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Abstract 
Microbial source tracking (MST), also referred to as bacterial or fecal source tracking, is a 
method used to determine the sources of fecal indicator bacteria in the environment.  MST 
techniques attempt to determine whether fecal bacteria are being introduced into waterbodies 
through human, wildlife, or domestic animal sources. 
 
The purpose of this document is to describe some of the common MST techniques and to provide 
a discussion of the pros and cons of the techniques.  This document also provides a discussion of 
quality assurance issues and the future direction for MST quality assurance.  
 
Information in this document will be used by natural resource managers, decision-makers, 
Washington State Department of Ecology staff, regulators, and stakeholders.   
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Executive Summary 
The purpose of this document is to provide a review and critique of current microbial source 
tracking (MST) techniques.  This should enable natural resource managers to make informed 
decisions about the use of MST techniques and their results. 
 
The review and critique resulted in the following key findings for MST techniques: 
 
• MST techniques are experimental science.  Users of these techniques need to demonstrate 

that these techniques produce acceptable levels of accuracy and reproducibility to meet 
project goals.  At this time no MST technique is capable of determining all possible fecal 
sources accurately.  A weight-of-evidence approach is necessary to link fecal pollution to its 
source.   

• Currently there are no standardized and promulgated methods for molecular and biochemical 
MST techniques.  Promulgated regulatory methods for MST are needed, and a certification 
program for MST laboratories is needed. 

• Standard operating procedures (SOPs) for MST techniques are lacking.  This situation has 
contributed to an MST literature that is highly technical, confusing, and full of ambiguous 
results.  For any MST testing to be used in a regulatory context, formal SOPs conforming to 
U.S. Environmental Protection Agency (EPA) guidance must be prepared and available for 
ruggedness testing and evaluation.  

• Due to the experimental nature and cost of many MST techniques, these methods should be 
used as a last resort to determine sources of fecal bacterial contamination.  Conventional 
sampling techniques to identify fecal sources should be used first.  Conventional techniques 
include bacteria source tracking methods, such as targeted instream monitoring for bacteria 
and sanitary and watershed surveys for fecal sources.   

• Because the quality assurance (QA) status of these experimental techniques is often 
problematic, real-world use of the molecular and biochemical MST techniques must include 
the following QA sample types: 

o Field duplicates (50% of field samples duplicated to develop reproducibility information). 
50% of samples. 

o Blind field positive controls (fecal material of all potential source organisms).   
A minimum of one per each potential source per study. 

o Blind field negative controls (field blanks).   
20% of samples. 

 
Studies should include a sufficient number of QA samples to allow full evaluation of data 
usability.  QA criteria for acceptability of results are not advanced at this time. 
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• Due to concerns about the experimental nature of MST techniques, we recommend use of 
multiple techniques for the same source to increase confidence in identification.  This also 
allows for more potential source types to be investigated.  

• For molecular and biochemical MST techniques, library-independent methods are 
recommended over library-dependent methods.  Library-dependent methods are not 
recommended due to the expense, difficulty in building a sufficiently robust library, and their 
poor performance in MST comparison studies. 

• Before conducting an MST study, source feces from the study area should be tested to 
confirm the source-specific MST indicator or marker is present.  Source-specific markers can 
vary over time and depend on genetics, location, diet, and environment.   

• Chemical source tracking methods show promise but need to be evaluated against 
performance criteria before these methods are adopted at a regional scale. 

• Less expensive source tracking techniques such as in-situ monitoring for optical brighteners 
should be considered for supporting evidence for the presence of human sewage.  
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Introduction 
In the Washington State Water Quality Standards, fecal coliform bacteria is used as an indicator 
of fecal contamination.  In 2008 there were over 400 waterbodies in Washington that did not 
meet designated use criteria due to fecal coliform levels that exceed (do not meet) water quality 
standards.  In recent years, nonpoint sources of bacterial pollution have surpassed point sources 
as the major source of fecal contamination to surface water (EPA, 2005).  Identifying bacterial 
sources is an important first step in controlling fecal contamination and managing microbial 
risks.   
 
Identifying nonpoint sources of bacterial pollution is generally not easy.  In the past several 
years, numerous experimental techniques to determine the source(s) of bacterial pollution have 
been proposed.  The goal of these experimental techniques is to identify sources contributing to 
fecal contamination in the environment to help regulators and stakeholders prevent, control, or 
remediate fecal pollution.  These techniques are referred to as microbial source tracking (MST), 
also referred to as bacterial or fecal source tracking.   
 
The purpose of this document is to provide natural resource managers the information they need 
to make informed decisions about the use of MST techniques and MST results. 
 

History of MST Techniques 
 
In the 1960s early attempts to track bacterial sources included the use of fecal coliform-to-fecal 
streptococci ratios (EPA, 2005).  While this approach is no longer considered informative due to 
widely varying survival rates of the bacterial groups in the environment, scientists were 
encouraged to develop and evaluate new tools to discriminate among different sources of 
bacterial pollution.   
 
The Washington State Department of Ecology’s (Ecology’s) first review of MST techniques was 
published in 1999 (Sargeant).  Since then the MST field has continued to develop, new methods 
have been proposed, and other methods have proven to be less useful than originally thought.   
 
The MST field is still an emerging body of science; recently published techniques have their own 
sets of strengths and weaknesses.  A variety of MST techniques are actively being used in field 
studies, and new techniques are under development.  Although this field is mainly experimental 
at this phase of its development, there is strong pressure on natural resource managers to use 
these techniques to identify bacterial sources of pollution.  
 
In retrospect, many proposed MST techniques have failed to fulfill the early promise of initial 
testing after further validation, usually because of issues with specificity (defined as the 
frequency of true-negative results).  Additionally, field validation and blind studies using the 
library-based techniques illustrate that the development and maintenance of libraries is expensive 
and may not be useful across geographic or temporal ranges.   
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Literature Sources for MST Techniques 
 
There are excellent literature sources that provide an overview of MST principles and techniques 
including several EPA documents (EPA, 2005 and 2010).   
 
In addition, leading researchers in the field have recently published documents that include an 
overview of MST techniques and applications:   
• Microbial Source Tracking: Methods, Applications, and Case Studies.  Published in 2011, 

edited by Charles Hagedorn, Anicet R. Branch, and Valerie J. Harwood.   
(Hagedorn et al., 2011) 

• Microbial Source Tracking: Current and Future Molecular Tools in Microbial Water Quality 
Forensics.  By Jorge W. Santo Domingo, Regina Lamendella, and Nicholas J. Ashbolt.   
Chapter 10 in Environmental Microbiology: Current Technology and Water Applications, 
editors Keya Sen and Micholas J. Ashbolt.  Published in 2011 by Caister Academic Press, 
Norfolk, U.K.  (Santo Domingo et al., 2011) 

• Final Report: Validation of Rapid Methods for Enumeration of Markers for Human Sewage 
Contamination in Recreational Waters.  Water Environment Research Foundation, 2011,  
by Valerie J. Harwood, Kristin V. Gordon and Christopher Staley.  (Harwood et al., 2011) 

• Identification of primary sources of faecal pollution.  By J.W. Santo Domingo and T.A. 
Edge.  Chapter 5 in Safe Management of Shellfish and Harvest Waters, editors G. Rees,  
K. Pond, D. Kay, J. Bartram, and J. Santo Domingo.  Published in 2010.  (Santo Domingo 
and Edge, 2010). 

 

Critique and Recommendations for MST Techniques 
 
This document provides an overview and critique of some of the common MST techniques being 
used.  Performance of MST methods is discussed including sensitivity (how frequently a method 
detects a source when it is present) and specificity (the ability to rule out a source when it is 
absent).  Poor sensitivity tends to lead to false-negative results (failure to detect the source when 
present), while poor specificity tends to lead to false-positive results (detection of the source 
when it is not present).  MST techniques are also discussed in relationship to standard laboratory 
techniques and scientifically acceptable data. 
 
This document provides recommendations on techniques that are promising and quality 
assurance (QA) measures that are essential when using MST to determine the validity of MST 
results.  Presently there is no single MST technique that is preferred by a federal regulatory 
agency, and no single technique is capable of determining all possible fecal sources accurately.   
 
Results from MST techniques can provide important insight into the sources of bacterial 
pollution.  MST can provide another piece of evidence, along with traditional bacterial source 
tracking techniques, to assist natural resource managers in achieving control of bacterial sources.  
However, it is critical that natural resource managers using these techniques have a good 
understanding of the limitations of MST as well as the steps that should be taken to ensure 
defensible results.  To provide valid results, an appropriate MST technique must be chosen, the 
study must be carefully designed, and verification of results in the form of adequate quality 
control (QC) sampling is needed.   
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Types of MST Techniques 
MST techniques can be divided into two categories:   

1. Molecular (genotypic) and biochemical (phenotypic) techniques rely on the close association 
of certain microorganisms (generally bacteria or viruses), with a specific host, and genetic or 
phenotypic differences that allow host-specific microbes to be discriminated from others.   

2. Chemical methods generally rely on the detection of chemicals associated with 
anthropogenic activities. 

 

Molecular and Biochemical Techniques 
 
Molecular and biochemical MST techniques can be divided into two broad categories: library-
dependent and library-independent.   
 

• Library-dependent techniques identify fecal sources from water samples based on a library  
or database of bacteria isolated from known fecal sources.  The library is developed by 
collecting microbial isolates from known potential sources.  The molecular or biochemical 
pattern of the individual microbial isolates is sometimes referred to as a fingerprint.  These 
identifying patterns can be discerned by a variety of methods, e.g., ribotyping (molecular) 
and antibiotic resistance analysis (biochemical).   

o Molecular (genotypic) techniques are based on the genetic makeup of a cell or organism,  
e.g., ribotyping, pulsed field gel electrophoresis, rep- polymerase chain reaction (PCR).   

o Biochemical (phenotypic) techniques use observable characteristics or traits of an 
organism such as biochemical or physiological properties, e.g., antibiotic resistance 
analysis, carbon source utilization.   

• Library-independent techniques do not require the development of a source library database.  
These techniques rely on a species-specific genotype or characteristic. 

 
A variety of bacteria and viruses have been used for MST.  It is important to consider the MST 
indicator survival rate and abundance in the environment.  Survival of microbial indicators 
depends on a variety of factors including their physiology, exposure to radiation, temperature, 
salinity, predation and competition, amount of organic matter present, and the type of sediments 
available (Harwood, 2011).  Some indicators more closely correlate with fecal indicator bacteria 
(e.g., E. coli and fecal coliforms).  
 
MST results will likely be most useful to confirm the presence or absence of a particular source 
or to gain a qualitative understanding of the types and relative abundance of different sources.  
MST methods developed to date generally lack the accuracy required for quantifying all fecal 
bacteria sources or for definitively identifying the relative abundance of bacteria among multiple 
sources (EPA, 2011).  At best some methods like quantitative polymerase chain reaction (qPCR) 
can provide a gross quantitative estimate of source contribution for the sample time period.    
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Library-Dependent Techniques 
 
A library is a database of fingerprints from individual bacterial isolates, obtained from potential 
fecal pollution sources.  Bacteria for a source library are normally recovered from animal feces, 
though bacteria from animal waste lagoons, septic tanks, and wastewater treatment plants can be 
used.  
 
Most library-dependent techniques require a cultivation step to obtain the bacterial isolates that 
will be used to generate the library (knowns) and the water bacterial isolates (unknowns) that 
will be compared against the library.   
 
Library-dependent techniques rely on either molecular or biochemical discrimination of isolates.  
A number of different microbes may be used for library-dependent techniques including fecal 
coliforms, Escherichia coli (E. coli), Enterococcus species (enterococci), or fecal streptococci 
(essentially enterococci, but includes several additional Enterococcus species).   
 
Recently the trend in MST research has been to move away from library-based techniques.   
This is due in part to their performance in the Southern California Coastal Water Research 
Project comparison study (SCCWRP) (SCCWRP, 2003; Hagedorn et al., 2011).  In addition, the 
need to develop large site-specific libraries has decreased the interest in using library-dependent 
approaches (Santo Domingo et al., 2011). 
 
Below is a description of some common library-based techniques, both molecular and 
biochemical. 
 
Molecular (Genotypic) 
 
Molecular techniques are based directly on the genetic material of the bacterial or viral organism.  
Bacteria used for these techniques are usually E. coli or Enterococcus spp.  The theory behind 
these MST techniques is that unique strains of a bacteria species are adapted to their known 
specific environment (intestines of a particular host species) and, as a result, differ genetically 
from other strains found in other host species. 
 
A number of genotypic methods are used to type bacteria for library-dependent techniques 
including ribotyping, pulse field gel electrophoresis (PFGE), and repetitive (rep) polymerase 
chain reaction (PCR).  These techniques are described below.  It is important to note that (1) the 
genotypic techniques described below differ in discriminatory ability, and (2) bacterial isolates 
that are grouped into the same “strain” by one method may be separated into distinct strains by a 
more discriminatory method.  The Bibliography section of this report includes studies that have 
used these techniques. 
 
Ribotyping 
 
Ribotyping has been one of the most widely used techniques in library-dependent MST 
applications (EPA, 2011).  Ribotyping is based on the detection of genetic differences in the 
genomic sequences within or flanking the 16S and 23S ribosomal ribonucleic acid (rRNA) 
genes.  These rRNA genes are highly conserved in bacteria (EPA, 2005). 
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For this method, the chosen bacterial group is cultured from fecal samples using standard 
techniques.  E. coli or enterococci are isolated, and a few isolates are picked for genotypic 
characterization (generally a percentage of the bacterial count).  Genomic DNA is isolated for 
each E. coli strain.  Bacterial DNA is digested into fragments using restriction enzymes.  DNA 
fragments are separated by size using gel electrophoresis.  The fragments are transferred to a gel 
blot, and a labeled probe is used to hybridize to certain portions of the rRNA genes.  Because the 
genome contains several copies of the rRNA genes dispersed throughout the chromosome, the 
binding of the probe to the DNA fragments which contain it creates a banding pattern that can be 
visualized by autoradiography or chemical development.  These patterns can be used to 
discriminate among bacterial strains. 
 
The banding pattern is captured using digital cameras.  Difference in the size and location of the 
banding patterns can then be compared to known sources in the library database.  Image analysis 
to compare banding patterns can be performed using commercially available software (Scott  
et al., 2002; Rees et al., 2010).   
 
Variables in ribotyping include the type of fecal indicator bacteria used to form the library, as 
well as the type and number of restriction enzymes used to fragment the DNA.  It has been 
suggested that two restriction enzymes should be routinely used to increase the technique’s 
discriminatory ability (EPA, 2005). 
 
Advantages  
 
This method can be used to classify isolates from multiple sources.  When performed by a skilled 
technician, it is highly reproducible. 
 
Disadvantages 
 
Ribotyping is a demanding procedure that requires multiple steps and specialized equipment.  
Also, the need for specialized training, high supply costs, and the time required to complete the 
procedure are disadvantages.   
 
As with many genotypic techniques, lab-to-lab variation, issues of repeatability, gel variability, 
and analysis techniques often make comparison of results from different laboratories difficult.   
 
Complex statistical analysis is often required to determine which sources are likely present.   
A good working knowledge of statistics is needed. 
 
The database (library) size, geographic distribution of isolated bacteria, and the presence of 
replicate isolates in the bacterial source library affect the ability of ribotyping to differentiate 
among bacteria at the host-species level (EPA, 2005).  In addition, both genotypic and 
phenotypic techniques would likely break down in complex watersheds with numerous sources 
(Rees et al., 2010; Harwood, 2011).   
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Pulsed Field Gel Electrophoresis (PFGE) 
 
One of the most common techniques, PFGE, is similar to ribotyping.  The difference is the whole 
DNA genome is used instead of the rRNA portion of the genome.  Initial steps for obtaining 
bacterial isolates are the same as ribotyping.   
 
PFGE uses infrequently cutting restriction enzymes on the entire DNA genome.  The procedure 
for DNA isolation is crucial, as large genomic fragments are generated which must not be broken 
during sample preparation.  The genomic fragments are then separated by alternately pulsed, 
perpendicularly oriented electrical fields, instead of using standard gel electrophoresis.  After 
electrophoresis and staining of the gels, a banding pattern emerges.  Patterns are compared to 
known sources in the library database. 
 
Advantages  
 
PFGE can be used to classify isolates from multiple sources, and it is among the most 
discriminatory genotyping methods.  When performed by a skilled technician, the method is 
highly reproducible. 
 
Disadvantages  
 
PFGE requires a high degree of technical skill and specific equipment, is time consuming, and is 
relatively expensive (EPA, 2011).  As with ribotyping, a large, geographically-specific source 
database (library) is required.  
 
Complex statistical analysis is often required to determine which sources are likely present.   
A good working knowledge of statistics is needed. 
 
Both genotypic and phenotypic techniques would likely break down in complex watersheds with 
numerous sources (Rees et al., 2010; Harwood, 2011).   
 
Repetitive Palindromic Polymerase Chain Reactions (rep-PCR) 
 
PCR allows for rapid amplification of target DNA sequences.  PCR is used both in cultivation 
dependent and independent approaches.   
 
For the rep-PCR technique, intervening sequences between certain repetitive portions of the 
microbial DNA are amplified using rep-PCR and one primer that targets each end of the 
repetitive, palindromic sequence.  Repetitive DNA elements are scattered throughout the 
bacterial genome and are separated by distances which vary according to the bacterial species or 
strain, which forms the basis for the discriminatory patterns generated by rep-PCR.  BOX-PCR is 
a variant of rep-PCR that uses a different primer in the PCR step. 
 
The amplified DNA fragments are separated in agarose gels, producing a banding pattern or 
“fingerprint” that discriminates among bacterial strains.  Bacteria having the same pattern are 
considered to be of the same strain. 
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Advantages  
 
Rep-PCR can be used to classify isolates from multiple sources.  Compared to the other library 
techniques, rep-PCR is quicker, easier to use, less expensive, and potentially has a faster 
turnaround time. 
 
