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Editor’s Note: Part 1 of this series summarized the
early development of scientific understanding of the role
of microorganisms in water distribution systems. Part 2
dealt with efforts to understand and control tastes and
odors as well as the role of microorganisms in the corro-
sion of distribution mains. Part 3 summarized studies
directed at controlling microbial growths in distribution
systems supplied by ground waters containing ferrous
ion and naturally-occurring microbial nutrients such as
methane and ammonium ion.

Seasonal Temperature Effects 
While temperature is acknowledged to

be an important factor in water treatment,
remarkably little study has been made of the
adverse influence of low temperatures on

physical treatment process effectiveness. An
early study concluded that “there is no pre-
ventative or retarding effect on alum floc for-
mation with low raw water temperatures.”1

This conclusion prompted Camp et al.
(1940)2 to further evaluate the effect of tem-
perature on the rate of floc formation.Camp
utilized the direct measurement of iron or
aluminum in lieu of turbidity. He concluded
that temperature did not have a measurable
effect on the time of floc formation.

However, pilot plant studies of alu-
minum sulfate-coagulated river water
demonstrated the overall adverse effect of
low temperatures on sedimentation and fil-

tration.3 These researchers advised, “where
raw water temperature is low, the jar tests
must be run on samples held at the same
temperature if results are to be used in
plant control.”

It was not until 1984 that a systematic
evaluation of the adverse effects of low
temperature on water treatment plant per-
formance was undertaken.4 The investiga-
tors reported significant temperature
effects on coagulation that accounted for
observed decreases in turbidity removal
efficiency, particularly when aluminum
sulfate was used. Using decreases in alka-
linity and measurements of the metal
coagulant in solution, the researchers
determined that the reduction in turbidity
removal efficiency was not due to reduced
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Figure 1: Repetitive Seasonal Variation in Finished Water Turbidity for Kansas City, Mo.
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metal hydroxide precipitation rate but to
retardation of the floc growth. Under
equivalent conditions, iron salts produced
larger flocs than aluminum salts and result-
ed in lower residual turbidity values. The
implications of these results became more
significant in light of observed major tem-
perature effects on organism removals.5

While low water temperatures have
been shown to severely impair microorgan-
ism removals by physical water treatment
processes,5,6,7,8 microbiological violations due
to coliform or heterotrophic plate count
organisms are most commonly reported by
U.S. water utilities during warmer (summer)
months.9 Alternately, for 14 of the 21 large
water distribution systems studied, finished
water turbidities were lowest when water
temperatures were highest. As a result, per-
cent positive total coliform samples and fin-
ished water turbidity were either unrelated
or inversely related.

Figure 1 illustrates the repetitive sea-
sonal variation in finished water turbidity

for Kansas City, Mo. While significant
annual reductions in finished water tur-
bidities from 0.8 to 0.2 ntu were achieved

by the Kansas City Water Department, the
recovery of positive total coliform samples
from the distribution system, initially low,

Figure 2: Positive Total Coliform Samples

Figure 3: Positive Total Coliform Samples, Chloramine vs. Chlorine
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actually increased slightly during this five-
year period.

Figure 2 compares the percent recovery
of positive total coliform samples in sum-
mer and winter for several distribution sys-
tems. The marked seasonal differences
indicate that the value of total coliform as
an indicator of microbial contamination is
severely compromised when water temper-
atures are low.

Those water utilities that used chlo-
ramine as a residual in their distribution
systems recovered 8.6 times fewer positive
total coliform samples than those using
chlorine (Figure 3).Table 1 shows that per-
cent positive coliform recoveries differed by
a factor of more than 1,000 (7 percent to
0.006 percent) among the 21 distribution
systems surveyed.

While the divergent seasonal varia-
tions in turbidity and total coliform are
seemingly inconsistent, the data would
suggest that the penetration of increased

numbers of organisms into the distribu-
tion system during cold weather is not
evidenced by distribution sampling for
total coliform. This is because their influx
is not accompanied by the subsequent
regrowth during distribution that is expe-
rienced in the summer. These utility data
illustrate the fundamental weaknesses in
current operational microbiological stan-
dards. They confirm the need for alterna-
tive methods to directly visualize and
quantify source water microorganisms
entering and migrating through the dis-
tribution system.10

Case History: Aftergrowth
A study of the Philadelphia (Pa.)

Suburban Water Company (PSWC) by
Donlan and Pipes (1988)11 provided an
example of a distribution system experi-
encing aftergrowth. HPC populations
(periphytic) that developed on cast iron
test specimens suspended in PSWC water

mains were measured and related to the
distribution system (planktonic) HPC val-
ues. No statistically significant relation-
ships were found between the population
of HPC attached to the cast iron speci-
mens and measured water quality parame-
ters, including total organic carbon,
ammonium ion, phosphate and pH.

