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AbstrAct

 Microbial source tracking (MST) methods were 
evaluated in the Source Identification Protocol 
Project (SIPP), in which 27 laboratories compared 
methods to identify host sources of fecal pollution 
from blinded water samples containing either one or 
two different fecal types collected from California.  
This paper details lessons learned from the SIPP 
study and makes recommendations to further advance 
the field of MST.  Overall, results from the SIPP 
study demonstrated that methods are available that 
can correctly identify whether particular host sources 
including humans, cows and birds have contributed 
to contamination in a body of water.  However, 

differences between laboratory protocols and data 
processing affected results and complicated interpre-
tation of MST method performance in some cases.  
This was an issue particularly for samples that tested 
positive (non-zero Ct values) but below the limits of 
quantification or detection of a PCR assay.  Although 
false positives were observed, such samples in the 
SIPP study often contained the fecal pollution source 
that was being targeted, i.e., the samples were true 
positives.  Given these results, and the fact that MST 
often requires detection of targets present in low con-
centrations, we propose that such samples be reported 
and identified in a unique category to facilitate data 
analysis and method comparisons.  Important data 
can be lost when such samples are simply reported 
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as positive or negative.  Actionable thresholds were 
not derived in the SIPP study due to limitations that 
included geographic scope, age of samples, and dif-
ficulties interpreting low concentrations of target in 
environmental samples.  Nevertheless, the results of 
the study support the use of MST for water manage-
ment, especially to prioritize impaired waters in need 
of remediation.  Future integration of MST data into 
quantitative microbial risk assessments and other 
models could allow managers to more efficiently 
protect public health based on site conditions.

IntroductIon

 Methods are under development to provide 
resource managers with tools to identify sources of 
fecal contamination in surface waters, a field of sci-
ence called microbial source tracking (MST; Griffith 
et al. 2003, Field and Samadpour 2007, Stoeckel and 
Harwood 2007).  Some of the most promising meth-
ods were recently compared in a multiple laboratory 
study titled the Source Identification Protocol Project 
(SIPP), designed to help the State of California 
identify appropriate source tracking technologies for 
water quality monitoring and assessment.  To date, 
the SIPP performance study represents the largest, 
multiple laboratory effort to assess the effectiveness 
of an array of molecular MST methods (Boehm et al. 
2013).
 The SIPP study was designed to identify the most 
sensitive and specific methods capable of identifying 
human and other sources of fecal contamination in 
water.  Samples (n = 64) were prepared by mixing a 
single source or two sources of fecal material from 
California animal and human sources and adding this 
fecal material to water samples collected in southern 
California.  After the samples were prepared, 
they were filtered according to sample processing 
guidelines for the assays, and samples were blinded 
and shipped frozen to 27 research laboratories active 
in the MST field.  A total of 41 MST methods were 
included in the study, some of which were run using 
standard operating protocols (SOPs) shared by up 
to seven laboratories.  Each participating laboratory 
then submitted their results to study organizers before 
the composition of samples was unblinded.
 Results from the SIPP study - detailed in Boehm 
et al. 2013, Cao et al. 2013, Ebentier et al. 2013, 
Harwood et al. 2013, Layton et al. 2013, Schriewer 
et al. 2013, Sinigalliano et al. 2013, and Wang et 
al. 2013 - highlight a number of trends in the MST 
field.  First, with the exception of methods targeting 

bacteriophages, none of the approaches selected by 
SIPP participants relied on culturing of microorgan-
isms or employed a cultivation step.  This is in stark 
contrast to a previous blinded MST method perfor-
mance study completed 10 years ago involving 22 
participating laboratories in which 50% (6 of 12) of 
selected approaches incorporated cultivation (Griffith 
et al. 2003).  Second, PCR-based methods were the 
technology of choice.  Almost all of the methods 
tested by MST experts utilized an end-point PCR or 
quantitative PCR (qPCR) step.  Third, the majority of 
these qPCR methods were focused on identification 
of human-source contamination.  Human-associated 
methods were tested most often (n = 20), followed by 
ruminant/cattle (n = 7), gull (n = 4), pig (n = 3), dog 
(n = 2), and horse (n = 1).  Finally, a small number 
of laboratories tested community-based approaches 
(microarray and terminal restriction fragment length 
polymorphism [T-RFLP]) that were not restricted to 
a particular animal group or a single microorganism, 
but were able to utilize unique patterns in microbial 
communities for the identification of all animal 
fecal pollution sources tested in the study.  These 
community-based approaches were highly specific, 
but not yet sensitive enough for most recreational 
water applications (Boehm et al. 2013).  There 
remains strong interest in continuing to develop such 
approaches for MST applications in the near future 
(Cao et al. 2013, Shanks et al. 2013).
 The purpose of this paper is to pave a path 
forward for the field of MST following completion 
of the SIPP study.  Lessons learned and study limita-
tions are summarized and used to define next steps 
for research.  Potential applications for the most 
sensitive and specific methods identified by the SIPP 
study are also considered, along with other implica-
tions for water quality management.

