










1. Within the fenced premises of Sisački vodovod,
next to the Veliko Trojstvo Water Reservoir
(Water retention time: 20–24 h)

2. Within the fenced premises of Sisački vodovod,
next to the Ivajak Dosing Station (Water
retention time: 24–36 h)

3. Crnac settlement, Sisak, within the Sisak
Wastewater Treatment Plant (48 – 72 h)

4. Prelošćica settlement, Sisak. Inspection
manhole near the morgue in Prelošćica (Water
retention time: 48–72 h)

5. Lukavec Posavski settlement, Sisak. Above the
inspection manhole next to the road, near the
Gušće ferry crossing (> 72 h)

6. Within the fenced premises of Sisački vodovod,
next to the abandoned Sunja drinking water
treatment facility (Water retention time: > 72
h)





MICROORGANISMS 
&

DRINKING WATER





• Biofilms are complex microbial
communities attached to pipe
surfaces and embedded in an EPS
matrix, which provides structural
stability and protection against
environmental stress and
disinfectants.



Microbial group Typical representatives Role / relevance in drinking water biofilms

Bacteria
Pseudomonas, Acinetobacter, Sphingomonas, 

Aeromonas, Bacillus
Dominant biofilm-forming microorganisms; EPS 
production, attachment and biofilm maturation

Opportunistic pathogens
Legionella pneumophila, Pseudomonas aeruginosa, 

non-tuberculous Mycobacterium spp.

Can persist and proliferate within biofilms; 
increased resistance to environmental stress and 

disinfection

Faecal / indicator bacteria Escherichia coli, Enterococcus spp., coliform bacteria
Usually associated with contamination events; 

may survive or persist within established biofilms

Nitrifying microorganisms Nitrosomonas, Nitrospira, Nitrobacter
Oxidation of ammonia and nitrite; may contribute 

to nitrification and disinfectant decay

Iron- and manganese-related bacteria Gallionella, Leptothrix and related organisms
Associated with mineral deposition, corrosion 

products and discoloration

Fungi Filamentous fungi and yeasts
Participate in organic matter degradation and 

contribute to structural complexity of the biofilm

Protozoa / free-living amoebae Acanthamoeba, Vermamoeba and other protozoa
Graze on bacteria but may also provide protected 

intracellular niches for pathogens such as 
Legionella

Archaea Methanogenic and ammonia-oxidizing archaea
Usually less abundant; contribute to specific 

nutrient-transformation processes

Viruses / bacteriophages Bacteriophages and other viruses
Influence bacterial abundance, community 

structure and horizontal gene transfer

Microbial composition of drinking water biofilms



Water-Quality Indicators Suggesting Biofilm Development

Indicator in bulk water Pattern suggesting biofilm development Significance

Residual chlorine ↓
Gradual and recurrent decrease in Cl₂ residual along
the distribution system / increased chlorine decay

Biofilm, EPS and deposits increase disinfectant demand

ATP ↑
Gradual or persistent increase in cATP above the
site-specific baseline

Indicates an increase in active/viable microbial biomass; cATP > 1
pg mL⁻¹ has been used as an action trigger in some systems, but is
not a universal threshold

Total / intact cell count ↑ Sustained increase in FCM cell counts Indicates increased microbial biomass and/or regrowth

HPC ↑ Gradual increase above the established baseline
Supports evidence of microbial regrowth, but represents only the
culturable fraction and is insufficient as a stand-alone indicator

Turbidity ↑ / recurrent
spikes

Intermittent peaks, particularly following changes in
flow or pressure

May indicate biofilm/deposit detachment and resuspension

Particle count ↑ Peaks associated with hydraulic disturbances May indicate detachment of biofilm, EPS and deposits

Fe/Mn ↑
Periodic metal mobilization coinciding with
increased turbidity/particle counts

May indicate corrosion–deposit–biofilm interactions

TOC/DOC/AOC changes
Increased organic carbon availability or systematic
changes along the distribution network

Provides substrate for microbial growth and may be associated
with biofilm/EPS dynamics

ORP ↓
Persistent shift toward lower oxidation–reduction
potential

May indicate conditions increasingly favorable for microbial
activity

Specific microbial signals
PCR/qPCR/16S analyses show recurrent increases in
specific microorganisms

Supports the presence of an established microbial community
rather than a single transient contamination event

Acute contamination
sudden event → microbial spike ↑ → 
E. coli/coliforms may appear → 
turbidity ↑ → event passes / moves 
downstream

Biofilm development
• gradual Cl₂ decay
• persistent ATP ↑ 
• FCM cell counts ↑ 
• recurrent HPC ↑ 
• periodic turbidity/particle spikes 

after hydraulic disturbances 
• possible Fe/Mn release 
• repeated microbial signature at 

the same location 
→ HIGH PROBABILITY OF BIOFILM 
DEVELOPMENT



Parameter CFU / HPC ATP

What does it measure?

