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The Microbial Ecology in Water Distribution Systems

To date, the microbial ecology of water treatment and distribution
systems has never been systematically explored. Despite chronic prob-
lems with microbial growths in water distribution systems, the water-
works 1literature would indicate that the fundamentals, techniques and
applications of microbial ecology are virtually unknown to the water-—
works profession.

Microbial ecology 1s the sclence that explores the relationships
between wmicroorganisms and their envirounment. A study of wmicrobial
ecology 1nvolves an assessment of the changes in the total and indivi-
dual members of the microbial community. In distribution systems, the
microbial ecology would be influenced by the influx of organisms, the
surface colonization of distribution mains, the invasion of distribution
systems by organisms from external sources, variations in flow, the
chemical composition of the distributed water and the effective concen—
tration of residual disinfectant. In addition, seasonal water tempera-
ture changes would be expected to affect total microbial populatiouns.

An assessment of microbial ecology requires the determination of,
at least, four basic parameters.

. The total population of organisms

. The biomass in the system

. The activity of the organisms

+ The diversity of the total population.
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To the present, the published literature indicates that little 1is
known of the microbial ecology of distribution systems. No water dis-
tribution system has been evaluated for all of these parameters.

Recent evidence 1indicates that the microbial ecology in water
distribution systems is extremely dynamic and diverse (1). This 1is
surprising 1in light of the low nutrient, low temperature, chemically
hostile conditions which prevail in distribution systems. In. studies
involving numerous water distribution systems in Missouri, the total
populations of planktonic organisms were enumerated, providing compre-
hensive data on the total number of organisms present in drinking waters
(2) These studies indicated that most of the organisms found in the
distribution systems were discharged through the water treatment plants
because of the inability of filters to effectively remove the organisms
from the source water. This failure was particularly pronounced during



cold weather. In studies conducted during the summer of 1985 (warm
weather conditions), increases and decreases in total planktonic bacter—
ial populations during distribution were observed in the largest scale
survey of water distribution systems conducted to date (3). The total
microbial population remained constant or increased during distribution.

Microorganism Regrowth and Aftergrowth

Currently, the water utility industry uses "regrowth"” and "after-
growth” as synonyms to describe the increase in the number of organisams
during distribution. On the basis of recent studies7 how ver, it is
evident that, in many instances, large numbers (10’ - 100 bacterial
cells/L) of organisms are entering the water distribution system through
the filtration plant or well (2,3). "Regrowth” then is defined as the
recovery of disinfectant-injured cells which had passed into the distri-
bution system from the water source or treatment plant. After chlorine
dissipation and time for metabolic repair, these cells may regain their
ability to reproduce under culture conditions. The subsequent growth of
new organisms originating from those passing the treatment processes and
surviving disinfection would similarly be classified as “"regrowth."

"Aftergrowth” 1s defined as the subsequent microbial contamination
of distributed water by cells from distributlion piping surfaces or
external sources, such as cross—connections or back siphonage.

Since the adverse effects of microorganisms on drinking water
quality due to regrowth can only be controlled at the treatment plant,
it is important, for operational purposes, to be able to distinguish
between the two phenomena.

Planktonic and Periphytic Organisms

A distribution system can be envisioned as an elongated, continu-
ously diminishing bottle in which the surface area to volume ratio
increases from large mains to small household plumbing. The contribu-
tion of the periphytic community to the total microbial biomass of the
distribution s%stem is not presently known. However, in cleamn alpine
streams, 1 of submerged surface was found to contain a Dbacterial
population equal to the bacteria in one liter of the flowing water (4).

While the total population of planktonic bacteria has been enumer-
ated at various points, including household taps, 1in 83 Missouri water
distribution systems, the total periphytic population in a water distri-
bution system has never been quantified. It is expected that the peri-
phytic population of microorganisms would exceed the planktonic popula-
tion, particularly in small diameter piping. It is essential that
quantitative measures of the total number of periphytic organisms be
made 1in a variety of distribution systems under different temperature,
nutrient and disinfectant conditions. The effect of main flushing on
the periphytic population must also be assessed to evaluate the effec-
tiveness of this technique in controlling biologically-mediated corro-
sion and water quality deterioration.

Indices of Microbial Activity and Diversity

The enumeration of bacteria by direct count can be used to assess
both treatment efficiency and distribution system ecology. In a treat-
ment plant, the effectiveness of filtration for the removal of wmicro-



organisms can only be evaluated by measuring the direct count before and
after filtration (2,3). In the distribution systems, changes in the
activity and diversity of microorganisms can be evaluated using the
direct count in conjunction with additiomnal microbiological data.

