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According to the Total Coliform Rule, coliform bacteria constitute the main indicator used to detect
microbial contamination in distribution systems. A major goal for water utilities is to prevent and
control coliform occurrences and noncompliance (with respect to regulations). However, the applied
solutions are sometimes successful only to a limited extent because of the variety of factors that may
give rise to these occurrences. It is therefore important to identify those factors—from the structure
and operation of the distribution system to the quality of the distributed water itself—that can
influence the occurrence of coliform bacteria in a distribution system. The use of the identified
factors makes the modeling of coliform occurrences attractive, and a number of approaches for
doing so have recently been proposed. This article provides a review thatincludes the mechanisms
of how coliform bacteria are introduced into treated and distributed drinking waters, the major
factors controlling the survival and regrowth of coliforms once introduced into the system, and the

modeling efforts carried out to explain or predict their occurrence.

Explaining the occurrence of

In distribution systems

he coliform group of bacteria is used worldwide as an indicator of the micro-

biological quality of drinking water (WHO, 1993). The group mainly con-

sists of several genera of bacteria belonging to the Enterobacteriaceae family,

mostly Escherichia, Klebsiella, Enterobacter, Citrobacter, and Serratia. The

detection of coliforms in tap water is supposed to indicate to utilities and
health authorities that a breach has occurred in treatment or in the distribution system,
allowing microbial (fecal) contamination of water to occur and thereby rendering it inap-
propriate for drinking.

In practice, coliforms are found quite often in tap water. However, the magnitude of
the health risk associated with their presence has been somewhat mitigated—a tolerance
of 5% for water samples testing positive for nonfecal coliforms on a monthly basis is
allowed in the United States (USEPA, 1989). This was done to take into account the fact
that several of these microorganisms occur naturally in the aquatic environment, orig-
inating from soil and vegetation (Kreig, 1984) or industrial activities (Archibald, 2000).
Because many coliforms are able to survive and regrow in a distribution system
(LeChevallier, 1990), their presence does not necessarily indicate recent contamina-
tion. It is also worth mentioning that bottled water has been shown to present coliform
occurrence rates that are similar to those in tap water samples (Warburton et al, 1998).

The validity of using coliforms as indicators of the microbiological quality of drink-
ing water may be questioned because coliforms are sometimes detected when there is
no evidence of contamination and they are sometimes not detected when pathogenic
organisms are found in the water. Craun et al (1997) reported coliform detection dur-
ing most (64%) of the waterborne illness outbreaks caused by bacteria, viruses, and
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TABLE 1

Entry Routes Priority

Prioritization of pathogen entry routes into distribution systems*

introduced as a result of intrusion into
the distribution system downstream
of the treatment plant (Craun &

Ranking Calderon, 2001). These two pathways

Water treatment breakthrough; transitory contamination;
cross-connection; water main repair or breakage

Uncovered storage facilities

New main installation; covered storage facilities;
deliberate contamination

High are usually very difficult to distinguish,
because only a very small fraction of
the total amount of treated water is
tested for coliforms, and intrusion into

Medium

Low

*Modified from Kirmeyer et al, 1999

the distribution system may be very
localized in time and space. In some

unidentified agents from 1983 to 1992 in the United
States. However, coliforms were only detected in a few
(35%) outbreaks caused by protozoa. Similar results have
also been reported in the United Kingdom (Furtado et
al, 1998). Other studies (Payment et al, 1997; Zmirou
et al, 1995; Payment et al, 1991) suggest that there is a low
but significant risk of gastrointestinal illness from the
consumption of water meeting the current bacteriologi-
cal regulations. To improve the link between fecal con-
tamination and regulations, Escherichia coli has been
proposed as a better indicator than total coliforms since
simple analytical techniques have recently been made
available (Edberg et al, 2000).

However, until the Total Coliform Rule (TCR) is
revised, water utilities will continue to use total coliform
bacteria to assess the microbiological quality of their
drinking water to comply with US regulations (Pontius,
2000). Consequently, efforts should be continued to pre-
vent and control total coliform occurrences and non-
compliance (with respect to regulations) and their possi-
ble association with contamination of distribution system
waters. It is thus important to identify the factors—from
the structure and operation of the distribution system to
the quality of the distributed water itself—that can influ-
ence the occurrence of coliform bacteria in the distribu-
tion system (Craun & Calderon, 1999). With this in mind,
this article provides a review including the mechanisms of
how coliform bacteria are introduced into treated and
distributed drinking waters, the major factors control-
ling the survival and regrowth
of coliforms once introduced
into the system, and the mod-
eling efforts made to explain
or predict their occurrence.

MECHANISMS OF COLIFORM
INTRODUCTION

Two primary mechanisms
are responsible for the intro-
duction of coliform bacteria
into a distribution system. Col-
iforms may break through into
treated water as a result of

inadequate treatment or be after staining with DAPL.

Suspension of coliform bacteria (Enterobacter

cloacae) is observed by epifluorescence microscopy

cases, epidemiological studies have
helped in identifying that leakage and
cross-connections, associated with low pressures, were
responsible for tap water contamination (Semenza et al,
1998). In other cases, the detailed identification of the
microorganisms involved has helped in identifying their
origin (O’Neill & Parry, 1997; Edberg et al, 1994). But,
in most cases, the origin of coliforms found in distribution
systems remains unclear. Recently, one study (Kirmeyer et
al, 1999) proposed a prioritization of entry routes into the
distribution system (Table 1). The study concluded that
as in treatment breakthrough, intrusion from transitory
low-pressure events, cross-connections, and pipe repairs
constituted a high risk of contamination.

