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ABSTRACT AND BENEFITS  

 
Abstract: 
 The increasing implementation of wastewater reclamation systems necessitates that 
adequate controls are in place to protect the users of reclaimed water from exposure to 
pathogens. Regulatory compliance is based on routine monitoring of indicator organisms coupled 
with process performance requirements. This project was conducted to compare the effectiveness 
of full-scale biological treatment, filtration, and disinfection for removal of bacterial and viral 
indicators, enteric viruses, and protozoan pathogens. Six full-scale treatment facilities were each 
sampled a minimum of four times over a one-year period. The relative impacts of loading 
conditions, process design, and operating parameters on the removal/inactivation of a suite of 
nine microbial species (bacteria, coliphages, enteric viruses, and protozoan pathogens) were 
evaluated. Operation of biological treatment with higher levels of MLSS and longer MCRTs 
tended to result in increased removal of microbial indicators and pathogens. Increased virus 
removal was associated with biological nutrient removal and nitrification processes and parasite 
removal was associated with enhanced nitrification. Prechlorinated shallow sand (effective size: 
0.6 mm) filters were more effective than deep bed dual media (anthracite and >1 mm sand) or 
monomedia (anthracite or sand) filters for reductions of bacterial indicators and viruses most 
predominantly due to inactivation by the disinfectant, and not physical retention by the filters. 
Deep-bed filtration provided slightly better protozoan removal. Hydraulic loading and filter 
depths impacted removal of some of the indicators. Chlorine disinfection was more effective in 
cases where ammonia levels were low (biological nutrient removal or nitrification facilities). 
Infectivity assays for Cryptosporidium and dye assays for Giardia viability suggested that the 
proportion of infective/viable (oo)cysts remains unchanged throughout treatment, however the 
concentrations of infective (oo)cysts did decrease with increasing degree of treatment. The 
effluent quality  for bacteria, coliphage, viruses and Giardia cysts from the different facilities 
was shown to be statistically significantly different.  

Benefits: 
♦ Provides evidence that reclaimed water may contain enteric viruses and/or protozoan 

pathogens even after filtration and disinfection and in the absence of total or fecal 
indicator bacteria. 

♦ Provides a direct comparison of the concentrations of indicator and viral and protozoan 
pathogens in reclaimed water exposed to different types of treatment.    

♦ Helps to identify the relative effectiveness of biological treatment systems, filtration, and 
disinfection for removal of viral and protozoan pathogens.. 

♦ Results should help guide facilities toward developing improved monitoring tools to 
assess microbiological water quality and help to catalyze discussions on a regulatory 
framework  focused on  reclaimed water quality for viruses, parasites as well as bacteria. 

 
Keywords: Reclaimed water, protozoan pathogens, enteric viruses, indicator organisms, 
biological treatment, wastewater filtration, disinfection 
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EXECUTIVE SUMMARY 
 

It is important to assess the effectiveness of reclaimed water treatment practices for 
control of pathogens in the final treated water with the increasing interest in the use of reclaimed 
water for various purposes such as irrigation, or for cooling water (eg. in urban environments), 
and other applications, where the public is increasingly exposed to the water. Typically, filtration 
and disinfection are used downstream of secondary biological treatment with a goal of producing 
a water that yields minimal risk of exposure to pathogens. The microbiological safety of 
reclaimed water is routinely assessed by monitoring indicator bacteria (fecal or total coliform) in 
grab samples of reclaimed water. In addition to monitoring of indicator organisms, turbidity and 
suspended solids are also used as indirect measures of the potential presence of microorganisms. 
While many facility designs are capable of meeting numerical limits for turbidity, suspended 
solids, and coliform bacteria, limited information is available on the effectiveness of full-scale 
systems for removal or inactivation of pathogens. This project was conducted to evaluate the 
degree to which microbial indicators and pathogens are removed/inactivated through biological 
treatment, filtration, and disinfection at full-scale wastewater treatment and reclamation facilities 
in Arizona, California, and Florida. 

Specific microbial measurements conducted at strategic intervals during reclaimed water 
production included the following bacterial indicators: total and fecal coliforms, enterococci, and 
Clostridium perfringens. Two different methods were used to measure coliphage as virus 
indicators. Pathogens tested included the protozoan intestinal parasites Cryptosporidium and 
Giardia, and cultivatable enteric viruses. All measurements were taken at each facility in the 
influent, secondary effluent, filtered effluent and final disinfected effluent (finished reclaimed 
water). 

The results and conclusions can be summarized as follows: 

♦ The concentrations of the traditional bacterial indicators (total and fecal coliforms), 
alternative indicators (Enterococci, coliphage) and pathogens were fairly consistent in all 
influents of the six treatment facilities and were not significantly different among the 
facilities.  

♦ Many wastewater treatment facilities are permitted to produce effluent that contains <1 
fecal coliform bacteria/ 100 ml. Facilities A, B, C and F met this level in100% of 
disinfected effluent samples, while facilities D and E did so for only 66% and 33% of the 
samples. Only facility C would have met the level of <1 total coliform bacteria /100ml in 
75% of the samples collected. The other facilities had higher levels in 40 to 80% of the 
samples collected.  

♦ Cultivatable enteric viruses and protozoan pathogens (Giardia, Cryptosporidium, total 
cysts and oocysts) were detected in untreated wastewater from all six facilities. 
Cultivatable enteric viruses were detected in 31% of the final effluent samples and were 
not detected in any of the samples from facilities B and E. Protozoan pathogens were 
detected in some of the effluent samples from all six facilities: Giardia cysts were 
detected in 79% of the final disinfected effluent samples while Cryptosporidium  oocysts 
were detected in 39% of the final reclaimed effluents. Infectious Cryptosporidium 
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oocysts were detected in 30% of the final reclaimed effluents and in four of the six 
facilities. 

♦ About 10-30% of the Cryptosporidium oocysts remained infectious as determined via cell 
culture through biological treatment, filtration, and disinfection. Giardia cysts also 
remained viable (1-3% of the total IFA count) according to PI exclusion and DAPI 
inclusion. Infectious oocysts were not detected in any of the UV disinfected effluent 
samples,( detection limits of 2/100 L). 

♦ The production of reclaimed water using secondary activated sludge processes, filtration 
and disinfection is not universally effective for removal of pathogens. Viruses ranged in 
concentration from 0.3 to 3.3 MPN PFU/100L, Giardia cysts ranged from 6 to 390/100 L 
and Cryptosporidium ranged from 4.6 to 114 oocysts/100 L in reclaimed water. 

♦ Inefficiencies in secondary treatment and sedimentation result in a higher microbiological 
loading on filtration and may impact the effectiveness of filtration and disinfection for 
reduction bacteria,  viruses, and protozoa.  

♦ If coliform bacterial concentrations are used to assess microbiological water quality, 
facilities B and C outperformed  the other facilities, while facilities A and F had 
intermediate performance,  with D and E ranked as having the highest concentrations of 
these indicators. However, if detection of coliform bacteria is coupled with monitoring of 
enterococci, Clostridium and coliphage, facilities F and E  outperformed the other 
facilities, while A and B ranked in the middle and facilities C and D had the highest 
frequency of detection of indicators at the detection limits used in this study. 

♦ Based on the viruses, facilities B, C, and E ranked as having the best water quality, D and 
F ranked in the middle and facility A had the poorest quality. Based on Giardia cysts, 
facility F had the best water quality, facility F along with E and B also ranked the best 
based on Cryptosporidium oocysts. Facilities B, D, and E compared to A and D ranked in 
the middle for cysts and oocysts and facilities A and C had the poorest water quality for 
cysts and facility C based on oocysts.  

♦ The use of traditional indicators as monitoring tools would not have identified the 
potential presence of pathogens in Facilities A and C.  

Operations and Design 
 The data obtained in this study represented only six samples from each facility at each 
site after the treatment processes. Thus while this study represents the most comprehensive one 
of its type carried out to date, much more data are necessary to confirm the trends and results that 
have been observed here. The effluent quality  for bacteria, coliphage, viruses and Giardia cysts 
from the different facilities was shown to be statistically significantly different, as the 
concentrations in the influent were not statistically different, this difference can be related to 
removal by the processes.  

    

♦ Operation of biological treatment with higher levels of MLSS and longer MCRTs tended 
to result in increased removal of microbial indicators and pathogens. 
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♦ Prechlorinated shallow sand (effective size: 0.6 mm) filters were more effective than 
deep bed dual media (anthracite and >1 mm sand) or monomedia (anthracite or sand) 
filters for removal of bacterial indicators and viruses.  

♦ Hydraulic loading and filter depths impacted removal of some of the indicators, with 
improved removal associated with lower hydraulic loading rates (0.6-2gpm/ft2) and 
deeper filters (1-1.8m).  

♦ UV inactivation (facility E) of bacteria and coliphage indicators removed 92 to99% of 
these organisms but was not as effective as the extended contact times with chlorine 
which achieved 99.9-99.99% inactivation (facilities C and B).  

♦ Overall, facility C with shortest MCRTs, anthracite monomedia filtration, and lowest 
range of chlorine residuals had the poorest finished water quality with respect to 
Cryptosporidium, coliphage, enterococci and Clostridium. This was despite the fact that 
the facility had the longest chlorine contact times.  

♦ Facility A had the poorest finished water quality in regard to viruses and Giardia (poor 
removal of cysts). This facility had a cloth filter, highest loading rate and lowest range of 
chlorine contact times. 

♦ Facilities D and E had the worst finished water quality in regard to total and fecal 
coliform bacteria. The UV disinfection at Facility E was ineffective at achieving the 
coliform standards of nondetects for the bacterial indicators although it appeared to be 
effective against the viruses and should have been effective based on design against the 
parasites. Facility D had poorer removal by the filtration but similar disinfection contact 
time as facility A (which was the lowest of all facilities) thus producing a final water 
quality with greater concentrations of bacteria.  

♦ Facility F produced the best overall microbial quality with the longest retention times, 
deepest filters (dual media), least amount of ammonia impacting disinfection (70-90 min. 
contact times with 4-6mg/L of residual chlorine) for parasites, viruses, and indicators. 
Despite this, viruses and infectious Cryptosporidium were still detected.  

♦ The longer chlorine contact times in Facility B (due to prechlorination of the filter) and 
Facility C likely contributed to reductions of the viruses in those facilities and may be 
needed to achieve nondetectable levels of cultivatable viruses in the reclaimed water 
effluent  (using current methods for virus detection). 

♦ A high percentage of reclaimed water samples were positive for IFA total counts of cysts 
and oocysts, and some were positive for infectious Cryptosporidium. A rigorous risk 
assessment should be conducted to determine whether other barriers to reduce viable 
protozoa are needed.  

      

Reclaimed water facilities can be designed and operated to produce high water quality. 
Greater attention needs to be focused on improving the efficiency of secondary treatment for 
removal of pathogens. The effectiveness of filtration for removal and inactivation of pathogens 
can be improved by strategic use of coagulation and prechlorination. Finally, disinfection 
efficiency is impacted by the effectiveness of  upstream processes for removal of particles and 
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other potential interferences. More robust disinfection systems are needed to compensate for 
upstream process upsets and inconsistencies.  

Based on this study, it is evident that increased monitoring for alternative indicators and 
pathogens is warranted to build a better data base on the occurrence and reductions of enteric 
bacteria, viruses and parasites in reclaimed water. Finally the authors of this report believe that 
more discussion should be undertaken regarding the efficacy of process requirements versus 
water quality goals for reclaimed water at the national level. Reclaimed water as monitored in 
this study in Arizona, California, and Florida is not pathogen free and exposure of the public to 
these waters carries some risk, albeit this level may be very low and quite acceptable to most 
populations. Integration of microbiological monitoring with control factors associated with 
process design and operations may lead to a more robust approach for assuring the safety of 
reclaimed water. 
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 CHAPTER 1.0 
  

 INTRODUCTION AND BACKGROUND 
 

 
Over the past few decades, wastewater reclamation and reuse has become an integral 

component of water resource management in many states in the U.S. and throughout the world 
(Rose, 1986, Rose et al.,1996; U.S. EPA, 1992, Levine and Asano, 2004). With increasing 
interest in the use of reclaimed water for irrigation, cooling water, and other nonpotable 
applications, it is important to assess the effectiveness of current treatment practices for control 
of pathogens. Wastewater reclamation and reuse facilities are designed to produce reclaimed 
water that yields minimal risk of exposure to pathogens when coupled with specific controls on 
the distribution and use of the reclaimed water. Typically, the potential presence of pathogens in 
reclaimed water is assessed using indirect measures such as turbidity or suspended solids 
coupled with regular sampling for indicator organisms, such as coliform bacteria (total or fecal).  

While coliform bacteria have a long history of use as indicators of microbiological safety, 
limited data are available on how removal of coliforms compares to removal of protozoan 
pathogens, viruses, or other bacteria. In addition to routine monitoring of coliform bacteria, 
several alternative monitoring approaches have been suggested as indicators of the presence of 
potential pathogens. Examples of alternative indicators include Enterococci, Clostridium 
perfringens, and F-specific coliphages. Quantitative data on microorganisms (viruses, protozoa 
and bacteria) in untreated wastewater and throughout various phases of the treatment process are 
available (Rose et al., 1996, 1999, 2001). But the degree to which data in the literature can be 
extrapolated to full-scale treatment systems is unknown. Differences in wastewater 
characteristics and treatment process effectiveness may impact the fate of pathogens through 
wastewater treatment facilities. 

Currently, within the U.S., there are no national standards targeted at the presence of 
pathogenic microorganisms in reclaimed water. Originally states such as California had a goal 
for production of reclaimed water that was “essentially pathogen (virus) free” reduced by 
99.999% and this was based on the Pomona Virus Study and ability to inactivation viruses 
through extensive disinfection (County Sanitation Districts of Los Angeles County, 1977; State 
of California, 1978). Only in the State of Arizona, had there been actually water quality 
standards for viruses and Giardia cysts (Arizona, 1984). In Florida, recent rules have 
recommended monitoring in attempt to build a data base on protozoa (York and Walker-
Coleman, L. 2000). However, in most cases data are not available on a routine basis for enteric 
protozoan parasites and, in most cases, the potential presence and quantification of viruses in 
reclaimed water effluents.  

Typically, the treatment of municipal wastewater for reclamation includes biological 
treatment followed by filtration and disinfection. It is likely that differences in treatment 
operations, varying filter designs, and disinfection approaches can produce effluents of varying 
quality. This study was conducted to compare pathogen reduction in full-scale treatment 
facilities that produce reclaimed water.  
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1.1      Objectives 
This project was conducted to evaluate the degree to which microbial indicators and 

pathogens are removed/inactivated through biological treatment, filtration, and disinfection at six 
full-scale wastewater treatment and reclamation facilities in the United States. The five 
objectives of this project are:  

♦ Compare the concentrations of bacterial indicators (total coliform, fecal coliform, 
enterococci, Clostridium perfringens), viral indicators (coliphages), human viruses, and 
protozoan pathogens (Giardia, Cryptosporidium) in untreated wastewater.  

♦ Identify process variables that influence removal of indicators and pathogens through 
biological treatment systems. 

♦ Evaluate differences in indicator and pathogen removal by filtration. 
♦ Assess the effectiveness of chlorine (combined or free) disinfection and UV for 

inactivation of indicators and enteric viruses. 
♦ Examine the viability of Cryptosporidium oocysts through biological treatment, filtration, 

and disinfection.  
 

1.2       Microbial Indicators and Pathogens 
The concept of using indicators as monitoring tools is based on providing a relatively 

rapid means for assessing the microbial characteristics of a sample. The principle behind the use 
of indicator organisms is that, while it is impractical and currently nearly impossible to test water 
for all possible pathogens that could be present, an indicator organism that is always found in 
fecal material could serve as a surrogate for detection of pathogens. Ideally, indicators should 
have similar environmental requirements and exhibit similar patterns of growth, die-off, and 
susceptibility to disinfectants and toxics as pathogens. A summary of the ideal characteristics of 
indicator organisms is given in Table 1-1.  

 
Table 1-1. Ideal Characteristics of Indicator Organisms.1 

Property Indicator characteristics 
Pathogenicity Not pathogenic  
Occurrence patterns Present when human pathogens are present; absent when they are not 
Survival characteristics Survival characteristics should be similar to pathogen survival 
Reproduction Doesn’t multiply in natural waters 
Inactivation Inactivated by treatment systems at about the same level as pathogen inactivation 
Source Only source in natural waters is fecal contamination 
Cost Assay is relatively cheap, easy to perform, and has a rapid turn-around time 
1 Adapted from Harwood, 2001  

 

Coliform bacteria are widely used as microbial indicators for wastewater reclamation and 
reuse applications. In this project, total and fecal coliform concentrations were compared to other 
bacterial and viral indicators, enteric viruses, and protozoan pathogens. The characteristics of the 
microbial parameters tested in this project are compared in Table 1-2.  

1-2  



Reduction of Pathogens, Indicator Bacteria, and Alternative Indicators by Wastewater Treatment 
and Reclamation Processes   1-3 

 

1.2.1 Bacterial Indicators 

Bacterial indicators include total and fecal coliform, enterococci, and Clostridium 
perfringens. Because of their long history of use, coliform bacteria provide a reference point to 
which to compare alternative indicators. As shown in Table 1-2, the coliform bacteria are rod-
shaped, Gram-negative, heterotrophic bacteria that range in length from 0.5 to 2 µm. Coliforms 
are facultative anaerobes, capable of aerobic respiration, anaerobic respiration, and fermentation 
pathways for ATP synthesis. Total coliforms consist of lactose-fermenting bacteria that do not 
form spores and that grow at 37oC. The fecal coliform group is a subgroup of total coliforms that 
is defined by its ability to grow at 44.5oC. Although Escherichia coli is the dominant fecal 
coliform in the gastrointestinal tract of mammals, members of other genera such as Citrobacter 
and Klebsiella can meet the operational definition of fecal coliform(LeClerc et al., 2001). The 
enterococci are spherical, Gram-positive aerotolerant bacteria that do not utilize oxygen for ATP 
synthesis. Enterococci are a subgroup of fecal streptococci and tend to be more persistent than 
fecal coliforms, particularly through wastewater treatment processes. Clostridium perfringens are 
rod-shaped, obligately anaerobic Gram-positive opportunistic pathogens that tend to survive 
longer in the environment than other bacteria due to the formation of endospores. It has been 
suggested that Clostridium perfringens could be used as a surrogate indicator for protozoan 
pathogens because of their spore-forming capacity and resistance to disinfection.  

 

1.2.2 Viruses and Viral Indicators 

It is estimated that over 100 human enteric viruses can be transmitted by human feces 
(Mara and Horan, 2003). Most of these viruses infect the gastrointestinal tract and are 
transmitted via person-to-person contact or through exposure to contaminated food and/or water. 
The viruses known to be present in relatively large numbers in human feces include cultivable 
enteroviruses (i.e. echoviruses, coxsackieviruses), adenoviruses, reoviruses, rotaviruses, 
Hepatitis A virus, and Norwalk-like viruses. Viruses are of particular concern when present in 
reclaimed wastewater due to their characteristically low (<10) infectious dosages (Murray et al. 
2001; Haas et al., 1999).  