Disadvantages 
 
Although relatively simple compared to PFGE and ribotyping, rep-PCR results tend to be 
somewhat less reproducible than PFGE or ribotyping (EPA, 2011).  A highly trained technician 
is required to obtain reproducible results. 
 
Complex statistical analysis is often required to determine which sources are likely present.   
A good working knowledge of statistics is needed. 
 
As with the other library techniques, a large source database (library) is required that is 
geographically specific.  In addition, both genotypic and phenotypic techniques would likely 
break down in complex watersheds with numerous sources (Rees et al., 2010; Harwood, 2011).   
 
Biochemical (Phenotypic) 
 
Biochemical techniques are based on observable physical or biochemical characteristics of an 
organism, as determined by both genetic information and environmental influences.  Library-
dependent biochemical techniques include antibiotic resistance analysis and carbon and nutrient 
utilization profiling.  The Bibliography section includes studies that have used these techniques. 
 
Antibiotic Resistance Analysis (ARA)   
 
ARA uses patterns of antibiotic resistance for identifying sources of fecal contamination.  The 
premise is that humans and animals are exposed to different types of antibiotics, and that this 
selective pressure will alter the antibiotic resistance profile of their fecal bacteria.  These 
differences should be useful in discriminating among fecal bacterial sources. 

For this method to be applied, a source library must be developed, using fecal samples from 
potential contributors in the watershed (e.g., human, livestock, wildlife).  The known sources are 
analyzed for antibiotic resistance and patterns of resistance.  Discriminant analysis (a form of 
multiple analysis of variance) or logistic regression (a model used to predict the probability of an 
occurrence) uses the antibiotic resistance patterns from known sources to generate the predictive 
equations that are used to classify unknown isolates by source.  

Advantages  
 
ARA is relatively simple and fast, requiring less technical expertise and expensive equipment 
than genotypic methods.  These techniques can distinguish multiple sources including human 
and domestic animals.  
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Disadvantages  
 
Complex statistical analysis is often required to determine which sources are likely present.   
A good working knowledge of statistics is needed. 
 
A geographically-specific reference database is required because phenotypic techniques are 
geographic and temporally specific.  In addition, both genotypic and phenotypic techniques 
would likely break down in complex watersheds with numerous sources (Rees et al., 2010; 
Harwood, 2011).   
 
Carbon Utilization Profile (CUP) and Nutrient Utilization Pattern (NUP) 
 
Both CUP and NUP are based on differences among bacterial uses of a wide range of carbon and 
nitrogen sources for energy and growth.  For CUP and NUP, the BIOLOG system allows the 
user to rapidly perform, score, and tabulate 96 carbon or nitrogen source utilization tests per 
isolate.  Like ARA, the patterns of known sources can be analyzed using discriminant analysis to 
generate predictive equations that are used to classify unknown isolates using a source library.  
 
While CUP and NUP work well in the laboratory for pure culture characterization/identification, 
there are many environmental factors in a watershed that can affect bacterial nutrient 
requirements that may make this method impractical for field determination (Simpson et al., 
2002).   
 
Like ARA, the CUP method is relatively simple and allows for the analysis of hundreds of 
isolates in a short period of time.  
 
Advantages 
 
CUP is relatively simple and fast, requiring very little technical expertise.  Equipment and 
supplies are expensive (Harwood, 2011).  These techniques can distinguish multiple domestic 
animal sources.  However, the CUP and NUP techniques have been tested on a small scale and 
therefore require more testing. 
 
Disadvantages 
 
Complex statistical analysis is often required to determine which sources are likely present.   
A good working knowledge of statistics is needed. 
 
A geographically-specific reference database is required because phenotypic techniques are 
geographic and temporally specific.  In addition, both genotypic and phenotypic techniques 
would likely break down in complex watersheds with numerous sources (Rees et al., 2010; 
Harwood, 2011).   
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Evaluation of Library-Dependent Techniques  
 
Advantages 
 
Many of the library-dependent techniques use typical fecal indicator bacteria.  This can be an 
advantage when comparing MST results to fecal indicator concentrations. 
 
Library-dependent techniques can be used to classify isolates from multiple fecal sources. 
 
Disadvantages 
 
Both molecular and biochemical library-dependent techniques are based on the assumption that 
subspecies or strains of specific bacteria are associated with specific animal species.  Recent  
E. coli studies suggest that subspecies of this bacterium change considerably with respect to 
geography, time, rainfall, and habitat.  For this reason, the library would need to contain a very 
large number of isolates (Kuntz et al., 2003).  The stability of fecal indicator populations over 
time, geography, and differing environmental conditions is a major concern for all library-based 
techniques. 
 
Various studies show that small known-source libraries (i.e., fewer than 2000 isolates) collected 
in an area have higher accuracy in the local area than when they are applied in other areas.  In 
addition, temporal variability can contribute to errors in studies (Stoeckel and Harwood, 2007). 
 
Furthermore, most E. coli and Enterococcus strains are not host-specific; rather they are 
“cosmopolitan” and occur in the gastrointestinal tract and feces of many host species (EPA, 
2005; Stoeckel and Harwood, 2007).  Very large libraries, while more representative than 
smaller libraries, tend to contain large proportions of cosmopolitan strains, which reduce the 
specificity of source identification (Stoeckel and Harwood, 2007).  However, small libraries, 
which may well appear to be very accurate when compared only against themselves (library self 
cross), lack representativeness and cannot accurately classify isolates that are not part of the 
library (Harwood, 2011). 
 
Other disadvantages of the MST techniques that use a library are: the need for large library sizes, 
the complexity of statistical analyses for some techniques, and, for techniques that require 
bacterial culture, species identification is necessary (Rees et al., 2010).  There is no consensus 
about the minimum number of fecal isolates needed for reliable source identification in a library.  
The number is likely quite large.  Jenkins et al. (2003) suggested that a library of anywhere from 
900-2000 fecal isolates would be needed to represent the number of transient and resident E. coli 
ribotypes for two cattle herds.  If multiple fecal sources are present, the library size should be in 
the thousands in order to obtain a good representation of the fecal isolates present in a study area.   
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Performance 
 
A few studies evaluated the performance of library-dependent MST techniques.   
 
In 2002 SCCWRP conducted an MST comparison study (SCCWRP, 2003).  Twenty-two 
researchers employing different techniques were given sets of identically prepared water 
samples.  Each sample contained one to three of five possible fecal sources (human, dog, cattle, 
seagull, or sewage), and the fecal source was blinded to the researchers.  In addition, source 
material was provided for the libraries (Griffith et al., 2003).  For this study, several of the 
genotypic library-based techniques performed better than the phenotypic techniques. 
 
Performance of the genotypic library-based techniques for this 2002 study was described by 
Myoda et al. (2003).  PFGE, rep-PCR, and ribotyping were compared.  While all the techniques 
identified the dominant sources in the samples, there was a wide range in the sensitivity (the 
percentage of true-positives that are reported as positive).  The range was greatest among the 
ribotyping techniques, which ranged from 38-67% overall sensitivity.  Sensitivity was higher for 
samples containing only human fecal sources.   
 
Phenotypic library-based techniques from the SCCWRP 2002 study were evaluated by Harwood 
et al. (2003).  Results of both phenotypic techniques, ARA and CUP, showed a number of false 
positives.  Correct positive identification of unknowns ranged from 67-100% for ARA, and  
73-93% for CUP, depending on the fecal bacteria used (Table 1).  No data on the accuracy of 
NUP is available at this time.  
 
Table 1. Predictive accuracy of phenotypic MST techniques in a controlled study  
(Harwood et al., 2003). 

Lab  
Test Target 

Percentage of  
True-positives 
(sensitivity) 

Percentage of  
False-positives Specificity* 

ARA  

E. coli 86.7 42.4 57.6 
Fecal coliform 66.8 54.6 45.5 
Enterococcus sp. 80.0 54.6 41.9 
Fecal streptococci 100.0 39.4 60.6 

CUP  
E.coli 73.3 66.7 33.3 
Fecal streptococci 93.3 51.5 48.5 

*Specificity has a greater accuracy and predictive value.  When true-positive, positive predictive value and negative 
predictive value are high, near 100. 

 
In a review of the performance of MST techniques, Stoeckel and Harwood (2007) evaluated the 
performance of a number of MST techniques based on specificity of the method (the number of 
true-negative results divided by the total number of samples tested that should not contain the 
target) and sensitivity of the method (the number of true-positive results divided by the total 
number of samples tested that should contain the target).  Table 2 describes the specificity and 
sensitivity of library-based techniques. 
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Multiple Antibiotic Resistance (MAR), ARA, and CUP are phenotypic library techniques.  
Ribotyping, PFGE, and Box-PCR are genotypic library techniques.  Most techniques were able 
to detect a fecal source if the bacteria was present (sensitivity), but the ARA using fecal 
coliforms had very low sensitivity.  Most techniques lacked specificity, which means they 
detected a source even though the source was not present (Table 2). 
 
Table 2. Performance statistics when MST techniques were tested with reference samples to 
determine the ability or failure to detect the sole source of fecal contamination (Stoeckel and 
Harwood, 2007). 

Test Target Host 
Category 

Sample 
Type Sensitivity1 Specificity2 

ARA 

E. coli Human Blind 1.00 (n=7) 0.80 (n=5) 
Fecal coliform Human Blind 0.43 (n=7) 1.00 (n=5 
Enterococci Human Blind 0.75 (n=4) 0.25 (n=8) 
Fecal streptococci Human Blind 1.00 (n=4) 0.38 (n=8) 

MAR3 E. coli Human Blind 1.00 (n=7) 0.00 (n=5) 

CUP E. coli Human Blind 1.00 (n=7) 0.20 (n=5) 
Fecal streptococci Human Blind 1.00 (n=4) 0.25 (n=8) 

Ribotyping  
(2 trials) E. coli Human Blind 0.88 (n=6) 

1.00 (n=8) 
0.00 (n=1) 
0.50 (n=4) 

Ribotyping Enterococci Human Blind 1.00 (n=8) 0.00 (n=4) 
PFGE E. coli Human Blind 0.88 (n=8) 0.50 (n=4) 
Box-PCR 
(3 trials) E. coli Human Blind 1.0 each 

(n=8 each) 0.00-0.50 (n=4) 
1 Sensitivity is the ability to detect a source when it is present (calculated by dividing the number of true-positive 
results by the number of samples that should contain the target). 
2 Specificity is the ability to detect a source when it is not present (calculated by dividing the number of true-
negative results by the number of samples that should not contain the target). 
3 Multiple Antibiotic Resistance (similar to ARA). 

 
The Stoeckel and Harwood (2007) study also looked at performance statistics for various  
known-source categories.  Table 3 presents results for the library-based techniques.  Correct 
classification of human sources was poor; classification of non-human sources was better for 
most techniques. 
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Table 3. Performance statistics for library-based techniques of various known-source categories 
(adapted from Stoeckel and Harwood, 2007). 

Test Target Sample  
Type 

Human Source Nonhuman Source 
Proportion of  
true-positive 

classifications 
n 

Proportion of 
true-positive 

classifications 
n 

ARA E. coli Blind isolates 0.24-0.27 17-44 0.83-0.86 53-133 
Enterococci Blind isolates 0.66 44 0.55 55 

CUP E. coli Blind isolates 0.12 17 0.98 126 
BOX-PCR E. coli Blind isolates 0.31 16 0.95 133 
BOX-PCR 
HFERP E. coli Blind isolates 0.54 210 0.94 1321 

REP-PCR E. coli Blind isolates 0.60 10 0.94 83 
PFGE E. coli (NotI) Blind isolates 0.67 6 0.91 34 

Ribotyping E. coli (HindIII) Isolates from 
reference feces 0.85 84 0.79 317 

E. coli (HindIII) Blind isolates 0.06 17 0.81 53 

 
Library-Independent Techniques 
 
Library-independent techniques do not require development of the fecal source library as do the 
library-dependent techniques.  Bacteria and viruses from environmental samples (water or 
sediment) are known to be from specific hosts or sources of fecal contamination, so there is no 
need to compare the results to a library.  Library-independent techniques require culturing 
microbes present in environmental samples, or they may rely on direct molecular analysis of the 
genetic material present in the samples, in order to identify specific bacteria or viruses.  Some of 
the library-independent techniques are described below. 
 
Bacteriophages 
 
A bacteriophage is a virus that uses a bacterial cell as its host.  These viruses are highly 
specialized and usually infect bacteria of a particular species, and may even be strain-specific.   
A coliphage is a virus that is a parasite of E. coli.  The coliphage genome can be made up of 
either RNA or DNA, which is used to categorize these viruses into broad groups.  Another 
distinguishing factor is the cellular target of attachment for coliphages; some adsorb to the 
bacterial cell wall prior to infecting the bacteria and are termed somatic coliphages.  Others 
target the E. coli sex pilus, and are called F+ (F-specific) coliphages. 
  
The presence of F+RNA coliphage has been used to broadly distinguish human and animal fecal 
contamination by using serotyping or genotyping.  First, F+RNA coliphages are isolated in the 
presence of the enzyme DNAse to distinguish them from F+DNA coliphages.  Then, phages are 
either serotyped or genotyped to identify the particular group that the phage belongs to.  
Serotyping relies on specific antisera that are produced by vertebrate animals to inhibit infection.  
Genotyping relies on group-specific, labeled probes, or PCR (EPA, 2011).   
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There are four antigenically and genetically distinct groups of F+RNA coliphages, and those 
predominating in humans (groups 2 and 3) differ from those predominating in animals (groups 1 
and 4). 
 
Advantages 
 
Advantages of bacteriophage are (1) the two-step approach is relatively simple and can be 
performed within two working days (EPA, 2005), and (2) a library database is not needed.  
 
Disadvantages 
 
F+RNA coliphage typing can be useful for determining whether human and animal fecal sources 
are present, but cannot distinguish between various animal groups or species.   
 
Another disadvantage is different survival characteristics of the subgroups.  Particularly poor 
survival of F+ RNA coliphages in warm waters has been observed (Harwood, 2011). 
 
In addition, Schaper et al. (2002) noted that exceptions to the groupings can occur.  A recent 
study showed that group 3 is also common in swine feces (Rees et al., 2010).  The fact that these 
coliphage groups are present in more than one animal type suggests that these groups are not 
completely host-specific; therefore, assays based on these phage groups might not conclusively 
be able to discriminate between fecal pollution of human and animal origin. 
 
Bacterial PCR 
 
A number of host-specific indicator bacteria have been proposed for use in MST.  These are 
discussed below.  For most of these methods, PCR techniques are used to amplify specific 
segments of the bacterial DNA that are isolated from water samples.  Water samples are typically 
filtered prior to PCR to exclude extracellular DNA from dead and lysed cells and to concentrate 
the sample (EPA, 2011).   
 
Bacteroidales, Bacteroidetes, and Bacteroides 
 
Some of the most promising results for MST marker development have been obtained with the 
members of the order Bacteroidales, family Bacteroidetes, using the 16S rRNA gene.  The genus 
Bacteroides, the family, and the order comprise anaerobic fecal bacteria that are abundant in the 
intestines of mammals.  Bacteroides are far more abundant in the gastrointestinal tract and feces 
of many animals than conventional indicator bacteria such as E. coli and enterococci, but we do 
not know how to culture many of them.  They are obligate anaerobes and do not survive long in 
the water column but may do much better in anaerobic sediments (Harwood, 2011). 
 
Currently there are methods developed for host-specific Bacteroidales markers for human and 
ruminant (e.g., cattle, sheep, deer, goat, and elk).  There are also Bacteroidales markers for dog, 
horse, pig, cattle, and some birds, but they are less broadly tested.  
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In a study by Harwood et al. (2009), three human-specific sewage markers were tested, including 
Bacteroidales, from a variety of fecal sources at three different laboratories.  Bacteroidales 
exhibited the most false-positive results but showed overall high specificity at 96%.  False 
positive results were obtained for chicken and dog markers at one of the labs (the only lab that 
tested commercially raised poultry layers) and for dog and seagull markers at another lab.  
Bacteroidales were detected in all human sewage samples, showing 100% sensitivity. 
 
Bifidobacterium species  
 
Bifidobacterium species have been evaluated for use as a human marker.  Using 16S rRNA PCR 
assays, nine human-specific markers of Bifidobacterium species were examined by Bonjoch  
et al. (2004).  The assays were challenged against cattle, swine, poultry, and human fecal 
sources.  The results showed that B. adolescentis and B. dentium were found only in human 
sewage samples.   
 
However, in a study done by Lamendella et al. (2008), several Bifidobacterium species 
previously suggested as indicators of human fecal pollution were found to be broadly distributed 
in different animals.  These species included Bif. adolescentis, Bif. bifidum, Bif. dentium, and  
Bif. catenulatum. 
 
Methanobrevibacter species 
 
Methanobrevibacter ruminantium and M. smithii have been tested for possibilities as ruminant 
and human markers, respectively.  Ufnar et al. (2007) targeted the nifH gene of M. ruminantium 
as a fecal pollution marker from domestic ruminants, including sheep, goat, and bovine.   
 
In a study by Harwood et al. (2009), M. smithii was tested as a human sewage marker from a 
variety of fecal sources at three laboratories.  The M. smithii assay was 98% specific (false 
positive results from one lab for cow, dog, and seagull).  The M. smithii marker was detected in 
all human sewage samples, showing 100% sensitivity. 
 
Rhodococcus coprophilus  
 
Rhodococcus coprophilus has been suggested as an indicator of nonhuman fecal contamination, 
with preferential distribution in herbivores, due to its frequent isolation in animal feces and 
common absence in human feces.  PCR techniques for R. coprophilus have been developed.  
High survival rates can diminish their value in cases of recent fecal contamination events  
(Rees et al., 2010).  
 