Treatment breakthrough. Coliform presence in treated
water is seldom reported, which is logical because the
treatment is usually designed to inactivate or at least
remove bacterial contamination, and its efficiency is eval-
uated using coliform-indicator bacteria. Nevertheless,
this absence of coliforms in treated water may only be
apparent because of the very small fraction of treatment
effluents monitored, making the detection of a time-lim-
ited breakthrough illusory (the fraction of the volume
sampled for coliform analysis usually ranges from 1/106
to 1/10%). Low percentages of treated water samples test-
ing positive for coliform bacteria (<0.2%) have been
reported in treated water from two Canadian treatment
plants, one of which uses granular activated carbon (GAC)
filtration (Morissette et al, 1999). It is not known whether
these coliforms pass through the filters or grow in them.
Colonization of GAC filters with coliforms was demon-
strated by Camper et al (1985)
and was also suspected by Mon-
tiel and Welté (1999), who sys-
tematically recovered thermo-
tolerant coliforms from the
effluent of GAC filters during
periods of high summer tem-
perature (> 80% of the samples
tested positive).

Coliforms may also remain
undetected as a result of the cul-
tivation techniques used for col-
iform detection—some or all of
the coliforms may be injured
(and not killed) by disinfection
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and thus unable to grow on traditional
agar media. Various modified cultiva-
tion techniques have been proposed to
permit the enumeration of injured col-
iforms (McFeters, 1990; McFeters et
al, 1986; LeChevallier & McFeters, 80-
1985). Using modified cultivation tech-
niques, McFeters et al (1986) found
injured coliforms in the effluent of
three US facilities, and Craddock and
Castle (1997) detected injured col-
iforms in 10.4% of 173 treated water
samples from four treatment plants in
the United Kingdom, while routine
bacteriological tests indicated that only
0.6% of the samples were coliform-
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mainly associated with backwashing
of the sand filters.

Release of particulate matter in treated water may
facilitate the introduction of coliforms into the distribu-
tion system and may play an important role in treatment
breakthrough. Examination of the particles released from
GAC filter beds (Camper et al, 1986) showed that up to
17% of the samples contained carbon particles colonized
with coliform bacteria. It has, in fact, been shown that cel-
lular aggregation and attachment of bacteria to particu-
late matter result in the protection of microorganisms
from disinfection (Gauthier et al, 1999a; Morin et al,
1999; Stringfellow et al, 1993; Berman et al, 1988; Her-
son et al, 1987; Ridgway & Olson, 1982).

Coliforms may also be associated with other types of
particles such as invertebrates. Although most of the
invertebrates that enter a water treatment plant are usu-
ally trapped and removed, organisms such as nematodes,
rotifers, and protozoa have been observed in treatment
plant effluent by many authors (Gauthier et al, 1997;
Schreiber et al, 1997; Van Lieverloo, 1997; Brazos &
O’Connor, 1996).

The presence of these organisms in treatment plant
effluent may contribute to the introduction of coliforms
into the distribution system. Schoenen & Hoyer (2000)
have related the detection of total coliform in the treated
water of a German plant to the presence of the larvae of
gnats on filters and enumerated as many as 2 x 107
nonfecal coliform colony-forming units (cfu)/gnat larva.
Moreover, laboratory studies have shown that organ-
isms such as protozoa (amoebae and ciliates), nema-
todes, and amphipods can ingest bacteria such as
Escherichia coli or Enterobacter cloacae and protect
them from disinfection (Ding et al, 1995; King et al,
1988; Levy et al, 1986).

Another study (Lupi et al, 1995) conducted analyses on
the intestinal contents of nematodes isolated from treated
surface water and detected the presence of Enterobacte-
riaceae of environmental origin (up to 13 cfu/nematode),
the majority of which were Serratia. Particulate matter and
invertebrates might thus protect some coliforms from
treatment plant disinfection and transport them into the
distribution system.

In most cases, the presence of coliforms in treated
water results from inadequate treatment settings or per-
formance with respect to raw water quality. High bacte-
rial loads in the source water are often a result of rainfall
(Geldreich, 1996) and have been associated with higher
coliform occurrences in the distribution system (LeCheval-
lier et al, 1996b; LeChevallier et al, 1991). Several
hypotheses may explain such occurrences, including less-
efficient treatment in such conditions and change in
organic matter causing coliform regrowth downstream
in the distribution system. The latter hypothesis is sup-
ported by the lag between rainfalls and distribution sys-
tem coliform occurrences (LeChevallier et al, 1991).

Contamination of groundwater following heavy rains
combined with inadequate chlorine disinfection resulted
in the contamination of the Walkerton distribution system
(Canada) with E. coli O157:H7. The resulting major out-
break affected 1,346 people and killed at least 6 people
(Health-Canada, 2000). Contamination of groundwater
also resulted in recent E. coli outbreaks at a New York fair
(Yarze & Chase, 2000), in Ontario (Jackson et al, 1998),
in Europe (Chalmers et al, 2000), and in viral outbreaks
that were initially detected as a result of analysis for fecal
coliform (Haifliger et al, 2000; Kukkula et al, 1997). The
protection of groundwater catchment areas is crucial to
avoid contamination. For example, one study (Raina et al,
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TABLE 2

Factors

Factors related to increased coliform occurrence in the Seattle, Wash., distribution system*