Viruses evaluated in this project included enteric viruses (enteroviruses and reoviruses) 
and two types of coliphages. Enteroviruses are a genus of RNA enteric viruses that are small, 
simply-structured and contain an icosahedral capsid (protein coat). Poliovirus, hepatitis A virus, 
and many classes of gastroenteritis-causing viruses are examples of enteroviruses. Typically, 
enteroviruses are associated with domestic wastewater and tend to be more infective and decay 
more slowly than bacterial pathogens. However, the prevalence and concentration of the 
hundreds of different enteric viruses in wastewater varies with the health of the community that 
is served by a wastewater collection system. For example, the recent massive outbreaks of 
Norovirus, a waterborne pathogen found in sewage, would be associated with increased 
concentrations of this virus in the wastewater collection system. Because Norovirus is not an 
enterovirus and is not typically monitored in wastewater, protective measures are needed to 
ensure that it is removed through wastewater treatment and disinfection.



 

  
Table 1-2. Comparison of Characteristics of Indicator Organisms and Pathogens Tested in this Study. 

Indicator /Pathogen Example species or description Cell wall Shape Size,µm Comments
Bacterial indicators     

Total coliform Escherichia, Klebsiella. Citrobacter, Enterobacter Gram negative;  
non-spore forming 

Rod 0.5 to 2 Facultatively anaerobic 

Fecal coliform Escherichia, Klebsiella; coliforms able to grow at 
44.5º C  

Gram negative;  
non-spore forming 

Rod 0.5 to 2 Facultatively anaerobic 

Enterococci Enterococcus faecalis, Enterococcus faecium Gram positive,  
non-spore forming 

Cocci 0.5 to 1 Aerotolerant anaerobe  

Clostridium 
perfringens 

Opportunistic pathogen; produces enterotoxin Gram positive,  
spore forming  

Rod 0.6 to 1.3 by 2.4 
to 19 

Obligately anaerobic 

Coliphages Viruses that infect E. coli and other coliform bacteria   0.025– 0.20  
Coliphages that 
infect E. coli Famp 
host 700891 

Male specific (F+) RNA coliphages;  
Can only replicate when bacterial host cell is in 
logarithmic growth phase at > 30 oC  

No cell wall; coat 
protein protects RNA 

Icosahedral  
protein shell 

0.025 Infect host by attaching to 
fertility fimbriae 

Coliphages that 
infect E. coli 15597 
host 

Male specific (F+) and somatic  coliphages that infect 
E.Coli 15597 (ATTCa)  

No cell wall; coat 
protein protects nucleic
acid  

Icosahedral  
protein shell 

0.025 Somatic coliphages attach to 
cell wall; F+ attach to fertility 
fimbrae 

Enteroviruses Genus within the family Picornaviridae includes 
poliovirus, coxsackievirus, echovirus, hepatitis A virus  

No cell wall; 
Non-enveloped protein 
coat 

Icosahedral capsid 
single strand (ss) RNA 

genome 
 

0.025-0.030 Infect mammalian cells 

Protozoan Parasites Complex life cycle.  
Zoonotic (animal to human) transmission. 

 

Giardia intestinalis Flagellated protozoan; Phylum Mastigophora  Ovoid cyst ~8.5 x 10 Cyst is infective form  
Cryptosporidium 
parvum 

Coccidian protozoan; Phylum Apicomplexa Ovoid Oocysts; 4 to 6 
 

Oocyst is infective form; 
resistant to disinfection 

aATTC: American Tissue Culture Collection
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Coliphages are viruses that infect and replicate in coliform bacteria, thus they can only 
proliferate when the host bacterium is present. Coliphages can be classified in terms of whether 
their genome is composed of DNA or RNA. In addition they can be classified as either male-
specific (MS) or somatic. MS coliphages require a host that produces the fertility fimbriae (F+). 
Conversely, somatic coliphages bind to receptors located on the host cell wall and are not 
restricted to F+ hosts. Because bacteria in biological treatment systems are not in a logarithmic 
growth phase, it is unlikely that MS coliphages can replicate during treatment.  

Similarities in the physical structure, morphology, and nucleic acid composition of 
certain coliphages and human enteric viruses suggest that reduction of coliphages and enteric 
viruses may follow similar patterns, depending on the dominant physical, chemical, and/or 
biological removal mechanisms. In addition, the presence and survival of coliphages is related to 
bacterial concentrations. Coliphage testing has been proposed as a surrogate indicator for 
pathogens in wastewater, due in part to the failure of coliform bacteria to correlate with 
pathogens in wastewater (Havelaar et al., 1993). Two E. coli hosts were used in this study to 
quantify different subsets of coliphages: E. coli ATTC strain 700891 (Famp) for male-specific 
RNA coliphages and E.coli ATCC strain 15597 for somatic and male-specific coliphages. 

 
1.2.3 Protozoan Pathogens 

Giardia is the most commonly isolated intestinal parasite in the world (Gardner et al. 
2001). Giardia cysts are present in high numbers in domestic sewage and are of particular 
concern due to their inherent resistance to disinfectants commonly used in wastewater treatment 
processes (Rose et al., 1996).  

Cryptosporidium is an intestinal parasite found worldwide. The oocysts have been 
detected in untreated wastewater and also in some drinking water sources (Smith and Rose, 
1998; Rose et al., 2002). As with Giardia, Cryptosporidium oocysts are resistant to the levels of 
chlorine commonly used in wastewater treatment. Cryptosporidium caused the largest 
waterborne outbreak ever documented in the U.S., where over 400,000 people became ill in 
Milwaukee, WI when a drinking water treatment plant malfunctioned (MacKenzie et al., 1994). 
To date, no confirmed illnesses from exposure to reclaimed water sources of Cryptosporidium 
have been documented.  

 

1.3       Regulatory Requirements for Control of Pathogens in Reclaimed Water 
Within the U.S., there are no national standards for control of reclaimed water. Therefore, 

regulatory requirements for control of pathogens in reclaimed water are set by state and local 
regulatory agencies. A review of regulatory requirements is currently in progress by the U.S. 
EPA (Crook, 2003). Typically regulatory requirements are linked to the potential uses of the 
reclaimed water and the potential risks associated with exposure. In some states, the regulations 
explicitly specify the type of treatment and associated monitoring for individual reuse 
applications. In other states, the requirements are more generic. The wastewater treatment 
facilities that participated in this project were from three states: Arizona, California, and Florida. 
A comparison of the regulatory requirements for these three states is given in Table 1-3. 
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Table 1-3. Comparison of Microbiological Monitoring Requirements for Arizona, California, and Florida 

for the Use of Reclaimed Water for Urban Applications.1 

Parameter Arizona2 California3 Florida4

Microbial monitoring 
requirement 

Fecal Coliform,  
ND (7 day median value) 
 23/100 mL maximum (Class A5) 

Total Coliform; 
≤ 2.2/100 mL (7 day median) 
23/100 mL maximum value in a 30 
day period 
Never exceed 240/100 mL 

Fecal coliform,  
ND in at least 75% of samples 
Never exceed 25/100 mL 

Frequency Not specified Daily; compliance is 7 day median 
value 

Daily 

Limits Turbidity < 2NTU  
24 hour average;  
Never exceed 5 NTU 

Turbidity < 2NTU; daily average; 
Cannot exceed  5NTU more than 5%
of time;  
Never exceed 10 NTU 

TSS < 5 mg/L 
CBOD5 < 20 mg/L 

Other monitoring 
requirements 

Filtered effluent turbidity CT6 450 mg-min/L; modal contact 
time of 90 minutes; or 5 log reduction
of MS-2 or poliovirus 

Minimum chlorine residual  
 1 mg/L as Cl2 after 15 min 
contact time 
Periodic testing of effluent 
Giardia and Cryptosporidium 
(one sample per 2 years or 5 
years depending on plant size) 

Treatment requirements 
Biological Treatment Yes Yes yes 
Coagulation Not required; require chemical 

feed facilities for coagulant and/or 
polymer addition in case of filter 
turbidities over 5 NTU (2 NTU 24 
hour average) 

Needed if secondary effluent 
turbidity is > 5NTU for a 15 minute 
period or ever > 10 NTU 

Need chemical feed facilities 
upstream of filtration in case of 
poor quality secondary effluent 

Filtration Yes Yes yes 
Disinfection Yes Yes yes 
1Adapted from Crook, 2003 
2State of Arizona. 2001. Regulations for the Reuse of Wastewater. Arizona Administrative Code, Chapter 9, Article 7, Arizona 
Department of Environmental Quality, Phoenix, Arizona. 
3State of California. 2000. Water Recycling Criteria. Title 22, Division 4, Chapter 3, California Code of Regulations. California 
Department of Health Services, Drinking Water Program, Sacramento, California. 
4Florida Department of Environmental Protection. 1999. Reuse of Reclaimed Water and Land Application. Chapter 62-610, Florida 
Administrative Code. Florida Department of Environmental Protection, Tallahassee, Florida. 
5Class A includes open access landscape irrigation (parks, residential, schools), recreactional impoundments, food-crop 

irrigation, closed-loop air conditioning systems, etc. 
6CT: Product of contact time in minutes and chlorine residual in mg/L 
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CHAPTER 2.0 

 
 

METHODS AND MATERIALS 
 

 
For this project, samples were collected from each of six wastewater treatment facilities 

over the course of a one year sampling period. At each facility, samples were collected from four 
locations: influent, secondary effluent, filtered effluent, and disinfected effluent. In each case, 
grab samples were collected under peak flow conditions. Information on the facilities that 
participated in the project and sample collection and analysis methods are provided in this 
chapter. 

 

2.1  Wastewater Reclamation and Reuse Facilities   
The six facilities that participated in the project are all full-scale wastewater reclamation 

and reuse facilities that produce reclaimed water for nonpotable urban applications. Four of the 
facilities are in Florida, one is in California, and one is in Arizona. A comparison of the six 
facilities is given in Table 2-1. 

The biological process used at four of the facilities is conventional activated sludge. One 
facility is a nitrification plant and one facility is a biological nutrient removal plant. The types of 
filters in use included fabric filters, shallow and deep-bed monomedia filters, and dual media 
filters (sand and anthracite). Of the six facilities, only one routinely pre-chlorinates, one uses a 
cationic polyelectrolyte, and the others do not routinely use chemicals upstream of filtration. For 
disinfection, chlorine is used at five of the facilities and one facility uses UV disinfection. For the 
facilities with conventional activated sludge, the dominant form of chlorine available for 
disinfection is combined chlorine or chloramines, whereas in the facility with biological nutrient 
removal, free chlorine is used. The UV system consists of four banks of 64 medium-pressure 
lamps (TrojanTM 4000). The lamp intensity is based on the UV transmittance and the turbidity of 
the water.  
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Table 2-1. Comparison of Facilities Tested During the Project.1 

Parameter A B C D E F 
Range of Capacity  MGD 0.9-2.6 13.9-16.2 9.6-10.3 11-25 1.3-2.1 1.3-2.4 
Primary treatment Grit removal Grit removal Grit removal 

Primary clarifier 
Grit removal Grit removal; 

Equalization basin 
Grit removal 

Biological Treatment       
Process Type Activated 

sludge 
Activated sludge Activated sludge Activated sludge Nitrification Biological nutrient 

removal 
Mean Cell Residence 
Time, days 

6-8 3.5-6 1.6-2.7 3-5 8.7 to 13.3 8 to 16 

Filtration       
Filter type Cloth Traveling bridge Monomedium Dual Media Continuously 

Backwashed 
Upflow Filter 

Dual Media 

Filter Media (Depth) Fabric  Sand (0.3 m)  Anthracite (1.2 m) Anthracite (0.8 
m) 

Sand (0.25 m) 

Sand (1.2 m) Anthracite (0.6 m) 
Sand (1.2 m) 

Chemical Use None Pre-chlorinate Cationic 
polyelectrolyte 

None None Alum added to 
secondary clarifier 

Hydraulic Loading Rate
gpm/ft2

1.5 to 5.8 0.6 to 1 1.1 to 1.8 2.2 to 5.8 1.2 to 2 1.3 to 1.5 

Volume per 
backwash, 
gallons/filter 

1,200 3,000 24,000 250,000 8% of flow 60,000 

Backwashing 
frequency, hours 

72 to 84 Automatic 
(every 24) 

48 48 to 168 Continuous 48 to 168 

Backwash water 
source 

Filtered 
effluent 

Chlorinated 
effluent (6 mg/L 

as Cl2) 

Chlorinated Filter 
effluent   

(30 mg/L as Cl2) 

Chlorinated 
effluent (3-6 
mg/L); shock 
chlorinated 

3x/year 

Final effluent 
(unchlorinated); 

shock chlorinated 
periodically 

Chlorinated effluent  
(5 mg/L as Cl2) 

Disinfection       
Disinfectant Chlorine or 

Sodium 
hypochlorite 
(since 7-03) 

Chlorine Sodium 
hypochlorite 

Chlorine  Medium pressure 
UV (256 lamps) 

Chlorine 

Secondary Effluent 
Ammonia, mg/L as N 

5-12 15-40 11-22 1-5 <0.2 <0.2 

Total Chlorine 
Residual, mg/L 

2-5 7-9.5 1.75-4.2 3 - 6 NA 4-6.5 

Disinfection pH 6.8-7.2 6.8-7.1 7.2-7.4 7.2-7.4 7.3-7.5 6.9-7.1 
Contact time, min 20-80 45-60 340-580 35 -82 NA 70-90 
CT, mg-min/L 100-235 350-570 975-2400 120-290 NA 300-570 

1 Based on operating data during sampling 
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2.2 Sample Collection 
Samples were collected from four sites within each plant to represent effluents from each 

stage of the treatment process. Sampling locations consisted of wastewater influent (site 1), 
secondary effluent (site 2), filter effluent (site 3), and disinfected effluent (site 4). Each facility 
was sampled five times; approximately every two months. Samples were either collected by 
project personnel (Facilities A, B, D, and F) or by operators at the individual facilities (Facilities 
C and E). Depending on the treatment plant location, samples were either shipped from the 
treatment plant to the analytical laboratories (Florida, Michigan) or transported back to USF for 
initial processing and shipping. Each sample was assayed for traditional and alternative bacterial 
and viral indicators, parasites, and enteric viruses within 32 h of collection (depending on the 
facility location and type of analysis performed).  

The sampling for each plant began during the peak flow for the day of sampling (usually 
mid-morning). After collecting the influent sample, attempts were made to collect downstream 
samples based on the approximate hydraulic detention time of each treatment unit. All samples 
were collected in sterile containers and were stored on ice until they were processed or 
transferred to a refrigerator. Chlorinated samples (disinfected effluent and filtered effluent from 
facility that pre-chlorinate) were dechlorinated with sodium thiosulfate added to a final 
concentration of 100 mg/L. The volume of sample collected at each site varied by parameter and 
location. For bacterial and coliphage enumeration, sample volumes were 50 mL of influent, 500 
mL from the secondary clarifier, 2 L of filtered effluent and 2 L of disinfected effluent. For 
enteric virus assays, the sample volume was based on either the amount of water that could be 
processed without clogging the filter or a fixed volume. Typically less than 100 L was filtered 
for each influent sample, depending on water quality (i.e. suspended solids content). 
Standardized sample volumes were used for the other sample locations: 190 L samples from the 
secondary clarifiers, and 378.5 L samples from the filtration and disinfection steps. For 
quantification of protozoan parasites, the sample volumes used were about 0.5 – 1.0 L influent, 
about 19 L secondary effluent, about 38 L effluent from filters, and about 53 L disinfected 
effluent. 

Grab samples were used for the bacterial and viral indicators, while the parasite and virus 
samples were collected and concentrated by pumping large volumes of water through appropriate 
filters. 1MDS (Cuno, Inc.) cartridge filters were used for collection and concentration of viruses 
while Pall-Gelman Envirochek HV capsule filters were used for collection and concentration of 
protozoan parasites.  

Samples were placed on ice and shipped to the appropriate laboratories for analysis 
(University of South Florida, Michigan State University, University of Florida). Operational data 
associated with each sampling event was provided by operators at each facility. In some cases, 
supplemental water quality analyses were conducted by the project team. 
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2.3 Enumeration of Bacterial Indicators and Viral and Protozoan Pathogens 
The microbiological assays included total and fecal coliform bacteria, enterococci, 

coliphages grown on two different E. coli hosts, enteroviruses, Giardia, and Cryptosporidium. 
Methods are summarized below. 

 

Coliform bacteria  Total coliform (TC) were isolated by membrane filtration according 
to Standard Methods for the Evaluation of Water and Wastewater (APHA, 1998). Samples were 
filtered through 47 mm cellulose acetate membrane filters with a nominal pore size of 0.45 µm. 
Tenfold serial dilutions were made up to 1:10,000. One mL of each dilution was added to 
phosphate buffered saline (PBS), and filtered. A maximum of 100 mL of undiluted sample was 
filtered. Each volume was filtered in triplicate. Filters were transferred to 50 mm petri dishes 
containing mEndo-LES agar (Difco Laboratories, Detroit, MI) and incubated for 24 h at 37°C. 
Colonies that produced a metallic sheen were enumerated as total coliforms. For enumeration of 
fecal coliform, membrane filters were transferred to 50 mm petri dishes containing mFC medium 
(Difco) and incubated for 24 h at 44.5°C in a water bath. Blue colonies were enumerated as fecal 
coliforms. Escherichia coli (American Type Culture Collection [ATCC]# 9637) was used as the 
positive control for all coliform measurements. 

 

Enterococcus spp. were enumerated using a modification of Method 1600 (U.S. EPA, 
1997). Samples were filtered as described above and the filters were transferred to 50 mm petri 
dishes containing mEI agar. This media consisted of mE agar base (Difco) amended with indoxyl 
β-D glucoside (0.75g/L), nalidixic acid (0.24 g/L) and triphenyl tetrazolium chloride (0.02 g/L). 
Plates were incubated at 41 ± 0.5oC. After 24 h incubation, colonies exhibiting a blue halo were 
enumerated as enterococci. Enterococcus faecalis (ATCC #19433) was used as a positive 
control. 

 

C. perfringens were enumerated by membrane filtration and filters were transferred to 
Petri plates containing mCP agar (Acumedia Manufacturers, Inc. Baltimore, MA). Plates were 
incubated anaerobically using anaerobic gas packs (BBL GasPak, Beckton Dickinson) at 45°C 
for 24 hours. The resultant yellow colonies were exposed to ammonium hydroxide fumes and the 
colonies that turned red or dark pink were enumerated as C. perfringens (Bisson and Cabelli, 
1979). C. perfringens (ATCC #13124) was used as positive control. 
 

