h-1. 
Power input was by gate impellers and G-
values calculated according to Hernebring 
(1991) were approximately 70, 20, 5 and 2 s-1 
based on torque measurement and rotation 
speed. The bed height in the GAC filter was 1 
m and the filtration rate was 4.8 m.h-1. 
Using standardised analytical tools, water 
quality parameters such as temperature, pH 
and disinfectant residuals were measured. 
AOC was analysed according to the method 
of van der Kooij (1982). 
 

3.2. Parameters and methods in brief 

The parameters and techniques investigated 
and employed in this thesis are summarised in 
Table III. 

3.2.1. Total direct count (TDC) of bacteria and other 
microorganisms 
 
Briefly, the enumeration of total bacterial cell 
numbers can function as a means to assess 
bacterial biomass. It can also provide 
information on the spatial and temporal 
distribution of bacteria and enables the 
assessment of different subgroups (fractions) 
of specific interest within the total bacterial 
community. 
Biofilm samples in the form of scraped and 
homogenised bacterial biomass from glass 
slides, directly extracted from biofilter 
materials, and directly on glass slides, were 
stained with 4’,6-diamidino-2-phenylindole 
(DAPI) for EFM. The incidence of indigenous 
microbiota, with particular emphasis on the 
free-living protozoan grazers as well as an 
overall microscopic study of biofilms was also 
undertaken with DAPI. (Papers I, II, III, 
IV). 
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FIGURE 7. Schematic of the pilot-scale system at Lackarebäck waterworks (Gothenburg) used in 
investigations of the barrier function of chemical precipitation treatment. Pictured is A) Raw water 
feed, and dosage point for bacteriophages in upstream case (uc) B) Sampling point in upstream case, 
bacteriophage dosage point in downstream case (dc). C) Sampling from the middle of chamber 2. D) 
Sampling point post flocculation, upstream case only. E) Sampling point post sedimentation. F) 
Sampling point post GAC filtration. (Paper VI). 
 
 
 

3.2.2. Enumeration of culturable heterotrophs on 
R2A media. 
 
Numbers of heterotrophic bacteria as 
enumerated by heterotrophic plate counts 
(HPC) are widely used and included as a water 
quality parameter in standardised analyses. As 
such, this parameter enables a comparison 
between different systems in terms of 
indicating their trophic status. Furthermore, it 
can provide macroscopic information in terms 
of morphology and pigmentation of the fast-
growing population and when isolated and 
grown on cultural media, heterotrophs enable 
the study of the metabolism of indigenous 
(site-specific) bacteria.  
Water samples, homogenised collected biofilm 
samples and samples of sand-extracted 
material were grown on R2A media. (Papers 
I, II, IV). 

 

3.2.3. Enumeration of indicator bacteria (coliforms, 
enterococci) by culture-based techniques 
 
Indicator bacteria were used as parameters for 
the assessment of the sanitary quality of 
investigated systems. 
The incidence of total coliforms, E. coli and 
enterococci was investigated using Enterolert™ 
and Colilert™ DST® assays (Idexx Pty Ltd, 
Portland). (Paper IV). 
 

3.2.4. Estimation of the incidence of pathogens, 
opportunistic pathogens and indicator bacteria within 
drinking water biofilms. 
 
The incidence of primary pathogens, 
opportunistic pathogens and also indicator 
bacteria was also used as a parameter to 
determine health-related bacteria within 
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investigated systems. The use of probing by 
FISH with rRNA-targeted oligonucleotide 
probes enabled the detection of bacteria on a 
cellular level (Paper IV). 
Homogenised biofilm samples and in situ glass 
slide biofilms were analysed for the presence 

of both autochthonous (aeromonads and 
legionellae) and allochthonous (salmonellae, 
enterobacteria, enterococci) bacteria by FISH 
using rRNA oligonucleotide probes. (Papers 
III, IV). 

  
 
TABLE III. Summary of parameters and techniques investigated and employed in Papers I – VII. 

 

 
 
 

 
 

Parameters                                                         Papers: I II III IV V VI VII

Total DAPI count (assessing biomass 
by quantification of biofilm bacteria) 

X X X X    

Heterotrophic plate counts (HPC) X X  X    

Indicator bacteria (coliforms, enterococci) 
by culture-based techniques 

   X    

Characterisation of phylogenetic groups 
(by fluorescence in situ hybridisation, FISH) 

X X      

Activity assessment of indigenous bacteria 
(by FISH) 

X X  X    

Quantification of primary and opportunistic pathogens 
(by FISH)   X X    

Quantification of legionellae 
(as models for pathogens) 

  X    X 

Quantification of bacteriophages 
(as models for enteric viruses) 

  X  X X  

Quantification of fluorescent microspheres   X  X X  

Quantification of protozoa (by epifluorescence 
microscopy, EFM)   X X    

Water quality parameters (pH, chlorine, temperature, 
AOC) X X X X    
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3.2.5. Characterisations of phylogenetic groups.  
 
α-β-γ-Proteobacteriacea and Cytophaga/ 
Flavobacterium phylogenetic subgroups of 
Proteobacteria were investigated for the purpose 
of assessing biofilm communities by their 
phylogenetic structure, which is also 
influenced by overall environmental 
conditions. The FISH approach was chosen as 
it illustrates a higher resolution of 
identification or less bias than previously-used 
methods to examine microbial community 
structure in sands (i.e. culturable counts, 
phospholipid fatty acid (PLFA) profiles and 
the utilisation of sole carbon sources). 
Phylogenetic trials were performed on 
biofilms from sand extracts and in situ on glass 
slides using rRNA oligonucleotide probes and 
FISH (Paper I). 
 

3.2.6. Relative activity assessment 
 
The metabolic activity of biofilm bacteria 
represents an important parameter since it 
provides information on the size of the 

population within the total bacterial 
community that is responsible for the removal 
of BDOC. 
Assessment of bacterial activity was 
performed using the PAC assay and FISH in 
sand extracts and in situ on glass slides 
(Papers I, II, IV). 
 