Escherichia coli (E. coli)  
 
Escherichia coli toxin genes have been used in PCR assays to identify the presence of cattle and 
swine fecal pollution.  LTIIa and STII PCR assays were found to be highly host-specific, after 
being tested against DNA extracts from different animal and human fecal sources.  ETEC strains 
are normally found in low densities in environmental water, and a cultivation step is required to 
increase the sensitivity of the assays (Rees et al., 2010). 
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Enterococcus species 
 
Various Enterococcus species and strains have been analyzed using similar PCR techniques, 
generally following the same method as Bacteroides PCR.  Genetic markers have been identified 
for specific strains of one species associated primarily with humans (Ent. faecium), cattle  
(Ent. hirae), and birds (Ent. faecalis) (EPA, 2011; Source Molecular, 2011).   
 
A human-specific PCR assay targets the esp gene, a virulence factor in Ent. Faecium (Scott et al, 
2005).  This method is similar to the LTIIa and STII PCR assays described above.  A cultivation 
step is needed due to low densities of the esp gene of Ent. faecium in the feces and environment. 
 
Viral PCR 
 
Several techniques are available for the detection of viruses.  In fact, monitoring for human 
viruses has been suggested as an alternate approach to assess human health risks in 
environmental waters.  Viruses are generally highly host-specific, which is a positive 
characteristic for MST.  On the other hand, pathogenic viruses generally infect a small 
percentage of any given population, making them relatively rare targets (and thus more difficult 
to detect). Certain nonpathogenic viruses, such as human polyomaviruses (HPyVs) have a wider 
distribution in human populations than pathogenic viruses. 
 
Viruses cannot replicate themselves.  They need a host organism to replicate their genetic code 
and produce their proteins and lipids.  Viruses contain either RNA or DNA as their genetic 
material (also known as genome). 
 
Viruses with a limited host range can be used to differentiate sources of fecal contamination in 
water.  Viruses first must be isolated from water sources, then the viral genome is extracted and 
amplified using PCR techniques.  Human-specific adenoviruses and enteroviruses have been 
used as indicators of human fecal contamination.  Bovine enteroviruses, and bovine and porcine 
adenoviruses, have been used as indicators of livestock fecal contamination (EPA, 2011).  
Although Field and Samadpour (2007) found that bovine enteroviruses are not species specific 
and have been observed in other animals, including horses and geese. 
 
Harwood et al. (2009) tested the human sewage marker, human polyomaviruses (HPyVs), from a 
variety of fecal sources at three different laboratories.  The HPyVs were detected in human 
sewage samples showing 100% sensitivity.  The HPyVs assay was 100% specific, showing no 
cross-reactivity to dog, cow, cat, bird, or wild animal feces among >300 samples from three Gulf 
Coast regions. 
 
Evaluation of Library-Independent Techniques 
 
Advantages 
 
The most significant advantage of library-independent techniques is that they do not require 
development of a library database; this saves time and resources.  Furthermore, the techniques 
that do not require culture of microorganisms can be quite rapid (i.e., completed and reported in 
the same day in which sampling occurred). 
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Disadvantages 
 
One of the major limitations of library-independent techniques is the lack of techniques for host 
species beyond humans and a few domestic animal species.  While some of the markers have 
been thoroughly vetted, and their error rate is fairly well-established (e.g., human Bacteroides 
HF183), other markers require much more substantial validation before they can receive general 
use (Harwood, 2011).    
 
The distribution of many markers has not been thoroughly characterized; the expectation that 
host-associated markers are present in a specific host population and not present in non-host 
populations should be confirmed.   
 
In addition, the relative abundance of many of these MST molecular markers has not been 
assessed.  Validation studies need to include assessment of the abundance of these markers in the 
environment.     
 
All markers (with the exception of HPyVs) tested in validation studies do show some cross-
reactivity with non-target host species (Harwood, 2011).  Validation studies would enable 
quantification of cross-reactivity, thus helping to determine usability of MST data.   
  
Performance 
 
In 2002 SCCWRP conducted an MST comparison study (SCCWRP, 2003).  Twenty-two 
researchers employing different techniques were given sets of identically prepared water 
samples.  Each sample contained one to three of five possible fecal sources (human, dog, cattle, 
seagull, or sewage), and the fecal source was blinded to the researchers.   
 
For this study, the library-independent techniques were tested including: human-specific 
Bacteroidetes sp. (several laboratories) and the E. coli toxin gene.  Both techniques correctly 
identified a majority of the human fecal sources (no method identified < 75%).  For samples that 
did not contain a human source of contamination, Bacteroidetes performed better than the toxin 
gene.  The toxin gene method incorrectly identified 50% of these samples (Field et al., 2003). 
 
For the same 2002 study, Noble et al. (2003) assessed the performance of viruses (human 
pathogens and coliphages) as an MST tool.  Adenoviruses, enteroviruses, and F+ specific 
coliphages were tested.  These markers only discriminate between human and non-human 
sources.  False positive rates for the virus-based techniques (0-8%) were among the lowest of 
MST techniques tested in the 2002 study, but sensitivity was low (high false negative rate).  
Generally virus-based techniques are not as effective when applied to individual human fecal 
contamination (individual on-site sewage treatment source) versus sewage (Noble et al., 2003). 
 
In a review of the performance of MST techniques, Stoeckel and Harwood (2007) evaluated 
method performance based on (1) specificity of the method (the number of true-negative  
results divided by the total number of samples tested that should not contain the target) and  
(2) sensitivity of the method (the number of true-positive results divided by the total number of 
samples tested that should contain the target).  Table 4 describes the specificity and sensitivity of 
the library-independent techniques.  
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Generally the host-specific, library-independent markers were detectable in most proficiency 
samples that represented fecal material from many individuals, but the distribution was patchier 
among individuals.  The sensitivity and specificity of the markers varied greatly depending on 
the geographic location and research lab, highlighting the need for local validation of method 
performance (Stoeckel and Harwood, 2007). 
 
Table 4. Performance statistics for tests in which library-independent MST techniques were 
tested with reference samples to determine the ability or failure to detect the sole source of fecal 
contamination (adapted from Stoeckel and Harwood, 2007). 

Marker Detection Host  
Category 

Sample  
Type Sensitivity1 Specificity2 

Bacteroides 
thetaiotaomicron, PCR Human Individual feces 

Wastewater 
0.78, 0.92 (n=9,25) 
1.00 (n=20) 

0.98,0.76 (n=241,71) 
NR 

Bacteroidales, PCR 

Human 
Blind samples 
Individual feces 
Wastewater 

0.70-1.00 (n=10,14) 
0.20-0.85 (n=7-25) 
1.00  (n=41) 

1.00,1.00 (n=6,7) 
0.85-1.00 (n=46-73) 
1.00 (n=75) 

Ruminants Blind samples 1.00 (n=7,9) 0.89, 0.92(n=9,12) 
Cattle Individual feces 1.00, 1.00 (n=19,19) 0.73, 0.70 (n=40,40) 
Ruminants Individual feces 0.97,1.00 (n=31,20) 1.00,1.00 (n=20,28) 
Ruminants Wastewater 1.00 (n=75) 0.93 (n=14) 
Dog Blind samples 0.40 (n=15) 0.86 (n=7) 

Bacteroides fragilis  
phage 

Human/ 
nonhuman 

Wastewater 
Fecal samples 

1.00 (n=36) 
0.13 (n=90) 

0.90 (n=20) 
1.00 (n=145) 

Bifidobacterium 
adolescentis PCR Human Wastewater 1.00 (n=22) 0.84 (n=60) 

Bifidobacterium 
adolescentis 
Colony hybridization  

Human Individual Feces 
Wastewater  

0.92 (n=12) 
0.67 (n=3) 

1.00 (n=85) 
1.00 (n=3) 

Enterococcus faecium 
enrichment, PCR Human Septic system 

Wastewater 
0.80 (n=10) 
1.00 (n=55) 

1.00 (n=59) 
1.00 (n=43) 

Escherichia coli toxin 
gene 

Human 
Cattle 

Blind samples 
Wastewater 

0.75 (n=15) 
0.87 (n=31) 

0.33 (n=7) 
1.00 (n=207) 

Escherichia coli  
Enrichment, PCR 

Swine 
Swine 

Wastewater 
Individual feces 

0.90 (n=31) 
NR 

1.00 (n=217) 
1.00 (n=224) 

Adenovirus 
Nested, PCR 

Human 
Human 
Swine 
Cattle 

Wastewater 
Blind samples 
Individual feces 
Individual feces 

0.92 (n=12) 
0.50 (n=8) 
0.74 (n=23) 
0.75 (n=8) 

1.00 (n=31) 
1.00 (n=3) 
1.00 (n=20) 
1.00 (n=35) 

Enterovirus 
RT-PCR 

Human 
Cattle 
Cattle, deer 

Blind samples 
Individual feces 
Individual feces 

0.38 (n=8) 
0.76 (n=95) 
0.63 (n=145) 

1.00 (n=4) 
0.63 (n=54) 
0.75 (n=4) 

1 Sensitivity is the ability to detect a source when it is present (calculated by dividing the number of true-positive 
results by the number of samples that should contain the target). 
2 Specificity is the ability to detect a source when it is not present (calculated by dividing the number of true-
negative results by the number of samples that should not contain the target). 
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What Makes a Good MST Marker? 
 
In the past 20 years, various MST markers have been proposed and discarded.  Early efforts 
focused on library-based MST techniques.  Due to concerns with library-based techniques, recent 
research has focused on library-independent markers.  Harwood and Stoeckel (2011) detailed the 
characteristics of an ideal marker (Table 5). 
 
Table 5. Characteristics of an ideal marker versus a useful MST marker from Harwood and 
Stoeckel (2011). 

Characteristic Ideal Marker Useful Marker 

Specificity. Found only in target host species. Differentially distributed among 
host species. 

Distribution in host 
population (contributes to 
sensitivity of marker). 

Found in all members of all 
populations of host 

Consistently found in host species 
whose feces impact the target area. 

Evenness. Each individual host has the same 
amount of the marker.  

The amount of marker in aggregate 
sources (e.g., sewage, animal waste 
lagoons) is similar. 

Temporal stability in host. Does not change over time in the 
host. 

Frequency and concentration does 
not change over time at the 
population level. 

Geographic range/stability. Present in all geographic regions 
for the specific host. 

Consistently detected in different 
geographic regions 

Environmental persistence. 
Consistent decay rate in various 
habitats (e.g., freshwater, marine 
water) and matrices. 

Predictable decay rate in various 
habitats and matrices. 

Quantitative assessment. Can be accurately quantified. 
Accurately indicates 
presence/absence of contamination 
source. 

Relevance to regulatory 
parameters or fecal indicator 
bacteria (FIB). 

Derived from an organism that is 
a regulatory tool or FIB. 

Correlated with an organism that is 
a regulatory tool or FIB. 

 
Specificity 
An MST marker should be host specific; it should not be found in non-host species.  Specificity 
is the ability to rule out a target when it is absent.  Specificity is measured as the portion of non-
target samples that test negative by the method (true-negative results divided by all non-target 
samples).  The formula for specificity is 1 minus the proportion of non-target fecal samples in 
which the marker is detected, or 1 minus the false positive rate (Harwood and Stoeckel, 2011).  
Calculations are specified as a percentage, so the calculation above would be multiplied by 100. 
 
Determining the appropriate number of non-target samples to include for specificity testing is not 
standardized, but tests should be based on the geographic area of the study.  The 2005 EPA 
document recommends that at least 10 animals per host type are sampled for specificity.  
Composite samples would be an efficient means of testing.  For example, test 5-10 animals 
(same species) from several different farms in the study area, or test several septic systems at 
various locations in the study area. 
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Presently there is no universal criterion for a specificity measure, but it is generally agreed that 
methods with less than 80% specificity are not useful in most cases.  The majority of recently 
published studies use methods which have 90% or greater specificity in the geographic area of 
interest (Harwood and Stoeckel, 2011).    
 
Sensitivity and Distribution 
The distribution of a marker in the feces of individual members of the host species is the main 
factor in method sensitivity.  A more sensitive marker will be more frequently detected in a 
polluted water sample than a less sensitive marker.  Sensitivity is measured as the proportion of 
positive-control fecal samples that produce a positive result.  The formula is:  divide the number 
of true-positive results by the number of samples that should contain the target, then multiply by 
100 to express as a percentage.  
 
The number of samples needed to determine sensitivity has not been determined but recent 
studies have included 20 or more samples.  Key to a sensitivity determination is obtaining fecal 
samples from the study area to determine sensitivity of the marker you propose to use.  This 
should be done in advance of water testing to ensure the marker is detectible in the study area.  
 
Selecting an MST Technique 
 
When selecting an MST technique, it is important to consider monitoring goals and the 
performance characteristics of MST markers.  No MST marker or technique meets all the criteria 
described in Table 5.  Some markers achieve some of the characteristics of a useful marker 
(Table 5).   
  
EPA (2005) recommends a ‘toolbox’ approach, where the best MST method is selected after 
considering each method’s cost, reproducibility, discriminatory power, ease of interpretation, and 
ease of performance. 
 
The following EPA reports should be reviewed before selecting an appropriate MST tool.  These 
EPA documents provide step-by-step guidance for choosing the appropriate MST tool for a 
project.   

• Using Microbial Source Tracking to Support TMDL Development and Implementation 
(EPA, 2011). 

• Microbial Source Tracking Guide Document (EPA, 2005). 
 
Current peer-reviewed literature and MST performance studies should be reviewed for 
performance characteristics before selecting a MST technique.  There are a few comparison 
studies and reviews that provide information on MST techniques; one was conducted by 
SCCWRP in 2002 (SCCWRP, 2003) and another by Stoeckel and Harwood (2007).  These 
studies include data on performance of some of the methods and laboratories.   
 
Currently EPA is working with SCCWRP to conduct another comparison study.  The study 
includes 64 blind samples of 12 source types submitted to 29 laboratories; 23 MST techniques 
are being tested (Peed, 2011).  The results of this comparison study will be published in 2012.    
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Generally, initial testing for newer methods is more limited, but more information is available as 
a method is used and more comprehensive studies are developed.  It is highly recommended that 
markers with limited or unknown specificity and sensitivity be avoided unless you are willing to 
conduct that assessment (Harwood and Stoeckel, 2011).   
 
Due to concerns about the experimental nature of MST techniques, some researchers recommend 
use of multiple MST techniques to increase the confidence in bacterial source identification.  
This also allows for more potential source types to be investigated (Wapnick et al., 2009).  In 
Wapnick et al. (2009), several library-independent techniques were used to discern sources 
including: human polyomaviruses, the virulence gene for Enterococcus faecium, as well as 
Bacteroidetes human-, ruminant-, and horse-specific markers.   
 
MST studies that are limited to restricted geographic areas will be easier to interpret, and in all 
probability provide more accurate results, than studies conducted over a wider geographic range 
(Harwood, 2011).  The current state of the science may not be able to resolve complex multi-host 
discrimination questions over large temporal and spacial scales (Rees et al., 2010).  Larger 
source tracking studies should be broken down using a targeted sampling approach. 
 
Before conducting an MST study obtain fecal samples for testing to determine if the proposed 
MST marker is specific to the target host in your study area.  MST markers may not be specific 
to a geographic region.  Also, presence of MST markers may change over time. 
 
In addition, EPA has developed quality control (QC) steps for laboratories performing PCR 
analysis:  Quality Assurance/Quality Control Guidance on Environmental Samples (EPA, 2004). 
 
Studies evaluating MST techniques found that the methods evaluated had issues with false 
positives (identifying a source when it was not there) and false negatives (not identifying a 
source when it was present) (SCCWRP, 2003).  Extensive QC sampling to assess precision and 
accuracy of results should be included in all MST studies.  For example, field and laboratory QC 
should include: spiked blind samples, 50% field sample replication, and blind blank samples.  
Past MST studies often did not include adequate QC sampling, creating difficulty in the 
evaluation of these methods. 
 

Conclusions and Recommendations for Molecular and Biochemical MST 
Techniques 
 
Conclusions 
 
A significant issue associated with molecular and biochemical MST techniques is the absence of 
standardized methods.  This is an important problem considering the various steps associated 
with molecular and biochemical MST techniques, and the potential for error associated with each 
step.  Each step in laboratory analysis should follow validated SOPs and include controls  
(Santo Domingo et al., 2011). 
 
Recently, SOPs for qPCR of human-associated Bacteroides HF183 and human polyomaviruses 
were published (Harwood et al., 2011).  SOPs for conventional PCR of human-associated 
Bacteroides HF183, M. smithii, and human polyomavirus are available (Harwood et al., 2010). 
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Because of the difficulty of building a sufficiently robust library, the complexity of data analysis, 
and the poor performance of MST in the SCCWRP and USGS method comparison studies, the 
focus of much recent MST research has shifted to the development of library-independent 
techniques (Rees et al., 2010; Hagedorn et al., 2011).  At this time, library-independent 
molecular techniques are much more widely used over library-dependent techniques. 
 
Very few existing MST studies include adequate QC sampling to assess precision and accuracy 
of results.  MST comparison studies and reviews have found differing sensitivity (ability to 
detect a source when it is present) and specificity (ability to detect a source when it is not 
present) for MST techniques analyzed at different laboratories or with different target organisms 
(Stoeckel and Harwood, 2007).  This highlights the need for standardized techniques and SOPs. 
 
While molecular and biochemical MST techniques are experimental, they can provide some 
important insights into the complexity of fecal pollution and, in some cases, even direct us to 
choose adequate management practices (Santo Domingo et al., 2011).  However, a good 
understanding of the nature of the fecal contamination and the limitation of MST techniques is 
required before selecting an appropriate method and conducting a useful MST study. 
 