Coliphages were analyzed by two methods: the agar overlay method of Adams (1959) 
and a version of the large volume (1L) presence/absence assay of Yanko et al. (1999) for treated 
effluent. Two E. coli host strains were used in separate assays: E. coli HS(pFamp)R (ATCC 
#700891), which hosts male-specific (F+) coliphages, and  E. coli C-3000 (ATCC #15597), 
which should host both somatic and F+ coliphages. Serial dilutions of samples were made in 
phosphate buffered saline (PBS) buffer according to expected phage concentrations at each 
treatment step. Five replicate volumes of 0.1 ml to 2 ml were plated for each dilution except in 
the case of the disinfected effluent samples, for which ten replicates of 2 ml each were plated. 
Plaque forming units (PFU)/100 mL were calculated after 24 h incubation. In this report 
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Coliphage700891 refers to the male-specific coliphages and Coliphage15597 refers to the E. coli C-
3000 host. 

Enteroviruses Samples were filtered through Virusorb 1MDS Filters (Cuno Inc., USA) 
as per U.S. EPA (1996) methodology. Typically less than 100 L was filtered for each influent 
sample, depending on water quality (i.e. suspended solids content). Sample volumes were 
approximately 190 L  from the secondary clarifiers, and 378.5 L  from the filtration and 
disinfection steps. Filters were eluted with 1 L of 1.5% beef extract (BBL V) in 0.05 M glycine 
(pH 9.5, ~25°C) (U.S. EPA/ICR). The eluted sample was concentrated by organic flocculation 
and assayed for enteric viruses by the observation of cytopathic effects (CPE) on recently passed 
(<4 days) cell lines. Three cell lines, Buffalo Green Monkey (BGM), Rhabdosarcoma (RD), and 
MA-104 cells were used for this purpose. Positive controls were performed in a separate room 
using Poliovirus I. Cytopathic effects on each cell line were observed, and the most dilute sample 
showing CPE was recorded. Most probable number (MPN) determinations were performed using 
U.S. EPA released software. 

 
Cryptosporidium and Giardia  For the detection of parasitic protozoa, samples were 

filtered through a high-volume Gelman Envirochek HV filter using a portable electric diaphragm 
water pump with flow rates maintained at 2 L/min. Sample volumes varied depending upon the 
treatment stage and the amount of water that could be filtered, i.e. 0.5 – 1.0 L influent, ~19 L 
secondary effluent, ~38 L effluent from filters, and ~53 L disinfected effluent. Detection limits 
varied with the total volume of sample filtered. Filters were eluted and processed according to 
Method 1623 (U.S. EPA, 1999) and sample concentrates were subjected to immunomagnetic 
separation for purification of the oocysts from the material captured. Aliquots of the purified 
sample concentrate were fixed with methanol onto well slides, filtered through cellulose acetate 
membrane filters or removed into 1.5-mL microcentrifuge tubes. For Cryptosporidium only, each 
sample was split between cell culture viability testing and microscopic enumeration. Tissue 
cultures were fixed with 100% methanol for 10 minutes and labeled using the indirect antibody 
procedure [Foci Detection Method (FDM-MPN)] (Slifko, et al., 1997, 1999). Samples were 
examined under by both epifluorescent and DIC microscopy. Equivalent volumes were 
calculated, and results are reported as cysts or oocysts per 100 L. Method 1623 determines the 
total numbers of IFA positive oocysts and cysts (empty, full, potentially viable) and does not 
address the viability of the oocysts or cysts.  

Stock solutions of 4’,6-diamidino-2-phenylindole (DAPI, [catalog no. D-9542; Sigma 
Chemical Co., St. Louis, MO] 2 mg/mL DAPI in absolute methanol) and propidium iodide (PI, 
[catalog no. P-4170; Sigma Chemical Co., St. Louis, Mo.] 1 mg/mL PI in 0.1 M PBS, pH 7.2) 
were prepared and stored at 4 °C in the dark. From the DAPI stock solution, a 1:5,000 dilution in 
PBS was prepared. Each subsample was stained as follows: (i) fluorescein-labeled antibody 
(EasyStain, Biotechnology Frontiers, Australia and Giardi-a-GloTM, WaterborneTM, Inc. New 
Orleans, LA) and DAPI; (ii) fluorescein-labeled antibody and PI; (iii)  fluorescein-labeled 
antibody and DAPI/PI.  

The IF staining and dye uptake protocols were performed in well slides (DYNAL spot-
on, DYNAL, Inc. New York) and on 0.22 µm pore size Sartorius 25-mm diameter cellulose 
acetate filters (Sartorius Corp., Edgewood, NY) following the manufacturer’s specifications. 
After the incubation period, each subsample was stained with DAPI, PI, or a combination of 
DAPI and PI. One-hundred µL and 500 µL of each fluorochrome were added to methanol-fixed 
and membrane-filtered subsamples, respectively. Some of the samples fixed on well slides 
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received 10 µL of each fluorochrome stock solution according to specifications by Campbell et 
al. (1992) for Cryptosporidium oocysts. DAPI-stained sub-samples were incubated for 2 minutes 
USEPA Method 1623; U.S. EPA, 1999) while PI-stained subsamples were incubated for periods 
of 2 and 10 minutes; (Sauch et al. 1991). DAPI/PI stained subsamples were incubated for periods 
of 2 and 10 minutes at room temperature and 2 hours at 37°C, which is the optimum time for 
maximum dye uptake for Cryptosporidium oocysts (Campbell et al., 1992). Two of the 
subsamples were stained in suspension with the FITC-labeled antibodies after the DAPI/PI 
exposure step, which was performed at 37°C for 2 hours. Some of the membrane filters were 
dehydrated by sequential application of 20, 40, 80, and 90.2% ethanol solutions containing 5% 
glycerol.  

Microscopic examination  Samples were observed with the 20X and 40X Dplan Apo 
UV objective lens with both epifluorescence and DIC microscopy. An Olympus model BH2 
microscope equipped with a UV filter block (350-nm excitation and 450-nm emission) for DAPI, 
blue filter block (450-nm excitation and 520-nm emission) for FITC and a green filter block 
(500-nm excitation and 630-nm emission) for PI was used. Nomarski differential interference 
contrast microscopy (DIC) was used to look at internal morphological characteristics in Giardia 
cysts under 400X magnification.  

Cryptosporidium viability assay  Concentrates from the IMS procedure were inoculated 
onto HCT-8 cell monolayers in eight-well chamber glass cell culture slides as described by 
Slifko et al (1997). RPMI media was used and cells were plated in eight-well chamber glass cell 
culture slides. Water samples were treated with 0.525% sodium hypochlorite (10% reagent grade 
bleach (vol/vol) in DI water) at 4°C for eight minutes and washed once by centrifugation, for the 
purpose of surface sterilization. The bleach treatment triggers the oocysts to excyst and prevents 
the tissue cultures from becoming contaminated by bacteria, fungi or viruses present in the 
oocyst samples. The washing serves to remove residual chlorine to prevent interference with cell 
culture. Samples were pipetted onto cell monolayers in six replicate wells so that the entire 
volume of each concentrate was inoculated. For each well slide, one well of uninoculated cell 
monolayer was set up concurrently as a negative control and as a control of the health of the cell 
monolayer, and a well containing bleach-treated fresh oocysts (less than 30 days old) was used as 
a positive control. The cultures were incubated in a 5% CO2 atmosphere at 37°C for 48 hours. 
The presence of multiple stages of the parasite and clustering (indicating the auto-reinfective 
nature of the life cycle) were recorded. Infectious Cryptosporidium were enumerated by the Foci 
Detection-Most Probable Number Method described by Slifko et al. (1999). Results were 
reported as viable oocysts per 100L.  

 

2.4  Data Interpretation and Statistical Analysis   
All microbiological data were log10 transformed and statistical analysis was performed to 

assess inter- and intra-facility differences in levels of indicator and pathogenic organisms due to 
different treatment design and operational variables. The design variables and treatment 
processes evaluated included: biological treatment parameters, type of filtration, and method of 
disinfection. Operational variables evaluated included solids retention time, filter loading rates, 
chemical usage, backwash practices, disinfectant residuals, and contact times. Trends of 
pathogen reduction and survival were compared to operating parameters for each process for 
each plant individually and for pooled data from all plants to identify potential correlations. 
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Statistical analyses were performed using Microsoft Excel, SASTM, KaleidographTM, and 
ProStatTM software. In cases where microbial concentrations were below detection limits, such as 
for samples from the final disinfected effluent, the data presented used the detection limit to 
calculate the mean. In some cases, additional analyses were conducted using 0-values or 1⁄2 the 
detection limit; however, these calculations did not affect the results of the statistical analysis 
and are specifically mentioned where they occur. Parametric statistics were used for normally 
distributed data (most analyses); exceptions are noted. Post-hoc comparisons between treatments 
utilized the Tukey-Kramer multiple comparisons test. Linear correlations were conducted on 
normally distributed data using Pearson r; r2 is reported. Differences in frequency of detection of 
microbial analytes were assessed by Chi-square analysis. 
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CHAPTER 3.0 
 

RESULTS 
  

This chapter will summarize the concentrations of indicator and pathogenic 
microorganisms in the untreated, secondary effluent, filtered effluent and disinfected final 
reclaimed water from six facilities. There are a number of approaches for addressing water 
quality in the wastewater and reclaimed water arena however the focus is generally on final 
concentrations in the discharged effluent from the facility. There has been very little focus on 
defining treatment removal goals (eg. should filtration in a reclamation facility achieve 90, 99, or 
99.9% reduction of protozoa?). Thus while removal by the individual processes is of interest and 
will be presented, the major discussion will be centered on the microbial water quality observed 
during this study. Appendix A includes a summary table of arithmetic averages (detection limits 
used to calculate these averages in samples where the constituent was not detected), numbers of 
samples positive and collected as well as percent removal from secondary, filtration and 
disinfection processes at each facility.  

 

3.1  Concentrations of Indicators and Pathogens in Untreated Wastewater 
 The microbial quality of the wastewater influent was fairly consistent among the 
treatment facilities. All traditional and alternative indicators as well as viral and protozoan 
pathogens were above detection limits in all influent samples collected with the exception of 
Clostridium perfringens (detected in 93% of the samples) Cryptosporidium (detected in 74% of 
influent samples) and viruses (detected in 93% of the samples). A comparison of bacterial 
indicator concentrations in the influent to each facility is shown in Figure 3-1 in a boxplot 
format. The box represents 50% of the data values and the horizontal line signifies the median 
value associated with each facility; the 95% confidence interval is shown by the lines that extend 
above and below the boxes and outliers are represented by circles. For all plants, total coliform 
levels ranged from 106 to 107 cfu per 100 mL and fecal coliform levels ranged from 105 to 107 
cfu per 100 mL. Enterococci concentrations ranged from 104 to 106 cfu per 100 mL. 
Concentrations of Clostridium perfringens were more variable with concentrations ranging from 
102 to about 106per 100 mL. There was not a statistically significant difference in the 
concentrations of any of the bacterial indicators among the six treatment plants, with the 
exception of Clostridium perfringens, which was slightly higher on average in Facility C.  

 A comparison of the concentrations of coliphages in the influent to each of the six 
wastewater treatment facilities is shown in Figure 3-2. Concentrations of coliphage15597 ranged 
from 103 to 106 pfu/100mL. The concentrations of coliphage700891 (f-amp) were more variable 
within each plant and ranged from 102 to 108 pfu/100 mL. 

 A comparison of the concentrations of enteric viruses isolated from the untreated 
wastewater is shown in Figure 3-3. Concentrations of enteric viruses (MPN) ranged from about 
102 to 104 MPN/100 L.  

 A comparison of the concentrations of protozoan pathogens (total IFA oocyst and cyst 
counts) in the untreated wastewater is shown in Figure 3-4. In general, concentrations of Giardia 
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in the untreated wastewater sources were about an order of magnitude higher than concentrations 
of Cryptosporidium for each of the facilities tested. Giardia concentrations ranged from about 
102 to 106 cysts/100 L and Cryptosporidium concentrations ranged from 101 to 104 oocysts/100 
L. 
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Figure 3-1. Boxplot Comparison of the Concentrations of Bacterial Indicators Isolated from the Influent to Each of Six 
Wastewater Treatment Facilities (A-F). Facility Descriptions are Given in Table 2-1. 
 

3-2  



0

1

2

3

4

5

6

7

8

lo
g 10

 (p
fu

/1
00

 m
L)

Influent
Coliphage

15597

A        B        C        D       E        F
0

1

2

3

4

5

6

7

8

lo
g 10

 (p
fu

/1
00

 m
L)

Influent
Coliphage

700891

A        B        C        D       E        F
 

Figure 3-2. Comparison of the Concentrations of Coliphages Isolated from Untreated Wastewater from Each of Six 
Wastewater Treatment Facilities. Facility Descriptions are Given in Table 2-1. 
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Figure 3-3. Comparison of Concentrations of Enteric Viruses Isolated from Untreated Wastewater from Each of Six 
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Figure 3-4.. Comparison of Concentrations of Giardia Cysts and Cryptosporidium Oocysts in Untreated Wastewater 
from Each of Six Wastewater Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
 
 
 

3.2   Reduction of Indicators and Pathogens Through Biological Treatment 
The biological treatment units in operation at the facilities tested in the project included 

conventional activated sludge (Facilities A-D), biological nitrification-denitrification (Facility 
E), and biological nutrient removal (Facility F). A comparison of the concentrations of indicators 
and pathogens in secondary effluents is given in this section. Key process variables that impact 
removal of indicators and pathogens are discussed. 

 In general, the removals by secondary treatment for bacteria and viruses ranged from 96-
99.9%, with Clostridium and the somatic phage removals ranging from 93.3-99.8% and 13- 
99.9%, respectively. In all the facilities the highest removal of bacteria and viruses was achieved 
in Facility F,  and the lowest removal in Facility C followed by A. The parasite total cysts and 
oocysts were removed by secondary treatment the least by Facilities D and F, respectively and 
the best by Facility E (ranges of 97.7-99.8% removals and 0-99.4% removals for cysts and 
oocysts, respectively).  

 

3.2.1 Concentrations of Indicators and Pathogens in Secondary Effluents 

A comparison of the concentrations of bacterial indicators isolated from secondary 
effluents from the six facilities tested in this study is shown in Figure 3-5. The concentrations of 
total coliform in the secondary effluents from each plant ranged from 102 to 106 cfu/100 mL. 
Fecal coliform concentrations ranged from 101 to 105 with the lowest concentrations associated 
with the biological nutrient removal facility (F). Facility D had the most variability in 
concentrations of indicators in the secondary effluent, perhaps due to contributions from runoff 
during the sampling events. Enterococci levels were similar to fecal coliform levels and median 
values ranged from about 103 cfu/100 mL (biological nutrient removal) to 105 (conventional 

3-4  



activated sludge). Clostridium perfringens levels were more variable among the facilities and 
within each facility with concentrations ranging from 10 to 104 cfu/100 mL.  

A comparison of the concentrations of coliphages isolated from secondary effluents is 
shown in Figure 3-6. The concentrations of the coliphage15597 host (somatic and MS) ranged 
from about 10 to 105 pfu/100 mL and were more variable than the concentrations of the 
coliphage700891 f-amp (MS). For the four activated sludge facilities (A,B,C,D), coliphage levels 
were lowest in the secondary effluents from plant F, which has a longer MCRT. 

 

A comparison of the concentrations of enteric viruses isolated from secondary effluents is 
shown in Figure 3-7. The concentrations of viruses ranged from below 10 to about 102 MPN/100 
L  with the highest concentrations of enteric viruses associated with plant C followed by plant B. 
Enteric virus detection limits for the secondary effluent samples ranged from 2.9 to 11 MPN/100 
L, depending on the sample volume processed. The concentrations of enteric viruses in about 
27% of the secondary effluent samples were below detection limits, with nondetects associated 
with all facilities except plant C (shortest MCRT).  

 

Reduction of Pathogens, Indicator Bacteria, and Alternative Indicators by Wastewater Treatment 
and Reclamation Processes   3-5 



0

1

2

3

4

5

6

7

8

lo
g 10

 (c
fu

/1
00

 m
L)

 
A        B        C         D        E        F

Secondary
Total Coliform

0

1

2

3

4

5

6

7

8

lo
g 10

 (c
fu

/1
00

 m
L)

 
A        B        C         D        E        F

Secondary
Fecal Coliform

0

1

2

3

4

5

6

7

8

lo
g 10

 (c
fu

/1
00

 m
L)

A        B        C         D        E        F

Secondary
Enterococci

0

1

2

3

4

5

6

7

8

lo
g 10

 (c
fu

/1
00

 m
L)

A        B        C         D        E        F

Secondary
Clostridium perfringens

 
Figure 3-5. Comparison of Concentrations of Bacterial Indicators Isolated from Secondary Effluents from Each of Six 
Wastewater Reclamation Facilities. Facility Descriptions are Given in Table 2-1.  
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Figure 3-6. Comparison of Concentrations of Coliphages Isolated from Secondary Effluents from Each of Six 
Wastewater Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
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Figure 3-7. Comparison of Concentrations of Enteric Viruses Isolated from Secondary Effluents from Each of Six 
Wastewater Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
 
 A comparison of the concentrations of Giardia  and Cryptosporidium isolated from 
secondary effluents is shown in Figure 3-8. The values reported are total numbers of cysts or 
oocysts and do not provide information on pathogen infectivity. Concentrations of Giardia 
ranged from below 10 to about 104 cysts/100 L with the lowest concentrations associated with 
plant D. Concentrations of Cryptosporidium ranged from about 10 to 103 oocysts/100 L and were 
similar for all facilities. For Giardia 6% of the samples were below detection limits of 19 
cysts/100 L (Plants A and E). For the Cryptosporidium analyses, 16% of the samples were below 
detection limits which ranged from 13 to 94 oocysts/100 L. The nondetects were associated with 
secondary effluents from plants C, E, and F.  
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Figure 3-8. Comparison of Concentrations of Protozoan Pathogens Isolated from Secondary Effluents from Each of Six 
Wastewater Reclamation Facilities. Facility Descriptions are Given in Table 2-1.  

 

3.2.2 Evaluation of Process Variables 
The biological processes associated with the facilities tested for this project varied in 

terms of MCRT, MLSS, the degree to which nitrification occurred, the extent of nutrient removal 
(nitrogen and phosphorus), and the addition of chemicals to the secondary clarifier. The indicator 
and pathogen data were evaluated in the context of process variables to identify factors that 
influence removal through secondary treatment. A comparison of the concentrations of fecal 
coliforms, enterococci, and enteric viruses in secondary effluent as a function of MCRT is shown 
in Figure 3-9. In general, similar removal patterns were observed for fecal coliforms, 
enterococci, and enteric viruses. Correlation coefficients (r2) for log-transformed concentrations 
of microorganisms vs. MCRT were ~0.5. Organism concentrations decreased with increasing 
MCRT by a factor of 0.13 (fecal coliforms and enterococci) to 0.17 (enteric viruses) times the 
MCRT. For the other biological indicators and pathogens tested in this project, removal or 
secondary effluent concentrations did not correlate to MCRTs.  