Effect on Coliform Occurrences

Lack of adequate chlorine residual in distribution system pipes

No filtration of the source water

Presence of uncovered reservoirs

Presence of numerous storage tanks

Inadequate flushing program (dead ends only)
Corrosion-control program only initiated in 1982

Inadequate disinfection of the coliform bacteria

May increase the passage of coliform from the water source
into the system, allowing coliform attached to particulate
matter to pass through the disinfection barrier

Allows water contamination (particularly from birds and animals);
increases the water residence time in the system

May result in long water residence time, so that particulate matter
harboring coliforms tends to settle and accumulate in the tanks

Protection of the coliforms in pipe biofilm

Protection of coliforms in corrosion by-products, particularly in
unlined cast-iron pipes

*From Oliver and Pimentel, 1998

1999) observed significant association between the pres-
ence of E. coli in domestic well water and gastrointesti-
nal illness. In this case, the relationship depended on the
distance of the well from the house’s septic tank. In con-
trast, no recent outbreak has been associated with the
failure of surface water treatment plants to inactivate col-
iform organisms.

Therefore, the potential exists for coliforms to penetrate
into distribution systems. Coliforms may be present even
if they are not detected as a result of insufficient sam-
pling or difficulties in measuring them, either because of
their disinfectant-induced injured state or because of their
association with (bio)particles.

Intrusion. A high potential risk of introduction of col-
iform bacteria and enteric viruses into the distribution
system exists when transient negative pressure occurs in
pipelines (LeChevallier et al, 1999). The study conducted
by these authors indicates that fecal indicators and cul-
turable enteric viruses can be detected outside distribution
pipelines. Consequently, in a case in which there are pipe
leaks, there exists a potential portal of entry of microor-
ganisms into the distribution system during negative pres-
sure events originating from pump starting or stopping,
transmission main breaks, rapid opening or closing of
valves, loss of power, hydrant flushing, and other condi-
tions, especially on elevated sites (Kirmeyer et al, 1999).
[lustrating this path of intrusion, McMath & Casey
(2000) measured subatmospheric pressures at one distri-
bution system point downstream of the pumping station
of a UK system during surges. They observed that this
point (an air valve chamber) was flooded with dirty water
during wet weather, thus explaining the high coliform
failure rate in the corresponding distribution system area.

Contamination of the distribution system may also
occur when a water main breaks or is repaired. Two
major distribution line breaks were the suspected sources
of contamination in the Cabool, Mo., outbreak of E. coli
0O157:H7, which caused 243 known cases of diarrhea
and four deaths (Geldreich et al, 1992). Moreover, con-

tamination may also occur if cleaning and disinfection
procedures following repair are not adequately executed.
LeChevallier (1999) noted that the flushing velocity of a
repaired pipe is not always sufficient (often too low) to
totally remove contamination. Pizzi (1996) also noted
that a negligent worker with only a small amount of dog
feces on the sole of his boot could contaminate many
kilometres of pipes if disinfection following repair was
inadequate. Contaminated sediment introduction during
pipe repairs was also the main suspected cause of recur-
rent coliform occurrence in a dead-end area of a Canadian
distribution system studied by Gauthier et al (1999b).
Another study (Haas et al, 1999) reported that for 16%
of the utilities surveyed, 1% of the first samples taken
following new main disinfection showed a positive result
for total coliform. These authors supported—and com-
pleted—the current AWWA standards for such disinfec-
tion procedures.

Cross-connections, defined as connections between a
potable drinking water supply and a nonpotable, unde-
sirable, or contaminated source, may also pose a threat to
distribution system integrity (Herrick, 1997). Coliform
bacteria and contaminated water may be introduced into
distribution pipes from the backflow of water through
the cross-connections because of a differential in pres-
sure between the connected systems, especially during
low-pressure events in the distribution system. Lahti &
Hiisvirta (1995) reported two outbreaks in Finland caused
by cross- connections involving sewage and seawater,
both showing evidence of the presence of E. coli.

Numerous backflow incidents that have occurred
throughout the United States are listed on the website of
the American Backflow Prevention Association (1995),
demonstrating that almost any kind of liquid can penetrate
a distribution system through backflow. Garden hoses
are among the most common causes of cross-connections
(Herrick, 1997), and fire sprinkler systems may also be
problematic (Dubay, 1997). Nevertheless, a detailed inves-
tigation of the water quality in 84 wet-pipe fire sprinkler
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systems (Duranceau et al, 1998) has

shown that total coliforms were mostly FIGURE 2
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tors responsible for increasing the
number of coliform occurrences. Water
in closed storage tanks may also be contaminated if main-
tenance is inadequate. An outbreak of Salmonella
typhimurium in Missouri probably resulted from bird
contamination in a municipal water storage tank (Clark
et al, 1996). The tank had an inappropriate roof vent
and an uncovered hatch, which allowed free access to
wild birds. Feathers were also discovered in the tank. For
concrete tanks, contaminated water ingress through a
tank’s roof may also be detected by coliform presence in
the water, indicating that remedial action (roof repair)
needs to be taken (O’Neill & Parry, 1997).

Identification of the source of entry. For many utilities, the
origin of coliforms found in distribution systems remains
unclear, and multiple solutions are applied to eliminate
them (Kirmeyer et al, 2000). For example, the Washing-
ton, D.C., water supply system experienced a series of
microbial violations under the TCR between September
1993 and July 1996 (Clark et al, 1999). The passage of
coliform organisms into the distribution system result-
ing from treatment barrier breakthrough was evidenced
by the measurement of total coliforms in treated water
samples, but a sanitary survey of the storage facilities
and of the distribution system also indicated numerous
operational and maintenance deficiencies in the system,
which could favor the intrusion of coliform bacteria into
the distribution system from an external source (Clark
et al, 1999).