The method used for enumerating the total number of bacteria in the
present study 1s a slight modificatlion of the method described by
Hobbie, et al. (5). Briefly, the Acridine Orange Direct Count (AODC)
method involves staining a suspension of bacteria with the fluorochrome,
acridine orange. The suspension 1is subsequently membrane- filtered on
irgalan black-stained 0.2 um polycarbonate Nuclepore filters. The bac-
teria are then counted while still moist under epifluorescent (reflected
ultraviolet) illumination. The total number of bacterlia is the wmost
basic and fundamental microbial parameter which can be measured. All
additional microbiological measurements take on even more meaning when
theilr contribution to the total is known.

The AODC can thus serve to provide activity indices when used 1in
conjunction with other microbial measurements (6). These indices are
formed with the AODC as the denominator, and any measure of bacterial
activity, metabolic state or biomass as the numerator.

The heterotrophic plate count (HPC) is a conditional measurement of
organisms capable of growing on either rich or dilute nutrient media at
either 35°C or 20°C. In conjunction with the total population, the HPC
can provide one index of distribution system organism activity. The
ratio of HPC to the total bacterial count, which can theoretically range
from zero to one, has been observed to markedly increase following the
dissipation of disinfectant residuals in distribution systems (2,3).
The HPC percent of the total, as presented in this report, is an example
of an activity index.

There are numerous indices of microbial diversity and activity
which can be applied to water distribution systems. The following seven
modifications and combination of modifications of the AODC method are
examples of avallable activity indices.

Zimmerman, et al. (7) have developed a technique that permits
simultaneous determination of the total number and the number of bacter-
ia carrying out respiration. This includes all organisms with an elec-
tron transport system, both autotrophs and heterotrophs. In respiring
bacteria, the electron transport system will reduce 2-(p—-iodophenyl)-3-
(p=nitrophenyl)-5-phenyl tetrazolium chloride (INT) to INT-formazan.
INT-formazan 1s deposited as dark red spots inside respiring bacteria.
Staining with acridine orange after incubation with INT allows for
separation of actively respiring bacteria from inactive bacteria. This
technique recently has been improved (8) and, subsequently, applied to
drinking water (9).

Another method to determine both the total number of bacteria and
those actively metabolizing employs the combination of autoradiography
and epifluorescent microscopy (10121). Bacteria are incubated with a
radiolabelled substrate, such as ~’'C-labelled glucose or tritiated thy-
midine. The bacteria are then filtered onto an 0.2 ym membrane filter
which is then placed on a glass slide, coated with a photographic emul-
sion and exposed to the radiationm. The film is developed and, subse-
quently, stained with acridine orange. Actively metabollizing cells are



agsociated with dark silver grains deposited in the vicinity of the
cell.

Rogure, et al. (12) incubated bacteria for six hours with 0.025%
yeast extract and 0.002% naladixic acid. Naladixic acid inhibits DNA
synthesis, but other synthetic pathways continue to operate. This
results in the formation of elongated filamentous cells. The bacterial
suspension is then stained with acridine orange. The total number and
the substrate-responsive (elongated) bacteria can them be counted.

Hagstrom, et al. (13) introduced the frequency of dividing cells
(FDC) as a means of expanding the acridine orange direct count (AODC)
method by adding the capacity to estimate bacterial productivity. The
FDC 1s calculated as the percent of dividing cells to the total number.
The FDC method is based on theoretical and experimental work which has
shown that the FDC is directly related to bacterial growth rates. It
has been suggestsed that the FDC can be used to predict growth rates of
natural aquatic bacterial assemblages. A subsequent study has evaluated
and confirmed the method (14).

The last modified epifluorescent microscopic method involves fluo-
raescent antibody labelling (15, 16). This technique involves staining
bacteria with a fluorescent dye that is coupled to an antibody. The
antibody reacts with a specific bacterial antigen and the dye fluoresces
under ultraviolet radiationm. This technique 1s specific for individual
bacterial species, and could be used to follow a specific bacterial
species in a distribution system.

The modifications of the AODC method already described have been
further modified to combine more than one AODC technique. The first
adaptation combines both autoradiography and immunofluorescence to per-
ait observation of a particular bacterial species while assessing its
activity with respect to a given isotope (17). Another combination
utilizes both fluorescent antibody and INT (18). This allows for detec-—
tion of actively respiring populations of a specific bacterial species.
In addition to the combining of techniques, the INT and naladixic acid
methods have recently been compared in terms of their ability to deter-
mine metabolizing bacteria (19). Using these techniques, the proportion
of metabolizing bacteria is found to range from 5 to 367% of the total in
fresh watar.