Microorganisms 
capable of forming 
colonies under 
defined culture 
conditions

ATP associated with microbial 
biomass

Result CFU/mL
RLU or ATP concentration, 
depending on the method

Detects VBNC cells? No
ATP from metabolically active 
non-culturable cells can be 
detected

Time to result 1–3+ days Minutes

Dependence on culture 
medium / incubation 
conditions

Very high
Low compared with culture-
based methods

Information on microbial 
activity / biomass

Limited
Yes – particularly 
microbial/cellular ATP

Biofilm-specific? No No

Water-Quality Indicators 
Suggesting Biofilm Development









Detection challenge Why it matters

Non-culturable 
microorganisms

Many biofilm microorganisms do not grow
on standard media.

VBNC cells Cells remain viable but do not form colonies.

Low-abundance pathogens
Microorganisms may be present below the
detection limit.

Heterogeneous biofilm 
structure

One sample may not represent the whole
pipe biofilm.

EPS matrix protection
Cells may be strongly embedded and difficult
to detach.

PCR inhibition
EPS, metals and organic matter can reduce
molecular detection efficiency.

Dead-cell DNA qPCR may detect DNA from non-viable cells.

The VBNC State Is Particularly Important

Viable ≠ Culturable
• Under stress conditions such as residual

disinfectant exposure, nutrient limitation,
temperature stress and other adverse
environmental conditions, some bacteria may
enter the VBNC (viable but non-culturable)
state.

Such cells may remain:
• Metabolically active → Unable to form colonies

on conventional culture media → CFU =
low/negative → Still detectable by DNA/RNA-
based or metabolic activity methods

This phenomenon is particularly relevant for
microorganisms of concern in drinking water
systems, including Legionella spp., Pseudomonas
spp., Escherichia coli, and other bacteria.

Challenges in Biofilm Detection and Characterization



Method Typical conditions* Main effect

Free chlorine / NaOCl ~10–50 mg L⁻¹, 0.5–2 h
Oxidation and microbial 

inactivation

ClO₂ ~0.5–2 mg L⁻¹, 1–4 h Oxidation; activity within biofilm

Monochloramine ~3–10 mg L⁻¹, ≥2 h
Slower action, but prolonged 

penetration

H₂O₂ ~5–50 mg L⁻¹, 0.5–2 h
Oxidative damage; generally,

requires higher exposure

Peracetic acid ~5–20 mg L⁻¹, 0.5–1 h
Strong oxidation and microbial 

inactivation

High-velocity flushing Increased shear stress
Detachment of loosely attached 

biofilm/deposits

Pigging / mechanical cleaning
Physical contact with pipe 

wall
Removal of mature biofilm, EPS 

and deposits

Combined treatment
Cleaning → disinfection → 

flushing
Usually most effective approach

Biofilm Control and Removal in Drinking Water Systems

• These values - literature-
reported treatment ranges
rather than universal
operational
recommendations.

• The actual disinfectant
concentration and required
contact time depend on pipe
material, pH, temperature,
organic load, biofilm age and
thickness, and drinking water
quality requirements.



Issue Why it occurs Potential consequence

Formation of disinfection by-
products (DBPs)

Chlorine and other oxidants react with
natural organic matter, biofilm
components and pipe deposits

Formation of THMs, HAAs and other
halogenated/oxidation by-products

High disinfectant demand
Biofilm, corrosion products, Fe/Mn
deposits and organic matter consume
disinfectant

Reduced effective disinfectant
residual and need for higher doses

Release of biofilm fragments
Oxidation and hydraulic shear detach
biomass from the pipe wall

Temporary increase in turbidity,
microorganisms and organic matter

Mobilization of 
metals/deposits

Changes in redox conditions and pH may
destabilize corrosion scales

Increased Fe, Mn and potentially
other metals in flushed water

Residual disinfectant in 
flushing water

High concentrations used for shock
disinfection remain after treatment

Potential toxicity to aquatic
organisms if discharged directly

Re-growth after treatment
Inactivation does not necessarily remove
the EPS matrix

Surviving cells may recolonize the
remaining biofilm structure

Oxidative degradation of
plastic pipes

NaOCl and especially ClO₂ can promote
oxidative ageing of HDPE/PE, leading to
polymer-chain scission, surface
roughening and deterioration of
mechanical properties

Release of micro- and nanoplastics,
increased leaching of organic
compounds/additives, enhanced
surface roughness and potentially
greater biofilm attachment

Challenges During Pipe Disinfection

Formation of Disinfection By-Products (DBPs)

BIOFILM + DISINFECTION → DBP FORMATION

Biofilm / EPS
polysaccharides • proteins • extracellular DNA • cellular material

↓
Disinfectant exposure

chlorine / other oxidants
↓

Biofilm oxidation & cell damage
↓

Release of dissolved organic matter
↓

Reaction with disinfectant
↓

DBPs
THMs • HAAs • chlorite/chlorate • bromate • other transformation products

AquaGuardian shifts the focus from monitoring disinfectant residual alone to understanding the entire chain: 
biofilm → organic precursors → disinfection → DBPs → potential health risk.



• USA / AWWA approach

TRC ≤ 0.01 mg L⁻¹ for receiving streams/wetlands
↓
Dechlorinate → Measure → Verify → Discharge

• EU approach

No single harmonized EU limit specifically for 
pipe-disinfection flushing water
↓
Water Framework Directive + EQS framework + 
national discharge requirements

Challenges During Pipe Disinfection
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