A comparison of the secondary effluent concentrations of fecal coliforms, enterococci, 
and coliphage15597 host as a function of MLSS is shown in Figure 3-10. In general, 
concentrations of these indicators decreased with increasing MLSS, perhaps due to the increased 
potential for entrapment in the biological flocs. The correlation coefficient, r2, was 0.5 for the 
enterococci and 0.6 for the fecal coliforms and coliphages. The concentration of the bacterial 
indicators decreased at a rate of -0.006 cfu/100 mL per mg/L of MLSS. The decrease in 
coliphage concentration was about -0.001 pfu/100 mL per mg/L of MLSS. 
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Figure 3-9. Secondary Effluent Concentrations of Fecal Coliforms (cfu/100mL), Enterococci (cfu/100 mL), and Enteric 
Viruses (MPN/100L) as a Function of MCRT. Corelation Coefficients, r2,  for Each Parameter are 0.5. 
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Figure 3-10. Secondary Effluent Concentrations of Fecal Coliforms (cfu/100mL), Enterococci (cfu/100 mL), and 
Coliphage15597 Host (pfu/100 mL) as a Function of MLSS. Corelation Coefficients, r2,  are 0.5 (Enterococci) and 0.6 
(Fecal Coliforms and Coliphage). 
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3.3   Reduction of Indicators and Pathogens Through Filtration 
The types of filters in use at each facility include cloth filters (Facility A), shallow-bed 

sand filters (Facility B), and deep bed filters (mono-media anthracite or sand, and dual media 
(anthracite and sand) (Facilities F, E, C, and D). The concentrations of indicators and pathogens 
in the effluents from the filters are summarized in this section. The impact of process variables 
including hydraulic loading rate and filter depth on reduction of indicators and pathogens is 
discussed. 

 

There has always been a question of whether upstream concentrations of microorganisms 
impact the efficiency of a process or is it primarily influenced by the design and operation. 
Removals at each facility from the average entering the filtration process for each microorganism 
were examined (Appendix A). In this study, there was no indication that those facilities with the 
greatest concentrations coming into the filtration process from secondary had a greater or lower 
removal. Thus design and operations were the predominant factors as expected. Removals by the 
various filters and operations employed were variable. The bacteria were reduced between 74-
99.9%, with the exception of fecal coliform bacteria which were reduced in concentrations in the 
range from 33-99.6% by the six facilities. No specific trend was seen, as no one facility provided 
the greatest removals and another the lowest. In Facility B, chlorine plus filtration did not show 
on average the greatest removal compared to the other facilities. However, it appears from the 
specialized studies that Facility B filters were able to equal the reduction via disinfection and 
inactivation processes of bacteria and viruses because of the predisinfection. When a disinfectant 
is applied prior to filtration, thoseorganism sensitive to the disinfectant will be inactivated to 
some degree, which is reflected as removal by the filter. Inactivation, however, is no the same 
mechanism as physical removal or retention of particles by the filter.  

Coliphage and viruses were removed by filtration at a lower rate, from 0-99.2%, 0-82.9% 
and 46-95.1%, and the parasite removal was also lower, ranging from 61.3-98.9% and 0-99.4% 
for cysts and oocysts reductions, respectively. However in these cases there was a clearer trend 
with depth filters (at Facilities F, followed by C with added coagulation, E and finally D, with 
decreasing order of filter depth) providing the highest average removals. Facility B with 
chlorination impacted coliphage and virus reductions via inactivation and finally Facility A most 
often provided the lowest reductions.  

       

3.3.1 Concentrations of Indicators and Pathogens in Filtration Effluents 
A comparison of the concentrations of bacterial indicators in filtered secondary effluents 

is shown in Figure 3-11. Total coliform concentrations ranged from about 1 to 105 cfu/100 mL, 
with detection limits varying from 0.4 to 0.6 cfu/100 mL. Total coliform levels in about 6% of 
the filtration effluent samples were below detection limits. Mean (log10-transformed) values were 
significantly different by facility (P=0.002); total coliform concentrations at Facility B (which 
practices prechlorination) were significantly lower than those at Facilities C, D, and E 
(nondetects were represented by the detection limit for all of the ANOVA calculations). Similar 
trends were observed for fecal coliforms and enterococci. Mean log10-transformed fecal coliform 
concentrations were significantly different by facility (P=0.009), and fecal coliform 
concentrations at Facility B were significantly different from those at Facilities C, D, and E. Log-
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transormed Enterococcus means were significantly different by facility (P=0.0018), and the 
mean value at Facility B (due to inactivation/prechlorination) was significantly lower than those 
at facilities C and D. Detection limits for fecal coliforms and enterococci ranged from 0.3 to 333 
cfu/100 mL. About 35% of the fecal coliform samples and 16% of the enterococci samples were 
below detection limits. The nondetects were associated with samples from plants A, B, C, and F. 
Slightly different patterns were observed for the other bacterial indicator, Clostridium 
perfringens. Mean concentrations were also significantly different by plant for C. perfringens 
(P=0.0217), but the values that were significantly different were A vs. C and C vs. D. In this 
case, 21% of the filtration effluent samples were below detection limits (ranging from 0.4 to 333 
cfu/100 mL) and the concentration ranged from about 1 to 100 cfu/100 mL in the filtration 
effluents from all plants except plant C.  

A comparison of the concentrations of coliphages isolated from filtration effluents from 
each facility is shown in Figure 3-12. About 20% of the filtered effluent samples were below 
detection limits (5 to 10 pfu/100 mL) with most of the nondetects associated with plants A, D, 
and F. The concentrations of coliphages ranged from about 10 to 104 cfu/100 mL, and log10-
transformed means were significantly different by facility (P=0.013). The highest mean 
concentration was associated with plant C (monomedia anthracite declining rate filter), which 
was significantly greater than values at Facilities D and F. Filtration Facility C achieved on 
average 99.2% and 50.6% removals of the somatic and f-amp coliphage, respectively. Facility C 
had the highest concentrations in the secondary effluent entering the filtration process. 
Prechlorination may have had some minimal impact on the reductions of coliphage by filtration 
but it is difficult to discern as the average reductions were for Facility B were 89% and 61%. 
This impact was clearer for the enteric viruses (see below) 

A comparison of the concentrations of enteric viruses in the filtration effluents from the 
six wastewater reclamation facilities is shown in Figure 3-13. Virus levels ranged from about 1 
to 102 MPN/ 100 L, and mean concentrations (log10-transformed) were significantly different by 
facility (P=0.0001). The mean enteric virus concentration at Facility C was significantly higher 
than that at any other plant. Enteric virus levels in about 42% of the samples were below 
detection limits (0.3 to 8.3 MPN/100L), with some nondetects associated with all six facilities. 
Virus reductions were greatest in Facility B with the prechlorination (95%) and 66% of the 
samples were nondetects due to inactivation as opposed to physical removal. For Facilities C 
(lower loading with coagulation) and D (higher TSS in the effluent, higher loading rates and dual 
media), while virus reductions of 84% and 90% were achieved, 80% and 83% of the virus 
samples were positive. Minimal reductions were achieved at the other facilities.  

A comparison of protozoan pathogen concentrations in the filtration effluents from the 
six wastewater reclamation facilities is shown in Figure 3-14. The concentration ranges for 
protozoan pathogens were similar for all facilities and ranged from about 1 to 103 cysts or 
oocysts/ 100 L. Mean Giardia concentrations were significantly different by facility, as levels at 
Facility A were significantly higher than any other facility. Of all the microbial parameters, only 
Cryptosporidium concentrations were not significantly different in filtered effluent by facility 
(P=0.3578). The concentration of Giardia was below detection limits (3-10.5 cysts/100 L) in 
about 13% of the filtered effluents, whereas the concentration of Cryptosporidium was below 
detection limits (1-11 oocysts/100L) in about 29% of the samples. All samples of filtered 
effluents from plants A, B, E, and F contained detectable levels of Giardia. All filtered effluent 
samples from plant A contained detectable levels of Cryptosporidium. Removals of Giardia 
cysts were 96-98.9% in facilities F, D and C. However, for the smaller oocysts even with 
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coagulant added Facility C performed poorly (8% removal) and Facility F with the dual media 
depth filter with the greatest depth of all the filters performed the best (98.8% removal). The 
filters at the remaining facilities removed less than 60% of the oocysts. 
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Figure 3-11. Comparison of Concentrations of Bacterial Indicators in Filtration Effluents from Each of Six Wastewater 
Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
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Figure 3-12. Comparison of Concentrations of Coliphages in Filtration Effluents from Each of Six Wastewater 
Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
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Figure 3-13. Comparison of Concentrations of Enteric Viruses in Filtration Effluents from Each of Six Wastewater 
Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
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Figure 3-14. Comparison of Concentrations of Protozoan Pathogens in Filtration Effluents from Each of Six Wastewater 
Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
 
 

3.3.2 Comparison of Process Variables 
Filtration process variables that are significant include the filter media; use of upstream 

chemicals (oxidants and/or coagulants); hydraulic loading rates; operational variables such as 
filter run times and backwash practices; and water quality variables (turbidity, pH). One facility 
(B) uses prechlorination upstream of filtration, one facility uses a cationic polymer as a filter aide 
(C), and one facility uses a coagulant in the secondary sedimentation basin (F). The use of 
coagulant chemicals helps to increase the removal efficiency associated with filtration by 
modifying the surface characteristics and size of suspended particulates. If the indicators and 
pathogens are associated with other particulates, then removal through filtration is influenced by 
the size and surface characteristics of the bulk particulate matter. Specific data on turbidity and 
particle characteristics associated with each sample event were not available, thus it is not 
possible to analyze all of the potential process variables.  

For the facilities tested in this project, four of the filters contained sand as either the only 
medium or in combination with anthracite in dual media filtration. The size of the sand varied 
among the facilities. The impact of the depth of sand in the filters on removal or indicators and 
pathogens was evaluated. A comparison of the relationship between sand depth and filter effluent 
concentrations is shown in Figure 3-15 for total coliform, enterococci, and Cryptosporidium. For 
these parameters, lower concentrations were associated with increased depth of sand in the 
filters.  

The impact of filter depth on average detected concentrations and log10 reduction of total 
Giardia in the filter effluents from all facilities is shown in Figure 3-16. As shown, improved 
removal was associated with increased depth. Based on pooling the data from all facilities, there 
was an increase of about 0.014 log10 removal per inch of filter media. No trends were observed 
for other indicators or pathogens. 
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Figure 3-15. Impact of Sand Filter Depth on Llog10 Average Detected Concentrations of Total Coliform (cfu/100 mL), 
Enteroocci (cfu/100 mL), and Cryptosporidium(oocysts/100 L) Through Secondary Effluent Filtration from Either 
Monomedia- or Dual-media Filtration with Sand. The correlation coefficients, r2, are 0. 6 for total coliform and 0.8 for 
enterococci and Cryptosporidium.  
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Figure 3-16. Impact of Nominal Filter Depth on Average Detected Concentrations and Log10 Reduction of Giardia in 
Effluents from Cloth Ffilters, Monomedia- (sand or anthracite) and Dual-media Filters of Varying Depths. The correlation 
coefficient, r2, is 0.5. 
 

A comparison of the average log10 reduction associated with filters that contain sand and 
the depth of sand is shown in Figure 3-17. There was an increase of about 0.03 log10 reduction of 
Cryptosporidium and about 0.05 log10 reduction of total coliforms per inch of sand. The graph 
does not include nondetected values. No correlations were observed for other indicators or 
pathogens tested in this project.  
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Figure 3-17. Impact of Sand  Filter Depth on log10 Reduction of Average log Reduction of Total Coliform and 
Cryptosporidium through Secondary Effluent Riltration from either Monomedia or Dual Media Filtration with Sand. The 
Correlation Coefficients, r2, are 0. 8 for Total Coliform and 0.9 for and Cryptosporidium. 
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The other filtration process variable that was evaluated in this project was hydraulic 
loading rate. Hydraulic loading rates varied from less than 1 for the automatic backwashing filter 
(Facility B) to over 5 gpm/ft2 for the cloth filter (Facility A). A comparison of log10 reduction for 
all indicators and pathogens as a function of hydraulic loading rate is shown in Figure 3-18. Due 
to the wide range of operating conditions associated with the various filters, no strong 
correlations were observed for any of the individual microorganisms and hydraulic loading rates. 
Data are presented in Figure 3-19 for detected concentrations of total coliforms, fecal coliforms 
and enterococci in dual media filtration effluents. Higher concentrations of microorganisms were 
associated with higher hydraulic loading rates used in Facilities D and some extent E followed 
by F,   with r2=0.6 for total coliforms, 0.8 for fecal coliforms, and 0.6 for enterococci. No strong 
correlations were observed for other indicators and pathogens. 
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Figure 3-18. Comparison of log10 Reduction for Detected Concentrations of Indicators and Pathogens as a Function of 
Hydraulic Loading Rate for the Six Wastewater Reclamation Facilities Tested in this Project. 
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Figure 3-19. Comparison of Concentrations of Detected Concentrations of Bacterial Indicators (cfu/100 mL)  in Dual-
Media Filtration Effluents from Two Wastewater Reclamation Facilities (D & F) as a Function of Hydraulic Loading Rate. 
Correlation Coefficients, r2, are 0.6 for Total Coliform,  0.8 for Fecal Coliform and 0.6 for Enterococci. 
 

3.3.3  Impact of Filter Run Time and Prechlorination on Removal/Inactivation of     
 Indicators 

Intensive studies were conducted of the filtration process at Facilities B, C, and F. The 
intensive studies provided a means to compare the influence of filter media, run time, and 
upstream chlorination on removal of bacteria. A comparison of plant C (monomedia anthracite) 
and plant F (dual media anthracite and sand) is shown in Figure 3-20. As shown, the 
concentrations of indicator bacteria in the effluent from the anthracite media were consistently 
higher than the concentrations in the dual media effluent over the course of the filter runs and 
there were minimal variations in bacterial concentrations. Filter runs at Plant C are typically 48 
hours and at Plant F are about 168 hours (see Table III-1). The data shown here represent the 
early stages of a filter run. The bacteria and coliphage levels were consistently higher in the 
secondary effluent in Facility C as compared to Facility F, and the removals by the filters 
averaged 99.65% compared to 97.7% for fecal coliforms, 76.9% compared to 90.7% for 
Enterococci and 99.2% compared to 46.5% for the somatic coliphage15597 and 50% compared to 
46% for the famp coliphage700891. Facility C did utilize coagulation which may have aided in the 
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greater removal of the somatic coliphage and the removals were greater with the anthracite for 
fecal coliform bacteria but was less with the round spherical enterococci.  

In this case upstream processes (reduction of levels by secondary) and operations as well 
as design influenced the final water quality emerging from these two filters for different classes 
of indicators.  
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Figure 3-20. Comparison of the Concentration of Indicator Organisms in the Effluent from Anthracite Filters (Facility C) 
and Dual Media Filters (Facility F) During a Single Filter Run. Testing Conducted in Summer 2002.  
 
 
 A comparison of the effects of prechlorination on bacterial concentrations is shown in 
Figure 3-21. For fecal coliform and enterococci, there was a statistically significant difference in 
the concentration of bacteria with and without prechlorination. However, there was less of an 
impact on C. perfringens, perhaps because it is less susceptible to chlorine than the other bacteria 
assayed (Sobsey, 1989).  
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Figure 3-21. Comparison of the Concentration of Indicator Organisms in the Effluent from Shallow Sand Traveling 
Bridge Filters (Facility B) Operated With and Without Prechlorination. Testing Conducted in June 2002.  
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3.4 Reduction of Indicators and Pathogens Through Disinfection 
The final treatment stage in the production of reclaimed water is disinfection. Five of the 

six facilities sampled during this project use chlorine disinfection and one (E) uses UV 
disinfection. Of the five facilities that use chlorine, one facility (F) practices nutrient removal and 
therefore has minimal ammonia available for reacting with the chlorine. The other four facilities 
(A, B, C, and D) do not routinely remove ammonia, thus the disinfection is most likely 
dominated by chloramines. The contact time available for disinfection varies among the 
treatment facilities and also with flow rates associated with each sampling event. 

3.4.1  Concentrations of Indicators and Pathogens in Disinfected Effluents 

A comparison of the concentrations of bacteria in disinfected effluents is shown in Figure 
3-22. Median concentrations of total coliforms ranged from about 0.3 to 10 cfu/100 mL, while 
fecal coliforms, enterococci, and Clostridium perfringens averaged about 1 cfu/100 mL. The 
highest concentrations of total coliforms were associated with disinfected effluents from Facility 
E (UV disinfection) and the highest average concentrations of fecal coliforms and enterococci 
were associated with Facilities D and E. The highest concentrations of Clostridium perfringens 
were associated with Facility C. Keeping in mind that larger volumes than the routine 100 ml 
were tested, the Total coliform levels were below detection limits (0.3 to 1 cfu/100 mL) in about 
37% of the disinfected effluent samples. Fecal coliforms and enterococci were below detection 
limits (0.3 to 1 cfu/100 mL) in about 73% of the samples, and Clostridium perfringens was 
below detection limits in about 39% of the samples.  

In meeting the standard of <1 fecal coliform bacteria/ 100 ml, facilities A, B, C and F 
would have done so 100% of the time and Facilities D and E would have done so only 66% and 
33% of the time. Only Facility C would have met the standard of <1 total coliform bacteria 
/100ml in 75% of the samples collected. The other facilities had greater than that level in 40-80% 
of the samples collected.  

A comparison of concentrations of coliphages in disinfected effluents is shown in Figure 
3-23. Coliphages were below detection limits (5-10 pfu/100 mL) in about 55-62% of the 
samples. Detected concentrations ranged from 1 to 100 pfu/100 mL with the highest 
concentrations associated with Facility C. 

Concentrations of enteric viruses in disinfected effluents are compared in Figure 3-24. 
Enteric viruses were below detection limits (0.3 to 1.5 MPN/100L) in 69% of the samples. They 
were not detected in this study in the disinfected effluent from Facility E (UV) and  Facility B 
(prechlorination of filter) rarely in D. In most cases, the detected concentrations of enteric 
viruses were below 1 MPN/100L.  

 A comparison of the concentrations of total Giardia and total Cryptosporidium are shown 
in Figure 3-25. The concentration of Giardia was highest in effluents from plant A and similar 
for the other facilities with median levels around 1 cyst/100 L. The concentration of 
Cryptosporidium was highest in facilities C and D. Giardia concentrations were below detection 
limits (1.8-5.2 cysts/100 L) in 17% of the disinfected effluent samples. Cryptosopridium 
concentrations were below detection limits (2-6.9 oocysts/100 L) in 30% of the disinfected 
effluent samples. 
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Figure 3-22. Comparison of Concentrations of Bacterial Indicators in Disinfected Effluents from Each of Six Wastewater 
Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
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Figure 3-23. Comparison of Concentrations of Coliphages in Disinfected Effluents from Each of Six Wastewater 
Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
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Figure 3-24. Comparison of Concentrations of Enteric Viruses in Disinfected Effluents from Each of Six Wastewater 
Reclamation Facilities. Facility Descriptions are Given in Table 2-1. 
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Figure 3-25. Comparison of the Concentrations of Total Counts of Giardia  (cysts/100L) and Cryptosporidium  
(oocysts/100L) in Disinfected Effluents from Each of Six Wastewater Reclamation Facilities. Facility Descriptions are 
Given in Table 2-1. 
 

