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- Comparison of Escherichia coli, Total
Coliform, and Fecal Coliform Populations
as Indicators of Wastewater
Treatment Efficiency

G. Keith Elmund, Martin J. Allen, Eugene W. Rice

ABSTRACT: Escherichia coli, total coliform, and fecal colitorm
populaticn data were collected from two wastewater treatment facilities,
a subsurface flow artificial wetlands, and a receiving stream. Results are
presented from individual wastewater treattnent process streams, final
effluent, ard river sites upstream and downstream of the treatment
facilities. The QuantiTray technique with 4-methylumbelliferyl-p-
glucuronide-bused  Colilen media was  an  effective method for
quantitying £. cofi and total coliform populations in these waters,
Thermotolerant Kiebsiellu pnewmonive present in the effluent from one
treatment facility interfered with recovery of fecal coliforms on m-FC
media using the delayed-incubation membrane filtration  technigue:
Kiebsiella interference was nol observed in the enumeration of E. coli
by the QuantiTray technique. Both stream standards and discharge
permits can be revised to apply E cofi as the indicator of fecal
contamination. The results support development of £, coli-based effluent
and streamn standards to pretect public health. Warer Environ. Res., 71,
332 (1999).

KEYWORDS: Escherichia coli, total coliform, fecal coliform, waste-
water, disinfection.

Introduction

The U.S. Environmental Protection Agency (U.S. EPA) stated
that Escherichia coli-based wastewater effluent and stream stan-
dards would best serve the public health (U.S. EPA, 1986). How-
ever, effluent and stream standards are currently based on fecal
coliform measurements. Te develep E. coli-based stream standards
and corresponding National Pollution Discharge Elimination Sys-
tem (NPDES) permit limits, U.S. EPA and individual states would
require numeric comparisons of treated wastewater effluent fecal
coliform and E. coli data corresponding data from receiving
streams.

Fecal coliform tests are intended to serve as quantitative indi-
cators of extent of fecal contamination in water and wastewater
(APHA, 1995). Critenia for an ideal microbial indicator of fecal
contamination in water include the following: (1) it should be
present in feces of humans and warm-blooded animals and occur
in greater number than pathogens, (2) its poteatial for growth in the
aquatic environment should be minimal and should never surpass
those of pathogens, (3) it should be readily detectable by simple
means and produce unique and characteristic reactions to provide
unambiguous identification of the group, (4) it should always be
present when pathogens are present, and (5) it should show in-
creased resistance to disinfectants compared to pathogens (Allen
and Edberg, 1995; Bonde, 1966; and McFeters et al., 1978).
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However, standard laboratory methods for meuasuring fecal and
total coliforms do not meet the specificity and sensitivity of these
five criteria. For example, fecal coliform methods typically enu-
merate Klebsiella spp., Enterobacter spp., and Escherichia spp.
(Bagley and Seidler, 1977, Caplenas and Kanarek, 1984; and U.S.
EPA., 1986). Similarly, the standard total coliform test can recover
Enterobacter spp., Citrobacter spp., Klebsiella spp., and Esche-
richia spp. (AWWA, 1994; Geldreich et al,, 1978; and Seidler et
al., 1981).

Traditional membrane filter (MF) and most probable number
(MPN) tests for fecal coliform in wastewater are labor and mate-
rials intensive. Both tests require precise control of laboratory
conditions and a high degree of technical skill to perform und
interpret results. Because the traditional fecal {thermotolerant)
method often overestimates true fecal number (i.e., the probability
that pathogens survive through the treatment process), the waste-
water operator may compensate for high coliform resuits by ap-
plying elevated levels of chlerine to ensure that NPDES permit
limits are not exceeded. Such practices resuit in greater chemical
costs and inadvertent production of chlorine-based disinfection
byproducts that may also pose health risks (Rebhun et al., 1997).

Presence of E. coli is considered a specific indicator of fecal
contamination and reflects the possible presence of enteric patho-
gens (APHA et al., 1995). The use of defined substrate 4-methyl-
umbeiliferyl-B-glucuronide- (MUG-) based monitoring methods to
directly measure the presence/absence of E. cofi and total coli-
forms in drinking water is well established in the literature
(AWWA, 1994; Covert etal,, 1992; Drinking Water, 1989; Edberg
et al., 1988 and 1990; National Primary Drinking Water. 1991 and
1996; and Rice et al., 1990 and 1991). Corresponding studies on
wastewater processes, treated effluent, and receiving streams have
not been published.