3.2.7. Enumeration of bacteriophages, legionellae and 
surrogates in extracts of different materials, water and 
biofilm samples  
 
Bacteriophages, fluorescent microspheres and 
legionellae were used in studies on the barrier 
function of different systems (treatment 
methods and biofilms). 
MS-2 and φx174 bacteriophages were 
enumerated by a pour-plate double agar 
method on Modified Scholtens Agar (MSA) 
according to ISO Method 10705-2. 
L. pneumophila were cultivated on buffered 
charcoal yeast extract (BCYE) agar according 
to ISO Method 11731 and also directly 
enumerated in situ by FISH. Fluorescent 
microspheres were viewed by EFM. (Papers 
III, V, VI, VII). 
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4. RESULTS  

 

4.1. Biofilms in conventional water 
treatment (Paper I) 
 

4.1.1. Artificial recharge (Paper I) 
 
The biological treatment of waters by filtration 
has been recently encouraged in order to 
remove the maximum amount of NOM and 
organic matter, each a precursor for the 
formation of DBP. Artificial recharge of raw 
source waters into shallow sand aquifers is one 
such treatment option. The development and 
phylogenetic composition of biofilm 
microbiota was therefore investigated in 
Paper I with the specific aim to investigate 
and compare potential differences in the 
microbial composition and spatial-temporal 
distribution. This was done with the “classic” 
approach using glass slides and compared with 
sand extraction of biofilm microbiota attached 
to sand particles, using in situ rRNA probing 
of the phylogenetic groups of bacteria. 
Results obtained by those two approaches 
showed that significantly different bacterial 
community structures existed within examined 
biofilms. A greater proportion of γ-
Proteobacteria was found in association with 
sand grains whilst α-Proteobacteria were denser 
on glass slides. These α-Proteobacteria were 
consistently biased with the glass slide 
method. The proportions of active bacteria 
(EUB338-positive material) were larger in 
sand extracts than on smooth glass surfaces 
and provided an insight into further 
understanding of organic matter removal 
efficacy. While neither method used in Paper 
I gave a definitive answer, the combined 
approach enhanced the understanding of the 
spatial and developmental dynamics of 
microbiota within a sand filter. 
 

 
 
 

4.2. Nutrient removal in conventional 
water treatment (Paper II) 
 

4.2.1. Artificial recharge, biofilm activity and organic 
carbon removal (Paper II) 
 
Based on the results in Paper I a deeper study 
of the production of biologically-stable 
drinking water related to nutrients was 
undertaken in Paper II. 
Humic substances are not readily 
biodegradable and are highly heterogeneous in 
both their structure and composition. These 
substances are often described in terms of 
hydrophobicity or hydrophilicity (Fan et al., 
2001). Hydrophobic acids (humic acids) 
represent partly-degraded and re-polymerised 
lignin and ligno-cellulose degradation 
products, whilst hydrophilic acids represent 
more oxidised forms (Shin and Lim, 1996).  
Both microbiological and physicochemical 
processes play an important role in the 
removal of organic carbon from such systems 
(Huck et al., 1991) thus functioning as barriers 
in the removal of organic matter. This occurs 
within microbial biofilms located in sand 
matrices. Within Paper II the effects and 
efficacy of biological filtration by sandy 
aquifers was determined in relation to 
microbiota, TOC and AOC.  
It was shown in Paper II that the sand 
columns functioned adequately as barriers 
against TDC, HPC and AOC but did not 
perform satisfactory in the removal of TOC. 
The relatively low proportion of EUB338-
positive cells observed in sand (40%) and on 
glass coupons (25%) prior to the PAC assay of 
the bacteria may have accounted for this 
observation.  
A hypothesis in Paper II was that sand- and 
water-associated bacterial communities would 
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respond differently to slowly degradable 
hydrophobic and hydrophilic humic acid 
fractions. An experiment was therefore 
performed where these two different (site-
specific, sand- and water-associated bacteria) 
populations were grown in a suspension 
containing different concentrations of 
hydrophobic and hydrophilic fractions isolated 
and concentrated from the raw water intake at 
the treatment plant. It was shown that 
planktonic bacteria preferred to grow in the 
hydrophilic fraction and bacteria isolated from 
column sand preferred the hydrophobic 
fraction.  
 
 

4.3. Biofilms in water distribution and the 
pilot-scale systems (Paper IV) 
 
In Paper IV the influence that two primary 
disinfection methods (UV-treatment and 
chlorination) had on biofilm biomass within a 
water distribution system was assessed. The 
occurrence of selected bacterial pathogens and 
indicators was investigated by in situ probing 
and cultivation. Furthermore a comparison 
was made in Paper IV between a pilot-scale 
system and the full-scale municipal system. 
The investigated systems were outlined in 
3.2.2. and further described in Paper IV. Both 
pilot- and full-scale systems were equipped 
with biofilm devices (chambers) at sites 
representing different residence times and 
disinfectant residuals of the drinking water. 
Biofilms in both systems were simultaneously 
investigated for the same parameters during 
four seasons. 
Numbers of both TDC and HPC increased in 
biofilm material in both systems with 
increasing residence time and decreasing 
disinfectant residual. No significant difference 
was found either between the chlorinated and 
UV-treated system nor within or between the 
field- and pilot-scale systems when parallel 
sites were compared. AOC concentrations 

were generally higher at the beginning of each 
distribution system, though this trend could 
not be supported statistically. The trends were 
similar in the pilot-scale systems. 
With the exception of Aeromonads no other 
opportunistic or primary pathogens were 
found in biofilms either by culture or FISH. 
The patterns of free-living protozoan grazers 
(amoebas and microflagellates) were similar 
between full-scale and pilot scale systems as 
well as between the biofilms of the two 
primary disinfection regimes (Cl2 versus UV). It 
was obvious that protozoa affected biofilm 
density and represented, as grazers, a very 
significant factor in controlling biofilm within 
the distribution systems. 
The general bacterial activity within biofilms, 
as presented in Paper IV, confirmed the 
oligotrophic conditions that prevailed within 
the distribution systems of Stockholm (also 
compare with Papers I and II), with low 
concentrations of readily available carbon 
compounds.  
 