Living, Injured and Dead Bacterial Cells

Early evaluations of the “viable plate count, total plate count,”
"total bacterial count” and "standard plate count” created the impres-—
sion among some users of the data that all living organisms were enumer-
ated by the procedure. This is far from correct since autotrophic
organisms, heat-sensitive organisms, anaerobic organisms and many disin-
fectant-injured cells, although alive, cannot survive and reproduce
under plate count culture conditionms.

The direct microscopic count, on the other hand, permits the enu-
meration of all organisms, living, injured and dead. Whereas the living
cells are presumably capable of activity and replication, injured cells
may be undergoing metabolic repair. However, the dead cells require
further description.



‘The definition of a dead microorganism is still a matter of contro-
versy among microbiologists. For example, a dead microorganism may be
defined as a microorganism which 1s unable to reproduce. If this is due
to inactivation of its enzyme or reproductive system, the cell may still
have living DNA or RNA inside its cell membrane. Ultimately, the cell
wall 1lyses and disappears, decreasing the observed direct microscopic
count. Replication of the direct count at different times can therefore
provide wuseful 1information on the fraction of the total planktonic
organisms present which are "dead,” even though their DNA or RNA is
still intact. If the direct count of the number of organisms entering a
distribution system was observed to markedly decline during travel in
the mains, many of the organisms may have been, by the previous defini-
tion, "dead" at the time they entered the system. This phenomena has
been observed in Missouri distribution systems where the water is heavi-
ly chlorinated (3). More often, however, the direct count does not
decrease during time of travel in the distribution system (3).

Effect of Organisms on Chlorine Demand

"Chlorine Demand” is not an intrinsic or specific property of
water. It is a conditional measurement which varies, even for the same
water, with temperature, pH, time and particularly with the extermal
environment which the wat§$ is i§+contact. é wide range of reducing
agents, both inorganic (Fe™ , Mn~ , H,S, NH, ) and organic (proteins,
etc.), react at varylng rates with chlorine.

The single most important factor influencing chlorine demand and
bacterial growth in a water distribution system is the surface area of
the distribution piping. Since the plpe surface area to water volume
ratio Increases exponentially as pipe size decreases, the effects of
pipe surface reactions with chlorine and the growth of bacteria would be
expected to be greatest in households and buildings beyond the service
connection. In addition, warmer household temperatures accelerate chlo-
rine reduction reactions and accelerate organism growth rates. As a
result, distribution system sampling programs which sample distribution
main rather than household water offer an incomplete and inaccurate
assessment of organism population, ecology, pipe corrosion and water
quality deterioration. Contrary to the frequent complaints of "bad”
distribution samples due to inadequate faucet flushing, the "bad”
samples may have been, unfortunately, the correct omes for assessing
drinking water quality.

In order of decreasing magnitude, as shown in Figure 1, the chlo-
rine demand in a distribution system is the sum of:

(1) the chlorine demand due to the reactions of chlorine at the
pipe surface,

(2) the chlorine demand due to reducing substances in aqueous
solution, and

(3) the chlorine demand due to reactions with the particulate
matter in suspension.

The regulation of turbidity as a primary (microbiological) drinking
water standard has previously been justified, in part, because the
removal of raw water turbidity was believed to have a major influence on
the removal of chlorine—demanding substances. In household systems in
Missouri, the chlorine demand due to reactions within the household and
building system piping has been found to be, by far, the greatest por-—



tion of the chlorine demand. As described in Standard Methods (20)
chlorine demand measurements made on tap water collected and stored in
clean glass bottles, where surface reactions are minimized, have little
relevance to conditions in the distribution system.

Distribution Systems Studies

With these considerations in mind, a number of studies were con-
ducted in the distribution systems of Columbia and Jefferson City,
Missouri. These studies included repeated in-depth evaluations of chlo-
rine depletion and organism growth in the plumbing of private house-
holds, public and commercial buildings.

The overall survey was conducted in four parts. First, an inven-
tory of distribution system piping in Columbia, Missouri, was made to
obtain an estimate of the total surface area in the distribution system
as a function of pipe size. In particular, the extent of the system
beyond the service connection, which is not generally considered in
assessing changes in drinking water quality, was quantified,

Second, a study of City of Columbia water was made to determine the
chlorine demand due to aqueous reducing agents. This was contrasted
with the chlorine depletions observed in water stored in building and
household plumbing which included losses due to reactions at the pipe
surfaces.

Third, reduction of chlorine was observed as a function of tap
water temperature.