3.4.2  Impact of Process Variables on Removal of Indicators and Pathogens 
 Through Disinfection 

 The effectiveness of disinfection is impacted by a number of process variables including 
disinfection dose, contact time, temperature, and water quality variables (pH, turbidity, presence 
of ammonia, oxidant demand). Due to the design of this study and data limitations, not all 
process variables could be evaluated. A comparison of the impact of contact time and log10 
reduction of enterococci and enteric viruses is shown in Figure 3-26. As would be expected, 
increased removal is associated with longer chlorine contact times. The slopes for the two lines 
are similar with an increase of about 0.006 log10 reduction per additional minute of contact time.  

 A comparison of the impact of secondary effluent ammonia levels on the detectable 
concentrations of enterococci and fecal coliforms is shown in Figure 3-27. For these indicators, 
higher levels of ammonia were associated with higher enterococci concentrations in the 
disinfected effluents. 

 One of the facilities tested during this study uses UV disinfection (Facility E in Table 2-
1). The UV disinfection system (Trojan UV4000) consists of two UV reactors in series. Each 
reactor contains two banks of medium pressure, mercury vapor hot cathode-instant start lamps 
with eight modules per bank and eight lamps per module (256 lamps per UV channel). Each 
channel can treat an average flow of 8 MGD and a peak flow of 14.4 MGD. The reactors have a 
horizontal lamp configuration and the flow is parallel to the lamps. The lamps are enclosed in 
cylindrical Type 214 quartz sleeves which allow 89% UV transmittance. The intensity of the 
medium pressure lamps is adjusted based on UV transmittance and turbidity. A comparison of 
filtered turbidity and log10 reduction of total coliform, fecal coliform and Giardia is shown in 
Figure 3-28. As shown, higher levels of turbidity are associated with decreased removal of the 
indicators. For the total and fecal coliform, the log10 reduction decreased about 0.5 per unit of 
turbidity (NTU). The Giardia numbers represent total counts and do not reflect infectivity but 
just like turbidity are an indicator of the effectiveness of the filter process prior to disinfection. 
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Figure 3-26. Impact of Chlorine Contact Time on log10 Reduction of Enterococci (r2=0.6) and Enteric Viruses (r2=0.7). 
Data Plotted Represent Samples that had Detectable Levels of Each Parameter. 
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Figure 3-27. Comparison of Impact of Secondary Effluent Ammonia on Detectable Concentrations of Enterococci 
(r2=0.7) and Fecal Coliforms(r2=0.8)  in Disinfected Effluents. 
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Figure 3-28. Comparison of Filtered Effluent Turbidity on Concentrations of Total Coliform, Fecal Coliform and Giardia  
Through UV Disinfection. Correlation Coefficients, r2, are 0.5 for Total Coliform and Giardia and 0.9 for Fecal Coliform. 
 

3.5 Protozoan Pathogen Viability 
 Specialized tests were conducted to evaluate the patterns of viability associated with 
monitoring of protozoan pathogens. Giardia viability was tested using fluorogenic dyes. 
Cryptosporidium viability or infectivity was tested using an additional culturing step. 

3.5.1 Giardia Cyst Viability 

 The inclusion or exclusion of the fluorogenic dyes 4’-6-diamidino-2-phenylindole 
(DAPI) and propidium iodide (PI) has been used as a marker of intact membranes in waterborne 
Cryptosporidium and Giardia and as an indicator of the presence of internal features such as 
nuclei (Schupp and Erlandsen, 1987; Campbell et al., 1992). PI is capable of passing through 
only damaged cell membranes, and intercalates with the nucleic acids of injured and dead cells to 
form a bright red fluorescence complex (Sauch et al., 1991). DAPI is an AT-selective DNA 
stain, which causes a 20-fold enhancement in fluorescence when binding to DNA occurs.  

 The fluorogenic vital dye assay or dye permeability assay tests the differential uptake of 
the fluorochromes 4’-6-diamidino-2-phenylindole (DAPI) and propidium iodide (PI) and thus 
those cysts that take in PI are considered nonviable.   

In this project, the combined use of PI and the fluorescein labeled detection method was 
applied for identifying Giardia cysts. When DAPI was used alone and with FITC labeled 
antibodies, two population of cysts were observed: (i) cysts with two or four blue dots (DAPI+) 
when observed under fluorescent microscopy with the UV filter block, suggesting that intact 
nuclei of the trophozoites were stained with the fluorochrome. The same population presented 
internal morphological characteristics typical of Giardia when viewed under DIC microscopy 
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(peritrophic space, axonema); (ii) cysts presenting an apple green fluorescence when viewed 
with the blue filter block; these cysts did not show any internal morphological characteristics 
under DIC microscopy. No spikes, stalks, appendages, pores, large nuclei filling the cell, red 
fluorescing chloroplasts, crystals or spores were observed, therefore these apple-green 
fluorescing objects were considered as empty Giardia cysts. 

 When PI was used alone and with FITC labeled monoclonal antibodies, two populations 
were observed: i) cysts which included PI staining (PI+) and looked bright red with two or four 
visible internal nuclei when examined with the green filter block and with an external apple 
green fluorescence along with a reddish color diffused into the cyst when examined with the blue 
filter block ii) cysts with an external apple green fluorescence when examined with the blue filter 
block but empty and with no internal morphological characteristics when examined under DIC.  

 In tests in which DAPI and PI were used with FITC,  four populations were observed: i) 
the same type of cysts stained bright red with two or four visible internal nuclei when examined 
with the green filter block (PI+) and with an external apple green fluorescence along with a 
reddish color when examined with the blue filter block, ii) empty cysts (DAPI-, PI-); (iii) very 
low numbers of cysts including PI into their nuclei only, (iv) a very reduced number of cysts 
showing a diffuse DAPI staining that were PI-. 

 It appears that both DAPI and PI provide an additional confirmatory step to determine the 
presence of Giardia cysts in wastewater samples and to distinguish the protozoan parasite from 
other nontarget organisms that can be recovered during sample collection and 
concentration/purification  procedures. Some researchers have reported that the exclusion of the 
fluorogenic dye PI provides a general determination of living cells with intact cell membranes 
(Shupp and Erlandsen, 1987). In this study, none of the cysts that excluded either PI alone or the 
fluorochromes DAPI/PI showed internal morphological characteristics of Giardia cysts when 
viewed under DIC, therefore these cysts were considered as empty cysts. Jenkins et al., (1997) 
consider that the dye permeability assay provides an economical method to determine viability 
and potential infectivity, although the estimate may be conservative. The effect of the acid 
treatment during immunomagnetic separation was not tested in this project.  

 In the second year of the study PI and DAPI were incorporated into the protocol for IFA. 
The percentage of Giardia cysts that were DAPI+/PI- indicating viability in the total population 
of cysts were as follows: For Facility A, 9.1%, 1.5%, 4.7%, and 2.4% of the cysts were viable in 
untreated sewage, secondary effluent, filtered effluent and disinfected final reclaimed effluent, 
respectively. For Facility D, 4.3%, and 3.2% of the cysts were viable in untreated sewage and 
final disinfected final reclaimed effluent, respectively [none were detected in secondary and 
filtered] and for Facility E, 1.2% and 2.8% of the cysts were viable in untreated sewage and 
secondary effluent, respectively[no cysts detected in filtered effluent and disinfected final 
reclaimed effluent].  

  

Viable Giardia Cysts were detected in two of the facilities' disinfected effluent (A and D) 
and the data indicate that little reduction of "viability" is achieved through treatment. It should be 
kept in mind that the DAPI/PI can not be used to indicate viability after UV disinfection. 

 A comparison of the concentration of detected DAPI/PI- Giardia cysts and total detected 
Giardia cysts is shown in Figure 3-29 (n=8). While the number of positive samples is low, this 
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relationship suggests that removal of Giardia cysts through the treatment steps tested in this 
project (biological treatment, filtration, and disinfection) is not impacted by cell viability. 
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Figure 3-29. Comparison of the Concentration of Detected DAPI/PI- Giardia Cysts and Detected Concentrations of Total 
Giardia Cysts from Different Stages of Treatment and DifferentTreatment Facilities. The Correlation Coefficient for the 
Relationship is 0.8. 
 

3.5.2 Crytosporidium Oocyst Viability 

 Use of U.S. EPA Method 1623 for detection of Cryptosporidium oocysts does not permit 
determination of oocyst viability or infectivity. Testing for the presence of viable or infectious 
oocysts in the final effluent is important for uses of reclaimed water where ingestion is expected 
to occur. If the oocysts are not viable or infectious, health risks from exposure to 
Cryptosporidium oocysts are minimal. However, if the disinfection process fails in inactivating 
oocysts, viable oocysts may be released to the environment in the reclaimed water. In this study 
the use of cell culture methods were used to determine the concentrations of infectious oocysts.  

In facilities A, B, C, D, E, and F, infectious oocysts were detected in 20%, 40 %, 0%, 
33%, 0%, and 50% of the final reclaimed water effluent samples, respectively. Levels ranged 
from 2.5-8 oocysts/100L. While it is suspected based on the literature that uv disinection 
employed in Facility E would inactivate the oocysts, many more samples would need to be 
collected and assayed to prove this statement in a full-scale facility. 

A comparison of the number of infectious Cryptosporidium oocysts (MPN•100 L-1) and 
total Cryptosporidium oocysts (oocysts •100 L-1 ) is shown in Figure 3-30 for data sets in which 
both measurements were above the detection limits (n=15). The proportion of infectious oocysts 
is relatively consistent in the influent samples, but the relationship is more difficult to distinguish 
after the filtration treatment step due to low limits of detection and limited positive samples. For 
the pooled data from all plants, the empirical relationship for the infectious oocysts in the 
influent and secondary effluent can be modeled as (r2=0.8):  

Infectious oocysts = 1.46*(total oocysts)0.8 
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There was no observed correlation between infectious and total oocysts in the filtered effluents 
and disinfected samples (n=7) (r2=0.006). In three of the samples about 100% of the oocysts 
detected by IFA were found to be infectious and four other sample comparisons showed that less 
than 10% of the total oocysts were infectious.  
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Figure 3-30. Comparison of Detected Levels of Infectious Oocysts and Total Oocysts from 
Samples of Untreated, Secondary Effluent, Filtered Effluents, and Disinfected Effluents from Six 
Wastewater Reclamation Facilities. 
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CHAPTER 4.0 
 

DISCUSSION: ANALYSIS OF  
INDICATORS AND PATHOGENS 

 

 Typically, indicator organisms total and fecal coliform bacteria concentrations are the 
only monitoring tool used to assess the microbial safety of reclaimed water. Utilities and 
regulatory agencies rely upon the assumed predictive relationship between indicator organism 
and pathogen survival/transport through wastewater treatment to ensure that the reclaimed water 
is safe for public use. While it is impossible to test reclaimed waters for all possible pathogens, it 
is important that the indicator organism(s) used to ensure water quality should be correlated with 
a broad variety of waterborne pathogens, i.e. bacteria, viruses and protozoa. 

 Six wastewater treatment plants that produce reclaimed water were each sampled at least 
four times over the course of this project. The levels of indicator organisms detected in the 
reclaimed water produced by each of the facilities are all within the permit requirements for each 
facility (total or fecal coliforms). Because sampling for this project was limited to peak flow 
conditions, the data provide a conservative perspective on the capacity of each facility for 
pathogen reduction. 
 

4.1  Patterns of Detection and Non-detection 
 A comparison of the percent of samples that contained detectable levels of indicators is 
shown in Figure 4-1. Over 80% of all influent, secondary, and filtration samples contained 
detectable levels of total and fecal coliforms and enterocci. Following disinfection, the most 
persistent indicators were total coliform and Clostridium perfringens which were present in over 
60% of the samples. Fecal coliforms were below detection levels in all disinfected effluent 
samples from plants B and C, and both coliphage indicators were below detection levels in the 
final effluent from the facility that uses UV disinfection (E). Total coliforms were above 
detection limits for all final effluent samples from the two facilities that have nitrogen removal 
(E and F), whereas Clostridium perfringens was above detection limits in all samples from the 
facility with the longest chlorine contact time (C). It should be noted that larger sample volumes 
for coliforms in effluent samples were used in this study compared to routine monitoring that is 
conducted for wastewater reclamation facilities, resulting in lower detection limits. Lower limits 
of detection were used for coliphage (10ml samples volumes). Fecal coliforms and enterococci 
were detected in less than half of the samples and were apparently most sensitive to treatment of 
all the indicators evaluated. 
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Figure 4-1. Comparison of the Influence of Treatment on Detection of Indicators from Untreated and Treated Wastewater 
at Six Wastewater Reclamation Facilities. 
 
 A comparison of the patterns of detection associated with pathogens tested in this project 
is shown in Figure 4-2. As shown, all untreated wastewater samples contained detectable levels 
of enteric viruses and Giardia, whereas about 30% of the final effluent samples contained 
detectable levels of enteric viruses. All samples of disinfected effluents from plants B 
(prechlorination of filter) and E (UV disinfection) did not contain detectable levels of enteric 
viruses. The limits of detection associated with quantification of Giardia and Cryptosproridium 
varied with sample location, therefore patterns of detection/nondetection tended to be less 
consistent and did not correspond to removal patterns for any of the indicators. Giardia were 
detected in over 80% of the disinfected effluent samples, with the highest frequency of non-
dectection associated with the biological nutrient removal facility (plant F). Viable 
Cryptosproridium were not detected in any of the disinfected effluents from plant A (cloth filter), 
C (longest chlorine contact times), or E (UV disinfection).  
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Figure 4-2. Comparison of the Influence of Treatment on Detection of Indicators from Untreated and Treated Wastewater 
at Six Wastewater Reclamation Facilities. 
 

 No direct correlations were observed between combination of indicator(s) and 
pathogen(s) for the data collected through this study, however, correlations were observed 
among the indicators. A comparison of detected levels of total and fecal coliform is shown in 
Figure 4-4. While total coliforms tend to be more persistent than fecal coliforms, when fecal 
coliforms are above detection limits, there is a consistent relationship through each treatment 
step. 

 A comparison of the detected levels of fecal coliform and enterococci is shown in Figure 
4-3. Fecal coliforms were below detection limits in all disinfected effluent samples from plants B 
and C, while enterococci were below detection limits in all disinfected effluent samples from 
plant A. Both indicators were only codetected in one sample from plant D and four samples from 
plant F. When both indicators were codetected there was a consistent relationship between their 
detected concentrations.  
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Figure 4-3. Comparison of Detected Levels of Total and Fecal Coliforms in Samples of Untreated Wastewater, 
Secondary Effluent, Filtration Effluents, and Disinfected Effluents from Six Wastewater Reclamation Racilities. The 
Correlation Coefficient, r2, is 0.9 and the Slope of the Line is 0.9. 
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Figure 4-4. Comparison of Detected Levels of Enterococci and Fecal Coliforms in Samples of Untreated Wastewater, 
Secondary Effluent, Filtration Effluents, and Disinfected Effluents from Six Wastewater Reclamation Facilities. The 
Correlation Coefficient, r2, is 0.9 and the Slope of the Line is 1. 
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 Bacteriophages have been suggested as alternative indicator organisms for enteric viruses 
as their morphology and survival characteristics resemble some of the enteric viruses (Turner 
and Lewis, 1995). Havelaar et al., (1993) showed that for monitoring purposes F-specific 
coliphages can serve as surrogates of human pathogenic enteric viruses in ambient waters. In this 
study a comparison of detected levels of coliphages and enteric viruses in samples of disinfected 
effluents with a variety of effluent qualities from all six facilities tested is shown in Figure 4-5. 
While no correlation between the numbers of coliphages and enteric viruses was found 
(coliphages can not be used to correlate to the levels of enteric viruses), it may be that one can 
predict the absence of enteric viruses and based on the data, as levels less than 10 
coliphage/100ml were indicative of effluents with no detectable cultivatable enteric viruses. 
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Figure 4-5. Scatter Plot of Detected Coliphage Concentrations (PFU•100 mL-1) vs. Detected Enterovirus Concentrations 
(MPN·100 L-1) in the Final Effluent from Six Wastewater Treatment Plants (n=8).. (◊ – Coliphage with E. coli ATCC 
700891 as Host and □ – Coliphage with E. coli ATCC 15597 as Host). 
 

 

4.2   Reduction of Indicators and Pathogens Through Wastewater Treatment 
 The persistence of bacteria, viruses, and protozoa is related to the initial concentration of 
each microbial species and the cumulative effectiveness of each sequential treatment step. Each 
successive treatment step (biological treatment, filtration, and disinfection) has the potential to 
reduce the concentrations of indicators and pathogens, depending on the wastewater 
characteristics, flowrate, operating conditions, and the overall treatment performance. If the 
treatment system is highly effective, the concentrations of indicators and pathogens may be 
below detection limits.  
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 A comparison of the log10 reduction of indicators and pathogens from all facilities is 
shown in Figure 4-6. Data from all facilities were pooled and nondectected concentrations were 
reported as detection limits. As shown, for all cases except Cryptosporidium, biological 
treatment was effective for about 2 log10 reduction. Filtration was effective for about 0.3 to 1 
log10 reduction for most of the measured parameters with higher removals associated with total 
and fecal coliforms and enterococci. Similar trends were observed for disinfection, however, the 
impacts of disinfection on protozoan pathogens are harder to elucidate since the monitored levels 
of Giardia and Cryptosporidium include total cysts or oocysts and do not reflect viability.  
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Figure 4-6. Mean log10 Reduction of Bacterial Indicators (cfu 100 mL-1), Coliphages (PFU 100 mL-1), Enteric Viruses 
(MPN 100 L-1), and Protozoa (Cysts or Oocysts 100 L-1) through Biological Treatment, Filtration, and Disinfection for 
Six Wastewater Reclamation Facilities. Error Bars Reflect Standard Deviation for each Indicator Through all Treatment 
Stages. 
 

 These results indicate that the proportion of samples containing pathogens is not 
consistent with the proportion of samples containing indicator organisms and thus indicator 
organism persistence was not an accurate predictor of the presence of pathogens in the final 
effluent samples across all six wastewater treatment plants.  

4-6  



  

CHAPTER 5.0 
 

RECOMMENDATIONS AND CONCLUSIONS 
 

5.1 Water Quality 
  

♦ The concentrations of the traditional bacterial indicators (total and fecal coliforms), 
alternative indicators (Enterococci, coliphage) and pathogens were fairly consistent in all 
influents of the six treatment facilities and were not significantly different among the 
facilities (and were found at the most frequent and highest concentrations compared to 
post-treatment). Thus levels entering each facility did not ultimately influence the final 
water quality, which was influenced by processes, upstream to downstream, operations 
and design. 