Lessons LeArned from the sIPP study
 The primary goal of the SIPP study was to 
characterize the performance of contributed MST 
methods based on sensitivity and specificity metrics 
to identify top performing technologies for monitor-
ing.  Based on the metrics, top performing assays 
included HF183 (human), CF193 and Rum2Bac 
(ruminant), CowM2 and CowM3 (cow), BacCan 
(dog), Gull2SYBR and LeeSeaGull (gull), PF163 and 
pigmtDNA (pig) and HoF597 (horse; Boehm et al. 
2013).  However, the SIPP study also demonstrated 
that a variety of factors may change the apparent 
performance of a given MST method (Table 1).  
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Important factors included lack of standardization 
across all aspects of a protocol (Boehm et al. 2013, 
Ebentier et al. 2013, Ervin et al. 2013) method of 
fecal concentration measurement and normaliza-
tion (Ervin et al. 2013), and the definition and 
determination of assay limit of detection and limit of 
quantification (Layton et al. 2013).

Limits of Detection and Quantification
 The SIPP study demonstrated that there can 
be considerable differences in results among 
laboratories, even among laboratories using the same 
protocols.  These differences may be attributable to 
differences in PCR platforms, PCR reagents, refer-
ence DNA standards, protocols used for nucleic acid 
isolation, as well as the proficiency of technicians 
using a particular method (Ebentier et al. 2013).  
This is an area that needs to be addressed as these 
methods move from usage in individual research 
laboratories to wider-scale implementation in 
regulatory programs.  A major factor requiring better 
standardization is the interpretation of positive results 
at low target concentrations that are near the defined 
limit of detection of the assay.
 Several papers report different definitions and 
interpretations of the limit of detection (LOD) 
and lower limit of quantification (LLOQ), with 
consequences to assay performance (Boehm et al. 
2013, Sinigalliano et al. 2013, Ebentier et al. 2013, 

Layton et al. 2013, Raith et al. 2013, Schriewer et 
al. 2013).  The LOD is the value below which a 
target cannot be detected reliably while the LLOQ 
provides a threshold where a quantitative value can 
be estimated (Burns and Valdivia 2008, CODEX 
2010).  In general, such criteria are assessed by 
some form of replicate analysis or probit analysis 
(Spearman-Karber method (AOAC 2006, Ambruster 
and Pry 2008, Burd 2010).  For example, the LOD50 
(amount at which 50% of tests are positive) is often 
used in microbiological analysis (AOAC 2006), 
whereas the LOD95 (amount at which 95% of tests 
are positive) often is used in chemical analysis and 
PCR applications for food and clinical diagnostics 
(CODEX 2010, Burd 2010).
 The LLOQ typically is defined as the lowest 
reliably detected concentration that meets some 
defined criterion for precision.  For example, the 
LLOQ for qPCR has been technically defined as the 
LOD + 2 standard deviations (Armbruster and Pry 
2008, Burd 2010, Harwood et al. 2011, Staley et al. 
2012), although different definitions have been used.  
Among the core SIPP laboratories, the LLOQ was 
defined as the lowest concentration for which all of 
the samples in a standard curve yielded quantifiable 
data when analyzed using a four-point, triplicate 
standard curve (Boehm et al. 2013).
 Detection or quantification of low target cell or 
copy concentration with qPCR/PCR is typical when 