Fourth, repetitive studies were conducted in numerous unoccupied
households 1in both cities where water lines were flushed and bacterial
growth was observed as a function of time of storage and seasonal tem—
perature change.

Overall, these studies have provided an unique view of the kinetics
of chlorine depletion and microbial growth in the distribution system
beyond the service connection.

Surface Area of Distribution System Piping

A comprehensive inventory of the size and length of distribution
system piping for the City of Columbia, Missouri (Population: 62,000)
was compiled so that estimates could be made of the total pipe surface
area and volume of water stored in the distribution system piping as a
function of pipe diameter (Table 1, Figures 2-4). Thereafter, for each
pipe diameter classification, the ratio of pipe surface to volume of
water stored was calculated. The household plumbing and residential
service connections, comprised of 0.5 and 0.75-inch internal diameter
piping provided 82% of the total pipe length and an estimated 247% of the
total surface area in the system. However, it contained only 1.6% of
the 8 million gallon storage volume in the mains (Figure 5). .The total
distribution system volume (16 million galloms) provides an average of 2
days retention at average flow (8 mgd) The 0.5-inch diameter household
plumbing provides approximately 315 cm™ of surface area in contact with
every liter of water. The ratio of surface area to volume is plotted as
a function of pipe diameter in Figure 6. These estimates simply confirm
the importance of the piping beyond the service connection with respect
to 1its potential for accommodating the perlphytic organism populations



in water'distribution systems and promoting chlorine reduction reactions
with accumulations on the pipe surface. The large surface area to
volume ratios combined with the longest travel time for chlorine deple-
tion, highly intermittent flows and increased water temperatures due to
heating of residences and commercial buildings would be expected to
provide the greatest opportunity for organism colonization and growth.

Chlorine Demand in Household Plumbing

Since the household plumbing system provides the greatest opportu-
nity for chemical reactions at pipe surfaces, a study of chlorine deple-
tion 1in household and building system plumbing was conducted to deter-
mine the effect of contact with pipe surface alone on the 1loss of
chlorine residuals.

Figures 7 through 1l provide comparisons of the chlorine demand
primarily due to aqueous reducing agents alone versus the total demand
exerted when water is stored in distribution pipes. The aqueous frac-
tion of the chlorine demand was measured using water flushed from house-
hold or building plumbing and stored thereafter in chlorine-demand-free
50 mL screw cap glass tubes. Under such conditions, a chlorine residual
persists for days and weeks. All chlorine residuals wers measured by
the DPD-ferrous ammonium sulfate method (16). On the other hand, the
water which was allowed to remain in contact with the plumbing system
was depleted to near—exhaustion within days, or, in some cases, hours.
Numerous replications of this experiment in households in Columbia,
Missouri, and in a University laboratory building demonstrated that such
chlorine depletions are commonplace. The total organic carbon concen-
tration 1in the Columbia water distribution system averaged 1.2 mg/L
whereas the University water system contained an average of 0.2 mg/L
TOC.

Specific kinetic equations cannot be written for the observed
chlorine depletions. The aqueous and attached reducing agents which
react with chlorine are varied in composition and the chlorine species
present are not well-defined. However, the chlorine depletions shown in
Figures 7 to 11, appear to be pseudo-first order with respect to chlo-
rine. The kinetics of the chlorine depletion in pipes is thought to be
related to the condition of the interior pipe surface with respect to
the reducing substances present.

If the chlorine demand exerted in small diameter piping (household
plumbing) 1is not accounted for in distribution system managemeunt, the
principal factor contributing to microbial growth and drinking water
quality deterioration beyond the service connection will be overlooked.

Chlorine Profile in Household Plumbing and Service Connectious

An extensive series of simple, but revealing, experiments were
conducted using unoccupied private homes in Columbia and Jefferson City,
Missouri. These were done to determine the chlorine residuals in water
drawn from the kitchen tap through the service connection to the main in
the street. To initiate each experiment, each tap was flushed for
fifteen minutes, then closed. The taps remained unused for a period of
one, three or seven days. On the sampling day, 250 mL aliquots of water
were collected sequentially at a rate of one liter per minute until the
chlorine residual remained constant, representing the chlorine concen-
tration present in the distribution main.
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The' results of a typlcal experiment are shown in Figure 12. The
water at the tap, which is immediately within the house, 1s virtually
devoid of chlorine. The chlorine in water from the service connection,
at ground temperature, is depleted to 0.3 mg/L whereas water from the
main contains 1.2 mg/L chlorine.