♦ Many wastewater treatment facilities are permitted to produce effluent that contains <1 
fecal coliform bacteria/ 100 ml. Facilities A, B, C and F met this level in100% of 
disinfected effluent samples, while facilities D and E did so for only 66% and 33% of the 
samples. Only Facility C would have met the level of <1 total coliform bacteria /100ml 
in 75% of the samples collected. The other facilities had higher levels in 40-80% of the 
samples collected.  

♦ Cultivatable enteric viruses and protozoan pathogens (Giardia, Cryptosporidium, total 
cysts and oocysts) were detected in untreated wastewater from all six facilities. 
Cultivatable enteric viruses were detected in 31% of the final effluent samples and were 
not detected in any of the samples from facilities B and E. Protozoan pathogens were 
detected in some of the effluent samples from all six facilities: Giardia cysts were 
detected in 79% of the final disinfected effluent samples while Cryptosporidium  oocysts 
were detected in 39% of the final reclaimed effluents. Infectious Cryptosporidium 
oocysts were detected in 30% of the final reclaimed effluents and in four of the six 
facilities. 

♦ About 10-30% of the Cryptosporidium oocysts remained infectious as determined via cell 
culture through biological treatment, filtration, and disinfection. Giardia cysts also 
remained viable (1-3% of the total IFA count) according to PI exclusion and DAPI 
inclusion. Infectious oocysts were not detected in any of the UV disinfected effluent 
samples,( detection limits of 2/100 L). 

♦ The production of reclaimed water using secondary activated sludge processes, filtration 
and disinfection is not universally effective for removal of pathogens. Viruses ranged in 
concentration from 0.3 to 3.3 MPN PFU/100L, Giardia cysts ranged from 6 to 390/100 L 
and Cryptosporidium ranged from 4.6 to 114 oocysts/100 L in reclaimed water. 
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♦ Inefficiencies in secondary treatment and sedimentation result in a higher microbiological 
loading on filtration and may impact the effectiveness of filtration and disinfection for 
reduction bacteria, viruses, and protozoa.  

♦ If coliform bacterial concentrations are used to assess microbiological water quality, 
facilities B and C outperformed  the other facilities, while facilities A and F had 
intermediate performance, with D and E ranked as having the highest concentrations of 
these indicators. However, if detection of coliform bacteria is coupled with monitoring of 
enterococci, Clostridium and coliphage, Facilities F and E  outperformed the other 
facilities, while A and B ranked in the middle and Facilities C and D had the highest 
frequency of detection of indicators at the detection limits used in this study. 

♦ Based on the viruses, Facilities B, C, and E ranked as having the best water quality, D 
and F ranked in the middle and Facility A had the poorest quality. Based on Giardia 
cysts, Facility F had the best water quality, Facility F along with E and B also ranked the 
best based on Cryptosporidium oocysts. Facilities B, D, and E compared to A and D 
ranked in the middle for cysts and oocysts and Facilities A and C had the poorest water 
quality for cysts and Facility C based on oocysts.  

♦ The use of traditional indicators as monitoring tools would not have identified the 
potential presence of pathogens in Facilities A and C.  

5.2 Operations and Design 
 The data obtained in this study represented only six samples from each facility at each 
site after the treatment processes. Thus while this study represents the most comprehensive one 
of its type carried out to date, much more data are necessary to confirm the trends and results that 
have been observed here. The effluent quality  for bacteria, coliphage, viruses and Giardia cysts 
from the different facilities was shown to be statistically significantly different, as the 
concentrations in the influent were not statistically different, this difference can be related to 
removal by the processes.  

♦ Operation of biological treatment with higher levels of MLSS and longer MCRTs tended 
to result in increased removal of microbial indicators and pathogens. 

♦ Prechlorinated shallow sand (effective size: 0.6 mm) filters were more effective than 
deep bed dual media (anthracite and >1 mm sand) or monomedia (anthracite or sand) 
filters for removal of bacterial indicators and viruses.  

♦ Hydraulic loading and filter depths impacted removal of some of the indicators, with 
improved removal associated with lower hydraulic loading rates (0.6-2gpm/ft2) and 
deeper filters (1-1.8m).  

♦ UV inactivation (Facility E) of bacteria and coliphage indicators removed 92 to99% of 
these organisms but was not as effective as the extended contact times with chlorine 
which achieved 99.9-99.99% inactivation (Facilities C and B).  

♦ Overall, Facility C with shortest MCRTs, anthracite monomedia filtration, and lowest 
range of chlorine residuals had the poorest finished water quality with respect to 
Cryptosporidium, coliphage, enterococci and Clostridium. This was despite the fact that 
the facility had the longest chlorine contact times.  
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♦ Facility A had the poorest finished water quality in regard to viruses and Giardia (poor 
removal of cysts). This facility had a cloth filter, highest loading rate and lowest range of 
chlorine contact times. 

♦ Facilities D and E had the worst finished water quality in regard to total and fecal 
coliform bacteria. The UV disinfection at Facility E was ineffective at achieving the 
coliform standards of nondetects for the bacterial indicators although it appeared to be 
effective against the viruses and should have been effective based on design against the 
parasites. Facility D had poorer removal by the filtration but similar disinfection contact 
time as Facility A (which was the lowest of all facilities) thus producing a final water 
quality with greater concentrations of bacteria.  

♦ Facility F produced the best overall microbial quality with the longest retention times, 
deepest filters (dual media), least amount of ammonia impacting disinfection (70-90 min. 
contact times with 4-6mg/L of residual chlorine) for parasites, viruses, and indicators. 
Despite this, viruses and infectious Cryptosporidium were still detected.  

♦ The longer chlorine contact times in Facility B (due to prechlorination of the filter) and 
Facility C likely contributed to reductions of the viruses in those facilities and may be 
needed to achieve nondetectable levels of cultivatable viruses in the reclaimed water 
effluent  (using current methods for virus detection). 

♦ A high percentage of reclaimed water samples were positive for IFA total counts of cysts 
and oocysts, and some were positive for infectious Cryptosporidium. A rigorous risk 
assessment should be conducted to determine whether other barriers to reduce viable 
protozoa are needed.  

  

 Reclaimed water facilities can be designed and operated to produce a high water quality. 
Greater attention needs to be focused on improved secondary treatment in new facilities with 
longer retention and greater solids control. Filtration should be designed with greater media 
depths, however operationally efficiency can be improved with coagulation and prechlorination, 
which will enhance filtration/retention and inactivation, respectively. Finally, disinfection is 
effected by the upstream processes, chlorination and UV combinations provide barriers against 
viruses, bacteria and protozoa. Extended contact times improve reductions of viruses and 
bacteria and UV disinfection should be effective against the protozoa. Reclaimed facilities may 
take the secondary effluent from existing facilities without regard to microbial water quality. 
This study has demonstrated that the practice should be to monitor and examine indicators, 
alternative indicators, viruses and parasite in the effluent first. Then while it may be impossible 
to change the secondary treatment, greater attention can be paid to the designs and operations 
used for filtration and disinfection and their optimization given the quality of the effluent from 
the sewage treatment plant. Predisinfection to enhance virus and bacteria inactivation may be 
needed at reclaimed facilities that have little opportunity to change other design parameters.  

 Based on this study, it is evident that increased monitoring for alternative indicators and 
pathogens is warranted to build a better data base on the occurrence and reductions of enteric 
bacteria, viruses and parasites in reclaimed water. Finally the authors of this report believe that 
more discussion should be undertaken regarding the efficacy of process requirements versus 
water quality goals for reclaimed water at the national level. Reclaimed water as monitored in 
this study in Arizona, California, and Florida is not pathogen free and exposure of the public to 
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these waters carries some risk, albeit this level may be very low and quite acceptable to most 
populations. Integration of microbiological monitoring with control factors associated with 
process design and operations may lead to a more robust approach for assuring the safety of 
reclaimed water.  
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CHAPTER 6.0 
 
 

RECOMMENDATIONS FOR FURTHER RESEARCH  
 
 

♦ More research is needed in detailing the removal of bacteria, parasites, and viruses by 
wastewater and reclaimed water facilities at the full-scale to examine the uncertainty and 
variability associated with the monitoring methods, quality of influents, treatment 
processes, seasonality, designs, and operations.  

♦ While in theory UV disinfection was designed to inactivate the bacteria, Facility E with 
UV disinfection performed the poorest for coliform bacteria reductions. More work needs 
to be done on full-scale monitoring of UV systems. Adenoviruses are the most resistant 
to UV disinfection and are found in high concentrations in sewage, therefore wastewater 
treatment with UV should include an assessment of Adenoviruses in the future.  

♦ For most waterborne pathogenic microorganisms, historical databases on occurrence in 
water do not exist or there are few. For example, all of the microorganisms on the U.S. 
EPA’s “Contaminant Candidate List” require a database for an assessment on exposure to 
be adequate. Of the 13 possible organisms on the CCL, nine are associated with sewage 
and monitoring should be undertaken.  

♦ More work should be focused on hydraulic retention and filter loading rates. 

♦ Genetic characterization of Cryptosporidium as well as the bacteria should be undertaken 
for identification of key markers that could be used for source tracking in the future. 

♦ There is a need for a practical measure of Giardia cyst viability, as the cysts are there in 
higher concentrations than often the viruses or oocysts, the ability to determine 
inactivation by disinfection is needed.  

♦ The changes in water quality after treatment via storage and distribution and the need for 
monitoring water quality at the site of application should be evaluated.  

♦ While some facilities/processes did not perform as well as others (shallow bed filters), 
there should be an assessment of whether these systems can change operations or need to 
be reconfigured.  
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Table 1. Summary of concentrations of bacterial indicators, coliphages, enteric viruses, Giardia, and Cryptosporidium in untreated wastewater from treatment facilities A-F. 

INFLOW
Total Coliforms 

(cfu/100mL)

Fecal 
Coliforms 

(cfu/100mL)
Enterococci 
(cfu/100mL)

C.perfringens
(cfu/100mL)

C. perfringens 
spores 

(cfu/100mL)

Coliphage -
15597 host 

(pfu/100mL)

Coliphage -F-
amp host 

(pfu/100mL)
Enterovirus

MPN/100L
Giardia 

(cysts/100L)
Cryptosporidium 

(oocysts/100L)

Infectious 
oocysts, 
#/100 L

plant a n 5 5 5 5 5 5 5 5 5 5 5

%pos 100 100 100 100 100 100 100 100 100 100 20

average 3.64E+07 4.32E+06 3.45E+06 9.51E+03 1.01E+04 1.46E+05 1.58E+05 8.00E+02 3.37E+05 8.63E+03 4.83E+02

geometric mean 3.49E+07 3.97E+06 2.41E+06 7.81E+03 7.74E+03 5.95E+04 6.45E+04 6.45E+02 2.62E+04 1.43E+03 2.33E+02

plant b n 6 6 6 5 5 5 5 6 6 5

%pos 100 100 100 100 100 100 60 100 83 20

average 3.67E+07 3.56E+06 1.18E+06 1.70E+05 2.58E+05 3.08E+05 1.43E+04 8.60E+04 9.33E+03 1.95E+03

geometric mean 3.01E+07 3.00E+06 7.05E+05 1.00E+05 1.97E+05 3.00E+05 5.41E+03 3.72E+04 3.78E+03 1.31E+03

plant c n 5 5 6 5 5 5 5 5 5 5

%pos 100 100 100 100 100 100 100 100 80 0

average 4.52E+07 5.85E+06 2.35E+06 1.05E+06 2.26E+06 2.02E+07 1.86E+04 2.02E+05 3.67E+03 1.37E+03

geometric mean 4.36E+07 5.31E+06 2.08E+06 9.68E+05 7.29E+05 8.79E+05 9.37E+03 7.94E+04 1.60E+03 7.08E+02

plant d n 6 6 6 6 5 6 6 6 6 6 6

%pos 100 100 100 67 80 100 100 67 100 50 33

average 4.36E+07 3.40E+06 5.57E+05 1.50E+04 1.59E+04 2.46E+05 4.83E+04 2.06E+03 6.53E+04 7.52E+03 4.88E+02

geometric mean 4.21E+07 3.27E+06 4.37E+05 2.00E+03 1.97E+04 1.25E+05 2.82E+04 1.21E+03 3.10E+04 1.33E+03 4.10E+02

plant e n 5 5 5 4 5 5 5 5 5 4

%pos 100 100 100 75 100 100 100 100 80 50

average 3.00E+07 9.10E+06 1.59E+06 4.65E+04 9.35E+05 1.48E+06 7.94E+02 5.71E+04 5.84E+03 8.57E+02

geometric mean 1.96E+07 3.56E+06 7.45E+05 5.73E+03 1.17E+05 6.07E+04 4.64E+02 1.95E+04 1.56E+03 8.05E+02

plant f n 5 5 5 5 5 5 5 6 6 4

%pos 100 100 100 100 100 100 100 100 67 25

average 3.41E+07 2.64E+06 7.36E+05 1.40E+05 2.84E+05 3.14E+05 1.52E+04 3.05E+04 1.49E+03 4.37E+02

geometric mean 3.32E+07 2.09E+06 5.98E+05 8.97E+04 1.86E+05 1.85E+05 7.16E+03 6.12E+03 6.55E+02 2.40E+02



Table 2. Summary of concentrations of bacterial indicators, coliphages, enteric viruses, Giardia, and Cryptosporidium in secondary effluents from treatment facilities A-F.

Secondary
Effluent

Total
Coliforms

(cfu/100mL)
Fecal Coliforms 

(cfu/100mL)
Enterococci 
(cfu/100mL)

C.perfringens
(cfu/100mL)

C. perfringens 
spores 

(cfu/100mL)

Coliphage -
15597 host 

(pfu/100mL)

Coliphage -F-
amp host

(pfu/100mL)
Enterovirus

MPN/100L
Giardia 

(cysts/100L)
Cryptosporidium

(oocysts/100L)

Infectious 
oocysts, 
#/100 L

plant a n 5 5 5 5 5 5 5 5 5 5 5

%pos 100 100 100 60 60 80 80 40 80 100 20

average 7.05E+05 7.39E+04 1.64E+04 3.29E+02 3.13E+02 2.06E+03 3.74E+02 1.14E+01 3.69E+03 1.50E+02 1.03E+01

geometric mean 4.67E+05 4.79E+04 1.15E+04 6.37E+01 6.54E+01 4.36E+02 1.76E+02 5.85E+00 7.56E+02 8.39E+01 1.00E+01

plant b n 5 5 6 5 5 5 5 6 6 4

%pos 100 100 100 100 100 100 80 100 100 25

average 4.13E+05 6.22E+04 9.62E+03 3.06E+03 2.33E+03 7.20E+02 4.12E+01 1.67E+02 6.76E+01 4.64E+01

geometric mean 3.91E+05 5.47E+04 7.93E+03 2.89E+03 2.07E+03 5.08E+02 2.72E+01 8.34E+01 4.52E+01  

plant c n 5 5 6 5 5 5 5 6 6 4

%pos 100 100 100 100 100 100 100 100 83 25

average 5.85E+05 2.27E+05 7.80E+04 1.05E+04 2.00E+07 7.90E+03 1.66E+02 1.77E+03 2.25E+02 2.48E+01

geometric mean 5.04E+05 1.28E+05 5.28E+04 5.74E+03 1.49E+05 4.70E+03 1.33E+02 1.68E+02 4.87E+01 2.12E+01

plant d n 7 7 7 7 5 6 6 6 6 6 6

%pos 86 86 71 71 80 100 83 67 100 83 0

average 5.74E+04 1.65E+04 2.94E+03 1.03E+03 1.94E+03 2.62E+03 7.45E+02 5.02E+00 1.45E+03 7.26E+01 9.89E+00

geometric mean 1.21E+04 2.53E+03 6.32E+02 6.29E+01 1.50E+02 5.64E+02 3.69E+02 4.35E+00 9.74E+01 2.79E+01 9.75E+00

plant e n 5 5 5 4 5 5 5 5 5 4

%pos 100 100 100 50 100 80 60 80 40 25

average 1.33E+06 3.01E+04 7.49E+03 1.84E+02 1.23E+04 8.19E+02 7.18E+00 9.28E+01 3.72E+01 1.20E+01

geometric mean 1.85E+05 1.67E+04 3.89E+03 7.95E+01 1.01E+03 2.66E+02 2.99E+00 6.55E+01 3.09E+01 1.13E+01

plant f n 5 5 5 5 5 6 6 5 5 5

%pos 100 100 100 100 80 83 67 100 80 20

average 1.67E+05 4.07E+03 8.99E+02 2.28E+02 7.10E+01 7.17E+01 5.66E+02 5.59E+02 5.88E+01 4.46E+01

geometric mean 1.28E+05 3.23E+03 6.99E+02 1.68E+02 4.64E+01 3.80E+01 4.42E+01 3.60E+02 5.10E+01 3.56E+01



Table 3. Summary of concentrations of bacterial indicators, coliphages, enteric viruses, Giardia, and Cryptosporidium in filtered secondary effluents from treatment facilities A-F.

