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ABSTRACT
Studies have shown that "adequate" residual disinfectant concentration leaving the water
treatment plant does not guarantee control of bacterial regrowth. From a regulatory point of
view utilities are concerned with the presence of bacteria in the bulk water of their distribution
systems. However, these bacteria very likely originate from attached growth on the pipe walls.
The relationship between attached and unattached (bulk-water) bacteria is complex and not well
understood. This research was directed toward investigating the factors influencing both
attached and unattached bacteria in two distribution systems that use different disinfectant
strategies. The City of Durham uses chlorine while the City of Raleigh uses chloramines by
addition of ammonia to chlorine. This comparison is especially important in North Carolina
because many water utilities are interested in switching from chlorine to chloramines in order to
meet new U.S. Environmental Protection Agency @PA) regulations related to reduction of
chlorine disinfection byproducts. Regrowth was measured by h'eterotrophic plate count (HPC)
using R2A agar. An experimental apparatus and analytical procedures were developed to
measure the attachment of bacteria. A comparison was made of attachment to cast iron, ductile
iron, and glass during exposure to low and high concentrations of chlorine and chloramine.
Monthly sampling of bulk water over 17 months at 10 stations provided about 160 measurements
of each chemical and microbial parameter considered important in assessing the bacterial
regrowth problem. The average assimilable organic carbon (AOC) was found to be high enough
to support bacterial regrowth if the disinfectant residual concentration was low but not
necessarily as low as the detection limit of about 0.2 mgL.
Maintenance of sufficient disinfectant residual depends on control of oxidant demand, but this
could strongly depend on minimizing corrosion within the system. Chloramine seems to offer
greater promise in controlling this growth because it persists at higher concentrations for a longer
time in the distribution system. Notwithstanding its stability, given enough time and the
presence of oxidant demand, chloramine will decrease as was evident at one of the 10 stations
included in Raleigh. In addition, excess ammonia led to nitrification which fbrther decreased
chloramine residual. The effectiveness of controlling regrowth by either flushing (Durham), or
switching from chloramine to chlorine for one month (Raleigh) is doubtfbl. This research
showed that the HPC returned in a short time to values found before either control measure.
Measurement of attached growth showed that high concentrations existed on the surface of cast
iron and ductile iron pipe material in the absence of disinfectant residual. More important,
attached growth existed even when the bulk-water disinfectant concentration was high; this was
true for both chloramine and chlorine residuals. A simple regression model revealed that the
most important factor affecting HPC was disinfectant residual although to a much lesser extent,
temperature, AOC, and pH were shown to be important. However, a more powefil statistical
approach combined with more frequent data collection at more sampling sites would be needed
to yield better results from regression modeling but at considerable expense. The alternative is a
mechanistic model of the regrowth process or better yet, a mechanistic model that accounts for
uncertainty in parameter estimation.
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SUMMARY AND CONCLUSIONS
Monthly sampling in both the Durham and Raleigh distribution systems over 17 months at 10
stations provided about 160 measurements of each chemical and microbial parameter considered
important in assessing the bacterial regrowth problem. The study was unique in that the
effectiveness of chlorine could be compared against that of chloramine for finished waters that
were otherwise very similar in water quality characteristics. Both waters had similar amounts of
organic matter that could support bacterial growth if the disinfectant residual was low. The
average assimilable organic carbon (AOC) was 87 pg/L in the Durham system and 112 pg/L in
the Raleigh system. But as important was the highly variable nature of AOC. The standard
deviation was almost 50% of the mean (41 pgL) in Durham with a maximum value of 268 pg/L.
The standard deviation was 8 1 pg/L (almost 75% of the mean) in Raleigh and the maximum
value was 71 1 pg/L. To put these values in some context, the conclusion from a recent survey of
3 1 U. S. water distribution systems (LeChevallier et al., 1996a) was that free-chlorinated systems
with average AOC levels greater than 120 pgL had 82 percent more coliform positive samples
and 19 times higher bacterial densities (per 100mL) than fiee-chlorinated systems with average
AOC levels less than 93 pg/L. Thus, the potential for bacterial regrowth in both the Durham and
Raleigh should be considered high. Accordingly, sufficient disinfectant residual must be
maintained.
The disinfectant residual is a key determinant of whether regrowth can occur. Over this study
period, the average chlorine residual was about 1 mgL in the Durham system with a standard
deviation of 0.6 mg/L but the minimum was less than 0.1 mg/L (the practical detection limit).
The average chloramine residual was about 2.8 mgL in Raleigh with a standard deviation of 1
mg/L and again, the minimum was about 0.1 mg/L. Thus, there were sample locations in both
systems that would favor regrowth of bacteria because of low disinfectant residual. Maintenance
of sufficient disinfectant residual depends on control of oxidant demand. The rate of oxidant
demand can be greater within the distribution system than in the finished water leaving the water
treatment plant. One explanation is that corrosion products that are generated within the system
may offer more oxidant demand than organic matter in the finished water.
The data from both Durham and Raleigh failed to support a strong negative relationship between
heterotrophic plate counts (HPC) using R2A media and disinfectant residual. While the highest
HPC values were associated with the near absence of residuals, from 10 to 1000 colony forming
units (ch)/rnL were found at free-chlorine residuals of up to 1 mg& and combined chlorine
residuals of up to 3 mg/L. At any disinfectant residual in the low to middle range, the HPC
measured at different locations or different times ranged over several orders of magnitude.
These observations could suggest that factors other than disinfectant residual are important
determinants of regrowth. For example, a low chlorine residual in combination with low
substrate concentration as measured by AOC and low winter temperature may produce far less
growth than the combination with high substrate concentration and high summer temperature.
Thus, a multi-parameter approach would be needed to understand regrowth occurrences. In
addition, the measurement of HPC may not be precise enough to produce a well-defined
relationship with chlorine residual even if other factors are not important.
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Chloramine may offer greater promise in controlling this growth because it persists at higher
concentrations for a longer time in the distribution system. This is supported by the lower
average HPC in the Raleigh distribution system compared to the Durham system. For reference,
a survey of 3 1 U. S. distribution systems showed that the average density of coliform bacteria
was 35 times higher in free-chlorinated systems than in chloraminated systems regardless of the
AOC level (LeChevallier et al. , 1996a). Nonetheless, bacterial regrowth is possible at dead ends
or other locations where distribution system hydraulics cause long water residence times. This
was very evident at Station FS 6 in Raleigh. Although chloramine residual is more stable than
chlorine, given enough time and the presence of oxidant demand, chloramine will decrease.
Comparative statements about the effectiveness of chlorine and chloramine for control of
regrowth must be carefully interpreted. A decrease in suspended bacterial count is a measure of
the alleviation of a symptom of regrowth but it is not conclusive evidence of control of attached
growth. In fact, a disinfectant could be more effective against suspended bacteria than attached
bacteria, as the literature suggests for free chlorine. In that case, Eee chlorine may decrease the
suspended bacterial count but increase the attached bacterial count. The only way to determine if
regrowth has been controlled is to measure both the suspended and the attached bacteria.
The control of ammonia addition to form chloramines at the treatment plant without distributing
water with excess ammonia (i.e., free ammonia) is critical to minimizing regrowth. On more
than one sampling occasion, the free ammonia concentration leaving the water treatment plant
was far too high (from 1 to 2.6 mg/L). The long water residence time at one station (FS6) in
Raleigh caused chloramine concentration to be low even when ammonia was not entering the
distribution system in high concentration. The result was a chronic problem of bacterial
regrowth. The presence of ammonia only serves to exacerbate this problem because nitrification
lowers the chloramine residual as a result of a chemical reduction reaction with nitrite, the
intermediate in the production of nitrate.
The effectiveness of controlling regrowth by either flushing (Durham), or switching from
chloramine to chlorine for one month (Raleigh) is doubtful. This research showed that HPC
returned in a short time to values found before either control measure.
Measurement of attached growth in specially designed, pipe section tests showed that high
concentrations (up to lo9 cells per cm2) existed on the surface of cast iron and ductile iron pipe
material in the absence of disinfectant residual. However, it was equally important to observe
that attached growth existed even when the bulk-water disinfectant concentration was high; this
was true for both chloramine and chlorine residuals. The roughness of the surface and chemical
reduction of disinfectant residual by surface reactions can protect microorganisms against
inactivation. Although not proven in this research, it is postulated that bacteria measured in the
bulk water originate from the release of attached growth when disinfectant residual is low. This
seems reasonable given that the time to promote growth in the bulk water is very limited. The
first generation of mathematical models to predict regrowth are also suggestive of this
mechanism. Little is known about the role of distribution system hydraulics in promoting release
of attached growth.
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Quantifying the interaction among several variables responsible for bacterial growth by a
regression model proved very challenging and cannot be considered successfi.d. If AOC were to
be included in linear regression analysis, only about 50% of the 160 sets of data for each water
utility (10 stations and 16 monthly values) could be included because AOC data were not
collected for all samples. This analysis revealed that the most important factor affecting HPC
was disinfectant residual although to a much lesser extent, temperature, AOC and pH were
shown to be important. If AOC were to be excluded fiom the statistical analysis, almost all the
data sets could be included and the result was a power-law type of relationship as shown below:
Durham HPC(cWmL) = 5.7xRESIDUAL(mg/L)-'.* (R2 =0.54)
Raleigh

~/L)-~.~~
HPC(cllmL) = ~ ~ ~ X R E S I D U A L ( ~ (R2=0.35)

Despite including 107 data sets fiom Durham and 89 from Raleigh, the R~for both regressions
was very low. These results reemphasize the complexity of describing regrowth by a simple
regression model. For instance, growth may not correlate strongly with temperature due to
offsetting effects. A decrease in temperature at first glance may be thought to decrease growth;
however, it may also cause a slower rate of disinfection that could offset the lower bacterial
growth rate. Similar complications arise with respect to interpreting a correlation of regrowth
with AOC data. A high AOC may be interpreted to encourage bacterial growth but only if the
disinfectant concentration is also low or the temperature is high, the latter resulting in rapid
depletion of disinfectant residual. A low AOC may correlate better with high bacterial counts
because substrate has been utilized at that particular sampling station to produce growth.
A more p o w e h l statistical approach combined with more frequent data collection at more
sampling sites may yield better results from regression modeling but at considerable expense.
The alternative is a mechanistic model of the regrowth process or better yet, a mechanistic model
that accounts for uncertainty in parameter estimation.
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RECOMMENDATIONS
Water utilities should take advantage of the R2A agar method for measuring bacterial
regrowth in their distribution systems; this method is far more sensitive than the standard
plate count technique.
Residence time analyses within distribution system should be performed either with a
fluoride tracer test or with a hydraulic model (preferrably, the tracer test should be used to
calibrate the hydraulic model); this will establish the locations where regrowth is potentially
a problem and thus the location of sampling sites.
More sampling sites (current study was restricted to ten) and greater frequency of sampling
(current study was restricted to monthly) are needed within large distribution systems such as
Durham and Raleigh to develop a more meaningfbl regression analysis than was possible in
this study; the locations can be selected based on residence time analyses.
The factors that influence disinfectant demand within the distribution system need to be
better understood. As one example, Lu et al. (1999) divided the percent contributions to
chlorine demand as follow: 11% to water; 57% to cast iron pipe; 25 % to deposits on the
pipe; and 7% to fixed biomass. In particular, more attention should be given to the impact of
corrosion and its effect on wall demand; this will require purchase of corrosion monitoring
equipment.
Because sufficient disinfectant residual is key to controlling regrowth, the use of state-of-theart computer models for distribution systems should be investigated for prediction of the
spatial and temporal variability of the disinfectant residual. This will require development of
a good hydraulic model of the distribution system and calibration of the disinfectant wall
demand.
For water treatment plants that utilize chloramine as the final disinfectant, care should be
taken to control the ammonia-to-chlorine ratio to avoid excess ammonia in the distribution
system. Locations with long residence time are especially susceptible to nitrification.
The level to which biodegradable organic matter needs to be removed in water treatment in
order to minimize regrowth, even if disinfectant residual is low, needs to be better
under stood.
More sophisticated mathematical models to predict bacterial regrowth need to be developed
that include the uncertainty inherent in estimates of cause and effect factors such as:
disinfectant dose-bacterial survival; pipe material/condition-bacterial attachment; pipe
material/condition-disinfectant demand; substrate concentration-bacterial response; and water
velocity-bacterial shear.