From these results, the question arises, "What is the chlorine
residual at the household tap?"” Obviously, any value from zero to the
distribution main total residual can be obtained, depending on the
volume of water drawn before sampling. Where the household plumbing is
flushed for three to five minutes before sampling, as recommended by the
AWWA Committee on Bacteriological Sampling Frequency in Distribution
Systems (21), it is the distribution system main, and not the consumer's
tap, which 1s being sampled. This practice casts doubt on all data
represented as "chlorine residual at the consumer's tap.”  Because of
the disparity in the water quality at the tap and in the main, it would
be 1in the best interest of the water consumer for the utility to sample
at both points.

Effect of Temperature on Depletion of Chlorine Residuals in Bulk Water

Seasonal temperature changes affect the depletion of chlorine resi-
duals during water distribution. For that reason, applied chlorine
dosages are sometimes increased during periods of warm water temper-
atures to offset losses of chlorine residuals.

Within heated households and buildings, warm water temperatures
prevail around the year. Still higher water temperatures are maintained
in hot water heaters and piping. The effect of these temperature in-
creases on chlorine residuals are evident from Figure 13 which shows the
%inetics of chlorine depletion in Columbia, Missouri water stored in
four liter, chlorine-demand-free brown glass bottles and incubated at
1.50, 18.5° and 34°C, respectively.

In these studies, chlorine depletions were not related to reactions
at pipe surfaces, but were observed in water flushed from the distribu-
tion system and confined in clean glass vessels. Contact with reducing
agents on plpe surfaces would have further accelerated the observed
rates of depletion. In addition, the water used in these chlorine
depletion studies was relatively free of organic reducing agents. De-
rived from a ground water supply, the organic carbon concentration in
Columbia, Missouri treated water is only 1.2 mg/L. As a result, these
rates of chlorine depletion may be slower than those observed in waters
with greater quantities of organic reducing agents.

In building plumbing systems the accelerated reduction of chlorine
at high temperature may be related to the oxidation of pipe material.
Corrosion and chlorine depletion are observed to proceed rapidly in
recirculating hot water systems, for example.

Bacterial Growth in Household Plumbing Systems

The fourth part of the present study was conducted in households
where the plumbing system could be flushed and the water allowed to
remain unused for periods of from one to seven days. After the pre-
selected period of storage, each increment of water was slowly collected
from the kitchen tap, until temperature, chlorine residual, heterotro-
phic plate count, and total bacterial direct count were nearly constant.



This indicated that the water was being sampled from the distribution
main. Water was drawn at a rate of one liter per minute until a total
of 80 sequential 250 mL samples were collected. Each aliquot was split
so that chemical and microbial analysis could be performed on parallel
samples. The microbial sample bottle contained sterile sodium thiosul-
fate. Both microbial and chlorine samples were stored on ice and trans-
ported to the laboratory in ice chests where analyses were initiated
within one hour. The HPC was determined by Standard Methods pour plate
(20) and the direct count was determined by a slight modification of the
method of Hobbie et al. (5). Finally, the line was flushed for 15
minutes to obtain a distribution main sample.

Figure 14 shows that water temperature was a constant 25°% through-
out this particular summer sampling sequence. As was frequently ob-
served, the chlorine in the household plumbing had been completely
dissipated during storage. In those same samples, both HPC and the
total bacterial direct count had increased dramatically over the levels
observed in the distribution.system mains. HPC increased by three
orders of magnitude to 2x10” colonies/mL while the acridine orange
diregt count (AODC) increased by two orders of magnitude to
$x107cells/mL. The ratio of HPC/AODC had increased from 1% in the
distribution system to 35% in the household plumbing. Similar growth was
observed in numerous households supplied by different water sources, but
only after the chlorine residual had virtually disappeared.

Evaluation of the data on microbial growth and chlorine depletion
glves extraordinary insight into the changes occurring in household
plumbing. To begin with, the rate and extent of chlorine depletion is
quantified. Then, the temperature profile can be observed as a function
of volume of water withdrawn from the tap.

Data on the total bacterial direct count and heterotrophic plate
colony count indicate the regions in which bacterial growth takes place.
Although Dbacterial regrowth and aftergrowth was generally greatest at
the household tap, in some households, there were pipe system “hot
spots.” These were regions where very high microbial populations were
observed (Figure 15). Replications of the sequential tap sampling
survey generally resulted in remarkably similar results. These repli-
cate studies confirmed the accuracy of the analytical techniques and the
reproducibility of the overall survey technique (Figure 16).

The data presented in Table 2 allows a comparison of the bacterial
populations observed at the tap and in the distribution main. In wmost
of the households studied, chlorine was absent at the tap after the
indicated period of storage. Where a residual concentration of chlorine
was found, direct count and HPC values were low.