 

4.4. Accumulation, persistence and fate of 
particles and model pathogens within 
biofilms in pilot-scale systems (Papers III, 
V, VI, VII). 
 

4.4.1. Chemical precipitation (Paper VI) 
 
Since the numbers of pathogens in surface 
water are often below detection limits 
(Havelaar et al., 1991), investigation of the 
efficacy of a given treatment process in 
removing pathogens may be difficult if 
challenge tests are not performed. In Paper 
VI the impact of the different sub-treatment 
steps was studied in pilot-scale. The 
conventional treatment train included alum 
coagulation, flocculation, and sedimentation 
and media filtration of surface water. The 
system was challenged with somatic (φX174) 
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and F-specific (MS-2) bacteriophages both 
upstream of chemical addition and mixing and 
in the first flocculation chamber (downstream 
case).  
The reduction of added ϕX174 
bacteriophages showed only a 1.0-log10 of 
plaque-forming unit (PFU) removal over the 
whole treatment train when added into the 
first flocculation chamber (downstream), 
whilst MS-2 phage was removed by 5-log10 

An overall 3.8-log10 removal of ϕX174 was 
achieved when phages were when added 
upstream of the chemical dosage point (MS-2 
removed by 6.2 log10). Practically equal 
numbers of ϕX174 were recovered post-
flocculation and post-sedimentation, 
indicating no reduction over sedimentation. 
Filtration had minimal effect on the reduction 
of both phages when added to the first 
flocculation chamber, i.e. post chemical 
dosing. These reduction values are comparable 
to published data (2-4 logs) (Rao et al., 1988; 
Gerba et al., 2003) but clearly show that 
ϕX174 is superior to MS-2 as a conservative 
model for virus removal. 
The peak concentration of both phages 
coincided with the conductivity peak. This 
gave an indication that there was no apparent 
retardation of the bacteriophages within the 
sedimentation and filtration steps. Tailing 
phenomena was however seen in the case of 
the ϕX174 phage, since low concentrations of 
this phage were released from the filter 12 
hours after the conductivity peak had 
completely passed through the system.  
 

4.4.2. Biological treatment (Paper V) 
 
Pilot-scale columns for biological filtration 
were challenged with fluorescent microspheres 
and bacteriophages as described in Paper V in 
order to assess their barrier function. On-line 
particle counts in the size ranges of bacteria 
and protozoa were performed and similarly-
sized autofluorescent microalgae were 

assessed as surrogates for particle removal. 
The capability of biofilters in their particle 
removal, spatial retention and potential 
detachment was addressed in two different 
(GAC) and Leca™ (EC) media.  
The first peaks, equivalent to three hydraulic 
retention times (HRT) contained 1-3% of the 
added hydrophobic and 11-16% of the 
hydrophilic microspheres. Microspheres 
remained in filtrates after more than 100 HRT. 
The cumulative recovered numbers of 
microspheres in the filtrates and from the 
biofilter media were at least 86% of the added 
microspheres and as expected hydrophobic 
spheres were removed to a higher degree than 
hydrophilic ones.  
After 3 HRT, the majority of recovered 
bacteriophages were found in the water phase 
with decreasing numbers in subsequent 
samples. After 8 days (590 HRT) no further 
bacteriophages were found in the filter media. 
The percentages of recovered phages in the 
filtrate from GAC and EC filters were 65% 
and 44% respectively.  
Particle removal in the size class 0.4–1 µm for 
both filters was found to be 67 - 68% with the 
corresponding removal of similar-sized 
microalgae of 57% for GAC and 63% for EC. 
Average removal of larger particles (1–15 µm) 
was 84% for both filters, whilst removal of 
larger microalgae in the same size range was 
66% for GAC and 72% for EC.  
The EC biofilter removed significantly higher 
numbers of particles in all four size intervals 
than the GAC biofilter (p < 0.001).  
 

4.4.3. Biofilms and fate of model pathogens in a pilot-
scale distribution system (Paper III) 
 
Biofilms developed within two pilot-scale 
systems differing in the nature of primary 
disinfectant (chlorine and UV) were 
challenged with fluorescent microspheres, 
legionellae and Salmonella bacteriophages. The 
total number of bacterial cells in the biofilms 
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ranged from 1.4 x 104 - 2.2 x 105 cells.cm-2 
increasing significantly (P < 0.001) at the distal 
sites (40 hours). These levels were stable 
during the experimental period (P ≥ 0.084) (R2 
= 0.9726 for chlorinated and 0.9901 for UV-
treated systems). The accumulation, 
persistence and fate of challenged particles 
and organisms were measured over time (38 
days) to evaluate the role of biofilms in these 
processes and to apportion particle 
accumulation and fate to biological (i.e. 
inactivation, predation) and physical (i.e. 
detachment, disinfection) phenomena.  
At sites where biofilms were thinner, a higher 
number of fluorescent microspheres attached. 
The accumulation of hydrophobic spheres was 
in the order of 10 – 102 particles.cm-2 
(representing 0.1 – 0.8% of the total number 
dosed). As biofilm density increased on slide 
surfaces, numbers of attached spheres 
significantly decreased (P ≤ 0.045).  
The hydrophilic spheres were accumulated at 
one order of magnitude greater (102 – 103 

particles.cm-2) than the hydrophobic spheres. 
The numbers of culturable legionellae 
accumulated in biofilms increased significantly 
(P ≤ 0.004) in both systems with increasing 
residence time (and decreasing residual 
chlorine concentration) with the exception of 
one site. Significantly higher (P ≤ 0.042) 
accumulation was found in biofilms in the 
chlorinated system compared to the UV-
treated system (except for proximal sites with 
higher disinfectant residuals). No significant 
difference in the accumulation of FISH-
positive legionellae in biofilms was found 
between the proximal sites, however at the 
distal parts they decreased significantly (P < 
0.09) in both systems, as did fluorescent 
microspheres. 
The accumulation of culturable legionellae 
showed a positive correlation with indigenous 
biofilms at the distal part of both systems. The 
FISH-positive legionellae showed an almost 
identical pattern to the conservative model 
fluorescent particles.  

