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Microbial contamination in coastal waters is an important public health and 

economic problem worldwide. It is common for the sources as well as the environmental 

fate and transport of fecal contamination in recreational waters to be unknown making it 

difficult to mitigate the input and to understand the relative health risk associated with a 

given water body. A comprehensive understanding of sources and bacterial dynamics is 

needed for effective mitigation and management of microbial contaminants. 

The main objectives of this study were to identify sources of fecal contamination 

to a chronically impaired Southern California watershed, to demonstrate applicability of 

microbial source tracking (MST) tools, including source-specific markers for 

discrimination of human and non-human sources,  to evaluate the fate of fecal 
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contaminates in coastal sediments, and to develop and optimize immunomagnetic 

separation/adenosine triphosphate (IMS/ATP) assays for rapid enumeration of viable 

fecal contamination.   

A three-year MST study was conducted to help explain elevated levels of 

surfzone fecal indicator bacteria (FIB) at Topanga State Beach, a critically impaired 

Southern California Beach. This study investigated sources of FIB to the Topanga 

watershed and the applicability of using MST technology longer time scales. MST 

markers effectively elucidated temporal and seasonal trends in fecal bacterial levels, and 

dog and gull marker appeared to be a significant sources to Topanga lagoon and Topanga 

State Beach. However, a lack of correlation between FIB and marker measurements was 

noted, and dog marker and FIB levels did not covary when compared at different 

Southern California beaches.  

Sediments were found to play an important and variable role in environmental 

fate of MST markers and FIB. Variable decay was observed for different indicators and 

in different sediments, with differences noted even within one watershed. The human 

HF183 marker was useful for providing evidence of recent inputs of human fecal 

contamination and behaved similarly to the molecular marker for Campylobacter 

(qCAMP) and FIB in brackish sediments. The general Bacteroides (GB3) and 

enterococci (ENT1A) markers were more conservative and under certain circumstances 

had comparable decay to culturable FIB. Application of a suite of markers may be 

necessary for effective evaluation of sediment fecal bacterial levels. Moreover, 

differences were observed between relative decay amongst the different sediments tested, 

illustrating the need for more routine sediment monitoring. 
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IMS/ATP assays provided useful information regarding fecal contamination 

levels and measurements made had a consistent relationship with measurements made by 

standard methods. IMS/ATP utilizes paramagnetic beds and target-specific antibodies to 

isolate target organisms. Following isolation, adenosine tri-phosphate (ATP) is extracted 

from the target population and quantified. The Cov-IMS/ATP method rapidly measured 

viable enterococci in complex surface waters, providing a useful field tool for assessment 

of coastal water quality and for identification of hot spots of fecal contamination. An 

inversely-coupled (Inv-IMS/ATP) assay for detection of Bacteroides thetaiotaomicron 

was developed and applied for rapid detection of human-associated fecal contamination. 

The Inv-IMS/ATP assay yielded measurements of viable B. thetaiotaomicron that were 

comparable to the HF183 human marker in complex source waters impacted with both 

wastewater and runoff, and the Inv-IMS/ATP assay was able to effectively differentiate 

between surface waters impacted with adequately and inadequately treated wastewater. 

IMS/ATP assays show promise for rapid evaluation of recreational water quality in areas 

where access to more expensive methods is limited and in areas where water quality is 

unpredictable.  

This research highlights the difficulties and complexities associated with effective 

tracking and management of microbial contaminates in the coastal environment. Additional 

research evaluating relative aging of molecular markers and relative contributions from 

different sources is needed to fully interpret field-based source marker data. Sediments 

were shown to have an important and variable role in fate of fecal contaminants in the 

environment. Additional studies are needed evaluating how watershed models can most 

effectively be adapted to include a sediment compartment and how different sources of 
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fecal contamination and source markers decay in sediments with variable characteristics. 

IMS/ATP assays showed promise and can be successfully applied in complex waters for 

rapid enumeration of viable fecal contamination; additional verification of assay 

performance is needed at complex sites impacted with multiple sources.  
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Chapter 1 : Introduction to discrimination of human and non-human fecal sources 

with rapid methods in coastal waters and sediments. 

 

Introduction 

 

Elevated levels of fecal indicator bacteria (FIB) remain a leading cause of surface 

water-quality impairments in the United States. An additional 60 Total Maximum Daily 

Loads (TMDLs) were established by the USEPA for fecal bacteria in 2015 alone. In a 

study completed in 2012 by the USEPA, 40% (1,504) of coastal recreation beaches 

samples (out of 3762) had one or more advisory or closure notice due to an exceedance of 

regulatory bacterial indicator organism levels (USEPA, 2013). In California, 37% of 

beaches sampled (out of 414 beaches) had at least advisory or closure notice, with a total of 

759 notification actions, which did not show any improvement in water quality from 

previous years (USEPA, 2013).  

Monitoring ambient water quality and current water quality regulatory limits 
 

Bacterial pathogens Camylobacter jejuni, E. coli O157, Helicobacter plori, 

Mycobacterium avium, Salmonella typhi, Shigella spp., and Vibrio vulnificus, protozoan 

pathogens including Cryptosporidium parvum, Giardia duodenalis, and Microsporidia, and 

viral pathogens including Norovirus, Hepatitis A, and Human adenovirus have all been 

isolated from surface waters, representing potential risk to recreational water users (Pond, 

2005). Measurement of the diverse range of pathogens that occur in environmental waters 

is unrealistic due to the difficulty and cost associated with measurement of pathogens that 

often occur at low levels (Field and Samadpour, 2007). Moreover, monitoring for only a 

certain selection is not advisable and may give the impression of a safe sample if pathogens 

other than those tested are present (Harwood et al., 2014). 
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Instead of measuring pathogens directly, fecal indicator organisms are used to 

indicate potential for human health risk associated with presence of fecal contamination 

and associated pathogens. Ideal indicator organisms should be a member of the intestinal 

microflora of warm-blooded animals, present in greater numbers than pathogens when 

pathogens are present, and absent when pathogens are absent, have similar survivability to 

pathogens in the environment, and should be easily and inexpensively detected (Bitton et 

al., 2005). E.coli and enterococci are discharged in high numbers from animal and human 

feces, are easily detected by membrane filtration and most probable number techniques, are 

non-pathogenic themselves, and levels of E.coli and enterococci are thought to covary with 

pathogens (Cabelli et al., 1982; Kay et al., 1994; Wade et al., 2003).  

Under the Clean Water Act, the USEPA first established Ambient Water Quality 

Criteria for bacteria in 1986 (USEPA, 1986). The USEPA criteria established federally 

regulated limits based on the acceptable risk of eight gastrointestinal illnesses per 1000 

swimmers following exposure to contaminated water and recommended testing for fecal 

indicator organisms (FIB) E. coli and enterococci, in freshwater and estuarine/marine 

recreational waters. Regulatory limits were expressed both as geometric means in areas 

where there is more routine sampling (126 and 33 colony forming units (CFU) per 100 mL 

water for E.coli and enterococci) and as one time sample maximum limits (235-575 CFU 

per 100 mL and 61-51 CFU per 100 mL for E.coli and enterococci) (USEPA, 1986).  The 

USEPA recently released updated recreational water quality criteria recommendations for 

protecting human health in recreational waters based on the latest science and research. The 

new regulatory limits establish a geometric mean and a statistical threshold value (STV), 

which approximated the 90th percentile and should not be exceeded by more than 10% of 
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samples taken, for two different illness rates (USEPA, 2012). Under recommendation one, 

the new geometric mean criteria are 35 and 126 CFU per 100 mL and the STV is set at 130 

and 410 CFU per 100 mL for enterococci and E.coli, respectively, and under 

recommendation two, geometric mean limits are established at 30 and 100 CFU per 100 

mL and the STV is set at 110 and 320 CFU per 100 mL for enterococci and E.coli 

(USEPA, 2012).  

The new objectives are similar to the 1986 water quality criteria, but they allow 

States to develop their own criteria that are tailored to specific water bodies as long as 

these criteria are shown to be protective of designated uses. National Epidemiological and 

Environmental Assessment of Recreational Water (NEEAR) water quality data were used 

to refine the illness rate applied for creation of the new criteria as well as to evaluate 

assessment of water quality by new rapid methods including quantitative polymerase chain 

reaction (qPCR) assays (Wymer, et al., 2005). USEPA recently approved two qPCR assays 

for detection of enterococci (USEPA, 2010a) and general Bacteroidales in recreational 

waters (USEPA, 2010b). States can now base water quality standards on information 

provided by the qPCR enterococci assay, following evaluation of assay performance in 

local waters (USEPA, 2012). EPA did not develop recommendations that directly take 

source of fecal contamination into account, instead states can apply site-specific objectives. 

These objectives are based on quantitative microbial risk assessment results, which is used 

to evaluate human health risk associated with the magnitude of human and non-human 

sources present at a specific site (USEPA, 2012).  

If a water body is out of compliance of water quality criteria for bacteria, then 

States are required to develop total maximum daily loads (TMDLs) under section 303(d) of 
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the Clean Water Act.  TMDLs describe the maximum pollutant load from both point and 

non-point sources a water body can receive and still meet water quality standards.  TMDLs 

are developed both in order to ensure that water quality objectives for designated uses are 

met and to understand the factors that control FIB concentrations.  Watershed- scale 

models are extensively used to estimate relative contributions from different sources for 

development of TMDLs. Unfortunately, due to a limited understanding of microbial fate 

and transport in the environment, predictions made by watershed-scale models are 

associated with a great deal of uncertainty (Liao, 2015). 

Microbial Source Tracking 
 

Effective management and mitigation of microbial contamination of surface waters 

requires knowledge of the source or sources. Microbial source tracking (MST) techniques 

can discriminate both between different human and non-human sources and among animal 

sources of fecal contamination. These techniques support TMDL development and 

implementation by providing information on how to partition and mitigate fecal bacteria 

loads. MST techniques can aid in identification of the different sources contributing to the 

water quality impairment (Ervin et al., 2013), allowing predominant sources to be targeted 

for higher load reductions. MST can also help focus TMDL implementation plans by 

recommending specific management and mitigation actions that target sources identified 

through MST (Tetra Tech, 2011). 

Evaluation of environmental samples for source-specific DNA sequences is among 

the most reliable of MST methods. DNA sequences of host-associated microorganisms can 

be targeted for rapid detection by quantitative polymerase chain reaction (qPCR) with 

specific primers. Detection methods using qPCR have shown Bacteroidales to be a highly 
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repeatable, specific and sensitive method of tracking fecal pollution back to its source 

(Boehm et al., 2013; Layton et al., 2013) . Members of the order Bacteroidales are detected 

at high concentrations in feces and sewage, and various fecal hosts exhibit different genetic 

sequences, allowing distinction between human and non-human sources of fecal pollution 

(Kildare et al., 2007; Seurinck et al., 2005). Notably, sequences associated with human 

feces have been identified including that of the Bacteroidales marker (HF183) (Bernhard 

and Field 2000) and Bacteroidales thetaiotaomicron (Carson et al. 2005; Yampara-Iquise 

et al. 2008).  

For effective application, performance of these new assays needs to be accurate, 

sensitive, and specific. A sensitive method can detect low numbers in environmental 

samples, while a specific assay can effectively differentiate between target and non-target 

samples. The indicator should also have a consistent and predictable relationship with an 

approved method for widespread use. If the method is correlated with an alternative 

indicator that is related to a health income, then health risk can be interpreted from 

indicator measurements (USEPA, 2012). Sensitivity and specificity of qPCR assays 

targeting host-associated species can be influenced by a variety of environmental factors. 

Haugland et al. (2005) observed potential for assay sensitivity to be affected by the 

physical and chemical properties of the samples including presence of particulate matter or 

inhibitors, such as humic acids. Siefring et al. (2008) evaluated performance of several 

qPCR finding that methods sensitivity can depend on conditions employed, such as 

thermocycling conditions and equipment employed. However, differences in sensitivity 

and specificity can usually be remedied through identification of inhibition by inclusion of 

internal amplification controls and dilution (Cao et al., 2012; Haugland et al., 2012; 
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Siefring et al., 2008) or through modified assays with redesigned primers and probe 

sequences (Siefring et al., 2008).  

In California, monitoring completed under Assembly Bill (AB) 411 revealed a high 

incidence of beaches exceeding FIB standards (Dorfman, 2007). In response, California 

developed the Clean Beach Initiative (CBI) Grant Program, a voter- approved bond, to 

fund projects to protect and restore California’s coastal water quality.  The CBI grant 

program included funding for scientific research focused on new methodologies for source 

identification.  

The Source Identification Protocol Project (SIPP) was funded under the CBI Grant 

Program in order to address knowledge gaps in effective application of microbial source 

techniques. Microbial source tracking techniques have proven successful at smaller 

beaches, but can still present difficulties for application to more complex watersheds. The 

CBI SIPP project targeted Cowell Beach and Lovers Point in Northern California, Arroyo 

Burro Beach in Santa Barbara, and Topanga State Beach and Doheny State Beach in 

Southern California. As part of the SIPP project, a methods evaluation study was 

completed evaluating the specificity and sensitivity of 41 different microbial source 

tracking techniques targeting human, cow, ruminant, dog, gull, pig, horse, chicken, pigeon, 

and goose fecal sources (Boehm et al., 2013). Overall, results demonstrated that methods 

are available that can effectively identify host source of human and non-human fecal 

contamination and that the information gained from measurement of MST markers can be 

useful in identifying and mitigating contamination. Assays tested targeting human, 

ruminant, gull and pig fecal contamination were classified as both sensitive and specific 

and a number of assays targeting ruminant, cow, human, gull, dog, and feces performed 
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well (Boehm et al., 2013).  

Immunomagnetic separation/ adenosine triphosphate (IMS/ATP) assays have also 

received attention for rapid, in-field quantification of fecal bacteria. Previous studies 

suggest that IMS/ATP assays can be useful for rapid assessment of coastal water quality 

assessment in fresh and marine waters (Bushon et al., 2009; Lee and Deininger et al., 2004; 

Lee et al., 2009). IMS/ATP assays are field portable, the quickest of the current rapid 

methods being explored for coastal water quality assessment, and can effectively 

differentiate between viable and non-viable sources. However, IMS/ATP assays have not 

been developed for evaluating human-specific fecal contamination in recreational waters 

and questions remain about comparison of measurements made by IMS/ATP assays at 

different sites.  

Fate of MST Markers and FIB in the Environment 
 

Although there have been substantial advancements in development of techniques 

for successful evaluation of sources, environmental factors affecting fecal bacteria and 

source marker transport and fate in the environment are not entirely understood and can 

vary both spatially and temporally, complicating source tracking efforts. Understanding the 

relative degradation characteristics of FIB, DNA-based markers, and pathogens is critical 

for interpreting field-based MST marker results and for application of MST markers to 

routine water quality monitoring (Green et al., 2011). 

Environmental conditions can have substantial impacts on decay of fecal bacteria. 

Numerous studies have observed effects of physical (Sinton et al., 2007; He et al., 2007; 

Walters et al., 2013), chemical (McCrary et al., 2013), and ecological (Korajkic et al., 

2013b; Surbeck et al., 2010; Wanjugi and Harwood, 2013) properties on the survivability 
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of E.coli and enterococci. So far, the data on survival and persistence of various markers of 

human fecal contamination have been predominantly generated through microcosm studies 

(e.g. Ahmed et al., 2014; Green et al., 2011; Liang et al., 2012). Dick et al. (2010) 

examined the relative decay of three Bacteroidales 16s rRNA gene markers (AllBac, 

HF183, and BacHum) finding that exposure to sunlight, sediment, and reduced predation 

all resulted in more rapid decay of the human-associated markers versus cultivable E.coli 

in freshwater microcosms. Ahmed et al. (2014) evaluated relative inactivation of FIB and 

sewage markers in freshwater and seawater microcosms. Similar persistence of the HF183 

marker and E.coli and enterococci was observed, while human adenoviruses illustrated 

increased persistence in both seawater and freshwater. Green et al. (2011) measured 

molecular markers targeting enterococci and Bacteroides spp. Molecular markers persisted 

longer in marine waters and decay observed was similar between diverse freshwater 

Bacteroides sources, but differences in decay rates existed between different Bacteroides 

markers.  Liang et al. (2012) investigated the persistence of two host specific markers for 

human and bovine feces in freshwater microcosms. The bovine marker, CF193, decayed 

significantly faster than E.coli. Studies completed so far have shown variable decay of 

different microbial source tracking markers; a more complete understanding of decay of 

markers under a range of environmental conditions is needed for effective interpretation of 

field-based marker levels.  

Several studies have evaluated molecular marker decay in sediments, although 

studies are limited (Eichmiller et al., 2014; Kim and Wuertz, 2015; Yamahara et al., 2012). 

Eichmiller et al. (2014) examined the influence of freshwater sediment moisture content on 

persistence of FIB and molecular markers. Increased persistence was associated with 
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higher moisture content for culturable FIB and the molecular markers for enterococci and 

Salmonella. Yamahara et al. (2012) evaluated persistence of pathogens, molecular markers, 

and FIB in beach sand. FIB and the markers, with the exception of the Campylobacter 

molecular marker, persisted for upwards of 20 days, suggesting that pathogens and 

indicators can be viable and can represent a health risk up to three weeks after deposition of 

the input. Kim and Wuertz et al. (2015) examined persistence of host-associated 

Bacteroidales cells and FIB in aerobic and anaerobic sediment microcosms. Bacteroidales 

survival was increased in anaerobic microcosms and human, ruminant, and dog-associated 

Bacteroidales markers all exhibited similar decay in freshwater sediments.  

Understanding fate of microbial contaminates in sediments is important; bacteria 

can be highly associated with particles and attachment to particles can increase 

survivability and affect organism transport (Fries et al., 2006; Jamieson et al., 2005; 

Rehmann and Soupir, 2009; Walters et al., 2014). Particle association provides increased 

access to nutrients and protection from predation and photoinactivation (Korajkic et al., 

2013b; Wanjugi and Harwood, 2013b), and particle-associated bacteria are subsequently 

deposited into the sediments where they can accumulate, leading for potential creation of 

reservoirs of fecal bacteria and pathogens (Boehm et al., 2014; Byappanahalli et al., 2012; 

Davies et al., 1995; Garzio-Hadzick et al., 2010; Hipsey et al., 2006). 

Moreover, sediment characteristics can vary spatially (Evanson and Ambrose, 

2006; Liao et al., 2015) and can have differential impacts on survivability and transport of 

fecal bacteria. Organic matter and fines have been shown to positively affect the 

persistence and growth of bacteria (Craig et al., 2004; Garzio-Hadzick et al., 2010; Haller 

et al., 2009). Yamahara et al. (2007) found that sands high in percent fines also tend to be 
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high in organic carbon and moisture and that these three characteristics are all associated 

with increased concentrations of FIB and pathogens in ambient sands collected along the 

California coast. Lee et al. (2006) tested growth of E.coli in sediments in the presence and 

absence of natural organic matter, finding increased concentrations of E.coli in microcosms 

with organic carbon. Garzio and Hadzick (2009) observed an increase in sediment E. coli 

concentrations with increasing silt content in the sediment of a Maryland creek. Haller et 

al. (2009) observed long-term persistence of FIB, up to 50 days, and found that small 

particle size and higher levels of organic matter and nutrients were associated with 

increased survival. In contrast, coarse sediments may not provide sufficient protection from 

sunlight inactivation or predation from the environment to allow for extended persistence 

(Pachepsky and Shelton, 2011).   

Several studies have included bacteria-sediment interactions in watershed modeling 

of in-stream FIB (Bai and Lung, 2005; Jamieson et al., 2005; Rehmann and Soupir, 2009; 

Steets and Holden, 2003; Thupaki et al., 2013).  Models that have taken sediments into 

account have shown them to play an important role. Rehmann and Soupir (2009) found that 

by including the interaction between sediment and the water column, water column 

concentrations during a storm event were better predicted, and when sediment processes 

were not considered, water column concentrations were either underestimated or 

overestimated. Jamieson et al. (2005) found that including bacterial absorption resulted in 

more accurate numerical modeling. Steets and Holden (2003) modeled the fate and 

transport of fecal coliforms (FC) through a coastal lagoon, finding that sediments play a 

significant and variable role in surface water FC levels. The lagoon attenuated FC creek 

inputs in the summer do to deposition of particle-associated bacteria and contributed FC to 
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the water column in the winter when FC-laden sediments were released to the ocean during 

storm flow conditions. Thupaki et al. (2013) examined the impact of sediment-bacteria 

interactions on E.coli levels at beaches in Southern Lake Michigan. Peaks in E.coli levels 

were more accurately predicted when deposition and resuspension events were included. A 

more complete understanding of fate of fecal contamination in sediments is needed for 

improved water quality modeling and for more effective interpretation of field-based 

microbial source tracking marker levels.   

Study Objectives 
 

Goals of this research are 1) to demonstrate applicability of MST tools, including 

source-associated DNA-based markers and IMS/ATP assays for rapid detection of fecal 

bacteria and effective discrimination between human and non-human sources of fecal 

contamination and 2) to evaluate both relative aging of MST markers, FIB, pathogens in 

sediments and the role sediments play in the fate of microbial contamination in a 

watershed.  

Specifically the objectives of each chapter are as follows: 

Chapter 2)  

A three year microbial source tracking study was completed at Topanga State 

Beach in order to evaluate application of MST techniques in a complex watershed.  Source-

associated markers were used to differentiate between human, dog, and gull sources of 

fecal contamination and to identify sources of fecal contamination leading to exceedances 

of California water quality single sample limits for enterococci at Topanga State Beach. 

Long-term spatial and temporal sampling elucidated trends in MST marker and fecal 

bacteria levels, identifying a complex combination of sources of contamination.  
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Chapter 3)  

 

Previous work in Topanga Creek showed a high assimilation capacity for inputs of 

FIB to the water column into the upper watershed. In this study, impacts of freshwater 

sediment characteristics on decay of MST markers and FIB in sediments collected within 

the upper and lower reach of the Topanga Canyon Watershed and two additional 

comparator sites were evaluated. The main objectives were 1) to determine whether FIB 

have decay rates comparable to source markers with respect to freshwater sediment 

characteristics and 2) to assess the spatial variability in sediment-based processes at the 

reach-scale.  Laboratory microcosm experiments were used to investigate the relative aging 

of FIB and DNA-based markers from sediments taken at different reaches within the 

Topanga watershed and from sediments taken from two additional sites located outside of 

the Topanga watershed. In addition, a dynamic model was applied with decay rates 

generated from these microcosm experiments to better understand the role of sediments in 

assimilation of inputs of fecal contamination to the Topanga Canyon watershed.  

Chapter 4)  

The relative decay of pathogens, MST markers, and FIB was tested under relevant 

environmental conditions in three sediments, representing typical coastal habitats in 

California: a baseflow freshwater creek site, a brackish water coastal lagoon site, and an 

ocean site. Results of this study have direct implications for water quality managers tasked 

with designing MST studies and interpreting field-based MST results. MST that utilizes 

DNA-based markers that consistently decay similarly or slower than pathogens will be 

more protective of public health.   
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Chapter 5) 

The performance and specificity of the Covalently-linked Immunomagnetic 

Separation/Adenosine triphosphate (Cov-IMS/ATP) method for the detection and 

enumeration of enterococci was evaluated in recreational waters. Application of the Cov-

IMS/ATP assay so far has been limited to one site; this study aimed to evaluate more 

widespread application of the Cov-IMS/ATP assay and to understand the relationship 

between Cov-IMS/ATP measurements and standard method measurements.  

Chapter 6)  

The inversely coupled (Inv-IMS/ATP) assay was developed and optimized for rapid 

assessment of viable human-associated fecal bacteria. This study aimed to evaluate 

effectiveness of the Inv-IMS/ATP assay for rapidly discriminating between human and 

non-human source of fecal contamination in surface waters. Performance, specificity, and 

sensitivity of the Inv-IMS/ATP assay was evaluated. Measurements made by the Inv-

IMS/ATP assay were compared to measurements made by standard methods at WWTP 

effluent impacted and non-impacted sites in Rosarito and Ensenada in order to assess field-

based performance.   