Distinguishing between Regrowth and Aftergrowth

To clarify the distinctlion between regrowth and aftergrowth, an
annotated representation of bacterial activity in a distribution systenm
is given in Figure 17. This figure also indicates how it might be
possible to discriminate between the two phenomena. Aftergrowth, for
example, can only be observed within the distribution system piping.

Preliminary S5tudies were conducted in an effort to distinguisﬁ
between regrowth and aftergrowth. To make this differentiation, three
conditions were observed. A portion of chlorinated water was obtained



by 'flushing the bullding tap for one hour. A one liter flask of the
flushed water was split into two sets of chlorine-demand-free 50 mL
screw cap test tubes with teflon lined caps to minimize the effect of
surface reactions on chlorine depletion. One set was used to monitor
the chlorine residual while the other was used for microbiological
analyses. Another portion of the same water was dechlorinated with the
stoichiometric requirement of sodium thiosulfate. Aliquots of this
portion were also stored 1n clean glass tubes. In thils set, bacterial
regrowth 1in the absence of chlorine was observed with time of storage.
Finally, water was allowed to remain in the building distribution piping
where chlorine residuals disappeared in seven hours. The effect of both
regrowth and aftergrowth on the direct count and HPC was observed on
samples carefully withdrawn from the tap.

The results of three separate studies in different bulldings are
shown in Table 3. Both the total bacterial direct count and heterotro-
phic plate count increased rapidly in the absence of chlorine. In the
building distribution piping, where periphytic organisms presumably
populated the pipe surface, the increase was generally greatest. By
subtracting the direct count observed in dechlorinated tap water stored
in clean glass tubes from the values observed in the distribution system
piping, estimates were made of the aftergrowth. Regrowth was estimated
by subtracting the initial direct count (t = 0 days) from the direct
count measured in the dechlorinated tap water stored in clean glass
tubes.

Of special interest is the change in the ratio of HPC to the total
direct count with time. Where the chlorine residual was absent, the
ratio increased markedly. In most instances, the percentage of HPC to
the total direct count was greatest after seven days.

The chlorine residual in chlorinated tap water stored in clean
glass bottles persisted for two to three weeks and effectively retarded
regrowth. When the residual had virtually disappeared, large increases
in the direct count, but not the HPC, were obsgerved. These results
would suggest that the non—-heterotrophic plate count organisms can
replicate in the presence of low concentrations of chlorine whereas the
HPC organisms cannot.

Figure 18, a plot of the three separate studies from which regrowth
and aftergrowth were estimated indicates that regrowth contributed more
than aftergrowth to the observed increases in the total (planktonic)
bacterial direct count. The variation in the estimation of aftergrowth
appears to confirm the expectation that the sampling technique (flushing
rate) may have a great influence on the measured value. The results
show, however, that aftergrowth may contribute a significant portion of
the total organism population observed at the tap. Knowledge of the
extent of this contribution will be important to an assessment of reme-—
dial actions taken at the treatment plant to control regrowth. Subse-
quent studies of this phenomena should be conducted in a flowing system
so that the effect of velocity on the contribution to aftergrowth can be
observed. )

Summarz

The present studies demonstrate the profound chemical and microbio-
logical changes that occur in household and building plumbing systems
due to microbial activity. The rapid depletion of chlorine in small dia-



meter piping indicates that reducing reactions occur at pipe surfaces.
Chlorine residuals can be dissipated overanight, particularly at elevated
temperatures which accelerate the reduction of chlorine.

The dissipation of chlorine is rapidly followed by extensive micro-
bial growth as measured by both the total bacterial direct count and the
heterotrophic plate colony count. While the total population of
bacteria at the tap may increase two orders of magnitude over that found
in the distribution main, the HPC often lncreases by over three orders
of magnitude. Bacterial growth at the tap is not inevitable, however.
In those households or buildings where a measurable concentration of
chlorine persists, bacterial growth is inhibited.