Table 1.  Recommendations for next steps to advance the field of microbial source tracking based on lessons 
learned from and study limitations of the Source Identification Protocol Project (SIPP). 
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analyzing ambient water samples for specific micro-
bial contaminants and markers because of the effects 
of dilution as well as marker degradation.  Therefore, 
LOD and LLOQ calculations are an important part of 
assay validation (Burns and Valdivia 2008, CODEX 
2010), as are decisions about how to interpret 
positive results that are below the defined limit of 
detection or quantification of an assay (Layton et al. 
2013).  The MST community should reach consensus 
on the most appropriate method to define LOD and 
LLOQ.  The medical and food science fields may be 
able to serve as guides (AOAC 2006, Bustin et al. 
2009, CODEX 2010).  In the meantime, those using 
MST assays should be transparent about methods 
of data processing and classification of samples that 
were detected but below the limit of quantification 
or detection, including the classification of samples 
in which some replicates fall above but others fall 
below a threshold.  A more statistically rigorous ap-
proach needs to be undertaken to determine how best 
to classify weak PCR reactions for MST targets and 
to better elucidate the number of replicates needed to 
resolve equivocal results.
 Based on the SIPP study, it is proposed that 
samples for which a molecular target is detected 
(non-zero Ct values) but below the limits of quanti-
fication be reported in a unique category to facilitate 
data analysis and method comparisons.  It is critical 
that the result be accompanied by appropriate dem-
onstration of negative results in field blanks, method 
blanks, no template controls, and negative extraction 
controls, all of which should be run routinely 
during MST sample analyses.  These samples can 
be categorized as “detectable but not quantifiable” 
(DNQ) when a signal is detected between the LLOQ 
and the LOD (Figure 1).  This term and the analogous 
term “detectable/below the limit of quantification 
(detectable/BLOQ)” have been offered previously 
in peer-reviewed literature (Laperche et al. 2011, 
Harrington et al. 2012).  A sample in which the signal 
is below the LOD but above background signal noise 
(Figure 2) can be reported as detectable below the 
limit of detection (DBLOD).  In addition, samples 
that did not amplify can be reported as not detected 
(ND) in order to clearly distinguish between samples 
with and without a non-zero Ct value.  This approach 
to classify samples preserves important information 
while recognizing that low target concentrations can 
produce variable results in replicate reactions due 
to the Poisson distribution effect (AOAC 2006).  In 
addition to simply re-analyzing the extract from weak 

reactions, resources permitting, application of ad-
ditional MST assays to the sample may help resolve 
equivocal results.  For example, using an assay that 
targets the same source but with different sensitivity 
and specificity characteristics can provide added 
confidence to sample classification.  Sequencing the 
PCR amplicon also will verify that the target was 
recovered.

Information Needed to Properly Compare 
and Interpret MST Results
 The SIPP study highlighted essential information 
needed to properly compare results between MST 
studies and laboratories.  It is recommended that 
MST scientists take care to report the performance 
parameters of their methods.  Most MST methods are 
PCR-based and should use the minimum information 
needed for publication of quantitative PCR experi-
ments (MIQE) guidelines (Bustin et al. 2009).  Many 
MIQE guidelines could also be adapted easily for 
other MST technologies that are not based on PCR 
amplification.
 Among the MIQE guidelines, a few parameters 
related to sample preparation and detection and quan-
tification of MST targets are particularly important 
to MST studies that often target low copy numbers 
of a gene from complex samples (Table 2).  These 
parameters include reporting the yield of DNA from 

Figure1.  Analytical limits to qPCR assays include 
an assay limit of detection (LOD) and lower limit of 
quantification (LLOQ).  For MST applications, samples 
whose signal is between the LLOQ and the LOD can 
be reported as detectable but not quantifiable (DNQ).  
Samples whose signal is below the LOD but above the 
background fluorescence can be reported detectable 
below the limit of detection (DBLOD).  For qPCR assays, 
signal can be measured using relative fluorescence 
units (RFU).  and concentration can be measured by the 
PCR cycle number.  Most PCR platforms can also be 
programed to subtract the fluorescent background from 
analysis.
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extraction procedures, the reference material used to 
generate a standard curve, and the approach taken 
to test for effects from PCR inhibitors common to 
water samples.  While the MIQE guidelines provide 
a comprehensive list of parameters that should be 
reported with qPCR results, this condensed list high-
lights some of the parameters that are most critical 
for evaluation and comparison of MST results.  This 
condensed list is also practical to include routinely 
in any report of MST findings without relegating 
descriptions to supplementary material.