Recommendations for Using Molecular and Biochemical MST Techniques 
 
Library-independent MST techniques are recommended over library-dependent methods.   
 
MST techniques that have been more frequently used or tested are preferred over newer 
methods. 
 
For determining the presence\absence of human sources, these markers are recommended: 
 

 Human-associated Bacteroidales: Bacteroidetes is prevalent in the human intestine; the limit 
of detection for tested laboratories is equivalent to 10 cfu/100 mL enterococci, with excellent 
sensitivity (100%).  Specificity is adequate (some false positives found) ranging from 88-
100%.  (Harwood et al., 2009). 

 Human polyomaviruses (HPyVs) or Methanobrevibacter smithii: Both of these methods have 
a higher limit of detection (may produce false negative results).  Both markers have greater 
host specificity than Bacteroidales, with 100% specificity at tested laboratories (Harwood  
et al., 2009). 

 
Before conducting an MST study, obtain fecal samples for testing to determine if the proposed 
MST marker is specific to the target host in the study area.  This should be done in advance of 
water testing.  MST markers may not be specific to a geographic region.  Also, the presence of 
MST markers may change over time. 
 
Due to widely varying survival rates of the bacterial groups in the environment, fecal indicator 
bacteria sampling (e.g. fecal coliforms) should occur concurrent with MST sampling.  This will 
allow for comparison of fecal indicator concentrations and MST results.  
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Finally, MST studies should include adequate QA.  QA sampling should include field and 
laboratory duplicates, field positive controls or blind spiked samples, and field and laboratory 
blank samples.  Recommended QA protocols are described in the Quality Assurance section of 
this document.  Laboratories performing PCR analysis on environmental samples for MST 
techniques should follow EPA’s guidance (2004).  QA results are essential for assessing 
usefulness and accuracy of the MST data. 
 

Chemical Methods 
 
Chemical source tracking methods for fecal source tracking are based on the detection of a 
chemical that is related to a specific fecal source but is not found in unpolluted waters.  In some 
cases the chemical is directly associated with feces, while in others the chemical is discharged 
together with feces in wastewaters.  More than 35 chemical compounds have been identified as 
being specific to either human or animal sources of fecal waste (Hagedorn et al., 2005, Harwood 
and Stoeckel, 2011). 
 
The advantages of using chemical methods to track sources of bacteria are:  many of the 
methodologies are standardized, analysis can be less expensive than MST methods, and results 
can be obtained sooner than some MST methods that require culture of microorganisms.  The 
disadvantages of these methods are:  many of these chemicals are ubiquitous in the environment, 
and concentrations of some chemicals are often below detection limits once they enter surface 
waters.  Despite these concerns, certain chemical methods have demonstrated their usefulness, in 
conjunction with traditional fecal detection methods. 
 
In the process of this evaluation, three publications were identified that provide a comprehensive 
and comparative evaluation of current chemical source tracking methods.  Two publications 
(Cimenti 2007; Hagedorn and Weisberg, 2009) assessed the performance of several chemical 
methods to several performance criteria.  The third was a report published by EPA (2007d).   
 
The report published by EPA was the result of a five-day workshop which included 43 national 
and international experts who discussed the state of the science on recreational water quality 
research and implementation.  The goal of the workshop was to identify research and science 
needs for developing new or revised water quality criteria for recreation in the near future  
(EPA, 2007d).  As part of this workshop, indicators of fecal and pathogen contamination were 
examined to identify critical research and science needs.  Discussion of chemical methods was 
part of the workshop deliberations.   
 
For the purposes of this guidance document, methods and conclusions highlighted in these three 
publications, as well as more recent studies, are compared and summarized below.  These studies 
were all used to make recommendations on the uses of these chemical methods for fecal source 
tracking in Washington State.   
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Types of Chemical Methods 
 
Four general classes of chemical compounds were identified as having the most potential as 
source tracking tools for fecal bacteria.  These include: 

1. Fecal sterols and hormones 
2. Caffeine  
3. Optical brighteners   
4. Pharmaceuticals 
 
Below is a brief summary of these four classes as well as the general advantages and 
disadvantages for each method.   
 
Fecal Sterols and Hormones 
 
Fecal sterols are a group of cholestane-based sterols that are formed in the digestive tracks of 
animals from the metabolism of sterols.  The metabolic end products vary in concentration 
between animal groups based on diet and intestinal flora.  These end products can be analyzed 
with high-resolution gas chromatography and mass spectrometry (GC/MS).   
 
Both concentrations and ratios of sterols have been used to attribute fecal source contributions 
from humans, herbivores, and birds (Ashbolt and Roser, 2003; Leeming et al., 1997; Leeming  
et al., 1998; Roser and Ashbolt, 2007; Shah et al., 2007).  Fecal material from cattle, horses,  
and sheep contains a greater proportion of the sterols 5b-campestanol and 5b-stigmastanol 
(Leeming et al., 1996).  Cholesterol was found to be dominant in dog feces, while bird feces 
contained predominantly cholesterol and sitosterol (Leeming et al., 1997). 
 
Ratios of certain stanols have been used in field studies both to exclude and validate specific 
sources of fecal pollution.  Noblet et al. (2004) compared sterol ratios from samples collected 
from raw and processed sewage to surface water samples collected in the Santa Ana River.  
Steroid ratios in the Santa Ana River differed from those found in raw and treated sewage.  The 
authors used multivariate statistical analysis to show that bird fecal steroids were the most 
abundant steroids in the stream sample.   
 
Although several studies have correlated direct measures of fecal sterols with traditional fecal 
indicators, correlations may be seasonally dependent (Isobe et al., 2004).  Also, some sterols 
have been found to be ubiquitous in trace amounts in both soil and sediments (Bull et al., 2002).   
 
The fecal sterol technique offers many diagnostic and quantitative advantages when used in 
conjunction with traditional techniques for detecting bacteria pollution.  Fecal sterol analysis has 
resolved problems of source identification in urban and rural environments.  This was not 
possible with use of traditional fecal indicator bacteria and MST methods (Roser and Ashbolt, 
2007). 
 
With the recent evidence of the reproductive effects of endocrine disrupting compounds (EDCs) 
on reproductive processes in aquatic organisms, runoff from cattle operations has been studied as 
a potential source of EDCs (Parks et al., 2001; Sorensen et al., 2005).  Several endogenous 
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steroid hormones have been detected in surface waters associated with confined animal feeding 
operations (CAFOs) as well as rangeland cattle grazing (Matthiessen et al., 2006; Kolodziej and 
Sedlak, 2007; Zheng et al., 2008).   
 
Three endogenous hormones – 17α-estradiol, 17β-estradiol, and estrone – were detected in dairy 
wastewater and lagoon water in California (Zheng et al., 2008).  Concentrations of 17α-estradiol 
rapidly decreased along the wastewater disposal route, while estrone concentrations increased.  
This suggests 17α-estradiol is oxidized to the metabolite estrone.  These results were consistent 
with hormone concentrations observed in fresh and piled manure (Zheng, 2008).  Levels of  
17α-estradiol decreased 87% while levels of estrone increased 23%.  
 
Researchers in California used gas chromatography-tandem mass spectrometry (GC-MS-MS)  
to test for the presence of steroid hormones in surface waters associated with cattle grazing 
(Kolodziej and Sedlak, 2007).  Out of 88 samples collected from 30 sites over a 12-month 
period, steroids were detected in 86% of the samples.  The steroid hormones, estrone and  
17α-estradiol, were most frequently detected immediately after rain events and at the beginning 
of the wet season.  Although the main source of these hormones was linked to cattle in this study, 
their presence and concentrations did not correlate with nitrite and total coliform concentrations 
(Kolodziej and Sedlak, 2007). 
 
Advantages 
 
Sterols have been identified that are reasonably specific to humans and other animal sources, 
sterols are temporally and geographically applicable, and detection methods for sterols are 
adequately sensitive and repeatable.   
 
Disadvantages 
 
Natural sources or analogs of target stanols may exist, and the degradation rates of sterols in 
different matrixes are not well understood.   
 
While estrone and 17α-estradiol in surface waters have been linked to livestock, there is little 
agreement in the literature about source specificity.  However, GC/MS methods for detection are 
standardized, and rapid presence/absence tests are available for both chemicals (Lubliner et al., 
2010).  In certain circumstances, these indicators could be useful for determining if livestock are 
contributing to fecal pollution. 
 
The instrumentation for fecal sterols analyses is expensive, and expertise necessary to conduct 
the analyses are extensive.   
 
Caffeine 
 
Caffeine has been extensively examined as a tool for assessing human influence on aquatic 
systems.  Although caffeine is metabolized when consumed, a small amount (<10%) of ingested 
caffeine remains intact when excreted (Peeler et al., 2006).  Most work in the past decade has 
focused on sewage systems and the efficiency of caffeine removal in sewage treatment plants.  
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However, with the improvements in techniques and detection limits, the scope of application has 
broadened to include stream, wetland, estuarine, and groundwater systems.   
 
Caffeine has been successfully detected in freshwater streams and lakes, groundwater, marine 
waters, and stormwater outfalls (Buerge et al., 2003; Chen et al., 2002; Peeler et al., 2006).  
However, some studies reported a lack of correlation between fecal coliform or Enterococci 
concentrations with caffeine levels (Buerge et al., 2003).  Also, some studies have detected 
caffeine in presumably uncontaminated waterways (Weigel et al., 2004; Peeler et al., 2006).   
 
Advantages 
 
Caffeine appears to be a ambiguous indicator of human waste in surface waters; however, it can 
be detected at low levels using solid-phase extraction and GC/MS (Peeler et al., 2006). 
 
Disadvantages 
 
A major disadvantage is that caffeine and its metabolites are often present in the urban 
environment associated with numerous plant species debris as well as from human “dumping” of 
coffee wastes.  Further, the current methods used (specific extraction and GC/MS analysis) are 
relatively complex and expensive.  
  
Optical Brighteners  
 
Optical brighteners (OBs) are compounds added to laundry detergents and soaps.  Because 
household plumbing systems mix effluent from washing machines and toilets together, OBs are 
associated with human sewage in septic systems and wastewater treatment plants.  In the United 
States, 97% of laundry detergents contain OBs (Hagedorn et al., 2005).   
 
There are three commonly used methods for detecting OBs:   

• The fastest, most cost-effective approach uses dye-free cotton or charcoal pads and an 
ultraviolet light (Dixon et al., 2005).  Cotton pads are exposed to surface waters for a period 
of time and are then exposed to ultraviolet light.  If OBs are present, the cotton pad will 
fluoresce.   

• The second method uses ion-pair high performance liquid chromatography to measure 
concentrations of OBs (Shu and Ding, 2005).  This method is highly sensitive; however, its 
usefulness is limited by high cost.   

• The third method uses a fluorometer to detect OBs (Hartel et al., 2007).  The method is 
inexpensive and sensitive, and it can provide either real-time results or can be deployed in the 
field for continuous data logging.   

 
No matter which OB method is used, it must be combined with measurements of fecal indicator 
bacteria and/or pathogens.  For example, effluent from a wastewater treatment plant contains 
OBs, regardless of how effective the treatment processes have been at removing or inactivating 
pathogens.  Thus, data on the presence of OBs, without accompanying data on viable fecal 
indicators, do not provide information on the potential health risk from pathogens.   
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Advantages  
 
The biggest advantage in using OBs to identify human sources of fecal bacteria is the ability to 
detect OBs in real-time or logging data continuously.  This can be advantageous as it applies to 
pinpointing an area(s) where leaking septic systems are a source of fecal bacteria.   
 
Disadvantages 
 
One concern with these OB methods is the presence of contradictory results when comparing 
fluorometry and bacterial counts.  Although various reports have documented a strong 
fluorescent signal and high numbers of fecal indicators, studies have also reported no correlation 
between fluorometry and counts of fecal bacteria (Hartel et al., 2007). 
 
Another concern is that numerous other natural and anthropogenic substances found in surface 
waters, such as humic acids and polyaromatic hydrocarbons, may interfere with the detection of 
OBs by fluorometry (Dickerson et al., 2007).  This is a particular issue in waters with substantial 
contributions from tannic rivers, which are a feature of coastal Florida waters (V.J. Harwood, 
personal communication).  In addition, the longevity of OBs in surface water is unknown and 
may be dependent on the detergent manufacturer (Cao et al., 2009).   
 
Pharmaceuticals  
 
The use of pharmaceutical chemicals to detect sewage-based human pollution has received 
considerable scrutiny since it was described by Buser et al. (1999).  Chemicals used in the 
pharmaceutical industry have been examined as indicators of human wastewater pollution 
(Leeming and Nichols, 1996), as impacting on aquatic ecosystems including acute and chronic 
toxicity (Brun et al., 2006; Fent et al., 2006), and as agents affecting growth and reproduction 
(Binzcik et al., 2004).   
 
Researchers have measured pharmaceuticals in groundwater near three high-volume septic 
systems in Ontario, Canada (Carrara et al., 2008).  Several pharmaceutical and organic 
compounds were detected in wastewater samples collected from septic tanks, as well as in 
groundwater samples collected down-gradient of the infiltrations beds.  Of the compounds 
analyzed, ibuprofen, gemfibrozil, and naproxen were observed at the highest concentrations and 
greatest distances from source areas (>60 ft).  The extent of transport of these compounds was 
correlated with anoxic zones that developed in the wastewater plumes.  Because many of these 
compounds are attenuated to soil particles, their presence in groundwater was found to be 
dependent on regional groundwater chemistries (Carrara et al., 2008).   
   
The drugs found most frequently in surface waters and wastewaters include clofibric acid, 
carbamazepine, and salicylic acid (Weigel et al., 2002; Ternes, 1998; Lee et al., 2003).  Clofibric 
acid has recently been proposed as a marker for anthropogenic contamination (Clara et al., 
2004).  
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Antibiotics and other drugs used as growth promoters in CAFOs are also being used as indicators 
in Europe and North America (USGS, 2003; Boxall et al., 2003; Scribner et al., 2003).  There is 
still uncertainty about the quantities of growth promoters currently used in CAFOs.  However, 
some of the most persistent drugs have already been found in watersheds (Boxall et al., 2003) 
and could be used as tracers of CAFO fecal pollution. 
 
Advantages 
 
Advantages of using pharmaceuticals include the specificity of many of the synthetic chemicals 
to human wastewater, as there are no natural sources or known analogs of these compounds.  
 
Disadvantages 
 
The sensitivity of detection of pharmaceuticals in large waterbodies could be an issue, and the 
target compound must be used heavily enough within a given locality so that it can be reliably 
detected.  This may limit application to larger cities where the target compounds are more 
prevalent than in smaller or rural communities. 
  
Another disadvantage of using pharmaceuticals is the cost of analytical equipment necessary to 
analyze samples, and the expertise needed.  This can result in high per-sample costs, and 
obtaining results in a rapid fashion will depend on the analytical lab.   
 
Pharmaceuticals associated with CAFOs may be regionally or temporally specific.  To be 
effective, CAFO operators would need to disclose the list of pharmaceuticals being used at the 
time of the study.   
 
Finally, correlation to specific compounds and fecal indicator bacteria, and an understanding of 
environmental degradation rates or persistence especially in different matrices (and possible 
interference with detection), remain unresolved at this time for all candidate pharmaceuticals.  
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Conclusions and Recommendations for Chemical Methods 
 
Chemical markers appear to be useful for researchers with the resources to conduct the testing 
and the expertise to interpret the results.  Many of the publications acknowledge there is no one-
size-fits-all method that can efficiently identify unknown sources of fecal bacteria.  Researchers 
suggest that chemical methods could be used to augment more conventional fecal indicators such 
as fecal coliform and Enterococci (Cimenti et al., 2007; EPA, 2007d).  They also suggest 
understanding the fate and transport of pathogens is necessary before the appropriate 
indictor(s)/monitoring approach is chosen. 
 
Of the current chemical-based, source tracking methods reviewed in this guidance document, 
three classes of indicators were consistently mentioned in the literature as having potential for 
source tracking: 

1. Fecal sterols and hormones have been useful in successfully identifying multiple sources of 
fecal bacteria. 

2. Optical brighteners have proven to be the most inexpensive and fastest way for indentifying 
human sources when optical brighteners are present in substantial levels and when 
waterbodies are free from inhibitors. 

3. Pharmaceuticals, specifically carbamazepine and diphenhydramine, have been shown to be 
highly specific to humans. 

 
Currently there is no chemical method that has been developed which provides direct links to a 
given fecal source (specifically who or what is responsible).  Proving ownership of fecal sources 
will continue to involve a weight-of-evidence approach.  This requires not only an understanding 
of fecal fate and transport, but also cooperation between regulators and landowners.  It is 
important to consider the limitations of all methods before substantial resources are invested in 
tracking down fecal sources.   
  
Advantages and Disadvantages 
 
The main advantages in using chemical-based fecal MST methods include: 

• Analytical methods for chemicals are better refined than methods requiring culture, often 
having standardized methods.  

• Many of the chemical compounds have longer holding times than biological samples, 
allowing for composite samples to be collected over time.   

 
The main disadvantages of using chemical techniques include: 

• The persistence of some of these chemicals is unknown. 

• Method detection limits for many of these chemicals are inadequate, leading to low 
sensitivity and analogs of some of these compounds may be naturally occurring.  
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Quality Assurance and MST Techniques 
Quality assurance (QA) has been defined as efforts to “monitor, improve and assess… scientific 
practices” (Kammin, 2011), and also as “a set of activities designed to establish and document 
the reliability and usability of measurement data” (Kammin, 2010).   
 
It is critical to assess all new analytical techniques, including molecular and biochemical MST 
techniques, through the lens of QA.  Evaluating how any new method performs in the real world 
is essential to establishing the utility of that method.   
 