Although originally designed to measure E. coli and total coli-
forms in drinking water, the QuantiTray-Colilert system (IDEXX
Laboratories, Inc.) may be a method of choice to provide quanti-
tative MPN E. coli data on treated wastewater effluent and guan-
titative data on extent of fecal contamination in recetving streams.
Use of defined substrate MUG-based media to specifically detect
E. coli is direct, reliable, and easy to interpret: Escherichia coli
produces an enzyme able to cleave a flucrogenic substrate that is
visible under UV light. The QuantiTray technigue permits simul-
taneous enumeration of total coliforms and E. coli based on the
MPN technique where a sealable bubbie tray is substituted for test
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tubes. After incubation, clear wells are negative for total coliforms,
~ositive total coliform wells have a yellow pigmentation, and those

:ls that also fluoresce under UV light are positive for E. coli.
The number of positive wells on each tray is counted and com-
pared to a reference table that gives corresponding MPN count of

“total coliforms or E. cofi per 100 mL. Quantitative results are

available within 24 hours regarding extent of fecal contamination
in water, wastewater, or a receiving stream. This compares to an
average of 48 hours for temperature-tolerance confirmatory tech
nigues.,

The objective of this study was to gather quantitative back-
ground data on E. coli, totul coliform. and fecal coliform popula-
tions in wastewilter treatment processes, secondary treated waste-
water effluent, and receiving stream. These data could be used for
development of E. coli-based waslewater effluent and stream stan-
dards that better prowect public health. In this study, data were
developed on three different types of wastewaler (realment pro-
cesses and two different types of final effluent disinfection. Esch-
erichia coff, total colilorm, and fecal coliform data were also
collected from receiving stream upstreamt and downstream from
wastewater effluent discharge points.

Methodology

Wastewaler Treatment Facilities. The City of Fort Collins,
Colorado, operates two wastewater treatment plants; the Mulberry
Water Reclamation Facility (MWRF) next to the Cache la Poudre
River (CLPR) at river mile 42.75 from the South Platte River and
the Drake Water Reclamation Facility (DWRF) at river mile 38.8.
The MWRFE is u 26 x 10° nr*/d (7 mgd) combined trickling
“er—activated-sludge plant that uses UV for final disinfection;

.l effluent is discharged to CLPR. DWRF is a2 91 x 10 m%/d
(24 mgd) activated-studge plant that uses chlorine for disinfection
with subsequent application of sulfur dioxide to quench remaining
chlorine before discharge. The DWRF cun discharge either to an
irigation ditch. a dedicated pipeline that provides power plunt
cooling water, or the river. In addition. a pilot-scale, subsurface
flow artificial wetlands began operating in the full ol 1995 at
DWRF to evuluate effectiveness of this process in polishing a
portion of final effluent. Each cell of wetlands was operated at
approxtmately 19 L/min (5 ¢pm) to yield @ 2-day hydraulic deten-
tion time. Coliform duta were collected on influent and effluent
from the wetlands. Effiuent from the wetlunds was pumped bhack to
the headworks of DWRF.

Sampling Locations. Mulberry Water Reclamation Fuacility.
Samples for bacteriologicul inalysis were collected monthly from
the following locations in the treatment sequence: primary clarifier
etfluent. trickling filter effluent, intermediate clarifier effluent, and
final clarifier effivent before and after UV disinfection. Final
effluent samples after disinfection were tested duily (seven sam-
ples per week) for fecul coliforms and 5 days each week for E. cofi
and 1otal coliforms. The study period was May 23, 1996, through
February 28. 1997, Fecul coliform limits in the NPDES permit
require efftuent discharged from MWRF m any month not to
exceed a moving 30-day geometric mean of 2350 organisms/100
mL or have any moving 7-duy geometric mean maximum value
exceed a standard of 4700 organisms/ 100 mL.