9. HPC measured in the bulk water does not provide sufficient information to determine the
extent of regrowth. Modified corrosion coupons (e.g., made of cast iron) inserted throughout
distribution system could be used to establish if a correlation exists between suspended
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(bulk-water HPC) and attached growth. However, the coupons need to be located near the
pipe wall and not directly into the flow stream so as to simulate hydrodynamic conditions
under which growth occurs.
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INTRODUCTION
Bacterial regrowth in distribution systems is linked to the development of a biofilm (i.e., attached
growth) on pipe walls. Biofilm development occurs because biodegradable organic material
(BOM) and inorganic nutrients are present in finished drinking water. LeChevalier and his coworkers (LeChevalier et al., 1987, l988a,b, 1992, 1993, 1996a,b) have written extensively on
these and other factors that influence regrowth. These and other papers have shown that
"adequate" residual disinfectant concentration leaving the treatment plant is not sufficient reason
to disregard bacterial regrowth as a possibility for the following reasons: (1) certain bacteria can
survive even in the presence of disinfectant (e.g., LeChavalier et al. 1988b, Ridgway and Olson,
1982); (2) disinfectant demand is exerted over time of travel of the water in the distribution
system thus lessening the disinfectant residual, especially in dead-end mains; (3) corrosion may
increase oxidant (disinfectant) demand thus encouraging more microbial growth (e.g., Ridgway
and Olson, 1981; LeChevalier et al., 1993); ( 4 ) not all disinfectants are equally effective against
bacterial regrowth; in fact, chlorine has been noted as less effective than monochloramine even
though it is generally considered a stronger oxidant (e.g., LeChevalier et al., 1988b; Yu and
McFeters, 1994); and (5) once attached growth is established, more disinfectant demand is
exerted and even aggressive flushing programs may not completely remove them (Chadderton et
al. 1993).
The continuous or semi-continuous detachment of some fraction of the attached growth in the
absence of adequate disinfection residual can cause unattached bacteria to reach the customer's
tap. Although utilities are concerned from a regulatory point of view with the presence of these
unattached bacteria in distribution systems, they are very likely the result of attached growth.
Thus, the relationship between attached and unattached bacteria is important but not well
understood.
The largest study to date of regrowth included 3 1 U.S. cities (LeChevallier et al., 1996a,b).
While usefbl as a statistical data base to relate regrowth to causative factors, there are reasons to
be cautious about application to water utilities in North Carolina. First, only three of the utilities
included in the study (Norfolk, Virginia; Newport News, Virginia; and Charleston, South
Carolina) have the combination of relatively high water temperature, high natural organic matter
content and low hardness (the last related to corrosivity which can impact regrowth) that would
be common to many water utilities in North Carolina. Second, of the 3 1 utilities, 10 are very
large metropolitan areas (e.g., Philadelphia, Pennsylvania; Cincinnati, Ohio; Seattle, Washington;
and Greater Vancouver, British Columbia) which makes the distribution system characteristics
(residence time and dead ends) much different than in small to medium size cities in North
Carolina. Third, the large size of this research project precluded measurements of attached
growth taken from pipelines to support water quality data; neither did it include details concerning
dead-end locations and pipeline maintenance (e.g., flushing programs) at each site.
The overall goal of this research project was to compare regrowth in the distribution systems of
Durham and Raleigh, North Carolina. These two cities were selected specifically because
Durham uses free chlorine whereas Raleigh uses combined chlorine. The impact of disinfectant
strategy on bacterial regrowth is still open to debate although the literature suggests that regrowth

is better controlled by chloramine than chlorine (Norton and LeChavallier, 1997). A direct
comparison of disinfectant strategies is especially important in North Carolina because many
water utilities are interested in switching from chlorine to monochloramine in order to meet new
EPA regulations related to reduction of chlorine disinfection byproducts. The effect of
disinfectant strategy on regrowth could be isolated fairly well in these two cities because other
important factors were considered to be similar. First, the watersheds are in close proximity to
one another and land use is similar; thus, the chemical characteristics of both raw waters are
similar. Second, the treatment plants in both cities use conventional water treatment thus
producing finished water with similar chemical characteristics. Both finished waters would be
considered to have a fairly high level of total organic carbon (TOC) and thus have a potentially
high level of assimilable organic carbon (AOC) for regrowth. Although the Raleigh distribution
system serves more customers, the range of age of pipes, pipe materials, and residence time of
water are similar as well.
The specific objectives of the research project were:
1. Collect monthly samples from 10 sampling stations for 17 months in each distribution system
and measure TOC, AOC, free- and combined chlorine, heterotrophic plate count (R2A agar
method), inorganic nutrients (ammonia, nitrate, nitrite and phosphate), and temperature;
2. Measure attached growth on different pipe materials at one location in each distribution
system in the presence of the background chlorine concentration and in the absence of
chlorine; and
3. Use statistical techniques to identify the important factors influencing the extent of regrowth
in each system.

BACKGROUND
THE NATURE OF ATTACHED GROWTH
Many of the microorganisms that are in treated drinking water are disinfectant resistant organisms
(either heterotrophic or autotrophic) of no sanitary significance. When these are introduced into
the distribution system either from the treated water or during pipeline repairs, they may become
the pioneering species to establish a biofilm on the pipe surfaces. Having established a biofilm in
which other microorganism can flourish, these pioneering species will often be joined by other
species. (Geldrich, 1996).
The composition of the attached growth community is highly variable. Large populations of
diatoms, algae, and filamentous and rod-shaped bacteria were frequently discovered in main
encrustations collected at different water utilities across the United States in a study conducted by
Allen et al. (1980). The variety among these communities was evident in a study conducted by
Ridgway and Olson (198 1). The attached growth was scattered over the surface and very
heterogeneous in its morphology. The types of structures found included rod and chain-forming
cocci, filamentous and prosthecate cell types, extracellular fibrillar appendages for attachment,
and helical stalks characteristic of the iron bacterium Gallionella. Density of attached growth is
also quite variable. Tuovinen and Hsu (1982) found viable organisms to range from 3.1 to 40 x
lo8 colony forming units (ch) per gram of turbercles from pipe surfaces in the distribution system
of Columbus, Ohio. The turbercles contained sulfate reducers, nitrate reducers, nitrate oxidizers,
ammonia oxidizers, sulfir oxidizers, and other unidentified HPC.
Several public health issues arise from attached growth. While coliform bacteria are seldom
present in high concentrations in biofilms on pipe surfaces and most of these are not of fecal
orgin, they have been detected. This can lead to interference in detection of coliform of fecal
origin (Geldrich, 1996). Non-coliform attached growth organisms may become opportunistic
pathogens (Burke, et al., 1984; LeChevallier, et al., 1996a; Seidler et al., 1977; and Rogers and
Keevil, 1992 ). Camper et al. (1985) indicated that entehc pathogens might persist and grow in
biofilms on granular activated carbon; the same may occur in distribution systems. Finally, some
attached organisms can cause taste and odor problems. Bacterial genera implicated so far as of
possible concern are: Pseudomonas, Flavobacterium, Arthrobacter, Acintobacter, Sarcina,
Micrococcus, Proteus, Bacillus, and A ctinomycites (Geldreich, 1996). In addition to bacteria,
virus attachment is possible as noted in one recent pilot-scale of poliovirus-1 (Quignon et al.,
1997).
An "adequate" residual disinfectant concentration leaving the treatment plant is not suacient
reason to disregard the possibility of bacterial regrowth. Certain bacteria can survive even in the
presence of disinfectant (LeChevallier, et al., 1988a; Ridgway and Olson, 1982; Wierenga, 1985).
Even if the disinfectant is effective, oxidation reactions occurring during the time of travel of the
water in the distribution system can reduce the disinfectant residual, especially in dead-end mains.
Corrosion may increase this demand thus encouraging more microbial growth (e.g. LeChevallier
et al.; 1993; Ridgway and Olson, 1981).

Not all disinfectants are equally effective against bacterial growth; in fact, chlorine has been noted
as less effective than monochloramine even though it is generally considered a stronger oxidant
(LeChevallier et al., l988b; Jacangelo and Olivieri, 1985). Once attached growth is established,
more disinfectant demand is exerted and even aggressive flushing programs may not completely
remove them (Chadderton et al., 1993).
FACTORS FOUND TO INFLUENCE REGROWTH
The cause-and-effect relationship has not been well established'because many interdependent
variables are involved. However, distribution system hydrodynamics, temperature, pipe materials,
the amount of utilizable carbon for substrate, inactivation rate by disinfectants, and choice of
disinfectant have been identified as important.
The hydrodynamics of a distribution system depend on the pipe network design, the location of
dead-end mains and the daily and seasonal variation in water demand. When water demand
decreases, the bulk concentration of disinfectant may decrease due to increased residence time
that allows for more oxidant demand to be exerted. Low disinfectant residual at longer residence
times, especially in dead-end mains, has been noted to lead to regrowth (LeChevallier et al.,
1996a; LeChevallier et al., 1987). Densities of bacteria in the water reportedly reached 1o6
bacteria per rnL at the dead ends in a New Jersey city system (LeChevallier et al., 1987).
Changes in water demand directly affect water velocity but the relationship to bacterial attachment
and growth is complex as evidenced by the differences in research conclusions (Donlan and Pipes,
1988; Percival et. al., 1998). High demand and thus high velocity can increase shear stress on
attached growth leading to detachment (Powell and Slater, 1982) although a higher disinfectant
concentration in the bulk water produces a counteracting affect.
Temperature influences treatment plant efficiency, microbial growth rate, disinfection efficiency,
dissipation of disinfectant residuals and corrosion rates. In general, the occurrence and density of
coliform bacteria has been found to increase in water at temperatures above 15"C. For example,
LeChevallier et al. (1996b) examined 3 1 water systems in North America and found an 18-fold
increase in coliform occurrences in fi-ee-chlorinated systems when the water temperature changed
from 0 to 5 ' to
~ >20°C. Using the Wilcox nonparametric test they also found a statistically
significant difference between the occurrence of coliform bacteria between waters 4 5 ° C and
>15'~. Some studies have not shown a positive relationship between temperature and regrowth
(Camper, 19%). Other variables can confound the temperature effect. For instance, higher
temperatures in summer are also often accompanied by increased nutrient levels and turbidities,
which have been implicated in increasing regrowth events (Geldreich 1996). Additionally, some
utilities have found high microbial activity at cold (<lO°C) temperature due to adaptation
mechanisms (LeChevallier et al., 1996b).
Nutrient status is also important. Carbon, nitrogen, and phosphorous in the approximate ratio of
100:10:1 respectively are necessary for bacterial activity. Of the organic carbon, only the
biodegradable fraction is important. Various experimental procedures are available to measure
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the biodegradable fraction, among these being the assimilable organic carbon (AOC) (APHA,
1995) and biodegradable dissolved organic carbon (BDOC) (Allgeier et al., 1996).
AOC is determined with a bioassay using PseudomonasfIuorescens Strain P- 17 and Spirillum sp.
Strain NOX (Van der Kooj, 1992; Van der Kooij, 1982). Each species is inoculated into replicate
samples of drinking water. The maximum growth as colony forming units is then determined after
1-week incubation with the water sample. This value is related to the concentration of limiting
organic substrate using a standard yield value. The P- 17.strain was selected because it has great
metabolic versatility while the NOX strain is able to utilize the less readily available oxalate
carbon (carboxylic acids). Total AOC is calculated as the sum of the individual bioassay values.
BDOC is measured more easily than AOC. Batch samples of water are incubated for a specific
time (e.g., 5 days) with a source of attached growth on sand filter material from the water
treatment plant. BDOC is the difference between the initial and final dissolved organic carbon.
AOC has been correlated with regrowth of heterotrophic bacteria including coliforms (Van der
Kooij, 1992; LeChevallier et al. ,1987: LeChevallier et al., 1996a). Van der Kooij et al. (1992)
determined that heterotrophic bacteria could be kept to acceptable levels if the AOC was less than
50 pg C L . AOC was noted by LeChevallier et al. (1987) to decrease throughout the distribution
system, possibly due to its utilization by biofilm organisms. In the 18-month survey of 3 1 water
systems in North America, LeChevallier et al. (1996a) found that systems with persistent coliform
problems had some of the highest AOC levels. The geometric mean of AOC levels in systems
that maintained fiee-chlorine residuals of >1.0 mg/L at dead-end sites was 131 p a , while
systems that maintained low free-chlorine residuals (0 to 0.2 mg/L) had AOC levels of 72 p g L .
It was hypothesized that higher chlorine concentrations were associated with higher AOC due to
conversion of non-biodegradable to assimilable organic carbon by chemical oxidation.
Pipe materials can influence the bacterial attachment process. Steel and iron surfaces exert a
localized chlorine demand due to corrosion reactions. Corrosion also leads to turbercles that
form a protective microenvironment for biofilm organisms (Martin et al., 1982). Coliforms and
relatively high levels of HPC organisms (especially Arthrobacter) have been found in association
with tubercles in some distribution systems (LeChevallier et al., 1987). When distribution system
materials were compared in a model pipe system, the accumulation of bacteria on unlined castiron pipe was higher than on PVC pipe (Neden et al., 1992). Biofilm growth decreased after
application of a corrosion inhibitor (Martin et al., 1982). A reduction in corrosion rate could
lessen the chemical reduction of chlorine, thus providing more residual and less opportunity for
regrowth.
LeChevallier et al. (1 988), Ridgway and 0lson (1982) and Wierenga (1985) have all noted that
biofilms developed on surfaces despite the presence of a disinfectant residual. Mechanisms by
which coliforms may survive in chlorinated systems include encapsulation, association with
tubercle material, cell clumping, adhesion to pipe surfaces or suspended particulate matter, and
encapsulation within suspended solids (Hudson et al., 1983). Bacteria may also be able to adapt
under some conditions and increase their resistance to chlorine (Wierenga, 1985); alteration of the
structure of the cell surface could lead to enhanced cell clumping and thus more protection.