The major chemical and microbiological changes which occur at the
consumer's tap indicate that serious research efforts are necessary to
gain an understanding of the microbial ecology of water distribution
systems. It should be possible to make drinking water sufficieantly
stable during treatment so that the total depletion of chlorine and
extensive bacterial growth does not occur in household and building
plumbing systems. For too long, the deterioration of water quality
within the household has been ignored and responsibility for the integ-
rity of water at the consumer's tap has been disavowed by the waterworks
profession. If regrowth is 1indeed the phenomena which results in
deteriorated water quality due to increases in bacterial activity, the
responsibility for its control rests at the treatment plant.
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FiGure 1. CHLORINE DeEMAND IN THE DISTRIBUTION SYSTEM
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Figure 7. Depletion of Chlorine in Water Stored in Clean Glass Tubes
versus Water Stored in Distribution Piping
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AODC, DIRECT COUNT
cells/ml

HETEROTROPHIC PLATE COUNT
colonies/m)

TEMPERATURE

RETENTION

wesers DAY B
—— DAY 3
DAY 7

FLUSHED
LINE

-
©

Chlorine, mg/L
©
o
Temperature, °C

CHLORINE .. ..

10 20

SEQUENTIAL 250 ml SAMPLES FROM HOUSEHOLD TAP

Figure 16.

1531 Hayzelton, Jefferson City, Mo.
September 1985
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‘Table 1. Estimated Length, Internal Surface Area and Volume
of Water Stored in Columbia, Missouri Water Distribution System

- Distribution Mains

Ration of
Internal . Storage Surface Area
Nominal Pipe Size  Length of Surface Volume, tg vqlume,
inches {(i.d.) Mains, km area, m m3 m_/m

36 (36) 15.6 44,936 10,272 4.4
30 (30 13 3,184 607 5.2

24 (24) 9.6 18,327 2,793 6.6
20 (20.760 3.3 5,347 705 7.6
18 (18.68) 0.3 397 47 8.4

16 (16.60) 39.0 51,681 5,448 9.5

12 (12.46) 38.7 38,525 3,048 12.6
10 (10.40) 8.8 7,269 480 15.1

8 ( 8.39) 61.9 41,467 2,209 18.8

6 ( 6.28) 274.1 137,309 5,476 25.1

4 ( 4,22) 50.1 16,869 452 37.3
2.25 (2.25) 11.5 2,062 29 70.0

2 0.4 66 1 78.8
TOTALS (mains) 514.4 367,440 31,567
Service Connections

6 (6.28) 0.2 117 4 25.1

4 (4,22) 1.0 331 8 373

2 (2) 5.6 898 11 78.8

1 (1) 24.5 1,956 12 157.5
0.75 (0.75) 628.8 37,633 179 210
TOTALS 660.1 40,934 216
Plumbing

1 (1) 121 9,617 61 157.5
0.75 (0.75) 193 11,572 55 210

0.5 (0.5) 1,386 55,310 176 315

TOTALS 1,700 76,499 292



Table 2. Bacterial Population and Chlorine Residuals at
Consumer's Tap versus in Distribution Mains

Consumers's Tap (Initial Sample)

Gl
'

Distribution Main (Tap Flushed)

Direct Count/mL

Storage, days Household Direct Count/mL HPC/mbL T HPC/mL T

Columbia
7 Johnson Ave. 611,000 215,000 0.0 1,110 97 1.3
3 Johnson Ave. 75,900 24,000 0.0 1,910 89 1.6
3 Johnson Ave. 85,800 35,000 0.0 645 79 1.8
7 Cedar Lane 1,840,000 130,000 0.0 17,100 824 0.8
7 Cunningham 1,840,000 102,000 0.0 2,350 1 0.7
7 Cunningham 2,590,000 393,000 0.0 3,270 45 0.9
7 Riviera 71,700 4,370 0.0 3,950 5 0.1
3 Riviera 56,400 4,410 0.0 7,780 32 0.6
1 Eldred 6,410 321 0.5 45,300 6 0.8
3 Eldred 47,100 4,170 0.1 1,270 2 1.3
3 Eldred 86,900 3,400 0.1 2,230 5 1.4
1 Leawood 1,320 149 0.3 115 0 0.9
Jefferson City
7 Hayzelton 1,520,000 41,000 0.0 43,600 293 0.7
3 Hayzelton 1,680,000 67,000 0.1 110,000 290 1.1
1 Hayzel ton 440,000 82,100 0.0 47,000 303 1.4
3 Hayzel ton 547,000 189,000 0.0 23,900 513 0.8
1 Hayzelton 513,000 162,000 0.0 65,000 543 1.2
3 Hayzelton 508,000 112,000 0.0 123,000 373 1.4
1 Hayzelton 333,000 56,800 0.k 297,000 80 1.3
3 Hayzelton 858,000 201,000 0.0 153,000 363 1.4
3 Hayzel ton 2,190,000 934,000 0.0 264,000 923 0.4



Table 3a.