Bacteriophage accumulation was low and 
similar throughout the pilot-scale distribution 
system, representing 0.0001% of the total 
number dosed. In a pairwise comparison 
between sites of the two systems, only one site 
had significantly higher numbers of 
bacteriophages accumulated in biofilms than 
the corresponding site in the other system (P 
= 0.004). 
The decay of microspheres was used as a 
conservative model for the erosion 
(desorption) of particles from the biofilm. The 
FISH-positive legionellae were shown to 
follow a similar decay pattern.  
No significant difference was observed in the 
loss of fluorescent microspheres from 
biofilms between the systems over the course 
of the experimental period (P ≥ 0.067). Loss 
of bacteriophages was however generally 
higher in the UV-treated system (k = 0.1 – 
0.5) than in the chlorinated one (k = 0.06 – 
0.1), with a slightly lower reduction at distal 
sites in both pilot-scale systems (k = 0.08). 
The differences between proximal and distal 
sites were due to chloramination. 
This also affected L. pneumophila at the 
beginning of each system with a greater than 
5-log10 to 2.5-log10 initial inactivation of 
culturable cells representing 0.1 and 15 hours 
residence time, respectively. Inactivation over 
time decreased significantly at distal sites in 
the distribution systems (P < 0.05). The ratio 
of culturable to total (FISH-positive) cells 
ranged from 0.002% to 0.07% at proximal 
sites, and 58% to 65% at distal sites. At the 
conclusion of the experimental period (38 
days) no culturable legionellae were found in 
proximal sites, however low numbers 
remained distally. Despite the absence of 
culturable cells at the conclusion of the 
experimental period, FISH-positive cells were 
detected in both systems at all sites during this 
time.  
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4.4.4. Inactivation, persistence and detachment of 
model pathogen (legionellae) within pilot-scale 
distribution system biofilms (Paper VII) 
 
Detachment of legionellae from drinking 
water biofilms under laminar flow occurred 
continuously. Sloughing of larger aggregates 
containing up to 100 cells was observed under 
non-laminar and turbulent flow conditions. 
A combined chlorine concentration exceeding 
0.2 mg.L–1 eliminated culturable sessile 
legionellae altogether, though the reduction in 
FISH-positive cells represented just 75 ± 25% 
of the original amount in thin biofilms, 

compared to a 5-log10 reduction in culturable 
cells during the same period. Where there was 
< 0.1 mg.L–1 combined chlorine, an 
exponential decay/loss of sessile L. 
pneumophila was observed (k = 0.37 – 0.41). 
Interaction with both biofilms and an isolate 
of a thermotolerant Acanthamoeba reduced the 
susceptibility of legionellae to thermal 
inactivation by between one and two orders of 
magnitude, though increased their sensitivity 
to chemical (free and combined chlorine) 
disinfection. 
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5. GENERAL DISCUSSION 

 
Biofiltration and biofilms in distribution system 
 
Whilst the role that microorganisms play in 
water treatment during biofiltration is well 
recognised, the development, spatial 
distribution and phylogenetic composition of 
these microbial communities is only partially 
described. 
Representative biofilm samples from such 
systems are difficult to obtain, since different 
size fractions of sand material are generally 
colonised by different bacterial populations 
(Dodds et al., 1996). To collect biofilm 
samples and to assess the microbiota within 
soils and sediments, microbial ecologists have 
long relied upon buried glass slide and similar 
Cholodny-Rossi techniques (Cholodny, 1930; 
Rossi et al., 1936). The glass surface is assumed 
to be non-selective and acts like the surface of 
mineral particles in the soil.  
In Paper I the validity of this “classical” 
buried-glass technique was compared with 
direct extractions of microbiota from sand 
grains. Significant differences in the 
physiological status of bacterial communities 
and their structures were found between the 
techniques. In general a greater proportion of 
γ-Proteobacteria was found in sand, whilst α-
Proteobacteria were denser on glass slides. It 
should be noted that those differences were 
temporal, and unrelated to spatial location 
within sand columns. 
A significantly greater proportion of active 
bacteria (as enumerated by the PAC assay) was 
found in sand extracts. The inference here is 
that bacteria extracted from sand represent a 
more active population, which in turn could 
mean that glass surfaces acted selectively. 
Surface properties are known to influence 
both development and physiology of biofilm 
bacteria. It appears that the rough and 
structured surface of natural sand grains may 
provide a less hostile environment (surface)  

 
 
 
 