.   
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Chapter 2 : Long term monitoring of molecular markers and fecal indicator bacteria 

in the Topanga Canyon Watershed, CA 

 

Introduction 
 

Fecal indicator bacteria (FIB) levels in coastal water and sand can correlate with the 

risk of visitors contracting an illness at beaches (Haile et al., 1999, Heaney et al., 2012, 

Kay et al., 1994) and are frequently used to monitor coastal waters.  Sources of FIB are 

often unknown; FIB can originate from a variety of sources including urban runoff 

(Walters et al., 2011) , agricultural runoff (Tiefenthaler et al., 2011) , contaminated 

groundwater (Russell et al., 2013), beach sand and vegetation (Halliday and Gast, 2011), 

leaking sewage or septage systems (Sercu et al., 2011), and from fecal input from coastal 

wildlife (Layton et al., 2010; Yamahara et al., 2007), making it difficult to take corrective 

action.   

Microbial source tracking (MST) studies are used to identify fecal sources 

contaminating surface waters.  Molecular methods utilizing host-associated primers allow 

for identification of specific fecal source (Boehm et al., 2013; Ervin et al., 2014; Valerie J. 

Harwood et al., 2014; Russell et al., 2013). Previous MST investigations deployed a tiered 

approach (Griffith et al., 2013; Noble et al., 2006) where locations impaired for FIB were 

identified and then further analyzed for host-associated markers to identify sources 

contributing to elevated concentrations of FIB.  However, several studies have observed 

scenarios where FIB and markers do not correlate (Drozd et al., 2013; Mika et al., 2014).  

Further, MST conducted in suburban coastal watersheds can be challenging given the 

variety of land uses, the potential for multiple sources (Ervin et al., 2014), and the lack of 
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information regarding relative aging and persistence of FIB and MST-based markers in the 

environment (Jeanneau et al., 2012). Implementation of MST in a management scenario 

remains difficult due to limitations regarding accurate interpretation of DNA-based marker 

results. Further studies evaluating the relationship between source-associated molecular 

markers and fecal indicator bacteria over longer time scales are needed.  

A long term microbial source tracking study was conducted to help explain elevated 

levels of surfzone FIB at Topanga Beach, a critically impaired Southern California Beach. 

The sources of elevated FIB to the ocean have remained unknown, despite numerous 

projects within the lower watershed intended to improve water quality. This study 

investigated sources of FIB to the Topanga watershed and the applicability of using MST 

technology longer time scales and as part of a routine monitoring program. We tested the 

following hypotheses: lagoon discharge negatively impacts coastal water quality, upper 

watershed sources, including the town of Topanga, contribute FIB to Topanga State Beach 

beach via the creek, and lower watershed and/or lagoon sources FIB are correlated with 

elevated levels at Topanga Beach. Moreover, FIB and MST marker data were compared 

between year 1 and year, providing information regarding whether MST conclusions are 

consistent over multiple seasons, a survey of dog marker was conducted allowing for 

comparison of dog marker levels at Topanga State Beach to other Southern California 

beaches, and potential for regrowth of ENT in the Topanga lagoon was assessed by 

species-levels identification of a subset of environmental ENT. 
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Methods 

Field Site- Topanga Creek Watershed 
 

Topanga Canyon Watershed experiences a dry season (April – October) and wet 

season (November – March), with typical rainfall averaging 20 inches a year. However, 

rainfall during the course of this study was below average levels with Topanga receiving 

9.96 inches during from 2012-2013 and 6.88 inches from 2013-2014.  Topanga Creek 

watershed (approximately 47 km2) is 70% undeveloped and includes a creek and lagoon 

system. Topanga Creek drains the upper watershed and cumulates in Topanga Lagoon, a 

dynamic lagoon system that breaches and berms throughout the year, contributing variable 

flow to Topanga Beach. Ten sampling locations were chosen for long-term monitoring 

over a 36 month period starting October 5, 2011 and ending October, 2014. Samples were 

collected at five creek sites, three lagoon sites, and two marine sites. The creek sites were 

located at 6500 m, 4800 m, 3600 m, 1700 m, and 300 m while lagoon sites were located at 

35 m, 25 m, and 1 m (where meter distance indicates distance upstream from ocean 

discharge point).  Marine sites were sampled in the surf zone at the eastern edge of the 

outlet of the lagoon and at a site 175 m west (upcoast) of the lagoon.  
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Figure 2-1. Map of Topanga Creek Watershed sampling locations 2011-2014 (Riedel et al., 2015).  

 

Sample collection and processing 
 

All marine and lagoon samples were collected before sunrise and creek samples 

were taken before exposure to direct sunlight (within two hours of sunrise) to reduce the 

impact of photoinactivation on samples. Sample bottles (polypropylene plastic) were 

washed with 1.2N HCl and rinsed three times with source water before use.  Surface 

samples were collected from the creek in actively flowing sections approximately 13 cm 

below the surface.  Samples were collected from the lagoon utilizing either a pole sampler 

or a bridge sampler.  Marine samples were collected on incoming waves in knee deep surf. 

All samples were stored on ice immediately or within 15 minutes of collection (if hiking to 



25 
 

the site was necessary), and transported back to the laboratory for processing.  200 ml of 

sample water was filtered through 0.4 µm polycarbonate filters (EMD Millipore, Billerica 

MA) in triplicate. The filters were transferred into individual 2 ml screw cap tubes 

preloaded with acid washed glass beads (Sigma-Aldrich, St. Louis MO) and archived at -

80°C  until DNA extraction.  All laboratory sample processing was completed within six 

hours of sample collection. 

FIB Enumeration  
 

To obtain FIB concentrations, Total Coliform (TC), Escherichia coli (EC), and 

enterococci (ENT) were measured with Colilert-18TM and EnterolertTM (IDEXX, 

Westbrook ME) defined substrate tests, and used to determine the most probable number 

(MPN) of cells per 100 ml sample.  Samples were analyzed at a 1:10 dilution as 

recommended by the manufacturer, or a 1:100 dilution on an as needed basis. The limit of 

detection (LOD) for these assays is 10 MPN/100ml and any sample below the limit of 

detection was assigned a value of 5 MPN/100ml for analysis. Samples above the range of 

quantification (ROQ) were assigned the maximum value depending on the dilution used. 

For example, samples with observed concentrations of >24196 MPN/100ml were set to 

24196 MPN/100ml.  

DNA extraction 
 

DNA extraction from water samples was generated from filters processed as 

described above with the DNA-EZ ST1 Extraction Kit (GeneRite, North Brunswick NJ) 

following the manufacturer’s protocol. For sediment samples, DNA was extracted from 

0.25g of sample with the PowerSoil DNA Extraction Kit (MoBio, Carlsbad CA). Eluted 

DNA samples were stored at -20°C until analysis of molecular host-associated markers 
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with qPCR. Extraction of DNA from sample filters or sediment was typically performed 

within three months of collection.  

Host-associated marker quantification 
 

Two human-associated markers were measured using the HF183 Taqman 

(Haugland et al., 2010) and the BacHum Taqman assays (Kildare et al., 2007). Results 

from year one of the microbial source tracking study showed strong correlation between 

HF and BH markers (Riedel et al., 2015). Therefore, BH was used only to confirm a human 

signal in samples positive for the HF marker (n=42) during the second year of the study. 

Samples were also analyzed for animal sources with three additional markers. The Gull2 

Taqman assay (Lu et al., 2008) was used to measure gull-associated marker and the 

DogBac Taqman assay (Dick et al., 2005) was used to measure dog-associated marker.  A 

conventional endpoint PCR assay, HoF597, was used to detect fecal inputs associated with 

horse waste. Marker selection was based on a previous multi-laboratory comparison study 

(Boehm et al., 2013). Primers and conditions used for each qPCR assay are listed in Table 

2-1. 

Table 2-1. List of host-associated molecular markers used in Source ID study within Topanga Watershed. 
Forward Primer /

Reverse Primer

TGAGTTCACATGTCCGCATGA/

CGTTACCCCGCCTACTATCTAATG

TGCATCGACCTAAAGTTTTGAG/

GTCAAAGAGCGAGCAGTTACTA

CGC TTG TAT GTA CCG GTA CG

CAA TCG GAG TTC TTC GTG

CCA GCC GTA AAA TAG TCG G

CAA TCG GAG TTC TTC GTG

ReferenceName Source Type Target Probe/Dye

Shibata et al., 2010

Haugland et al., 2010

BacHum Human qPCR Bacteroides 16S FAM-CTGAGAGGAAGGTCCCCCACATTGGA-TAMRA Kildare et al., 2007

HF183 Taq Human qPCR Bacteroides  16S ATCATGAGTTCACATGTCCG / CGTAGGAGTTTGGACCGTGT FAM-CTGAGAGGAAGGTCCCCCACATTGGA-TAMRA

Gull2 Taq Gull qPCR Catellicoccus marimammalium FAM-CTGAGAGGGTGATCGGCCACATTGGGACT-BHQ1

Dick et al., 2009

DogBact Dog qPCR Bacteroidales spp. FAM-ATTCGTGGTGTAGCGGTGAAATGCTTAG-BHQ1 Sinigalliano et al., 2012

HoF597 Horse Endpoint Bacteroidales spp. N/A

 
 

Dog marker survey 

 

A survey of FIB and dog marker levels was conducted at four beaches in May, 

2014 and six beaches in June, 2015, with the goal of comparing dog marker levels from 
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Topanga State Beach to other regional beaches and to put marker levels into context of 

reference and dog beach marker levels. Water samples were collected during morning 

hours (6 AM – 11:30 AM) on May 2, 2014 from Topanga State Beach (n=24), and 

compared against Rosie’s Dog Beach in Long Beach, CA (n=16). Samples were also 

collected from Malibu Beach (n=4) and Dockweiler State Beach (n=4), both of which 

served as control sites as they have minimal dog activity. 

In order to follow up on dog marker levels observed between 2012-2014 and 

following an outreach effort aimed at educating beach goers of the local ordinance 

prohibiting dogs from Topanga State Beach, an additional dog marker survey was 

conducted in June, 2015. Samples were collected from six beaches along a 150 mile stretch 

of the California coastline during morning hours (6:30 AM-10:00AM). Samples were again 

collected at Topanga State Beach (n=5) and compared to impacted beaches and control 

sites. Samples were collected from Bolsa Chica State Beach (n=3), Santa Monica State 

Beach (n=3), and Malibu Beach (n=3) with low levels of dog marker expected and from 

the Arroyo Hondo Dog Beach in Santa Barbara (n=3), Huntington Dog Beach in 

Huntington Beach, CA (n=3) and Rosie’s Dog Beach in Long Beach (n=3) which are 

expected to be impacted sites for the dog marker. 

Marine sites were sampled using autoclaved 500 mL Nalgene bottles that were 

submerged ankle deep in ocean waters on an incoming wave. The top one cm of sediment 

was collected with sterile 50 ml Falcon tubes by sliding the tube across the surface; 10 

composite scrapes collected within a one square meter made up the sediment surface 

samples for both wet and dry sediment. Wet sediment was collected within the tidal wash 

zone. Approximately 4 m inland of that location, a dry surface sediment sample and a 



28 
 

depth sample was also collected. Trowels cleaned with ethanol were used to dig six inches 

below the surface of the sand; a clean falcon tube was then used to collect sand at this 

depth. Sediment and water samples were then transported on ice, to the lab, within six 

hours of collection and filtered/preserved for DNA extraction at the University of 

California Los Angeles. Samples were stored at -80oC until further processing for qPCR.  

For comparison of culturable MPN/100 mL ENT to gram animal feces, fresh fecal 

samples were collected from at least five individuals of dog, chicken, horse, and gull. Fecal 

samples were collected into sterile 50 mL polypropolene containers, transported on ice, and 

processed within six hours of collection for ENT MPN/100 mL and DNA extraction. 

Consistent amounts of feces from each individual were composited and diluted 1:10 times 

in PBS. Serial dilutions were made of the fecal slurry and processed for FIB.  

Analysis of ENT isolates with 16S rRNA Sequencing  
 

Enterococcus (ENT) isolates were characterized in order to help determine whether 

ENT originating from water samples collected at Topanga lagoon and ocean sites are 

predominately fecal or environmental-associated species. E. faecalis and E. faecium are the 

most prevalent ENT species in human feces and can be distinguished from other species 

(e.g. E.casseliflavus and E.mundtii) that are more often associated with plants and soil 

(Byappanahalli et al., 2012). Bacterial isolates were selected and isolated from Topanga 

lagoon and ocean sites after three consecutive sampling trips on July 2, 2014, July 15, 

2014, and August 11, 2014 as well as from a subset of samples collected during summer 

2013. Bacterial isolates were cultured with mEI media following the membrane filtration 

USEPA Method 1600 and with the EnterolertTM defined substrate test (IDEXX, Westbrook 

ME)). For USEPA Method 1600, presumptive enterococci isolates (identified with a blue 



29 
 

halo) were selected from each plate and subcultured onto Todd Hewitt plates. For 

Enterolert, 70% ethanol was used to disinfect the back of the Quanti-Tray and media was 

removed from fluorescing wells with a sterile 1 ml syringe following methods used for 

isolation in Ferguson et al. 2013. Bacterial isolates were purified from both Enterolert and 

mEI because these two culture-based methods can differ due to substrate differences and/or 

differences in selectivity of the two methods (Ferguson et al., 2013) 

Following isolation of bacterial colonies, DNA was extracted according to Shanks 

et al. (2011). Universal primers were used to amplify partial 16S rRNA genes by PCR. The 

MoBio 12500-50 UltraClean PCR Clean-Up kit was used according to manufacturer’s 

guidelines for DNA purification. Further processing and sequencing of the 16S gene was 

performed at UCLA Genotyping and Sequencing Core (GenoSeq, Los Angeles, CA) 

with the Biosystems 3730 Capillary DNA Analyzer, using capillary technology. Sequences 

were realigned with CLUSTALW (SDSC WorkBench 3.2) and blasted against the NCBI 

nucleotide database (NCBI-BLAST). 

Results 

FIB and marker levels during active rainfall 
 

Several sampling events occurred during active rainfall with largest rain events 

occurring on 10/5/11, 11/17/12, 1/24/13, 3/8/13, 2/27/14.  When geometric means of the 

watershed FIB and marker values of samples taken during rain were compared to the 

geometric means of non-rain samples, the rain samples were three to nine times higher than 

non-rain samples with the exception of Gull marker. Geometric means for all markers and 

FIB were higher in samples collected during active rainfall, which is typical of other 

studies throughout southern California (Noble et al. 2003, Boehm et al. 2002). For spatial 
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and temporal analyses of FIB and marker levels, data collected during active rainfall were 

excluded.  

Relationship between FIB levels and environmental variables 

 

The relationship between the following physical and chemical variables 

(conductivity, temperature, dissolved oxygen, pH, turbidity, and nutrients) and FIB levels 

was compared. Temperature, conductivity, and pH levels were not correlated with FIB 

levels. Turbidity levels were highly correlated with ENT and EC measurement at several of 

the creek sites: BR (ENT R=0.76, EC R=0.96), ST (ENT R=0.99, EC R=0.99), and OF 

(ENT R=0.90, EC R=0.91). Nutrient levels (nitrate and phosphate) were also correlated 

with ENT and EC levels at the upper watershed sites: ST (R>0.75) and OF (R>0.90). At 

the lower watershed sites (TB, BR, and SP), nutrients and FIB levels were not correlated.  

Spatial analysis of FIB and host-associated markers in the Topanga upper watershed 

  

Five sites along the creek (OF, ST, TB, BR and SP) were analyzed for FIB and 

host-associated markers. Wet weather samples were removed from the spatial analysis. 

Total coliform levels remained high at all sites sampled, suggesting a natural background 

signal of total coliform bacteria in the creek. Highest levels of E. coli, enterococci, and 

Total Coliform were observed just downstream of the developed portion of the watershed 

near the town of Topanga at Owl Falls site (6500 m). A decrease in EC and ENT levels 

was observed immediately downstream of this site at Scratchy Trail (4800 m). Values 

increased somewhat by SP (300 m), the site just upstream of Topanga Lagoon for EC 

(Figure 2-2).  

As with EC and ENT, levels of the human- and dog-associated markers were 

highest at OF and decreased at the next downstream site, ST. Levels of the gull and dog-
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associated marker were low throughout the creek (Figure 2-2).  These trends were 

consistent both in year one and year two, where marker and FIB values decreased 

downstream of the town of Topanga. 

A selection of samples from creek sites were analyzed for the horse marker. All 

samples analyzed, including samples from the first flush rain event during year two of the 

study, were negative for the horse marker (n=34). Further, the limit of detection was 

calculated for the horse marker assay. Using a slurry of fecal matter collected from twelve 

horses from the Hansen Dam Equestrian Center on September, 17th, 2013, endpoint PCR 

was performed on a series of ten-fold dilutions.  In all waters tested, the LOD was between 

0.01 and 0.1 CFUs/µL of DNA extract.   

 
Figure 2-2. cENT and marker values for Topanga Creek sites: Owl Falls (6500m OF), Scratchy Trail (4800m 

ST) Topanga Bridge (3600m TB), Brookside Dr (1700m BR) and Snake Pit (300m SP). The sites are ordered 

from north (left) to south (right).   
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Spatial analysis of FIB and host-associated markers in the Topanga Lagoon and Ocean 
 

Spatial and temporal dynamics of FIB and marker levels were investigated at 

Topanga Lagoon and at Topanga State Beach. Dog and gull marker were both detected in 

high frequency at lagoon and ocean sites. Gull levels were detected 94% of the time in 

lagoon samples and 80% of the time in ocean samples. Dog marker levels were detected on 

average 71% of the time at ocean sites and 64% of the time at lagoon sites.   

Human marker detections were infrequent at the ocean and lagoon sites, with three 

detections during year one and two detections during year two. For both years, one of these 

detections (and the highest level of human marker) corresponded with the first flush event. 

Presence of transients and human feces were recorded for each sampling event. Human 

feces were observed on seven different sampling days, while transients at Topanga Beach 

were recorded on 14 different sampling days. Only on February 24, 2013 did a positive 

human signal at BU (82 copies/100 ml) coincide with recorded observations of both 

transients and human feces. For the remaining 13 dates when transient activity was 

recorded, all samples collected at marine and lagoon sites (BO, BU, LG, HB and TL) were 

negative for the human marker. For human feces, the human marker was positive when the 

presence of human direct deposits was observed on two separate dates (Feb 24 2013 and 

July 2 2014). In addition, a second ocean site, LG, was also positive for the human marker 

on the February 24, 2013 sampling date. 

Overall, the human-associated marker was detected in 13% of ocean water samples 

and in 14% of lagoon water samples collected during the course of the study. The human-

associated HF183 marker was detected six times throughout the study at the Beach Outlet 
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(BO), four times in the first period of the study (Oct 11 2011 – July 1 2013) and twice 

during the second period of the study (July 31 2013 – August 11 2014). Other marine sites 

were also positive for the human marker on two (LG) and four (BU) occasions.  

Levels of FIB and gull marker in Topanga lagoon did not vary with location or 

season. However, there was a marked difference in the observed levels of dog-associated 

markers by season (Figure 2-3, Figure 2-4). Levels of the dog-associated marker in 

recreational season were lower than those observed in the winter for all three lagoon sites. 

Dog and gull markers were consistently higher in the lagoon than those measured in the 

creek. Dog marker levels increased by ten to 100 times from the creek to the lagoon. 

Levels of the gull-associated marker was 100 to 1000 times greater than levels seen in the 

creek. FIB levels were comparable between the three sites for wet and recreational season, 

indicating that FIB is fairly homogenous throughout the lagoon. FIB levels at the ocean 

sites were higher at BO and LG (especially for ENT), indicating that upcoast sources are 

not likely contributing to FIB levels at BO and LG. 
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Figure 2-3.  cENT and marker values for lagoon sites (PCH Bridge over upper end of the lagoon-HB), 

Topanga Lagoon east wall-TL, Lagoon Outlet-LO).cENT and marker values for lagoon sites (PCH 

Bridge over upper end of the lagoon-HB), Topanga Lagoon east wall-TL, Lagoon Outlet-LO). The 

sites are ordered from north (left) to south (right).  The overall geomean for each site is shown in 

black while grey indicates the winter season geomean and white indicates the recreational season 

geomean.   

 

 
Figure 2-4. cENT and marker values for ocean sites (Beach Upcoast BU, Beach Outlet BO).The sites are 

ordered from west (left) to east (right).  The overall geomean for each site is shown in black while 

grey indicates the winter season geomean and white indicates the recreational season geomean.  
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Analysis of ENT isolates with 16S rRNA Sequencing  
 

Speciation of a selection of ENT isolates was completed in order to provide 

complementary information regarding ENT measured at the lagoon and ocean sites. 

Twenty isolates were isolated from mEI agar at Topanga State Beach and Topanga 

Lagoon, during summer 2013, and 100% of these isolates were identified as E. faecalis. 

E.faecalis is thought to be more fecal-associated than other species of enterococci such as 

E.gallinarum or E.casseliflavus (Ferguson et al., 2013). 

Dog marker survey 
 

In order to better understand levels of dog marker seen in Topanga, a dog survey 

study was conducted to determine the impact of dog fecal waste on Topanga water quality. 

Water samples were collected from a total of seven beaches and analyzed for FIB and the 

dog marker. Levels measured at Topanga were compared to reference sites where dogs are 

prohibited and to dog beaches where dogs are permitted and regularly frequent the 

designated beach area.  

In samples taken summer of 2014, Malibu and Dockweiler were negative for the 

dog marker in all sediment and water samples collected. Sediment samples collected from 

Rosie’s Dog Beach in Long Beach, CA were also negative for the dog marker. However, 

all water samples from Rosie’s Dog Beach had detectable levels (219 – 823 copies/100 ml) 

of the dog-associated marker. Highest average ENT concentrations (91 MPN/100 ml) from 

all four sites sampled was measured from Rosie’s Dog beach (Figure 2-5). Although dogs 

are prohibited at Topanga, levels measured from Topanga Beach were similar to those seen 

at the Rosie’s Dog Beach. All sediment samples were negative for the marker, except one 

(Site 6 – 159,303 copies/100 ml). Three of seven water samples (43%) collected on May 2, 
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2014 were positive for the dog marker at Topanga Beach. Water samples had dog marker 

concentrations ranging from 193 – 334 copies/100 ml (Figure 2-5). FIB measured from 

sediment were typically low (0.5 – 7.1 MPN/g) for ocean sites. Average FIB 

concentrations for water samples were 51 MPN/100 mL and 29 MPN/100 mL for EC and 

ENT, respectively.  In this single day dog survey, fecal waste did not appear to impact the 

sand at beaches sampled, however, there was a measureable impact on water quality.  

 
Figure 2-5. Average dog marker (A) and FIB (B) levels in water sampled during dog survey at the dog  

beach (Long Beach), Topanga, and the two reference beaches (Malibu and Dockweiler) in summer 2014. Dog 

beaches are indicated with a D.  
 

A follow up dog survey was conducted during the summer of 2015, in order to 

monitor for any reduction in dog marker levels in Topanga following local community 

events encouraging restriction of dog access at Topanga State Beach. Water samples taken 

from the three reference beaches, Santa Monica, Bolsa Chica, and Malibu were all negative 

for dog marker. Dog marker was measured at lower levels at Topanga State Beach and at 

Rosie’s Dog Beach in Long Beach. Two out of five samples were positive for dog marker 

at Topanga State Beach. The highest marker levels were measured at the most upcoast site, 

460 copies/100 mL. Water levels at Huntington Dog Beach in Huntington Beach, CA and 

at Arroyo Burro Dog Beach, in Santa Barbara were higher than marker levels measured at 
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the other beaches. Average marker level measured at Arroyo Burro and Huntington Dog 

beaches were 2151 copies/100 mL and 766 copies/100 mL, respectively (Figure 2-6). Dog 

marker levels measured at Topanga State Beach and Rosie’s Dog Beach were similar to 

levels measured summer 2014 and there was no difference in frequency of detection at 

Topanga State Beach between 2013 and 2014 (43% versus 40% detection in water 

samples).  

 
Figure 2-6. A) Average dog marker  and B) FIB levels in water sampled during dog survey at Topanga State 

Beach (TP) and upcoast of Topanga State Beach (TP BO), at three dog beaches: Long Beach (LB), 

Huntington (HB), and Santa Barbara (SB), at three reference beaches: Malibu, Santa Barbara (SB), and Bolsa 

Chica (BC) in summer 2015. Dog beaches are indicated with a D.  
 