Some have argued that monochlorarnine is more effective in controlling attached bacteria but the
counter is that fiee chlorine is more effective for unattached bacteria provided that the residual is
sufficient. LeChevallier et al. (1988a) observed that biofilm bacteria grown on the surfaces of
granular activated carbon particles, metal coupons, or glass microscope slides were 150 to 3000
times more resistant to fi-ee-chlorine disinfection than unattached cells. In contrast, the resistance
of biofilm bacteria to monochloramine disinfection was 2 to 100 times that of unattached cells.
Monochloramine has been suggested to penetrate and inactivate biofilm bacteria more effectively
than the other chlorine, even though it is a slower-reacting disinfectant (LeChevallier, et al.,
1993). One explanation is that monochlorarnine reacts specifically with nucleic acids,
tryptophane, and sulhr-containing amino acids but fails to react with sugars such as ribose
(Jacangelo and Olivieri, 1985). Free chlorine reacts with a wider variety of compounds and,
therefore, may be consumed more rapidly in the biofilm matrix. In a 1994 survey, 19.9 percent of
surface suppliers and 4.4 percent of groundwater suppliers in the United States were estimated to
use chlorarnines in their treatment plants (LeChevallier et al., 1996a). However, this number will
probably increase significantly because of more restrictive EPA limits on chlorine disinfection
byproducts that will become effective in the next few years.
Evidence already exists for regrowth potential in the Raleigh system (Johnson and McMillan,
1997). Three out of five AOC values measured from dead-end mains in the Raleigh distribution
system on August 3, 1995 were 125, 171 and 188 pg/L as acetate which are all well in excess of
50 pg/L suggested by other studies as sufficient to stimulate significant regrowth. Four of five
other measurements of AOC in storage tanks and pump stations of Raleigh system on August 3 1,
1995 gave values between 113 and 171 p g L as acetate.
I
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STATISTICAL APPROACH TO CAUSE AND EFFECT RELATIONSHIPS FOR
REGROWTH
A regression tree model was used to relate coliform or HPC bacterial occurrences to nutritional,
chemical and physical parameters in a large study of 3 1 water distribution systems (LeChevallier
ef al., 1996b). Despite having a rather large data base (1,179 time intervals with biweekly
sampling), the authors noted that the tree model lacked the statistical power to predict coliform
occurrences. Part of the problem was due to the very low coliform occurrence, not exceeding
about 1.5 percent in their study. While these occurrences are important from a public health
perspective, the consequence of infrequent occurrence is large and expensive monitoring
programs to produce the statistical power needed for prediction. Many samples are needed to
obtain a large enough date base for statistical analysis.
The regression tree model resulted in absence of filtration in water treatment as the single best
predictor of coliform; next was a dead-end residual of less than 0.035 mg/L chlorine; and third
was a temperature of greater than 163°C. With regard to AOC, it was concluded that:
"On average, fiee chlorinated systems with average AOC levels greater than 120 pg/L had 82
percent more coliform positive samples, and bacterial densities (per 100mL) were 19 times higher
than free-chlorinated systems with average AOC levels less than 93 pg/L (p=0.024)." The choice
of the disinfectant and disinfectant level was also important. For example, the average density of

coliform bacteria was 35 times higher in free-chlorinated 'systems than in chloraminated systems
regardless of the AOC level.
METHODS FOR MEASURING ATTACHED GROWTH
Biofilm bacteria are typically removed from their substrateby scraping with a sterile scalpel blade,
cotton wool swab, burette brush, or rubber policeman and then homogenized to disrupt cell
aggregates (LeChevallier et al., 1990, Percival et al:, 1998, Baribeau et al., 1996). Sonication of
the films by probe or water bath is also possible (Percival et al., 1998, Quignon et al., 1997);
recoveries of 80-85% have been recently reported (Percival et al., 1998). Once microorganisms
are detached from a surface, many techniques can be used for enumeration. Heterotrophic plate
counts are most commonly used to measure the number of viable organisms. One increasingly
common technique is the R2A agar method under aerobic conditions using a standard serial
dilution and spread plate or membrane filtration with incubation at 28 O C for 7 days (Reasoner and
Geldrich, 1985). Standard Methods (APHA, AWWA and WEF, 1995) recommends that either
the R2A or NWRI agar media be used for heterotrophic plate counts. With respect to the Plate
Count Agar media method, Section 9215A of StandardMethoh states "This high-nutrient agar,
widely used in the past, gives lower counts than R2A or NWRI agar. It is included for
laboratories wishing to make comparisons of media or to extend the continuity of old data."
The acridine orange direct count (AODC) is usehl in complex environmental samples where
bacteria are mixed with abiotic particles; thus, it is ideal for biofilm samples. The acridine orange
stain reacts with nucleic acids and fluoresces red or green when irradiated with ultraviolet light
under epifluorescent illumination (Francisco et al., 1973). Removed biofilm samples can be
serially diluted, stained, and filtered onto filters previously stained with Irgalin Black (Hobbie et
al., 1977). Alternatively, when organisms do not exceed 200 organisms per microscopic grid, it is
possible to use in-situ staining on biofilms formed on glass cover slips (Percival et al., 1998).
Potential exoproteolytic activity can be used to estimate the fixed viable biomass of drinking
water biofilms (Fontigny et al., 1987 and Somville and Billen, 1983). Non-fluorescent L - leucine
B - naphthylamine will fluoresce when its peptide-like bond is hydrolyzed to B - naphthylamine
(BN) by the exoproteolytic enzymes of the cells within the biofilm ( Baribeau ei al., 1996; Laurent
and Servais, 1995). The increase in fluorescence with time can be measured with a fluorometer to
determine the exoproteolytic activity of the sample. This method is especially convenient for
measuring biofilm biomass in distribution systems because the bacteria are not removed from the
pipe surface.
Other techniques can distinguish the number of metabolically active bacteria which would be very
important for attached growth in distribution systems. catabolic and anabolic processes include
reactions that are responsible for bacterial maintenance, growth, respiration, and motion. In this
way, information about the activity of bacteria in biofilms can present a clearer picture of how the
physiological dynamics within a system change over time and how these dynamics differ among
different biofilm communities.

The CTC reduction assay makes use of 5-cyano-2,3-ditolyl tetrazolium chloride, a redox dye
which becomes colorless and nonfluorescent when oxidized (Rodriguez et al., 19%). This stain
acts as an electron acceptor in competition with oxygen. Once CTC is reduced inside the cells an
insoluble fluorescent CTC-formazan red granule is formed that can be seen by epifluorescence
microscopy. Due to the bright red fluorescence of CTC-formazan, actively respiring bacteria can
be easily distinguished from surrounding abiotic particles. AODC can be used in conjunction with
this dye to determine the direct total cell counts. The fraction of cells with the incorporated red
granule can be distinguished as the fraction of the total cells respiring in the system. In-situ
determinations are possible (20-200 organisms per grid) so that the metabolic activity can be
determined under actual biofilm conditions.
Even more sophisticated measurements of activity are possible such as incorporation of (methyl3
H) thymidine into the DNA of biofilm bacteria.. This method estimates the rate of thymidine
incorporation into cells, and thus, the rate of substrate turnover in the system (Pollard and
Greenfield, 1997). This measurement can add substantially to the understanding of activity
differences between biofilm communities.
Microbial biofilms may also be viewed by light microscopy used in conjunction with computer
enhanced microscopy (CEM) to study their structure, formation, and distribution (Lawrence, et
aL, 1989). However, this technique can be used only during the early stages of biofilm
.
development before cell cover becomes too dense.
Scanning confocal laser microscopy (SCLM) offers detailed and intact visualization and
determination of 3D relationships of cells and is especially useful for thick biofilms. SCLM
eliminates out-of-focus haze and makes possible horizontal and vertical optical sectioning (0.2-pm
intervals) and 3D computer reconstruction from optical thin sections (Wolfaardt et al., 1994).
PILOT AND FULL-SCALE INVESTIGATIONS OF ATTACHED GROWTH
Pilot systems can be used to determine the influence of different water quality parameters on fullscale distribution systems. Practical operational conditions such as shear stress, pipe materials,
temperature, disinfectant type and concentrations, and other water quality parameters such as the
concentration of BDOC can be controlled.
A study by Haudidier et al. (1988) is typical of a pipe loop pilot system. The system consisted of
six individual pipe loops of cement-lined pipe with insertion locations for test coupons of various
materials. Each loop could be operated in series to simulate discrete residence times along a
pipeline or as a perfectly mixed reactor. Advantages of such a system include: residence time can
be simulated independently of shear stress; the individual loops can be modeled as completely
mixed-flow reactors (CMFRs); and water quality and pipe material can be altered to simulate
conditions on actual distribution systems.
The RotoTorque system (RTS) is an annular reactor design that provides a more convenient pilot
system than pipe loops. An inner PVC cylinder rotates while the outer cylinder remains
stationary. Water is passed continually through the reactor. Small coupons of pipe material are

attached to the inner cylinder. The annular space between the inner and outer cylinders and the
rotational speed are designed to simulate the velocity and shear stress within a distribution system
pipe. Residence time is controlled by the water flow rate. Typically, four of these reactors are
placed in series to simulate plug flow conditions and thus the effect of residence time on bacterial
attachment and detachment. If the wash-out rate of water fiom each reactor is faster than the
growth rate of the organisms, the biofilm processes of growth and detachment control the number
of organisms in the bulk water (Characklis, 1990).
One of the drawbacks of the RTS design is in simulating plug flow by four CMFRs in series. The
more CMFRs in series, the closer is the approximation to plug flow. The fewer the CMFRs, the
greater is the "averaging" of bacterial attachment, detachment, reattachment rates as well as
disinfection rates.
Small coupons of pipe material can be inserted into pipe sections to investigate regrowth under
full-scale conditions (Percival et al., 1998). In contrast to pilot-scale studies, full-scale testing
does not allow for varying system parameters such as disinfectant concentration to investigate
cause and effect relationships because this water must be delivered to the consumer. Nonetheless,
the results show attachment when subject to the variability experienced in actual systems.
A summary of attached growth measurements on different pipe materials taken from tests in fullscale distribution systems, with and without disinfectant, is given in Table 1 (Neden et al., 1992).
KPC as measured by the R2A agar method were >500 colony forming units (cfu)/mL in about
50% of the sampling months in the absence of disinfectant. The occurrences were less fiequent in
the presence of 0.3 mg/L free chlorine (20%) and even less frequent in the presence of 0.7 mg/L
of monochloramine (3%). Bacterial counts were conducted by scraping of slides and enumeration
on R2A agar; the results are expressed as cfh per square cm of pipe surface area. These data
show that bacteria can attach even if a disinfectant is present. In fact, the amount of attachment is
about the same in the presence as in the absence of disinfectant. Although claims have been made
that chloramine is a more effective disinfectant for attached growth, these results do not offer
strong support.
Table 1. Attached Growth on Different, Conventional Pipe Materials in Full-scale Study (Neden
et al., 1992)

Unlined Cast Iron
Lined Ductile Iron
PVC

Geometric means of Monthly Results
(cfidcm2)
(cfidcm2)

(cfidcm2)

Absence of
Disinfectant
5.1 x 1o5
8.2 x 1o5
1.9 x lo5

Monochlorarnine
(0.7 mgL)
1.7 lo5
3.1 x lo4
3.1 x lo4

Free Clz
(0.3 mgL)
5.7 lo5
2.9 x lo5
1.9 x lo4

A similar study was reported for stainless steel pipe, a material proposed as an alternative to
copper pipe for plumbing in the United Kingdom (Percival et al., 1999) to prevent corrosion
problems. In this study, the chlorine residual was less than 0.02 mg/L and bulk-water HPC was
about 220 cWmL. Despite the relatively smooth surface of stainless steel and lack of corrosion
reactions, attached growth was measurable as shown in Table 2.
Finally, attached growth was compared in a laboratory-controlled, pipe loop study in which the
effectiveness of 1 mg/L of free chlorine was compared to that of 1 mg/L of monochloramine
LeChevallier et al., 1990). The results are summarized in Table 3. Attachment occurred in just
two weeks of operation. While monochlorarnine was somewhat more effective at controlling
attachment in the cast iron system, the results do not suggest a large advantage. The amount of
attachment was similar to that shown in Table 1.
Table 2. Attached Growth on Stainless Steel Pipe Material in Full-scale Study (Percival et al.,
1998)
-

Month 4
viable1
(cf5/cm2)

--

Month 8
~ o t a l ~ viable1
~ oa12t
(cell s/cm2) (cfidcm2) (cell s/cm2)

Grade of
Stainless Steel
Smooth,
l.0x1o2 1 . 6 ~ 1 0 ' 6.6x102 1 . 6 ~ 1 0 '
bright
annealed
Rough-matt
1 . 6 ~ 1 0 ~1 . 9 ~ 1 0 ' 1 . 9 ~ 1 0 ~
2.4~10'
1
Viable = sonication and plating on R2A agar
2
Total = in-situ acridine orange direct count (AODC)

Month12
viable1
~otal~
(cfVcm2) (cell s/cm2)
1.7~10~
2.5x104

1 . 5 ~ 1 0 ~3.7x104

Table 3. Bacterial Viable Counts (R2A agar) on Cast Iron and PVC Surfaces in Pipe Loop Study
(LeChevallier et al., 1990)

Iron
PVC

2 Weeks of Exposure
(cfUcm2)
(cfVcm2)
Free C12
Monochloramine
4 . 4 ~ 1 0 ~ 2.7 x lo6
6.5x104
2.1xlo4

4 Weeks of Exposure
(cfidcm2) (cfidcm2)
Free C12
Monochloramine
8.9x106 7 . 1 ~ 1 0 '
l . l x l o 4 1.9x104

NITRIFICATION IN DISTRIBUTION SYSTEMS
The use of combined chlorine (chloramines) has led to concern about nitrification in distribution
systems. Monochloramine is the typical form of chloramine produced when ammonia to free
chlorine. However, the ratio of chlorine to ammonia is critical to prevent the release of free
ammonia into the distribution system. In addition, ammonia can appear due to autodecompositon

of chloramine that is promoted by natural organic matter in the water (Valentine et al., 1998). If
monochloramine residual begins to decrease (e.g., due to long residence time), nitrifying bacteria
can grow, deriving energy fiom the oxidation of ammonia to nitrite then nitrate. The production
of nitrite can fbrther accelerate the reduction of chloramine by a chemical oxidation (nitrite to
nitrate)/reduction (chloramine to chloride) reaction (Wilczak et al. 1996). This can lead to an
increase in HPC and possibly of coliform bacteria.

EXPERIRlENTAL METHODS
SELECTION OF SITES AND SAMPLING SCHEDULE
Ten sites were selected in Durham and Raleigh distribution systems. An important criterion for
selection was to obtain a representative range of disinfectant residuals in each system. The
location of these sites are shown in Figure 1 (Durham) and Figure 2 (Raleigh); the site
descriptions are listed in Table 4 (Durham) and Table 5 (Raleigh). In addition to the distribution
system sites, finished water samples were taken fiom the Williams Water Treatment Plant in
Durham and the E. M. Johnson Water Treatment Plant in Raleigh on each sampling date.
Table 4. Sampling Sites in the Durham Distribution System
Station
Sam~lineSite Address
1
Williams Water Treatment Plant
University Shell, 34 14 Hillsborough Rd.
Tommy's Mini Mart, 1832 Cole Mill Rd.
Lighthouse Grocery, 5300 North Roxboro Rd.
Machine Tool
Chewning Middle School, 68 19 Red Nil1 Rd.
Elliot's Auto Salvage, 1010 Harvest
M&M Minimart, Angier + Guthrie St.
Amoco Food Shop, 101 East Cornwallis Rd.
Beasley Residence, Rolling Pine Rd. + Drewery St.
US EPA, Highway 54 & Alexander Dr.