mAjor LImItAtIons of the sIPP study

Impact of Environmental Sample Matrix
 In the SIPP study, MST methods were tested 
with reference fecal pollution sources suspended 
in an artificial freshwater matrix.  However, matrix 
effects could alter performance of MST technolo-
gies that include a PCR amplification step because 

amplification interference can vary for different 
primer/probe/genetic target combinations on the 
same DNA extract (Huggett et al. 2008).  An 
environmental matrix can also significantly affect 
sample processing efficiency.  DNA recovery and 
purification can be inefficient and variable from one 
sample to the next (Wilson 1997, Mumy and Findaly 
2004, Stoeckel et al. 2009).  In addition, reference 
samples were well-mixed in the SIPP study, and 
contained at most a mixture of two fecal sources.  In 
contrast, environmental samples are heterogeneous 
mixtures (Manter et al. 2010) and frequently contain 
dilute and varying amounts of multiple fecal sources 
in addition to native microorganisms and substances 
that could interfere with PCR amplification.  Matrix 
effects on nucleic acid extraction recovery and PCR 
inhibition need to be better characterized.  Challenge 
samples like those tested in the SIPP study should 
be tested in more complex waters, including marine 
waters and waters high in humic acids.

Table 2.  Parameters critical for evaluating and comparing results from microbial source tracking stud-
ies.  Mention of trade names or commercial products are provided as examples and do not constitute 
endorsement or recommendation for use.
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Geographic Distribution of Reference Fecal 
Pollution Sources
 The SIPP reference samples contained fecal 
material collected solely in the State of California.  
Several of the fecal sources, therefore, would 
be expected in the urban watersheds of coastal 
California, but other fecal sources such as those 
from wildlife, inland birds and chickens, cats, and 
pigs are possible.  The ability to apply SIPP findings 
to other geographic regions was not tested, but it 
is clear that the scientific approach used to conduct 
the study can provide some important information 
to the MST community globally.  Most studies that 
report fecal indicator bacteria concentrations are 
performed on a watershed or regional scale (Layton 
et al. 2006, McQuaig et al. 2006, Kildare et al. 
2007, Okabe et al. 2007, Silkie and Nelson 2009, 
Wang et al. 2010).  However, a study by Shanks 
and colleagues (Shanks et al. 2010b) reports some 
consistency in the distribution of general fecal 
indicators and many human-associated qPCR genetic 
markers in untreated sewage collected from various 
locations across the United States.  In contrast, 
studies evaluating fecal microbial communities 
and the distribution of cattle-associated genetic 
markers within and between cattle populations 
have concluded that differences in animal feeding 
practices drastically alter community structure and 
the shedding of fecal indicator bacteria (Shanks 
et al. 2010a, Shanks et al. 2011).  Based on these 
findings, it is likely that patterns in host-associated 
genetic marker shedding across geographic space 
will vary depending on animal source, geography, 
and genetic marker.  Furthermore, when using viral 
pathogens as markers of human fecal contamination, 
there is a clear seasonality to infection in humans 
that can cause strong temporal variation in the 
concentration or load of viral particles in sewage 
during any specific season. Therefore, validation 
studies for all MST assays need to be performed in 
other geographic areas to determine the sensitivity 
and specificity of the assays prior to application in 
any given geographic region. This is an important 
step that can be very useful in designing appropriate 
studies for a particular area during a specific period 
of time.  A strong validation study conserves valu-
able time and resources by permitting the generation 
of useful quantitative results for specific markers, 
and reduces the instance of pan-negative results for 
a study, which are of little use for prioritization or 
source identification.