 

 
Figure 2-7. ENT MPN/g feces for dog (n=5), gull (n=6), horse (n=7), and chicken (n=6). 

 

ENT MPN per gram animal feces was compared for dog, gull, horse and chicken 

sources. When levels were compared, ENT per gram feces was significantly lower for dog 

when compared to chicken (p=0.01). There was also a trend for increased ENT levels per 

Dog Marker                                                                    FIB                                                                
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gram feces for gull and horse versus dog. Average ENT levels per gram feces for dog, gull, 

horse, and chicken measured were 2.0 x 106, 1.1 x 107, 2.0 x 107, and 9.5 x 108 MPN/ g 

feces, respectively. 

Discussion 

Trends that were observed during year one of the Topanga MST study are 

consistent with MST marker and FIB levels measured during year two. Additional analyses 

assessing regrowth of ENT in the lagoon and comparison of dog marker levels to dog 

marker levels at other Southern California beaches complement findings of the MST study. 

FIB in the surfzone do not primarily originate from an upstream creek source, 

except under extremely elevated FIB levels and high flow events (such as first flush 

events). Conditions in the creek along the Narrows section, located between Owl Falls 

(6500 m) and Scratchy Trail (4800 m) appear conducive to a decrease in EC and ENT 

levels and observed levels of human- and dog-associated marker. Levels of FIB and all 

markers increase from the lower watershed creek site (SP), located 300m upstream of the 

lagoon, to lagoon sites.    

Fecal inputs from dogs and gull are important sources of fecal contamination to the 

lower watershed. When dog marker levels in Topanga water samples from summer were 

compared to levels at two reference beaches and one dog beach, dog marker levels at 

Topanga were similar to levels measured at Rosie’s Dog Beach in Long Beach. Dog 

marker levels were lower when compared to levels measured at the Arroyo Burro Dog 

Beach, Santa Barbara and at the Huntington Beach Dog Beach. When compared to Santa 

Barbara and Huntington (0.6 mile stretch and a 1.3 mile stretch) dog beaches, the area 

where people typically either bring their dog (0.10 mile stretch) at Topanga or are allowed 
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to bring their dog (0.12 mile stretch) at Rosie’s Dog Beach is much smaller. This could 

result in increased dilution or decreased inputs of dog fecal contamination, leading to the 

lower overall levels measured at the smaller dog parks.  

Levels of the dog marker increased between the recreation season and the winter 

season and may be related to an increase in illegal dog walking due to decreased lifeguard 

hours or lowered social pressure from fewer beachgoers present. The case for a lack of 

enforcement is also supported by dog marker detected frequently up-coast where lifeguards 

do not patrol any time of the year. Ervin et al. (2014) found a similar range of dog marker 

levels in the surf zone of Arroyo Burro (Santa Barbara), CA, USA, and showed that waste 

from dogs can be mitigated by educating the local community on proper pet waste disposal. 

Current regulations at Topanga Beach prohibit dogs so increased enforcement by 

lifeguards, community education and awareness, and better signage may help reduce 

contamination associated with domestic dogs. 

Dogs have been shown to be important sources of FIB to recreational waters. Wang 

et al. (2010) used enterococci loading information from Wright et al. (2009) to estimate 

relative enterococci impact from different human and animal sources and found that dog 

fecal contamination had a greater impact on enterococci levels than did human or bird 

inputs. Wright et al. (2009) found higher levels of enterococci associated with gram feces 

dog (3.9 x107 CFU/g) than seen in this study and when compared to other animal sources. 

Different types of dogs were included ranging from 5.7 X 104 to 2.8 X 108 ENT load per 

gram dry feces.  Ervin et al. (2013) measured levels at over 8.8x107 CFU per gram feces 

for a dog composite sample.  
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Despite the potential for dog fecal contamination to contribute high levels of FIB, 

in this study, dog marker levels were not correlated with either ENT or EC levels in wet or 

dry weather. Moreover, high levels of dog marker measured at several dog beaches did not 

result in heightened levels of FIB. Ervin et al. (2014) found no significant relationship 

between a reduction in dog marker levels following education of dog owners at the Arroyo 

Burro lagoon and FIB levels. Little is known about relative aging of the dog marker in the 

environment relative to aging of FIB, which may contribute to differences in dog marker 

and FIB levels measured during the dog survey. Further, dog markers on average 

contribute 1 x1010 copies per gram feces (Ervin et al., 2014). Marker levels measured may 

provide a more sensitive measure of dog contamination than traditional FIB measurements. 

Further studies are needed to better interpret high dog marker levels measured at dog 

beaches in terms of public health risk. 

Gulls and other waterfowl have been found to impair water quality at other beaches 

and may be responsible for exceedances of FIB in surfzone and lagoon samples (Lu et al., 

2008; Sinigalliano, 2013). Gull marker was detected frequently in the lower watershed with 

marker levels throughout the year often above 1000 typically above 10000 copies/100 ml at 

marine sites Ervin et al. (2014) and Russell et al. (2013) found similar magnitude levels for 

gull marker at Arroyo Burro Beach and Cowell Beach (Santa Cruz, CA, USA) marine sites.  

 During Year 1 (July 2012 to June 2013), human-associated marker was detected in 

the ocean on five sampling dates, including first flush, and also on four dates in the lagoon, 

one of which was first flush.  There was a total of seven dates with either ocean or lagoon 

detection.  Results from Year 2 (July 2013 – June 2014) are encouraging, as human marker 

was detected in the ocean on just two days, one of which was first flush.  For the lagoon, 
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human hits were observed only during the first flush event of Year 2.  Further sampling for 

the human-associated marker is recommended to determine if this trend continues and if it 

will continue to occur under non-drought conditions.  

In this study, MST was performed using DNA-based human and animal-associated 

fecal markers to identify and locate sources of fecal contamination to the Topanga 

watershed. The main findings from year one were confirmed during year two, even under 

extremely dry weather. Upstream sources do not appear to be contributing to surfzone FIB, 

except during periods of extremely high flow. Dog and gull marker appear to be a 

significant source to the lagoon and ocean and likely contribute to exceedances seen in FIB 

data. Winter samples were four to eight times higher than samples for the recreational 

season for the dog and gull marker, indicating that these markers followed a seasonal trend 

during both year one and year two of the MST study and may have more of an impact to 

water quality during the winter.  

Including host-associated markers in monitoring efforts over two years allowed for 

the observation of long term and seasonal patterns. These patterns would have been 

difficult to deduce using short-term monitoring, tiered sampling approaches, or snap shots 

of the watershed at specific times. Future work should include a more in-depth look at 

mechanisms leading to decline in upper watershed FIB sources and the effect of 

environmental characteristics on FIB and marker decay.  
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Chapter 3 : Role of sediments in fate and relative aging of microbial source tracking 

markers and fecal indicator bacteria in a Southern California Watershed 

 

Introduction 
 

Decay in sediments is particularly understudied even though beach sands, 

sediments, and soils have been implicated as a potential reservoir in a variety of climates 

and environments (Alm et al., 2014; Craig et al., 2004; Garzio-Hadzick et al., 2010; Haller 

et al., 2009; C. M. Lee et al., 2006), may affect FIB deactivation (Mika et al., 2009), and 

exposure to them can represent a significant health risk (Halliday and Gast, 2011; Heaney 

et al., 2012). Sediments can promote persistence of fecal organisms by providing both 

protection from ultraviolet radiation and predation by microorganisms in the overlying 

water column (Davies et al., 1995; Korajkic et al., 2013b) and by supplying critical 

nutrients (Craig et al., 2004; Labelle et al., 1980). Under favorable sediment conditions, 

FIB exhibit extended survivability and even regrowth, which in turn complicates 

interpretation of FIB levels (Byappanahalli et al., 2012; Davies and Bavor, 2000; Garzio-

Hadzick et al., 2010; C. M. Lee et al., 2006).  

FIB are non-pathogenic and can indicate risk only sofar as their persistence in the 

environment matches that of pathogens.  Fecal indicator bacteria (FIB) are used as proxies 

for the myriad of pathogens present in fecal matter, and their presence has been linked to 

adverse health effects (Cabelli et al., 1982; Kay et al., 1994). Microbial source tracking 

(MST) approaches utilizing quantitative polymerase chain reaction (qPCR) quantification 

of source-associated DNA markers have greatly advanced. These methods enable more 

successful source tracking by allowing for same-day water quality monitoring results and 
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information regarding the source of the fecal contamination (Boehm et al., 2013; Griffith et 

al., 2013, 2009; Noble et al., 2006).  However, both FIB and DNA-based markers are 

poorly understood both in terms of how they decay in the environment and how their decay 

rates compare to each other.  FIB are measured using a culture-based technique, whereas 

DNA-based markers measure DNA from both culturable, viable but not culturable, and 

dead cells. Further, decay of fecal microorganisms is dependent on both the bacterium 

itself and on physical (e.g. organic matter content, temperature, salinity) (Haller et al., 

2009; Shelton et al., 2014; Thelaus et al., 2009) and biotic factors (predation and 

competition) (Kinnaman et al., 2012; Korajkic et al., 2013b; Wanjugi and Harwood, 

2013b). Ideally, FIB should provide a warning that fecal contamination of waters by 

human-derived sewage has recently occurred, and their presence should correlate with the 

presence of human pathogens.  

Few studies have addressed how the presence of sediment and associated sediment 

characteristics (such as particle size distribution and organic matter content) may affect 

decay characteristics of FIB and DNA-based markers, despite the fact that concentrations 

of fecal bacteria in the sediment can occur at levels much higher than in the overlying 

water column (Davies et al., 1995; Ferguson et al., 2005; Garzio-Hadzick et al., 2010), 

making resuspension from bottom sediments an important source of microbes during 

remobilization events such as storms and high flow events (Bai and Lung, 2005; Steets and 

Holden, 2003).  Studies so far evaluating marker decay in sediments have been limited to 

one sediment type, neglecting differences in decay associated with different sediment 

characteristics (Eichmiller et al., 2014; Kim and Wuertz, 2015; Yamahara et al., 2012). 
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Moreover, many standard water quality models often either neglect the sediment 

compartment entirely or leave the fate of organisms as a black box, with no accumulation 

or decay (Dopheide et al., 2009; Rehmann and Soupir, 2009).  Models that have taken 

bacterial-sediment interactions into account have shown them to enable more realistic 

predictions of water column concentrations (Rehmann and Soupir, 2009; Jamieson et al., 

2005).  Steets and Holden (2003) modeled the fate and transport of fecal coliforms (FC) 

through a coastal lagoon, finding that sediments played an important role that varied 

seasonally. FC creek inputs to the lagoon were mediated in the summer do to deposition, 

while in the winter FC-laden sediments were released to the ocean during storm flow 

conditions. Thupaki et al. (2013) examined the impact of sediment-bacteria interactions on 

E.coli levels at beaches in Southern Lake Michigan. Trends in E.coli levels in the water 

column were more accurately predicted when deposition and resuspension events were 

included in the fate and transport models (Thupaki et al., 2013). A better understanding of 

fate of fecal contamination in sediments will allow for more effective water quality 

modeling and watershed management.  

Previous work in Topanga Creek showed a high assimilation capacity for water 

column FIB levels. FIB levels are high near the town of Topanga and are subsequently 

dramatically reduced through the undeveloped portion of the creek (Riedel et al., 2015).  In 

this study, impacts of freshwater sediment characteristics on decay of MST markers and 

FIB in sediments collected within the upper and lower reach of the Topanga Canyon 

Watershed and two additional comparator sites were evaluated. It was hypothesized that 

different site specific characteristics within the Topanga watershed may lead to differences 

in decay rate of FIB and MST markers in sediment at the different sites. The main 
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objectives were 1) to determine whether FIB have decay rates comparable to source 

markers with respect to freshwater sediment characteristics and 2) to assess the spatial 

variability in sediment-based processes at the reach-scale.  Laboratory microcosm 

experiments were used to investigate the relative aging of FIB and DNA-based markers 

from sediments taken at different reaches within the Topanga watershed and from 

sediments taken from two additional sites located outside of the Topanga watershed. In 

addition, a simplified model was applied with decay rates generated from the microcosm 

experiments to better understand the role of sediments in assimilation of inputs of fecal 

contamination to the Topanga Canyon watershed.  

Methods 
 

Sediment Microcosm Experiments 
 

Sediment collection and characterization 

Freshwater sediment was collected from six sites with the Santa Monica Mountains 

Watershed located in Southern California (Figure 3-1). Four sites were selected along the 

Topanga Creek within the Topanga Canyon Watershed over a four mile stretch, two within 

the upper reach of Topanga Canyon and two within the lower reach of the Topanga 

Canyon. The upper watershed has chronic levels of contamination, which are not largely 

transported downstream (Riedel et al., 2015). Inputs to the upper sites include runoff from 

the town of Topanga and Topanga Canyon Boulevard, which parallels the creek. The lower 

reach of Topanga Canyon consists mainly of riffles and runs (25 and 75%), while the upper 

reach is more complex with five flow habitats (cascade/fall, riffle, run, glide, and pool). 

The upper gradient reach (4500-4650m) was pool dominated and larger substrate, such as 

cobbles, boulder, and bedrock was more frequent. The lower gradient reach (3200-3350m), 



50 
 

was dominated by run-riffle complexes and with a higher percentage of smaller substrates, 

such as fines and gravel (Dagit et al., 2014).  

For comparison, sites were also selected and sediment was collected and tested 

from Medea Creek within the Malibu Creek watershed and from Ballona Creek freshwater 

marsh. Site coordinates and descriptions can be found in Table 3-1. 

 Table 3-1. Description of sediment collection sites. 

Site Site Name
Distance from Topanga 

Lagoon Outlet (m)
Easting (m) Northing (m) Elevation  (m) Description Location

1 Ballona Creek (BC) NA 367685 3759839 0 Marsh (FW) Ballona FW Marsh

2 Brookside Drive (BR) 1700 354075 3768713 <30 Creek Lower Topanga Watershed

3 Madea Creek (MC) NA 337802 3779288 243 Creek Malibu Watershed

4 Owl Falls (OF) 6500 352673 3772373 215 Creek Upper Topanga Watershed

5 Scratchy Trail (ST) 4800 353518 3771500 120 Creek Upper Topanga Watershed

6 Topanga Lagoon (TL) 0 353968 3767553 0 Lagoon (FW) Lower Topanga Watershed  
 

Particle size, organic matter content, and nutrient, and chlorophyll a levels were 

evaluated. Particle size was determined by charging the particles in a sodium 

metaphosphate solution and taking hydrometer measurements at standardized time 

increments (Zedler, 2001). Organic content was measured through loss on ignition at 550 

deg C for two hours (Clesceri et al., 1998).  Five grams sediment was frozen and shipped to 

the MSI laboratory at UCSB for carbon and nitrogen content, determined by high 

temperature combustion of sediments (Marine Science Institute, Santa Barbara, CA). 

Ammonium, nitrate-nitrite, and nitrite levels were extracted from sediments per standard 

methods with a KCl extraction solution using an automated shaker (ISO 14256-1, 2003). 

Phosphate was extracted per the Mehlich 3 extraction method, with Mechlich 3 extracting 

solution (0.2 N acetic acid, 0.25 N NH4NO3, 0.015 N NH4F, 0.013 N HNO3, and 0.001 M 

EDTA) and an automated shaker (Mechlich, 1984). Extractants were filtered through a 

0.22 um polycarbonate filter and filtrate was stored in the dark at -20 deg C for up to three 

weeks before being shipped to the MSI laboratory at UCSB for nutrient analysis, 
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determined using flow injection analysis.  Dry weights of samples were determined by 

measuring weight differences before and after drying sediments at 105 deg C for at least 24 

hours or until two measurements stabilized. Chlorpohyll a pigments were extracted in 95% 

acetone and absorbance of the extract was determined using a Hach DR 2600 

spectrophotometer at 750nm and 664 nm before and after acidification with 1 N HCl 

(Armitage et al. 2004).   

 
Figure 3-1. Map of sediment sampling sites. Green circles represent sites sampled within the Topanga 

Canyon Watershed and red circles indicated comparator sites. 

 

Sediment was collected from at least three locations within a 5 m x 5 m transect at 

each site. Sediment was collected using sterile sediment cores and transported on ice. 

Sediments were held at 4 °C in the dark for no more than five days before microcosm 

experiments. Microcosms were constructed in pyrex beakers with 2:1 sediment: water ratio 

by volume using homogenized sediment and artificial fresh water. Sediment was either 

oven dried at 177° C for 48 hours (sites 2, 3, 4, and 5) or ambient (sites 1-6). Sediment was 

oven dried to reduce impact of ambient microbial community and predators on inoculum 
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decay (Korajkic et al., 2013b; Wanjugi and Harwood, 2013b). Oven-dried sediments were 

tested for effective disinfection by running an Enterolert and Coliert IDEXX on sediment 

resuspension and by streaking sediment resuspension onto Tryptic Soy Agar.  Oven dried 

sediment moisture content was adjusted to match moisture content of ambient sediment 

prior to seeding of sewage inoculum by adding in appropriate volume of artificial 

freshwater. Oven dried sediment was used in order to test for effect of competition and 

predation from ambient microbiota on MST marker and FIB decay rates.  

Sediment microcosm experiments 
 

Microcosms were constructed with sewage (5% primary influent collected from the 

Orange County Sanitation District in Fountain Valley, CA) seeded into sediment (1.5 L by 

volume) and allowed to incubate for two hours. After two hours, seeded sediment (400 

mls) was distributed into each of three replicate, 2L Pyrex beakers. Two hundred mLs of 

artificial freshwater (distilled water with 0.3 mM MgCl2, 0.6 mM CaCl2, and 1.4 mM 

NaHCO3) was then added to each beaker. Microcosms were conducted in a Precision 

Environmental Chamber set at 20° C, average water temperature was 23.4° C, on a 12-hour 

light/dark cycle. Each beaker had an airstone to ensure mixed and oxygenated conditions.  

Microcosms were sampled eight times over a 21 day period for decay of FIB and 

DNA-based markers. Prior to sampling the sediment at each time point, water was removed 

and replenished with 200 mL new artificial fresh water simulating semi-continuous flow 

conditions. Water column from one beaker of each set of three was processed for FIB and 

markers to account for resuspension of bacteria to water column. After water was removed, 

sediment was sampled using a 15 mL Falcon tube core. Three cores were taken from each 

beaker, composited, and processed for FIB and markers at each of the eight time points. 
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Each sample (sediment and water column) was processed and analyzed for FIB (E.coli, 

enterococci) and qPCR host-specific markers for human (HF183) and enterococci 

(Entero1A). FIB was assayed by IDEXX and/or qPCR methods following EPA standard or 

published protocols.  

Topanga Canyon Watershed ambient sediment and water sampling 
 

Ambient sediment samples were collected on seven different days between July 

2014 and March 2015. Samples were only collecting during dry weather with at least 10 

days since rainfall. Sediment samples were collected using sterile soil cores into 50 mL 

falcon tubes and transported on ice. Samples were processed within six hours for FIB and 

markers.  

Water samples were collected within the Topanga upper watershed sites from 2012-

2014 as part of a three year microbial source tracking study. Detailed results and sampling 

methods are described in an earlier study (Riedel et al., 2015).  

Table 3-2. Description of Topanga Field Sites. 

Site Name
Distance from Topanga 

Lagoon Outlet (m)
Easting (m) Northing (m) Elevation  (m) Description Location

Owl Falls (OF) 6500m 352673 3772373 215 Creek Upper Topanga Watershed

Scratchy Trail (ST) 4800m 353518 3771500 120 Creek Upper Topanga Watershed

Topanga Bridge (TB) 3600m 353522 3770391 60 Creek Mid Topanga Watershed

Brookside Drive (BR) 1700m 354075 3768713 <30 Creek Lower Topanga Watershed

Snake Pit (SP) 300m 354015 3767841 <30 Creek Lower Topanga Watershed  
 
 

 qPCR Analyses 
 

For all water QPCR assays, sample water was filtered through 47 mm, 0.4 µm pore 

size, HTTP polycarbonate filters (EMD Millipore, Billerica, MA) in triplicate. Each filter 

was placed in an individual two ml polypropylene screw cap tube, containing 0.3 g, 212 – 

300 µm (50 – 70 U.S. sieve) acid washed glass beads (Sigma-Aldrich, St. Louis, MO) and 
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stored at -80°C until DNA extraction.  DNA extraction was conducted with the DNA-EZ 

ST1 Extraction Kit (GeneRite, North Brunswick NJ) following the manufacturer’s 

protocol. Eluted DNA samples were stored at -20°C until analysis of molecular host-

associated markers with qPCR. 

For all sediment qPCR analyses, 0.25 g sediment was placed into a an individual 

two mL polypropylene screw cap tube with 750 uls of Bead Solution (MoBio Inc., 

Carlsbad, CA) and one g of garnet beads (MoBio Inc., Carlsbad, CA). Sediment samples 

were extracted according to manufacturer’s protocol with the MoBio Power Soil DNA 

Extraction Kit (MoBio Inc., Carlsbad, CA) with one modification: DNA was eluted into 

50ul of elution buffer, instead of 100 ul, to increase recovery. 

QPCR assays were performed according to previously published protocols (Table 

3-3). Reaction mixtures consisted of 1X Taqman Environmental Master Mix (Applied 

Biosystems, Foster City, CA), forward and reverse primers and probes, bovine serum 

albumin fraction, and 2ul of template DNA. Triplicate samples were run on a StepOnePlus 

real-time PCR system. Samples and calibration standards were run in triplicate. A five-

point standard calibration curve was run alongside samples on each well plate. Standard 

curves had efficiencies between 89 - 100% and R2 > 0.99 (Table 3-4). Quantification 

thresholds (Cq) were converted into units of gene copies using a pooled master standard 

calibration model. Negative controls (no template controls on well plate), filtration and 

extraction blanks were included to ensure contamination of samples did not occur during 

either the filtration or extraction processes.  

 

 

 

 



55 
 

Table 3-3. Description of qPCR assays used. 
Target Assay Assay Ref Forward Reverse Probe Dye Quencher

General GenBac3 EPA Protocol GGGGTTCTGAGAGGAAGGT CCGTCATCCTTCACGCTACT CAATATTCCTCACTGCTGCCTCCCGTA 6FAM TAMRA

Human HF183 Haugland et al., 2010 ATCATGAGTTCACATGTCCG CGTAGGAGTTTGGACCGTGT CTGAGAGGAAGGTCCCCCACATTGGA 6FAM MGB

ENT ENT1A EPA Protocol GAGAAATTCCAAACGAACTTG CAGTGCTCTACCTCCATCATT TGG TTC TCT CCG AAA TAG CTT TAG GGC TA 6FAM TAMRA  
 
Table 3-4. Performance of qPCR assays used. 

Assay Slope y-int efficiency*

LLOQ** 

(copies/100 ml)

GenBac3 -3.51 40.56 0.99 0.93 1029

HF183Taq -3.63 39.58 0.99 0.89 438

ENT1A -3.47 40.41 0.99 0.94 723

  

 

*efficiency=  

**LLOQ is based on a volume of 50 mL being filtered. 

 

FIB Enumeration 
 

To obtain FIB concentrations, Total Coliform (TC), Escherichia coli (EC), and 

enterococci (ENT) were measured with Colilert-18TM and EnterolertTM (IDEXX, 

Westbrook ME) reagents and protocols to determine the most probable number (MPN) of 

cells per 100 ml sample.  Samples were analyzed at a 1:10 dilution as recommended by the 

manufacturer, or a 1:100 dilution on an as needed basis. The limit of detection (LOD) for 

these assays is 10 MPN/100ml and any sample below the limit of detection was assigned a 

value of 5 MPN/100ml for analysis. Samples above the range of quantification (ROQ) 

were assigned the maximum value depending on the dilution used. For example, samples 

with observed concentrations of >24196 MPN per 100 mL were set to 24196 MPN per 100 

mL.  

Decay Rate Calculation 

 

Decay rates of the microorganisms were calculated with a first-order decay 

equation:  C=C0e
-kt, where C(t) is the concentration at time point (t), Co is the initial 

concentration, and k is the first order decay constant. Decay was calculated between day 0 
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and day 12, unless levels fell below the limit of detection before day 12, in which case 

decay was calculated between day 0 and the last day of detectable concentration of FIB or 

marker.   