However, temperature was found to
have a major influence. Both the attached
and distribution system (planktonic) HPC
were most abundant at higher tempera-
tures. The density of HPC organisms
attached to the cast iron test specimens
ranged from 100 cfu/cm2 at 5° C to
37,000,000 cfu/cm2 at 23° C. High
attached HPC also corresponded to high
planktonic HPC in the distribution system.

Direct microscopic total bacterial cell
counts made of the bacteria scraped from
some of the cast iron specimens were 3 to
134 times greater than the HPC enumer-
ated. These results were consistent with
studies that showed microscopic cell counts
to be orders of magnitude greater than the
number of HPC colonies obtained on cul-
turing distributed drinking waters.12

Within the PSWC distribution sys-
tem, HPC increased markedly as water
temperatures rose. Increased water tem-
peratures (24° C) led to the more rapid
depletion of chloramine. HPC was high-
est (8,318 cfu/ml) where the chloramine
residual was almost totally depleted.
Alternately, where chloramine was main-
tained at 1.3 g Cl/m3, only 10 colony
forming units per millilitre were observed.

Case History: Regrowth
Although the 35° C standard pour plate

(HPC) counts made in the Jefferson City,
Mo., distribution system are not directly
comparable to the 20° C spread plate
counts measured in the PSWC system, it is
evident that the smaller Jefferson City dis-
tribution system exhibited far lower and
more uniform HPC populations through-
out the year.5 The most significant differ-
ence between the Jefferson City and
Philadelphia data was the effect of seasonal
temperature change on the HPC. In the
Jefferson City distribution system, HPC
decreased as temperature increased, proba-
bly reflecting the significantly increased
efficiency of total bacterial removals at the
Jefferson City water treatment plant.

Table 1: Percent Positive Coliform Recoveries

Percent Positive 
Water Utility Source Total Coliform Residual

New Haven, CT Saltonstall 7 Chlorine
Cheshire 6.6 Chlorine
Gaillard 5.8 Chlorine

Los Angeles, CA Stone Canyon 3.4 Chlorine
Hollywood 3.2 Chlorine

Van Norman 3 Chlorine

Boston, MA 2.2 -

Louisville, KY 2.2 Chloramine

Los Angeles, CA 2 Chlorine

Oakland, CA (EBMUD) 0.41 Chlorine

Phoenix, AZ 0.3 Chlorine

Baltimore, MD 0.22 Chlorine

New Orleans, LA 0.19 Chloramine

St. Louis, MO 0.17 Chloramine

MWD So. Calif. Jensen 0.05 Chloramine
Weymouth 0.15 Chloramine

Diemer 0.11 Chloramine

Cleveland, OH 0.1 Chlorine

Kansas City, MO 0.1 Chloramine

St. Louis County 0.04 Chloramine

Dallas, TX 0.006 Chloramine
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The results of the Jefferson City distrib-
ution system evaluation indicated that the
HPC bacterial populations found through-
out the distribution system remained close
to the numbers (≈30 cfu/ml) discharged
from the plant clear well. Chloramine
residuals were maintained with little deple-
tion during distribution while initially low
finished water turbidities remained rela-
tively unchanged. HPC declined at near-
plant locations and increased slightly at
remote locations.

From direct microscopic count, the
Jefferson City study also showed that sea-
sonally, readily measured numbers (10,000
to 1,000,000 cells/ml) of planktonic bacte-
ria from the raw water passed through a
well-operated, multi-stage, lime softening,
rapid sand filtration plant meeting existing
microbiological standards (turbidity, col-
iform). The number of bacterial cells that
passed through the plant strongly correlat-
ed with the number found throughout the
distribution system.

These results suggest that in a distribu-
tion system where bacteriostatic disinfec-
tant residuals can be maintained
throughout the year, HPC and bacterial
cell count will vary primarily with the effi-
ciency of total cell removal during treat-
ment. Conversely, where the disinfectant
residuals are depleted, both regrowth and
aftergrowth can add to the microbial popu-
lations observed in the distribution system.

Perhaps most important from the stand-
point of protection of public health, the
optimization of physical treatment process
performance for biotic particle removal
would reduce significantly the number of
microrganisms penetrating and propagating
through the distribution system. Based on
microscopic observations relative to bacteri-
al removals, other larger organisms of con-
cern in source waters would be removed
with still greater efficiency.8

Summary
Naturally-occurring particles in drink-

ing water sources generally are mixtures of

metal silicates, oxides, carbonates, sulfides,
natural and anthropogenic organic debris,
plus a range of microorganisms. Different
biotic and abiotic particles, depending on
size distribution, density, charge, shape
and surface characteristics, may both scat-
ter light (cause turbidity) and respond to
coagulation and filtration differently.