The City of Seattle also experienced total coliform
occurrences in 1993 and attributed them to a number of
factors (Table 2). Short-term actions consisted of the

adjustment of disinfectant residuals and the implemen-
tation of unidirectional flushing, which was very efficient
in controlling coliform occurrences (Oliver & Pimentel,
1998; Oliver & Harbour, 1995). The number of positive
samples for coliforms at the Metropolitan Water District
of Southern California was reduced by improving sampling
point protection and cleaning, thereby preventing air-
borne contamination (Gueco et al, 1999). In many other
cases, coliform problems were apparently solved by
increasing the disinfectant residual without clearly iden-
tifying the origin of the coliforms (Kirmeyer et al, 2000;
Norton & LeChevallier, 1997; Holt et al, 1995).

FACTORS AFFECTING COLIFORM SURVIVAL
AND GROWTH

Once coliform bacteria are introduced into a distrib-
ution system, they can be transported with the bulk flow
of water, colonize, and grow in biofilms on pipe surfaces
or in deposits. The ability of coliform bacteria to survive
and even grow in drinking water biofilms has been demon-
strated by many authors in pilot distribution system stud-
ies (Camper, 1996; Fass et al, 1996; Jones & Bradshaw,
1996; Camper, 1995; Standridge et al, 1995). Regrowth
of coliforms was also evidenced in a full-scale distribution
system (Edberg et al, 1994; LeChevallier et al, 1987).
The issue of coliform regrowth in drinking water has pre-
viously been reviewed by LeChevallier (1990).

Water temperature. Water temperature affects all
processes involved in microbiological water quality: micro-
bial growth rate, disinfection efficiency, decay of disin-
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fectant residual, corrosion rates,
and distribution system hydraulics
(increased water velocity from
increased consumer demand)
(LeChevallier, 1990). In most of
the reported cases, more coliform
occurrences have been noted in
distribution systems during sum-
mer months when water temper-
atures are at their highest (Olstadt
et al, 1998; Colbourne et al, 1991;
Wierenga, 1985; Hudson et al,
1983). Many authors (Besner et
al, 2001; Volk & LeChevallier,
2000; LeChevallier et al, 1996b; Volk & Joret, 1994;
LeChevallier et al, 1991) have associated coliform growth
with water temperatures higher than 15°C (59°F).

Type and concentration of disinfectant. Maintenance of
a chlorine residual throughout the distribution system is
usually recommended to minimize bacterial growth and
coliform occurrence. However, some European utilities
located in the Netherlands, Germany, Switzerland, and
France are successfully producing and distributing hygien-
ically safe and biologically stable drinking water with-
out a disinfectant residual (Klein & Forster, 1999; Van der
Kooij et al, 1999; Fokken et al, 1998; Lévi et al, 1992).
The application of multiple treatment barriers, the pro-
duction of biostable water, and the use of biostable mate-
rials for distribution infrastructures—as well as the appli-
cation of protective measures to prevent recontamination
in the distribution system—permit such a practice (Te
Welscher et al, 1998; Van der Kooij et al, 19935). In North
America, as well as in the United Kingdom, the use of
disinfectants remains the favored approach to control
microbiological water quality in the distribution system
(Trussell, 1999).

Although chlorine is less efficient for the inactivation
of biofilm bacteria than for bacteria present in bulk water
(Parent et al, 1996; Servais et al, 1995; Mathieu et al,
1992; Paquin et al, 1992; Van der Wende & Characklis,
1990), relatively low chlorine concentrations have, in
some cases, been successful in controlling the presence
of coliform bacteria in a distribution system. Free chlorine
thresholds varying from 0.05 to 0.5 mg/L in full-scale
distribution systems have been quite useful in keeping
the rate of occurrence of coliforms low (Besner et al,
2001; Volk & LeChevallier, 2000; Kiéné et al, 1999;
LeChevallier et al, 1996b; Volk & Joret, 1994), espe-
cially when combined with a good biological stability of
the treated water (Gatel et al, 2000). A pilot distribution
system study (Parent et al, 1996) showed that as soon as
chlorine could be detected in the system under study (0.1
mg/L), it inactivated the coliforms in the water phase.
The only question at this time is whether the disinfec-
tant really inactivates the coliforms or if they are still
viable but just nondetectable by cultivation on selective

Unidirectional flushing may remove deposit-associated

coliforms from distribution systems.

media (injured coliforms). This
uncertainty is undoubtedly pro-
moting the development of alter-
native methods for detecting col-
iform bacteria in water samples.

In contrast, many authors
have reported that even high
chlorine doses are ineffective in
controlling coliform occurrence.
Coliform-positive samples have
been reported to occur in distri-
bution systems with free chlorine
residuals ranging from 0.6 to 4.0
mg/L (Schreppel & Geiss, 1996;
Norton et al, 1995; LeChevallier et al, 1987; Ludwig et
al, 1985; Wierenga, 1985; Martin et al, 1982). Even
though increasing chlorine residuals has helped to control
coliform occurrence in some cases (LeChevallier, 1990;
Hudson et al, 1983), such chlorine increases may not
always be an acceptable solution because of the formation
of potentially carcinogenic disinfection by-products (DBPs)
(Marret & King, 1995).