For these MST techniques, important criteria for method assessment include: 

• Method documentation and standardization  
• Ruggedness testing 
• Ease of adaptation/cost and required expertise 
• Accuracy (specificity) for bacterial source identification  
• Method precision/reproducibility 
• Quantitation in MST 
• Timeliness in MST reporting 
• Method assumptions 
• Study design 
 
Following is a discussion of these issues in the context of molecular and biochemical MST 
techniques.  
 

Introduction 
 
What are the characteristics of the ideal MST method?  The method should be: 
• Inexpensive 
• Quickly performed 
• Infallibly accurate in the identification of source organisms or association with waste streams 
• Formally published by EPA 
• Must contain SOPs for sampling, positive control collection/spiking, and other field 

procedures 
• Round-robin validated for ruggedness 
• Accessible to labs with limited financial resources and academic expertise 
• Widely available at commercial and government labs 
 
However, the Washington State Department of Ecology (Ecology) has identified the following 
QA issues associated with currently used molecular and biochemical MST techniques: 
• Techniques do not have regulatory approval. 
• Techniques are still actively evolving. 
• Many techniques can be reliably performed only by scientists with advanced training. 
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• Techniques commonly produce both false negatives and false positives. 
• There is only a very small group of labs available to perform MST work. 
• Lab timeliness in reporting (turnaround) has been a problem for Ecology molecular MST 

studies. 
• Many MST “studies” are poorly designed and are inadequate in terms of frequency of 

sampling, number of samples, and sampling locations. 
• SOPs generally have not existed for these techniques; this is beginning to change with the 

recent publication of two PCR/MST SOPs by Harwood et al. (2011). 
• Due to lack of internal expertise, Ecology is currently unable to accredit MST techniques. 
• For library-dependent techniques, DNA libraries become obsolete due to bacterial evolution 

and plasmid transfer. 
• Some library-independent techniques (PCR, qPCR) amplify DNA from both viable and  

non-viable organisms. 
 
All these issues must be addressed adequately before a molecular MST method can be 
considered robust, mature, and widely useable.  Stoeckel and Harwood (2007) summarize: 
 

“Although there has been significant progress in the MST field over the last ten years, 
variability among performance measurements and validation approaches in laboratory 
and field studies has led to a body of literature that is very difficult to interpret, both for 
scientists and end-users.” 

 

Criteria for Assessing MST Techniques 
 
Method Documentation and Standardization 
 
As of the writing of this paper (November 2011), there are no promulgated methods for any  
of the molecular or biochemical MST techniques.  Promulgation is the final step in the 
formalization of an EPA method and involves publication of that method in the Federal Register.  
Additionally, there are no draft or preliminary molecular or biochemical MST methods published 
by EPA or the Standard Methods (SM) committee.  Currently, the status of these MST 
techniques is not acceptable for their use in a regulatory context.   
 
Draft methods published by EPA are needed for several of the MST techniques.  In this way we 
can begin to test the methods in the real world and provide iterative information to improve and 
stabilize the methods. 
 
The disclaimer to the EPA (2005) Microbial Source Tracking Guide is of interest here.  It states: 
 

“…EPA does not support or condone any of the uses of the MST data presented here… 
This document does not impose legally binding requirements on states, authorized tribes, 
or the regulated community and does not substitute for Clean Water Act (CWA) or Safe 
Drinking Water Act requirements, EPA’s regulations, or the obligations imposed by 
consent decrees or enforcement orders.”  
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Clearly, in 2005 EPA considered these techniques advisory. 
 
Ruggedness Testing 
 
Ruggedness testing is required for the evaluation of all molecular and biochemical MST 
techniques. 
 
Huber defines ruggedness as “…a measure of reproducibility of test results under normal, 
expected operational conditions from laboratory to laboratory and from analyst to analyst” 
(Huber, 2007).  Ruggedness would usually be determined by a multi-laboratory study in which 
all labs would analyze identical sub-samples and results would be assessed.  This type of study is 
normally referred to as “round-robin” testing.  In molecular MST ruggedness testing, there are 
several criteria to assess.  These include: 

• Accuracy of the analytical method toward the target. 
• False negative rate, defined as frequency of failure to identify a source when it is present in a 

sample. 
• False positive rate, defined as frequency of identifying a source when it is not present in a 

sample. 
• Reproducibility of test results between laboratories. 
 
Unfortunately, the molecular and biochemical MST techniques are known to produce ambiguous 
results, false positives, and false negatives.  These issues will be discussed in more detail later in 
this paper. 
 
Ease of Adaptation/Cost and Required Expertise 
 
Many of the library-dependent MST techniques are expensive due to the complexities of library 
development and maintenance.  Because of these complexities, as well as ambiguity in results, 
these types of MST techniques are no longer widely used.  A laboratory that conducts indicator 
bacteria testing could be set up to perform conventional PCR for about $15,000.  However, the 
instrumentation required for the library-independent qPCR and PCR techniques is also very 
expensive, often costing more than $100,000 U.S.  
 
In addition to the high cost of entry into molecular MST, the expertise required to run and 
interpret the results from these techniques is greater than that required to culture indicator 
bacteria.  Advanced degrees would typically be required for generating results with some 
measure of reliability. 
 
Simpson et al. (2007) comment extensively on cost and training issues related to MST.  

“The equipment and technical expertise necessary to engage in a MST study is often 
limiting.  The start-up and running cost associated with the use of a given molecular 
technique is more expensive than for a biochemical profiling method. Another concern 
relates to the level of education or technical training needed for technical support 
personnel to perform the actual experiments.  In general, biochemical methods are less 
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difficult or cumbersome than molecular methods, which do require a higher level of 
theoretical and practical training.” 

 
Pillai and Vega (in Santo Domingo and Sadowsky, editors, 2007) state the concerns of the food 
industry regarding the expanding use of MST, which are similar to the issues the environmental 
industry has:  

“…the cost, the level of technical expertise required (to perform the test and interpret the 
test results), and the laboratory infrastructure required.” 

 
Accuracy (Specificity) in Bacterial Source Identification 
 
Accuracy in the identification of target source species, also known as specificity, is critical for 
the effective use of MST.  However, the molecular and biochemical MST techniques are known 
to produce both false positive and false negative results and to misidentify source organisms.  
The intent of this section is to highlight both historical and current concerns with specificity in 
MST testing. 
 
Ecology has found problems with accuracy in identification and false negatives in testing 
molecular MST techniques.  Mathieu (2010) discussed these issues in a communication with 
EPA Region 7.  Mathieu noted that a contract lab conducting MST testing for Ecology 
determined all (3) positive blind controls to be negative.  Without this necessary QA information, 
the study was determined to be unusable. 
 

Stoeckel et al. (2004) conducted a study comparing seven molecular MST protocols using  
E. coli.  They concluded that due to false positives, interpretations for most protocols would be 
hindered.  They also concluded that, “Given the results described in this paper and those by other 
investigators, it is crucial that thorough reliability assessment of the chosen protocol be done 
before and during attempts to apply these protocols to a given environmental setting.”  Finally, 
they reported that five of the seven test protocols “would have made inaccurate reports of 
contributing sources.” 
 
Another example of a proposed protocol which was later discovered to produce ambiguous 
results is the use of the Enterococcal Surface Protein (esp) as a genetic marker.  Byappanahalli 
et al. (2008) reports, “the differential occurrence of the esp gene in the environment and its 
association with enterococci from nonhuman sources may weaken its use as a reliable marker of 
sewage contamination.” 
 
McLain and co-workers found that “our results strongly demonstrated the potential for cross 
amplification of human-specific PCR assays with fish feces, and may call into question the 
results of studies in which these Bacteroides-specific molecular markers are used to quantify 
human fecal contamination in waters where fish contribute to fecal inputs.” (McLain, 2009).  
This is an example of a thought-to-be specific molecular MST method later found to produce 
ambiguous results. 
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Method Precision/Reproducibility 
 
One of the recommendations of this paper is to duplicate 50% of field samples.  Performing 
duplicates at 50% frequency is equivalent to performing confirmatory samples at 50% frequency.  
It is similar to the use of dual column analysis of organic compounds by gas chromatography 
(GC) for the confirmation of detection capabilities.  Because detection in GC can be ambiguous, 
samples are analyzed using two dissimilar columns, which yield unique retention times for 
compounds of interest.  Detection is not verified unless a specific compound elutes at the correct 
retention time for both columns.  For an example of a dual-column method, see EPA Method 
8082 at www.epa.gov/wastes/hazard/testmethods/sw846/pdfs/8082a.pdf (EPA, 2007c). 
 
Because the molecular and biochemical MST techniques often yield ambiguous results, false 
positives, and false negatives, 50% duplication of all samples can help to provide confirmatory 
evidence that the chosen method is both specific and reproducible.  It can also provide evidence 
regarding unacceptable reproducibility and specificity. 
 
Quantitation in MST 
 
Harwood and Stoeckel (2007) succinctly summarize quantitation in MST: 
 

“… the ability of any MST method to quantitatively determine the relative contributions 
of fecal contamination has not been convincing demonstrated.”  

 
They advance the use of blind samples spiked with fecal material in known proportions to 
evaluate the quantitation performance of the MST method(s). 
 
For library-dependent techniques, quantitation is confounded by: 
 

• Survival and naturalization of target bacterial species in natural waters 
• Misclassification of sample isolates ibid. 
 
For library-independent techniques, issues associated with quantitation include: 

• For EPA qPCR Method B (EPA, 2010), and qPCR techniques in general, possible method 
bias based on potential differences in the number of 16s rRNA gene copies was found in 
calibrator and target organisms.  This bias would affect accuracy of quantitation for this 
“quantitative” method.  

• Olson and Gedalanga (2009a, 2009b) discuss positive biases found in PCR and qPCR due to 
the known issue of amplification of non-viable DNA from injured or dead sources.  This 
issue will cause over-estimation of bacterial concentration.  They are treating samples with 
ethidium monoazide bromide (EMA) in an attempt to eliminate this interference. 

 
Timeliness in Molecular MST Reporting 
 
Timeliness and acceptable sample turnaround time remain a matter of concern for Ecology MST 
studies and have had impacts on the quality of our reports.  Because of the constantly changing 

http://www.epa.gov/wastes/hazard/testmethods/sw846/pdfs/8082a.pdf
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temporal and spatial environmental conditions in riverine environments, it is crucial that source 
tracking data be developed as quickly as possible.  High water events can alter sources of 
contamination and even change the course of a river, which may significantly change the 
microbial characteristics of the aqueous environment.  These environmental changes can impact 
the usability of generated source data.  Mathieu (2010) provides an example of problems with 
timeliness in reporting of MST results.  Results for a Bacteroides ribotyping study were received 
between 363 and 477 days after the contractual 90-day requested turnaround time had expired.  
 
Method Assumptions 
 
Rochelle and De Leon (2005) in their MST review, speaking in the context of library-dependent 
methods, discuss big-picture assumptions upon which the use of MST techniques is predicated.  
The question they pose is: 

“Is the assumption of unique host-adapted strains valid?  If this assumption is incorrect, 
or only correct in some instances, then no amount of technique refinement, technique 
comparison, or development of new techniques will improve the reliability of source 
tracking tools to the point where it can be categorically stated that a single particular 
source is responsible for any given contamination event.”  

 
This is a key assumption that has not been resolved. 
 
Study Design 
 
Study design is critical if MST techniques are to provide useful and useable data.  It is very 
possible to design a MST study that, either unintentionally or deliberately, produces misleading 
or erroneous results or conclusions based on an inadequate sampling design.  Critical design 
factors for molecular MST are discussed by many reviewers, including: 
 

• EPA, 2011 
• EPA, 2005 
• Santo Domingo and Sadowsky, 2007a 
• Santo Domingo, 2007b 
• Rochelle and De Leon, 2005 
• Field and Scott, 2007 

http://cws.msu.edu/documents/MicrobialSourceTrackingWhitePaper.pdf  
• Stoeckel and Harwood, 2007 
 
EPA (2011) discusses several critical factors to consider in MST study design.  These include: 
 

• Magnitude and frequency of elevated bacteria concentrations and water quality criteria 
exceedances. 

• Spatial variation and temporal trends in bacteria concentrations and exceedances. 
• Flow conditions under which exceedances occur (e.g. baseflow versus storm flow). 
• Land use type and distribution. 

http://cws.msu.edu/documents/MicrobialSourceTrackingWhitePaper.pdf
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Standard Operating Procedures 
 
Santo Domingo et al. (2007b) discuss the lack of SOPs for MST techniques.  They state: 
 

“To set performance standards for an individual method, it will be necessary to establish 
standard operating procedures (SOPs).  SOPs will be needed for all the different steps of 
the experimental design (i.e., from sample collection to data analysis).”  They continue: 
 
“Eventually a laboratory certification program will need to be developed, just as 
laboratories that analyze drinking water samples that are used for compliance testing in 
the US must be certified.” 
 

In a recently published report (Harwood et al., 2011) from the Water Environment Research 
Foundation (WERF), formal SOPs on two PCR techniques are presented.  These SOPs 
conform in format and content to the published EPA SOP guidance (EPA, 2007b).  This is a 
significant development and points to the continued evolution and formalization of these 
techniques. 
 

Recommended Quality Assurance Protocols for Molecular 
and Biochemical MST Techniques 
 
EPA (2005) provides a useful discussion of over-arching QA issues for molecular and 
biochemical MST techniques.  They state: 
 

“These measures are organized into five QC issues including specificity, precision, 
control samples, QA documentation, and minimum number of controls.” 

 
The molecular and biochemical MST techniques have several QA issues associated with their 
performance.  Because of this, an extremely rigorous QA regime is recommended when these 
techniques are used.  This would include the following sample types and test techniques: 
 

• 50% field duplicates (50% of field samples duplicated to demonstrate reproducibility). 
• Blind field positive controls (fecal material of all potential source organisms). 

o SOP required for positive control sample collection and spiking process. 
• Blind field negative controls (field blanks). 

o Requires DNA free water. 
• Use of multiple MST techniques simultaneously (‘toolkit’ or ‘toolbox’ approach). 
• Supplementation of MST with  

o Visual observations – otherwise known as a sanitary survey to establish potential sources. 
o Conventional coliform testing. 

The intent of the QA requirements above is to provide sufficient QA information so that each 
study can be assessed on a stand-alone basis.  Acceptance limits are not advanced at this point; 
rather, for methods associated with a published SOP or set of SOPs, performance information 
should be compiled and evaluated.  It can be reasonably expected that as familiarity with the 
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methods increase, and method and lab performance is documented, these initial QA requirements 
may be scaled back. 
 
Investigators should consider the use of several MST techniques, each one optimized for a 
particular source organism. 
 
Harwood et al. (2009) are to be commended for their evolving and rigorous approach to QA in 
the testing of library-independent MST techniques in the Gulf of Mexico.  They conclude,  
 

“MST techniques, however, require laboratory capabilities beyond those needed for 
culture-based enumeration of indicator organisms, and these methods must be 
standardized among state or regional laboratories if they are to be utilized beyond the 
research realm.” 

  
These researchers are developing regional SOPs for three high-specificity protocols for the 
detection of human sewage.  Laboratories from Florida and Mississippi are participating in the 
validation of these protocols.  
 

Quality Assurance and Chemical Source Tracking Methods 
 
A brief mention should be made of the chemical source tracking techniques.  These techniques 
are usually based on established and promulgated regulatory methods, and have rigorous and 
detailed QA protocols associated with them.  See EPA Method 1694, for pharmaceuticals and 
personal care products, for an example of rigorous QA protocols in a complex analytical method 
(EPA, 2007a). 
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Before Conducting an MST Study 
Before using MST to identify sources of fecal contamination, other means to identify sources 
should be considered.  MST should not be used before conventional fecal source identification 
methods, such as targeted instream monitoring for bacteria, and sanitary and watershed surveys.  
A detailed account of such an approach is given in Propst et al. (2011).  A common 
recommendation for using MST is that MST techniques should be used to supplement, rather 
than replace, current techniques and tools for evaluating and identifying bacteria sources  
(EPA, 2011). 
 

Targeted Approach for Identifying Bacteria Sources 
 
There are several targeted approaches recommended in various scientific papers.  In Wapnick  
et al. (2009), the targeted approach includes: 

1. Collect indicator bacterial organism data to prioritize locations with likely fecal 
contamination. 

2. Conduct site-specific field surveys to identify the sources of contamination and assess their 
potential risk.  This is a comprehensive source survey that may include review of historical 
data, field surveys, one-on-one interviews with local stakeholders, and field reconnaissance.  
Potential sources are identified, and management actions for removing the sources are 
developed.   

3. Conduct water quality sampling including MST techniques.  Due to the expense associated 
with MST, this final component is reserved for watersheds where other methods have failed 
to identify and prioritize bacterial sources.   

 
Another targeted approach recommended by Hartel et al. (2008) and McDonald et al. (2006) 
includes the following steps: 

1. Separate sampling into different environmental conditions (e.g., baseflow and storm flow; or 
flood and ebb tidal cycles).  Generally different environmental conditions, like storm events, 
can produce increased fecal contamination. 

2. Identify potential sources of fecal contamination by talking to stakeholders and looking at 
land use. 

3. Combine this knowledge with targeted sampling of the contaminated waterway, collecting as 
many samples from the water body and tributary (as appropriate) in one day.  Each site is 
identified using global positioning system (GPS) coordinates. 

4. Place the data in a geographic information system (GIS) database to identify hotspots (areas 
of high bacteria levels) of fecal contamination on a map.  The targeted sampling is repeated 
at the hotspots as needed to limit the area of interest to the smallest geographic area possible. 
Limiting the samples to a small geographic area reduces bacterial changes with geography 
and animal diet. 