Statistical Analysis 
 

Sediment characteristics were regressed on decay rates for the six ambient 

sediments tested to explain variability in decay rates due to total organic carbon, particle 

size distribution, and nutrient levels. Multiple linear regression and pairwise comparisons 

were used to compare significant differences between slope (decay rate) for the different 

sites and indicators tested (cENT, cEC, HF183, GenBac3, and ENT1A). All statistical 

analyses were conducted in Stata 12.0 (Stata Corp, College Station, Texas).  

Fate of cENT and HF183 Human Marker within two Topanga Stream Reaches 
 

A simplified stream model was applied focusing on a parcel of water traveling 

downstream through different reaches of the Topanga watershed in order to highlight 

processes occurring within the stream related to sediment. Simulation conditions were 

chosen to represent Topanga Canyon Creek.  The creek reaches modeled have the potential 

to mediate inputs from the town of Topanga. Both reaches are located between the town 

and Topanga State Beach, a heavily populated recreational site. Further, a MST study 

conducted between 2012-2014 reported a rapid reduction of inputs between 6500m and 

4800m. This model considered the scenario where there is a constant input from an 

upstream site, which was consistent with field observations where the town of Topanga 

contributed a constant input of FIB to the upper watershed. An input of 150 MPN/100 mL 

ENT and 400 Copies/ 100 mL HF183 Marker was assumed.  These values represent 

realistic concentrations and are similar to concentrations seen during field sampling within 
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the Upper Watershed in Topanga. Initial concentrations in the sediment and water were set 

to 0.  

Two reaches were chosen to model: 1) the upper watershed reach, which 

represented a 1500m stretch where fast reductions of FIB and the HF183 human marker 

were seen during field sampling. This stretch reflected conditions seen between 6500m and 

4800m in the Topanga watershed, and 2) a 1500m stretch within the lower Topanga 

watershed, reflecting conditions occurring between between 3600m and 1700m. 

The elements modeled include time-variant Creek ENT and HF183 marker levels in 

the water column and sediment. Stream dimensions (depth of the water column and 

sediment) were based on average measurements taken directly in the field in Topanga 

Creek from 2012 to 2014 and were applied to the Lower and Upper Watershed reach 

simulations (Table 3-5). Water flow rate (u) was based on average measurements taken in 

2013, stretch specific flow rates were applied to the Upper and Lower Watershed Reach 

Simulations.  

The concentration in the water column was governed by settling and is described in Eqn.1 

(Figure 3-2). 

Eqn.1  (Cin-Cw)-( ) 

In Eqn (1), the terms on the right side of the equation describe an input of FIB and HF183 

Marker to the stretch and removal by settling and lateral flow. We assumed that unattached 

cells would not settle and that 90% (f) of cells were attached and would settle at a rate of 

Vs. Creek water velocity (u) was dependent on stretch modeled. Slower velocity was seen 

in the upper versus lower watershed. Decay within the water column was not included, in 

order to highlight loss due to settling. Settling velocity was adapted from Steets and Holden 
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(2003). Settling velocity was calculated based on Stoke’s law for fine silt (2.66 x 10-7 m 

sec-1) and clay (6.42 x 10-5 m sec-1) particles, and these two settling velocities were then 

averaged to get a representative Vs.  

The concentration in the sediment is governed by properties including resuspension, 

settling, and decay. In this study, the time-variant concentration in sediment was calculated 

as a function of resuspension and decay only (Figure 2). The concentration in the sediment 

is described by Eqn 2.  

Eqn 2. +  

In Eqn (2), the terms on the right side of the equation describe deposition of particle-

associated cells followed by decay. Resuspension from the sediment that may result from 

high flow and storm events was excluded.  Sediment decay rates for the two reaches were 

calculated in the microcosm experiments described above. Decay rates were averaged from 

sites 4 and 5 for the upper watershed reach simulation for cENT and for HF183. For decay 

within the lower watershed, decay rates were applied based on results of the microcosm 

study for Site 2.  

 

Figure 3-2. Schematic of stream water column and sediment within one stream stretch.  Processes 

depicted include 1) an input of cells from an upper watershed source, 2) output from this stream 

stretch, 3) deposition from the water column, 4) and decay in the sediment. 
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Table 3-5 lists model input values for the upper and lower watershed simulations. 

Simulations were run in R 3.2.2 (The R Foundation, Boston, MA).  

Table 3-5.  Input parameters and values for stream reach simulations. 

Upper Watershed

cENT HF183 cENT HF183

ttotal sec Run time

L m Length of stream stretch

Dw m Average depth of water column

Ds m Average depth of sediment

f Fraction cells associated with suspended sediment

Vs m/s Average settling velocity of fine-grained sed (Steets et al. 2003)

ksed -4.4E-06 7.8E-06 -8.1E-07 -6.0E-06 sec-1 First order sediment decay rate coefficient

u m/s Stream water velocity

Cm 150 400 150 400 MPN or copies/100 mL Upstream input concentration of cells

Co (w) 0 0 0 0 MPN or copies/100 mL Initial water concentration

Co (sed) 0 0 0 0 MPN or copies/100 g Initial sediment concentration

4.2E-06

1.2E-02

1500

0.05

0.90

4.2E-06

8.0E-03

0.5

1500

0.5

0.05

0.90

Value

Lower Watershed Units DescriptionVariable

2.0E+06 2.0E+06

 

Results 
 

Sediment characteristics and relationship to decay rate 
 

The persistence of source markers and FIB was investigated in six different 

sediments. Sediment characteristics differed between the different sites. Site 1 (Ballona 

Creek FW marsh site) had the smallest particle size (49.95% fines) and highest organic 

matter content (4.6 %) of the sites tested.  Sites 4 and 5, upper Topanga Watershed sites, 

had similar characteristics, were mostly sand (93%) and had low levels of organic matter 

(Table 3-6).  
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Table 3-6. Characteristics of sediments used in microcosm study. 
Sediment

CHN Analysis

Site

mg/g Clay Sand Silt C N % %

1 3.76 27.49 50.05 22.46 1.10 0.12 1.10 0.12 1.10 0.12 44.68 4.60

2 1.22 7.50 90.20 2.30 0.51 0.05 0.51 0.05 0.51 0.05 16.28 1.40

3 8.31 9.31 89.50 1.19 0.17 0.02 0.17 0.02 0.17 0.02 16.35 1.20

4 1.19 5.50 93.20 1.30 0.08 0.01 0.08 0.01 0.08 0.01 13.85 0.66

5 0.00 5.51 93.19 1.30 0.13 0.02 0.13 0.02 0.13 0.02 14.30 0.80

6 0.62 2.85 97.15 0.00 0.02 0.01 0.02 0.01 0.02 0.01 14.28 0.39

Moisture 

Content
Chla 

Organic 

Matter% Weight %

Particle Size Distribution Nutrients 

um/g

   
    

 +    
    

     

 
 

Regression analyses were run comparing sediment characteristics and decay rates 

measured at each site. Analyses were completed with and without Site 1. Site 1 represented 

a freshwater marsh site while the others all represented freshwater creek sediment. When 

Site 1 was included in regression analyses, particle size distribution was a significant 

predictor of cENT decay with a higher % of fines leading to slower decay. Nutrients and 

carbon (C) and nitrogen (N) content were also all significant predictors of cENT decay, 

with increasing levels resulting in increased persistence of cENT. There was also a trend 

for increased persistence of cEC and HF183 with increasing levels of nutrients, C and N 

and % fines (Table 3-7).  

When Site 1 was removed from regression analyses, nutrient and C and N levels 

were significant predictors of cENT and GB3 marker decay rate. There was also a trend for 

increased persistence of the HF183 marker and cEC with increasing nutrient and C and N 

levels. Percent fines was a significant indicator for the ENT1A marker when Site1 was 

removed (Table 3-7).  
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Table 3-7. Regression results for sediment characteristics regressed on decay rates. R2 values given. 

cEC cENT HF183 GB3 ENT1A

With Site #1 Included (n=6)

% Fines 0.23 0.55* 0.29 0.11 0.03

C 0.43* 0.85** 0.47* 0.29 0.03

N 0.40 0.78** 0.43 0.21 0.05

0.43 0.85** 0.47* 0.29 0.03

0.40 0.78** 0.43 0.21 0.05

0.43 0.85** 0.47* 0.29 0.03

With Site #1 Removed (n=5)

% Fines 0.03 0.31 0.02 0.87** 0.53

C 0.42 0.96** 0.36 0.78** 0.02

N 0.45 0.92** 0.32 0.70** 0.01

0.42 0.96** 0.36 0.78** 0.02

0.45 0.92** 0.32 0.70* 0.01

0.42 0.96** 0.36 0.78** 0.02

* Significant at P<0.1 Level

** Significant at P<0.05 Level

Assay
Sediment 

Characteristic

   
  

   
  

   

   

   
 

   
 

 
 

Decay of FIB and Source Markers 

 

Log linear decay rates of cENT, cEC  and the HF183 and ENT 1A marker in both ambient 

and oven dried sediments are presented in Tables 3-8.  

HF183 

The HF183 marker decayed in both sterilized and ambient sediments. There was no 

significant difference in decay between the six sites for decay of HF183 in ambient 

sediment (Figure 3-3). Decay of the HF183 marker was slower in the sterilized sediments 

for all four sites tested than in the ambient sediments. The HF183 marker was detected 

only until day 7 in both the ambient of sterilized sediment, with the exception of Site 2 

(lower Topanga watershed sediment) (Figure 3-4). 
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Table 3-8. Decay rates of FIB and specific markers in sediment microcosms inoculated with primary WWTP 

influent given. Initial concentrations (C0) of FIB and specific markers measured within the microcosms are 

given in either copies (specific markers) or cells (FIB). R2 are given for the relationship between time and 

natural log normalized concentration.  

Ambient Sediment Sterilized Sediment

Treatment 
C0  copies or 

cells 
k SE R² T90

C0  copies or 

cells 
k SE R²

Assay/Site

cENT

1 7.5E+02 -0.03 0.08 0.01 76.75

2 1.6E+02 -0.07 0.08 0.06 32.89 4.8E+02 0.25 0.12 0.24

3 6.6E+02 -0.35 0.14 0.40 6.58 5.9E+02 0.32 0.08 0.51

4 5.4E+02 -0.37 0.08 0.65 6.22 2.3E+02 0.10 0.10 0.06

5 3.1E+02 -0.39 0.05 0.81 5.90 3.4E+02 -0.18 0.07 0.28

6 5.1E+02 -0.40 0.06 0.79 5.76

cEC
1 7.9E+03 -0.22 0.04 0.67 10.47

2 6.9E+03 -0.16 0.09 0.21 14.39 1.5E+04 0.52 0.14 0.51

3 3.9E+04 -0.52 0.06 0.89 4.43 5.8E+04 0.25 0.13 0.20

4 9.7E+03 -0.80 0.14 0.84 2.88 2.2E+04 0.28 0.11 0.30

5 7.2E+03 -0.81 0.21 0.56 2.84 1.8E+04 -0.09 0.14 0.10

6 2.4E+04 -0.38 0.11 0.43 6.06

HF183

1 1.3E+04 -0.50 0.07 0.83 4.61

2 7.8E+03 -0.52 0.08 0.82 4.43 6.6E+03 -0.24 0.08 0.38

3 8.0E+03 -0.96 0.10 0.93 2.40 6.6E+03 -0.20 0.03 0.70

4 5.1E+03 -0.62 0.22 0.54 3.71 6.2E+03 -0.49 0.08 0.80

5 4.7E+03 -0.73 0.17 0.73 3.15 5.7E+03 -0.49 0.08 0.79

6 7.1E+03 -0.86 0.16 0.81 2.68

ENT1A

1 1.0E+05 -0.18 0.03 0.72 12.79

2 3.4E+04 -0.14 0.05 0.27 16.45 6.3E+03 0.26 0.08 0.4

3 1.3E+05 -0.05 0.02 0.26 46.05 1.1E+04 0.85 0.13 0.8

4 3.7E+04 -0.07 0.03 0.23 32.89 7.5E+03 0.12 0.05 0.2

5 3.8E+04 -0.07 0.03 0.22 32.89 4.3E+03 -0 0.04 0.1

6 3.8E+04 -0.28 0.07 0.51 8.22

GB3

1 7.5E+06 -0.22 0.07 0.38 10.47

2 2.6E+06 -0.10 0.05 0.22 23.03 4.8E+05 0.5 0.15 0.4

3 2.5E+06 -0.18 0.03 0.68 12.79 6.1E+05 0.34 0.11 0.4

4 6.8E+05 -0.33 0.04 0.84 6.98 7.5E+05 0.14 0.09 0.1

5 2.1E+06 -0.34 0.07 0.61 6.77 1.3E+06 0 0.08 0

6 8.1E+05 -0.44 0.10 0.56 5.23

      )       )       )       )       )
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Table 3-9. Comparison of decay rates of FIB and DNA for different host markers in the six sediments tested. 

Significant differences in decay at (p<0.05) are indicated by non-overlapping letters. Red letters indicate 

groups with significantly slower decay and bolded letters indicate groups with significantly faster decay.  

Ambient Sediment

Site cENT cEC HF183 ENT1A GB3

1 H CDEFG ABC CDEFGH CDEFG

2 GH DEFGH ABC EFGH FGH

3 BCDEF ABC A H CDEFGH

4 ABCDE A ABCDEFG EFGH BCDEF

5 ABCD A ABC FGH BCDEF

6 ABCD BCD AB CDEF ABC  
 

GB3 

In ambient sediments, the GB3 marker remained relatively stable until day 3 and then 

decreased, staying within quantifiable levels through day 21. There was a trend for slower 

decay of the GB3 marker in sites 2 and 3. In the sterilized sediment microcosms, GB3 

levels increased in all four sediments until day 3. After day 3, concentrations either 

plateaued (Sites 2S and 3S) or started to slowly decline (Sites 4S and 5S). For all sterilized 

sediment microcosms, higher concentrations of the GB3 marker were measured on day 21 

versus day 0.   

ENT1A 

In the ambient sediment microcosms, the ENT1A marker remained stable over the course 

of the 21 day sampling period. For sites 1-3, there was no significant difference between 

initial and final ENT1A marker levels (p>0.05). In the sterilized sediment microcosms, 

ENT1A marker levels increased until day 7 and then either plateaued (Sites 2S and 3S) or 

started to decline (Sites 4S and 5S). 

cEC 

In the ambient sediment microcosms, all six sediment types exhibited linear decay. cEC 

decayed significantly faster in sediment from Sites 4 and 5 versus Sites 1 and 2. cEC levels 

were below the LOQ at day 21 for sites 3-6. In the sterilized sediment microcosms, the 
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final concentration of cEC measured at day 21 were not significantly different from initial 

concentrations at all four sites (p>0.20), indicating persistence of cEC in the sterilized 

sediments.  

cENT 

In the ambient sediment microcosms, there was initially growth until day 3 for sites 1-3. 

For sites 4-6, there was a plateau period that lasted three days that preceded decay of 

cENT. cENT fell below quantifiable levels by day 21 for sites 4-6. For sites 1-3, cENT was 

measured at quantifiable levels through day 21. Sites 3-6 all exhibited significantly faster 

decay of cENT than Sites 1 and 2 (Figure 3-3).  

In the sterilized sediment microcosms, there was initially growth of cENT in all four 

sediments tested. Site 2S and 3S had higher concentrations of cENT at day 21 than at day 

0. cENT levels declined after day 3 in Site 4S and 5s sediment, and levels fell below the 

LOD by day 21 (Figure 3-4).   

 
Figure 3-2. Time series of normalized FIB and MST marker concentrations (lnC/Co) in microcosms 

comparing sediment decay between sites. Red symbols indicate decay in sediments from comparator sites, 

and black or grey symbols represent sediments from Topanga canyon watershed.  
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Figure 3-3. Time series of normalized FIB and MST marker concentrations (lnC/Co) in microcosms 

comparing sediment decay between sites in sterilized sediment. Red symbols indicate decay in sediments 

from comparator sites and black or grey symbols represent sediments from Topanga canyon watershed. 

 

Ambient sediment and water column levels of HF183 and cENT 

 

 

Figure 3-4. Average HF183 marker levels measured in Topanga Canyon water samples from 2012 to 2014 

and cENT levels measured in water column between from 2012 to 2014 and sediment from 2013 to 2014. 

Significant reduction in HF183 and cENT levels seen in sediment and water through the narrows (between 

6500m and 4800m).  

 

A reduction in HF183 and cENT levels was seen through the narrows (between 

6500m and 4800m) as reported in Riedel et al. (2015). In addition, sediment samples were 
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taken at three sites within the Topanga watershed. There was a similar reduction in cENT 

between 6500m and 4800m for cENT levels in sediments. Sediment at 1700m had high 

levels of cENT, despite lower levels of cENT in the water column at this site. The HF183 

marker was not detected in any of the sediment samples taken.  

 

Transport of ENT and HF183 human marker within two stream reaches  

 

In the upper watershed reach simulation, net loss of cENT and HF183 dominated. 

Due to slower stream velocity within the upper watershed, there is a longer residence time 

(52 hours) versus in the lower watershed (35 hours) so more cells were lost from the water 

column due to deposition. Deposition of particle-associated cells in the upper watershed led 

to a 59 % reduction in cells in the water column through the simulated upper watershed 

stream reach and a 49% reduction in cells in the water column through the simulated lower 

watershed stretch. Sediment concentrations stabilized at 76 MPN/g in the upper watershed, 

which was similar to ambient levels measured in the upper watershed (73 MPN/g at 6500 

m and 37 MPN/g at 4800 m). In the lower watershed, slower decay within the sediment led 

to net accumulation of cENT in the sediment. The simulation predicted that cENT 

concentrations will stabilize at a concentration of 513 MPN/g. This was similar to ambient 

sediment concentrations measured in the lower watershed (451 MPN/g).  

The HF183 marker levels were predicted to stabilize at levels below the LOQ in 

sediment in both the lower and upper watershed stretches and in the water in the upper 

watershed.  Water column concentrations stabilized at 165 copies/100 mL in the simulated 

upper watershed stream stretch and at 206 copies/100 mL in the simulated lower stream 
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stretch, and sediment concentration stabilized at 114 copies/100 mL and 185 copies/100 

mL in the upper and lower watershed read simulations, respectively (Figure 3-5) 

 
Figure 3-5. Upper and lower watershed reach simulation results estimating cENT and HF183 marker levels 

in upper and lower watershed reaches with a constant input of 150 MPN/100 mL enterococci and 1000 

copies/100 mL HF183 marker. 

Discussion 
 

Sediments represent a potentially important reservoir for FIB and pathogens 

(Ahmad et al., 2014; Boehm et al., 2014; Hipsey et al., 2006). Studies evaluating decay of 

FIB in different freshwater sediments have demonstrated the ability of E. coli and 

enterococci to accumulate and persist for long periods of time in freshwater sediments 

given the right conditions, even greater than 50 days (Haller et al., 2009). It is important to 

understand how site-specific sediment characteristics can affect persistence of culturable 

FIB and source markers. This is the first study to examine how freshwater sediment 

characteristics may affect source marker decay and to compare FIB and source marker 

decay in different types of freshwater sediments. There were substantial differences in 

decay between the sediments tested, and decay rates were related to sediment 

characteristics. 
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Decay in ambient sediments 
 

Different sediments were chosen in order to evaluate the impact of sediment 

characteristics, including percent fines, nutrient levels and carbon and nitrogen content, on 

FIB and marker decay rates. In this study, with the exception of the ENT1A marker, 

increased persistence was associated with higher nutrient and organic matter levels.  

Percent fines and nutrient levels were significant predictors of cENT and GB3 marker 

decay rate. Overall, there was a trend for faster decay of FIB and the GB3 and HF183 

markers at sites 4, 5, and 6 versus sites 1 and 2.  Sites 4, 5 and, 6 were predominately sand 

and had relatively low levels of nutrients and organic matter. These findings are consistent 

with other studies that have looked at the effect of freshwater sediment characteristics on 

FIB decay; organic matter and fines have been shown to positively affect the persistence 

and growth of bacteria (Craig et al., 2004; Garzio-Hadzick et al., 2010; Haller et al., 2009). 

Yamahara et al. (2007) found that sands high in percent fines also tend to be high in 

organic carbon and moisture and that these three characteristics are all associated with 

increased concentration of FIB and pathogens in ambient sands collected along the 

California coast. Lee et al. (2006) tested growth of E.coli in sediments in the presence and 

absence of natural organic matter, finding increased concentrations of E.coli in microcosms 

with organic carbon.  

Although there was a trend for increased persistence in sediments with higher levels 

of nutrients and percent fines, marker decay was fairly consistent between the sediments 

tested. There was no significant difference in decay rate between the six sites tested for the 

ENT1A, HF183 and GB3 markers, with the exception of site 2 versus site 6 for the GB3 
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marker. In contrast, cEC and cENT marker was dependent on site, with significant 

differences in decay rates.  

The GB3 and HF183 decay rates were not significantly different from FIB decay 

rates in sandy sediments with low nutrient levels (sites 4-6), making direct comparison 

between marker measurements and FIB levels possible. Eichmiller et al. (2014) measured 

persistence of different source markers, pathogens, and FIB in freshwater sand at two 

different moisture content. HF183 and FIB decay was comparable and only the HF183 

decay marker had decay rates comparable to the genetic marker for Campylobacter cells. 

Sand utilized in these microcosms had very low organic matter content (0.05%) and a low 

percentage of fines. Kim and Wuertz (2015) also looked at decay of source markers and 

FIB in anaerobic and aerobic microcosms. Bacteroidales decay rates were comparable with 

cENT and cEC decay rates in aerobic sediments. The sediments tested in both of these 

studies had characteristics less likely to promote increased survivability of FIB. These 

results are similar to the findings of this study for sediments tested from sites 4, 5, and 6; 

HF183 and GB3 marker decay was comparable to FIB decay in sandy sediments with low 

nutrient levels.  

In contrast, there were significant differences between decay rates of the HF183 

marker and FIB in sediments tested with increased organic matter, nutrients, and a higher 

percentage of fines (Sites 1 and 2), with the HF183 marker decaying more rapidly than 

both cEC and cENT.  Sediment tested from Sites 1 and 2 may act to extend the 

survivability of FIB. In contrast, the HF183 marker targets a subset of strains within the 

Bacteroides genus, which is an obligate anaerobic bacteria, and may be more susceptible to 

oxygen availability (Dick et al., 2005; Green et al., 2011). FIB and the pathogens they are 
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used to indicate must have similar decay rates in secondary environments, including 

sediment, in order to be valid measures of health risk. The human HF183 marker was 

useful for providing evidence of recent inputs of human fecal contamination. Moreover, 

HF183 marker decay rates were not affected by sediment type, making marker levels 

comparable between sites. However the HF183 decayed significantly faster than cENT and 

cEC at several sites and may provide less conservative estimates than traditional FIB. 

The genetic marker for enterococci, ENT1A, decayed more slowly than did 

culturable Enterococcus spp., likely due to the presence of extracellular DNA, DNA from 

dead or dying cells, and the presence of viable but non-culturable cells (Bae and Wuertz, 

2012), and decay was not predicted by sediment characteristics. However, there was no 

significant difference between decay rate of the ENT1A marker and FIB at sites 1 and 2. 

These sites had comparably higher levels of nutrients and percent fines and represent 

sediments that may promote persistence of FIB.  The long-term persistence of ENT1A 

marker in sediments may make it a more appropriate indicator for monitoring of sediments 

for potential health risk, especially in sediments with characteristics that serve to promote 

persistence of FIB and pathogens. The ENT1A marker may be less useful in source 

tracking applications, where an idea of recent inputs is necessary to identify potential 

sources. 

Decay in disinfected sediments 
 

Growth in sediment microcosms has been observed in inoculated sediment without 

active predators present or with predators inhibited (Craig et al., 2004; Davies et al., 1995). 