Drake Warer Reclamarion Facifirv. Coliform saumples were col-

ted monthly from .the foliowing locations in the weatment
—equence: primary clarifier effluent, intermediate clarifier effluent.
and final elurifier effluent before and after disinfection with chio-
rine. Final effluent samples were tested daily for fecal coliferms
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and 5 days each week for E. coli and total coliforms. The study
period was February 20, 1996, through February 28, 1997. Fecal
coliform limits in the NPDES permit for DWRF effluent depend
on point of discharge. If discharge was to CLPR, the 7-day
geometric mean maximum lmit was 4480 organisms/100 mE and
the 30-day geometric mean limit was 2240 organisms/100 mL. If
discharge was to Fossil Creek Ditch, the 7-day maximum and
30-day limits were 4000 and 2000 organisms/t00 mL, respec-
tively. If discharge was to the Rawhide Power Plant, the 7-day
maximum and 30-day limits were 12 000 and 6000 organisms/100
ml., respectively. For NPDES permit compliance calculations.
“less than” fecal coliform counts were treated as the numeric
value; for example, < 10 became 10.

Artificial Werland Demonstration Project. A two-cell subsurface
flow artificial wetland demonstration project began operation at
DWRF in 1995, The primary purpose of the project was to eval-
uate effectiveness of an artificial wetland in converting nitrate to
nitrogen gas and removing trace metals from treated wastewater.
The artificial wetland consisted of parallel basins lined with a poly-
vinyl chloride membrane, filled with 20-mm-diam washed gravel,
and planted with carttails. Hydraulic detention time in each basin
was approximately 2 days. Influent to the wetland was the chlo-
rine-disinfected—sulfur  dioxide dechlorinated effluent from
DWRF. Influent and effluent grab samples from the artificial
wetland were tested appreximately once each week from the
period February 20, 1996, through February 28, 1097,

Cache fa Poudre River. Sumpies were collected from CLPR
approximately ence each week during the study period. The fol-
lowing locations were sampled: the CLPR at the U.S. Geological
Survey (USGS) Gage (06752260) Jocated at Lincoln Street {river
mile 43.80), at Mulberry Street (river mile 41.00), at the Nature
Center (river mile 39.25), and at the USGS Boxelder Gage
(06752280 located at river mile 37.90 downstream of DWRF. The
Lincoln Street site is upstream of MWRF, DWRF did not dis-
charge 10 the river during the course of the study.

Coliforin Tesrs. Fecal coliforms were analyzed using m-FC agar
in the delayed-incubation MF techoique, method 9222E in Sran-
dard Methods (APHA et al.. 1993), Totwal coliforms and E. colf
were measured using the QuamiTray technigue with Colilert me-
dia following manufacturer’s instructions.

Verificarion and Identification of Organisms. Colonies from
m-FC plates and organisms from QuantiTray wells were streaked
for isolation on brain—heart infusion agar {BHIA) and MuacCon-
key's agar. Oxidase negative organisms were [urther identified
using API20E biochemical identification strips (bioMERIEUX
VITEK, Inc.. Hazelwood, Missouri),

Data Management and Caleulations. Data were analyzed using
SigmaStat (SPSS. Inc., Chicago. lllincis). The city’'s NPDES per-
mit limits for fecal coliforms were based on two sets of calcula-
tions of daily results: a moving 7-day geometric mean of all daily
values was calcolated and maximum 7-day vualue reported. A
moving 30-day geometric mean of all daily values was also re-
ported monthly,

Results

Descriptive Statistics, There were [89 and 264 daily effluent
data uiplets (E. celi. fecal coliform, and total coliform) for the
MWRF and DWRF. respectively. Figure | (MWRF) und Figure 2
(DWRF) depict log,g-transformed counts/10 mL for euach coli-
form group over the course of the study, The graphs show that
effluent coliform data for both facilities varied not only in number
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Figure 1—Comparison of daily E. coli, fecal coliform, and
total coliform recoveries from MWRF effluent over time.

of coliforms recovered day-to-day but also in relative proportions
of the three groups recovered each day. Variability in £ coli
counts was similar to that observed for total and fecal coliforms.
Over the course of the study, effluent £, coli counis ranged from 0
to approximately 10 000 organisms/100 mL at MWRF (n = 189)
and from approximately 3 to 1500 organisms/100 mL at DWRF
{n = Z64). Effluent total coliform counts ranged from O 1o approx-
imately 20 000 organisms/100 mL at both MWRF and DWRF.
Effluent fecal coliform counts runged from 0 to approximately

100,000
O Total Coliform
#Fecai Coliform
B E. colf L
10,000 1 f\

1,000

100

Colifarm Count 100 ml

Feb-86 Apr86 Jun-86 Jul88 Sep-86 MNov-96 Jan-g7

Figure 2-—Comparison of daily E. cofi, fecal ccliform, and
total coliform recoveries from DWRF effluent over time.
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Figure 3—Box piot statistical comparison of E. cofi, fecal
coliform, and total coliform popuiations in MWRF efflu-
ent.