 
than glass slides, providing biofilm bacteria 
with a greater level of protection and more 
efficient diffusion of nutrients. Biofilms on 
glass slides however were not disturbed (by 
sampling method) and bacteria attached to 
sand grains were not removed (extracted) 
uniformly. Both sand particles and glass slides 
were exposed to the same source water and 
environmental conditions. If glass slides had 
neutral (non-selective) properties the 
assumption would be that the same bacterial 
communities should colonise both types of 
surface. Based on our findings however it was 
concluded that the use of glass slides appeared 
to be biased toward selective colonisation 
whilst sand extraction may be biased by the 
method of extraction used. Caution should be 
exercised when interpreting data obtained by 
either method since neither could be 
pronounced as being more reliable. 
Paper II confirms that sand filtration is 
efficient in the removal of microorganisms. In 
addition, the bacterial biofilms in sand 
columns removed a substantial proportion of 
AOC. In the beginning of the investigation 
the four columns, representing artificial 
recharge, behaved differently, however as 
bacterial communities were allowed to 
equilibrate, their performance became similar 
at the end of the 45-week period.  
The bacteria within sand column biofilms 
were shown, as expected, to decrease by depth 
independent of sampling technique. There was 
however a 10-fold greater number of bacteria 
(TDC) extracted from column sand per unit 
surface than that measured directly on glass 
coupon surfaces at the commencement of the 
experimental period. After week 10 though, 
the numbers of slide bacteria exceeded those 
present within the sand matrix.  
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An explanation for this finding could be a 
higher degree of grazing activity in the sand. 
Furthermore the higher numbers of bacteria in 
sand extracts could have been influenced by 
bacteria originating from the aqueous phase at 
the beginning of the investigation, thus adding 
to overall TDC. By the time (> 10 weeks) 
sand columns reached maturity, and biofilms 
on sand grains has established and represented 
firmly-attached communities, the proportion 
of sessile bacteria in extracted samples may 
have become more resistant to extraction 
which would confirm the postulation of 
possibly two differently-structured 
communities (depending on surface 
properties).  
Activity measurements by PAC showed a 
significantly higher proportion of active 
bacteria in sand extracts as compared to glass 
slides (Paper I and II) though the overall 
proportion of active bacteria was fewer than 
50% and 30% of total numbers, respectively. 
This could be explained by the low 
concentrations of AOC compounds and 
higher concentrations of more complex, 
recalcitrant carbon compounds.  
Sand filtration alone however was not able to 
remove satisfactory amounts of TOC, 
indicating a situation where the bacterial 
population was not active enough or could not 
respond rapidly enough because either 
limitations in general conditions (temperature, 
pH, and sand material characteristics) or low 
concentrations of easily degradable carbon 
present.  
Fractions of NOM were extracted from the 
surface raw water and their degradation by 
indigenous bacteria tested in a modified 
BDOC trial. The overall finding was that site-
specific bacteria from water differed by 
preferentially utilising hydrophilic fractions of 
NOM, which was confirmed by the PAC 
assay. The sand microbiota on the other hand 
preferred the hydrophobic fractions 
demonstrating that both sessile and planktonic 
bacteria play an integral role in the subsurface 
treatment of water. What was below 

expectations was a low degree to which 
isolated fractions were used. It should be 
emphasised that temperature may have also 
played a significant role.  
While raw water experienced normal seasonal 
variation, the pilot-scale artificial recharge 
columns were situated within an environment 
with low and constant temperature. 
Furthermore, the duration of the experiment 
should be taken into consideration. Results 
and findings infer that 45 weeks may have 
been too short a time for microbial 
communities to fully adapt to given nutrient 
and physicochemical conditions.  
If NOM penetrates the treatment barriers, 
distribution system biofilm formation is 
inevitable. Biofilms represent the major part 
of biomass in a distribution system and are, 
when released/detached into the bulk water, 
responsible for the continuous contamination 
of the water phase. Furthermore, biofilms may 
possibly harbour human health-related 
microorganisms. The major parameters 
regarding biostability (AOC) as well as 
temperature, showed no significant differences 
between the pilot- and full-scale (municipal) 
distribution systems (Paper IV). Variations 
within the full-scale system were generally 
higher when compared to the pilot-scale, in 
particular regarding temperature. These 
variations also relate to TDC and HPC. The 
level of TDC bacterial numbers in investigated 
biofilms was 1-2 log lower than reported to be 
the case in other distribution systems. The 
apparent absence of thick biofilms in this 
study could, amongst other factors, be 
attributed to low and stable temperatures 
within the systems.  
At proximal sites in both full-scale systems 
numbers of bacteria were clearly affected by 
disinfectant residuals. At distal sites within the 
full-scale systems, variation was more 
pronounced and in general the numbers of 
biofilm bacteria were subsequently higher at 
every site following a decrease in disinfectant 
residuals and increase in age of the water 
(residence time). 
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This was not found however to be the case in 
either pilot-scale system. Finding of a 
significant decrease in both TDC and HPC at 
the last site when compared to the previous 
one, despite the same disinfectant level (< 
0.02 mg.L-1), infers that further from the 
waterworks biofilm is investigated, the lesser 
number of bacteria could be counted and that 
biofilms as a whole behave more like 
individual ecosystems (Block et al., 1993). 
Seasonal variations were also recorded. It is 
important to emphasise the existence of a high 
degree of variability in sampling sites. At distal 
sites in the Nockeby system for example 
biofilms had significantly higher total numbers 
of bacteria in late summer and autumn whilst 
in the Hässelby part (UV-treated) higher 
numbers in early summer and winter were 
noted. A possible explanation for this 
variability could be the activity of protozoan 
grazers. The presence of large amoebae and 
microflagellates in all biofilm samples in this 
study reinforces the need for a deeper 
knowledge and understanding of the role of 
protozoa in drinking water biofilms. In many 
cases large amoebae containing 50 - >100 
bacterial cells were observed as well as 
grazing-fronts formed by microflagellates 
(Figure 2a). It was obvious that protozoan 
grazers did affect biofilm density and 
represented a very significant factor in 
controlling biofilm within distribution 
systems, which was also observed in Paper 
III. 
It has been documented in other 
environments that protozoan grazers not only 
affect changes in the density of bacterial 
community structure but can also alter the 
physiological status of bacteria.  
Experiments described in Paper VII showed 
that the interaction of legionellae with both 
biofilms and thermotolerant Acanthamoeba 
reduced the susceptibility of legionellae to 
thermal inactivation by between one and two 
orders of magnitude. Almost all prior studies 
on the interaction between biofilm bacteria 
and protozoa were performed in meso- and 

eutrophic aquatic ecosystems (Hahn and 
Höfle, 2001) and not in the oligotrophic 
ecosystems like drinking water systems, and in 
particular within biofilms. 
The absence of culturable and FISH-positive 
indicator bacteria and pathogens from the 
distribution system biofilms may infer that the 
investigated systems were not affected by 
contamination during the experimental period. 
The presence of aeromonads in the majority 
of investigated samples may be indicative of 
the trophic state of the system though the 
exact human health significance of this is 
unknown and warrants further investigation 
(Paper IV). 
Chlorinated water biofilms generally 
demonstrated slightly more diverse colonies 
on R2A in this investigation, though this trend 
could not be supported statistically. 
Furthermore, a significant increase or decrease 
in the number of pigmented colonies that 
could be related to change to UV treatment 
could not be found. 
When UV was used as a primary disinfectant, 
the growth of neither biofilms nor pathogen 
incidence was enhanced within the municipal 
water distribution system or in the pilot-scale 
system. Although it may be concluded that 
biofilms formed within the Stockholm Water 
distribution system do not pose a measurable 
risk to consumer health, it must be pointed 
out that this study encompassed a period of 
approximately two years and that man made 
ecosystems such as distribution systems 
should be monitored on a continual basis 
(Paper IV).  
 