Oven dried sediments were used to remove the pressure on survival by competition with, 

and predation by, natural organisms.  In the disinfected sediment microcosms, long-term 
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persistence and limited growth of FIB and the GB3 and ENT1A markers was observed, 

signaling the importance of natural community on controlling fecal inputs. HF183 decay 

was not significantly affected by the disinfection treatment. cEC exhibited growth and 

significantly different decay in all four disinfected sediments versus the non-disinfected 

sediments, indicating the importance of natural microbiota on persistence of cEC. cENT 

exhibited growth in all sites, followed by persistence in sites 2S and 3S and decay in sites 

4S and 5S. Surbeck et al. (2010) performed studies looking at processes controlling FIB in 

stream water, finding that when waters contained dissolved organic carbon (DOC) levels 

above a certain threshold, FIB levels were controlled by competition and/or predation. For 

cENT, in sites 4S and 5S, lower nutrient levels may lead to decay even in the absence of 

predators/competitors, while in sediments with higher levels of nutrients there was growth 

and persistence of cENT and cEC over the 21 day microcosm and more pronounced 

differences noticed between the disinfected and non-disinfected microcosms.  

Role of sediments within the Topanga Canyon Watershed 
 

Differences in decay rates for cENT and cEC were observed even within one 

watershed. Within the Topanga Canyon watershed, differences in decay due to changing 

sediment characteristics led to scenarios where cENT accumulated in one reach at high 

levels and stabilized at low levels in another. Results paralleled field data, where high 

levels of cENT have been observed in lower watershed reach sediments, independent of 

often low levels measured in the water column, and low levels of cENT have been 

observed in the upper watershed sediments, despite consistently high levels of cENT 

entering the water column near the town of Topanga. Previous studies have observed 
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similar substantial differences in E. coli streambed concentrations (Badgley et al., 2011; 

Bai and Lung, 2005). 

Resuspension events can be an important source of microbes to the water column 

(Pandey et al., 2012; Steets and Holden, 2003; Walters et al., 2014). A typical resuspension 

event can lead to an input of 100 mg/L sediment (Lee et al., 2006). Under the scenarios 

tested in this study, a resuspension event of 100 mg/L would lead to an input of 72 

MPN/100 mL to the water column in the lower watershed reach and an input of 11 

MPN/100 mL in the upper watershed reach. Resuspension events can lead to the sediment 

being an important source of bacteria to the water column in the lower watershed, while in 

the upper watershed sediment is less likely to act as a non-point source and may even serve 

to act as a sink to potentially harmful bacteria that are a result of urban inputs. 

In both the upper and lower watershed reaches, deposition of particle-associated 

cells led to substantial reduction in levels of cENT in the water column, cENT levels were 

reduced by 58% and 49% due to deposition in the upper and lower watershed reaches. 

Deposition of sediment-associated bacteria and subsequent cell death in the sediments is 

likely one mechanism contributing to the reduction of FIB seen through the Narrows. This 

natural attenuation is in contrast to many studies highlighting the role of sediment as a 

reservoir for bacteria (Badgley et al., 2011; C. M. Lee et al., 2006; Yamahara et al., 2012). 

Additionally, reductions seen in concentrations of FIB in the upper watershed may also be 

a result of dilution from natural seeps and decay in the water column. Decreased vegetative 

cover was reported in the upper watershed (Dagit et al., 2014), increasing the potential for 

photoinactivation of FIB in the water column. UV inactivation has been shown to be an 
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important factor influencing the survival of enteric bacteria (A. B. Boehm et al., 2009; 

Maraccini et al., 2015; Sinton et al., 2002, 1994).  

In contrast to cENT, the faster decay rate of the HF183 marker seen throughout 

Topanga watershed sediments resulted in HF183 marker levels falling below the limit of 

quantification in sediment in the upper and lower watershed reaches.  Based on these 

simulations, the sediment is less likely to act as a non-point source of HF183 marker to the 

water column.  

 

Implications for watershed managers 
 

Sediments can play an important role in water quality that can vary even within one 

watershed and with regards to different indicators. Presence and survival of microbial 

contaminants can lead to an increased risk of human infection due to possible resuspension 

during natural turbulence (Haller et al., 2009; Halliday and Gast, 2011). Further, different 

sediment characteristics can have significant implications on potential for increased 

survivability of fecal bacteria. In this study, FIB and marker decay rates were similar in 

sediments with low levels of organic matter and fines. In sediments with high levels of 

organic matter and fines, there was a decoupling of marker and FIB decay rates with 

increased persistence of cENT and cEC. The HF183 marker decayed similarly in all 

sediments and is not likely to accumulate, even at sites that receive a constant input of 

human fecal contamination. Therefore, the HF183 marker can be applied as an effective 

indicator of recent human fecal contamination, and levels measured are unlikely to be a 

result of sediment resuspension, which can confound interpretation of FIB levels.  
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 Results of this study could be used to better manage risk at specific sites. This study 

suggests the variable role that sediments can play and the importance of including 

sediments and sediment-bacterial interactions in watershed models. Further research is 

necessary to determine the relationship of the survival and persistence of Bacteroidales 

markers in sediments with those of pathogenic bacteria well as the fraction of 

Bacteroidales associated with suspended particles.  
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Chapter 4 : Relative aging of genetic markers, fecal indicator bacteria, and pathogens 

in three representative California sediments 

 

Introduction 
 

Although not necessarily pathogenic in nature, fecal indicator bacteria (FIB) such 

as E. coli and enterococci are used as proxies for fecal contamination, which can contain a 

range of disease-causing organisms. In contrast to pathogens, FIB are easy to enumerate 

and have been found to occur in high concentrations in wastewater. In addition, 

epidemiology studies have shown FIB to correlate with incidence of swimming-related 

illnesses (Kay et al., 1994; Wade et al., 2003).  

Despite the widespread use of FIB to assess water quality, certain limitations exist. 

FIB can originate from both human and non-human sources; therefore, presence of FIB 

does not confirm human contamination.  Microbial source tracking (MST) approaches 

utilizing real-time polymerase chain reaction (qPCR) quantification of source-associated 

DNA markers have greatly advanced and are increasingly applied in water quality 

monitoring programs (Ervin et al., 2014; Riedel et al., 2015; Russell et al., 2013), and the 

USEPA recently approved two rapid qPCR assays for the detection of enterococci 

(USEPA, 2010a) and general Bacteroidales (USEPA, 2010b). These methods enable more 

successful source tracking by allowing for same-day water quality monitoring results and 

information regarding the source of the fecal contamination.  

While MST approaches including use of DNA-based markers for identifying fecal 

sources have greatly advanced, there are still serious limitations to accurately interpreting 

DNA-based marker information acquired through field sampling. DNA-based markers are 
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poorly understood both in terms of how they decay in the environment and how their decay 

rates compare to each other and to FIB and pathogens. Molecular markers and FIB may 

decay differently under varied environmental conditions. FIB are measured using a culture-

based technique requiring determinate growth steps for identification, whereas DNA-based 

markers measure DNA from both culturable, viable but not culturable, and dead cells (Bae 

and Wuertz, 2009), measuring a non-growth based target.  Decay of fecal microorganisms 

is dependent on both the bacterium itself and on physical (e.g. organic matter content, 

temperature, salinity) and biotic factors (predation and competition) (Korajkic et al., 2013a, 

2013b; McCrary et al., 2013; Wanjugi and Harwood, 2013a). Understanding the relative 

degradation characteristics of FIB, DNA-based markers, and pathogens is critical for 

interpreting field-based MST marker results and for application of MST markers to routine 

water quality monitoring.  

Recent studies have highlighted health risks associated with exposure to beach sand 

(Halliday and Gast, 2011; Heaney et al., 2012). Sediment resuspension can contribute cells 

to the water column (Pandey et al., 2012) and under some conditions can represent a 

reservoir for microbial contaminates (Rehmann and Soupir, 2009; Steets and Holden, 

2003), leading to confusion about the source. Despite this, little research has been 

conducted looking at the role of sediments in FIB, DNA-based marker, and pathogen 

dynamics. Although Bacteroidales cells do not survive in water due to their anaerobic 

physiology (Bae and Wuertz, 2012), Bacteroidales cells may persist (Kim and Wuertz, 

2015) and there is some evidence for regrowth (Eichmiller et al., 2014) in sediments.  

In this study, the relative decay of pathogens, MST markers, and FIB was tested in 

sediment under relevant environmental conditions. Three field sites representing typical 
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coastal habitats in California were selected to compare decay: a baseflow freshwater creek 

site, a brackish water coastal lagoon site, and an ocean site. The dominant human source, 

sewage, was evaluated under ambient environmental conditions at two concentrations, 

representing a typical storm water input and a more severe sewage spill scenario. Results of 

this study have direct implications for water quality managers tasked with designing MST 

studies and interpreting MST results. MST that utilizes DNA-based markers that 

consistently decay similarly or slower than pathogens will be more protective of public 

health.  

Methods 
 

Sediment collection and characterization  
 

Sediments were collected from three different sites along the California Coast: 1) a 

baseflow freshwater site located in Irvine, California (Freshwater South); 2) a brackish 

lagoon site located in Santa Barbara, CA (Brackish Central); 3) a marine site located in 

Stanford, CA (Marine North) (Table 4-1). 3.5 L of sediment was collected from the top 0-5 

cm using sterile sediment cores at each site into sterile, polypropylene containers and 

samples were immediately placed on ice and shipped to UCLA.  Sediment was stored at 4 

deg C in the dark until use within 72 hours. An additional water sample was collected in a 

2 L sterile container. Water parameters, including pH, conductivity, and salinity were taken 

on site and 200 mL of water was filtered for background levels of DNA markers and 

pathogens.  

On aliquots from each sediment sample, particle size was determined by charging 

the particles in a sodium metaphosphate solution and taking hydrometer measurements at 

standardized time increments (Zedler, 2001). Organic content was measured through loss 
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on ignition at 55 deg C for two hours (Clesceri et al., 1998).  Sediment was combined from 

each of the four replicate beakers into a composite sample on day 0, 1, 3, 4, 6, and 7 and 

extracted for analysis of phosphate, nitrite, ammonium, and nitrate-nitrite. Ammonium, 

nitrate-nitrite, and nitrite were extracted per standard methods with a KCl extraction 

solution using an automated shaker (ISO 14256-1, 2003). Phosphate was extracted using 

the Mehlich 3 extraction method (Mechlich, 1984), where Mechlich 3 extracting solution 

(0.2 N acetic acid, 0.25 N NH4NO3, 0.015 N NH4F, 0.013 N HNO3, and 0.001 M EDTA) 

and an automated shaker was used to extract Phosphate. Extractants were filtered through a 

0.22 um polycarbonate filter and filtrate was stored in the dark at -20 deg C for up to three 

weeks before being shipped to the MSI laboratory at UCSB (Marine Science Institute, 

Santa Barbara, CA) for nutrient analysis. Dry weights of samples were determined by 

measuring weight differences before and after drying sediments at 105 deg C for at least 24 

hours or until two measurements stabilized.  

Table 4-1. Sediment collections site characteristics for microcosm experiments. 
Site Location Ambient Water Characteristics

Site Latitude Longitude EC ENT Cond DO Temp

MPN/100 mL MPN/100 mL ms/cm mg/L deg C

Marine North 37.502464 -122.476959 360 40 50.22 16.70

Brackish Central 34.409618 -119.847622 2400 954 40.00 6.40 21.60

Fresh South 33.666083 -117.846333 653 391 2.79 4.22 20.10  
 

Microcosm setup  

 

Primary influent was collected into sterile polypropylene containers from the 

Orange County Sanitation District (Fountain Valley, CA) 24 hours prior to microcosm and 

transported to UCLA on ice. Immediately after arrival at UCLA, the sewage solution was 

mixed and allowed to settle for 10 minutes. The required volume was then removed from 
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the sample bottle avoiding particles that had settled to the bottom or that had floated to the 

top. Primary influent sample was then stored at 4 deg C.  

Two sewage dilutions were made, 1:10 and 1:2, in three different artificial waters, 

artificial freshwater (AFW: distilled water with 0.3 mM MgCl2, 0.6mM CaCl2, and 1.4 mM 

NaHCO3) conductivity of 1449 us/cm, artificial brackish water (ABW: .3 mM MgCl2, 

0.6mM CaCl2,1.4 mM NaHCO3,  Instant Ocean) conductivity of 34 ms/cm,  and artificial 

marine water (AMW: prepared with Instant Ocean Aquarium Systems, Mentor, OH) 

conductivity of 58.4 ms/cm. Sewage solutions were seeded into their corresponding 

sediment types and allowed to incubate for two hours. After the two hour incubation, 400 

mL seeded sediment was distributed into each of four replicate beakers and 400 mL of the 

corresponding artificial water (AFW, ABW, or AMW) was added. A total of 24 

microcosms were set up in 2 L glass pyrex beakers. Beakers were covered with syran wrap 

secured with Parafilm to limit water loss due to evaporation and to prevent the addition of 

unwanted particles to the microcosms. Beakers were set up under ambient light conditions 

in a plexiglass water bath on top of Boelter Hall, UCLA.  Throughout the experiment, 

temperature was maintained at 20 °C using two water chillers, and oxygen content of 

beakers was maintained by using an airstone in each beaker. Light and temperature were 

monitored continuously by Hobo data logger deployed in at least one beaker per treatment.   

Microcosms were sampled once a day for eight consecutive days for decay of FIB, 

DNA-based markers, and pathogens. Prior to sampling the sediment at each time point, 

water was removed carefully with an automated pipetter. Water column from the four 

beakers was combined at each time point, beginning on day one, and the composite sample 

was processed for FIB, markers, and pathogens to account for resuspension of bacteria to 
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the water column. 100 mL sample water was filtered through 47 mm, 0.4 µm pore size, 

HTTP polycarbonate filters (EMD Millipore, Billerica, MA) in triplicate. Each filter was 

placed in an individual two ml polypropylene screw cap tube, containing 0.3 g, 212 – 300 

µm (50 – 70 U.S. sieve) acid washed glass beads (Sigma-Aldrich, St. Louis, MO) and 

stored at -80°C until DNA extraction.  

Following removal of the overlying water, approximately 25 g sediment was 

collected at each time point using a sterile 15 mL falcon tube core. Twenty g sediment was 

washed per standard protocol (Boehm et al., 2009). Briefly, 20 g sediment was hand 

shaken in PBS in a ratio of 1:10 for 2 min and allowed to settle for 30 sec. Sample wash 

was processed for FIB and 15 mL wash was filtered in duplicate through 0.45 HAWG 

membrane filters (EMD Millipore, Temecula, CA). For analysis of DNA-based markers, 

four aliquots of 0.25 g sediment were placed into individual two mL polypropylene screw 

cap tube with 750 uls of Bead Solution (MoBio Inc., Carlsbad, CA) and one g of Power 

Bead Tubes (MoBio Inc., Carlsbad, CA).  

After sediment was collected, beakers were replenished with 400 mL new water 

corresponding to treatment (AFW, ABW, or AMW) simulating semi-continuous flow 

conditions.  

Culturable Pathogens and Fecal Indicator Bacteria (FIB) Analysis 
 

To obtain FIB concentrations, Total Coliform (TC), E. coli (EC), and enterococci 

(ENT) were measured with Colilert-18TM and EnterolertTM (IDEXX, Westbrook ME) 

reagents and protocols to determine the most probable number (MPN) of cells per 100 ml-1 

or g-1 of dry weight of sediments.   
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For presence/absence assessment of viable Campylobacter, HAWG filters were 

incubated overnight at 42 deg C in Bolton Broth with Campylobacter selective supplement 

in microaerophilic containers (BBL Campy GasPak Sachet). After 48 hours, each culture 

tube was used to inoculate Modified Karmali Agar plates. After another 48 hour incubation 

at 42 deg C, plates were examined for putative Campylobacter colonies.  

For presence/absence assessment of viable Salmonella, HAWG filters were 

incubated overnight in TSB (tryptic soy broth) at 42 deg C for 18 hours. After 18 hours, 

each culture tube was used to inoculate semi-solid Rappaport Vassiliadis paltes (MSRV). 

After a 24 hour incubation tat 42 deg C, presumptive Salmonella colonies were subcultured 

onto xylose lysine desxycholate selective agar (XLDA) plates at 36 deg C for 24 hours. 

After 24 hours, plates were examined for the presence of motility.  

Putative Salmonella and Campylobacter isolates were picked for molecular 

confirmation. DNA was extracted by adding cells to 25 ul DNAse free water, vortexing, 

and heating the solution to 100 deg C for at least 10 minutes to lyse the cells. PCR 

confirmation was run for confirmation with Salmonella or Campylobacter specific primers 

(Table 4-2).  

Marker analysis 
 

DNA was extracted from water column samples using the e DNA-EZ ST1 

Extraction Kit (GeneRite, North Brunswick NJ) following the manufacturer’s protocol. 

Eluted DNA samples were stored at -20°C until analysis of molecular host-associated 

markers with qPCR. 
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Sediment samples were extracted according to manufacturer’s protocol with the MoBio 

Power Soil DNA Extraction Kit (MoBio Inc., Carlsbad, CA) with one modification: DNA 

was eluted into 50ul of elution buffer, instead of 100 ul, in order to increase recovery.  

QPCR assays were performed according to previously published protocols (Table 

4-2). Reaction mixtures consisted of 1X Taqman Environmental Master Mix (Applied 

Biosystems, Foster City, CA), forward and reverse primers and probes, bovine serum 

albumin fraction, and 2ul of template DNA (for marker and ENT1A assays) and 6 ul of 

template for pathogen (Capylobacter and Salmonella assays). Triplicate samples were run 

on a StepOnePlus real-time PCR system (Applied Biosystems, Foster City, US). 

Samples and calibration standards were run in triplicate. A five-point standard 

calibration curve was run alongside samples on each well plate. Standard curves had 

efficiencies between 88 - 100% and R2 > 0.99. Quantification thresholds (Cq) were 

converted into units of gene copies using a pooled master standard calibration model. 

Negative controls (no template controls on well plate), filtration and extraction blanks were 

included to ensure contamination of samples did not occur during either the filtration or 

extraction processes.  

Table 4-2. Primers and Probes used for qPCR and PCR assays. 
Target Assay Assay Ref Primers Probe Dye Quencher

General GenBac3 USEPA, 2010a F: GGGGTTCTGAGAGGAAGGT   

R:CCGTCATCCTTCACGCTACT

CAATATTCCTCACTGCTGCCTCCCGTA 6FAM TAMRA

Human HF183 Green et al., 2014 F: ATCATGAGTTCACATGTCCG   

R:CTTCCTCTCAGAACCCCTATCC

CTAATGGAACGCATCCC 6FAM MGB

IAC HF183 IAC Green et al., 2014 AACACGCCGTTGCTACA VIC MGB

Enterococcus ENT1A USEPA, 2010b F: GAGAAATTCCAAACGAACTTG       

R:CAGTGCTCTACCTCCATCATT

TGGTTCTCTCCGAAATAGCTTAGGGC TA 6FAM TAMRA

Campylobacter qCamp Lund et al., 2004 F: CACGTGCTACAATGGCA TAT    

R:GGCTTCATGCTCTCGAGTT

CAGAGAACAATCCGAACTGGGACA 6FAM BHQ1

Salmonella qSalm Malorny et al., 2004 F:CTCACCAGGAGATTACAACATGG 

R:AGCTCAGACCAAAAGTGACCATC

CAC CGA CGG CGA GAC CGA CTT T 6FAM BHQ1

Campylobacter Camp Khan et al., 2007 F: GGATGA- CACTTTTCGGAGC          

R: CATTGTAGCACGTGTGTC

Salmonella Salm Rahn et al., 1992 F: GTG AAA TTA TCGCCACGTTC GGC   

R:  TCA TCG CAC CGT CAA AGG AAC  
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Data analysis and Statistical Analysis 
 

  Three different elements of decay behavior were analyzed: presence and magnitude 

of tail and shoulder and decay rate for linear portion of the decay profile. Decay was 

evaluated using: 1) a first-order decay equation applied on the log linear region of the 

decay profile: Ct=C0e
-k(t-t0), where C(t) is the concentration at time point (t), Co is the initial 

concentration, t0 is the time at the end of the lag period and t is time after the lag period and 

k is the first order decay constant, excluding tail region (if a tail was deemed present).  And 

2) a shoulder tail log linear decay curve applied to evaluate presence and magnitude of tail 

and shoulder region: Ct = {(C0 –Nres)*e-kt*ekS/(1+ (ekS – 1) * e-kt)}+ Nres, where Nres  is the 

resulting concentration of residual population, which remains constant over time, and S is 

the length of the shoulder preceding decay. This decay equation can exhibit log linear 

behavior with and without tailing or shoulder (Geeraerd et al., 2005).  

Decay rates were calculated using the relationship between natural log-transformed 

normalized concentrations (ln C/Co) and time. First, the shoulder tail log linear function 

was fit to data for each indicator and sediment type to evaluate presence and magnitude of 

shoulder and tail. If a shoulder or tail was significant (p<0.05), this was noted and used to 

discern the location of the log linear portion of the decay profile. Following application and 

evaluation of the decay profile, a decay rate was calculated for the log linear portion of the 

decay profile. If there was not a significant shoulder or tail, then the decay rate was 

calculated for the entire decay profile. Decay rate constants, k, from the log linear portion 

of the decay profile, were compared using post hoc tests and paired t tests were used to 

compare between length of shoulder and concentration of resistant subpopulation. All 

analyses were completed in STATA 12.0 (StatCorp LP, College Station, TX).  
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Results 
 

 Sediment Characteristics 
 

Three representative sites were chosen to investigate the effect of sediment type on 

the relative aging of markers, FIB, and pathogens. Sediment collected from the Marine 

Northern California site consisted mainly of sand, with very little silt and clay, and a low 

percentage of organic matter and relatively low levels of nutrients. In comparison, 

sediment collected at the Brackish Lagoon site from Santa Barbara, CA contained a higher 

percentage of silt and clay particles and organic matter and increased levels of ammonia. 

Sediment collected from the Freshwater site in Southern California contained the highest 

proportion of fines and organic matter of the three sediments. Phosphate and nitrate levels 

were also approximately three times as high as levels in sediments from the Brackish and 

Marine sites (Table 2-3).  

Table 4-3. Sediment characteristics of unseeded sediment used in the microcosm experiments. 

Site

% Clay Silt Sand %

Marine North 0.00 4.20 0.30 95.50 0.41 0.26 0.09 0.02 23

Brackish Central 0.20 10.20 8.60 81.20 0.46 1.88 0.06 0.01 42

Fresh South 2.44 13.83 10.25 75.91 1.23 0.18 0.26 0.01 58

Moisture 

Content

Org 

Matter %

Particle Size Distribution Nutrients 

um/g

   
    

 +    
    

     

 
 

Decay in Sediment  

 

Decay rate and profile in sediment were compared between sediment types and between 

treatments (10% and 50% inoculum) for each assay and between the assay by evaluating 

the presence and magnitude of shoulder (plateau region preceding decay) and tail (resistant 

subpopulation persisting or decaying at a significantly slower rate), and decay rate for log 

linear portion of the decay curve (Table 4-4 and Table 4-5).  
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Decay of FIB in sediment microcosms 
 

In the 10% and 50% seeded microcosms, there was a lag period that preceded decay 

for cENT and cEC. The lag period differed between sediment types, with a longer shoulder 

region observed in the FW sediments (10% 3.56 days, 50%: 5.89 days) for cENT and in the 

BW sediments for cEC (10%: 4.89 days, 50%: 4.35 days).  