5. The last step may be to conduct MST.  In most cases, persistent sources of fecal 
contamination are obvious, and MST is unnecessary. 
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Considerations for Using MST Techniques 
 
While MST can provide useful information for identifying and understanding bacterial sources, 
there are a number of issues that are important to consider before deciding to use MST  
(EPA, 2011): 

• There are no EPA standard methods for MST techniques.  Reproducibility of results across 
laboratories is an issue due to lack of standardized laboratory techniques. 

• The analytical precision and accuracy of MST techniques can vary greatly between 
techniques, laboratories, and individual water samples. 

• Depending on the method used, laboratory analysis can be very intensive, expensive, and 
have a slow turnaround time. 

• For library-dependent techniques, there is not clear or consistent guidance on appropriate 
library size.   

• For library-dependent techniques, there are concerns about the transferability of existing 
libraries across time, differing environmental conditions, and geographic areas. 

• Field work is intensive because MST studies can require numerous water samples to capture 
different conditions and sources, and library-dependent studies require fresh fecal samples 
from sources to build or supplement the DNA library. 

• Bacteria isolates from collected water samples represent a small portion of the population 
present in the water sample (and an even smaller portion of the waterbody population).  The 
relative presence of sources in the watershed is difficult to determine. 

• There are not uniform standards or reference materials for sampling and measurement 
designs. 

• The technology should be used only when other means of determining and removing fecal 
sources have not been successful in reducing bacteria in the waterbody. 
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Conclusions and Recommendations  
for MST Techniques 

Microbial source tracking (MST) techniques are experimental science.  Methodologies have not 
been formalized as documented methods with associated standard operating procedures (SOPs) 
and quality assurance (QA) protocols.  Users of these techniques need to demonstrate, on an  
on-going and real-time basis, that these techniques produce acceptable levels of accuracy in 
identification of sources and reproducibility both within labs and between labs.  At this time no 
single MST technique is capable of determining all possible sources accurately.  Promulgated, 
regulatory methods are needed, and a certification program for MST labs is needed. 
 
The Washington State Department of Ecology’s (Ecology’s) greatest concern about all current 
MST techniques is the quality of the data, especially considering the expense of MST studies.  
Currently no MST techniques have established EPA-approved methodologies.  In addition, 
quality control (QC) sampling to assess precision and accuracy of results is not included in the 
majority of MST studies.   
 
Due to the experimental nature and cost of MST techniques, these methods should be used as a 
last resort to determine sources of bacterial contamination.  A targeted approach and/or 
conventional bacteria source identification techniques should be used before MST, keeping in 
mind the fact that (1) conventional indicator bacteria such as fecal coliforms may be contributed 
from almost any animal in the watershed, and (2) extended survival of these organisms in aquatic 
environments and even soil is possible.  MST techniques, properly used, are another tool that 
may provide useful information on sources contributing to bacterial pollution.   
 
Recommendations for using MST techniques include:  
 

• An understanding of the possible fecal sources and pathogen transport mechanisms  
(e.g., storm events, tidal cycle) is necessary before the appropriate MST 
indictor(s)/monitoring approach is chosen. 

• The limitations of MST techniques must be fully understood before proceeding with MST 
testing. 

• Because the QA status of these experimental techniques is unacceptable, real-world use of 
the molecular and biochemical MST techniques must include the following QA sample 
types: 

o Duplicates (50% of field samples duplicated to demonstrate reproducibility).  
50% of samples. 

o Blind field positive controls (fecal material of all potential source organisms).   
A minimum of one per each potential source per study. 

o Blind field negative controls (field blanks).   
20% of samples. 
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• Due to concerns about the experimental nature of MST techniques, we recommend use of 
multiple techniques for the same source to increase confidence in identification.  This also 
allows for more potential source types to be investigated. 

• For molecular and biochemical MST techniques, library-independent methods are 
recommended over library-dependent methods.  Library-dependent methods are not 
recommended due to their expense, difficulty in building a sufficiently robust library, and 
their poor performance in MST comparison studies. 

• Before conducting an MST study, source feces from the study area should be tested to 
confirm the source-specific MST indicator or marker is present.  Source-specific markers can 
vary depending on genetics, location, diet, environment, and over time.   

• Less expensive source tracking techniques, such as in-situ monitoring for optical brighteners 
or presence/absence tests for fecal sterols, should be considered for supporting evidence for 
the presence of human sewage.  

 

  



Page 49  

References Cited in Text 
Ashbolt, N.J. and D. Roser, 2003.  Interpretation and management implications of event and 
baseflow pathogen data.  In: Pfeffer, MJ; Abs, DJV; Brooks, KN (eds.).  Proceedings of the 
American Water Resources Association, New York, NY.  
 
Binzcik, G.A., J.L. Gates, L.E. Gray, L.J. Guilette, M.K. Horton, A.S. Kolok, C.S. Lambright, 
E.F. Orlando, and A.M. Soto, 2004.  Endocrine-disrupting effects of cattle feedlot effluent on 
an aquatic sentinel species, the fathead minnow.  Environ. Health Perspect. 112:353–358. 
 
Bonjoch, X., E. Balleste, and A.R. Blanch, 2004.  Multiplex PCR with 16S rRNA Gene-Targeted 
Primers of Bifidobacterium spp. To Identify Sources of Fecal Pollution.  Applied and 
Environmental Microbiology, May 2004; 70(5): 3171-3175.  
 
Boxall A.B.A., D.W. Kolpin, and B.H. Sørensen, 2003.  Are veterinary medicines causing 
environmental risk?  Environmental Science & Technology 37 265A-304A. 
 
Brun, G.L., M. Bernier, R. Losier, K. Doe, P. Jackman, and H.B. Lee, 2006.  Pharmaceutically 
active compounds in Atlantic Canadian sewage treatment plant effluents and receiving waters, 
and potential for environmental effects as measured by acute and chronic aquatic toxicity. 
Environ. Toxicol. Chem. 25:2163–2176. 
 
Buerge, I.J., T. Poiger, M.D. Muller, and H.R. Buser, 2003.  Caffeine, an anthropogenic marker 
for wastewater contamination of surface waters.  Environmental Science & Technology 37: 
691–700.   
  
Bull, I.D., Lockheart, M.J., Elhmmali, M.M., Roberts, D.J., and Evershed, R.P., 2002.  The 
origin of faeces by means of biomarker detection.  Environ Int 27:647–654. 
 
Buser, H.R., Poiger, T., and Muller, M.D., 1999.  Occurrence and environmental behavior of the 
Chiral pharmaceutical drug ibuprofen in surface waters and in wastewater.  Environmental 
Science & Technology 33:2529–2535. 
 
Byappanahalli, Muruleedhara B., Katarzyna Przybyla-Kelly, Dawn A. Shively, and Richard L. 
Whitman, 2008.  Environmental Occurrence of the Enterococcal Surface Protein (esp) Gene is an 
Unreliable Indicator of Human Fecal Contamination.  Environmental Science & Technology. 
Vol. 42: No. 21: 8014-8020. 
 
Cao, Y., J.F. Griffith, and S.B. Weisberg, 2009.  Evaluation of Optical Brightener Photodecay 
Characteristics for Detection of Human Fecal Contamination.  Water Research. 43:2273- 
2279. 
 
Carrara, C., C.J. Ptacek, W.D. Robertson, D.W. Blowes, M.C. Moncur, E. Sverko, and  
S. Backus, 2008.  Fate of pharmaceutical and trace organic compounds in three septic systems 
plumes, Ontario, Canada.  Environmental Science & Technology 42: 2905-2811. 
 



Page 50  

Chen Z., P. Pavelic, P. Dillon, and R. Naidu, 2002.  Determination of caffeine as a tracer of 
sewage effluent in natural waters by on-line solid-phase extraction and liquid chromatography 
with diode-array detection.  Water Research 36:4830–4838 
 
Cimenti, A., A. Hubberstey, J.K. Dewtra, and N. Biswas, 2007.  Alternative methods in tracking 
sources of microbial contamination in waters.  Water South Africa. Vol. 33 No. 2, April 2007. 
 
Clara M., Strenn B., and Kreuzinger N., 2004.  Carbamazepine as a possible anthropogenic 
marker in the aquatic environment: investigations on the behaviour of carbamazepine in 
wastewater treatment and during groundwater infiltration.  Water Research 38:947–954. 
 
Dickerson J.W., C. Hagedorn, and A. Hassall, 2007.  Detection and remediation of human-origin 
pollution at two public beaches in Virginia using multiple source tracking methods.  Water 
Research 41:3758–3770. 
 
Dixon L.K., H.M. Taylor, E. Staugler, and J.O. Scudera, 2005.  Development of a fluorescence 
method to detect optical brighteners in the presence of varying concentrations of fluorescent 
humic substances: identifying regions influenced by OSTDS in the estuarine waters of Charlotte 
Harbor. Mote Marine Laboratory Technical Report No. 1045.  
 
EPA, 2004.  Quality Assurance/Quality Control Guidance for Laboratories Performing PCR 
Analyses on Environmental Samples.  EPA 815-B-04-001.  Office of Water, U.S. Environmental 
Protection Agency, Cincinnati, OH.   
 
EPA, 2005.  Microbial Source Tracking Guide Document.  EPA/600-R-05-064.  Office of 
Research and Development, U.S. Environmental Protection Agency, Cincinnati, OH.  
www.epa.gov/nrmrl/pubs/600r05064/600r05064.pdf 
 
EPA, 2007a.  Method 1694.  Pharmaceuticals and Personal Care Products in Water, Soil, 
Sediment, and Biosolids by HPLC/MS/MS.  U.S. Environmental Protection Agency.  
http://water.epa.gov/scitech/methods/cwa/bioindicators/upload/2008_01_03_methods_method_1
694.pdf 
 
EPA, 2007b.  Guidance for Preparing Standard Operating Procedures.  EPA/600/B-07/001.   
U.S. Environmental Protection Agency.  April 2007. www.epa.gov/quality/qs-docs/g6-final.pdf 
 
EPA, 2007c.  Test Methods for Evaluating Solid Waste, Physical/Chemical Methods.  
U.S. Environmental Protection Agency.  www.epa.gov/wastes/hazard/testmethods/ 
 
EPA, 2007d.  Report of the Experts Scientific Workshop on Critical Research Needs for the 
Development of New or Revised Recreational Water Quality Criteria.  EPA/823-R-07-006.   
U.S. Environmental Protection Agency, Cincinnati, OH.    
http://water.epa.gov/scitech/swguidance/standards/criteria/health/recreation/index.cfm 
 
EPA, 2010.  Method B: Bacteroidales in Water by TaqMan Quantitative Polymerase Chain 
Reaction (qPCR) Assay.  U.S. Environmental Protection Agency. 
 

http://www.epa.gov/nrmrl/pubs/600r05064/600r05064.pdf
http://water.epa.gov/scitech/methods/cwa/bioindicators/upload/2008_01_03_methods_method_1694.pdf
http://water.epa.gov/scitech/methods/cwa/bioindicators/upload/2008_01_03_methods_method_1694.pdf
http://www.epa.gov/quality/qs-docs/g6-final.pdf
http://www.epa.gov/wastes/hazard/testmethods/
http://water.epa.gov/scitech/swguidance/standards/criteria/health/recreation/index.cfm


Page 51  

EPA, 2011.  Using Microbial Source Tracking to Support TMDL Development and 
Implementation.  Prepared for U.S. Environmental Protection Agency, Region 10, Watersheds 
Unit by Tetra Tech Inc. and Herrera Environmental Consultants, Seattle, WA. 
www.epa.gov/region10/pdf/tmdl/mst_for_tmdls_guide_04_22_11.pdf 
 
Fent, K., A.A. Weston, and D. Caminada, 2006.  Ecotoxicology of human pharmaceuticals.  
Aquat. Toxicol. 76:122–159. 
 
Field, K.G., E.C. Chern, L.K. Dick, J. Fuhrman, J. Griffith, P.A. Holden, M.G. LaMontagne,  
J. Le, B. Olson, and M.T. Simonich, 2003.  A comparative study of culture-independent, library-
independent genotypic methods of fecal source tracking.  Journal of Water and Health, Vol. 1, 
Issue 4.  (Dec 2003). 
 
Field, Katherine G. and Troy M. Scott, 2007.  Microbial Source Tracking (white paper). 
http://cws.msu.edu/documents/MicrobialSourceTrackingWhitePaper.pdf   
 
Field, Katherine G and M. Samadpour, 2007.  Fecal Source Tracking, the Indicator Paradigm, 
and Managing Water Quality.  Water Res. 41:3517-3538.  
 
Griffith, J., S. Wisberg, and C.D. McGee, 2003.  Evaluation of microbial source tracking 
methods using mixed fecal sources in aqueous test samples.  Journal of Water and Health, Vol. 1, 
Issue 4.  (Dec 2003). 
 
Hagedorn, Charles, Anicet R. Branch, and Valerie J. Harwood, editors, 2011.  Microbial Source 
Tracking: Methods, Applications, and Case Studies.  Springer Press. 
 
Hagedorn, C., M. Saluta, A. Hassall, and J. Dickerson, 2005.  Fluorometric detection of optical 
brighteners as an indicator of human sources of water pollution: Development as a source 
tracking methodology.  Environmental Detection News 2: 1-13. 
 
Hagedorn, C. and S.B. Weisberg, 2009.  Chemical-based fecal source tracking methods: current 
status and guidelines for evaluation.  Rev Environ Sci Biotechnol (2009) 8:275–287. 
 
Hartel, P.G., C. Hagedorn, J.L. McDonald, J.A. Fisher, M.A. Saluta, J.W. Dickerson., L.C.  
Gentit, S.L. Smith, N.S. Mantripragada, K.J. Ritter, and C.N. Belcher, 2007.  Exposing water 
samples to ultraviolet light improves fluorometry for detecting human fecal contamination.  
Water Research 41:3629–3642. 
 
Hartel, P.G., Rodgers, K., Moody, G.L., Hemmings, S.N., Fisher, J.A. and J.L. McDonald,  
2008.  Combining targeted sampling and fluorometry to identify human fecal contamination in a 
freshwater creek.  Journal of Water and Health, Vol. 6, 105-116. 
 
Harwood, V.J., B. Wiggins, C. Hagedorn, R.D. Ellender, J. Gooch, J. Kern, M. Samadpour, A. 
Chapman, B.J. Robinson, and C. Thompson, 2003.  Phenotypic library-based microbial source 
tracking methods: Efficacy in the California collaborative study.  Journal of Water and Health, 
Vol. 1 Issue 4 (Dec 2003). 
 

http://www.epa.gov/region10/pdf/tmdl/mst_for_tmdls_guide_04_22_11.pdf
http://cws.msu.edu/documents/MicrobialSourceTrackingWhitePaper.pdf


Page 52  

Harwood, V.J., M. Brownell, S. Wang, J. Lepo, R.D. Ellender, A. Ajidahun, K.N. Hellein,  
E. Kennedy, X. Ye, and C. Flood, 2009.  Validation and field testing of library-independent 
microbial source tracking methods in the Gulf of Mexico.  Water Research, Vol. 43, Issue 19, 
November 2009, 4812-4819. 
 
Harwood et al., 2010.  Microbial Source Tracking Standard Operating Procedures Binary PCR 
Protocol for Human-Associated Bacteroides, Methanobrevibacter smithii and Human 
Polyomaviruses. Accessed October 2010 at www.usm.edu/bst/pdf/GoMA%20SOP.pdf. 
 
Harwood, V.J.  2011.  Electronic communication dated October 6, 2011.   
 
Harwood, V.J., K.V. Gordon, and C. Staley, 2011.  Final Report; Validation of Rapid Methods 
for  Enumeration of Markers for Human Sewage Contamination in Recreational Waters. Water 
Environment Research Foundation, 2011, Appendices A and B. 
https://www.werf.org/am/template.cfm?section=Search&template=/cm/ContentDisplay.cfm&Co
ntentID=17327 
 
Harwood, V.J. and D.M. Stoeckel, 2011.  Performance Criteria.  Chapter 2 in Microbial Source 
Tracking: Methods, Applications, and Case Studies.  Editors Charles Hagedorn, Anicet R. 
Blanch, and Valerie J. Harwood.  Published by Springer Press, New York. 
 
Huber, Ludwig, 2007.  Validation of Analytical Methods and Procedures. 
www.labcompliance.com/tutorial/methods/default.aspx  
 
Isobe K.O., Tarao M., Chiem N.H., Minh L.Y., and Takada H., 2004.  Effect of environmental 
factors on the relationship between concentrations of coprostanol and fecal indicator bacteria in 
tropical (Mekong Delta) and temperate (Tokyo) freshwaters.  Applied and Environmental 
Microbiology 70:814–821. 
 
Jenkins, M.B., Hartel, P.G, Olexa, T.J. and Stuedemann, J.A., 2003.  Putative temporal 
variability of Escherichia coli ribotypes from yearling steers.  Journal of Environmental Quality,  
32:305-309. 
 
Kammin, W., 2010.  Quality Assurance Glossary.  Washington State Department of Ecology, 
Olympia, WA.  www.ecy.wa.gov/programs/eap/quality.html    
 
Kammin, W., 2011.  Quality Assurance Website.  Washington State Department of Ecology, 
Olympia, WA.  www.ecy.wa.gov/programs/eap/quality.html 
 
Kolodziej, E. and D.L. Sedlak, 2007.  Rangeland grazing as a source of steroid hormones to 
surface waters.  Environmental Science & Technology 41: 3514-3520. 
 