Because the use of chlorine has several drawbacks
(taste, odor, halogenated compound formation) and does
not totally guarantee a coliform-free drinking water, some
utilities have looked at alternative disinfectants, such as
chloramines, to control microbiological quality in the
distribution system (Figure 1). Monochloramine is gen-
erally considered to be a less-effective disinfectant than free
chlorine because higher concentrations are needed for a
similar level of bacterial inactivation (Mathieu et al,
1992). However, because chloramine is a less-reactive
disinfectant, it is more stable than free chlorine and per-
sists longer in the distribution system. Its use is therefore
beneficial in water networks where it is difficult to main-
tain a free chlorine residual because of corrosion or high
water residence times (Song et al, 1998; Colbourne et al,
1991). However, many utilities first switched to mono-
chloramine as a secondary disinfectant in order to com-
ply with DBP regulations rather than to control total col-
iforms (Kreft et al, 1985; Mitcham et al, 1983).

The use of monochloramine also proved, in many
cases, to be more effective than free chlorine in control-
ling coliform growth in bench-scale units (Momba et al,
1999; Camper et al, 1997) and in full-scale distribution
systems (Norton & LeChevallier, 1997; LeChevallier et al,
1996b). The combination of monochloramine stability
and its superior ability to penetrate biofilm has resulted
in both greater efficiency with respect to attached organ-
isms and better coliform control (LeChevallier et al, 1990).
However, the use of monochloramine does not necessar-
ily represent the perfect solution to coliform occurrence
in the distribution system because it is less efficient than
free chlorine in controlling a sudden pulse of contami-
nation (Snead et al, 1980) and can lead to nitrification
episodes (Wilczak et al, 1996).
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Bacterial nutrients. In drinking water,
the limiting nutrient for the growth of
heterotrophic bacteria is usually the
biodegradable fraction of dissolved
organic carbon (DOC), even though
the limitation of bacterial growth
because of the availability of phos-
phorus has also been shown in some
distribution systems (Miettinen et al,
1997; Sathasivan et al, 1997). This
biodegradable fraction is usually ex-

FIGURE 3
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growth. Thus, bacterial regrowth may
be limited by decreasing the AOC and BDOC content of
the water leaving the plant.

Several attempts have been made to define the thresh-
old concentration of biodegradable organic matter below
which water can be considered biologically stable. One
study (Van der Kooij et al, 1989) proposed an AOC value
of 10 pg/L, and another (Servais et al, 1995) suggested a
BDOC value of 0.15 mg of carbon (C) per litre. Coliform
occurrences in the distribution system have also been
associated with higher water biodegradable organic mat-
ter content from AOC greater than 50 (LeChevallier et al,
1991) or 100 pg/L (Volk & LeChevallier, 2000; LeCheval-
lier et al, 1996b) and BDOC consumption in the distrib-
ution system higher than 0.15 mg C per litre (Volk &
Joret, 1994). The benefits generated by reducing the
biodegradable content of treated water through biologi-
cal treatment have been demonstrated for the microbio-
logical quality of water (Prévost et al, 1998) and for
biofilm density (Volk & LeChevallier, 1999). Similarly,
Laurent et al (1999) noted a reduction in the number of
positive coliform samples in a distribution system fol-
lowing the installation of a nanofiltration treatment.
Finally, certain lubricating oils were shown to release
substantial levels of AOC into the water, which could in
turn lead to increased bacterial growth (Sidorowicz, 1996;
White & LeChevallier, 1993). Oil for lubricating well
pumps has been associated with the occurrence of col-
iforms in community wells operated by a US facility
(White & LeChevallier, 1993).

Pipe corrosion and corrosion control. The intensity of
bacterial colonization of distribution system pipes is influ-
enced by pipe material characteristics (Niquette et al,
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2000; Verran & Hisset, 1999). It has also been shown
(LeChevallier et al, 1993) that corrosion has a major
impact on biofilm persistence in a chlorinated distribution
system and that both the type and the rate of corrosion
could affect the ability of chlorine to inactivate biofilm bac-
teria, including coliforms. Coliforms have been detected
in corrosion tubercles (Clement et al, 1998; Emde et al,
1992; LeChevallier et al, 1987; Martin et al, 1982). A
positive relationship has been found to exist between the
number of miles of unlined cast-iron pipe in filtered, free-
chlorinated distribution systems and coliform occurrences
in the study of LeChevallier et al (1996b), suggesting that
the corrosion of iron pipe surfaces is an important factor
affecting coliform occurrences.

Introduction of corrosion-control mechanisms may
therefore help to improve the effectiveness of chlorine
disinfection, favor the presence of a chlorine residual,
and enhance control of bacteria. Common mechanisms of
corrosion control include increasing pH, remineraliza-
tion, and the addition of phosphates or silicates. A higher
pH decreases metal solubility and reduces surface corro-
sion. Such treatment has been successful in controlling
the growth and occurrence of Klebsiella pneumoniae in a
chlorinated distribution system (Martin et al, 1982). Pilot-
scale studies (Volk et al, 2000; LeChevallier et al, 1993)
showed the beneficial use of phosphate-based corrosion
inhibitors to minimize the corrosion of iron pipes and its
subsequent increased effectiveness on chlorine disinfection,
allowing a better control of distribution system biofilms.