Influence of Fate and Transport
 One of the biggest impediments to extrapolating 
the SIPP study results is the use of fresh fecal mate-
rial to inoculate water samples; in actuality, fecal 
material in receiving water often ranges in age.  For 
example, fecal material from wildlife and livestock 
can remain dry in watersheds for days or weeks 
until washed into waterbodies by stormwater runoff.  
Human fecal material in a septic tank is typically 
contributed daily, but the mixture is an integration 
of fecal material and chemicals contributed over 
weeks to months.  Even material deposited directly 
in water can take several days to be transported to 
areas that are routinely monitored for water quality.  
Differential fate and transport of pathogens, MST 
markers, and fecal indicator bacteria is a major 
concern for environmental health microbiologists.  
Differential fate and transport is expected to be 
particularly problematic if MST markers degrade 
at a different rate compared to fecal indicator 
bacteria such as Enterococcus spp. (Wang et al. 
2013).  Furthermore, the use of molecular methods 
to quantify MST markers as compared to culture-
based methods for enumeration of fecal indicator 
bacteria causes confounding information, as one 
approach will quantify all target DNA in a sample, 
and the other only the metabolically active subset 
of organisms.  Slower degradation of MST markers 
could lead to an overestimation of the importance of 
a particular fecal source.  Faster degradation could 
potentially lead to incorrect conclusions about the 
absence of a particular fecal source (Walters et al. 
2009, Schulz and Childers 2011).  A few recent 
studies have begun to address this issue by examining 
degradation characteristics of individual general fecal 
indicator and molecular MST markers (Walters et 
al. 2009, Green et al. 2011, Rogers et al. 2011), but 
these studies need to be extended to include samples 
with known sources under controlled conditions, and 
also to test dynamics in a range of different receiving 
water body types.  Differential rates of inactivation 
due to enzymes and UV light need to be studied.  
Interactions with sediments, and grazing rates among 
FIB, MST markers and pathogens also need to be 
better understood.  This may be achievable through 
the use of microcosms or membrane diffusion 
chambers deployed in the field (Haznedaroglu et al. 
2009, Schinner et al. 2010, Bae and Wuertz 2012).
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ImPLIcAtIons of the sIPP study for 
mAnAgement
 The SIPP study represents an important step 
toward MST method implementation by bringing 
experts together to address key challenges and by 
identifying a selection of useful tools for water qual-
ity applications (e.g., HF183, as reported in Boehm et 
al. 2013).

Application of MST to Real World Water 
Quality Problems
 It is critical to advance methods that can identify 
sources of fecal contamination in water.  A large 
number of United States waters are categorized as 
impaired (303(d) listed), challenging municipalities 
to meet water quality objectives for designated 
uses and to understand the factors that control FIB 
concentrations.  A variety of remediation strategies 
can be undertaken to try to improve impaired 
waters, including structural improvements and best 
management practices.  In general, such strategies 
are costly (millions to billions of US dollars), and 
MST can be a valuable tool in providing guidance 
on mitigation strategies.  For example, MST coupled 
with physical tracing techniques (e.g., dye or smoke) 
has allowed for leaking infrastructure and illicit 
sewer connections to be identified and remediated 
(Dickerson et al. 2007).  When conducted in a fully 
quantitative framework, MST also allows for an 
improved understanding of the timing and conditions 
of contaminant loading if flow and discharge also are 
quantified appropriately (Stumpf et al. 2010, Gentry-
Shields et al. 2012).
 One potential application of MST markers is to 
help to correctly identify situations where high FIB 
concentrations are due human or other animal fecal 
contamination versus being due to persistence and re-
growth.  Enterococcus spp. and E. coli can live, grow, 
and persist in a variety of benthic and aquatic envi-
ronments such as sand, sediment, beach wrack, and 
storm drains (Yamahara et al. 2009, Verhougstraete 
et al. 2010, Imamura et al. 2011, Byappanahalli 
et al. 2012).  To compound matters further, storm 
events that contribute stormwater runoff to receiving 
water bodies typically are accompanied by wind, 
which causes wind-driven resuspension in coastal, 
lake and estuarine systems.  Stormwater runoff 
can contribute fecal contamination to the receiving 
waters, but when resuspended, non-fecal sources 
of FIB found in sediment can be contributed back 