Tl 500 organisms/ 00 mL at MWRF and from O to approximately
1200 per 100 mL at the DWRF. Further evidence of day-to-day .
variability in the data was observed by comparing the mean and
standard deviation of log,-transformed coliform counts. Mean
fecal coliform counts at MWRF and DWRF were approximately
392 and 52 orgunisms/100 ml., respectively. Corresponding stan-
duard deviations about those meuns were approximately 3 and 3
organisms/ 100 mL, respectively. Mean £, coli counts at MWRE
and DWRF were approximately 16 and 34 organisms/10G mL,
respectively, and corresponding standard deviations about those
means were 7 and 3 organisms/100 mL, respectively.

Box plots depicting percentiles and medians of log ,-trans-
formed effluent coliform data for MWRF (n = 189) and DWRF
(# = 264) are presented in Figures 3 and 4, respectively, Ends of
boxes depict the 25th and 75th percentiles with 2 line at the
median, error bars define the 10th and 90th percentiles. and circles
describe outlying points. Log,, trunsformation was chosen to
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Figure 4—Box plot statistical comparison of E. cofi, fecal
colitorm, and total coliform populations in DWRF efflu-
ant.
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Figure 5—Average E. coli and fecal coliform counts ver-
sus difference between paired counts in the MWRF ef-
fluent over time.

facilitate viswalization of descriptive statistics for sampled popu-
lations. Median counts of each coliform group in both effluents
followed the general trend of E. coli < fecal coliform < total
eliform. For all MWRF effluent values, median E. cofi, fecal
coliform. and total coliform counts were approximately 12, 20, and
460 organisms/100 mL. respectively. In contrast, corresponding
median values for DWRF cffluent were 31, 50, and 1300 organ-
isms/100 mL, respectively.

Correlation Analyses. Arithmetic values of all effluent E, cali,
fecal coliform, and total coliform counts from each plant were
tested for normality. Nonmality was rejected for the three effluent
coliform data sets (Kolmogorov—Smirnov {K-8] test, P < 0.001),
For log,-transformed data, normality could not be rejected for
effiuem total coliform counts at MWRF (# = 189, K-S test, P <
0.001) and DWRF (n = 264, K-S test, # < 0.001). For arithmetic
differences between paired counts ([total coliform—E. coli], [total
coliform —fecal coliform], and [fecal coliform — £ celi]) normality
was also rejected (K-S test, P < 0.0G1). For the difference
between log,,-transformed paired counts, normality (K-S test,
P < 0.001) could not be rejected for 3 of the 12 combinations
(MWREF [n = 189]: [lag,, total coliform — log,, fecal coliform],
fiog, total coliform — tog,, E. coli], and DWRF {n = 264]: log,,
fecal coliform — log, E. coli). Because E. cofi, fecal coliform, und
total coliform data sets did not follow normal distributions, corre-
lations between counts were evaluated using the Spearman rank
order test. This nonparametric test measures the strength of asso-
ciation between pairs of variables without specifying which vari-
able is dependent or independent and assumes that error distribu-
lions in the compared data sets are the same.

For the MWREF effluent (n = 189), the Spearman rank order
~orrelation coefficient r, comparing fecal coliform to £, coli counts
vas 0.809 (P < 0.05). Corresponding correlation coefficients
compuring fecul coliform counts to total coliforms was 0.683 (P <
0.05) and E. coli counts to total coliform counts was 0.751 (P <

May/June 1899

0.030). Correlation coefficients in this range suggest a moderate to
high correlation (Sprinthall, 1982),

For the DWRF effiuent (n = 264), the correlation coefficient r,
comparing fecal coliform to E. coli counts was 0.490 (P < 0.05).
Although this value was lower than the correlation observed with
MWRF data, it is considered moderate. Correlation coefficients
comparing feca} coliform and E. coli counts to their paired total
coliform data were 0.479 (P < 0.050) and 0.582 (P < 0.035),
respectively, Correlation coefficients in this range are considered
moderate (Sprinthali, 1982),