Table 4-4. Decay rates reported for log linear portion of decay profile (k1). Decay rate (k2), length of 

shoulder (S) and concentration of resistant population (Nres) calculated from application of the shoulder tail 

log linear model at 10% inoculum. 
Log Linear Decay Region Shoulder Tail Log Linear Model Decay

Treatment 
C0 copies 

or cells 
k1 SE R² k2 SE S SE

Nres 

copies or 

cells

SE R2

Assay/Site

cENT

Marine 2.9E+02 -0.72 0.09 0.81 -1.21 0.38 1.68 0.54 6.5 2.5 0.92

Brackish 7.6E+01 -0.37 0.11 0.35 -0.95 0.73 1.44 1.32 13.62 3.42 0.71

Fresh 4.4E+03 -1.03 0.12 0.84 -1.61 0.32 3.56 0.24 65.90 27.53 0.95

cEC

Marine 9.5E+02 -1.92 0.05 0.50 -3.03 1.36 2.85 0.55 1.41 0.94 0.80

Brackish 2.6E+03 -0.48 0.39 0.13 -0.91 0.46 4.89 0.62 0 0.68

Fresh 1.4E+04 -0.82 0.17 0.61 -5.92 7.88 3.20 0.42 1122 291 0.77

HF183

Marine 2.2E+04 -1.05 0.18 0.70 -0.95 0.30 0.17 0.88 0 0.91

Brackish 7.5E+04 -0.21 0.06 0.40 -1.12 0.55 1.28 0.55 20172 1970 0.92

Fresh 8.7E+04 -0.68 0.06 0.85 -0.98 0.30 0.45 0.78 1422 518 0.96

ENT1A

Marine 1.4E+05 -0.76 0.21 0.58 -1.65 0.78 2.55 0.43 13695 3436 0.85

Brackish 3.2E+05 -0.05 0.05 0.03 -1.11 3.86 8.35 5.53 0 0.02

Fresh 2.7E+06 -0.44 0.14 0.26 -0.39 0.31 0 0 0.26

GB3

Marine 7.1E+06 -0.79 0.07 0.88 -3.02 0.81 1.48 0.2 128766 18872 0.81

Brackish 2.0E+07 -0.23 0.06 0.48 -0.55 0.32 1.85 0.95 3308472 1549230 0.93

Fresh 3.0E+07 -0.37 0.10 0.48 -0.89 0.44 2.77 0.52 4288429 1701496 0.79

qCAMP

Marine 1.9E+03 -0.08 0.05 0.09 1.98 4.11 5.5 1.17 761.71 320.78 0.30

Brackish 9.7E+03 -0.23 0.11 0;14 0.72 0.48 0 6248 0.14 0.91

Fresh 7.7E+02 NA

      )       )       )       )        )
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Table 4-5. Decay rates reported for log linear portion of decay profile (k1). Decay rate (k2), length of 

shoulder (S) and concentration of resistant population (Nres) calculated from application of the shoulder tail 

log linear model at 50% inoculum. 
Log Linear Decay Region Shoulder Tail Log Linear Model Decay

Treatment 
C0 copies 

or cells 
k1 SE R² k2 SE S SE

Nres 

copies or 

cells

SE R2

Assay/Site

cENT

Marine 1.4E+03 -0.98 0.21 0.54 -1.12 0.50 2.05 0.77 18.19 16.39 0.83

Brackish 5.4E+03 -0.71 0.16 0.46 -1.40 0.81 1.17 1.66 87.20 12.71 0.96

Fresh 9.7E+03 -1.17 0.41 0.45 -17.51 0.00 5.79 0.29 1112 735 0.39

cEC

Marine 9.6E+03 -1.28 0.17 0.73 -1.81 0.34 1.45 0.41 5.66 3.14 0.95

Brackish 8.7E+03 -0.83 0.22 0.53 -1.41 0.58 4.35 0.62 86.80 173.40 0.62

Fresh 2.8E+04 -0.14 0.10 0.07 12.46 0.00 0.00 0.00

HF183

Marine 7.8E+04 -0.64 0.07 0.73 -1.38 0.41 0.75 0.55 937 250

Brackish 3.4E+05 -0.23 0.02 0.77 -0.32 0.25 0.00 37883.00 25531.00 0.94

Fresh 4.0E+05 -0.52 0.04 0.86 -0.93 0.23 0.80 0.55 12329.00 3146.00 0.97

ENT1A

Marine 4.3E+05 -0.44 0.08 0.48 -23.88 4.01 0.03 25479 5510 0.84

Brackish 7.6E+05 0.00 0.05 0.00 -14.56 0.00 NA 951005 97540 0.16

Fresh 1.8E+06 -0.27 0.08 0.30 -118.00 0.00 4.02 0.01 539628 147464 0.44

GB3

Marine 2.4E+07 -0.68 0.04 0.89 -1.20 0.19 1.21 0.33 293207 67598

Brackish 8.5E+07 -0.22 0.05 0.43 -3.05 32.71 NA 951005 97540 0.28

Fresh 1.4E+08 -0.11 0.05 0.13 -2.87 5.92 3.83 0.44 522870 177728 0.44

qCAMP

Marine 2.9E+03 0.02 0.06 0 0.76 1.00 NA 1573 183 0.50

Brackish 1.2E+04 -0.50 0.00 0.64 -0.68 0.86 5.45 0.86 1256 11043 0.45

Fresh 7.6E+03 -0.48 0.2 0.3 -3.28 1.62 2.29 0.3 951 147 0.30

      )       )       )       )       )

 
 

When comparing the log linear portion of the decay profile, cENT decay was 

significantly faster in the fresh sediment (10%: -1.03 day-1, 50% day-1: -1.03) versus the 

brackish water sediment (10%: -0.37 day-1; 50%: -0.66 day-1). For cEC, decay in the 

marine sediment was significantly faster at 10% inoculum and there was no difference in 

decay rate across the three sediment types at 50% inoculum.  

Decay of markers in sediment microcosms 
 

GB3 

In the 10% and 50% seeded microcosms, there was a lag period that preceded decay 

in all sediments with the exception of the brackish sediments at 50%. The lag period 

differed between sediment types, with a significantly longer shoulder region observed in 
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the FW sediments (10%: 2.77  days, 50%: 3.87 days). There was not a shoulder observed 

in the brackish sediments at 50% due to consistent decay over the eight day study period.  

There was a significant population that was more resistant to environmental 

degradation in all three sediments tested at 10% and 50% inoculum with the highest 

concentration of GB3 copies observed in the freshwater sediment at 10% (4288429 copies 

g-1) at in the brackish sediment at 50% (951005 copies g-1). The concentration of the 

resistant subpopulation was not significantly different at 10% and 50% in the brackish 

sediments. For the FW and Marine sediments, there was a significantly higher 

concentration predicted in the 50% versus 10% treatment. 

When comparing the log linear portion of the decay profile, GB3 decay was significantly 

faster in the marine sediment (10%: -0.79 day-1, 50% day-1: -0.68) versus the brackish and 

freshwater sediment.  

HF183 

There was a significant lag period in the 10% treatment for the brackish sediment 

only (1.3 days). There was a small shoulder observed (<1 day) observed in the brackish and 

marine sediments at 10% and at 50%. There was not a significant shoulder observed any of 

the sediments at 50% in the brackish sediments at due to consistent decay of the HF183 

human marker over the eight day study period.  

There was a significant population that was more resistant to environmental 

degradation in the brackish and fresh sediments tested at 10% and 50% inoculum. There 

was no difference in the concentration tested at 10 and 50% for the brackish sediments. 

The concentration measured was significantly higher in the freshwater tested at 50% (1.2 x 

104 copies g-1) versus 10%. 10% (1.4 x 103 copies g-1). The HF183 was only measured at 
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detectable levels in the marine sediment until day three at 10%. It was measured at 

detectable levels until day seven in the 50% treatment and followed log linear decay. 

 
Figure 4-1. Time series of natural log of concentrations normalized by initial concentration, in marine (black 

squares), brackish (gray circles), and freshwater (white circles) sediments at 10% inoculum. Average 

concentration and standard error plotted for the four replicate beakers at each time point. 

 

ENT1A 

In the brackish sediments, ENT1A persisted and the decay rate was not 

significantly different from 0 in both the 10% and 50% treatments.  

In the fresh and marine sediments at both 10 and 50%, there was decay until day six 

followed by an increase in concentration at day seven. Decay rates were compared for the 
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log linear portion (day 0-6), showing faster decay in the marine versus freshwater 

sediments (p<0.05) at both 10 and 50% treatments. There was a significant shoulder 

observed in the marine sediment at 10% (2.6 days) and in the marine (4 days) and 

freshwater sediments at 50% (4 days). 

At 50%, there was a significant resistant population measured in all three 

sediments, with the highest concentration observed in the brackish water sediment (9. 5 

x105 copies g-1) versus in the freshwater (5.3 x 105 copies g-1) and the marine sediments 

(2.5 x 104 copies g-1).    

 
Figure 4-2. Time series of natural log of concentrations normalized by initial concentration, in marine (black 

squares), brackish (gray circles), and freshwater (white circles) sediments at 50% inoculum. Average 

concentration and standard error plotted for the four replicate beakers at each time point. 
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Decay of pathogens in sediment microcosms 
 

qCAMP 

The qCamp marker was detected at quantifiable levels throughout the eight day 

microcosm experiment in all six treatments. In the 50% microcosms, there was a 

significant shoulder observed in the freshwater (2.3 days) and brackish sediments (5.5). At 

50%, there was a significant resistant population measured in both the fresh (9.5 x 102 

copies g-1) and brackish (2.2 x 103 copies g-1) sediments. Decay of the qCAMP marker was 

not significantly different in the fresh and brackish sediments. 

Culturable Campylobacter 

Culturable Camploybacter was detected sporadically in both the brackish and 

freshwater sediments and was detected most frequently in the brackish sediment 

microcosms at 10% and in the freshwater sediment microcosms at 50%. Campylobacter 

was detected not detected in the marine sediments at either 10 or 50%. 

qSALM 

In the 10% treatment, the qSALM marker was detected at levels above the LOD but 

below the LOQ (658 copies g-1) in at least one microcosm on day 1, 2, 3, 5, and day 7 in 

the marine sediment, on day 0, 1, 2, 3, 5, and day 7 in the brackish sediment, and on day 1, 

3, 4, and day 7 in the freshwater sediment. In the 50% treatment, the qSALM marker was 

detected at levels above the LOD but below the LOQ (658 copies g-1) in at least one 

microcosm on day 2, 3, and day 7 in the marine sediment,  on day 1, 2, 3, 4, 6, and day 7 in 

the brackish sediment, and on day 0, 1, 2, 3, 4, 5, and day 7 in the freshwater sediment. 

Due to levels of the qSALM marker occurring at levels below the LOQ, decay rates were 

not able to be quantified.  
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Culturable Salmonella 

Culturable Salmonella was detected until day seven in fresh and marine sediment 

and until day five in brackish sediment in at least one of four replicate microcosms in the 

10% seeded sediment and until day seven in fresh and brackish sediment until day seven 

and in marine sediment until day three in the 50% seeded sediment microcosms. 

Salmonella was detected the most frequently in the freshwater sediment site microcosms 

for both the 10% and 50% treatments and the least frequently in the marine water 

sediments for both the 10% and 50% treatments.  

 
Figure 4-3. % positive detection is calculated for the four replicate microcosms at each time point. A. 

Salmonella Culture-based Presence/Absence. B. Campylobacter culture-based Presence/Absence data. 

 

Decay of markers and FIB in marine sediment 
 

In the marine sediments, at 10%, cEC exhibited significantly faster decay than the 

HF183 and GB3 markers. There was no significant difference between cENT and HF183 

A 

B 
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and GB3 decay. ENT1A decay was significantly slower than the other markers and FIB. 

ENT1A persisted over the course of the eight day study at 10% and at 50% inoculum. 

Although the markers and cENT exhibited similar decay rates, they exhibited significantly 

different decay profiles. At both 10 and 50%, there was a significant shoulder 

(approximately two days) preceding decay for cENT and cEC. This lead to the differences 

in decay rate between cEC and the markers, although cEC decayed at a faster rate versus 

the markers, cEC persisted for approximately  three days at, this was followed by a faster 

decay rate. The GB3 marker also persisted for approximately one day before decaying at 

10 and 50%. Unlike the GB3 markers and cEC and cENT, the HF183 marker followed 

linear decay beginning at day 0 and was not detectable beyond day 3 at 10%. When 

comparing decay rate solely, it appears that the HF183 decay is comparable to FIB decay. 

However, due to the differences in decay profile, the HF183 marker levels are reduced 

prior to FIB decay. This leads to a period in the 10% treatment where FIB are quantifiable 

and the HF183 human marker is not. At 50%, the HF183 marker was detected for the 

duration of the study and decay was more comparable to FIB and GB3 marker decay. In 

the marine sediments, we saw similar reductions in marker and FIB levels between day 0 

and day 7, with the exception of the ENT1A marker. 

Decay of markers and FIB in brackish sediment 
 

In the brackish sediment, there was comparable reduction in concentration of the 

HF183 marker, cENT, and the GB3 markers over the course of the eight day study. There 

was not a reduction in ENT1A marker levels over the course of the eight day study at either 

10% or 50% in brackish sediments. At 50%, there was no significant difference between 

decay of the markers or FIB. However, there was a difference in decay profile with the 
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markers decaying at a consistent rate throughout the duration of the study and cEC and 

cENT concentrations falling more sharply following a plateau period of between 4 days 

(for cEC) and 1 day (for cENT). At 10% inoculum, there was significantly slower decay of 

the ENT1A and GB3 markers than the HF183 marker and cENT and cEC.  

Decay of markers and FIB in freshwater sediment 
 

In the freshwater sediment, there was comparable reduction in concentration of the 

HF183 marker, cENT, and cEC. However, there was a difference in decay profile with the 

HF183 and ENT1A markers decaying at a consistent rate throughout the duration of the 

study and cEC, cENT, and the GB3 marker concentrations falling more sharply following a 

plateau period of between 3 days (for cEC), 3.5 day (for cENT) and 3 days for GB3. At 

50%, there was not a significant difference in decay between the markers of FIB. However, 

there was a substantial plateau period for cENT (6 days) and the ENT1A(4days) and GB3 

markers (4 days) preceding decay. 

Table 4-6. Paired t test comparison of concentration of resistant cells or copies (copies or cells g 1) different 

sediments and in the 10% versus 50% treatments. M=marine northern site sediment, B=brackish central site 

sediment, F=fresh southern site sediment. 

Microcosm p-value

cENT cEC HF183 ENT1A GB3 qCAMP

10% M vs F 0.10 NA NA NA 0.04 0.00

M vs B 0.04 0.00 0.00 NA 0.02 NA

F vs B 0.10 NA NA NA 1.00 NA

50% M vs F 0.00 0.64 0.15 0.00 0.00 NA

M vs B 0.14 NA 0.00 0.00 0.23 NA

F vs B 0.17 NA 0.32 0.02 0.04 0.28

M vs M 0.48 0.2 NA 0.07 0.02 NA

F vs F 0.16 NA 0.001 NA 0.03 NA

B vs B 0.16 NA 0.49 NA 0.13 0.0004

*p value bolded in deemed significant at <0.05

10% vs 

50%
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Table 4-7. Paired t test comparison of length of shoulder (day-1) in different sediments and in the 10% versus 

50% treatments. M=marine northern site sediment, B=brackish central site sediment, F=fresh southern site 

sediment. 

p-value

cENT cEC HF183 ENT1A GB3 qCAMP

10% M vs F 0.10 NA NA NA 0.04 0.00

M vs B 0.04 0.00 NA NA 0.02 NA

F vs B 0.10 NA 0.00 NA 1.00 NA

50% M vs F 0.00 0.64 0.15 0.00 0.00 NA

M vs B 0.14 NA 0.00 0.00 0.23 NA

F vs B 0.17 NA 0.32 0.02 0.04 0.28

M vs M 0.70 0.05 0.58 0.00 0.50 NA

F vs F 0.90 0.54 NA NA NA NA

B vs B 1.00 NA 0.72 NA 0.12 NA

*p value bolded in deemed significant at <0.05

Microcosm

10% vs 50%

 
Table 4-8. Pairwise comparison results between log linear decay rates (k day-1) in different sediments in the 

10% and 50% treatments. Pairwise comparisons made between assays and sediment types at each treatment 

level.  Different letters indicate significant differences observed. Bold letters indicate faster decay, while red 

letters indicate slower decay. 

Assay

HF183 GB3 ENT1A qCampy cENT cEC

Marine North CDE BCD EF BCDEF ABC A

Brackish Central DE F F CDEF AB ABCDE

Fresh South F FG GH H BCD FG

Marine North A ABC ABCDE EF ABCD A

Brackish Central DEF DEF EF EF DEF ABCDEF

Fresh South ABCD BCDEF CDE F AB ABC

50% Spiked 

Sediment

SiteTreatment

10% Spiked 

Sediment

 
 

Decay in water column 
 

A water column sample, the composite of all four replicate beakers, was also 

processed at each time point, starting at day one for FIB, genetic markers, and pathogens in 

order to account for loss to the water column. In the freshwater microcosms, all markers 

and cENT and cEC were measured at quantifiable levels until day seven, with the 

exception of qSalm. The GB3 and ENT1A markers were measured at quantifiable levels 

until day seven in all three sediments.  
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Figure 4-4. Marker, FIB, and pathogen levels in the water column at A. 10% and B. 50% sewage inoculum. 

 

Discussion 
 

Relative decay was evaluated in three different sediments, collected from 

representative Californian coastal habitats. Differences in decay between the three 

sediments chosen and between the different indicators (FIB and MST markers) were 

observed. Sediments have been shown to promote persistence of FIB (e.g. Haller et al. 

2009) and can act as important sources of microbes to recreational waters by suspension in 

the swash zone (Heaney et al., 2012) or through rewetting (Yamahara et al., 2012), through 

wash events or resuspension in lagoon sediments (Steets and Holden, 2003), and through 

A                                                       B 
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resuspension in streams during episodes of high flow (Bai and Lung, 2005; Rehmann and 

Soupir, 2009).  Despite the important role that sediments have, few studies have assessed 

the impacts of sediments on marker and pathogen decay. This is the first study looking at 

relative decay of source markers, pathogens, and FIB in different types of sediments.  

Understanding the relative aging of markers, pathogens, and FIB in sediments is crucial for 

successful application of source markers to MST. 

Relative aging of genetic markers and FIB in sediments 
 

Of the three sediments analyzed, the fastest decay was measured in the marine 

sediment. The marine site sediment consisted of mostly sand and had low levels of 

nutrients and organic matter, which is typical of beach sands found along the California 

Coastline. There was a trend for increased persistence and evidence of regrowth of cENT 

and cEC, in the 50% treatment, in the freshwater sediment microcosms. The freshwater 

sediment had higher levels of organic matter and fines; characteristics associated with 

promoting persistence of bacteria in sediments (Craig et al., 2004; Haller et al., 2009). 

ENT1A Marker Similar to other studies (Bae and Wuertz, 2012; Eichmiller et al., 2014; 

Yamahara et al., 2012), increased persistence of the ENT1A was observed when compared 

to cENT. There was not a reduction in ENT1A marker levels over the course of the eight 

day study at either 10% or 50% in brackish sediments, and ENT1A marker decay was 

significantly slower than cENT in all three sediments in the 10% treatment. This may 

indicate the presence of extracellular DNA, DNA from dead cells, or DNA from viable but 

non-culturable cells.  

HF183 Marker Although decay rates were similar between the HF183 marker and cEC and 

CENT, a significant period of persistence or even growth of  FIB led to a decoupling of 
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marker and FIB decay in the freshwater sediments. FIB in the freshwater sediments was 

characterized by a substantial shoulder preceding decay, and in the in the freshwater 

sediments at 50% inoculum cENT and cEC exhibited growth followed by persistence of 

cells at these increased levels. In contrast, there was not a significant shoulder observed for 

the human HF183 marker in any of the sediments tested.  The HF183 marker was 

detectable until day 7 in this study and there was a significant persistent subpopulation in 

the brackish and freshwater sediments when the shoulder tail log linear model was applied. 

Overall, HF183 marker decay was similar to decay observed of cEC and cENT and the 

GB3 marker in the brackish and marine sediments. However, in marine sediments at 10%, 

the HF183 fell below detectable levels by day 5. In contrast, FIB, the ENT1A and GB3 

marker, and pathogens were detectable until at least day 7.   

GB3 Marker The GB3 marker exhibited slower decay than the HF183 marker in the 

freshwater sediments. In contrast, the GB3 marker exhibited decay rates similar to the 

HF183 marker and cEC, cENT decay rates in the brackish and marine sediments. The GB3 

marker exhibited growth in the freshwater sediments at 50%, which was consistent with 

growth of cEC and cENT observed in freshwater sediments in this study and with other 

studies that noted potential for growth of Bacteroides in sediments (Eichmiller et al., 2014; 

Kim and Wuertz, 2015). The GB3 assay targets Bacteroidales spp., while the HF183 

marker targets a subset of strains of Bacteroidales, leading to potential differences in 

response to environmental stress, including oxygen availability (Eichmiller et al., 2014). 

High levels of the GB3 marker were observed in all three sediments at day seven, which 

may make interpretation of the GB3 marker levels in environmental sediments difficult and 

not necessarily indicative of a recent input.  
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Relative aging of pathogens in sediments 
 

Campylobacter In this study, the qCamp marker was detected at low levels throughout the 

study in all three sediments tested. In contrast, culturable Campylobacter was not detected 

in marine sediments and was only detected in brackish and fresh sediments until day 4 in 

the 10% treatment and until day 5 in the 50% treatment. Decay of the qCAMP marker in 

the 50% brackish sediment was comparable to decay of FIB and the HF183 marker.  

Salmonella The qSalm marker was detected sporadically at levels below the limit of 

quantification. Culturable Salmonella was detected until day 7 in the brackish and 

freshwater sediments at 50% inoculum. In a previous study assessing relative decay of 

markers and pathogens in sand from Lake Superior, Salmonella marker decayed at rates 

similar to those of the HF183 marker and FIB (Eichmiller et al,. 2014). In this study, the 

culturable Salmonella assay appeared to be more sensitive than the qSalm marker. Despite 

detectable levels of culturable Salmonella cells being measured throughout the study, 

decay rates of the qSalm were not able to be determined due to low levels of the marker 

being recovered from the sediments.  Care should be taken when interpreting qSalm 

marker levels measured in environmental samples.   

Presence of viable Salmonella and Campylobacter were confirmed in this study 

with culture-based techniques. As a result, low levels of the qCamp and qSalm markers 

observed cannot be attributed to dead DNA and should be of concern to beach managers. 

Persistence of low levels of pathogens may also be a result of measurement of an ambient 

population. Ambient sediment collected at each site was analyzed for the Salmonella and 

Campylobacter qPCR markers, and quantifiable levels of the qCamp marker were 

measured in the ambient brackish sediment and non-quantifiable, but detectable levels was 
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measured in the ambient freshwater sediment. The Salmonella marker was detected at 

quantifiable levels in the ambient freshwater sediment at levels slightly higher than in the 

sewage inoculum.   

Implications for watershed management 
 

In this study, decay in sediments was complicated with differences measured 

between the different sediment types and between the different indicators. The HF183 

marker does not show the ability to regrow in sediments, increasing the applicability of this 

marker to source tracking of recent inputs of human fecal contamination in sediment and 

making it less likely for detection of false positives. However, discrepancies were observed 

between decay of the HF183 marker versus decay of FIB and the other markers in the 

freshwater and marine sediments. In marine sediments (at 10%) the HF183 marker decayed 

to levels below the limit of quantification even when culturable Salmonella, 

Campylobacter, and FIB were still detected. In the freshwater sediments, increased levels 

of fines and organic matter led to increased persistence and regrowth of FIB whereas log 

linear decay was observed of the HF183 marker. Both ENT1A and GB3 marker levels 

persisted at high levels in all three sediments, and the GB3 marker decay profile observed 

was similar to cEC and cENT. 

There is evidence for the potential for regrowth and extended survival of certain 

pathogens in sediments due to the availability of nutrients and protection from predation 

(Heaney et al., 2014). Labelle et al. (1980) measured enteric viruses at much higher 

concentrations in sediment than in seawater, hypothesizing that their continued presence 

was due to protection provided by the sediment. Zaleski et al. (2005) observed evidence of 

regrowth of seeded Salmonella following land application of autoclaved compost. In 
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contrast, regrowth was inhibited in non-sterile compost. Fish & Pettibone (1995) observed 

regrowth and extended survival, at least 56 days, of Salmonella sp. and E.coli in seeded 

microcosms with sterile freshwater sediment and water. Yamahara et al. (2012) measured 

culturable Salmonella upwards of 20 days in beach sand. The high rate of survival and 

ubiquitous nature of Salmonella in soils and sediments illustrates that sediments provide an 

environment for increased survival outside the host (Winfield & Groisman, 2003). 

However, more studies are needed to better understand what conditions promote extended 

persistence and potential regrowth of pathogens outside their host environment and the role 

that competition and predation plays in reducing the potential for regrowth.  

Decoupling of the decay profile of the HF183 marker versus both FIB and the GB3 

marker may be disadvantageous under certain circumstances likely to promote persistence 

of pathogens. It is important for indicators and pathogens to exhibit similar survival 

patterns. Unlike in the fresh and marine sediments, the HF183 marker decay paralleled 

qCamp and FIB decay in brackish sediments.  