Designation Code
finished

Table 5. Sampling Sites in the Raleigh Distribution System
Station
Sampling Site Address
1
EM Johnson Water Treatment Plant
220 South Dawson Street
13 South East Street
260 1 Fairview Road
4465 Six Forks Road
2925 Glenridge Road
4220 Lake Boone Trail
460 1 Pleasant Vally Road
8200 Morgan's Way
4209 Spring Forest Road
1721 Trailwood Drive

Designation Code
finished

Figure 1. Location of sampling stations (solid circles) in Durham, NC

Figure 2. Location of sampling stations (solid circles) in Raleigh, NC

The sites were sampled monthly by city personnel from February 1997 to May 1998. Field
measurements included temperature, pH, and disinfectant residual. Samples were transported to
each city laboratory for coliform analyses (ColiLert for Raleigh and rnFC with m-Endo Broth for
Durham). Samples also were transported on ice to the University of North Carolina laboratory
where they were prepared for subsequent analyses of HPC, chlorine demand, total organic carbon
(TOC), AOC, ammonia-N, nitrite-N, nitrate-N and phosphorus-P. A summary of sampling dates
and disinfection conditions for each city is given in Table 6. It should be noted that Durham uses
chlorine throughout the year whereas Raleigh uses chloramine for 11 months and chlorine for 1
month (March). All results of monthly sampling are available upon request.
Table 6. Sampling Dates and Disinfection Conditions in Durham and Raleigh; Disinfectant
Concentrations are Measured in Finished water.

Date

Durham
Disinfectant
Type
Concentration
(ma)
Free Chlorine
Free Chlorine
Free Chlorine
Free Chlorine
Free Chlorine
Free Chlorine
Free Chlorine
Free Chlorine
Free Chlorine
Free Chlorine
Free Chlorine
Free Chlorine
Free Chlorine
Free Chlorine
Free Chlorine

Date

Raleigh
Disinfectant
Type
Concentration
(mi&)
Free Chlorine
Chloramine
Chloramine
Chloramine
Chloramine
Chloramine
Chloramine
Chloramine
Chloramine
Chloramine
Chloramine
Chloramine
Free Chlorine
Chloramine
Chloramine

ANALYTICAL METHODS
HPC analyses were begun immediately using a membrane-filter technique with R2A agar
@ifcoTM);100 mL sample was used unless the concentration of disinfectant was low. In this case,
10 mL, 1 mL, and 0.1 mL volumes were plated as well. Incubation was at 28OC for 7 days. The
results were expressed in cWrnL. This analysis was performed on both bulk water samples and
after detachment from pipe wall samples.
Chlorine and chloramine (combined chlorine) were measured using a HachTM
DR 2000 with the
HachTM
DPD Method. Chlorine (fiee and combined) residual was measured beginning on the day

of sampling. Chlorine and chloramine demand were measured by placing 250 mL of sample
volume in a BOD bottle stored at room temperature (approximately 22°C). For samples received
with a chlorine residual less than 0.5 mgL, additional chlorine was added to reach about 1 m g k
before beginning the demand test to make sure that the residual was measureable after 48 hrs.
From February 1997 to November 1997, chlorine and chloramine demand was determined as the
difference between the initial value and that after 24 hrs and 48 hrs keeping the samples. After
November 1997, it was decided to report a 48-hr chlorine demand because the residence time of
water in the two distribution systems at many locations was greater than 24 hours (see
Estimation of Water Residence Time).
TOC analysis was performed with a Shimadzu Total Organic Carbon Analyzer model TOC-5000.
Samples were held at 4°C until analyses. TOC is reported because the samples were not filtered.
This was justified on the basis of analysis of 10 samples from the Raleigh distribution system for
which TOC and DOC were equivalent as judged by the precision of the TOC analyzer (M.2
mgn).
Upon arrival at the University of North Carolina, samples were immediately prepared for AOC
analyses. These were initially conducted in the laboratory of Dr. Jy S. Wu in the Department of
Civil Engineering at the University of North Carolina at Charlotte from 3/97-9197. From 111975198, they were conducted by Environmental Health Laboratories (EHL) in South Bend, IN. In
both cases the technique was SM 9217 B (StandardMethd, 1995). Total AOC is calculated as
the sum of the individual bioassay values. The test consists of measuring the cfb of a given strain
(NOX or P-17) produced in a fixed time when each is added to aliquots of the sample. A
calibration curve is used to express the growth response to the sample to that found for a specific
substrate. The P-17 strain was selected because it has great metabolic versatility while the NOX
strain is able to utilize the less readily available oxalate carbon representative of carboxylic acids
(van der Kooij and Hijnen, 1984).
Two acceptable means for calculating Total AOC are presented in Standard Methods (1995).
One method expresses AOC resulting from the growth response of the NOX strain as units of
acetate-carbon and the other expresses this as oxalate-carbon. The yield value (cfb produced per
pg of substrate) is 1.2 x 1o7 if the reference substrate is acetate-carbon and 2.9 x 1o6if it is
oxalate-carbon. Total AOC can thus be calculated by either:
Total AOC(awhk,,~.,l = {(mean P- 17 cWmL)[(pg acetate-C / L)/(4.1 x 1o6ch)] + (mean NOX
cWmL) [(pg oxalate-C/L) / (2.9 x 1o6 cfb)]}(1000 mWL)
(1)

Total AOC(acetak-a,bk,= {(mean P-17 cfu/mL)[(pg acetate-C / L)/(4.1 X 1o6 ch)] + (mean NOX
cWmL) [(pg acetate-CIL) l(1.2 X lo7 ch)])(1000 mUL)
(2)
Since the yield values are quite different, the numerical result of these two AOC calculations are
different as well. AOC method 92 17B (StanhrdMethods, 1995) suggests that Equation 1 be
used, i.e., that the Total AOC should be expressed as the-sum of the P-17 value in units of pglL

acetate-carbon and the NOX value in units of oxalate-carbon. However, most investigators have
used Equation 2 wherein the results of the NOX strain are expressed as Clgn acetate-carbon
(LeChevallier, et al., 1996a; van der Kooij, Visser and Hijnen, 1982; van der Kooij and Hijnen,
1984).
NH3-N was measured using an EA 940 Ion Analyzer (Orion Research Inc., Boston, MA)
equipped with a model 95-12 ammonia electrode. An ionic strength adjustor is initially added to
the sample to adjust the pH to an appropriate level. The gas-sensing electrode measures NH3 as it
diffises through a selective membrane. Sample color and turbidity do not s e c t the
measurement. Almost all anions, cations, and dissolved species, other than volatile amines, do not
interfere. Method detection limit is 0.005 mg NIL.
NO3-N, NO2-N and PO4-P were measured with a Dionex 4500i ion chromatograph (Smyrna, GA)
equipped with IonPac AS4A column on a conductivity detector. Method detection limits for
these ions are, respectively, 0.009 mg NA, 0.006 mg N L , and 0.0 13 mg P L .
ESTIMATION OF WATER RESIDENCE TIME
Water residence time, or "water age7'in the distribution system was determined differently for
Durham and Raleigh. The City of Raleigh conducted a residence time study in October 1996
before this research began. The fluoride feed at the water treatment plant was stopped and the
decrease in fluoride concentration over time was measured at 22 locations throughout the system,
including the 10 sites that were sampled for this study. These data represent the response to a
step decrease in tracer concentration. It is a "negative" tracer study because the analysis of
residence time distribution is determined by the arrival pattern of water parcels at any location
with the background fluoride concentration (about 0.2 mgIL). As time increases, water parcels
will have lower fluoride concentration because a greater fraction of their composition is from
"new" water arriving after the step decrease in concentration.
Residence time analysis depends on developing a mathematical expression for the fractional
composition of this new water arriving at any location as a function of time (Weber and DiGiano,
1996). The mean travel time of water to any point in the distribution system is given by

where t, is mean travel time, t is time after starting the step input and F(t) is the corresponding
fraction of new water with the background fluoride concentration:

where [Fluoride], is the original fluoride concentration before turning off the fluoride feed at the
] ~the fluoride concentration at any time, t. A fluoride tracer
water treatment plant and F l u ~ r i d eis
test had not been conducted in Durham. The alternative was to use the chlorine residual and

chlorine demand data collected during the study to estimate residence time. The details of this
analysis will be presented in the Results and Discussion section.
ANALYSIS OF ATTACHED GROWTH

Two experimental pipe sections (Figure 3) were constructed to determine whether pipe materials
influenced biofilm growth. They were operated at the Wade Avenue pump station in Raleigh
from April 29, 1997, to December 18, 1997 and at the Department of Water Resources office on
Mist Lake Road in Durham from March 16, 1998, to July 13, 1998.
As shown in Figure 3, waterzflowedfiom the distribution system through a backflow preventer
into a section of PVC pipe having a diameter of 4 inches and length of 4 feet. The cassette
assembly was installed within each PVC pipe. It consisted of six, crescent-shaped PVC pieces
milled from a solid PVC cylinder. The outer radius of each cassette matched the inner radius of
the pipe section to provide a tight fit when inserted (see detailed inset of Figure 3). Two cassettes
were inserted opposite one another to form a central flow channel between them. Five, 1-inch
diameter holes were drilled into the inner surface of each cassette to accommodate the following
order of specimens: cast iron, ductile iron, PVC, ductile iron, and cast iron. The cast iron
specimens were drilled out from an old section of pipe in the Raleigh distribution system with
many tubercles. All the specimens were inserted into the holes in the cassette such that their
surfaces were flush with the inside face of the cassette. Narrow slots were cut into the cassette to
accommodate glass microscopic slides that were arranged parallel with the flow direction. Water
flowed continuously by the exposed surfaces of the pipe specimens and glass slides. Two holes
were drilled lengthwise through each cassette to allow aluminum rods to be inserted. The rods
held the cassettes together into a single assembly and permitted them to be slid into and out of the
PVC pipe.
The pipe materials in the first cassette assembly were exposed to the same concentration of
disinfectant as in the distribution system. Between the first and second cassette assembly, sodium
metabisulfite was added and the water then passed through a static mixer to assure complete
dechlorination. The second cassette assembly was not exposed to disinfectant.

An additional set of glass microscopic slides was placed after the second cassette assembly, just
before the drain. A few of these slides were withdrawn weekly after startup of the system and
inspected visually for evidence of bacterial attachment. When bacterial attachment became
significant, the cassette assemblies were withdrawn fiom the two PVC pipe sections (i.e., with
and without exposure to the disinfectant). Two cassettes in each section were removed and
returned to the laboratory for measurement of attached growth on each specimen. The remaining
the cassettes were reinserted into the respective pipe sections. Subsequent sets of cassettes
were removed in two-month intervals.
The biofilm growth on each pipe specimen was determined both by detachment and by an in-situ
technique. The detachment procedure consisted of scraping each specimen using a sterile
toothbrush and a rubber policeman and washing with sterile standard dilution water (0.5%
peptone). The volume of the dilution water was nominally 20 rnL. Following detachment, the

bacteria were enumerated with serial dilution using the HPC technique described earlier. The
results were expressed in cfidcm2. The surface area corresponding to a 1-inch diameter specimen
is 4.7 cm2.
The in-situ technique is referred to as the exoproteolytic activity (EXA) method (Laurent and
Servais, 1995). It measures the ability of bacteria to hydrolyze complex organics into amino acids
through exoenzyme activity, in particular, exoproteolytic activity. Studies have suggested a
correlation between exoproteolytic activity and bacterial biomass (Laurent and Servais, 1995). Lleucine-P-naphthylamide(LLPN), was added as the probe chemical to measure potential
exoproteolytic activity. When the peptidic-like bond of LLPN is hydrolyzed by exproteolytic
enzymes, leucine and b-naphthy-lamine are liberated and the rate of increase in fluorescence with
time in the sample is a measure of the EXA.
For each pipe specimen withdrawn from a cassette, the specimen-wasinserted into a device so
that only the surface that had been exposed to bulk water in the pipe section was exposed to the
LLPN solution (Figure 4) at room temperature (24"Cf1°C). The device was filled with 48.75 mL
of sterile water and 1.25 mL of a sterile solution LLPN (40 rnM) to yield a final concentration of
1 mM of LLPN; this concentration maximized the hydrolysis rate. The device was then shaken
with a Vortex shaker. At 5-min intervals, a 3-mL subsample was removed into a sterile quartz
fluorometer cell and fluorescence was measured at 410 nm under-340 nrn excitation with a Perkin
Elmer 650-10s Fluorescence Spectrophotometer. After the fluorescence was measured, the 3-ml
subsample was returned to the container. The increase in fluorescence of sample was plotted
against time (Figure 5). The exoproteolytic activity is expressed as the rate increase in
fluorescence of the sample.
A calibration curve of EXA to the concentration of bacteria is shown in Figure 6.
Pseudomonas aeruginosa had been identified in the tap water of the Durham drinking water
system after which it was isolated and grown to produce a stock pure culture. Serial dilutions
were made to obtain concentrations for the EXA calibration curve. The organism was
enumerated by R2A agar using the same membrane test procedure as for HPC. The final form
of reporting the results, therefore, is H P C / C where
~ ~ the HPC was obtained from the EXA of
Pseudomonas aeruginosa and the surface area of each sample was 4.7 cm2. Figure 6 indicates
a roughly linear relationship between EXA and HPClmL as found by others (Fontigny et al.,
1987; Laurent and Servais, 1995) with other bacterial species. The calibration curve was
generated in the range of lo5 to 10'cllmL. This range can be shown to be adequate for
measurements of attached growth by the following analysis. Taking a mid-range point on the
calibration curve corresponding to lo6cfulml, the number of cells present in the 5 0 mlsample volume of the device shown in Figure 4 is 50x 1o6 c h or 5 x lo7 cfu. Given that surface
area of each pipe specimen was 4.7 cm2and the typical attached growth to be expected is 10'
cfu/cm2(see Tables 1-3), then 4 . 7 lo7
~ cfu would be present on the specimen; this value is in
mid-range of the calibration curve. It is also important to note that the calibration curve is for
suspended bacteria whereas attached bacteria are of interest. The assumption must be made
that the exoproteolytic activity of suspended and attached bacteria are similar. Although
beyond the scope of the research reported herein, testing of this assumption is needed in order
to establish use the EXA method with greater confidence.