Kuntz, R.L., P.G. Hartel, D.G. Godfrey, J.L. McDonald, K.W. Gates, and W.I. Segars, 2003.  
Targeted sampling protocol with Enterococcus faecalis for bacterial source tracking.   
Journal of Environmental Quality 32, 2311-2318. 
 

http://www.usm.edu/bst/pdf/GoMA%20SOP.pdf
https://www.werf.org/am/template.cfm?section=Search&template=/cm/ContentDisplay.cfm&ContentID=17327
https://www.werf.org/am/template.cfm?section=Search&template=/cm/ContentDisplay.cfm&ContentID=17327
http://www.labcompliance.com/tutorial/methods/default.aspx
http://www.ecy.wa.gov/programs/eap/quality.html
http://www.ecy.wa.gov/programs/eap/quality.html


Page 53  

Lamendella, R., J.W. Santo Domingo, C. Kelty, and D.B. Oerther, 2008.  Bifidobacteria in feces 
and environmental waters.  Applied and Environmental Microbiology, Vol 74, pp. 575-584.   
 
Lee H.B., K. Sarafin, T.E. Peart, and M.L. Svoboda, 2003.  Acidic pharmaceuticals in sewage - 
Methodology, stability test, occurrence, and removal from Ontario samples.  Water Qual. Res. J. 
Can. 38 667-682.     
 
Leeming, R. and P.D. Nichols, 1996.  Concentration of coprostanol that correspond to existing 
bacterial indicator guideline limits.  Water Research 30:2997–3006. 
 
Leeming, R., V. Latham, M. Rayner, and P.D. Nichols, 1997.  Detecting and distinguishing 
sources of sewage pollution in Australian inland and coastal waters and sediments. ACS 
Symp. Ser. 671:306–319. 
 
Leeming, R., P.D. Nichols, and N.J. Ashbolt, 1998.  Distinguishing Sources of Faecal Pollution 
in Australian Inland and Coastal Waters using Sterol Biomarkers and Microbial Faecal 
Indicators, Research Report No. 204.  Water Services Association of Australia. 
 
Lubliner, B., M. Redding, and D. Ragsdale, 2010.  Pharmaceuticals and personal care products in 
municipal wastewater and their removal by nutrient treatment technologies.  Washington State 
Department of Ecology, Olympia, WA.  Publication No. 10-03-004.  
www.ecy.wa.gov/biblio/1003004.html 
 
Mathieu, N., 2010.  Email communication with Patricia Hawkins.  U.S. Environmental 
Protection Agency, Region 10, Seattle, WA. 
 
Matthiessen, P., A. Arnold, A.C.  Johnson, T.J. Pepper, T.G. Pottinger, and K.G.T. Pulman, 
2006.  Contamination of headwater streams in the United Kingdom by oestrogenic hormones 
from livestock farms.  Science of the Total Environment 367, 616-630. 
 
McDonald, J.L., P.G. Hartel, L.C. Gentit, C.N. Belcher, K.W. Gates, K. Rodgers, J.A. Fisher, 
K.A. Smith, and K.A. Payne, 2006.  Identifying Sources of Fecal Contamination Inexpensively 
with Targeted Sampling and Bacterial Source Tracking.  Journal of Environmental Quality, 
35:889-897 (2006). 
 
McLain, Jean E.T., Hodon Ryu, Leila Kabiri-Badr, Channah M. Rock, and Morteza 
Abbaszadegan, 2009.  Lack of specificity for PCR assays targeting human Bacteroides 16s 
rRNA gene: cross amplification with fish feces.  FEMS Microbial. Letters 299 38-43. 
 
Myoda, S.P., C.A. Carson, J.J. Fuhrmann, H. Byoung-Kwon, P.G. Hartel, H. Yampara-Iquise,  
L. Johnson, R.L. Kuntz, C.H. Nakatsu, M.J. Sadowsky, and M. Samadpour, 2003.  Comparison 
of genotypic-based microbial source tracking methods requiring a host origin database.   
Journal of Water and Health, Vol. 1, Issue 4, pp. 167-180, December 2003. 
 
  

http://www.ecy.wa.gov/biblio/1003004.html


Page 54  

Noble, R.T., S.M. Allen, D. Blackwood, W. Chu, S.C. Jiang, G.L. Lovelace, M.D. Sobsey,  
J.R. Stewart, and D.A. Wait, 2003.  Use of viral pathogens and indicators to differentiate 
between human and non-human fecal contamination in a microbial source tracking comparison 
study.  Journal of Water and Health, Vol. 1, Issue  4.  (Dec 2003). 
 
Noblet, J., D.L. Young, E.Y. Zeng, and S. Ensari, 2004.  Use of Fecal Steroids To Infer the 
Sources of Fecal Indicator Bacteria in the Lower Santa Ana River Watershed, California: 
Sewage Is Unlikely a Significant Source.  Environmental Science & Technology.  Vol. 38,  
No. 22, 2004. 
 
Olson, Betty H. and Philip Gedalanga, 2009a.  Development of a quantitative PCR method to 
differentiate between viable and nonviable bacteria in environmental water samples.   
Appl Microbiol Biotechnol.:82(3):587-96.  March 2009. 
 
Olson, Betty H. and Philip Gedalanga, 2009b.  Optimizing EMA treatment and qPCR to 
Determine Viable E. coli in Wastewater Effluents.  
http://ucanr.org/sites/wrc/pdfs/OLSON07WRC.pdf     
 
Parks, L.G., C.S. Lambright, E.F. Orlando, L.J. Guillette, G.T. Ankley,  and L.E. Gray, 2001.  
Masculinization of female mosquitofish in kraft mill effluent - contaminated Fenholloway River 
water is associated with androgen receptor agonist activity.  Toxicol. Sci. 62, 257-267. 
 
Peed, Lindsay, 2011.  EPA MST Workshop presentation, September 7, 2011.  Lindsay Peed, 
U.S. Environmental Protection Agency, Cincinnati, OH. 
 
Peeler, K.A., S.P. Opsahl, and J.P. Chanton, 2006.  Tracking anthropogenic inputs using 
caffeine, indicator bacteria, and nutrients in rural freshwater and urban marine systems.  
Environmental Science & Technology 40, 7616–7622. 
 
Propst, C.W., V. Harwood, and G. Morrison, 2011.  Case Studies of Urban and Suburban 
Watersheds.  Chapter 19 in Microbial Source Tracking: Methods, Applications, and Case 
Studies. editors Charles Hagedorn, Anicet R. Blanch, and Valerie J. Harwood.  Published by 
Springer Press, New York. 
 
Rees, G., K. Pond, D. Kay, J. Bartram, and J. Santo Domingo, 2010.  Safe Management of 
Shellfish and Harvest Waters.  Chapter 5, Identification of primary sources of faecal pollution.  
World Health Organization, London, UK.  
 
Rochelle, Paul A. and Ricardo De Leon, 2005.  The Status of Microbial Source Tracking 
Methods. Metropolitan Water District of Southern California. 
 
Roser, D.J. and N.J. Ashbolt, 2007.  Source Water Quality Assessment and the Management of 
Pathogens in Surface Catchments and Aquifers.  Research Report 29. CRC for Water Quality 
and Treatment, Bolivar. 
 
Santo Domingo, Jorge W. and Michael J. Sadowsky, editors, 2007a.  Microbial Source Tracking. 
ASM Press.    

http://ucanr.org/sites/wrc/pdfs/OLSON07WRC.pdf


Page 55  

Santo Domingo, Jorge W., Dustin G. Bambic, Thomas A. Edge, and Stefan Wuertz, 2007b.   
Quo vadis source tracking?  Towards a strategic framework for environmental monitoring of 
fecal pollution.  Water Research Vol: 41 3539-3552.   

Santo Domingo, J.W. and T.A. Edge, 2010.  Identification of primary sources of faecal pollution.  
Chapter 5 in Safe Management of Shellfish and Harvest Waters, editors G. Rees, K. Pond,  
D. Kay, J. Bartram, and J. Santo Domingo.  Published by IWA Publishing on behalf of the 
World Health Organization, London, U.K.. 
 
Santo Domingo, J.W., R. Lamendella, and N.J. Ashbolt, 2011.  Microbial Source Tracking: 
Current and Future Molecular Tools in Microbial Water Quality Forensics.  Chapter 10 in 
Environmental Microbiology: Current Technology and Water Applications, editors Keya Sen 
and Micholas J. Ashbolt.  Published by Caister Academic Press, Norfolk, UK. 
 
Sargeant, Debby, 1999.  Fecal Contamination Source Identification Methods in Surface Water.  
Washington State Department of Ecology, Olympia, WA.  Publication No. 99-345.  
www.ecy.wa.gov/biblio/99345.html   
 
Schaper, M., J. Jofre, M. Uys, and W.O. Grabow, 2002.  Distribution of genotypes of F-specific 
RNA bacteriophages in human and non-human sources of faecal pollution in South Africa and 
Spain.  Journal of Applied Microbiology, 2002; 92(4): 657-67.  
 
Scott, Troy M., Joan B. Rose, Tracie M. Jenkins, Samuel R. Farrah, and Jerzy Lukasik, 2002. 
Microbial Source Tracking: Current Methodology and Future Directions.  Applied and 
Environmental Microbiology. Vol. 68, No. 12, 5796-5803.  Dec 2002. 
 
Scott, Troy M., Jenkins T.M., Lukasik J., and Rose J.B., 2005.  Potential use of a host associated 
molecular marker in Enterococcus faecium as an index of human fecal pollution.  Environmental 
Science and Technology, v. 39, p. 283-287. 
 
Scribner E.A., W.A. Battaglin, J.E. Dietze, and E.M. Thurman, 2003.  Reconnaissance data for 
glyphosate, other selected herbicides, their degradation products, and antibiotics in 51 streams in 
nine Midwestern States, 2002.  US Geological Survey Open-File Report 03-217, pp. 101. 
 
Shah, V.G., R.H. Dunstan, P.M. Geary, P. Coombes, T.K. Roberts, and E.V. Nagy-Felsobuki, 
2007.  Evaluating potential applications of fecal sterols in distinguishing sources of faecal 
contamination from mixed faecal samples.  Water Research 41:3667-3674. 
 
Shu W.C. and Ding W.H., 2005.  Determination of fluorescent whitening agents in laundry 
detergents and surface waters by solid-phase extraction and ion-pair high-performance liquid 
chromatography.  J Chromatogr A 1–2:218–223. 
 
Simpson, Joyce M., Jorge W. Santo Domingo, and Donald J. Reasoner, 2002.  Microbial Source 
Tracking: State of the Science.  Environmental Science & Technology.  Vol. 36: No. 24: 5279-
5287. 

http://www.ecy.wa.gov/biblio/99345.html


Page 56  

Sorensen, P.W., M. Pinillos, and A.P. Scott, 2005.  Sexually mature male goldfish release large 
quantities of androstenedione into the water where it functions as a pheromone.  Gen. Comp. 
Endocrinol. 140, 164-175. 
 
Source Molecular, 2011.  Molecular and Genetic Microbial Source Tracking Services website 
accessed May 2011, Source Molecular Corporation, Miami, FL.  
www.sourcemolecular.com/newsite/index.php?option=com_content&task=view&id=46&Itemid
=3.  
  
Southern California Coastal Water Research Project, 2003.  Journal of Water and Health, IWA 
Publishing, Vol 01, Issue 4, December 2003. 
 
Stoeckel, Donald M. and V J. Harwood, 2007.  Performance, Design, and Analysis in Microbial 
Source Tracking Studies.  Applied and Environmental Microbiology, Vol. 73: No. 8: 2405-2415.    
 
Stoeckel, Donald M., Melvin V. Mathes, Kenneth E. Hyer, Charles Hagedorn, Howard Kator, 
Jerzy Lukasik, Tara L. O’Brien, Terry W. Fenger, Mansour Samadpour, Kriston M. Strickler, 
and Bruce A. Wiggins, 2004.  Comparison of Seven Protocols to Identify Fecal Contamination 
Sources Using Escherichia coli.  Environmental Science & Technology, Vol: 38, 6109-6117.  
 
Ternes T.A., 1998.  Occurrence of drugs in German sewage treatment plants and rivers.  Water 
Research 32, 3245-3260. 
 
Ufnar, J.A., S.Y. Wang, D.F. Ufnar, and R.D. Ellender, 2007.  Methanobrevibacter ruminantium 
as an Indicator of Domesticated-Ruminant Fecal Pollution in Surface Waters.  Applied and 
Environmental Microbiology, Nov. 2007, p. 7118-7121. 
 
USGS, 2003.  Veterinary Medicines in the Environment.  U.S. Geological Survey. 
Available from http://toxics.usgs.gov/highlights/vet_meds.html  
 
Wapnick, C.M., V.J. Harwood, T. Singleton, G. Morrison, C. Staley, and Z.R. Staley, 2009.  
Application of the Bacteria Decision-Support Tool in the Hillsborough River Watershed.  
Proceedings of the Water Environment Federation, TMDL 2009, pp. 307-328 (22).   
Water Environment Federation, Alexandria, VA. 
 
Weigel S, Berger U, Jensen E, Kallenborn R, Thoresen H, and Huhnerfuss H., 2004. 
Determination of selected pharmaceuticals and caffeine in sewage and seawater from 
Tromsø/Norway with emphasis on ibuprofen and its metabolites.  Chemosphere 56:583-592. 
 
Weigel S., Kuhlmann J., and Hu¨hnerfuss, H., 2002.  Drugs and personal care products as 
ubiquitous pollutants: Occurrence and distribution of clofibric acid, caffeine and DEET in the 
North Sea.  Science of the Total Environment 295:131–141. 
 
  

http://www.sourcemolecular.com/newsite/index.php?option=com_content&task=view&id=46&Itemid=3
http://www.sourcemolecular.com/newsite/index.php?option=com_content&task=view&id=46&Itemid=3
http://toxics.usgs.gov/highlights/vet_meds.html


Page 57  

Wiggins, B.A., P.W. Cash, W.W. Creamer, S.E. Dart, P.P. Garcia, T.M. Gerecke, J.Han,  
B.L. Henry, K.B. Hoover, E.L. Johnson, K.C. Jones, J. G. McCarthy, J.A. McDonough,  
S.A. Mercer, M.J. Noto, H. Park, M.S. Phillips, S.M. Purner, B.M. Smith, E.N. Stevens, and 
A.K. Varner,  2003.  Use of Antibiotic Resistance Analysis for Representativeness Testing of 
Multiwatershed Libraries.  Appl Environ Microbiol.  June 2003; 69(6): 3399–3405.   
 
Zheng, W., S.R. Yates, and S.A. Bradford, 2008.  Analysis of steroid hormones in a typical dairy 
waste disposal system.  Environmental Science & Technology 42, 530-535.   
 
  



Page 58  

This page is purposely left blank 
 



Page 59  

Bibliography 

Albert, John M., Junko Munakata-Marr, Luis Tenorio, and Robert L. Siegrist, 2003.  Statistical 
Evaluation of Bacterial Source Tracking Data Obtained by rep-PCR DNA Fingerprinting of 
Escherichia Coli. Environmental Science & Technology. Vol. 37: No. 20: 4554-4560. 

Barnes, Belinda and David M. Gordon, 2004.  Coliform dynamics and the implications for 
source tracking.  Environmental Microbiology.  Blackwell Publishing Ltd. Vol. 6: No. 5:  
501-509.  

Battelle Marine Sciences Laboratory and EPA Region 10 Environmental Assessment 
Laboratory, 2008.  Quality Assurance Project Plan for Dungeness Watershed Microbial Source 
Tracking Pilot Study.  U.S. Environmental Protection Agency, Region 10, Washington 
Operations Office (WOO). 

Buerge, I., M. Kahle, H.R. Buser, and T. Poige, 2008.  Nicotine Derivatives in wastewater and 
surface waters: Application as chemical markers for domestic wastewater.  Environmental 
Science & Technology 42, 6354-6360.   

Buerge, I., H.R. Buser, M. Kahle, M.D. Muller, and T. Poiger, 2009.  Ubiquitous occurrence of 
the artificial sweetener acesulfame in the aquatic environment: an ideal chemical marker of 
domestic wastewater in groundwater.  Environmental Science & Technology 43, 4381-4385.  

Carroll, Steven P., L. Dawes, M. Hargreaves, and A. Goonetilleke, 2007.  Identification of 
Sources of Faecal Source Isolates in Ningi Creek, Australia. In Patterson, R.A. and Jones, M.J., 
Eds.  Proceedings On-site ’07 Conference: Innovation and Technology for On-site Systems, 
pages pp. 83-90. http://eprints.qut.edu.au/15513/1/15513.pdf 

Carson, C.A, B.L. Shear, M.R. Ellersieck, and J.D. Schnell, 2003. Comparison of Ribotyping 
and Repetitive Extragenic Palindromic-PCR for Identification of Fecal Escherichia coli from 
Humans and Animals.  Appl Environ Microbiol. 2003 March; 69(3): 1836–1839. 

CH2M Hill, 2003.  Final Summary Report Lower Boise River Coliform Bacteria DNA Testing.  
Prepared for Lower Boise River Water Quality Plan. October 2003. 

City of Seattle, 1993.  Pipers Creek Bacteriological Source Tracking Investigation.  Prepared by 
Herrera Environmental Consultants, Inc. and University of Washington Department of 
Environmental Health for Seattle Engineering Department, Drainage and Wastewater Utility. 
Seattle, WA. 

Davis, S., C. Hansen, and L. Hofstadt, 2002.  Henderson Inlet Watershed Implementation 
Program (subcontract with Thurston Conservation District) Final Project Report, December 
2002.  Thurston County Public Health and Social Services Department, Environmental Health 
Division, Resource Protection Programs.  Olympia, WA. 98502. 

http://eprints.qut.edu.au/15513/1/15513.pdf


Page 60  

Dombek, P.E, L.K. Johnson, S.T. Zimmerley, and M.J. Sadowsky, 2000.  Use of Repetitive 
DNA Sequences and the PCR To Differentiate Escherichia coli Isolates from Human and 
Animal Sources.  Appl Environ Microbiol. 66(6): 2572–2577.  June 2000. 