In a study of 31 US water utilities, LeChevallier et al
(1996b) also found that the use of phosphate-based cor-
rosion inhibitors was associated with lower coliform lev-
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els. In fact, coliform levels were 36% lower in free-chlo-
rinated distribution systems with phosphate levels > 0.1
mg/L than in distribution systems with lower phosphate
concentrations. The reduction in coliform occurrences
following application of corrosion inhibitors can be
explained by the fact that corrosion inhibitors reduce
three things: the microbial habitat by reducing the mass
of corrosion products on pipe surfaces, the adsorption
capacity of iron oxides, and the disinfectant demand of
existing corrosion products and the pipe surfaces (Aber-
nathy & Camper, 1997).

Sediment accumulation in pipes. Particulate matter in a
distribution system may originate from various sources,
including incomplete removal of particles from raw water,
release of fines from filters, precipitation of metal oxides
or calcium carbonate, external contamination in pipes
and reservoirs, postflocculation, biological growth, and
corrosion. The sedimentation of suspended particles to
form loose deposits may take place in areas with low-
flow conditions (particularly in dead ends or reservoirs).
The presence of coliforms in settled material in distribu-
tion systems has been shown in several studies (Lu et al,
1997; Oliver & Harbour, 19935; Schreiber & Schoenen,
1994; DeRosa, 1993). To remove sediments from water
pipes, flushing programs may be undertaken by water
utilities. Unidirectional flushing of the distribution system
(Figure 2), in which specific sections of mains are closed
in an organized and sequential manner so that water
flows in a single direction from a clean to a dirty area, have
been reported to generally improve water quality and
diminish coliform occurrences (Antoun et al, 1999; Oliver
& Pimentel, 1998).

MODELING THE OCCURRENCE OF COLIFORMS

The development of coliform predictive models has
been attempted to predict, both in time and space, coliform
regrowth in the distribution system. Four predictive mod-
els (Table 3) have been found in the literature and com-
pared. These models are a combination of differential
equations and/or statistical or probabilistic approaches.
They usually include the influence of classical water qual-
ity parameters known to affect coliform regrowth, such
as water temperature, total count of bacteria, residual
chlorine, and organic matter. However, because it is known
that the occurrence of coliforms in a distribution system
does not result from regrowth alone, some authors (Gau-
thier et al, 1999b; Fang et al, 1997) have proposed the use
of an alternative approach using a dynamic visualization/
data-based approach that takes into account water qual-
ity data as well as many other types of parameters, such
as treatment breakthrough and distribution system intru-
sion to explain coliform occurrence.

Coliform predictive models. Model based on threshold
values. The AL.COL (Alerte coliformes) model of Volk
and Joret (1994) was developed to predict coliform occur-
rences in the full-scale distribution systems of the Parisian

suburbs, and it is based on weekly water quality moni-
toring data from five network sampling sites. As shown
in Table 3, threshold values associated with an increased
frequency of coliform occurrence have been established to
define a level of risk at each sampling site resulting from
the combination of the threshold values exceeded each
week. Application of the model has shown that coliform
occurrences were often preceded by an elevated risk (three
or four positive criteria) at least one week before the col-
iform occurrence. During the whole study, the probabil-
ity of coliform occurrence varied between 26 and 63%
when the four criteria were positive, and the probability
was < 1% when none of the thresholds was exceeded.

Log-logistic autoregressive multivariate model. Further
studies of the Parisian suburbs’ distribution systems led to
the development of a log-logistic autoregressive multi-
variate model for the prediction of coliforms (Gatel et
al, 1995). Using the same water quality parameters as
the AL.COL model, the authors collected 40 to 60 sam-
ples per week from March to September for a four-year
period (1992 to 19935) to develop the model. To predict
the weekly percentage of coliform-positive samples on
the network under study, the authors used a log-logistic
autoregressive multivariate model (Table 3). The «, B,
and \ parameters were estimated from the weekly values
and determined using a Metropolis-Hastings—type algo-
rithm. Results showed that the model was strongly influ-
enced by the total direct count of bacteria, whereas tem-
perature and chlorine appeared to be less-important
factors and the consumption of organic matter could be
eliminated. Model predictions (expected percentage of
coliform-positive samples) for the weekly data of 1992 and
1994 were shown to correlate well with the observed val-
ues, with an R2 coefficient of 0.75.

Tree-based statistical models. One study (LeChevallier
et al, 1996a) proposed the use of a tree-based statistical
model to describe how a set of predictor variables could
relate to coliform occurrences in the distribution system.
Classification tree models were used for unfiltered and fil-
tered water systems, and a regression tree model was
used for the general occurrence of coliforms. The tree
models were developed from sampling data from 31 US
water systems collected every two weeks for an 18-month
period. As shown in Table 3, a larger number of vari-
ables was used to model the presence or absence of col-
iforms in comparison to the other existing models. The
model resulted in the inclusion of a filtration step, dead-
end disinfectant residual, and temperature variables. The
classification rule resulted in few false-positives (i.e., sam-
ples predicted to be coliform-positive but that were in
reality coliform-negative), but many false-negatives (i.e.,
samples predicted to be coliform-negative but that were
in reality coliform-positive). A separate classification tree
model for filtered systems was attempted, but the occur-
rence of coliforms in filtered systems was not frequent
enough to apply an accurate statistical model using the cur-
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TABLE 3

Coliform predictive models

Volk & Joret, 1994

Gatel et al, 1995

LeChevallier et al, 1996a

Gale et al, 1997

Model parameters

Model type

Prediction type

Total coliforms;
temperature (T°);
total bacteria count
estimated by epi-
fluorescence microscopy
(TDC*); total chlorine
residual; consumption of
biodegradable dissolved
organic carbon between
water treatment plant
outlet and sampling
point (ABDOC)