Pipe Material

I

Shake

Figure 4. Exposure chamber to measure attached growth on different materials by
exoproteolytic method

RESULTS AND DISCUSSION
DISINFECTANT DEMAND
The disinfectant demand reported here represents the sum of all bulk-w ater oxidation reactions
that are possible within the time selected in the demand test. It does not include demand due to
reactions with pipe material. These data were used to determine variation in demand and rate of
demand throughout each distribution system and also to estimate water residence time in
Durham.
The exertion of chlorine or chloramine demand is often interpreted by a first-order decay
relationship:

where C is the chlorine or chloramine residual at time, t. Integration leads to:

The rate constant, k, is a measure of the rate at which demand is exerted. Samples were taken
from different locations in the distribution system and returned to the laboratory for measurement
of chlorine residual at 24 and 48 hours and in the case of Raleigh, for chloramine residual at 48
hr only.
An illustration of the fit to Equation 6 is given in Figure 7 for a set of data taken from the
Durham distribution system on 4/15/97 and Figure 8 for data from the Raleigh system on
3/23/98. Although the rate data appear to follow first-order kmetics, the rate constant, k, varied
by about a factor of three among stations in each distribution system. If chlorine demand kinetics
were truly first-order in chlorine concentration, the value of k should have remained constant
from station to station.
An explanation for variable k can be found by more close attention to the pseudo first-order
nature of oxidant reactions. The reaction between chlorine and oxidizable substances is not
necessarily first-order with respect to chlorine concentration. The reaction scheme can be written
in general terms as:
C12 + A
Oxidized Products
(7)
where A is the total concentration of all oxidizable substances. Although still simplistic owing to
the variable reactivity of components that comprise A, a second order reaction could be proposed:

-
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Figure 7. First-order rate constants (hi') for free chlorine decay at stations in the
Durham distribution system on 4115/97
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Figure 8. Test of first-order chlorine demand for bulk water taken from stations in the
Raleigh distribution system on 3/23/98 (k in units of hr-I)

A simplification in kinetic analysis arises if, for example, [C12]>>[A] to yield apseudo first-order
rate expression:

where

and [CIZ], is the initial chlorine concentration. The chlorine concentration must still decrease in
time, but the impact of the change in its concentration on reaction rate is small compared to that
of the change in concentration of A. Carrying the argument further, the residual concentration of
A, which is not measurable, can be related to the residual concentration of chlorine by assuming a
reaction with stoichiometry of 1:1 so that:

where [A], is the initial concentration of oxidizable substances. Substitution of Equation 11 into
Equation 9 and integration with the initial condition given by t=O, [C12]= [C12], yields:

Stoichiometry requires that the total chlorine demand ([C12], - [C12]) approach [A], after a long
time period.
The observed variation in the first-order rate constant, k, shown in Figures 7 and 8 may be
explained by the above model. If [Cl2]. is held constant such that k" is constant, Equation 12 can
be used to generate [Cl2] vs. t data for different values of [A],, all being much smaller than [C12],.
It can be shown that the resulting data will closely approximate a straight line if plotted according
to the first-order rate model in chlorine concentration (Equation 6) provided that [C12],>>[A],.
Furthermore, the slopes of these plots will decrease as the value of [A], decreases which explains
the decrease in the first-order rate constant, k, in Figures 7 and 8. With only three points in time
to establish the first-order relationships shown in these figures, it is possible that the reaction
kinetics were only approximated by the first-order model and the second-order model described
by Equation 12 is more appropriate. The fact that the k measured in the Raleigh system was
lower than in the Durham system would also suggest a lower concentration of oxidizable organic
substances in the Raleigh system.
The above analysis indicates that the amount of oxidizable material as well as its rate of oxidation
could change upon travel through the distribution system. The relationship between k and
residence time in the distribution system was explored with data fiom the Durham system. A
simple qualitative measure of residence time is on-site chlorine residual measured at each station:

the lower this residual, the longer would be the residence time. Although the relationship is weak,
the results in Figure 9 suggest that k is higher at sites with lower chlorine residuals and thus
longer residence times. To explain this observation with the second-order model given by
Equation 12, the concentration of oxidizable material and/or their rate of oxidation at stations
with long residence time would need to be higher than at stations with short residence time. The
oxidizable material entering the distribution system is mainly organic in nature and it may have a
relatively slow oxidation rate. However, as water travels through the distribution system, it is
likely that corrosion chemistry from pipe wall reactions will produce more easily oxidized
inorganics and thus increase the chlorine demand rate.
Chloramine is known to be less-reactive than chlorine. Nonetheless, chloramine will be reduced
given sufficient time and the presence of oxidizable constituents as shown in detailed, controlled
studies by Valentine, et al. (1998). As an example, the reduction in chloramine concentration
over 48 hours for a given sampling date (4127198) is shown in Figure 10, plotted according to
Equation 6. With only two dat'a points, interpretation by any model is impossible. However, for
illustration, the first-order rate constant would be much lower than for chlorine (see Figures 7 and
8).
The minimum, mean and maximum values of 48-hour chlorine demand at each station in the
Durham distribution system and the 48-hour chloramine demand in the Raleigh distribution system
are shown in Figures 11 and 12, respectively. Chlorine demand was variable both spatially and
temporally, the latter seen from the maximum, mean and minimum values at each station over the
17 months of study. This may be explained by variable composition of oxidizable reactants
entering the distribution system as well as those produced within the distribution system.
ESTIMATION OF WATER RESIDENCE TIME
Unfortunately, the City of Durham has not yet undertaken a fluoride tracer study of the
distribution system nor does it have a hydraulic model that would provide an estimate of time to
reach each station, i.e., the water age. The alternative was to use a first-order fit to chlorine
decay data so that:

where t is the estimate time of travel of water in the distribution system to a given station, C is the
chlorine concentration measured at that station, C, is the chlorine concentration entering the
distribution system and k is the first-order rate constant determined in the laboratory from bulk
water samples (see preceding discussion). Two shortcomings are immediately apparent. First,
chlorine decay due to pipe wall reactions has not been included because the rate of chlorine decay
was measured with bulk-water samples. Second, k was found to vary among stations on each
sampling date (Figure 6) which implied that a more complex model of chlorine decay kinetics is
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Figure 10. First-order rate constants (hi') for chloramine decay at stations in the
Raleigh distribution system on 4/27/98
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Figure 12. Minimum (MTN), maximum (MAX) and mean k standard deviation (SD) of first-order rate constant for chloramine
demand at each station in Raleigh distribution system over study period

probably needed. Nonetheless, this method was the only option to obtain at least a rough
estimate of the residence time, a vital parameter in understanding the regrowth problem.
Values of k for each station on each sampling date were averaged and then used to calculate
residence time using Equation 13. The variability in residence time with sampling date at each
station is shown in Figures 13a and b (stations divided between these two figures). Residence
time could vary for several reasons. First, the rate constant for chlorine decay was measured at
laboratory temperature (22°C) throughout the year. For winter samples, the actual rate constant
would be lower than measured in the laboratory and used in Equation 13; thus, the calculated
residence time would be lower than the actual. The opposite would be true for summer samples:
the actual rate constant would be higher than measured in the laboratory and so, the calculated
residence time would be higher than actual. This should produce a cyclical pattern but it is not
evident in Figures 13a and 13b because other counteracting factors are involved. For example,
the actual residence time may be shorter in summer than winter due to greater water demand.
Moreover, a large new main was installed in February 1998 which could have changed the
residence time for each station.
Given the uncertainty of estimating residence time from chlorine demand data, the temporal
variation in residence time at each Durham station was not analyzed any fbrther. Instead, an
average value was carried forward as the independent variable affecting key regrowth parameters
such as HPC. These values are summarized in Table 7.

Table 7. Average Residence Time (Water Age) at Stations in Durham Distribution System Based
on Bulk Chlorine Demand Rates and Chlorine Residual Measurements
Station

N50

W20

S30

S70

N60

W3O

A1

C1

5

2

Available fluoride tracer data was used to estimate residence time in the Raleigh distribution
system. The decline in fluoride concentration in response to the step decrease during the tracer
study of October 1996 is shown in Figure 14 for three stations; the responses at other stations
were within this range. In a qualitative sense, the longer the time to reach the background
fluoride concentration, the longer the residence time. Equation 4 was substituted into Equation 3
and the numerical integration was performed over incremental time steps corresponding to the
tracer sampling schedule. The resulting mean residence times (water age) from Equation 3 are
listed in Table 8 for each of the 10 sites. They show that the sample locations provided a wide
range of residence times to allow for investigation of the impact on bacterial regrowth. With the
exception of stations FS20 and FS 6, the water age was 61 hrs or less. FS6 was particularly
noteworthy because the residence time was very long (394 hrs) compared to all other locations in
Raleigh. The residence times should be interpreted cautiously because they are directly affected
by water demand. Recalling that the tracer data were collected in October 1996 and that the

monthly sampling began 1997, water demand was not necessarily the same. The extent to which
demand varies seasonally or even weekly will influence the mean residence time. The weekly
variation is especially significant for those locations with mean residence times less than 24 hours.
More detailed analysis of demand patterns fiom utility records, however, was beyond the scope of
this project.

Table 8. Residence Time (Water Age) at Stations in Raleigh Distribution System Based on
Fluoride Tracer Test
Station

/ FS11

Age (h)

8.3

FS19

~

~ FS14
1 7 FS9

9.3

11.4

19.7

27.7

F S ~FW w l 8 F S Z O
29.9

51.5

60.8

FS6

133.3 393.6

SUMMARY OF KEY PARAMETERS
Tables 9 and 10 provide summary values of key regrowth parameters measured in the Durham
and Raleigh distribution systems, respectively. Each of these parameters will be discussed in
detail in subsequent sections. It suffices at this point to note that bacterial regrowth as measured
by the HPC-R2A agar method occurred in both systems although it was variable, both temporally
and spatially.

Table 9. Summary of Key Regrowth Parameters from the Durham Distribution System
--

-

-

-

-

Parameter
HPC-R2A ( C W ~ L )
AOC ( p a as acetate-C)
Chlorine Residual (mgL)
Temperature ( O C )
PH
TOC (mg/L)
NH3-N (m&)
NO;- N (mg/L)
N03--N ( m a )
Poi-P (m@)

-

Mean
1044
87
1.O
18.3
7.2
2.4
0.009
0.000
0.255
0.218

-

S t d . ~ z Min.
5802
0
40
22
0.6
<O. 1
5.9
8.0
0.3
6.7
0.3
1.7
0.010
0
0.002
0.137
0.002
0.104
0

Max.
6 1,700
268
2.4
30.0
9.3
3.4
0.04
0.61
1.12

NUTRIENT STATUS
Phosphate is added for corrosion control in Durham and this accounts for the concentration being
higher than in Raleigh. Ammonia is added in Raleigh to produce chloramines and some excess
amount will always remain; this accounts for the higher ammonia concentration in Raleigh than in
Durham. The AOC data suggest that bioavailable carbon is far less than the TOC (2.4

Table 10. Summary of Key Regrowth Parameters from the Raleigh
Distribution System
Parameter
HPC-R2A ( c W ~ L )
AOC (pg/L as acetate-C)
Chloramine Residual (mg/L)
Temperature (OC)
PH
TOC (m@)
NH3-N ( m a )
NO;- N (mg/L)
No3'-N (mg/L)
POGP (m@)

Mean

Std. Dev.

Min.

Max.

357
112
2.8
21.O
7.6
2.4
0.298
0.027
0.262
0.095

1087
81
1.O
4.2
0.4
0.4
0.349
0.090
0.195
0.247

0
30
0.1
10.5
6.9
1.4
0
0
0.03
0

76,700
711
5.4
30.3
8.9
3.9
2.6
0.47
1.13
' 1.57

mgL) and averages about 0.1 m g L (100 pg/L). Assuming that the approximate elementary
composition of bacterial cells is 50% carbon, 14% nitrogen and 3% phosphorus (Schroeder,
1977) and an AOC of 0.1 mglL, the approximate quantities of N and P needed for bacterial
growth would be 0.028 and 0.006 mgL, respectively. In fact, the concentrations of N and P
exceed these values and thus bacterial growth is probably carbon-limited, i.e., the inorganic
nutrients are sufficient to support microbial growth in the absence-ofa disinfectant.
REPRESENTATION OF AOC DATA

As noted earlier, Equation 1 or 2 can be used to express the total AOC from the growth response
of the P-17 and NOX strains to the distribution system samples. The aim of this section is to
demonstrate that the choice of total AOC expression (Equation 1 or 2) could affect the
correlation power with other important regrowth parameters such as HPC. To show this,
Equation 1 can be simplified for mathematical representation to:
TAOC(Acetate - Oxalate) = P - 17 x K , + NOX x K ,
where K1 and K2 are the inverse of the yields for P- 17 and NOX, respectively:

K l = 1/(4.1x 1o6 cWpg acetate carbon)
K2 = 1 4 2 . 9 1
~o6 cWpg oxalate carbon)

Similarly, Equation 2 can be written as:
TAOC(Acetate - Acetate) = P - 17 x K, + NOX x K,
where:
~ cWpg oxalate carbon)
K3 = 1 4 1 . 2 lo7

Dividing Equation 15 by Equation 14 gives a way to compare the two methods of expressing total
AOC results:

TAOC(Acetate - Acetate) - P - 17 x K , + NOX x K ,
TAOC(Acetate - Oxdate) P - 17 x K , + NOX x K ,
After simplification, this ratio is:
1- +
.

NOX x K ,

TAOC(Acetate - Acetate) - P - 1 7 x K ,
TAOC(Acetate - Oralate) + NOX x K,
P-17xK1

After substituting in the K values, the final result is:

-

TAOC(Acetate - Acetate) TAOC(Acetate - Oxalate)

1

+ NOXxK,
J

P - 1 7 x K l - 1+Rx0.34
+ NOXxK,
1+Rx1.41
- .
P-17xK1

where
R=

NOX growth response
P - 17 growth response

The ratio of TAOC (Acetate-Acetate)-to-TAOC (Acetate-Oxalate) for each distribution system
sample is shown in Figure 15. This ratio averages 0.3 but varies considerably. Inspection of
Equation 18 shows that for large R and thus a large ratio of NOX growth response-to- P- 17
growth response, the ratio of total AOC calculated by the two methods would be constant; this
ratio is 0.3411.41 or 0.25. While many values in Figure 15 are very close to 0.25, there are
notable exceptions. These can be explained by a low response ratio NOX-to-P-17. Under these
conditions, the ratio of total AOC calculated by the acetate-acetate compared to acetate-oxalate
method would be higher than 0.25 and variable as shown in Figure 15.
The variable ratio of Total AOC by the two different calculation methods for the data in either the
Durham or Raleigh distribution system is important in regression modeling. The two methods of
expression cannot yield the same correlation results with any chosen system variable.