into the water column.  This can be problematic, as 
some waters may be listed as impaired due to the 
influence of runoff-driven fecal contamination and/
or naturally occurring reservoir populations of E. coli 
and Enterococcus spp.  Discriminating between the 
two requires a carefully designed research study with 
properly selected MST-based markers and regrowth 
assessment.  When implementing MST-based 
approaches for characterizing fecal contamination 
in runoff, therefore, it is vital to conduct work in 
three major areas.  First, the molecular markers to be 
employed must be validated in the geographic area 
of interest in order to determine their appropriate 
use.  This may include collection of representative 
sewage effluent samples from sewage infrastructure 
and pump stations locally, samples from distribution 
boxes of septic tanks, and appropriate testing of 
animal-based molecular markers such as those for 
dogs and gulls in known scat samples.  Second, it is 
necessary to develop a sampling and study plan that 
includes an appropriate schema for sample analyses.  
For example, this should include samples collected 
over a range of wet and dry weather conditions, and 
over the seasons of interest.  Third, the sampling 
framework should include a total number of samples 
collected that permits rigorous statistical analyses 
of the results, preferably including power analysis 
to determine the minimum number of samples to 
be collected in any given watershed.  Once these 
three basic steps for design of MST-based study 
have been followed, the researcher can then assist 
stakeholders in designing regrowth studies appropri-
ate for natural source exclusion (NSE).  A basic tenet 
of NSE is that statistically rigorous assessment of 
human fecal contamination or other animal sources 
has been conducted.   If a manager or agency can 
credibly demonstrate that the populations of E. coli 
and Enterococcus spp. within a system are not due 
to human fecal contamination (or animal sources 
with comparable risk), then the effective standard 
used for E. coli or Enterococcus spp. may be able to 
be increased appropriately (California State Water 
Resources Control Board 2008). 

Potential for a Tiered Monitoring Strategy
 The SIPP study demonstrates that measurements 
of MST markers do not necessarily correlate with 
measures of FIB, but that the information gained 
from measurement of MST markers can be useful 
for identifying and mitigating contamination (Boehm 
et al. 2013, Ervin et al. 2013).  Therefore, a tiered 
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monitoring strategy that incorporates all three of 
these measures may provide the best strategy to man-
age surface waters (Boehm et al. 2009).  Although 
all originate from excreta, FIB, MST markers, and 
pathogens provide managers with different types of 
information and are often measured using a combina-
tion of culture-based and molecular approaches 
(Figure 2).  Traditional FIB do not directly measure 
fecal sources or health risk.  MST markers can 
directly identify sources, and pathogens can be used 
to estimate health risks.  Given the lack of correlation 
between MST markers and FIB, tiered sampling 
should include analyses of both as a first tier assess-
ment (Sauer et al. 2011, Gentry-Shields et al. 2012).  
This assessment can help prioritize impaired waters, 
where direct pathogen monitoring and additional 
resources can be directed.
 It is likely that tiered monitoring may not be nec-
essary in the future.  Multiplexed detection systems 
(e.g., Baums et al. 2007) will likely be developed and 
improved to allow simultaneous detection of targets 
in a single assay.  Community sequencing approaches 
also could enable simultaneous detection.  Other 
important technologies likely to change the future 
of MST include rapid genetic sensors compatible 
with field deployable instruments that autonomously 
collect and analyze samples in situ, such as the 
Environmental Sample Processor (Preston et al. 
2009).  These systems currently have poor detection 
limits owing to technological challenges associated 
with concentrating and purifying genetic material 
from large volumes of water.  However, in the future 
such systems could return information regarding 

FIB concentration and molecular markers indicating 
sources of fecal contamination in near real-time.  
These systems could also be used to sample fre-
quently, increasing the chance of detecting episodic 
contamination events.

Attainability of Source Allocation
 The ability to test an ambient water sample and 
allocate the proportion of each contributing pollution 
source would revolutionize water quality manage-
ment.  During the solicitation of SIPP laboratory 
participants, each group was encouraged to report the 
proportion of fecal material present on each reference 
challenge filter.  Ultimately, only one laboratory 
participant submitted source allocation data (Wang 
et al. 2013).  Their work reports successful fecal 
allocation of SIPP reference challenge filters prepared 
with fresh fecal samples in artificial water, but 
demonstrates the additional challenges of applying 
this approach to environmental samples impacted 
by multiple sources with different fate and transport 
histories.  
 One issue related to source apportionment is 
that in past years library-dependent methods such 
as antibiotic resistance analysis (ARA) were used 
to predict the percent contribution of contamination 
from various pollution sources.  This approach 
established a premature expectation for MST in 
water quality management.  Until quantitative MST 
becomes more reliable, implementation of MST 
can proceed using a framework that does not rely 
on MST-based FIB source allocation.  A framework 
that uses relative subsets of MST markers may be 
possible, particularly if host-specific proportions of 
a genus or group could be measured.  For example, 
it may be possible to approach source allocation by 
comparing subsets of the family Bacteroidales to 
general Bacteroides spp. concentrations (Wang et al. 
2010).  However more research is needed to validate 
such an approach before it could be adopted for 
source apportionment in a management context. 