Investigating barrier functions 
As stated in Paper VI the reduction/removal 
of bacteriophages, as measured through 
challenge tests, strongly depends on both the 
location of the dosage point and the 
bacteriophage type. A possible explanation for 
the high reduction in the first parts of the 
coagulation steps is the direct influence of 
chemicals, as well as that the phages to a 
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higher extent will become part of aggregated 
particles.  
When added into the flocculation chamber 
microflocs have already been formed and the 
bacteriophages may be for the most part 
removed by enmeshment and adsorption onto 
floc surfaces. 
Bacteriophages that were present during 
coagulation could not be recovered after 
dissolving the flocs by pH neutralisation and 
short vortexing, and were most likely 
associated with the precipitate and inactivated. 
A contrary finding was however reported for 
bacteriophages that were only adsorbed onto 
already-formed floc (Matsui et al., 2003).  
MS-2 and φX174 bacteriophages differ in their 
surface properties, where ϕX174 has its 
isoelectric point close to flocculation pH of 
6.4. It should thus be more easily destabilised 
during coagulation than the negatively-charged 
MS-2. A negative surface charge may however 
favour complex formation with positively-
charged intermediates of aluminium 
hydrolysis, which is believed to be able to 
induce the inactivation mechanism (Matsui et 
al., 2003). The MS-2 also appeared to be more 
easily inactivated or aggregated than φX174. 
This is based on the results obtained where 
the cumulative log-reduction of MS-2 until the 
second flocculation chamber was independent 
of the bacteriophage dosing point. 
To simulate viral contamination of raw waters, 
the surrogate needs to be added prior to pH 
adjustment and chemical dosing in order to 
incorporate all removal processes present in 
the treatment train. Furthermore, this study 
has demonstrated the suitability of 
bacteriophage φX174 as a more conservative 
(stable) surrogate for human enteric virus 
removal than MS-2. 
As an alternative to chemical precipitation as 
the first step in raw water treatment, the use 
of biofiltration may be considered. This pre-
treatment by biofiltration could improve and 
stabilise raw water quality in terms of reducing 
NOM, but even more importantly through 

increased particle removal. This was 
investigated in Paper V where the pilot-scale 
system of two different filtration materials was 
challenged with fluorescent microspheres and 
bacteriophages. 
The importance of particle removal for 
microbial safety became recognised as a clearly 
important point of concern after the 
Milwaukee Cryptosporidium incident 
(MacKenzie et al., 1994). Furthermore, 
insufficient particle removal has been 
recognised as the major source of risk in a 
recent risk assessment of drinking water 
treatment (Westrell et al., 2003). 
Fluorescent microspheres, used here as a 
model for bacteria, represent a conservative 
model for bacterial-sized particles, though 
they do not have the ability to interact with 
biofilm in the same way as living 
microorganisms (i.e. EPS production, motility) 
and thus are unable to fully mimic bacterial 
behaviour.  
Both filter media in this study retained a 
higher proportion of hydrophobic than 
hydrophilic microspheres, which is 
comparable with reported data of better 
attachment and removal of hydrophobic than 
hydrophilic bacteria in other systems (Bomo et 
al., 2003). Since filter media will have different 
surface properties it might be assumed that 
those properties were masked by biofilm that 
formed on biofilter media particles (Schneider 
and Marshall, 1994). A similar total removal of 
microspheres (86%) with particles within the 
size range 1-15 µm (84%) lends weight to the 
conclusion that the use of spheres as model 
bacteria is adequate.  
The added bacteriophages were not retained 
in biofilters, nor were bacteriophages detected 
in the filtrate after the initial peak nor on 
biofilter media after substantial extraction. 
This indicated minimal attachment of viruses 
on the biofilm formed on these biofilter 
materials. Similar behaviour of phages was 
noted in biofilms formed within the drinking 
water distribution as reported in Paper III. 
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A significantly higher removal of common 
particles compared to autofluorescent 
microalgae was observed in both biofilters, for 
the larger size range. This could be explained 
in part by differences in surface properties, as 
well as that the common particle count is a 
less defined parameter. These studies have 
indicated that autofluorescent microalgae may 
be used in on-line particle counting as a 
surrogate parameter for other 
microorganisms.  
Since particles of different surface properties, 
though of similar size, were removed 
differently, multiparametric analysis is a 
prerequisite for an adequate assessment of 
barrier function in similar systems.  
The overall removal through the biofiltration 
of all investigated particles except 
bacteriophages showed that biological pre-
filtration is a valuable alternative in stabilising 
raw waters prior to the implementation of 
further treatment methods. 
Particles that penetrate treatment barriers can 
readily become a part of the structure of the 
biofilms within the distribution systems. 
Association of microorganisms with 
particulates in drinking water distribution 
systems often results in the incorporation and 
accumulation of such attached 
microorganisms into the biofilm structure. 
The accumulation and persistence of 
microorganisms and model microorganisms 
within developed biofilms were investigated 
and is presented in Paper III.  
Biofilms can range in size from single 
scattered cells and monolayers 1-5 µm in 
depth to thick structures of several hundred 
microns (Wimpenny et al., 2000). Sparse 
biofilm coverage on glass coupon surfaces was 
observed in this study with no apparent 
correlation to the low AOC concentrations. 
Low temperature conditions and apparent 
grazing activity were factors that strongly 
affected biofilm bacteria density. Increased 
numbers of biofilm bacteria at distal sites in 
each system can most likely be attributed in 