HPC IN DURHAM DISTRIBUTION SYSTEM
The geometric means of the HPC for each station in Durham are presented in Figure 16. These
stations are presented along the x-axis in order of increasing residence time as estimated from the
chlorine decay rates. The geometric mean of HPC generally increased with an increase in
residence time. It should be emphasized that lower HPC (cMrnL) were reported by the City of

1 standard deviation
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Figure 16. Dependence of geometric mean of HPC (cfuImL) on estimated residence time in the Durham distribution
system

Durham to the North Carolina Division of Environmental Health because the test recommended
by the regulatory agency uses Plate Count Agar (tryptose-glucose-yeast agar). As mentioned
previously, this medium is noted in Section 92 15A of Standard Methods (1995) to support lower
growth than the R2A agar. The City reported only two positive coliform results during this
period (1.25% of the samples were positive for coliforms). LeChevallier et al. (1996a) observed a
similar occurrence rate.
AOC IN DURHAM DISTRIBUTION SYSTEM
AOC is expressed here as acetate-acetate because it is the convention adopted by most other
researchers. The temporal variation in AOC based on growth response of P-17 and NOX as well
as the sum of the two are shown in Figure 17. Substrate in the distribution system provided a
greater growth response fiom the NOX strain than the P-17 strain. It should be noted that the
NOX strain is able to grow on less biodegradable substrates than P-17. The concentration of total
AOC was at least twenty times less than the concentration of TOC (see Table 9 for TOC data).
Both our results and those of Kaplan, et al. (1994) who also studied BDOC indicate that much of
the organic matter present is not assimilable by the microorganisms. The fact that Total AOC was
not constant in time suggests that the substrates in the raw water supply that eventually enters the
distribution system varies seasonally.
The spatial variability in average values of Total AOC and its NOX and P-17 components is
presented in Figure 18. The Total AOC was highest in the finished water and at the station that
had the longest residence time. The average Total AOC was 90 p a . This is near the median of
the results reported by LeChevallier et al. (1996a) and in the range where coliform regrowth
could possibly occur if disinfectant concentration were low. It should be noted, however, that the
standard deviation was 41 pg/L (almost 50% of the mean) and the highest value was 268 p a .
Some of the AOC values were therefore quite high, suggesting that occasionally a large amount
of biodegradable organic matter entered the distribution system. This can lead to more regrowth
if the disinfection residual is depleted.
HPC-CHLORINE RESIDUAL RELATIONSHIP IN DURHAM DISTRIBUTION SYSTEM
Figure 19 illustrates the relationship between log of the HPC and chlorine residual in the Durham
distribution system. At low chlorine residuals (<0.2 mg/L) HPC was higher while at high chlorine
residuals (>1.5 mg/L) the HPC was lower.
The relationship between bacteria in bulk water and chlorine residual has been recently explored
by Prevost, et al. (1998) in field studies and by Bois, et al. (1997) through computer simulations.
The data fiom Prevost, et al. are very similar to Figure 19. The Bois, et al. modeling approach
accounts for microbial growth and decay, substrate availability, and inactivation by disinfectant;
data from an experimental pipe loop was used to calibrate with system constants. As shown in
Figure 20, Bois et al. found that bacterial inactivation depended greatly on the presence of
dissolved organic carbon (DOC) because chlorine is consumed by DOC, thus repressing
inactivation. While the HPC-chlorine residual data shown in Figure 19 resemble the general trend
shown by Bois et al., the scatter in the relationship could be partly due to variable nature of DOC

Date

Figure 17. Temporal variation in average Total AOC (ACE-ACE) and its components (P-17 and NOX) of all stations in
Durham distribution system

C12Residual (mg1L)

Figure 19. Dependence of HPC (cfulmL) on chlorine residual in the Durham distribution system

Free Chlorine (mg/L)

Figure 20. Mathematical model of regrowth showing relationship between bacterial
survival in bulk water, chlorine residual and dissolved organic carbon concentration
(values in mg/L given next to lines) after Bois et al. (1997)

that reacts with chlorine. This is also implied by the variable nature of the rate constant for
chlorine decay among different stations as described in Figure 7.
FLUSHING IN DURHAM DISTRIBUTION SYSTEM
Flushing was done by the City of Durham at a site location near A1 (Peabody and Salem Streets).
As shown in Table 11, the free chlorine was low before flushing and increased just after flushing
for about one week. However, one week later the chlorine residual had returned to the range of
the preflushing values. In a like manner, the HPC decreased for about one week after flushing but
returned to preflush values in the next week. These data show that flushing does not offer a very
effective way to control microbial regrowth and low chlorine residuals.
Table 11. Results of a Flushing Study in the Durham Distribution System (Near Site A1 Peabody and Salem Streets)

HPC INRALEIGH DISTRIBUTION SYSTEM
The geometric means of the HPC as a function of residence time is shown in Figure 21. HPC
appeared to depend less upon residence time than in Durham (Figure 16), most likely because
chloramine is a more stable disinfectant. In addition, the mean values at each station were slightly
lower than in Durham. The highest values were measured at the very long residence time
(estimated to be 394 hrs) station, FS6. However, as was true for Durham, lower HPC (cfu/mL)
were reported by the City of Raleigh to the North Carolina Division of Environmental Health
because the test recommended by the regulatory agencey uses Plate Count Agar (tryptose-
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Figure 21. Dependence of geometric mean of HPC (cfu/mL) on estimated residence tim e in the Raleigh distribution
system

glucose-yeast agar). This agar is generally known to produce less growth response than the R2A
agar used in this research and is not recommended in Section 92 15 of StamhrdMethods (1995).
The City reported no positive coliform results.
AOC RV RALEIGH DISTRIBUTION SYSTEM
The temporal variation in AOC based on growth response of P-17 and NOX as well as the sum of
the two are shown in Figure 22. As was observed in the Durham distribution system, the
substrates produce more response fiom NOX than P-17; in fact, the difference was considerably
greater than seen in the Durham system. Moreover, the response was variable in time suggesting
that substrates in the raw water also varied in time.
The spatial variability in AOC is shown in Figure 23. The total AOC remained relatively constant
although the longest residence time site (FS6) had the lowest va1,ues. The fact that high HPC and
low AOC were associated with the longest residence time was consistent also with very low
chloramine residuals at the same location. The reduction in AOC is evidence of substrate
biodegradation in the absence of inhibition by disinfectant. Moreover, there was evidence for
nitrification on numerous sampling occasions which will be discussed later. The average Total
AOC(acebhcebkl
was 112 pg/L. This is near the upper level of the LeChevallier et al.(1996b)
results. It should be noted, however, that the standard deviation was 8 1 pg/L (almost 75% of the
mean) and the highest value was 71 1 pg/L. As in Durham, some of the AOC values were quite
high suggesting that bacterial regrowth can occur at low disinfectant concentrations.

NRALEIGH DISTRIBUTION
HPC-DISINFECTANT RESIDUAL RELATIONSHIP I
SYSTEM
The North Carolina Division of Environmental Health requires that Raleigh switch for one month
(March) each year fiom chloramine to chlorine disinfection, presumably to reduce attached
growth in the system. This switch provided an opportunity for direct comparison of effectiveness
of the two disinfectants as well as a comparison to the effectiveness of disinfection in Durham
which uses chlorine throughout the year.
The relationship between HPC and chloramine residuals in the Raleigh distribution system is
shown in Figure 24. An increase in HPC with lower chloramine concentration was not as evident
as was the case in Durham although very low chloramine values were consistently found at FS6.
A direct comparison of chlorine and chloramine effectiveness for controlling HPC is shown in
Figure 25. These data were obtained during two sequential monthly samplings (March and April
in both 1997 and 1998) corresponding to chlorine disinfection in March and the return to
chloramine disinfection in April. The average concentrations of disinfectant were similar (2.4
mg/L of chlorine in March and 2.2 mg/L of chloramine in April) although in normal chlorination
practice, this chlorine concentration would be considered very high. With the exception of one
site, chlorine was somewhat more effective in controlling regrowth as measured by HPC in the
bulk water. The average HPC for the March (chlorinated) sites was 140 cMmL while that for the
April (chloraminated) sites was 450 cMmL. Other research (Neden et al., 1992 and LeChevalier
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Figure 22. Temporal variation in Total AOC (ACE-ACE) and its components (P-17 and N OX) of all stations in Raleigh
distribution system
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Figure 23. Average Total AOC (ace-ace) and its components (P-17 and NOX) for stations in Raleigh distribution system
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Figure 25. Comparison of chlorine (March sampling 1997 and 1998) and chloramine (April sampling 1997 and 1998)
effectiveness at controlling HPC in the Raleigh distribution system

et al., 1990) has suggested that chloramine is more effective than chlorine in controlling attached
growth of bacteria. The results in Raleigh, however, suggest otherwise. As important, the data
suggest that the practice of switching to chlorine for one month did not result in a decrease in
regrowth when chloramine was returned to the system.
EFFECT OF TEMPERATURE ON REGROWTH
Reaction rates increase with increasing temperature. This would include bacterial growth and
metabolism as well as the rate of chemical reactions between the disinfectant and other substances
in distribution systems. Figure 26 illustrates that while the HPC increased with temperature the
relationship was not strong. Other factors are undoubtedly affected the growth of bacteria (see
Regression Analysis of Bacterial Regrowth).
NITRIFICATION IN THE RALEIGH DISTRIBUTION SYSTEM
Nitrification is the process by which autotrophic micoorganisms oxidize ammonia to nitrite and
then to nitrate. Ammonia is likely to enter the distribution system whenever chloramination is
practiced. Even if nitrate production is below the maximum contaminant level of 10 mgL as N,
the intermediate formation of nitrite can be a serious concern because it produces a chloramine
demand. Thus a chain of events can be set up whereby if chloramine residual is lowered due to
long residence time or high demands, nitrification starts and this leads to firther reduction in
chloramine concentration and thus greater regrowth.
A summary of ammonia-N, nitrite-N and nitrate-N at FS6, the station with extremely long
residence time, is given in Table 12 for sampling dates in Spring and Summer of 1997 and Spring
1998. The ammonia-N concentrations in the finished water were unusally high on two sampling
dates (1.1 m a on April 28, 1997 and 2.6 mg/L on May 27, 1997). Apparently, treatment plant
personnel were having difficulty adjusting the dosages due to a shift from gas to liquid chlorine
feed system. The June 24, 1997 sample showed that a change was made in control so that
ammonia returned to a lower value of about 0.3 mg/L and remained in this range in JulySeptember.
The data in Table 12 provide very clear evidence of nitrification at station FS 6 which was noted
to have an estimated residence time of nearly 400 hours. For instance, the ammonia concentration
decreased to 0.3 mg/L at FS 6 (from 1.0 mg/L leaving plant) on April 28 and 0.5 mg/L (from 2.6
mg/L leaving plant) on May 27. Correspondingly, the nitrate-N increased to 0.8 and 1.2 mg/L on
these two days (this is still well below the standard of 10 mg/L). While the ammonia levels
leaving the plant were much lower in subsequent sampling, there was a notable decrease in
ammonia and increase in nitrate at FS6. The increase in nitrate, which is suggestive of
nitrification, was not enough to explain the decrease in ammonia fiom that in the finished water.
One possibility could be that high ammonia concentration at the plant was only temporary and
that blending occurred with water already in the distribution system that had lower ammonia
concentrations. Nitrification was not evident in September 1997. However, the chloramine
concentration was high due to flushing during this period and thus microbial activity was likely to
have been inhibited. Table 12 also shows that AOC decreased sharply at FS6 on several sampling

dates, consistent with increased biodegradation due to loss of chloramine residual.
Table 12. Analysis of Nitrification at FS6 in Raleigh
Date

Location

pH

m - N
mgn

NOi-N NO;-N
mpn . mpn

AOC
P@

Finished Water
FS6
Finished Water
FS6
Finished Water
FS6
FSII'
FS6
FSII'
FS6
FSII'
FS6
Finished Water
FS6
Finished Water
FS6
1

FSl 1 rather than "Finished Water" was used for comparison to FS6 on some sampling dates listed because the
Finished Water samples were mistakenly taken before the addition of ammonia to form chloramine and thus did
not give the ammonia leaving the treatment plant. FS 11 was closest to the plant as measured by residence time
and therefore most similar to water leaving the plant.