Due to the ability of sediments to concentrate and enhance the survival of 

pathogens and indicator bacteria, levels measured in the water column may not be 

reflective of concentrations in the sediment. Application of a suite of markers may be 

necessary for effective evaluation of health risk associated with sediments. The HF183 

marker is useful for providing evidence for recent inputs of human fecal contamination and 

performed similarly to qCAMP and FIB in brackish sediments. The GB3 and ENT1A 

markers provide more conservative estimates of human health risk, and under certain 

circumstances the increased persistence of these markers may be more associated with 

pathogen levels, which have the potential for increased survivability in sediments under 
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favorable conditions. The GB3 marker behaved similarly to FIB under varied test 

conditions and may effectively provide similar information rapidly.  

Differences were observed between the three sediments, illustrating the need for 

more routine sediment monitoring. Assumptions regarding fate of bacteria within the 

sediment compartment cannot be applied universally.  Future studies are needed comparing 

relative aging of pathogens and genetic markers over a longer time scale in sediments with 

varying characteristics. 
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Chapter 5 : Performance and Specificity of the Covalently Linked Immunomagnetic 

Separation-ATP Method for Rapid Detection and Enumeration of Enterococci in 

Coastal Environments 

Amity G. Zimmer-Faust,a,b Vanessa Thulsiraj,b Donna Ferguson,c Jennifer A. Jaya,b  
 

The performance and specificity of the covalently linked immunomagnetic separation-ATP (Cov-

IMS/ATP) method for the de-tection and enumeration of enterococci was evaluated in recreational 

waters. Cov-IMS/ATP performance was compared with standard methods: defined substrate 

technology (Enterolert; IDEXX Laboratories), membrane filtration (EPA Method 1600), and an 

Enterococcus-specific quantitative PCR (qPCR) assay (EPA Method A). We extend previous studies by 

(i) analyzing the stability of the relationship between the Cov-IMS/ATP method and culture-based 

methods at different field sites, (ii) evaluating specificity of the assay for seven ATCC Enterococcus 

species, (iii) identifying cross-reacting organisms binding the antibody-bead complexes with 16S rRNA 

gene sequencing and evaluating specificity of the assay to five nonenterococcus species, and (iv) con-

ducting preliminary tests of preabsorption as a means of improving the assay. Cov-IMS/ATP was 

found to perform consistently and with strong agreement rates (based on exceedance/compliance with 

regulatory limits) of between 83% and 100% compared to the culture-based Enterolert method at a 

variety of sites with complex inputs. The Cov-IMS/ATP method is specific to five of seven different 

Enterococcus spp. tested. However, there is potential for nontarget bacteria to bind the antibody, which 

may be reduced by purification of the IgG serum with preabsorption at problematic sites. The findings 

of this study help to validate the Cov-IMS/ATP method, suggesting a predictable relationship between 

the Cov-IMS/ATP method and traditional culture-based methods, which will allow for more 

widespread application of this rapid and field-portable method for coastal water quality assessment. 

 

Pollution from diverse and numerous sources, as well as ex-treme variability in enterococcus 

concentrations, make mi-crobial source tracking (MST) challenging (1–3). The develop-ment of rapid 
detection technologies has advanced significantly in recent years (4–6). Such assays enumerate microbial 
contami-nants in as little as 1 h and may be more protective of human health for monitoring than traditional 
methods as well as benefi-cial for MST (7). Traditional reporting has relied on culture-based methods (e.g., 
defined substrate technology, membrane filtra-tion), which can take between 24 and 48 h to yield results, 
making these methods less effective for assessment of short-duration beach contamination events and MST 
(5, 8). The method ex-plored in this study, covalently linked immunomagnetic separa-tion-ATP (Cov-
IMS/ATP), is field portable and the quickest of the current rapid methods being explored for coastal water 
quality assessment; environmental enterococcus concentrations can be enumerated in marine and fresh 
waters within 1 h of sample col-lection (9). Further, the Cov-IMS/ATP method measures ATP of viable 
bacteria only, potentially allowing for better comparison with traditional culture-based technologies than 
nucleic acid-based technologies. Cov-IMS/ATP also has reasonable startup costs and is user friendly, 
eliminating the need for highly experienced technicians. Immunomagnetic separation (IMS) has been used 
in the past for isolation and measurement of Giardia (10, 11) and Cryptospo-ridium parvum (12). IMS for 
isolation in combination with 4=,6=-diamidino-2-phenylindole (DAPI) staining for enumeration of Giardia 
and C. parvum in drinking water is approved by the U.S. Environmental Protection Agency (EPA). More 
recently, IMS/ATP has been used to analyze recreational water quality. Lee and Deininger first applied the 
IMS/ATP assay to measure Escherichia coli in recreational freshwater in 2004 (13).    The IMS/ATP assay 
was later optimized by Bushon et al. to quantify Enterococcus in recreational water (14) and Enterococcus 
and E. coli in wastewater (15). The selective magnetic bead-antibody complex applied in these studies relied 
on hydrophobic interactions between the an-tibody and the magnetic bead as the primary attachment mecha-
nism for isolation of target organisms from environmental samples. Lee et al. (9) optimized the use of the 
IMS/ATP assay to quantify E. coli and Enterococcus in marine waters with the devel-opment of the Cov-
IMS/ATP assay. The Cov-IMS/ATP assay relies on a more robust covalently linked antibody-bead complex 
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that cannot be destabilized as easily as the original adsorption-based complex (9). 
These earlier studies suggest that the Entero-coccus IMS/ATP method can be useful for rapid assessment of 

coastal water quality assessment in fresh and marine waters; how-ever, Cov-IMS/ATP has been validated at 

only a few sites, and  s application potential as well as limitations have not been expressly evaluated. Further, 

Bushon et al. found that the IMS/ATP assay was site specific, with different relationships between culture-based 

and IMS/ATP measurements reported at different sites (15).  
Differential specificity has been reported to lead to intrinsic differences in enumeration by mEI (Difco, Becton, 

Dickinson and Company, San Jose, CA) and Enterolert (IDEXX) media (16) and potentially may influence site-specific 

performance of the Cov-IMS/ATP assay. A similarly constructed IgG Enterococcus anti-body showed potential for cross-

reactivity (17), and the specificity of the polyclonal Enterococcus antibody used in the Cov-IMS/ATP assay has not been 

examined (18).  
In this study, performance of the Cov-IMS/ATP assay is eval-uated and compared to that of traditional culture-based 

methods and an Enterococcus-specific quantitative PCR (qPCR) assay at several complex, diverse environmental sites 

through develop-ment of calibration curves with both ambient concentrations of enterococci and wastewater-spiked 

ambient water. Specificity of the Cov-IMS/ATP assay is tested against different strains of En-terococcus. In addition, 

potential cross-reacting organisms are identified with 16S rRNA gene sequencing, and the ability of the assay to detect 

nonenterococcal species is evaluated. In the final stage of the study, an additional preabsorption step is evaluated for the 

potential to decrease nonspecific binding of the antibody-bead complex. These results help validate the Cov-IMS/ATP 

method for successful application of the assay to coastal water quality assessment and for identification of hot spots of 

fecal con-tamination through rapid in-field enumeration of enterococci. 

 

Table 5-1. Specific primers used in this study for 16S rRNA sequencing and qPCR assays. 

  
MATERIALS AND METHODS  
Cov-IMS/ATP methodology. Enterococcus antibodies (catalog number B65173R; Meridian Life Sciences) and Dynabead 

particles (Invitrogen, Carlsbad, CA) were used to generate antibody-bead complexes. Dynabead particles (M-280) are uniform, 

superparamagnetic, polystyrene beads functionalized with sulfonyl ester groups permitting covalent binding to immunoglobulins. 

Enterococcus antibodies (polyclonal IgG) were applied for isolation of target organisms.  
Samples were processed according to the Cov-IMS/ATP method de-veloped by Lee et al. with several modifications (9). 

Briefly, 200 l of Dynabeads was washed in borate buffer in phosphate-buffered saline (PBS) (10% [wt/vol] borate buffer in PBS, 

pH 9.5) and separated for 1 min from solution using a magnet. After two washes, the clean Dynabeads were added to 40 l of IgG 

solution creating an anti-Enterococcus biosor-bent. This antibody-bead complex was incubated at 37°C for 18 to 24 h. Following 

incubation, the anti-Enterococcus biosorbent mixture was stored in bovine serum albumin (BSA; 0.1%, wt/vol, in PBS) buffer 

with continuous rotation at 4°C for up to 2 weeks.For sample analysis, 1 ml of sample was incubated with 200  l of the antibody-

bead complex for 40 min on a Dynal Rotary Mixer (Life Tech-nologies, Grand Island, NY) in 1.7 ml low-binding 

microcentrifuge tubes. A magnetic separator was used to separate the biosorbent with bound target enterococci from the 

remaining solution. Bound complexes were washed twice with 1 ml of Tween 20 in PBS (1%, wt/vol, Tween in PBS). 

Subsequently, bound complexes were washed once with 200 l of somatic cell-releasing agent and lysed with the addition of 200 l 

of bacterial releasing agent. Supernatant was plated in duplicate on a white, 96-well plate, and 100 l of Bactiter-Glo reagent 

(Promega, Madison, WI) was added to each well. A luminometer (GloMax Microplate Multimode Reader; Promega) was used to 

quantify luminescence in relative light units (RLU) for all analyses except sewage-spiked calibration curves. A handheld 

luminometer (model 3550; New Horizons Diagnostics, Balti-more, MD) was used to quantify luminescence for sewage-spiked 

calibra-tion curves.  
Culture-based methods. Measurements made by Cov-IMS/ATP were compared with counts of Enterococcus determined by 

two standard meth-ods, U.S. EPA Method 1600 (19) and defined substrate technology (En-terolert; IDEXX). For membrane 

filtration (MF) (U.S. EPA Method 1600), water samples were filtered (1 to 5 ml for ambient and 0.1 to 1 ml for spiked samples, 

depending on sample concentration) on a GN-6 mixed cellulose-gridded membrane filter with a standard platform man-ifold (in 

triplicate) and incubated on mEI agar (BD, Franklin Lakes, NJ, USA) for 24 h at 41°C (19). Presumptive Enterococcus colonies 

were then enumerated as CFU per 100 ml. Detection of Enterococcus with Enterolert Quanti-Tray 2000 was performed 

according to the manufacturer’s in-structions (IDEXX Laboratories, Westbrook, ME). Environmental creek and marine samples 

were diluted to 1:10 and spiked samples were diluted to no more than 1:1,000. Positive identification of presumptive entero-
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cocci was determined by samples presenting fluorescence under UV light (365 nm) and quantified in units of most probable 

number (MPN) per 100 ml. 

Quantitative PCR. Cell densities of Enterococcus were determined by quantitative PCR (qPCR) using U.S. EPA Method A 

(20). For the mea-surement of Enterococcus gene copies per 100 ml, sample water was filtered through 47-mm, 0.4- m-pore-size, 

HTTP polycarbonate filters (EMD Millipore, Billerica, MA) in duplicate. Each filter was placed in an indi-vidual 2-ml 

polypropylene screw-cap tube containing 0.3 g of 212- to 300- m (U.S. standard sieve 50 to 70) acid-washed glass beads (Sigma-

Aldrich, St. Louis, MO) and stored at 80°C until DNA extraction. Filter blanks, consisting of 50 ml of PBS passed through the 

polycarbonate filter, were also generated with each set of processed samples. 

Briefly, the PCR mixture consisted of 2 l of DNA template added to 12.5 l of 1 ABI Universal Master Mix, 2.5 l of 2 mg ml 1 

BSA, 3.5 l of primer/probe working solution, and 4.5 l of molecular-grade RNase-free water, for a final reaction volume of 25 l. 

The reaction mixture was cycled at 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s, and 60°C for 2 min. Primer and 

probe sequences are detailed in Table 1. All qPCR samples were run in triplicate. Standard curves covering 5 orders of 

magnitude were constructed with serial dilutions of known amounts of genomic DNA extracted from Enterococcus faecalis 

ATCC 29212. Quanti-fication thresholds (Cq) were converted into units of gene copies using a pooled master standard 

calibration curve (efficiencies of 90 to 105%; R2 0.99). Environmental samples were spiked with salmon testes DNA to assess 

for possible inhibition (21). Samples were not found to be inhibited in the study, with sample values deviating by 1 Cq from 

internal con-trols.  

All four methods were run in parallel in order to calibrate Cov-IMS/ ATP measurements of relative light units (RLU) to 

standard units of CFU, MPNs, and gene copies per 100 ml. 

DNA extraction. DNA was recovered according to the manufacturer’s guidelines for the DNA-EZ ST1 Extraction Kit 

(GeneRite, North Bruns-wick NJ). Extracted DNA was eluted into 100 l of elution buffer, and aliquots were stored at 20°C until 

analysis by qPCR. DNA concentration was determined using UV absorption with a Nanodrop 2000C (Thermo Scientific, 

Waltham MA). A preloaded tube (containing 0.3 g of glass beads) was extracted in the same manner as a sample and used to 

assess any possible contamination during the extraction process (extraction blank). Additionally, extraction efficiency was 

evaluated by spiking a pre-loaded tube with 1 l of sewage extracted DNA, known to amplify at a specific cycle threshold value 

(Cq). 

Bacteria attached to the bound portion of the bead-antibody complex were also identified by sequencing. DNA was extracted 

according to Shanks et al. (21). Universal primers were used to amplify partial 16S rRNA genes by PCR (Table 1). An 

UltraClean PCR Clean-Up kit (MoBio Laboratories, Carlsbad, CA) was used according to the manufacturer’s guidelines. Further 

processing and sequencing of the 16S gene were per-formed at the UCLA Genotyping and Sequencing Core (GenoSeq, Los 

Angeles, CA). Sequences were realigned with CLUSTALW (SDSC Work-Bench, version 3.2) and blasted against the NCBI 

nucleotide database (NCBI-BLAST). 

Sample collection and processing: environmental calibration curves. Grab samples were collected by immersing a 2-liter 

polypropylene bottle at the water surface for creek and lagoon samples and at ankle depth (approximately 40 cm) for marine 

samples. Approximately 400 to 500 ml of sample was filter concentrated and analyzed using the Cov-IMS/ATP assay. Samples 

were filtered through a 0.45- m-pore-size mixed cellulose ester filter (SA1J792H5; Millipore), and bacteria were resuspended by 

vortexing the fil-ter for 1 min in 10 ml of PBS (1 ; pH 7.2). One milliliter of the resuspended solution was added to the anti-

Enterococcus biosorbent and processed accord-ing to methods described previously. The remaining sample was analyzed with 

Enterolert, MF, and qPCR for enterococci at each site, respectively. 

Water samples were collected on multiple field days between August 2012 and June 2013 from Topanga State Beach 

(Topanga, CA), Doheny State Beach (Dana Point, CA), and Tijuana, Mexico (for full site descrip-tions and sampling details see 

Table S1 in the supplemental material). At Topanga State Beach, coastal and lagoon samples were collected. Potential sources of 

fecal indicator bacteria (FIB) include significant bird popula-tions, local septic systems, dogs, lagoon input, algae, and kelp. At 

Doheny State Beach, five sites were sampled: three ocean sites and two at the discharge points of Harbor Creek and San Juan 

Creek. Potential sources of FIB include transient populations as well as faulty infrastructure and sig-nificant bird populations. 

Samples were also collected from eight sites in Tijuana, Mexico, ap-proximately 17 miles south of the U.S.-Mexico border. 

Samples were col-lected from ocean sites as well as from four freshwater inputs that dis-charge directly into the ocean including 

Real del Mar Creek, San Antonio de los Buenos (SADB) Creek, and two storm drains (San Antonio del Mar drain and Isla 

drain). SADB wastewater treatment plant discharges ap-proximately 25 million gallons per day (MGD) of secondary treated and 

chlorinated sewage into the SADB Creek, making up the majority of the creek flow (34). Sources of fecal pollution to ocean 

water include raw sewage from inadequate or lack of treatment, dogs, and gulls. 

Sample collection and processing: sewage-spiked calibration curves. 

Grab samples were collected, as stated above, for sewage-spiked cali-bration curves at Topanga State Beach (34°2=19.67 N, 

118°34=56.21 W), Topanga Lagoon (34°2=19.85 N, 18°34=58.42W ), Topanga Creek (34°3=50. 48 N, 118°35=13.95 W), 

Doheny State Beach (33°27=40.40 N, 117°40= 54.45 W) and Santa Monica Beach (34°0=12.41 N, 118°29=29.57 W). Pri-mary 

influent collected the same day from the Orange County Sanitation District (Fountain Valley, CA) was serially diluted in ambient waters 

and analyzed with the Cov-IMS/ATP and Enterolert methods. 
Cov-IMS/ATP specificity: Enterococcus spp. Specificity of the Cov-IMS/ATP assay was tested with seven ATCC strains 

representative of En-terococcus species found in environmental waters: Enterococcus hirae 
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(ATCC 8043), Enterococcus mundtii (ATCC 43186), Enterococcus durans (ATCC 6056), Enterococcus faecium (ATCC 
35667), E. faecalis (ATCC 29212), Enterococcus casseliflavus (ATCC 12755), and Enterococcus galli-narum (ATCC 70025) 
(Difco, Becton, Dickinson and Co., San Jose, CA). Each ATCC strain described was grown to semilogarithmic phase and 
adjusted to a concentration of 108 cells ml 1 of PBS (1 ; pH 7.4) using optical density measurements at 595 nm (OD595) before 
being serially diluted 10-fold in phosphate-buffered saline (1 , pH 7.4) to concentra-tions ranging between approximately 10 
cells ml 1 and 1,000 cells ml 1. Standard curve measurements were taken in parallel by the MF, En-terolert, qPCR, and the 
Cov-IMS/ATP assays as described above. 

Cov-IMS/ATP specificity: nontarget bacteria. Samples from each field site were evaluated for potential binding to 
nonenterococcal bacteria. After the antibody-bead complex had been incubated with the environ-mental sample for 40 min, a 
subset of the bound antibody-bead complex was plated on nutrient agar (pH 7.2; Becton, Dickinson and Co.) and/or tryptic soy 
agar (pH 7.2; Becton, Dickinson and Co.) for 24 h at 37°C. Following incubation, approximately 50 isolates were randomly 
selected and purified. A subset of these isolates was then further purified and sequenced using the 16S rRNA primers described 
above. The IgG serum was tested for cross-reactivity with five nontarget bac-terial species, four of which were previously 
identified by our laboratory as having high prevalence in water from Doheny and Topanga Beaches by 16S rRNA sequencing. 
E. faecalis and potential cross-reactors were grown to semilogarithmic phase and adjusted to a concentration of 108 cells ml 1 
of PBS (1 , pH 7.4) using OD595 before being serially diluted to a starting concentration of 100 cells ml 1 of PBS (1 pH 7.4). 
A standard curve generated with E. faecalis was compared to a standard curve generated with E. faecalis spiked with an 
equivalent volume of Staphylococcus gallo-lyticus (no ATCC number provided), Bacillus cereus (ATCC 14579), 

Acinetobacter calcoaceticus (ATCC 23055), Enterobacter cloacae (ATCC 13047), or Staphylococcus saprophyticus (ATCC 
15305) to test for possible cross-reactivity of the nontarget bacteria with the IgG serum. 

Preabsorption process for purified antibody-bead complexes. The antiserum was purified by preabsorption with 
mixtures of S. saprophyti-cus, E. cloacae, and B. cereus, bacterial species found in marine waters and isolated with high 
prevalence from the bound-bead population. Cell cul-tures used for preabsorption were initially grown for 24 h at 37°C. Bacte-
rial densities were adjusted to 108 cells ml 1 using OD595. One milliliter of each bacterial strain was centrifuged at 12,000 g at 
room temperature for 10 min. The pellet was then washed and resuspended three times in 1 ml of 0.1% Tween in PBS (1 , pH 
7.4). Fifty milliliters of the cell pellet was then used to inoculate and preabsorb the antibodies (500 l) accord-ing to Saraswat et 
al. (22). Following a 40-min incubation period, the cell-antibody solution was centrifuged at 12,000 g for 10 min at room 
temperature. The supernatant was then retrieved, and the concentration of the purified antibody serum was measured using an 
enzyme-linked immunosorbent assay (ELISA) for rabbit IgG (Immunology Consultants Laboratory, Portland, OR). The Cov-
IMS/ATP assay was run in parallel using purified antibody serum and nonpreabsorbed antibodies to com-pare potential 
performance improvements. 

 
Table 5-2. Results of linear regression models for sewage-spiked and environmental calibration curves. 

 
 
 

Statistical analyses. Statistical analyses were performed in STATA, version 12.1 (STATA Corp. LP, College Station, TX). 

Linear regression models were applied to estimate MPN per 100 ml as a function of RLU per 100 ml and were computed using 

log10-transformed data. Pear-son’s correlation coefficients were calculated to further examine the linear relationship between 

methods. Cohen’s kappa coefficient was used to assess agreement of the Cov-IMS/ATP and Enterolert methods in indicating 

samples exceeding or in compliance with the threshold of 104 MPN per 100 ml. The kappa coefficient was characterized accord-
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ing to Fleiss (23) guidelines: kappa values over 0.75 were defined as in excellent agreement, values between 0.40 and 0.75 were 

defined as in fair to good agreement, and kappa values below 0.40 were character-ized as in poor agreement (23, 24). 

 

RESULTS  
Water samples (sewage-spiked and environmental) were mea-sured using the Cov-IMS/ATP, Enterolert, and U.S. 

EPA Method A qPCR assays. Luminescence, reported by the Cov-IMS/ATP method as RLU per 100 ml, was plotted 
against MPN per 100 ml, per the Enterolert method. Linear regression was used to model the association between the 
Enterolert and Cov-IMS/ATP meth-ods based on the U.S. EPA Enterococcus single standard of 104 MPN per 100 ml as 
well as an equivalent single-sample threshold for the Cov-IMS/ATP method. Table 2 presents the results of linear 
regression models applied for sewage-spiked and environmen-tal data. Confidence intervals (CIs) were applied to the 
exceedance threshold predicted for the Cov-IMS/ATP measurements by the linear regression equation. Since there is not 
an established threshold for Cov-IMS/ATP measurements, the threshold applied in this context represents the best 
estimate from the data equiva-lence point as opposed to a hard threshold, which has been estab-lished for Enterolert 
measurements. Frequency of observations falling within the 95% CI were calculated and reported as a per-centage of 
observations within the uncertainty region (Table 3, Uncertainty). Agreement rates (ARs) were calculated based on the 
percentage of data points where the Cov-IMS/ATP and Enterolert methods agreed in indicating samples exceeding or in 
compliance with the threshold of 104 MPN per 100 ml. Values falling within the 95% CI were excluded from Cohen’s 
kappa calculations and associated interrater agreement rates. 

Sewage-spiked calibration curves. Raw influent samples from the Orange County Sanitation District were diluted 
and spiked into ambient waters and analyzed with the Cov-IMS/ATP and Enterolert methods at Doheny State Beach, 
Dockweiler Beach, Santa Monica Beach, Topanga Creek, Topanga State Beach, and Topanga Lagoon. Average 
Enterococcus concentrations, as me-sured by Enterolert and Cov-IMS/ATP, correlated well among the six sites (R 0.90, 
P 0.05) and between the six sites when data were combined (R 0.88, P 0.05) (Table 2). When data were combined 
between all sites, between all marine sites, and between all sites within the Topanga watershed, Pearson’s correlation co-
efficients remained high (R 0.80, P 0.05) as did the interrater agreement (AR 83%, 0.75) when results were examined in 
comparison to the U.S. EPA recreational water Enterococcus single standard of 104 MPN per 100 ml (Fig. 1). 

Due to the low number of points per site, a mixed-effects model that allowed for a random slope and random 
intercept for each site was applied to further quantify potential site-specific effects on the relationship between 
Enterolert and Cov-IMS/ATP measurements. There was no evidence of a site effect. The variance associated with site 
effects on slope and intercept were negligible compared to the variance due to randomness in the model: 2 values of 
0.00 and 0.02 versus 0.12, respectively (see Table S2 in the supplemental material). 