Using MST to Model Water Impairment and 
Health Risks 
 Quantitative microbial risk assessment (QMRA) 
models are water quality tools to predict health risk 
from fecal contamination and could also be helpful 
in developing water quality criteria on a site-specific 
basis (USEPA 2012).  Reliable MST assays would 
aid QMRA development (e.g., Staley et al. 2012).  
Although a number of pathogens are known to be 

Figure 2.  Microbial measures associated with fecal 
contamination of waters can either directly (solid line) 
or indirectly (dashed lines) provide information about 
sources and health risks.  MST marker = microbial 
source tracking marker; FIB = fecal indicator bacteria.
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associated with animal wastes, human-source waste 
is generally considered to pose a greater risk to hu-
man health.  Identification of a low amount of human 
waste may prompt a different management response 
than the identification of a low amount of animal 
wastes.  In a QMRA framework, different classifica-
tions and criteria could be assigned to waters based 
on the source of contaminants.  Without MST, risk 
assessment would be dependent on direct pathogen 
detection in the environment, which could be costly 
and difficult because pathogens are rare compared to 
indicators and MST markers (Straub and Chandler 
2003, Savichtcheva and Okabe 2006).  

 Additional tools including use of GIS mapping, 
hydrology modeling and conditional probability 
statistics could be integrated with measures of FIB, 
MST markers and pathogens to better model water 
impairment and health risks.  GIS tools can provide 
information about the density and distribution of 
humans and animals, or microbial measures can be 
compared to the location of permitted discharges 
and sewage infrastructure (e.g., Stewart-Pullaro 
et al. 2006).  Statistical analysis can be performed 
to calculate conditional probabilities of correctly 
identifying sources (e.g., Kildare et al. 2007, Jenkins 
et al. 2009), and assays may be able to be combined 
to help discriminate between weak positive reactions 
that are attributable to cross-reactivity and those 
resulting from dilute targets.  There is also a possibil-
ity for predictive modeling.  For example, Gonzalez 
et al. (2012) applied empirical predictive modeling to 
predict measures of FIB and MST markers in recre-
ational and shellfish harvesting waters.  They found 
strong relationships between FIB and 5 day rainfall 
totals, dissolved oxygen and salinity.  However, the 
strongest relationship between Bacteroidales markers 
quantified by qPCR was with antecedent dry period.  
These differences in predictive capability can be used 
in a system to better understand the mechanisms of 
delivery of fecal contamination to waterbodies and 
persistence of FIB versus molecular markers of fecal 
contamination in natural, complex estuarine systems.  
Integration of these approaches with additional MST-
derived data over appropriate time and spatial scales 
will not only change the field of MST in the future, 
but will advance the science of watershed manage-
ment to more effectively protect public health.

Summary
 The SIPP study highlighted progress and 
unresolved issues within the field of MST.  A path 
forward includes the following:

• Performance parameters for MST protocols, 
including methods used to define an assay 
limit of detection or quantification, and 
procedures for scoring samples that test posi-
tive below these limits, need to be included 
in all reports of MST results to facilitate 
method comparisons and to allow consistent 
and reliable application of methods across 
laboratories.

• Future research to advance the field of MST 
should include studies that broaden the geo-
graphic range of reference pollution sources, 
increase the number of animal sources tested, 
and determine decay rates of host-associated 
genetic markers from top performing meth-
ods.  Performance of top methods also should 
be assessed in field studies to address issues 
of sample matrix effects.

• The most sensitive and specific methods 
from the SIPP study can be applied to 
identify fecal pollution sources and prioritize 
watersheds in violation of water quality 
standards.  In these cases, MST data also 
can help direct limited resources toward the 
most effective mitigation strategies.  MST 
can also be used to help model risks to public 
health and conditions for water impairment, 
opening the possibility that appropriate water 
quality standards can be implemented on a 
site-specific basis.
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