Time of Storage, Days

1, Water in Distribution
Piping

IADCI_2 = AFTERGROWTH
2. Dechlorinated Water,
Clean Glass

IADC2_3(0)= REGROWTH

3. Chlorinated Water,
Clean Glass

DC;_3¢0) =

REGROWTH + AFTERGROWTH

{Tucker Hall,

University of Missouri-Columbia)

Ratio of HPC to DC and Chlorine Residual

Results of Controlled Experiments to Distinguish between Regrowth and Aftergrowth

ﬁ;ﬁéﬂf (ﬂif, %); Chlorine, mg/L
0 3 7 14 21
83700 137000 103000

Ta709(0-38)30.55  y7ep0(0.07):0.0  ygrn(33.3):0.0  giona(28.0)30.0  goiaon(16.6)50.0

0 31000 - 266000 355000

52, 11 567 41300 _ 25300 _ 20800
TToE(0.4):0.55%  grel(1.4)50.0  2B88015.4);000  23300011.3)50.0  20000(7.8)50.0

0 26800 253300 208300 251300

52 233 326, o1 129
al(0.4):0.55  oE2(0.1)50.35  oen(1.9):0.30  gae(1.8);0.03  ggisd(0.1);trace

0 57800 236300 474300 606300

*Water dechlorinated with sodium thiosulfate prior to placement in clean glass tubes.



Table 3b. Results of Cantrolled Experiments to Distinguish between Regrowth and Aftergrowth

Time of Storage,

1. Water in Distribution

Piping

IADCI_Z = AFTERGROWTH

Days

2. Dechlorinated Water,

Clean Glass

];DCZ (o) ° = REGROWTH

3. Chlorinated Water,

Clean Glass

Dy 3y =

REGROWTH + AFTERGROWTH

(Engineering Building, University of Missouri-Columbia)

Ratio of HPC to DC and Chlorine Residual

ﬁgfﬂg} (HPC’ %); Chlorine, mg/L
0 3 7 14 21
3 367 53700 647 50000
Ta7ea(0-00:0.45  5320(0.5);0.0 21203 (25.3);0.0 EﬁEﬁgg(zz.o);o.o 320000¢15-6);0.0
0 31700 = 50000 .
o 467, o 238000 _ 166000 103000 _
Ta700(0-0)30.45%  79755(0.9):0.0  35Gh5(65.4)30.0  S7anap(68.0)30.0  335ggg(31.2):0.0
0 35000 349300 229300 315300
750 0-0:%95 gy 7793(0-0)30.22 14900(0 0);0.2 Tr00(0+0)30-1 1?1ﬁbg(°'°);°'°2
0 66760 137300 279300 305300

*
Water dechlorinated with sodium thiosulfate prior to placement in clean glass tubes.



Table 3c. Results of Controlled Experiments to Distinguish between Regrowth and Aftergrowth
(LeFevre Hall, University of Missouri-Columbia)

Ratio of HPC to DC and Chlorine Residual

HPC/ml (HPC' %): Chlorine, mg/L

DC/mL
Time of Storage, Days O 3 1 14 21
1. Water in Distribution 32, 12500 , 27800 46300 ) 60700
Piping T1800(0-3)30-53  1535gp(10-2)30.0  155555(21.6)50.0  575555(12.4)30.0  75e55p(12.5)30.0
]ADCI_Z = AFTERGROWTH 0 28700 - 29000 56000
2. Dechlorinated Water, 21000 ] 62000 ) 82300 i 131000 )
Clean Glass 11800(0 3);0.53*  G735p(22.3)30.0  5aerng(30.1)30.0  wrr(24.0)30.0 75a55p(30.5)30.0
];nc2_3(0) = REGRONTH 0 82500 194200 331200 417200
3. Chlorinated Water 18 . 79 .
Clean Glass ’ 11800(0 3);0.53 27000(0 1);0.35 3770(0-2)30.2 §770(0-9):0.18 31400(0 0);0.05
DCi-300) ©
REGROWTH + AFTERGRONTH 0 111200 117200 260200 473200

*
Water dechlorinated with sodium thiosulfate prior to placement in clean glass tubes.



Owner: Ed Yeagle County: Saline

Location: SWyj NE% Sec 29 T49N R20W

Date of Drilling: 8-58

Elevation: 759 ft.

Production: 25 g.p.m. with 25 ft, of drawdown
Casing: 273 ft. of 6%" casing

Static Water Level: 160 ft.

Rock Units (ft. from surface)

0-20 not logged
20-75 Burlington Fm.
75-100 Sedalia Fm.

100-180 Chouteau Fm.
180-235 Devontan limestone
235-365 Cotter Fm.

365-440 Jefferson City Fm.
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