Kiebsiella Interference with Fecal Coliform Measurements.
Figures 5 (MWREF) and 6 (DWREF) depict the average of daily E.
coli and fecal coliform counts versus the difference berween paired
counts over time. The height of bar lines above 0 indicates the
extent that a fecal coliform count exceeded its paired E. coli count;
bar lines below O depict the opposite condition. For MWRF,
marked differences between paired effluent fecal coliform and E.
coli counts appear from October 1996 through February 1997,
Comparable trends were not apparent in the DWRF effiuent (Fig-
ure 6). Beginning in August 1996 and continuing through the early
winter of 1997, techniciuns noted a predominance of two distinct
colony morphologies on the m-FC agar plates. On m-FC medium,
one set of colonies was uniform and blue with entire edges; these
were typical E. coli. The other set of colonies was shiny with blue
centers and entire edges. From this second set, technicians repeat-
edly recovered and identified thermotolerant K. preumoniae (API
3215773 and 5205773) from MWRF effluent fecal coliform plates,

Mulberry Water Reclamation Facility Process Characteris-
tics. Coliform counts from individual treatment processes at
MWRF are shown in Table I. Coliform counts declined as waste-
water passed through the MWRF treatment processes. There was
an approximate five-order of magnitude reduction in all tested
populations (total coliform, fecal coliform, and E. coli) from
primary clarifier effluent to final effluent after UV disinfection.

1000

5§00 }

Difference

£00

-1000

Feb - 96 Sep - 96 Jan -97

-1600
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Figure 6—Average E. coli and fecal coliform counts ver-
sus difference between paired counts in the DWRF efflu-
ent over time.
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Tabie 1—Average log,, coliform counts in treatment processes at MWRF.

Log,, total E. colito £. colito
Log,, fecal Log,, E. coli coliform/ fecal coliform total coliform
Location coliferm/100 mL 100 mL 100 mL ratio ratio

Primary clarifier 8.29 5.97 7.00 47% £ 1% 9% = 1%
effluent, n = 19 57 =0.18 5 =032 5=0.24

Trickling filter 5.61 546 £.40 1% £ 1% 1% = 1%
atfluent, n = 1% $=042 s=036 5=033

Intermediate clarifier 5.57 535 5.26 59% = 1% 12% = 1%
eftluent, n = 19 s =081 s =0.62 s =063

Final clarifier 413 3.86 4.78 54% + 1% 13% = 2%
efffuent, n = 20 s =0.80 s =0.80 s =089

Final effluent after 152 1.21 2.60 49% + 5% 4% * 3%
UV disinfection s =068 s =085 s =066
(n=281) (n = 189) (n =189}

® 5 = sample standard deviation.

Because coliform counts in this study were derived using different
and independent laboratory methodelogies (MF for fecal coliforms
and MPN QuantiTray for total coliforms and E. coli), caution is
needed when comparing ratios of the three coliform groups within
unit processes at the treatment plants. {t 15 inferred [rom compar-
ison of results ot the two test methods thut E. coli represent a
substantial portion of coliform populaticns within unit processes
(Table 1). In MWRF primary clarifier effluent, £ coli counts
represented approximately 47% of the tecal colitorm and 9% of
the total coliform counts. In final effluent after UV disinfection,
corresponding E. Cofi values were 49 and 4%, respectively. In late
August 1996 through the early winter months of 1997 (Figures |
and 3), blooms of thermotolerant K. pneumoniae were detected in
MWRF effluent fecal coliform samples tested on m-FC agar.
Blooms were attributed, in part. to carbohydrate-rich wastewater
from the numerous microbreweries in Fort Collins that discharged
w MWRF and the seasonally higher wastewater temperatures
{19 °C) observed during late summer and fall.

Drake Water Rectamation Facility Process Characteristics.
Similar to results observed at MWRF, coliform populations at
DWRF declined as wastewater passed through the treatment pro-
cesses (Table 2), especially at final clarification. Populations of

total coliforms, tecal coliforms, and E. coli at DWRF declined
approximately five orders of magnitade from primary clarifiers to
final effluent. It is inferred from the independent recovery meth-
ods, that the proportion of E. coli to fecal coliforms increased from
approximately 58% (# = 33) in primary clarifier effluent to 74%
{n = 264) in final effluent after disinfection with chlorine. It is also
inferred that the proportion of E. coli to total coliforms dropped
from approximately 16% (n = 33) in primary clarifier etfluent to
A% (n = 264) in final effluent after disinfection with chlorine.
During the study period, all coliform groups in the DWRF final
effluent increased in numbers, This result parulleled increased
levels of effluent total suspended solids that were not captured
during final clarification. Final etfluent fecal celiform levels com-
plied with NPDES permit conditions (Figure 7). In contrast to
MWREF. relative proportions of the coliform population groups in
final effluent did not show seasenal changes (Figures 2 and 6) and
interference from thermotolerant Kiebsiella was not evident in the
delayed-incubation fecal colitorm test (Figure 6),