part to the absence of a measurable 
disinfectant residual. 
In the pilot-scale study, the challenge particles 
were shown to accumulate within biofilms. At 
sites where biofilms were thinner, a higher 
number of fluorescent microspheres attached. 
As biofilm density increased on slide surfaces, 
numbers of attached spheres significantly 
decreased (P ≤ 0.045). A positive correlation 
could not be established between bacterial 
counts in biofilms and either type of sphere, 
although hydrophilic spheres demonstrated a 
different accumulation pattern to that of 
hydrophobic ones. The inference here is that 
physicochemical properties of both 
microspheres and the substratum influenced 
the accumulation of hydrophobic spheres to a 
greater degree than biofilm density.  
Similar results have been reported where no 
correlation between biofilm thickness and 
incorporation of fluorescent microspheres has 
been found (Drury et al., 1993; Okabe et al., 
1997; Reichert and Wanner, 1997; Okabe et al., 
1998). A different behaviour of microspheres 
however was noted in the investigation of the 
barrier function of biological pre-filtration 
presented in Paper V, where hydrophobic 
spheres attached to biofilm material to a 
greater extent than hydrophilic ones. It should 
be pointed out though that investigated 
systems differed, the latter being a raw water 
biological filtration system. These findings 
would support observations of the importance 
of substratum properties, as well as properties 
of the bulk water, not only for living bacterial 
cells, as was shown in the investigations 
presented in Papers I and II, but also for 
dynamics of the attachment of model 
(surrogate) particles (Flemming, 1995; 
Stoodley et al., 1999). 
The minimal decrease in numbers of both 
types of fluorescent microspheres observed 
over the course of the experimental period 
could be attributed to detachment (or 
desorption) and erosion as concluded by 
Eisenmann et al. (2001). The inference here is 
that, like in the case of accumulation, 
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physicochemical properties of microspheres 
and the substratum, rather than their 
interaction with biofilm biomass, have 
influenced their fate in the investigated pilot-
scale distribution systems.  
The accumulation pattern of culturable 
legionellae demonstrated the effects of 
combined chlorine on their colonisation at the 
proximal sites, whilst at distal sites (low 
disinfectant residuals) of both systems, 
accumulation of legionellae was more 
dependent on biofilm density than substrata. 
As in the case of biofilm bacteria, the activity 
of protozoan grazers also influenced the 
density of added legionellae, since it was 
observed that in most cases amoebae 
contained many legionellae as well as 
microspheres. The protective function of 
amoebae and their interaction with legionella 
and microbial biofilms was studied and 
confirmed in Paper VII using the annular 
reactor distribution system model.  
In contrast to the culturable subset of 
legionellae, the persistence and loss of total 
legionellae, when quantified by FISH showed 
an almost identical pattern to that of inert 
microspheres. This finding points out that the 
persistence of legionellae within the biofilms is 
much higher than revealed by culture-based 
methods, adding to the notion that their loss is 
best described in terms of loss of culturability 
rather than physical desorption. For example, 
the reduction in FISH-positive cells 
represented 75 ± 25% of the original amount, 
despite a 5-log10 reduction in culturable cells 
over the same period of time. In other terms, 
this study showed the importance of analytical 
methods and the respective interpretation of 
results, as was also the case in systems 
investigated in Papers I and II. 
The identical behaviour of FISH-detected 
legionellae to that of microspheres however 

implies that in microbiological studies spheres 
can function as an adequate surrogate for 
bacterial cells as demonstrated in Paper V.  
Bacteriophages were accumulated by biofilms 
in similar but low numbers throughout the 
distribution system, thus suggesting that 
influences other than biofilm biomass (i.e. 
direct interaction with substrata, resistance to 
disinfection) may have governed their fate. 
Despite differences in their initial 
accumulation, desorption in addition to loss of 
infectivity was the phenomenon most likely 
influencing the fate of bacteriophages over the 
course of the experimental period. The low 
numbers of bacteriophages recovered from 
biofilms at proximal sites could be explained 
in part by the minimal biomass coverage on 
coupon surfaces and the effects of 
disinfection. In other systems examined, the 
retention of bacteriophages has been shown to 
be a function of biofilm biomass (Storey and 
Ashbolt, 2001). The weak correlation between 
biofilm biomass and phage accumulation was 
also observed in different systems as 
presented in Paper V. 
With the exception of two instances where 
differences between chlorinated and UV-
treated systems were observed (higher 
accumulation of culturable legionellae in the 
chlorinated system and a generally higher loss 
of phages in the UV-treated system), the 
influence of the primary disinfection methods 
could not be resolved by the parameters 
investigated as presented in Paper III. 
Results from the investigated biofilms in this 
study did not show a significant barrier 
function in the sense of capturing and 
retaining model microorganisms and inert 
particles in the pilot-scale system. 
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6. CONCLUSIONS 

Though many of the mechanisms and processes of conventional drinking water treatment and 
distribution have been well described, many others remain for the most part unknown, and at best, 
poorly understood. One such example is the role that biofilms play in water treatment and 
distribution, as well as their barrier function in these environments. In addressing this knowledge 
gap, this thesis: 
 
 
Paper I  

• Demonstrated that glass slide techniques 
used for the in situ examination of sand 
column biofilms showed a possible bias 
toward selective colonisation, while the 
sand extraction method showed a bias 
toward the type of extraction used.  

• Significantly different proportions of 
major phylogenetic subgroups of 
Proteobacteria were obtained on glass slides 
compared to that within biofilm material 
extracted directly from the sand columns, 
particularly over time.  

• No such differences between the two 
approaches were observed in the spatial 
distribution (by depths of sandy aquifer) 
of microbiota. 

• The proportion of active cells decreased 
over time indicating oligotrophic 
conditions and a subsequently starving 
population.  