Farag, A.M., J.N. Goldstein, D.F. Woodward, and M. Samadpour, 2001.  Water Quality in Three 
Creeks in the Backcountry of Grand Teton National Park, USA.  Journal of Freshwater Ecology, 
Volume 16, Number 1, March 2001. 

Gourmelon, Michèle, Marie Paule Caprais, Raphaël Ségura, Cécile Le Mennec, Solen Lozach, 
Jean Yves Piriou, and Alain Rincé, 2007.  Evaluations of Two Library-Independent Microbial 
Source Tracking Methods to Identify Sources of Fecal Contamination in French Estuaries. 
Applied and Environmental Microbiology.  Vol. 73: No. 15: 4857-4866. 

Graves, A.K., C. Hagedorn, A. Teetor, M. Mahal, A.M. Booth, and R.B. Reneau, Jr., 2002. 
Antibiotic resistance profiles to determine sources of fecal contamination in a rural Virginia 
watershed. Accepted for publication in J. Environmental Quality (July-August issue). 

Griffith, John F., Stephan B. Weisberg, and Charles D. McGee, 2003. Evaluation of microbial 
source tracking methods using mixed fecal sources in aqueous test samples. Orange County 
Sanitation District.   

Hagedorn, C., J.B. Crozier, K.A. Mentz, A.M. Booth, A.K. Graves, N.J. Nelson, and R.B. 
Reneau Jr., 2003.  Carbon source utilization profiles as a method to identify sources of faecal 
pollution in water.  Journal of Applied Microbiology 94, 792-799.  2003. 

Hagedorn, C., S.L. Robinson, J.R. Filtz, S.M. Grubbs, T.A. Angier, and R.B. Reneau, 1999.  
Determining Sources of Fecal Pollution in a Rural Virginia Watershed with Antibiotic 
Resistance Patterns in Fecal Streptococci.  Applied and Environmental Microbiology,  
December 1999, p. 5522-5531. 

Hager, Mary Catherine, 2005.  Detecting Bacteria in Coastal Waters. The Journal for Surface 
Water Quality Professionals. 
 
Hanselman, T.A., D.A. Graetz, and A.C. Wilkie, 2003.  Manure-borne estrogens as potential 
environmental contaminants: A review.  Environmental Science & Technology 37, 5471-5478. 

Harwood, V., J. Whitlock, and V. Withington, 2000.  Classification of Antibiotic Resistance 
Patterns of Indicator Bacteria by Discriminant Analysis: Use in Predicting the Source of Fecal 
Contamination in Subtropical Waters.  Applied and Environmental Microbiology, September 
2000, p. 3698-3704, Vol. 66, No. 9.  http://aem.asm.org/cgi/content/short/66/9/3698 

Hirsch Consulting Services, 2008.  California Creek and Drayton Harbor Microbial Source 
Tracking Pilot Study. Prepared for the Puget Sound Restoration Fund, Bainbridge Island 
Washington by H.C.S, Lummi Island, Washington, December 2008. 

Jones, S.H., S.S. Summer, and J. Conner, 2004.  Identify and Mitigate Bacterial Sources at 
Public Beaches Using Microbial Source Tracking.  A final report to the New Hampshire 
Department of Environmental Services, February 2004. 

http://aem.asm.org/cgi/content/short/66/9/3698


Page 61  

Kenneth E., Hyer, K.E., and D.L. Moyer, 2004.  Enhancing Fecal Coliform Total Maximum 
Daily Load Models Through Bacterial Source Tracking.  Journal of the American Water 
Resources Associate, Volume 40, Issue 6, pages 1511-1526, December 2004. 

King County, 2006.  Green-Duwamish Watershed Water Quality Assessment, Microbial Source 
Tracking Study Report.  Prepared by Herrera Environmental Consultants, Inc., Seattle, WA for 
King County, Department of Natural Resources and Parks Water and Land Resources Division, 
Seattle, WA. 

Kon, T., S.C. Weir, E.T. Howell, H. Lee, and J.T. Trevors, 2009.  Repetitive element (REP)-
polymerase chain reaction (PCR) analysis of Escherichia coli isolates from recreational waters of 
southeastern Lake Huron. Canadian Journal of Microbiology, Volume 55, Number 3, 1 March 
2009, p. 269-276(8). 

LA River BSI Study Final Report, 2008.  Attachment A. Evaluation of Available Microbial 
Source Tracking Methods. 

Lasalde, Clarivel, Roberto Rodriguez, and Gary A. Toranzos, 2005. Statistical Analyses: 
Possible Reasons for Unreliability of Source Tracking Efforts.  Applied and Environmental 
Microbiology. Vol. 71: No. 8: 4690-4695. 

Lawrence, Sally, 2010.  QAPP for Samish Watershed Microbial Source Tracking Pilot Study. 
U.S. Environmental Protection Agency, Region 10, Washington Operations Office, Seattle, WA.   

Leung, K.T., R. Mackereth, Y.C. Tien, and E. Toop, 2004.  A comparison of AFLP and ERIC-
PCR analysis for discriminating Escherichia coli from cattle, pig and human sources.  Federation 
of European Microbiologist Microbiology Ecology.  January 2004, Vol. 47, Issue 1, p. 111-119. 

Maier, R.M., I.L. Pepper, and C.P. Gerba, 2000.  Environmental Microbiology.  Academic Press.   

Maryland Department of Environmental Quality, 2011.  Since 2007 Maryland has incorporated 
MST into their TMDL studies.  2007-2010 TMDLs can be found at their website:  
www.mde.state.md.us/programs/Water/TMDL/TMDLHome/Pages/programs/waterprograms/tm
dl/home/tmdl_bacteria_monitoring.aspx 

May, C.W. and V. Cullinan, 2005.  An Analysis of Microbial Pollution in the Sinclair-Dyes Inlet 
Watershed. Washington State Department of Ecology.  Publication No. 05-03-042.  
www.ecy.wa.gov/biblio/0503042.html 

McLellan S.L., A.D. Daniels, and A.K. Salmore, 2003.  Genetic Characterization of Escherichia 
coli Populations from Host Sources of Fecal Pollution by Using DNA Fingerprinting.   
Applied and Environmental Microbiology, May 2003, Vol. 69, No. 5, p. 2587-2594. 
 
Meays, C.L., K. Broersma, R. Nordin, and A. Mazumder, 2004.  Source tracking fecal bacteria in 
water: a critical review of current methods.  Journal of Environmental Management, 73 (2004) 
71-79.  

http://www.ingentaconnect.com/content/nrc/cjm;jsessionid=53bjina76a3me.victoria
http://www.mde.state.md.us/programs/Water/TMDL/TMDLHome/Pages/programs/waterprograms/tmdl/home/tmdl_bacteria_monitoring.aspx
http://www.mde.state.md.us/programs/Water/TMDL/TMDLHome/Pages/programs/waterprograms/tmdl/home/tmdl_bacteria_monitoring.aspx
http://www.ecy.wa.gov/biblio/0503042.html


Page 62  

Moore, M.T., S.L. Greenway, and J.I. Farris, 2008.  Assessing Caffeine as an Emerging 
Environmental Concern Using Conventional Approaches.  Archives of Environmental 
Contamination and Toxicology 54:31-35.    

Nemec, M.D. and R.D. Massengale, 2010.  The use of carbon-utilization profiling to determine 
sources of fecal contamination in a central Texas watershed.  Lake and Reservoir Management, 
26:104-113, 2010. 

Nguyen, Dang-Khoa , Auguste Bruchet, and Patrick Arpino, 1995.  Determination of Sterols in 
Sewage Sludge by Combined in Situ trimethylsilylation/Supercritical Fluid Extraction and 
GC/MS.  Environmental Science & Technology Vol: 29, 1686-1690. 

Olivas, Y. and B.R. Faulkner, 2007.  Fecal Source Tracking by Antibiotic Resistance Analysis 
on a watershed exhibiting low resistance.  Environmental Monitoring Assessment, Vol 139, 
Numbers 1-3. 

Parveen, S., R.L. Murphree, L. Edmiston, C.W. Kaspar, K.M. Portier, and M.L. Tamplin, 1997.  
Association of Multiple-Antibiotic-Resistance Profiles with Point and Nonpoint Sources of 
Escherichia coli in Apalachicola Bay.  Applied and Environmental Microbiology, July 1997,  
p. 2607-2612.  

Raman, D.R., E.L. Williams, A.C. Layton, R.T. Burns, J.P. Easter, A.S. Daugherty, M.D. 
Mullen, and G.S. Sayler, 2004.  Estrogen content of dairy and swine wastes.  Environmental 
Science & Technology 38, 3567-3573.    

Rudback, Sarah, 2006.  Quality Assurance Project Plan. Microbial Source Tracking of Fecal 
Coliform Bacteria in Mission, Brender and Chumstick Creeks.  Chelan County Conservation 
District, Wenatchee, WA. 

Samadpour, M., 2002.  Final Report Analysis of the Available Scientific and Public Health Data 
Regarding the Cosmopolis Mill’s Effluent:  The Public Health Significance of the Effluent, and 
its Impact on Water Quality in Grays Harbor, Shellfish Growing Waters, and Shellfish.  Prepared 
for Weyerhaeuser Company by the Institute for Environmental Health, Seattle, WA. 98115. 

Samadpour, M. and N. Chechowitz, 1995.  Little Soos Creek Microbial Source Tracking.  
University of Washington, Department of Environmental Health, Seattle, WA. 

Sayah, R.S., J.B. Kaneene, Y. Johnson, and R. Miller, 2005.  Patterns of Antimicrobial 
Resistance Observed in Escherichia coli Isolates Obtained from Domestic- and Wild-Animal 
Fecal Samples, Human Septage, and Surface Water.  Applied and Environmental Microbiology, 
March 2005, p. 1394-1404, Vol. 71, No. 3. http://aem.asm.org/cgi/content/abstract/71/3/1394 

Shore, L.S. and A. Pruden, 2009.  Tracking Sources of CAFO Pollution.  In: Hormones and 
Pharmaceuticals Generated by Concentrated Animal Feeding Operations, Emerging Topics in 
Ecotoxicology 1, DOI 10.1007/978-0-387-92834-0_7.  Springer Science+Business Media, LLC 
2009.   

http://aem.asm.org/cgi/content/abstract/71/3/1394


Page 63  

Simmons, William, 2006.  Part 1: Shoreline Surveys Using Standard Tests with an Innovative 
CEHA Laboratory.  Part 2: Microbial Source Tracking – Survival Assumptions Need Testing. 

Sinton, L.W. and R.K. Finlay, 1998.  Distinguishing human from animal faecal contamination in 
water: a review.  NZ J. Mar. Freshw. Res. 32, 323-348.    

Smith, A., B. Sterba-Boatwright, and J. Mott, 2010.  Novel application of a statistical technique, 
Random forests, in a bacterial source tracking study.  Water Research, Vol. 44, Issue 14, July 
2010, p. 4067-4076.  

South Yakima Conservation District, 2002.  Granger Drain DNA Fecal Analysis Project.   
South Yakima Conservation District, Sunnyside, WA. 98944. 

Swanson, Trevor, 2006.  Quality Assurance Project Plan: Samish Bay Fecal Coliform Bacteria 
Total Maximum Daily Load Study. Washington State Department of Ecology, Olympia, WA. 
Publication No. 06-03-102.  www.ecy.wa.gov/biblio/0603102.html 

Uzoigwe, J.C., E.H. O’Brien, and E.J. Brown, 2007.  Using nutrient utilization patterns to 
determine the source of Escherichia coli found in surface water.  African Journal of 
Environmental Science and Technology, Vol. 1, pp. 007-013, August 2007. 

Wiggins, B., 1996.  Discriminant Analysis of Antibiotic Resistance Patterns in Fecal 
Streptococci, a Method To Differentiate Human and Animal Sources of Fecal Pollution in 
Natural Waters.  Applied and Environmental Microbiology, November 1996, p. 3997-4002. 

Wiggins, B.A., R.W. Andrews, R.A. Conway, C.L. Corr, E.J. Dobratz, D.P. Dougherty, J.R. 
Eppard, S.R. Knupp, M.C. Limjoco, J.M. Mettenburg, J.M. Rinehardt, J. Sonsino, R.L. Torrijos, 
and M.E. Zimmerman, 1999.  Use of Antibiotic Resistance Analysis To Identify Nonpoint 
Sources of Fecal Pollution.  Applied and Environmental Microbiology, August 1999,   
p. 3483-3486. 

Woodruff, D.L. and N.R. Evans, 2003.  Potential Application of Microbial Source Tracking 
Methods to the Dungeness Watershed and Bay.  Clallam County, WA.  Battelle Marine Sciences 
Laboratory. 

Woodruff, D.L., N.K. Sather, V.I. Cullinan, and S.L. Sargeant, 2009.  Microbial Source Tracking 
in the Dungeness Watershed, Washington.  Prepared for the Jamestown S’Klallam Tribe by 
Battelle, Pacific Northwest Division, Richland, WA.  99352.   

Yergeau, S., 2010.  Literature Review on microbial source tracking with optical brighteners.  
Rutgers Water Resource Program, online  
www.water.rutgers.edu/Research/optical_brighteners_lit_review_032910.pdf.     

Young, T.A., J. Heidler, C.R. Matos-Perex, A. Sapkota, T. Toler, K.E. Gibson, K.J Schwab, and 
R.U. Halden, 2008.  Ab initio and in situ comparison of caffeine, Triclosan, and Triclocarban as 
indicators of sewage-derived microbes in surface waters.  Environmental Science & Technology 
42, 3335-3340.    
  

http://www.ecy.wa.gov/biblio/0603102.html
http://www.water.rutgers.edu/Research/optical_brighteners_lit_review_032910.pdf


Page 64  

This page is purposely left blank 

 
 



Page 65  

Appendix. Glossary, Acronyms, and Abbreviations 
 

Glossary 
 
Anthropogenic:  Human-caused. 

Effluent:  An outflowing of water from a natural body of water or from a man-made structure.  
For example, the treated outflow from a wastewater treatment plant. 

Exceeds criteria:  Does not meet criteria. 

Fecal coliform:  That portion of the coliform group of bacteria which is present in intestinal 
tracts and feces of warm-blooded animals as detected by the product of acid or gas from lactose 
in a suitable culture medium within 24 hours at 44.5 plus or minus 0.2 degrees Celsius.  Fecal 
coliform bacteria are “indicator” organisms that suggest the possible presence of disease-causing 
organisms.  Concentrations are measured in colony forming units per 100 milliliters of water 
(cfu/100 mL). 

Fingerprint:  A multi-parameter chemical signature (distinctive chemical pattern) used to 
characterize the source of contaminants in an environmental sample or to differentiate the sample 
from contaminants present in samples representing background conditions. 

Library:  Database of fingerprints from individual bacterial isolates, obtained from potential 
fecal pollution sources.   

Microbial:  Pertaining to viruses, bacteria, protozoa, and certain invertebrates such as 
helminthes. 

Microbial Source Tracking (MST): Approach intended to identify the fecal sources impacting 
a water system.  Other terms that relate to MST are bacterial source tracking and fecal source 
identification. 

Nonpoint source:  Pollution that enters any waters of the state from any dispersed land-based or 
water-based activities, including but not limited to atmospheric deposition, surface-water runoff 
from agricultural lands, urban areas, or forest lands, subsurface or underground sources, or 
discharges from boats or marine vessels not otherwise regulated under the NPDES program.  
Generally, any unconfined and diffuse source of contamination.  Legally, any source of water 
pollution that does not meet the legal definition of “point source” in section 502(14) of the 
federal Clean Water Act. 

Pathogens:  Disease-causing microorganisms such as bacteria, protozoa, viruses. 

Point source:  Sources of pollution that discharge at a specific location from pipes, outfalls, and 
conveyance channels to a surface water.  Examples of point source discharges include municipal 
wastewater treatment plants, municipal stormwater systems, industrial waste treatment facilities, 
and construction sites that clear more than 5 acres of land. 
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Pollution:  Contamination or other alteration of the physical, chemical, or biological properties 
of any waters of the state.  This includes change in temperature, taste, color, turbidity, or odor of 
the waters.  It also includes discharge of any liquid, gaseous, solid, radioactive, or other 
substance into any waters of the state.  This definition assumes that these changes will,  
or are likely to, create a nuisance or render such waters harmful, detrimental, or injurious to  
(1) public health, safety, or welfare, or (2) domestic, commercial, industrial, agricultural, 
recreational, or other legitimate beneficial uses, or (3) livestock, wild animals, birds, fish, or 
other aquatic life.   

Promulgated:  Published or issued. 

Source tracking:  The science of searching for an organism(s) or signal in the environment that 
can identify the contribution of a particular type of animal or human to fecal contamination in the 
environment. 
 

Acronyms and Abbreviations 
 

ARA    Antibiotic Resistance Analysis 
CAFO    Confined animal feeding operation 
CUP    Carbon Utilization Profiling 
DNA    Deoxyribonucleic acid 
E. coli    Escherichia coli 
Ecology    Washington State Department of Ecology 
EPA   U.S. Environmental Protection Agency 
F+RNA coliphage  Male-specific coliphage 
GC/MS  Gas chromatography-mass spectrometry 
GIS   Geographic Information System software 
MAR   Multiple Antibiotic Resistance  
MST   Microbial Source Tracking 
n   number 
NUP   Nutrient Utilization Patterns 
PCR   Polymerase Chain Reaction 
PFGE   Pulsed Field Gel Electrophoreses 
QA   Quality assurance 
QC   Quality control 
qPCR   Quantitative polymerase chain reaction 
RNA   Ribonucleic acid 
SCCWRP  Southern California Coastal Water Research Project  
SOP   Standard operating procedures 
spp.   Species 
USGS   U.S. Geological Survey 
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