Artificial Wetland Demonstration Project. Celiform popula-
tions entering and leaving the wetland were consistently smalj
(Tabte 2}. Dara from weekly counts {n = 32) showed that there
was approximately a 50% reduction of £. coll and fecal coliform

Table 2—Average log,, coliform counts in treatment process streams at DWRF,

Log,, total E. colito: E. colito
Log,, fecal Log,, E coli coliform/ fecal coliform total coliform
Location coliform/100 mL 100 mL 100 mbL ratio ratio

Primary clarifier 6.57 6.33 7.13 58% * 1% 16% = 1%
effluent, n = 35 s =018 5= 0.24 =036

intermediate clarifier 6.28 6.09 7.02 65% £ 2% 12% = 2%
effluent, n = 35 s = 0.47 g =0.37 5 =0.56

Final effiuent after 1.66 1.53 3.14 74% + 3% 3% = 2%
chiorine disinfection §=04 s =0.47 § =053
{n =372} (n = 264) {n = 264)

Artificial wetlands 1.67 1.50 2.80 67% = 5% 4% = 3%
influent, n = 32 5 =057 5 =(0.51 5 = (.67

Astificial wetlands 1.18 0.74 2.69 36% * 7% 1% + 2%
effluent, n = 32 s=026 s =057 s =053

2 g = sample standard deviation.

336

Water Environment Research, Volume 71. Number 3



Elmund et at.

1e+7
e tolal cofiform 7 day maximum
- lecal coferm 7 day maxmum
1e+6 o — — E. coh 7 day maxirmum
[ rctal colitorm 30 day geo maan
- Bz fecal coliform 30 day gec mean
E S £ coit 30 day geo mean
2 e+
-
-
-~
]
o le+d
)
E
g
e Tle+d
]
o
3 .
te+2 AN N ;
7N | IR R |16 | B
213 3| 12X H 2
N | [ 4y (AN | [H
%13 X TR |1 %
test ] A AN HER 1 AN 1IN 1IN 1

3/96 4/96 5/96 6/96 7/96 8/96 B/96 10/9611/9612/96 1/97

date

Figure 7—Moving 7-day maximum and 30-day geometric
mean E. cofi, fecal coliform, and total coliform counts in
DWRF effluent over time.

counls as water passed through the wetland. However, there was
only a slight reduction in total coliform counts. When comparing
counts between the methods, E. cofi represented 67% of fecal
coliforms and 4% of total coliferms in the wetland influent. In
weiland effiuent, however, corresponding values dropped 10 36
and 1%, respectively.

The Cache la Poudre River. Levels of ali three coliform
groups increased in river waler as it passed through the community
(Tuble 3. However, the increase was less thin one order of
wgnitude in counts per 100 mL for all three groups over the 5.9
river miles studied. it should be noled that only MWRF discharged
10 the river during the course of this study. There was an approx-
imate 68% increase in £ eofi levels at the Muiberry Street site
compared to the Lincoln Street site located upstream of MWRE.
This increuse was auributed 10 the MWREF effluent discharge,
However. greater £ cofi, total, and fecal coliform values observed
at sites downstream from the Mulberry site were atiributed to
unmeasured and intermittent irrigation water return flows and
storm water flowing to the river. Comparing the different recovery
methods for ull samples collected at each site shows that the
apparent proportion ol E. cofi 1o fecal coliforms increused from
approximately 41% ut the Lincoln Street site (n = 38) w0 93% at

W

the Boxetder Gage (n = 39} located 9.5 km (5.9 mile) downstream.
In contrast, apparent proportion of E. coli 1o total ¢coliforms at the
far upstream and downstrewmn sites was relatively unchanged:
approximately 14% (n = 38) and 11% {n = 39), respectively.