Filtered effluent
Total Coliforms

(cfu/100mL)
Fecal Coliforms 

(cfu/100mL)
Enterococci 
(cfu/100mL)

C.perfringens
(cfu/100mL)

C. perfringens 
spores (cfu/100mL)

Coliphage -
15597 host 

(pfu/100mL)

Coliphage -F-
amp host

(pfu/100mL)
Enterovirus

MPN/100L
Giardia 

(cysts/100L)
Cryptosporidium

(oocysts/100L)

Infectious 
oocysts, 
#/100 L

plant a n 5 5 5 5 5 5 5 5 5 5 5

%pos 80 60 80 40 40 40 40 60 100 100 40

average 5.32E+02 4.13E+02 2.08E+02 5.88E+01 3.60E+01 4.74E+02 1.84E+02 4.31E+00 4.05E+02 7.66E+01 3.58E+00

geometric mean 7.54E+01 3.68E+01 4.02E+01 4.22E+00 3.74E+00 6.59E+01 4.50E+01 1.87E+00 2.45E+02 3.46E+01 3.38E+00

plant b n 6 6 6 5 6 6 5 5 5 4

%pos 83 17 83 100 100 100 20 100 80 25

average 1.06E+03 9.25E+02 2.10E+02 3.28E+01 2.10E+02 2.34E+02 1.98E+00 3.87E+01 6.92E+00 4.33E+00

geometric mean 1.65E+01 1.59E+00 6.81E+00 2.60E+01 1.04E+02 1.04E+02 2.38E+00 2.40E+01 5.71E+00 3.67E+00

plant c n 6 6 6 5 5 5 5 6 6 4

%pos 100 67 67 60 100 100 80 83 67 25

average 2.21E+04 7.31E+02 1.79E+04 7.36E+03 1.55E+04 3.87E+03 2.63E+01 1.99E+01 2.06E+02 3.48E+00

geometric mean 6.85E+03 4.37E+02 1.89E+03 6.88E+02 7.31E+03 2.02E+03 1.93E+01 8.35E+00 1.77E+01 3.38E+00

plant d n 7 7 7 7 5 7 7 6 6 6 6

%pos 100 100 100 71 80 14 14 67 50 67 17

average 1.54E+04 9.54E+03 2.56E+03 3.94E+01 3.65E+01 1.09E+02 1.68E+02 2.67E+00 4.35E+01 6.27E+01 4.37E+00

geometric mean 6.85E+03 2.21E+03 1.22E+03 1.27E+01 1.82E+01 1.87E+01 2.00E+01 2.34E+00 1.45E+01 2.15E+01 4.23E+00

plant e n 5 5 5 4 5 5 5 5 5 4

%pos 100 100 100 75 100 100 40 100 40 25

average 1.79E+04 2.02E+04 5.80E+02 8.18E+01 1.14E+03 1.41E+02 6.98E-01 3.64E+01 1.37E+01 2.40E+00

geometric mean 4.83E+03 2.20E+03 4.18E+02 2.64E+01 3.33E+02 1.34E+02 5.75E-01 1.45E+01 6.57E+00 1.74E+00

plant f n 5 6 5 5 6 5 6 6 6 4

%pos 100 67 80 100 67 40 67 100 67 0

average 1.55E+02 7.81E+01 8.41E+01 3.50E+01 3.10E+01 2.50E+01 5.48E+00 1.79E+01 7.15E+00 2.83E+00

geometric mean 1.09E+02 1.27E+01 3.14E+01 2.46E+01 2.11E+01 1.60E+01 2.80E+00 1.02E+01 4.70E+00 2.68E+00



Table 4. Summary of concentrations of bacterial indicators, coliphages, enteric viruses, Giardia, and Cryptosporidium in disinfected, filtered secondary effluents from treatment facilities A-F.

Disinfected
effluent

Total
Coliforms 

(cfu/100mL)

Fecal
Coliforms 

(cfu/100mL)
Enterococci
(cfu/100mL)

C.perfringens
(cfu/100mL)

C. perfringens
spores

(cfu/100mL)

Coliphage -
15597 host

(pfu/100mL)

Coliphage -F-
amp host

(pfu/100mL)
Enterovirus

MPN/100L
Giardia 

(cysts/100L)
Cryptosporidium

(oocysts/100L)

Infectious 
oocysts, 
#/100 L

plant a n 5 5 5 5 5 5 5 5 5 5 5
%pos 60 40 0 60 40 20 60 60 100 100 20
average 3.47E+00 2.53E-01 2.00E-01 5.35E+00 4.48E+00 2.00E+01 3.40E+01 3.31E+00 3.89E+02 1.27E+01 2.54E+00
geometric mean 1.01E+00 2.45E-01 2.00E-01 1.35E+00 1.07E+00 1.43E+01 2.27E+01 9.11E-01 1.87E+02 9.77E+00 1.87E+00

plant b n 6 6 6 5 5 5 5 6 6 4
%pos 50 0 33 80 100 100 0 100 83 25
average 1.17E+00 2.83E-01 3.73E+00 7.04E+00 2.60E+01 6.20E+01 8.30E-01 2.31E+01 4.58E+00 1.04E+01
geometric mean 8.09E-01 2.56E-01 7.79E-01 4.16E+00 2.17E+01 3.87E+01 7.23E-01 1.34E+01 3.76E+00 5.84E+00

plant c n 4 4 4 4 4 4 4 4 4 2
%pos 50 0 75 100 75 75 25 75 75 0
average 2.68E+00 3.00E-01 1.54E+01 1.68E+01 3.65E+02 2.08E+03 5.85E-01 2.77E+01 1.14E+02 2.20E+00
geometric mean 7.85E-01 2.63E-01 5.47E+00 8.25E+00 4.86E+01 1.72E+02 4.55E-01 1.06E+01 3.35E+01 2.20E+00

plant d n 6 6 6 6 5 6 6 6 6 6 6
%pos 83 50 50 50 60 0 17 17 83 83 33
average 3.35E+02 3.50E+02 3.11E+02 1.73E+00 1.15E+00 1.00E+01 1.17E+01 3.12E-01 2.23E+01 4.92E+01 6.64E+00
geometric mean 7.95E+00 3.73E+00 5.32E+00 5.41E-01 9.44E-01 1.00E+01 1.12E+01 3.10E-01 1.39E+01 2.12E+01 5.19E+00

plant e n 5 5 5 4 5 5 5 5 5 4
%pos 80 80 20 25 0 0 0 80 20 0
average 1.19E+01 1.87E+02 4.38E+00 4.00E-01 1.00E+01 1.00E+01 5.22E-01 1.97E+01 6.50E+00 1.74E+00
geometric mean 5.31E+00 2.32E+00 5.50E-01 2.99E-01 1.00E+01 1.00E+01 4.62E-01 1.11E+01 4.94E+00 1.69E+00

plant f n 5 5 5 5 5 5 5 6 6 4
%pos 60 0 0 40 80 80 80 50 67 50
average 1.13E+01 2.00E-01 2.00E-01 1.56E+00 1.04E+01 1.04E+01 3.36E-01 6.70E+00 6.50E+00 8.33E+00
geometric mean 1.17E+00 2.00E-01 2.00E-01 6.25E-01 9.68E+00 9.68E+00 3.33E-01 4.53E+00 3.53E+00 4.14E+00



INFLOW: Date

Total 
Coliforms 

(cfu/100mL)

Fecal 
Coliforms 

(cfu/100mL)
Enterococci 
(cfu/100mL)

C.perfringens 
(cfu/100mL)

C. perfringens 
spores 

(cfu/100mL)

Coliphage -
15597 host 

(pfu/100mL)

Coliphage -F-
amp host 

(pfu/100mL)

Enteric 
viruses 

MPN/100L
Giardia 

(cysts/100L)
Cryptosporidium

(oocysts/100L) Infectious oocysts, #/100 L
Infectious oocysts, #/100 

L; confidence interval
A-1 11/20/2002 2.73E+07 6.20E+06 8.03E+05 1.26E+04 2.36E+04 6.35E+04 4.21E+03 1.70E+03 1.25E+06 3.84E+04 <1315 197-9736
A-2 3/4/2003 2.57E+07 2.63E+06 1.60E+06 3.00E+03 3.00E+03 5.10E+04 9.20E+04 4.45E+02 2.37E+03 1.06E+03 <132 19.8-977
A-3 4/15/2003 5.43E+07 3.07E+06 9.20E+06 4.67E+03 4.67E+03 1.00E+05 8.30E+04 8.01E+02 4.21E+05 2.89E+03 <72 10-510
A-4 6/16/2003 4.33E+07 2.87E+06 1.77E+06 1.83E+04 1.20E+04 4.50E+03 6.30E+04 2.22E+02 1.30E+04 6.60E+01 6.60E+01 9.9-490
A-5 9/3/2003 3.13E+07 6.83E+06 3.90E+06 9.00E+03 7.00E+03 5.10E+05 5.50E+05 8.30E+02 7.57E+02 7.57E+02 <830 1200-5900
B-1 5/30/2001 6.65E+06 4.10E+06 3.75E+06 1.65E+04 5.38E+04 2.90E+05 >720 2.00E+04 2.00E+03 <1278 98.6 – 3355
B-2 7/2/2001 3.00E+07 3.20E+06 6.00E+05
B-3 7/16/2001 2.75E+07 6.15E+05 9.45E+05 2.00E+05 2.44E+05 2.28E+05 >11000 4.80E+04 1.70E+03 NR
B-4 10/1/2001 5.00E+07 4.30E+06 8.80E+05 2.90E+05 1.80E+05 4.40E+05 4.10E+03 1.30E+04 <476 <476.2
B-5 11/26/2001 6.33E+07 4.30E+06 8.33E+05 3.10E+05 6.02E+05 2.60E+05 2.70E+03 2.50E+05 6.70E+03 5065 1835.7 – 9526.6
B-6 1/28/2002 4.30E+07 4.86E+06 7.86E+04 3.43E+04 2.10E+05 3.20E+05 5.30E+04 1.80E+05 7.09E+03 <966.2
B-7 6/19/2002 4.70E+03 3.80E+04
C-1 6/12/2001 3.50E+06 7.20E+05 2.76E+05 2.29E+05 2.30E+04 2.00E+04 <434.8 <2411 486.5 – 5213
C-2 7/2/2001 3.75E+07 7.90E+06 6.90E+05
C-3 8/13/2001 6.00E+07 2.00E+06 3.60E+06 1.60E+06 6.07E+05 3.90E+05 4.00E+03 2.20E+04 8.16E+02 <204
C-4 10/15/2001 4.73E+07 5.83E+06 1.83E+06 1.53E+06 6.10E+05 3.68E+05 6.30E+04 5.90E+05 5.60E+03 <2500
C-5 12/10/2001 2.80E+07 7.13E+06 2.10E+06 5.60E+05 2.10E+05 1.60E+05 2.20E+04 3.40E+05 1.10E+04 <1646
C-6 3/12/2002 5.30E+07 6.40E+06 2.40E+06 8.60E+05 9.60E+06 1.00E+08 6.30E+03 3.57E+04 4.40E+02 <88
C-7 3/13/2002
D-1 10/28/2002 4.40E+07 5.30E+06 7.00E+04 <33.3 2.44E+04 1.02E+04 7.37E+02 2.10E+04 1.75E+04 <500 75-3700
D-2
D-3 1/6/2003 2.63E+07 2.30E+06 6.60E+05 2.76E+04 1.70E+04 5.22E+05 4.12E+03 1.39E+03 2.01E+05 2.63E+04 <131 19.2-973
D-4 3/24/2003 5.87E+07 2.97E+06 5.70E+05 <33.3 <33.3 6.00E+05 8.70E+04 2.84E+02 9.10E+03 3.03E+02 1.99E+02 7.54-372
D-5 7/7/2003 4.73E+07 2.97E+06 3.97E+05 2.30E+03 1.90E+04 7.00E+04 5.60E+04 5.06E+03 1.34E+05 <311 3.10E+02 46.6-2298
D-6 8/11/2003 3.37E+07 2.83E+06 7.43E+05 3.00E+04 2.00E+04 2.27E+05 1.10E+05 >3969.4 1.13E+04 <331 <331 49.6-2450
D-7 9/15/2003 5.13E+07 4.00E+06 9.00E+05 3.00E+04 2.33E+04 3.21E+04 2.22E+04 >921.1 1.54E+04 <384 <420 60-3000
E-1 10/10/2002 3.10E+07 9.70E+05 1.29E+06 1.38E+05 1.80E+05 1.20E+03 1.84E+02 3.89E+04 1.23E+04 <884 132-6548
E-2 12/3/2002 3.50E+06 7.00E+05 2.53E+05 <333.3 3.21E+04 4.65E+03 2.27E+02 1.48E+05 1.33E+04 <1333 200-9866
E-3 2/20/2003 1.07E+07 9.77E+06 1.59E+05 4.70E+04 4.20E+06 7.10E+06 3.01E+02 8.00E+04 <2100 7.04E+02 105.6-5211
E-4 4/30/2003 6.83E+07 2.77E+06 5.43E+06 5.00E+02 3.55E+03 1.50E+05 6.59E+02 1.81E+04 1.50E+03 5.05E+02 75.8-3737
E-5 4/9/2004 3.67E+07 3.13E+07 8.12E+05 2.58E+05 1.39E+05 2.60E+03 3.37E+02 2.40E+01
F-1 7/23/2001 3.60E+07 2.30E+06 4.20E+05 7.10E+04 4.32E+05 1.30E+05 4.50E+03 4.29E+03 9.52E+02
F-2 9/11/2001 4.86E+07 4.43E+06 1.56E+06 7.06E+04 3.30E+05 5.46E+05 1.10E+03 3.56E+03 5.28E+01 <158.7
F-3 10/1/2001
F-4 11/13/2001 2.86E+07 3.86E+06 1.03E+06 2.00E+04 4.02E+05 4.18E+05 3.20E+04 1.14E+04 <714 36.8 3.0 – 84.6
F-5 1/14/2001 3.30E+07 2.13E+06 3.36E+05 1.50E+05 2.40E+05 4.60E+05 3.50E+04 1.60E+05 7.69E+02 <966.2
F-6 2/12/2002 2.43E+07 4.73E+05 3.36E+05 3.86E+05 1.60E+04 1.60E+04 3.40E+03 2.87E+03 <478 <584.8
F-7 4/24/2002 6.60E+02 5.96E+03

Table 1.  Concentrations of bacterial indictators, coliphages, enteric viruses, Giardia, and Cryptopsporidium in untreated wastewater from treatment facilities 
A-F.



SECONDARY: 
Date

Total Coliforms 
(cfu/100mL)

Fecal 
Coliforms 

(cfu/100mL)
Enterococci 
(cfu/100mL)

C.perfringens 
(cfu/100mL)

C. perfringens 
spores (cfu/100 

mL)

Coliphage -
15597 host 

(pfu/100mL)

Coliphage -F-
amp host 

(pfu/100mL)

Enteric 
viruses 

MPN/100L
Giardia 

(cysts/100L)
Cryptosporidium 

(oocysts/100L)
Infectious oocysts, 

#/100 L

Infectious oocysts, 
#/100 L; confidence 

interval
A-1 11/20/2002 2.10E+06 2.30E+05 3.56E+04 7.00E+02 2.60E+02 2.11E+02 1.00E+02 <5.85 1.40E+04 2.22E+02 <10.6 1.56-78.2
A-2 3/4/2003 2.53E+05 2.57E+04 1.70E+04 <3 <3.3 <10 <10 >38.6 <19 2.59E+02 6.58E+00 0.99-48.7
A-3 4/15/2003 2.63E+05 2.93E+04 7.67E+03 <3 <3.3 7.80E+02 4.00E+02 <8.9 2.20E+03 2.28E+02 <12 1.6-82
A-4 6/16/2003 6.70E+05 2.40E+04 2.20E+03 2.37E+02 6.67E+02 1.18E+03 4.90E+02 2.00E+00 2.00E+03 1.00E+01 <10.2 1.52-75.2
A-5 9/3/2003 2.37E+05 6.07E+04 1.97E+04 7.00E+02 6.33E+02 8.10E+03 8.70E+02 1.70E+00 2.11E+02 3.17E+01 <12 1.6-82
B-1 5/30/2001 8.80E+03 1.75E+03 2.05E+03 8.40E+02 6.20E+01 1.23E+02 1.76E+01 <17.6
B-2 7/2/2001 4.10E+05 1.20E+05 5.00E+03
B-3 7/16/2001 5.25E+05 4.55E+04 1.95E+04 5.00E+03 4.80E+03 2.00E+02 5.80E+00 3.10E+01 3.10E+01
B-4 10/1/2001 4.90E+05 6.10E+04 8.90E+03 2.80E+03 1.30E+03 1.80E+03 <11 1.43E+02 6.12E+01 <20.4
B-5 11/26/2001 4.43E+05 6.00E+04 1.30E+04 3.00E+03 1.40E+03 2.00E+02 4.70E+01 7.14E+01 1.79E+02 105.8 7.5 – 279.1
B-6 1/28/2002 1.96E+05 2.46E+04 2.50E+03 2.76E+03 2.10E+03 5.60E+02 8.00E+01 6.21E+02 1.03E+02 <41.9
B-7 6/19/2002 1.39E+01 1.39E+01
C-1 6/12/2001 4.40E+04 2.40E+03 4.50E+04 8.14E+03 3.50E+01 9.17E+01 1.83E+01 <18.3
C-2 7/2/2001 5.20E+05 3.80E+05 5.60E+04
C-3 8/13/2001 7.70E+05 2.20E+04 1.56E+05 2.70E+04 1.50E+04 2.10E+04 2.70E+02 1.00E+01 1.00E+01
C-4 10/15/2001 3.13E+05 1.23E+05 1.60E+04 1.60E+04 4.20E+04 7.00E+03 9.60E+01 1.37E+02 1.37E+01 <16.7
C-5 12/10/2001 2.40E+05 6.00E+04 2.00E+04 6.00E+03 2.60E+04 2.60E+03 2.30E+02 9.35E+03 6.15E+02 51.1 8.1 – 172.6
C-6 3/12/2002 1.08E+06 5.50E+05 1.76E+05 1.00E+03 1.00E+08 7.40E+02 2.00E+02 1.01E+03 <12.8 <12.9
C-7 3/13/2002 1.90E+01 6.79E+02
D-1 10/29/2002 <333.3 <30 <30 <3 4.21E+02 2.00E+02 8.80E+00 7.30E+01 2.70E+01 <9.09 1.36-67.3
D-2 10/30/2002 6.67E+03 3.33E+03 <33.3 1.30E+01
D-3 1/6/2002 2.86E+02 3.00E+01 2.13E+02 3.30E+01 2.30E+01 1.61E+01 <10 <8.9 6.50E+01 3.45E+02 <7.2 1.0-53.2
D-4 3/24/2003 1.76E+05 3.13E+04 3.87E+03 <3 <3.3 1.30E+04 1.20E+03 <2.9 2.12E+01 <21.2 <7.1 1.06-52.2
D-5 7/7/2003 4.77E+04 4.87E+03 9.00E+02 6.30E+03 9.00E+03 4.60E+02 9.00E+02 3.00E+00 9.52E+01 2.12E+01 <10.6 1.59-78.3
D-6 8/11/2003 8.67E+04 4.07E+04 1.02E+04 2.67E+02 3.00E+02 1.04E+03 1.04E+03 4.00E+00 1.06E+01 1.06E+01 <10.57 1.58-78.2
D-7 9/15/2003 8.43E+04 3.53E+04 5.30E+03 6.00E+02 3.67E+02 7.60E+02 1.12E+03 2.50E+00 8.45E+03 1.06E+01 <12 1.6-82
E-1 10/10/2002 1.10E+05 3.70E+04 1.65E+04 2.00E+02 5.92E+04 3.21E+03 <5.2 2.41E+02 8.40E+01 <9.27 1.39-68.6
E-2 12/3/2002 1.30E+05 2.30E+03 2.00E+03 <333.3 4.63E+02 4.14E+02 5.00E-01 5.50E+01 1.80E+01 <18 2.75-135.8
E-3 2/20/2003 8.13E+04 6.67E+04 2.20E+03 2.00E+02 1.10E+03 <20 5.00E-01 1.06E+02 <42 <14 2.12-104.5
E-4 4/30/2003 6.30E+06 3.87E+04 1.60E+04 <3 5.87E+02 2.27E+02 <8.7 4.10E+01 <21 6.91E+00 1.04-51.1
E-5 4/9/2004 2.97E+04 6.00E+03 7.70E+02 6.00E+01 2.22E+02 2.10E+01 <21 <21
F-1 7/23/2001 5.10E+04 3.60E+03 8.67E+02 6.70E+01 <5 <5 <5.9 9.22E+02 3.92E+01 <9.8
F-2 9/11/2001 3.33E+05 7.40E+03 1.40E+03 4.00E+02 4.00E+01 4.00E+01 <11 9.35E+02 <93.5 <93.5
F-3 10/1/2001
F-4 11/13/2001 2.36E+05 5.30E+03 1.60E+03 8.30E+01 1.20E+02 1.00E+01 2.60E+01 3.57E+01 3.57E+01 <43.5
F-5 1/14/2001 5.10E+04 3.30E+03 2.00E+02 1.30E+02 1.00E+02 7.00E+01 2.20E+00 3.74E+02 2.67E+01 35.7 5.7 – 120.6
F-6 2/12/2002 1.66E+05 7.60E+02 4.30E+02 4.60E+02 9.00E+01 1.10E+02 2.00E+01 5.28E+02 9.90E+01 <40.4
F-7 4/24/2002 1.95E+02 3.33E+03

Table 2.  Concentrations of bacterial indictators, coliphages, enteric viruses, Giardia , and Cryptopsporidium in effluents from secondary treatment of wastewater 
from treatment facilities A-F.