Evidence for the spatial variation in nitrification on six of the seven sampling dates given in Table
12 is presented in Figures 27 a-f The sampling points have been arranged in order of increasing
residence time based on analysis of the fluoride tracer data collected by the City of Raleigh. Each
panel of the figure shows a general trend of lower ammonia concentration with longer residence
time. On four of the six sampling dates, nitrate concentration increased. The general trend of
lower chloramine concentration with longer residence time is also apparent. The decrease in
AOC from the finished water to FS6, which is indicative of biodegradation, is also noted on each
panel of the figure.
ATTACHED GROWTH: EFFECT OF DISINFECTANT CONCENTRATION AND TYPE
Attached growth was measured on specimens exposed in the Raleigh distribution system at the
Wade Avenue pump station for 4, 6 and 8 months. The results of the in-situ EXA method and
HPC detachment measurements are given in Figures 28 and 29, respectively. Chloramine
concentration varied from 3.5 to 4 mgL and the addition of sodium metabisulfite reduced the
chloramine concentration to below detection. Regardless of the method used to measure attached
growth, the least biofilm growth occurred in the presence of disinfectant on glass and PVC pipe
materials while the greatest occurred on ductile and cast iron. The attached growth
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Figure 27a-f. Evidence for nitrification on six sampling dates in the Raleigh
distribution system
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Figure 28. Attached growth on pipe specimens exposed in the Raleigh distribution system as measured by the in-situ
exoproteolytic method (C12 = chlorinated; DeC12 = dechlorinated)
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Figure 29. Attached growth on pipe specimens exposed in the Raleigh distribution system as measured by the HPC (C12

= chlorinated; DeC12 = dechlorinated)

concentration, expressed as cfb per cm2 of surface area was in the range of values from the
literature (see for example the results in Table 1-3). An average of about 10' cfidcm2measured
by the EXA method on cast iron pipe in the presence of 3.5 to 4.0 m g L of chloramine is evidence
that cast iron offers protection to bacteria. Protection could be offered both by roughness and
quite possibly by chemical reduction of chloramine at the cast iron-water interface due to iron
chemistry. This has also been observed by others others (LeChevallier et al., 1990 and
LeChevallier et al., 1993).
The removal of disinfectant caused a large increase in attached growth based on results from all
three measurement techniques. Moreover, once the disinfectant was removed, the amount of
attached growth was unrelated to the pipe material. In other words, bacteria can even grow on a
smooth surface like that of glass if a disinfectant is not present.
A potentially important confounding factor in the experimental design is the order of placement of
specimens in the cassette. The arrangement in Figure 3 indicates that the glass microscopic slides
were "downstream" of the cast iron specimens. Discoloration of the glass slides was noted during
the course of the study. Hence, it is possible that attached growth on the glass slides was aided
by deposition of corrosion products. The sample area from which these deposits could have been
displaced was at most 12x4.7 cm2 or roughly, 60 cm2.
A direct comparison of attached growth measurement techniques is provided for the cast iron pipe
specimen in Figure 30. In making this comparison, caution is advised because the EXA method
uses a conversion between activity and bacterial counts whereas bacterial counts are measured
directly by the R2A agar method. The EXA method resulted in significantly higher counts than
the HPC method for the second sampling on October 18, 1997. However, the results for the third
sampling on December 12, 1997 were nearly the same.
The comparisons of attached growth in the Durham distribution system at Mist Lake Rd. in the
presence and absence of chlorine are presented in Figures 3 1 (EXA method) and 32 (HPC R2A
method). The results were similar to those presented in Figures 28 and 29 in that more attached
growth was generally observed in the absence of disinfectant. However, the suppression effect of
chlorine was not as apparent was found for chlorarnine. One explanation is that chlorine does not
penetrate the biofilm as effectively. However, another explanation is that chlorine residual at the
Mist Lake Rd. site was continually decreasing during the period before these samples were
removed (Figure 33). Therefore, the chlorine concentration in water passing by specimens in
cassettes before the addition of metabisulfite was probably not high enough to inhibit attached
growth as had been the case in the presence of chloraminated water in Raleigh. Figure 34 is a
direct comparison of the two methods for enumerating attached organisms on the cast iron pipe
specimen at Mist Lake in Durham. As previously noted, the effect of chlorine was readily
apparent. In addition, the apparent number of attached bacteria measured by the EXA method
was greater than that measured with the HPC method.
COMPARISON OF HPC METHODS
The State of North Carolina requires that HPC be measured using standard agar (trypticase-
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Figure 30. Comparison of attached growth on cast iron pipe specimens exposed in the Raleigh distribution system as
measured by exoproteolytic and HPC methods
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Figure 31. Attached growth on pipe specimens exposed in the Durham distribution system as measured by the in-situ
exoproteolytic method (C12 = chlorinated; DeC12 = dechlorinated)
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Figure 32. Attached growth on pipe specimens exposed in the Durham distribution system as measured by the HPC
(C12 = chlorinated; DeC12 = dechlorinated)

glucose referred to here as HPC-TG) which has been shown to grow fewer colonies than the
R2A agar. The 19&edition of Standad Methods (1995) recommends that utilities switch to the
latter medium. Throughout this study, laboratory personnel in Durham and Raleigh measured
HPC by the TG agar method while the R2A agar was used at the University of North Carolina. A
comparison of results is provided in Figure 35 (Durham) and 36 (Raleigh). The darker bars are
measurements of log HPC-TG and the lighter bars are measurements of log HPC R2A agar. The
log scale includes negative values because data were obtained Eom counting of 100 mL samples
and thus < 1 HPClrnl was possible to measure; for example, 1 HPC1100 mL = 10'~HPCImL.
Higher colony counts on the R2A agar were always observed because this agar allows
enumeration of a greater number of bacterial species in each sample.
REGRESSION ANALYSIS OF BACTERIAL REGROWTH
Multiple regression and regression diagnostics (The SAS System for Windows V6.12, SAS
Institute Inc., Cary, North Carolina) were processed to set up a statistical model to predict the
microbial regrowth as measured by HPC. Each of the data sets included 17 variables and 165
observations. All the variables in the data sets are described in Table 13. ID and DATE identify
the sample location and date of sample collection. All data were initially entered into Excel and
then the Dynamic Data Exchange (DDE) method within SAS (see PJ-1 .SAS code) was used to
convert these to an SAS data set.
Tables 14and 15 show sample size, mean value, and standard deviation for each of the water
quality variables in data sets from Durham and Raleigh, respectively. Each data set was a
combination of cross-sectional data from the finished water and 10 sampling stations in the
distribution system at one point in time and from time-series data based on monthly sampling for
16 months. It is important to note the distinction in the definition of arithmetic and log mean
values for the two measures of HPC. The mean of the log values is obtained fiom the distribution
of the log values of HPC and is not the same, therefore, as the log of the arithmetic mean of the
corresponding HPC.
From Tables 14 and 15, the average HPC by the R2A method was 400 cWmL in Raleigh which
was significantly less than in Durham (1,000cWmL). The maximum HPC in Raleigh was 7,700
cWmL which was also much less than measured in Durham (62,000 cWmL). Despite these
rather high values, coliform was detected on only two occasions in Durham and never in Raleigh.
Also of importance is the comparison of the R2A agar and standard plate counting procedure
used by both Durham and Raleigh. Clearly, the R2A method is far more sensitive. According to
the HPC-TG data in Tables 14 and 15, the average HPC was lower in Durham (55 cWmL) than
in Raleigh (120 cWmL), the opposite result of that obtained with the R2A agar method.
Figure 37 and Figure 38 show the HPC variability at each sample station in Durham and in
Raleigh, respectively. The range of data contained within the box represents 25 to 75% of the
distribution; the 50th percentile (median) is shown by the horizontal dash. Also shown in the
plots are the three highest and three lowest data points. As would be expected, the finished water
leaving the water treatment plant in both Durham and Raleigh had the lowest average HPC (0.7
cWmL in Durham and 0.4 chlmL in Raleigh). Station 2 in Durham was estimated to have the

Table 13. Water Quality Variables Included in the Regression Analyses
No.

Variable
Name
DATE
ID
AGE
TEMP
RESIDUAL
DEMAND
PH
TOC
AOC
HPC-R2A
HPC-TG
COLIFORM
LG-HPC
N03-N
N02-N
NH3-N
P04P

Definition

Units

Date of Sample Collection
Sample Site
Water Travel Time in Pipeline to Station
Water Temperature
Combined Chlorine Residual
48 hours Combined Chlorine Demand
PH
Total Organic Carbon
Assimilable Organic Carbon
Heterotrophic Plate Count with R2A agar
Heterotrophic Plate Count with standard agar
Coliform Count
Log value of HPC
Nitrate concentration
Nitrite concentration
Ammonia concentration
Phosphate concentration

Table 14. Descriptive Statistics of Durham Water Quality Variables
Variable
HPC-R2A
LG-HPC
HPC-TG
COLIFORM
AGE
AOC
RESIDUAL(fiee)
TEMP
DEMAND
PH
TOC
NH3-N
N02-N
NO3-N
PO4 P

N

Mean

Std Dev

Sum

Minimum

Maximum

Table 15. Descriptive Statistics of Raleigh Water Quality Variables
Variable
HPC-R2A
LG-HPC
HPC-TG
COLIFORM
AGE
AOC
RESIDUAL
(comb)
RESIDUAL(fiee)
TEMP
DEMAND
PH
TOC
NH3-N
N02-N
N03-N
PO4 P

N

Mean

StdDev

Sum Minimum

Maximum

longest water travel time (AGE=212 hour-) and correspondingly, this station had the highest
average HPC (8,600 cWmL). Station FS 6 in Raleigh was estimated to have the longest water
travel time (AGE=394 hour) and also had the highest average value 2,800 cMmL. Both systems
showed a general trend of increasing regrowth with increasing water travel time.
Correlation analysis is used to define the strength of a linear relationship between two variables,
and thus it serves to identifl predictor variables for a regression equation. The relationship
between water quality variables and HPC occurrence can help to determine which water quality
variable should be included in the proposed statistical model. The variance of HPC in the
distribution system is most likely due to the combined influence of several factors and thus a
multiple regression is reasonable. In multiple regression, the assumption is made that the
dependent variables are normally distributed. If a dependent variable is not normally distributed, a
transformation may be required. The UNIVARIATE procedure within SAS was used to test the
normality of both HPC-R2A data and the log HPC-R2A data. The results are presented in Table
16.
Table 16. Normality Test of Both HPC-R2A Data and the Log HPC-R2A Data
Durham
Raleigh
HPC R2A LG-HPC HPC-R2A LG-HPC
Skewness
8.36
0.64
4.27
0.11
Kurtosis
79.4 1
0.26
20
-0.47

OCM

OLS

9 ZSJ

OZSJ

Skewness and kurtosis are two important indexes to describe the normality of a variable. As
these indices approach zero, the variable is more normally distributed. It is apparent from Table
16 that the log transformation improved the normality of HPC data. For this reason log HPC was
used as the dependent variable for regression analyses instead of HPC.
Correlation matrices were generated for all the possible independent variables (predictors) that
may affect the variance of log HPC (response). The results are shown in Table 17 for each utility.
The order of decreasing Pearson correlation coefficient for the Durham data with log HPC was:
0.6 1); temperature ( ~ 0 . 2 7 ) AOC
;
(F-0.2 1) and pH
disinfectant residual (r=-0.74); water age (I=
(FO. 16). All the other variables (inorganic nutrients, chlorine demand, and TOC) had a very low
correlation with HPC (lr1<0.2), suggesting their exclusion from the model. The results for Raleigh
showed that the order of decreasing Pearson correlation coefficient with log HPC was:
disinfectant residual (I=-0.63); water age ( ~ 0 . 5 6 )AOC
;
(I-=-0.34), pH (r-0.288); and
temperature (r=0.25). Given that the correlation analysis eliminated inorganic nutrients as a
factor contributing to regrowth, it was assumed that microbial regrowth was limited by AOC.
AOC was selected over TOC in regression analysis because it is the small fraction of TOC that
directly represents carbon used for microbial growth.

Table 17. Pearson Correlations for LG HPC to Other Water Quality Variables
Durham
Raleigh
No.
r
P'
No.
r
P'
RESIDUAL 159 -0.740
0.0001 RESIDUAL 140 -0.626
0.000 1
AGE
159
0.612
0.0001 AGE
140 0.554
0.000 1
TEMP
150
AOC
PH
AOC
107
HPC-TG
153
TEMP
PH
140
TOC
N02-N
N03-N
159
COLIFORM 153
DEMAND
DEMAND
159
NH3-N
N03-N
NH3-N
158
TOC
159
PO4-P
HPC-TG
N02-N
147
COLIFORM
1
P = Probability of lrl =O

In contrast to the negative correlation of AOC to regrowth (r = -0.21) in this study, Rice et al.
(1991) found a positive correlation (r = 0.29) with the occurrence of coliform for a similar size of
data set. In either case, AOC would not be considered a strong determinant of regrowth. The
correlation analysis also showed that temperature was not very important. Prevost et al. (1998)
compared regrowth in summer and winter and concluded from multiple regression analysis that
the effect of biofilm processes and of water treatment on biodegradable substrate entering the
distribution system were expressed more strongly in warm water. Even though more

biodegradable substrate entered the distribution system in winter than in summer, the biofilm
process was retarded and less regrowth occurred. Their work, however, points to the difficulty in
establishing simple statistical relationships between regrowth and the factors responsible.
Both disinfectant residual and water age (residence time) showed a high correlation with HPC.
However, these two variables are correlated because disinfectant residual decreases with water
age due to exertion of demand both in bulk water and on pipe walls. The additional difficulty
with respect to including water age in regression analysis is lack of reliable information. The only
data available for water age in the Raleigh system were collected by a fluoride tracer test several
months before this project began; however, water age can vary with water demand throughout
months of the year. The estimate of water age in Durham was made based on bulk-water chlorine
demand tests (see Equation 13) and thus collinearity is strong between chlorine residual and water
age. Therefore, both variables will give a similar trend. Although this problem does not change
the effectiveness of the least squares regression procedure in identifying the best linear predictive
model, the model coefficients will be biased when collinearity exists. Biased coefficients cause
difficulty when the model is being used to study the effect of a change in a subset of the model
variables on some dependent variable (e.g., HPC). That is, the relative contribution of each
independent variable cannot be determined. For these reasons, water age was not included in the
regression analysis.
Variables with relatively high Pearson correlation coefficients were selected for the regression
model. For both the Raleigh and Durham data, the variables were: disinfectant residual;
temperature, pH, and AOC. The best linear regression model was then obtained with SAS using
the "All-Possible Regression Procedure". In this procedure, regression models involving one,
two, three variables were fit. The criterion for the best model was that yielding the highest R~
value. The final statistical model is expressed as:

where XI, X2, X3, &, ... are the different product terms of the independent variables and e is the
error.
Because AOC was considered important, it was necessary to remove data sets fiom both water
utilities for which AOC measurements were not included: This reduced the entries in the Raleigh
data set from 165 to 96 and those in the Durham data set fiom 165 to 88.
The results of testing regression models containing different combinations of the four variables for
the Durham are given in Tables 18. The variables are defined below each table. These include
products of each of two variables (e.g., X13 = Xl xX2), the square of each variable (e.g., X7 =
Xl xX1) and the reciprocal of each variable (e.g., X5 = l/AOC). The models are listed in Table
18 in increasing order of the number of variable combinations that were included. The more
variable combinations, the higher the R~value which means more of the data can be explained.
However, the increase in R* is minimal beyond inclusion of five variables. For this reason, Model
No. 5 was chosen. The variables are X7, X11, X20, X24 and X26 and the R~is 0.77.