Discussion

The Fecal Coliform Test. Direct enumeration of enteric patho-
gens in water and wastewater is time consuming and ineffective
and not a sensitive means to prolect the public health (AWWA,
1994: Cherry et al. 1972; and WHO, [993). Enteric pathogens
such as Salmonetla, Shigella, and Vibrio sp., if present in water or
wastewater, appear in numbers too low for efficient recovery,
growth, and identification in the luboratory {Allen et al.. 1979;
Cherry et al.. 1972t and WHO. 1993). Moreaver, there is no
battery of laboratory tests that could detect every individual human
pathogen. :

Since before the turn of the century, it has been known that .
coli is possibly the best indicator of fecal contamination in water
{Escherich, 1885} because it accounts for more than 95% of the
coliform genera in human feces (Dufour. 1977, and Rice e al.,
1990). Luboratery methods of that era did not provide a simple.
teliahle, and specific means to directly recover and quantify E.
coli. However, in the early 1900s, laboraiory culture methods for
fecal coliform were developed based on the observation that most
E. coli of fecal origin are thermotolerant. Fecal coliforms are the
thermotolerant subset of total coliforms that grow at44.5 = 0.2°C
with gas productien {rom luctose. Both MPN and MF techniques
for detecting fecal coliforms are bused on the observation thut most
fecat E. coli are thermotolerant. However, £, coli is not the only
microbe able to grow at elevated temperature in laboratory media

- designed to recover and guantify fecal coliforms. Approximately
1596 of Klebsiella are thermotolerant {Bagley and Seidler, 1977,
and Caplenas and Kanarek, 1984) and upproximately 10% of £

{__coli zre not thermotolerant (Dufour. 1977, and Edberg et al.. 1990).
In this study, thermotolerant Kiebsiellu sp. interfered with accurate
measurement of fecal coliforms by the delaved-incubation MF
techrigue in effluent from MWRF,

During wastewater treatment. populations of E. colf and patho-
zens decline, This decline is usually attributed to both the inability
of E. coli and pathogens to compete with other microorganisms in
waslewater treatment processes and their inability o proliferate
outside their host (warm-blooded animals) (Klock, 1971, and Rose
et al.. 1996}, In contrast, three coliform genera (Kiebsiella, Enter-

Table 3—Geometric mean coliform counts at locations on CLPR upstream and downstream of the water reclamation

facilities.
River mite £. colito E. coli to
from Fecal coliform/ E. coiif Total colitorm/ tecal coliform total coliform
{_ocation South Platte <00 mL 100 mbL 100 mbL ratio ratio
Linceln Streat 43.8 42 17 122 41% = 4% 14% = 3%
Gage n = 38 58 =3 s=4 §=3
Mulberry Street, 41.0 54 29 270 54% = 3% 11% = 2%
n =39 §=3 5=3 s=5
Nature center, 393 75 40 420 54% * 4% 10% = 2%
n=39 g =3 3=3 s =4 -
Soxelder Gage. 7. 78 73 c80 23% = 4% 1% £ 2%
n o= 3% s=4 s =4 s§=8

5 = sample standard deviation.
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Figure 8 —Moving 7-day maximum and 30-day geometric
mean E. cofi, fecal coliform, and total coliform counts in
MWRF effiuent over time.

ofacter, and Citrobactery that account for less than 3% of human
fecul lora are able w proliferate in wastewater treatment processes
(Niemi et al., 1993). Because some strains of Kfebsiefla are able 1o
grow at 44,5 °C, they appewr as fecal coliforms in standard MPN
and MFEF feeal coliform tests. As wus demonstrated with MWREF
effluent. thermotolerant Kiebsiclla can be responsible for the er-
roneous detection and NPDES reporting of high effluent fecal
coliform counts. Regulatory authorities, in turn, may make permit
compliance and enforcement decisions based on possibly errone-
ous duta regarding the extent of fecal poliution in wastewater
discharged to receiving streams. Accordingly. a number of public
health practitioners have advocated replacing the relatively non-
specific fecal coliform tests with direct MUG-based E. cofi anal-
yses {APHA. 1995 Drinking Water. 1989: National Primary
Drinking Water, 1991 and 1996: Seidier et al., [981; and U.S.

EPA. 1986). The 1991 Total Coliform Rule for drinking water

moved in this direction by allowing £, coli testing (National
Primary Brinking Water, 1991}, and the World Health Organiza-
tion hus abandoned traditional fecal coliform tests on drinking
water entirely (WHO, 1993). .