In order to increase the removal of
microorganisms, including pathogens,
from surface water sources, efforts must be
made to rapidly monitor and increase
biotic particle removals through improved
pretreatment (coagulation and sedimenta-
tion), particularly when water tempera-
tures are low. Low temperatures decrease
the rates of coagulant dissolution, precipi-
tation, cell enmeshment and floc forma-
tion. In particular, reduced sedimentation
rates impair microorganism removals.
Improvements in coagulant additions
(blending with warm water), mixing pro-
tocols and increased sedimentation peri-
ods should result in more complete total
organism removals.

Recognition of the large populations of
bacteria in raw and finished drinking
waters ultimately should attract attention
to questions regarding the fate of all biotic
particles penetrating the treatment process
and entering the distribution system.
Their viability, their microbial ecology in
the distribution system and the cycling of
the microbial nutrients that they contain
in their cells are key elements in under-
standing the deterioration of water quality
in distribution systems.

In the future, when large numbers of
organisms are found in any water distribu-
tion system, consideration must be given
to the water source and treatment plant
itself as their origin. It should not be
assumed that they grew in the distribution
system or were dislodged from the interior
surfaces of distribution mains.

The complete text of this four-part series can be
obtained at www.h2oc.com. Comments and questions
may be directed to tom@h2oc.com

References
1. Leipold, C. (1934), “Mechanical Agitation

and Alum Floc Formation,” J.AWWA 26:1070.

2. Camp, T.R., D.A. Root and B.V. Bhoota
(1940), “Effects of Temperatures on Rate of
Floc Formation,” J. AWWA 32:1913.

3. Hannah, S.A., J.M. Cohen and G.G. Robeck
(1967), “Control Techniques for
Coagulation–Filtration,” J. AWWA 49:1149.

4. Morris, J.K., and W.R. Knocke (1984),
“Temperature Effects on the Use of
Metal–Ion Coagulants for Water
Treatment,” J. AWWA 76:74.

5. Brazos, B.J., and J.T. O’Connor (1987),
“Relative Contributions of Regrowth and
Aftergrowth to the Number of Bacteria in a
Drinking Water Distribution System,” Proc.
AWWA WQTC, p. 433.

6. Brazos, B.J., and J.T. O’Connor (1988),
“Seasonal Effects on Removal of Particle-
Associated Bacteria in a Rapid Sand
Filtration Plant,” Proc. AWWA WQTC, pp.
577–630.

7. Brazos, B.J., and J.T. O’Connor (1990),
“Seasonal Effects on the Generation of
Particle-Associated Bacteria during
Distribution,” Proc. AWWA WQTC, pp.
1073–1101.

8. Brazos, B.J., and J.T. O’Connor (1996),
“Seasonal Effects on the Generation of
Particle-Associated Bacteria During
Distribution,” Journal of Environmental
Engineering, American Society of Civil
Engineers, Vol. 122, No. 12, December 1996.

9. O’Connor, J.T., and B.J. Brazos (1992), The
Effect of Lower Turbidity on Distribution
System Water Quality, AWWARF.

10. O’Connor, J.T., and B.J. Brazos (1990), “An
Assessment of the Use of Direct Microscopic
Counts in Evaluating Drinking Water
Treatment Processes,” ASTM Spec. Tech. Pub.
1102: Monitoring Water in the 1990s:
Meeting New Challenges.

11. Donlan, R.M., and W.O. Pipes (1988),
“Selected Drinking Water Characteristics
and Attached Microbial Population Density,”
J. AWWA, 80:11:70.

12. O’Connor, J.T., B.J Brazos, W.C Ford, L.L.
Dusenberg and B.E. Summerford (1984),
“Chemical and Microbiological Evaluation of
Drinking Water Systems in Missouri,” Proc.,
AWWA, WQTC.

About the Authors:
Thomas L. O’Connor, BSEE, MBA, is the project
director for H2O’C Limited, Columbia, Missouri. 

John T. O’Connor, EngD, P.E., is the prinicipal for
H2O’C, Limited, Columbia, Missouri. Phone: 877-
22-WATER; e-mail: water@H2OC.com.

For more information on this subject,
circle 865 on the reader service card.

MICROBIAL PROCESSES

www.waterinfocenter.com