The same approach was taken with regression analysis of the Raleigh data as shown in Table 19.
In this case, the R* value was significantly lower than that found for the Durham data with Model
No. 5 (0.52 compared to 0.77 for Durham).
Table 18. Linear Regression Model Testing for Different Combinations of
Chlorine Residual, AOC, pH and Temperature as Independent Variables Using
Durham Regrowth Data (88 observations)
Number
of
Variables
in Model

R~

7
0.78
8
0.78
Variable Descriptions:

C(P)l

-4.80
-4.51

Variable Combinations Included in Model

X6
X4

X7
X7

X8 X11
X8 XI1

X20 X24 X26
X13 X20 X21 X24

Xl=RESIDUAL;X2=TEMP;X3=AOC;
X4=PH; XS=l/AOC; X6=l/RESIDUAL;
X7=Xl*Xl; X8=X2*X2; X9=X3*X3; XlO=X4*X4; X1 1=X5*X5; X12=X6*X6;
X13=Xl*X2; X14=Xl*X3;X15=Xl*X4; X16=Xl*X5; X17=Xl*X6;
X18=X2*X3; X19=X2*X4; X20=X2*X5; X21=X2*X6; X22=X3*X4;
X23=X3*X5; X24=X3 *X6; X25=X4*X5; X26=X4*X6; X27=X5 *X6
a allow's Cp=SSE@)/MSE(k)-[n-2@+l)] where p is the number of variables in any model, SSE is sum of squared
errors, MSE is mean of squared errors and k is the maximum possible number of variables (27) in a given model.
The Cp criterion defines the best model as that which gives a C, value of approximately p+l if MSE @) is roughly
equal to MSE (k). In Table 18, the C,criterion gives Model No. 2 as the best (2 variables+l=3).

The final statistical models to explain regrowth as measured by HPC for the Durham and Raleigh
data are:
Durham
LOG(HPC)

=

1.629 - O . ~ ~ X R E S I D U A+L ~3 1 6 2 . 9 6 / ~ 0 ~-~ 2.588xTEMP/AOC +
0.002xAOCRESIDUAL - 0.006xPHIREiSIDUAL
(21)

(R~=o.
77)
Raleigh
LOG HPC = 0.052 + 0.864xTEMP -1006.78/AOC -0.039xRESIDUALxTEMP0.092xTEMPxPH + 135.60xPWAOC
(R=
~ 0.62)

Table 19. Linear Regression Model Testing for Different Combinations of Chlorarnine Residual,
AOC, pH and Temperature as Independent Variables Using Raleigh Regrowth Data (96
Observations)
Number of
Variables in
Model
1
2
3
4
5
6

R~

C(p)

Variable Combinations Included in Model

0.349 38.002 X14
0.437 22.367 X2 X13
0.466 18.748 X2X13 X22
0.480 17.934 X3 X5 X16 X23
0.518 12.209 X2X5 X13 X18 X23
0.532 11.503 X2X5 X13 X16 X18 X23
7
0.544 11.178 X2X4 X5 X13 X18,X19 X23
8
0.550 11.841 X2X4 X5 X13 X15 X18 X19 X23
Variable Descriptions:
X1=RESIDUAL; ==TEMP; X3=PH;X4=AOC; X5=1/AOC ;
X6=l/RESIDUAL;X7=Xl*XI;X8=X2*X2;X9=X3*X3;XlO=X4*X4;
Xll=X5*X5;X12=X6*X6;Xl3=Xl*X2;Xl4=Xl*X3;Xl5=Xl*X4;
Xl6=Xl*X5;Xl7=Xl*X6;X18=X2*X3;
X19=X2*X4;X20=X2*X5;
X21=X2*X6;X22=X3*X4;X23=X3*X5;
X24=X3*X6;
X25=X4*X5;
X26=X4*X6:X27=X5*X6
The details of the SAS regression analysis for the above two equations are given in Appendix I
and 11, respectively. From these regressions, HPC was found to be both directly and inversely
dependent on AOC, a difficult result to explain. At least three effects of AOC must be
considered. HPC could be inversely correlated with AOC if bacterial growth caused a large
consumption of substrate (i.e., AOC) at a particular station. Alternatively, HPC could be directly
correlated with AOC given that growth rate is generally accepted to increase with substrate
concentration (Monod kinetic model), especially at low substrate concentrations typical of a
distribution system. Still another possibility is that AOC in the bulk solution may not be a strong
determinant of regrowth if attached growth controls HPC in the bulk water and this in turn,
depends on the substrate that accumulates on pipe walls rather than in bulk solution.
The limitations of the results should be recognized. First, about one-half of the data set was not
used in the analysis, mainly because AOC data were missing. Neither model was satisfactory
because the R~value was rather low, especially for Raleigh. The analysis also produced different
variable combinations to explain the Durham data compared to variable combinations that
explained the Raleigh data. It is difficult to give direct physical meaning, for example, to the
importance of RESIDUAL* and to ratios of variables such as TEMPIAOC. In addition, more
similarity would have been expected between the two cities in the five variable combinations that
explain regrowth in the two systems. Even though the disinfectants are different (chlorine in
Durham and chlorarnine in Raleigh), the finished waters are otherwise fairly similar in chemical
characterization and the distribution system characteristics (age, type of pipe material, and layout)
do not differ greatly.

Regression diagnostics were used to check the assumptions and to assess the accuracy of
computation for multiple regression. Several of these were used including the list of the Jackknife
residuals and leverage values to determine outliers and the variance inflation factor(V1F) and
condition index (CI) to assess collinearity in the model. Four possible outlier values in a record of
about 160 observations were found using the Jackknife test and these may need hrther
investigation. However, these values were kept in the subsequent regression analyses.
Collinearity by the VIF and CI tests was not found to be a serious problem.

An alternative non-linear regression approach was tried of the form:
HPC = a-RESIDUAL" JEA4PB -AOCy + e
where e is the error term. This model equation can be transformed into
log(HPC) = log (a) + a log (RESIDUAL) + P log (TEMP) + y log (AOC) + e
This is now a linear equation, which can be analyzed using the least-square regression technique
described earlier.
By reducing the number of independent variables from four to three, the number of complete data
sets was increased for analysis. The data set for Durham with three variables included 107
observations compared to 88 in the previous analysis. SAS was used to determine whether all
three variables would be needed in the regression model. The R~values for each possible model
including one to three variables are given in Table 20.
If only one independent variable is included, the results suggest that by far the most important
variable is residual chlorine. Adding temperature and/or AOC did not increase the R~value
significantly. Hence, the model is of the form:

log(HPC) = log(a) + a log (RESIDUAL) + e

(25)

Table 20. Non-Linear Regression Model Testing for Different Combinations of Chlorine Residual,
AOC and Temperature as Independent Variables Using lb7 Observations (a data set) from
Durham
Variable@)in Model
Log Residual
Log AOC
Log Temperature
Log ResidualxLog AOC
Log ResidualxLog Temperature
Log TemperaturexLog AOC
Log ResidualxLog AOCxLog Temperature

R~
0.63
0.10
0.08
0.63
0.63
0.15
0.63

By reducing the number of variables in the least-square regression analysis given by Equation 25
for the Durham data, complete information was available for 159 observations. This is a
significant increase from the 107 observations when including four variables. The resulting model
is:

The specifics of the analysis of variance for this model are given in Appendix 111. The R~is less
than that for the set of data listed in Table 20 that comprises 107 observations (R*= 0.63). This
may be caused by more scatter from the trend due to increasing the number of observations to
159.
The same analysis was repeated with the Raleigh data set as shown in Table 2 1 (see Appendix IV
for details). The data set contained 89 observations to select the best variable@)to include in the
model. The results were similar in that the most important variable was found to be chloramine
residual (IX2 = 0.43); adding temperature increased R~only to 0.47.

Table 2 1. Non-Linear Regression Model Testing for Different Combinations of Chloramine
Residual, AOC and Temperature as Independent Variables Using 89 Observations (A Data Set)
from Raleigh

Log Residual
Log AOC
Log Temperature
Log ResidualxLog AOC
Log ResidualxLog Temperature
Log TemperaturexLog AOC
Log ResidualxLog AOCxLog Temperature

0.43
0.12
0.04
0.43
0.47
0.19
0.47

The resulting model from regression analysis is:
HPC (cWrnL) = 123 x RESIDUAL (mg/'L)-2.4' (lt2= 0.35)

(27)

Despite including 107 observations from Durham and 89 from Raleigh, the R~of both regressions
were very low. These results reemphasize the complexity of describing regrowth by a simple
regression model. For instance, growth may not correlate strongly with temperature due to
offsetting effects. A decrease in temperature at first glance may be thought to decrease growth;
however, it may also cause a slower rate of disinfection that could offset the lower bacterial
growth rate. Similar complications arise with respect to interpreting a correlation of regrowth
with AOC data. A high AOC may be interpreted to encourage bacterial growth but only if the

disinfectant concentration is also low. A low AOC may correlate better with high bacterial counts
because substrate has been utilized at that particular sampling station to produce growth.

A more powefil statistical approach combined with more frequent data collection at more
sampling sites may yield better results from regression modeling but at considerable expense. The
alternative is a mechanistic model of the regrowth process, or better yet, a mechanistic model that
accounts for uncertainty in parameter estimation.
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APPENDIX I. ANALYSIS OF VARIANCE FOR LINEAR REGRESSION, FOURPARAMETER MODEL FOR DURHAM DATA
Model: See Equation 2 1
Dependent Variable: LG-HPC
Analysis of Variance

Mean
Square

Sum of
Squares

Source

DF

Model
Error
C Total

5 125.69975
82 38.40892
87 164.10867

F Value

25.13995
0.46840

53.672

Prob >F

0.0001

Parameter Estimates
Variable Degree of Parameter Standard
for
Freedom Estimate Error
Regression

Intercept
X7
XI1
X20
X24
X26

1
1
1
1
1
1

1.63
-0.57
3162.96
-2.59
0.00
-0.01

0.22
0.07
641.59
0.86
0.00
0.00

T Test Value
for
Hypothesis:
Parameter =

0

Probability Variance
of
Inflation
Trueness
of the
Hypothesis

7.30
-8.44
4.93
-3.02
5.11
-2.93

0.0001
0.0001
0.0001
0.0034
0.0001
0.0044

0.00
1.51
8.12
6.63
5.59
7.14

APPENDIX 11. ANALYSIS OF VARIANCE FOR LINEAR REGRESSION, FOURPARAMETER MODEL FOR RALEIGH DATA
Model: See Equation 22
Dependent Variable: LG-HPC
Analysis of Variance
Sumof
Squares

Source

DF

Model
Error
C Total

5 111.15184
83 67.06193
88 178.21378

Mean
Square

22.23037
0.80798

F Value

27.514

Prob>F

0.0001

Parameter Estimates

Variable Degree of Parameter Standard
for
Freedom Estimate Error
Regression

intercept
X2
X5
X13
X18
X23

1
1
1
1
1
1

0.05
0.86
-1006.78
-0.04
-0.09
135.60

0.59
0.21
296.70
0.00
0.03
40.60

T Test Value
for
Hypothesis:
Parameter =
0
0.09
4.12
-3.39
-8.58
-3.23
3.34

Probability Variance
of
Inflation
Trueness
of the
Hypothesis
0.9288
0.0
0.0001
94.8
0.0011
440.1
0.0001
2.0
0.0018
95.8
420.3
0.0013

APPENDIX III. ANALYSIS OF VARIANCE FOR NON-LINEAR REGRESSION, ONEPARAMETER MODEL OF DURHAM DURHAM DATA

Model: See Equation 26
Dependent Variable: LG-HPC
Analysis of Variance

Source
Model
Error
C Total

DF

Sum of
Squares

1 132.85649
157 114.21011
158 247.06660

Mean
Square
132.85649
0.72745

F Value
182.632

Prob>F
0.0001

Parameter Estimates
Variable Degree of parameter Standard
for
Freedom Estimate Error
Regression

intercept
L G RES

1
1

0.75
-1.78

0.07
0.13

T Test Value
for
Hypothesis:
Parameter =
0
10.61
-13.51

Probability
of
Trueness
of the
Hypothesis
0.0001
0.0001

APPENDIX IV. ANALYSIS OF VARIANCE FOR NON-LITWAR REGRESSION, O N E
.
PARAMETER MODEL FOR RALEIGH DATA
Model: See Equation 27
Dependent Variable: LG-HPC
Analysis of Variance
Sum of
Squares

Source

DF

Model
Error
C Total

1
80.85806
138 150.47337
139 231.33143

Mean
Square
80.85806
1.09039

F Value
74.155

Prob>F
0.0001

Parameter Estimates

Variable Degree of Parameter Standard
for
Freedom Estimate Error
Regression

intercept
LG RES

1
1

2.10
-2.41

0.14
0.30

T ~ e sValue
t
for
Hypothesis:
Parameter =
0
15.20
-8.61

Probability
of
Trueness
of the
Hypothesis
0.0001
0.0001

APPENDIX V. LIST OF SYMBOLS
[A1
[A10
AOC
AODC
BDOC
BOM
C

co

CEM
cfu
CI
CMFRs
CTC
DDE
DOC
DPD
EHL
EXA
F(t)
HPC
k

kt
k"
LLBN
NOX
P-17
PVC
R2A
RTS
TG
SAS
SCLM
TOC
VIF

Oxidant concentration in drinking water at time t
Initial oxidant concentration in drinking water
Assimilable organic varbon
Acridine orange direct count
Biodegradable dissolved organic carbon
Biodegradable organic material
Chlorine or chloramine residual at time t
Initial chlorine or chloramine concentration
Computer enhanced microscopy
Colony forming units
Condition Index
Completely-mixed flow reactors
Redox dye: 5-cyano-2,3-ditolyl tetrazolium chloride
Dynamic data exchange
Dissolved organic carbon
N, N-diethyl-P-phenylenediamine
Environmental Health Laboratories
Potential exoproteolytic activity
Fraction of new water with the old water
Heterotrophic plate count
First-order rate cdnstant for chlorine decay
Second-order rate constant for chlorine decay
Pseudo-first order ate constant for chlorine decay
Non-fluorescent L - leucine - naphthylamine
Bacterial strain in AOC test
Bacterial strain in AOC test
Polyvinyl chloride
Type of agar in HPC determination
Rototorque system
Trypto glucose agir used in standard HPC determination
Statistical analysis system
Scanning confocal laser microscopy
Total organic carbon
Variance inflation factor in statistical analysis
,