Meeting Projected Discharge Permit Limits. In this study.
two wastewater treatment plants and an artificial wetland were able
to easily meet their actual and projected NPDES permit limits
based on fecal coliform and calculated £ coli stundards at all
discharge points. The most stringent limit for both treatment plants
was discharge to CLPR. Pussible discharge limits were caleulated
based on the assumption that new E. cod limits would be set at
67.5% of established NPDES fecal coliform limits. This percent-
age was derived from fecal coliform-£E, enfi standards devejoped
for recreational waters (U.S. EPA, 1986} Reculeulated limits may
not accurately reflect site-specific discharge conditions for this or
other water reclamation facilities but were used as an applied
example. Under this assumption, the monthly 7-day maximum
geometric meun fimit for £ cofi at MWRE would be 3200 organ-
isms/100 mL and the 30-day geometric mean should not exceed
1500 organisms/100 mL. For DWRE. the corresponding 7- and
30-day E. cofi limits would be 3000 and 13G0/100 mi.. respec-
tively. For MWRF (Figure 8), the observed maximom 7-day
geometric mean for £ ¢oli was observed in Junvary 1997 with a
value of 853 organisms/1 00 mL and the highest 3)-day geometric

338

mean for £, coli was 127 organisms/ 100 mL, in February 1997. The
maximum 7-day geometric mean for £ coli at DWRF (Figure 7)
ways observed in June 1996 with a value of [98 organisms/ 100 mL.
The highest 30-day geometric mean for £ coli was 61 organisms/
100 mL observed in November 1996,

The ability o meet £. cofi-based limits may not hold true for
other wastewater treatment facitities with different NPDES permit
discharge limits. If other wastewater facilities cannot meet permit
limits based on E. coli standards, it would be apparent that opti-
mization or upgrades of the treatment systems are warranted.
Planning, financing. and construction of such upgrudes will require
sufficient time to reduce adverse etfects on capital construction
and operating budgets. Similarly. plans 10 upgrade wastewater
ireatment facilines o meet fecai-colitorm-based NPDES permit
limits may not be necessary if the tacility can demonstrate treat-
ment—disinfection effectiveness by directly measuring E. coli levels.

Conclusions

Based on these data and the research of others (AWWA, 19094
Dufour, 1977; Edberg et al., 1988; and Rose cral.. 1996). use of E.
coli rather than the traditional fecal coliform group to measure
wastewater disinfection efficiency would provide greater public
health protection benelits for users of recreational water and waler
supplics. Applying MUG-based technology to quantify £, coli
would also simplity analytical procedures and reduce expcnscs-

associated with disinfection of eflluent from wustewater treatment
plants where thermotolerant Klehsielta and other nonfecal bacteria
interfere with quantifying the exient of remaining lecal contami,
nation. The Workl Health Organizition has identified world trade
and movement of agricultural produce as one of the greatest threats
t public health in the futwre (Kiiterstein et ai., 1997). Recent
outbreaks of Cyelospora (CDC. 1996a, 1996b, and 1997a) and
Hepatitis A {(CDC. 1997b) associated with agricultural produce
presumably contaminated with reused water make it imperative
that public health officials move to the use of a specitic and reliable
indicator of fecal contamination: £. coli. The thermotolerant fecal
coliform procedure developed in 1904 was useful to screen tor £
coli when there were no other alternatives. However, it is now easy
and relatively inexpensive to oblain quantitative data specifically
and direetly for £ cofi. As this study and others have shown,
nonfecal califorms such as Kiebsiellu can actively incresse during
and after wastewater treatment and subsequently yield inaccurately
high fecat coliform counts. Therefore, it is recommended that E.
¢l become the standard indicator for measuring wastewater dis-

infection efficacy. In addition 1o public benefits relating to micro-
bial health threats, use of the more specific £ coli indicator may
mauke it possible to reduce, or at least optimize, amount of disin-
tectant used to treat wastewater. In turn, this could reduce amoumnt
of neutralizer required to guench remaining chiorine. An additional
benefit may be to reduce formution of disinfection byproducts
subsequently discharged into recetving streams (Rebhun et al..
{997). Adoption of £, coli-based standards should also be consid-
ered for recreational water (streams. rivers, lakes, and reservoirs)
as the tecal coliform method frequently overestimates true fecal
levels in those waters.
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