• Control of the efficacy of biofilm 
extraction by determining the amount of 
cells remaining on the sand grains, as well 
as control on the selective attachment–
growth on glass (by comparison to other 
materials), is suggested for further 
evaluation of both approaches. 

 

Paper II 

• Sandy aquifers were shown to effectively 
remove microorganisms and reduce AOC 
from treated raw water.  

• The relatively low metabolic status of 
sandy aquifer bacteria, and poor removal 
of TOC demonstrated that sandy material 
alone could not remove sufficient levels of 
TOC from water to meet performance 
targets and guidelines.  

• In situ analysis of sessile microbiota 
demonstrated low metabolic activity of 
indigenous microorganisms.  

• Indigenous (site-specific) bacteria, 
although showing the ability to reduce 
some NOM fractions, did not show 
significant growth on hydrophobic and 
hydrophilic NOM fractions.  

• Relatively poor performance of sandy 
columns could be attributed to  
- high concentrations of recalcitrant 

organic matter in raw waters; 
- low concentrations of AOC that 

generally trigger metabolic activity and 
cooperative degradation of organic 
matter; 

- properties of raw water that are 
characteristic for boreal regions; 

- physicochemical characteristic of sand 
particles; and 

- qualitative (structural) instability of the 
microbial population. 

 
• The findings of this study, related to and 

confirming findings in Paper I could to 
some extent describe column performance 
in terms of the microbiota.  
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• A deeper understanding of NOM in raw 
water may better elucidate the dynamics of 
bacterial metabolism in such systems.  

 
Paper III 

• The sparse coverage (density) of biofilm 
bacteria was not shown to act as a 
significant barrier in terms of capturing 
and retaining model viruses. 

• The accumulation of microspheres and 
FISH-positive legionellae was not 
dependent on biofilm density and their 
less rapid loss from biofilms could infer 
that their retention was most likely 
influenced by physicochemical properties 
of each model particle and the substratum.  

• Identical behaviour of FISH-positive 
legionellae to that of microspheres infers 
that their loss from the system was best 
described in terms of loss in culturability.  

• The persistence of legionellae within 
biofilms is much higher than revealed by 
culture-dependent methods.  

• Disinfection affected the accumulation of 
model viruses and culturable legionellae 
resulting in lower initial numbers at 
proximal (high disinfectant residual) sites 
than at distal (low residual) sites.  

• Primary mechanisms affecting the fate of 
model microbial “pathogens” were 
desorption, followed by disinfection and 
protozoan grazing (also Paper IV). 

• Different primary disinfection strategies 
(chlorination and UV-treatment) were not 
shown to have a measurably different 
impact on the accumulation and fate of 
model pathogens within biofilms in the 
pilot-scale distribution system nor on 
biofilms within the full-scale system (also 
Paper IV). 

 
Paper IV 

• With the exception of aeromonads, 
neither allochthonous (salmonellae, 

enterobacteria) nor autochthonous 
(legionellae) pathogens could be detected 
in either investigated (pilot- or field-scale) 
distribution system.  

• The two primary disinfection methods 
(UV-treatment and chlorination) had no 
significantly different influence on biofilm 
biomass in situ on either the pilot- or field-
scale, though this in part could be 
attributed to the effect of 
monochloramine that is added to either 
system prior to distribution.  

• Simultaneous investigations of pilot- and 
field-scale systems demonstrated the 
adequacy of the former as a model of the 
latter.  

• The proportion of metabolically-active 
cells in biofilms was low in both systems 
(20%) both prior to and after the change 
to UV treatment, suggesting that 
oligotrophic conditions (as found in 
Paper II) and low temperatures played a 
significant role in overall biofilm 
dynamics.  

• Protozoan activity was shown to play a 
significant role in controlling microbial 
numbers in biofilms as demonstrated in 
Paper III.  

• At distal sites biofilms behave like 
individual ecosystems less dependent on 
treatment and distribution disinfection 
strategies. 

 
Paper V 

• Biological pre-treatment showed a high 
efficacy in removing model bacteria 
(microspheres) but was of lower efficacy 
regarding the removal of virus-sized 
microorganisms (as was also shown in the 
artificial recharge in Paper I).  

• Total particles were removed at a higher 
degree than autofluorescent microalgae, 
and hydrophobic microspheres more than 
hydrophilic.  
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• This selectivity in removal of the particles 
emphasises the importance of introducing 
several different parameters for an 
adequate assessment of barrier 
performance.  

 
Paper VI 

• Results of investigations into the barrier 
function of chemical precipitation using 
challenge tests were shown to be 
dependent on the location of the dosage 
point and the type of challenged particle, 
in this case bacteriophages.  

• Bacteriophage φX174 was shown to be a 
more appropriate and more conservative 
surrogate for human enteric virus removal 
studies than bacteriophage MS-2. 

• For future studies, parallel investigations 
with different phages and enteric viruses 
might be a interesting way to standardise 
the use of model virus particles in 
assessing the barrier function of different 
treatment methods. 

 
Paper VII 

• As a model microbial pathogen, 
legionellae provided useful information on 
persistence, inactivation and detachment 

phenomena within a distribution system at 
low temperature. 

• The interaction with Acanthamoeba was 
shown to enhance the resistance of 
legionella to thermal disinfection by 
between one and two orders of 
magnitude. 

• Legionellae remained culturable at 
chlorine concentrations up to 0.2 mg.L-1. 
Such chlorine concentrations significantly 
reduced their numbers in sparse biofilms 
at proximal sites, as presented in Papers 
III and IV. 

• Detachment is one of the major biofilm 
processes, and this study showed that 
biofilm was sloughed from substrata under 
turbulent hydraulic conditions, with more 
than 90% of sessile microbiota mobilised 
into the bulk water phase. 

• Grazing protozoa were identified (as in 
Papers III and IV) as organisms of 
concern, thereby warranting further 
investigation, in particular within 
oligotrophic waters. 
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