Threshold values:
To > 150C;
ABDOC > 0.15 mg/L;
TDC > 5.2 log;
total Cl, < 0.10 mg/L

Level of risk—No risk:
0 or 1 threshold value

Total coliforms;
temperature (T°);
total bacteria count
estimated by
epifluorescence
microscopy (TDC); FRC;
consumption of BDOC
between water treatment
plant outlet and sampling
point (ABDOC)

Log-logistic autoregressive
multivariate model:
e, q = flom + BX, \)
in which m,, 1 is the proportion
of coliform-positive
samples for week t + 1, a is the
autoregressive coefficient,
X:is the variable values at time t
(FRC, To, TDC, ABDOC), B is
the 5 coordinates vector
(Brrer BT Broc: Baspoc: Bm)
with B, corresponding to a
constant for the average effect,
\ is the structural parameter
allowing variations between
log and log-logistic functions

Expected percentage of positive
coliform samples

Total coliforms;
AOC; TOC; turbidity;
temperature; ammonia;
nitrate; phosphate;
alkalinity; hardness;
disinfectant type and
concentration at plant
effluent, midpoints
or dead ends of the
system; code for
filtered system or not

Tree-based statistical
models: Classification
trees for unfiltered and
filtered systems;
regression tree for
coliform occurrences

Definition of predictor
variables for coliform

Total coliforms; THB—
detected by pour-plate
method with yeast-extract
agar incubated for 24 or
48 h at 37°C or 72 h at
220C; temperature; total
chlorine residual; color,
turbidity, TOC and metallic
ions (infrequent records)

Generalized linear model-
ing method: Ln (p/ [1- pl)
= ag + aq X Temperature +
ay x [Total chlorine] + a3 x
[THB] in which pis the
probability of coliform
detection in a 100-mL
volume and oy, a4, oy, and
ag are the constants
whose values are
estimated from the data

Overall number of coliform
positive samples

exceeded; slightly
exposed: 2 or 3 threshold
values exceeded;
exposed: 4 threshold
values exceeded

Time of prediction | Following week Following week

Area of prediction | At specific sampling sites

system

Over the entire distribution

occurrences

NAT

For the overall
group of 31
distribution
systems

Per year

Distribution system zones

*TDC—total direct count of bacteria, BDOC—biodegradable dissolved organic carbon, FRC—free chlorine residual, AOC—assimilable organic carbon, TOC—total

organic carbon, THB—total heterotrophic bacteria
TNA—not applicable

rent methodology. A regression tree model for coliform
occurrence was also developed. This model showed that
in general the highest coliform occurrence rate (13.3% of
positive samples) was obtained when phosphate levels
(related to corrosion control) were low, the level of alka-
linity was low, and the temperature was high.
Generalized linear modeling method. A regression
model has been proposed by Gale et al (1997) with data
collected from 13 UK water companies. The companies
(divided into distribution zones) provided statutory water
quality monitoring data for one or more years between
1990 and 1994 (Table 3). The authors of the study used
a generalized linear modeling (GLM) method to deter-
mine the probability of coliform detection in a 100-mL
water volume. However, following the validation process,
because the predicted probabilities of coliform occur-
rence in 100-mL water samples were very low, the over-
all number of coliform-positive samples for groups of
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related zones (according to type of disinfectant used,
water source, and treatment train) per year was rather
established as the predicted parameter. As observed from
the validation of some companies’ models (between years
and between similar zones in a company’s distribution
network), the number of positive coliform samples pre-
dicted over distribution zones was generally close to the
number observed.

Advantages and limitations of the coliform predic-
tive models. Each modeling technique used to predict
coliform occurrences has its advantages and limitations.
The determination of threshold values (Volk & Joret,
1994) is basic and may be considered quite simple and easy
for water utilities to apply. However, the use of statistical
methods for coliform prediction probably provides mod-
els that are more soundly based. The GLM method used
by Gale et al (1997) is the only methodology able to iden-
tify when a model is incomplete, i.e., when modeled pa-
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rameters (chlorine and total heterotrophic bacteria) are not
able to fully explain differences in coliform occurrences
between zones of distribution, and that further zonal
information is required. Because the GLM method showed
that many water company models were incomplete, it
emphasized the need to consider factors other than water
quality parameters to explain coliform-positive samples.
The major strength of the model by Gatel et al (1995) is
the inclusion of an autoregressive component that allows
the prediction of the coliform-positive samples for the
week to come by using the information available for the
prior week and the prediction that was made for that
time period. This model is the only one to take previous
predictions into account.

Many limitations are associated with the use of these
models. Predictions in time may vary from weekly pre-
dictions (AL.COL and log-logistic autoregressive multi-
variate models) to yearly predictions (Gale et al, 1997).
As for the tree-based model, the authors themselves found
that it clearly lacked the statistical power needed for pre-
diction (LeChevallier et al, 1996a). Specific distribution
system locations (sampling points) likely to experience
coliform-positive samples are often missing. Apart from
the AL.COL model, spatial prediction concerns distrib-
ution zones within a water company (Gale et al, 1997) or
a whole distribution system (Gatel et al, 1995) assum-
ing homogeneity of the variables throughout the distrib-
ution system, which is surely too simplistic. As noted by
LeChevallier et al (1996a) following their examination of
commonalities among 31 water systems, better predic-
tive models could probably be obtained by examining
data for individual systems. All those models predict only
the presence/absence of coliforms in samples; no infor-
mation is given with respect to concentration values.