FILTER 
EFFLUENT: 

Date

Total 
Coliforms 

(cfu/100mL)

Fecal 
Coliforms 

(cfu/100mL)
Enterococci 
(cfu/100mL)

C.perfringens 
(cfu/100mL)

C. perfringens 
spores (cfu/100 

mL)

Coliphage -
15597 host 

(pfu/100mL)

Coliphage -F-
amp host 

(pfu/100mL)

Enteric 
viruses 

MPN/100L
Giardia 

(cysts/100L)
Cryptosporidium 

(oocysts/100L)
Infectious oocysts, 

#/100 L

Infectious oocysts, 
#/100 L; confidence 

interval
A-1 11/20/2002 <0.4 <0.4 <0.4 <0.4 <0.4 <10 <10 <1.5 7.27E+02 6.10E+01 2.04E+00 0.31-15.10
A-2 3/4/2003 1.33E+01 <1 6.67E+00 <1 <1.3 <10 <10 1.45E+01 4.36E+01 1.96E+02 3.63E+00 0.54-26.9
A-3 4/15/2003 3.61E+02 2.04E+02 2.73E+02 <0.4 <0.4 8.10E+02 3.30E+02 <4.4 7.18E+02 1.12E+02 <2.9 0.4-2.1
A-4 6/16/2003 9.63E+02 7.30E+02 3.50E+02 2.60E+02 1.55E+02 1.53E+03 5.60E+02 3.00E-01 4.54E+02 3.50E+00 <3.52 0.53-26.1
A-5 9/3/2003 1.32E+03 1.13E+03 4.10E+02 3.20E+01 2.27E+01 <10 <10 8.00E-01 8.46E+01 1.06E+01 <5.8 0.8-41
B-1 5/30/2001 <0.6 <0.6 5.40E+01 6.80E+01 1.10E+02 1.00E+02 5.10E+00 2.76E+01 <3.9 <3.9
B-2 7/2/2001 6.30E+03 5.55E+03 1.20E+03
B-3 7/16/2001 1.00E+00 <.3 <.3 8.00E+00 1.80E+02 1.20E+02 <1 7.13E+01 5.90E+00
B-4 10/1/2001 1.30E+01 <0.4 1.30E+00 3.73E+01 3.10E+02 4.30E+02 <1.3 1.52E+01 2.20E+00 <2.2
B-5 11/26/2001 1.63E+01 <0.2 6.60E+00 1.76E+01 3.50E+02 2.80E+02 <1.1 3.50E+00 8.60E+00 8.8 1.0 – 20.7
B-6 1/28/2002 2.56E+01 <0.2 6.00E-01 3.30E+01 3.10E+02 4.70E+02 <1.4 7.61E+01 1.40E+01 <2.4
B-7 6/19/2002 1.90E+00 1.90E+00
C-1 6/12/2001 1.05E+03 8.45E+02 4.60E+04 4.35E+02 2.50E+04 2.57E+03 1.40E+01 <3.89 <3.89 <3.9
C-2 7/2/2001 3.30E+03 2.50E+03 4.10E+02
C-3 8/13/2001 1.00E+05 1.14E+02 6.00E+04 3.50E+04 1.20E+04 1.10E+03 5.10E+01 4.00E+00 1.06E+03
C-4 10/15/2001 2.30E+03 <333 <333 1.00E+03 3.40E+04 8.80E+03 4.90E+01 1.07E+01 1.57E+02 <2.2
C-5 12/10/2001 6.60E+03 <333 <333 <333 6.00E+03 6.70E+03 9.20E+00 5.50E+00 2.77E+00 3.70E+00 0.6 – 12.5
C-6 3/12/2002 1.96E+04 2.60E+02 3.60E+02 <30.3 3.40E+02 2.00E+02 <8.3 9.10E+01 <4.13 <4.1 <4.1
C-7 3/13/2002 4.08E+00 4.08E+00
D-1 10/29/2002 5.29E+02 7.20E+02 6.40E+02 <0.4 <10 <10 <1.2 <3  5.90E+01 <2.94 0.44-21.76
D-2 10/30/2002 2.70E+03 9.20E+01 1.80E+02 1.10E+01 <10 <10
D-3 1/6/2002 3.83E+03 2.86E+02 7.16E+02 6.00E+01 1.80E+01 <10 <10 4.10E+00 6.30E+01 2.75E+02 <3.5 0.5-26
D-4 3/24/2003 3.07E+04 1.19E+04 4.33E+03 <1 <1.2 <10 <10 <3.0 <10.5 2.11E+01 <3.5 0.53-26
D-5 7/7/2003 9.13E+03 6.20E+03 3.63E+02 4.68E+01 4.00E+01 <10 <10 1.10E+00 <5.28 <5.28 5.28E+00 0.79-39.1
D-6 8/11/2003 5.23E+04 4.33E+04 7.40E+03 1.20E+02 1.00E+02 8.10E+02 1.28E+03 4.20E+00 5.18E+00 <5.18 <5.2 0.77-38.3
D-7 9/15/2003 8.83E+03 4.27E+03 4.27E+03 3.67E+01 2.33E+01 <10 <10 2.40E+00 1.74E+02 1.06E+01 <5.8 0.8-41
E-1 10/10/2002 2.41E+04 8.50E+04 4.13E+02 2.18E+02 4.80E+03 1.10E+02 <1.25 1.20E+01 1.20E+01 <2.06 0.31-15.3
E-2 12/3/2002 1.50E+03 2.86E+02 3.81E+02 2.80E+01 1.21E+02 8.90E+01 <0.28 2.00E+00 <1 <0.34 0.05-2.49
E-3 2/20/2003 5.63E+04 1.43E+04 1.60E+03 8.00E+01 1.60E+02 2.20E+02 3.50E-01 1.38E+02 4.23E+01 3.53E+00 0.53-26.10
E-4 4/30/2003 1.80E+02 1.15E+02 3.72E+02 <1 5.30E+02 1.20E+02 <0.44 2.20E+01 <11 <3.67 0.55-27.17
E-5 4/9/2004 7.20E+03 1.29E+03 1.36E+02 8.33E+01 1.66E+02 1.17E+00 8.70E+00 <2.2
F-1 7/23/2001 4.20E+01 <0.4 <0.4 3.80E+01 <5 <5 1.10E+00 2.10E+00 <2.1
F-2 9/11/2001 2.13E+02 1.41E+02 1.41E+02 3.00E+01 2.00E+01 <10 <1.4 4.40E+00 2.20E+00 <2.2
F-3 10/1/2001
F-4 11/13/2001 3.78E+02 2.34E+02 9.70E+01 3.20E+00 <10 <10 3.00E+00 1.87E+01 1.12E+01 <4.6
F-5 1/14/2001 4.86E+01 <0.2 3.93E+01 3.70E+01 7.00E+01 7.00E+01 4.30E+00 5.70E+00 <1.9 <2.3
F-6 2/12/2002 9.20E+01 7.06E+01 1.43E+02 6.66E+01 6.00E+01 3.00E+01 <1.1 5.66E+01 5.50E+00 <2.2
F-7 4/24/2002 2.20E+01 9.00E+00 1.00E+01 2.00E+01 2.00E+01

Table 3.  Concentrations of bacterial indictators, coliphages, enteric viruses, Giardia, and Cryptopsporidium in filtered secondary effluents from treatment 
facilities A-F.



DISINFECTION 
EFFLUENT: 

Date

Total 
Coliforms 

(cfu/100mL)

Fecal 
Coliforms 

(cfu/100mL)
Enterococci 
(cfu/100mL)

C.perfringens 
(cfu/100mL)

C. 
perfringens 

spores 
(cfu/100 mL)

Coliphage -
15597 host 

(pfu/100mL)

Coliphage -F-
amp host 

(pfu/100mL)

Enteric 
viruses 

MPN/100L
Giardia 

(cysts/100L)
Cryptosporidium 

(oocysts/100L)
Infectious oocysts, 

#/100 L

Infectious 
oocysts, 
#/100 L; 

confidence 
interval

A-1 11/20/2002 <0.2 <0.2 <0.2 1.00E+00 5.30E+00 <10 <10 <0.6 6.42E+02 1.60E+01 <2.03 0.30-15.04
A-2 3/4/2003 3.00E+00 3.33E-01 <0.2 <0.2 <2 <10 <10 1.45E+01 1.38E+01 1.89E+01 2.90E-01 0.04-2.12
A-3 4/15/2003 <0.2 <0.2 <0.2 <0.2 <0.3 <10 3.00E+01 <0.3 5.12E+02 2.10E+01 <2.5 0.35-18
A-4 6/16/2003 1.33E+01 3.33E-01 <0.2 1.97E+01 1.47E+01 6.00E+01 1.00E+02 3.00E-01 7.06E+02 3.70E+00 <3.77 0.57-27.9
A-5 9/3/2003 6.67E-01 <0.2 <0.2 5.67E+00 <0.3 <10 2.00E+01 8.00E-01 7.17E+01 3.78E+00 <4.1 0.58-29
B-1 5/30/2001 <0.3 <0.3 1.55E+01 1.95E+01 2.00E+01 1.00E+01 <1.26 1.27E+01 4.20E+00 <2.1
B-2 7/2/2001 <0.3 <0.3 <0.3
B-3 7/16/2001 <0.5 <0.5 6.00E+00 <0.5 1.00E+01 3.00E+01 <0.3 3.39E+01 2.30E+00
B-4 10/1/2001 1.30E+00 <0.2 <0.2 4.30E+00 2.00E+01 2.00E+01 <1.2 1.78E+01 4.40E+00 <2.2
B-5 11/26/2001 1.60E+00 <0.2 <0.2 5.30E+00 6.00E+01 1.60E+02 <0.48 5.60E+00 <2.8 22.5
B-6 1/28/2002 3.00E+00 <0.2 <0.2 5.60E+00 2.00E+01 9.00E+01 <0.91 6.63E+01 1.18E+01 <2.9
B-7 6/19/2002 2.00E+00 2.00E+00
C-1 6/12/2001 <0.6 <0.6 3.70E+01 3.00E+00 1.00E+01 2.00E+01 <1.4 6.60E+00 <2.2 <2.2
C-2 7/2/2001
C-3 8/13/2001 <0.2 <0.2 7.00E+00 2.76E+01 <10 <10 <0.3 1.19E+01 3.17E+02
C-4 10/15/2001 9.60E+00 <0.2 1.73E+01 3.50E+01 1.40E+03 7.70E+03 3.40E-01 <1.8 1.22E+02 <2.2
C-5 12/10/2001 3.30E-01 <0.2 <0.2 1.60E+00 4.00E+01 5.70E+02 <0.3 9.06E+01 1.48E+01
C-6 3/12/2002
C-7 3/13/2002
D-1 10/29/2002 <0.2 <0.2 <0.2 <0.2 <10 <10 <0.29 <2  5.30E+01 7.30E+00 0.8-16.9
D-2
D-3 1/6/2002 3.00E-01 <0.2 5.30E+01 3.00E-01 1.30E+00 <10 <10 <0.38 4.10E+01 1.78E+02 1.84E+01 5.5 - 41.4
D-4 3/24/2003 1.95E+03 2.06E+03 1.78E+03 <0.4 <0.6 <10 <10 <0.30 3.02E+01 4.53E+01 <2.5 0.37-18.6
D-5 7/7/2003 3.40E+00 <0.2 3.00E+01 6.00E-01 6.00E-01 <10 <10 <0.3 3.77E+00 7.55E+00 <3.78 0.57-27.9
D-6 8/11/2003 3.97E+01 3.50E+01 <0.2 8.67E+00 2.67E+00 < 10 2.00E+01 <0.3 3.40E+01 7.55E+00 <3.77 0.57-27.9
D-7 9/15/2003 1.60E+01 4.67E+00 <0.2 <0.2 <0.6 <10 <10 3.00E-01 2.26E+01 <3.77 <4.1 0.58-29
E-1 10/10/2002 1.87E+01 9.33E+02 <0.2 1.00E+00 <10 <10 <0.30 4.60E+01 1.60E+01 <2.02 0.30-14.9
E-2 12/3/2002 1.00E+01 6.60E-01 <0.2 <0.2 <10 <10 <0.36 8.00E+00 <4  <1.33 0.2-9.87
E-3 2/20/2003 3.30E+00 3.30E-01 <0.2 <0.2 <10 <10 <0.37 3.48E+01 <6.9 <2.32 0.35-17.16
E-4 4/30/2003 2.73E+01 1.00E+00 2.10E+01 <0.2 <10 <10 <1.1 7.80E+00 <3.9 <1.30 0.19-9.65
E-5 4/9/2004 <0.25 <0.33 <0.3 <10 <10 <0.48 <1.7 <1.7
F-1 7/23/2001 7.00E-01 <0.2 <0.2 <0.2 <5 <5 <0.4 2.00E+00 2.00E+00
F-2 9/11/2001
F-3 10/1/2001 <0.2 <0.2 <0.2 <0.2 1.70E+01 1.70E+01 3.20E-01 <2 <2 <2.0
F-4 11/13/2001 <0.2 <0.2 <0.2 <0.2 1.00E+01 1.00E+01 3.00E-01 <2 2.00E+00 2.5 0.4 – 8.3
F-5 1/14/2001 2.60E+00 <0.2 <0.2 2.60E+00 1.00E+01 1.00E+01 3.70E-01 <5.2 <5.2 26.6 3.1 – 62.6
F-6 2/12/2002 3.06E+01 <0.2 <0.2 4.60E+00 1.00E+01 1.00E+01 2.90E-01 1.60E+01 1.80E+00 <2.2
F-7 4/24/2002 1.30E+01 2.60E+01

Table 4.  Concentrations of bacterial indictators, coliphages, enteric viruses, Giardia , and Cryptopsporidium in disinfected filtered secondary effluents from 
treatment facilities A-F.



Sample Date
Flowrate, 
MGD

Secondary clarifier 
overflow rate, gpd/ft2 MLSS, mg/L

MCRT, 
days

Filter 
Hydraulic 

loading, 
gpm/ft2

Contact 
time. Min

Ammonia, 
mg/L as N

Chorine dose, 
mg/L as Cl2

Chlorine 
residual, mg/L 

as Cl2
Effluent 

turbidity, NTU
A-1 11/20/2002 0.87 169.84 2255 8.0 1.46 71 9.7 2.5
A-2 3/4/2003 2.64 512.37 2227 6.5 3.46 29 13.50 11.1 4.3
A-3 4/15/2003 2.59 503.69 2015 6.0 5.79 24 6.43 11.6 4.6
A-4 6/16/2003 1.46 283.72 2353 6.5 2.34 77 5.70 11.2 3.0
A-5 9/3/2003 1868 8.0 11.6
B-1 5/30/2001 8.41 236.87 1705 6.2 0.55 86 28.60 26.1 4.9
B-2 7/2/2001 12.24 344.65 1770 5.2 0.80 59 26.00 6.4
B-3 7/16/2001 11.21 315.75 1480 4.1 0.74 64 28.60 20.1 6.7
B-4 10/1/2001 11.86 334.20 1270 5.8 0.78 61 15.60 20.2 5.3
B-5 11/26/2001 9.67 272.51 1600 3.8 0.64 74 33.80 22.3 5.3
B-6 1/28/2002 9.19 258.90 1330 9.0 0.60 78 14.30 32.4 5.5
B-7 6/19/2002 10.30 290.23 1205 2.9 0.68 70 24.70 4.9
C-1 6/12/2001 10.14 499.61 899 2.5 1.72 390 16.20 9.8 2.5
C-2 7/2/2001 10.26 505.17 925 1.8 1.80 341 11.00 11.4 4.0
C-3 8/13/2001 10.07 495.86 1054 2.1 1.69 359 14.20 9.8 7.6
C-4 10/15/2001 9.90 487.83 869 1.7 1.68 364 15.90 9.1 2.9
C-5 12/10/2001 9.65 475.12 974 2.7 1.50 578 21.90 9.3 4.1
C-6 3/12/2002 10.05 495.02 986 2.1 1.17 14.40 10.1
C-7 3/13/2002 10.28 506.40 927 1.9 1.31 400 12.40 10.8 6.5
D-1 10/29/2002 13.63 61 12.0
D-2 10/30/2002 417.18 1606 3.0 1.68 61
D-3 1/6/2003 11.06 338.52 1622 3.2 1.37 76 15.7
D-4 3/24/2003 18.80 875.10 1672 2.9 4.03 41 0.0
D-5 7/7/2003 12.20 373.40 1428 3.6 2.74 77 9.9
D-6 8/11/2003 25.00 765.20 1559 4.7 5.80 35 5.6
D-7 9/15/2003 12.26 375.20 1551 4.7 2.21 81 9.8
E-1 10/10/2002 2.08 184.00 1161 8.7 1.80 0.12 0.35
E-2 12/3/2002 1.34 118.50 1769 11.2 1.20 0.13 0.44
E-3 2/20/2003 1.96 174.00 2363 13.3 1.70 0.09 0.76
E-4 4/30/2003 2.36 208.80 2230 9.3 2.05 0.22 0.44
E-5 4/9/2004 2.63 227.00 2899 10.6 2.28 0.33
F-1 7/23/2001 3.82 201.09 4010 16 1.47 79 0.10 3.8 5.0
F-2 9/11/2001 3.54 186.05 3612 16.1 1.36 86 0.14 6.7 4.3
F-3 10/1/2001 3.73 196.46 3470 13.7 1.44 81 0.74
F-4 11/13/2001 3.49 183.47 2694 8.1 1.35 87 0.16 12.8 6.5
F-5 1/14/2001 3.67 192.89 2930 8.1 1.41 82 1.22 6.9 1.3
F-6 2/12/2002 4.02 211.25 4158 12.4 1.55 76 0.09 9.2 1.3
F-7 4/24/2002 3.93 206.72 4146 14 1.52 77 0.09 6.8 2.4

Table 5.  Summary of operations data associated with collection of samples for microbial characterization from treatment facilities A-F.
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