Limitations associated with these models may be related
to the poor content of coliform databases, because col-
iform occurrence rates in distribution systems are low
and traditional coliform detection methods provide zero
or near-zero values most of the time (Gale, 1996). Fur-
thermore, water quality data used for model construc-
tion are usually not collected for this specific purpose,
which may result in infrequent records for some param-
eters. Consequently, modeling coliform occurrence is quite
a difficult task. The application of those models is also spe-
cific to the zones or to the distribution system where they
have been calibrated, meaning that parameter optimiza-
tion is necessary for each zone/distribution system with
respect to local operating conditions. Few data are avail-
able on the subsequent application of those models by
water utilities. In a recent study, Volk & LeChevallier
(2000) proposed a variation of the AL.COL model based
on three parameters (temperature, AOC, and dead-end dis-
infectant residual) collected for a group of distribution sys-
tems. This led to a probability of coliform occurrence of
16.1% when the three criteria were exceeded. However,
it was found that the model had a low level of prediction

accuracy and that further refinements were necessary to
obtain more reliable results.

Dynamic visualization/data-based approach. Because
water quality parameters are clearly insufficient to explain
coliform occurrence in a distribution system and the pa-
rameters affecting regrowth are not completely known,
identified, and measured, modeling approaches seem to
have hit a wall. This has led to the use of a dynamic visu-
alization/data-based approach to better understand water
quality variations. Such an approach combines hydraulic/
water quality simulation models and geographic infor-
mation systems (GIS-type software), allowing the user to
account for numerous parameters such as distribution
system structure, operation, and maintenance as well as
water quality information. The only limitation of this
approach is that its effectiveness is dependent on the
extent of the available databases (Barcellos, 2000; Gau-
thier et al, 1999b; Boulos et al, 1997; Fang et al, 1997;
Pena, 1995; Deininger et al, 1992). Fang et al (1997)
reported the development of a program put in place by the
City of New York that integrates routine monitoring
activities, hydraulic modeling, GIS software, data analy-
sis, and special local investigations to identify and facil-
itate coliform problem remediation. This program has
resulted in a significant decrease in coliform incidence
since 1994.

Besner et al (2001) and Gauthier et al (1999b) have
used an approach that combines structural, operational,
and water quality parameters (Figure 3), and they were
able to associate coliform recurrence in a section of the
Montréal, Que., distribution system to the contamina-
tion of a large-diameter pipe with low water velocity,
where breaks were reported in 1995. Improvements con-
sisting of the addition of a visualization/exploration tool
for database queries have been made to this approach by
Besner et al (2000). This was done to facilitate the study
of the impact of distribution system interventions on
water quality.

Because coliform occurrence may be triggered by var-
ious factors and these factors are not easily quantifiable,
it seems unrealistic to try to predict short-term, localized
contamination. It is thus more important to improve our
understanding of coliform occurrence so that we will
eventually be able to quantify the parameters involved. The
consideration of multiple databases—combined with their
visualization—is a key element in this process.

Modeling perspectives. The use of artificial neural net-
work (ANN) models could constitute a new research
avenue for coliform prediction. ANNSs have the capacity
to learn from examples and to generalize to previously
unseen data, as well as the ability to handle nonlinear
relationships. At this time, this type of model has not
been used extensively in the field of drinking water treat-
ment and distribution. Rodriguez & Sérodes (1996) used
an ANN modeling approach to estimate the disinfectant
dose adjustments required during water rechlorination
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in storage tanks, and Skipworth et al (1999) predicted
the oxidation reduction potential at single and multiple
points within a distribution system. Moreover, using
ANN:s for coliform prediction would require large data-
bases for building strong models, and, as long as col-
iform data show values below detection levels or zero
values, ANN model development will be difficult. In fact,
this is probably true for any type of model. As an alter-
native, the use of atypical bacteria (i.e., noncoliform bac-
teria on m-Endo agar) as a supplemental indicator group
could be considered, as suggested by Brion et al (2000).
That study successfully used atypical bacteria and ANNs
for pollution ranking and source identification in a sur-
face water reservoir. The development of more “sensi-
tive” coliform detection methods that would yield other

than zero values could also help support the building of
such models.

SUMMARY AND CONCLUSIONS

Obviously, distribution systems play a major role in
maintaining the quality of treated water. Detection of
coliform organisms in a distribution system may result
from multiple factors and not only from the type of con-
tamination (treatment breakthrough/intrusion). Coliform
occurrence may be greatly affected by the following dis-
tribution system features:

e The hydraulics influence the transport of contami-
nants, the deposition/resuspension of particulate mater-
ial, the residence time of the water in the system, and the
occurrence of low pressure.
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detection is biased by transport and survival mecha-
nisms in the distribution system, which are difficult to
quantify. Therefore, greater understanding of coliform
occurrence is needed to eventually enable quantification
of the parameters involved. Because the tools currently
available are not adequate, the development of new
approaches, which should involve the consideration of
multiple databases, is essential. This is critical because
water quality information is necessary, but often not
wholly sufficient, to explain coliform occurrence in a
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made available to increase the chances of identifying
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predict is also strongly influenced by the results obtained
by the coliform detection methods that “unfortunately”

give zero values in 90 to > 99% of the cases, it is also sug-
gested that new methods allowing for higher values be
accepted with a view to understanding, but not regulat-
ing, coliform presence. The combination of a more effec-
tive detection method and an analytical tool integrating
a variety of parameters should greatly help water utili-
ties in identifying the causes of water quality problems
and, consequently, allow them to apply corrective mea-
sures to eliminate coliform occurrence from their distri-
bution systems.
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