Environmental calibration curves. For Doheny State Beach, Topanga State Beach, and Tijuana, Mexico samples, 
calibration curves were created using ambient source water over an approxi-mately 6-month period. Luminescence, 
reported by the IMS/ATP method as RLU per 100 ml, was plotted against MPN per 100 ml, as reported for the 
Enterolert method (Fig. 2). Significant corre-lations and linear relationships between the Cov-IMS/ATP and Enterolert 
results (R 0.75, P 0.05) were observed at each site. 
 
Table 5-3. Statistical analysis of Enterolert versus Cov-IMS/ATP measurements for the detection of Enterococcus 
concentrations exceeding or in compliance with a threshold of 104 MPN/100 ml. 

 
 

 
Due to differences in the relationship between MPN and RLU measurements between sites for environmental 

calibration curves, an additional linear regression model was run to allow for differences between the three sites (see 
Table S3 in the supplemen-tal material). There was not a significant difference between Mex-ico and Doheny Beach 
(F1,63 0.66, P 0.42) or between Doheny Beach and Topanga State Beach profiles (t 0.61, P 0.542); there was a 
significant difference only between the Topanga and Mexico profiles (t 0.22, P 0.030). 

The linear relationship between Enterolert and Cov-IMS/ATP results differed among the three sites, with the slope 
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coefficient varying between 0.25 at Topanga State Beach and 0.58 at Tijuana, Mexico (Table 2). However, site-specific 
calibration curves im-proved predictability of Cov-IMS/ATP measurements for the To-panga site only and did not offer 
an improvement over the com-bined calibration curve for either the Doheny or Tijuana sites. Here, the improvement was 
small: the AR was increased from 83% to 89% when the site-specific calibration curve was applied to Topanga site 
measurements. The measurements falling within the region of uncertainty increased from 5% to 32%, signaling a larger 
region of uncertainty for certain measurements when the more generalized combined calibration curve was applied to 
environ-mental data for the Topanga site. Site-specific calibration curves may still be utilized for best performance at 
certain sites, as indi-cated by the improved performance at Topanga State Beach. However, overall performance of the 
combined calibration curve was strong (R 0.83, AR 90%, 0.79) and comparable to the performances of individual site-
specific calibration curves when they were applied to each site (Table 3). 

 

 
Figure 5-1. Logarithmic MPN versus RLU for sewage-spiked calibration curves generated with ambient water at marine sites (F1,17 

59.69, P 0.00; root mean squared error, 0.33)(A), sites within Topanga watershed (F1,13 32.10, P 0.00; root mean squared error, 0.41) (B), 

and all sites combined (F1,27 89.92, P 0.00; root mean squared error, 0.36) (C). Solid line, linear mean trend between MPN and RLU; 
gray dashed lines, 95% CI of exceedance thresh-old predicted by Cov-IMS/ATP; black dashed line, exceedance threshold at 104 

MPN/100 ml for MPN and predicted exceedance threshold for RLU/100 ml. Pos, positive; Neg, negative. 

 
 

Luminescence, reported by the IMS/ATP method as RLU per 100 ml, was also plotted against copies per 100 ml, as 

reported for the U.S. EPA Method A qPCR assay. The linear relationship be-tween Enterolert and Cov-IMS/ATP results 

differed among the three sites, with the slope coefficient varying between 0.31 at Ti-juana, 0.40 at Mexico, and 1.06 at 

Doheny State Beach (Table 4). For Topanga State Beach samples, there was a linear relationship between qPCR and Cov-

IMS/ATP measurements (R 0.68). Similarly, at Doheny State Beach, qPCR and Cov-IMS/ATP mea-surements were 

correlated (R 0.71). Measurements at the Ti-juana site, both when Cov-IMS/ATP and qPCR (R 0.37) mea-surements were 

compared and when the Enterolert and qPCR assay (R 0.30) measurements were compared, were not as pre-dictable.  
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Model variability. Model variance was analyzed on smoothed data for the combined environmental curves and 

sewage-spiked calibration curves. The sum of squared error (SSE) was calculated for binned data, such as between 0.5 to 

1 MPN. The estimated sum of squared error was plotted against cell concentration (MPN per 100 ml) (see Fig. S1 in the 

supplemental material). For the sewage-spiked samples, the range of SSEs was small overall, ranging be-tween 0.5 and 

2.8. For the environmental model, predictions made were the most robust around the Enterococcus exceedance threshold 

of 104 MPN per 100 ml. At higher concentrations (over 1,000 MPN per 100 ml) there was a trend of consistent, increased 

error.  
Limit of detection. Blank samples were processed by analyzing PBS in a similar manner to that of the environmental 

samples. The limit of detection for the Cov-IMS/ATP method was as per Bushon et al. (14). The limit of detection was 

6,190 RLU per 100 ml based on 15 blank samples. 
 

 
Figure 5-2. Logarithmic MPN versus RLU for environmental calibration curves generated with ambient water at Topanga State Beach 

sites (F1,17 22.21, P 0.00; root mean squared error, 0.54)  (A), Doheny State Beach sites (F1,16 22.71, P 0.00; root mean squared error, 

0.56) (B), Tijuana, Mexico sites (F1,30 72.13, P 0.00; root mean squared error, 0.72) (C), and all sites combined (F1,67 149.46, P 0.00; root 

mean squared error, 0.61) (D). Solid line, linear mean trend between MPN and RLU; gray dashed lines, 95% CI of exceedance threshold 
predicted by Cov-IMS/ATP; black dashed line, exceedance threshold at 104 MPN/100 ml for MPN and predicted exceedance threshold 

for RLU/100 ml. 

 
Species-level identification of enterococci at study sites. Site water was further characterized at Doheny State 

Beach, Topanga State Beach, and Imperial Beach through examination of Entero-coccus species assemblages. 
Enterococcus isolates were found to include the following six species: E. faecalis, E. faecium, E. gallina-rum, E. 
casseliflavus, E. mundtii, and E. hirae, as well as additional unidentified enterococci and unidentified nonenterococcal 
indi-viduals. Enterococcus isolates examined in this study from Doheny State Beach and Imperial Beach were previously 
collected and identified as part of a comprehensive comparison of Enterococcus species diversity but have not been 
analyzed previously by site (12). Out of 65 isolates examined at Doheny Beach, E. faecalis and E. faecium were the most 
prevalent species obtained, representing 42% and 22% of the 65 isolates examined, respectively. The re-maining isolates 
were characterized as follows: E. casseliflavus (8%), E. gallinarum (11%), unidentified enterococci (6%), and 
nonenterococci (8%). 

 
Table 5-4. Results of linear regression models for qPCR measurements of Enterococcus concentrations of ambient water at Topanga 

State Beach, Doheny State Beach, and Tijuana, Mexico sites. 
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At Imperial Beach, isolates were examined from a mixture of the Tijuana River mouth and Imperial Beach waters. 

Water sam-ples were collected approximately 10 miles from the Tijuana site sampled in this study due to the difficulty 

associated with trans-porting bacterial isolates across an international border. Out of 60 isolates, 43% were identified as 

non-Enterococcus. E. faecium and E. casseliflavus were the most predominant enterococcus species, representing 18% 

and 17% of isolates examined, respectively. The remaining isolates were characterized as E. hirae (7%), E. faecalis (8%), 

E. mundtii (2%), and unidentified enterococci (5%). In addition, 20 isolates were isolated from mEI agar at Topanga State 

Beach and Topanga Lagoon, and 100% of these isolates were iden-tified as E. faecalis. Isolates were identified according 

to Ferguson et al. (16).  

 
Table 5-5. Results of linear regression models comparing rapid methods to culture-based methods and culture- versus culture-based 

methods for Enterococcus specificity experiments. Results of linear regression models comparing rapid methods to culture-based 

methods and culture- versus culture-based methods for Enterococcus specificity experimentsa 

 
 

Cov-IMS/ATP assay specificity. Specificity of the Cov-IMS/ ATP assay was verified by testing seven common 

Enterococcus spe-cies found in marine waters. Measurements made by the En-terolert and Cov-IMS/ATP methods 

correlated well for five out of the seven enterococcus species tested (Table 5). E. gallinarum and E. hirae measurements 

made by Cov-IMS/ATP correlated poorly with measurements made by the Enterolert assay. Measurements for six species 

were well correlated for the Cov-IMS/ATP and MF assays (Table 5). Cov-IMS/ATP exhibited differential sensitivity to 

the seven Enterococcus species compared to traditional methods (MF and Enterolert) (Fig. 3). The Cov-IMS/ATP method 

may potentially be the most sensitive to E. faecalis and E. faecium and the least sensitive to E. gallinarum, E. 

casseliflavus, and E. mundtii. Average Enterococcus concentrations as measured by Enterolert, MF, and qPCR methods 

correlated well (R 0.80) for all seven Enterococcus spp. (Table 5).  
Fourteen samples used in the specificity experiments were run in duplicate to quantify the variability of the 

Cov-IMS/ATP assay. On average, duplicates differed by 10,040 RLU, or 13%.  
Nonenterococcal bacteria that were bound to the antibody-bead complex were identified by sequencing (Table 

6). A rarefac-tion curve indicated that even if considerably more isolates were sequenced, similar species richness 

would still be observed (see Fig. S2 in the supplemental material). Bacillus spp. (29%), Exigu-obacterium spp. 

(19%), and Enterobacter spp. (15%) were the most common nonenterococcal bacteria isolated, followed by 

Staphylococcus spp. (10%) and Aeromonas spp. (8%). For a full species list of isolates sequenced see Table S4 in 

the supplemental material.  
Specificity of the antibody-bead complex was tested against four ATCC species of cross-reactors identified in high frequency 

from 16S rRNA sequencing results, B. cereus, A. calcoaceticus, E. cloacae, and S. saprophyticus, as well as against S. 
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gallolyticus. Sensitivity of the Cov-IMS/ATP assay was decreased when several of these species were present, 

individually or in combination, in samples spiked with different concentrations of E. faecalis. S. gallolyticus (P  
0.07), E. cloacae (P 0.03), and S. saprophyticus (P 0.10) af-fected measurements made by the Cov-IMS/ATP 

method. Further, combinations of various cross-reactors, including a mixture of E. cloacae and B. cereus (P 0.00) and a 

mixture of E. cloacae, B. cereus, and S. saprophyticus (P 0.01), were also found to signif-icantly affect Cov-IMS/ATP 

measurements (Table 7). 

Preabsorption. To improve the specificity of the assay, Entero-coccus IgG serum was preabsorbed with 

bacterial strains that affected Cov-IMS/ATP measurements, including S. aureus, E. cloacae, and B. cereus. An 

ELISA (Immunology Consultants Laboratory, Port-land, OR) was used to quantify the portion of antibody 

remaining in suspension. On average, antibody concentration was decreased from approximately 1 mg ml 1 to 0.85 

mg ml 1, signaling a 15% loss to preabsorption. The ratio of antibody to magnetic bead was adjusted for this loss. 

Preabsorbed antibodies were applied in laboratory experi-ments to increase specificity of the assay (see Fig. S3 in 

the supple-mental material for a subset of trial results). Preabsorbed anti-body-bead complexes bound less of the 

interfering species. Measurements were on average reduced by 60% for S. aureus and by 40% for B. subtilis. 

Preabsorption did not appear to improve potential cross-reactivity from E. cloacae. 

 

 
Figure 5-3. Linear regression results for Enterococcus specificity experiments. Log-arithmic cell concentration versus RLU for E. 

faecalis (A), E. faecium (B), E. gallinarum (C), E. hirae (D), E. durans (E), E. mundtii (F), and E. casseliflavus Linear regression results 

for Enterococcus specificity experiments. Log-arithmic cell concentration versus RLU for E. faecalis (A), E. faecium (B), E. gallinarum 
(C), E. hirae (D), E. durans (E), E. mundtii (F), and E. casseliflavus (G). Dashed line, relationship between RLU and cell concentration 

for E. fae-cium for comparison; solid lines, linear mean trend between cell concentration and RLU/100 ml; open circles, cell 

concentration as measured by membrane filtration (CFU/100 ml); filled circles, cell concentration as measured by En-terolert (MPN/100 
ml). 

 
Table 5-6. Bacteria isolated from bound antibody-bead complexes at either Topanga or Doheny State Beach and sequenced with 16S 

rRNA sequencingTABLE 6 Bacteria isolated from bound antibody-bead complexes at either Topanga or Doheny State Beach and 
sequenced with 16S rRNA sequencing 
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Table 5-7. Linear regression results testing potential effect of nontarget bacteria on Cov-IMS/ATP measurements. 

 
 

DISCUSSION  
Standard Enterococcus detection methods for coastal water quality are culture based and require a lengthy 

incubation period. A rapid, portable method can be an important facet of a multitiered ap-proach to source tracking that 

has previously relied on culture-and nucleic acid-based methods (25, 26). Molecular methods based on qPCR can be 

highly sensitive but require experienced technicians and expensive startup costs and measure a genetic endpoint that does 

not distinguish between viable and nonviable organisms. In comparison, the Cov-IMS/ATP method requires minimal 

equipment and is affordable and simple to perform. The Cov-IMS/ATP method also has the ability to filter higher 

volumes through the mixed cellulose filter than the polycarbonate filter required for qPCR, which is advantageous for 

analyzing turbid water samples, including runoff. Moreover, Cov-IMS/ATP quantifies viable bacteria only, making it 

more comparable to cul-ture-based methods. Therefore, it is important to have a compre-hensive understanding of the 

empirical relationship between cul-ture-based and Cov-IMS/ATP measurements.  
In this study, a strong, positive association was observed be-tween the measurements produced by the Enterolert and 

Cov-IMS/ATP assays in different water samples and with different en-vironmental source inputs of enterococci. Less 

variability was noted in the Cov-IMS/ATP estimates among samples with mid-range concentrations, i.e., between 100 

and 300 MPN per 100 ml. When data were combined between sites with a common input (raw influent), a site-specific 

calibration curve did not appear nec-essary or provide a particular advantage. Although there was evi-dence of some site 

heterogeneity in the relationship between En-terolert and Cov-IMS/ATP measurements at different sites, when 

measurements were compared across ambient waters, a combined environmental calibration curve was applied effectively 
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and dem-onstrated excellent interrater agreement with Enterolert for the Enterococcus single-sample limit and a strong 

correlation between the two methods. The three environmental sites reported repre-sent various challenging inputs, both 

freshwater and marine; thus, the combined calibration curve is robust to a variety of complex inputs. The best 

performance at certain sites may require site-specific calibration curves; however, a combined calibration curve was 

applied effectively and with strong predictability for both am-bient and sewage-spiked waters.  
Site heterogeneity and method variability may result in a re-gion of uncertainty for the Cov-IMS/ATP assay. 

Therefore, values falling in this region may require verification from another method. Even so, these results suggest that 

the relationship be-tween Enterolert and Cov-IMS/ATP measurements may reason-ably predict and help differentiate 

sites with high and low Entero-coccus levels from sites that may need further verification.  
Quantitative PCR measurements were also compared with both Enterolert and Cov-IMS/ATP measurements. The 

weaker relationship at certain sites could be due to environmental factors, such as different point sources of FIB. Sources 

of fecal pollution have been found to be an important part of describing the rela-tionship between culture and qPCR 

results and can result in a decreased correlation between the two methods at certain sites (27). At the discharge point of 

the SADB wastewater treatment plant at the Tijuana site, high Enterococcus levels were measured by qPCR, yet low to 

nondetectable levels were observed with culture-based methods. The elevated Enterococcus signal at this site may be the 

result of qPCR amplifying DNA from both live and dead En-terococcus cells, contributing to the decoupling of qPCR and 

cul-ture-based methods. However, Cov-IMS/ATP measurements still correlated well with Enterolert measurements at the 

Tijuana sites, which suggests that Cov-IMS/ATP may be useful for detecting complex and recent inputs of FIB.  
To explain discrepancies between sites, differential sensitivity to various Enterococcus species and potential cross-

reactive bind-ing of the antibody-bead complex were evaluated using the seven most common Enterococcus species in 

marine water (28, 29). To our knowledge, this is the first report on the comparison of these culture-based methods to Cov-

IMS/ATP using pure cultures of varied Enterococcus species. The antibody used in the Cov-IMS/ ATP assay is 

polyclonal in nature and has not been absorbed on other Enterococcus species besides E. faecium (18). Caruso et al. 

analyzed specificity of a similar Enterococcus IgG serum for appli-cation to a fluorescent antibody technique and found 

the serum to be effective at labeling E. faecium species only (17). However, the IgG serum as utilized in the Cov-

IMS/ATP assay appears to have a more robust specificity profile for Enterococcus spp. Variations in assay sensitivity 

were observed for the different Enterococcus spp. and could contribute to differences between Cov-IMS/ATP and the 

culture-based measurements at certain sites where Enterococ-cus species other than E. faecium are dominant. Depending 

on the site and source input, enterococcal communities can differ dras-tically (30, 31), as found between the three sites 

tested in this study. 
The potential for cross-reactivity of the antiserum to nonspe-cific antigens was assessed using several common species 

isolated in high frequency from the antibody-bead complex. E. cloacae, S. saprophyticus, and S. gallolyticus were found 

to significantly affect Cov-IMS/ATP measurements. A serum purification procedure, based on preabsorption of the 

polyclonal antibody with nonen-terococcal bacteria, shows promise to increase specificity of the assay. However, 

further research is needed to develop more target-specific antibodies and to better optimize preabsorption of the 

antibody to reduce cross-reactivity.  
This study extends previous efforts by sampling a variety of location types, during both the wet and dry seasons, and 

bacterial concentrations. Previous reports have documented poorly corre-lated measurements between IMS/ATP and 

traditional methods in primary influent obtained from the Orange County Sanitation District (OCSD) (15), as well as at 

Doheny State Beach (J. A. Jay Lab, unpublished data). In this study, Cov-IMS/ATP and tradi-tional methods correlated 

well in OCSD sewage-spiked ambient waters and environmental waters (Topanga State Beach, CA; Do-heny State 

Beach, CA; and Tijuana, Mexico).  
The Cov-IMS/ATP method rapidly measures viable entero-cocci, providing a useful field tool for assessment of 

coastal water quality and for identification of hot spots of fecal contamination. In this study, the Cov-IMS/ATP assay 

illustrated robust measure-ments and a predictable relationship between Enterococcus mea-surements made by the Cov-

IMS/ATP and Enterolert methods. A reliable and consistent relationship between Cov-IMS/ATP and culture-based 

methods would substantially increase ease and effi-ciency of application of the Cov-IMS/ATP method for rapid as-

sessment of water quality in coastal watersheds. 
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Chapter 6 : Development of a rapid human-specific IMS/ATP assay for evaluation of fecal 

contamination in public waters in Baja California, Mexico. 

 

Introduction 
 

As both the need for reuse of reclaimed wastewater and the burden placed on existing 

wastewater treatment plants increase, so does the need for methods that can reliably, rapidly and 

economically identify human-associated contamination. Wastewater has significant public health 

risks and is a source of human enteric pathogens ( Lee et al., 2006), making it important to 

develop methods to monitor the effectiveness of disinfection systems discharging to the 

environment (Panasiuk et al., 2015). In Baja California, inadequate infrastructure results in 

untreated wastewater that has the potential to contaminate both groundwater and surface waters 

(BECC, 2009). For effective reuse of treated wastewater in this region, stricter monitoring for 

appropriate disinfection is needed (Mendoza-Espinosa et al., 2003).  

Currently, fecal indicator bacteria (FIB) such as Escherichia coli and enterococci are 

used as proxies for fecal contamination, which can contain a range of disease-causing organisms. 

In contrast to pathogens, FIB are easy to enumerate and have been found to occur in high 

concentrations in wastewater. In addition, epidemiology studies have shown FIB to correlate 

with incidence of swimming-related illnesses (Haile et al., 1999; Heaney et al., 2012; Kay et al., 

1994). Despite the widespread use of FIB to assess water quality, certain limitations exist. FIB 

can originate from both human and non-human sources; therefore, presence of FIB does not 

confirm human contamination, and a lack of correlation between FIB and human illness at sites 

impacted by primarily non-human sources has been noted in some cases (Soller et al., 2014). 

Further, current techniques are primarily culture-based, requiring a minimum of 18 – 24 hours 
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for analysis, which hinders dissemination of same-day water quality data, increasing the potential 

duration and extent of contamination events.  

Differentiating between different types of fecal sources allows a more strategized and 

appropriate approach to mitigating pollution problems and preserving the health of an ecosystem. 

Molecular techniques, utilizing source-associated DNA-based markers, have advanced 

significantly in recent years and represent an opportunity to obtain source information about 

fecal contamination. Detection methods using qPCR have shown Bacteroidales to be a highly 

repeatable, specific and sensitive method of tracking fecal pollution back to its source (Boehm et 

al., 2013; Layton et al., 2013) . Members of the order Bacteroidales are detected at high 

concentrations in feces and sewage, and various fecal hosts exhibit different genetic sequences, 

allowing distinction between human and non-human sources of fecal pollution (Kildare et al., 

2007; Seurinck et al., 2005). Notably, sequences associated with human feces have been 

identified including that of the Bacteroidales marker (HF183) (Bernhard and Field 2000) and  

Bacteroides thetaiotaomicron (Carson et al. 2005; Yampara-Iquise et al. 2008).  

Despite the now widespread use of host-associated markers for identification of fecal 

contamination, current molecular assays using quantitative PCR (qPCR) are limited in that they 

amplify DNA of both live and dead cells as well as extracellular DNA (Bae and Wuertz, 2012, 

2009; Varma et al., 2009). Quantitative PCR can monitor loading but cannot effectively 

differentiate between inactivated DNA present in adequately treated wastewater and viable cells, 

which is disadvantageous when evaluating disinfection effectiveness (Srinivasan et al., 2011). 

Molecular methods based on qPCR also require experienced technicians and expensive startup 

costs, making these rapid detection assays not widely accessible and too costly for many 

developing countries with limited resources.  
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Immunomagnetic separation (IMS) methods which quantify adenosine triphosphate 

(ATP) from target microorganisms (IMS/ATP) assays are useful in that they provide a rapid, 

specific, possibly field-portable, viability-based method. However, IMS/ATP assays have mainly 

been established for quantification of E.coli and enterococci in recreational waters (Bushon et al., 

2009; Lee et al., 2010; Lee and Deininger, 2004; Zimmer-Faust et al., 2014). In this study, an 

IMS/ATP assay for rapid detection of the human-associated organism, Bacteroides 

thetaiotaomicron, was developed and is termed the Inverse Capture immunomagnetic separation/ 

ATP quantification (Inv-IMS/ATP) assay. This method was applied for detection of human-

associated fecal contamination in Baja California, Mexico, where access to rapid source tracking 

is limited, despite significant challenges regarding coastal pollution and water resource 

management and frequent failures to existing infrastructure. A previously completed microbial 

source tracking study showed widespread contamination associated with the San Antonio De Los 

Buenos WWTP (SAB) plume in Rosarito, Mexico (Thulsiraj et al., submitted). In this study, 1) 

the Inv-IMS/ATP assay was developed and optimized for rapid assessment of viable human-

associated fecal bacteria; 2) a field survey of coastal and WWTP effluent water quality in 

Rosarito and Ensenada, Baja California was conducted and 3) comparisons of Inv-IMS/ATP 

measurements to measurements made by standard methods at WWTP effluent impacted and non-

impacted sites were made.   

Methods 
 

Inv-IMS/ATP for BT Methodology 
 

Pre-Concentration of Samples. Approximately 100-40 mL of ambient water was filter-concentrated 

for detection with IMS.  Samples were pre-filtered through 47 mm, 20 µm pore size, Nylon 

(NY2004700; EMD Millipore) filters to remove any debris/particles that may interfere with the 
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IMS method. Samples were then filtered through a 47 mm, 0.45 µm filter, Mixed Cellulose Ester 

Filter (SA1J792H5; EMD Millipore) to concentrate the sample. The filter was placed in 5 mL of 

phosphate buffered saline (PBS, pH 6.8) and vortexed for one minute to resuspend the bacteria.  

Immunoprecipitation.  One mL of the sample resuspension was added to a 2-mL microtube 

containing 10 ug of BT monoclonal antibody (IgM) (ab65441, AbCam, Cambridge, MA) and 

incubated on a bidirectional mixer for 30 minutes at room temperature.  25 ul of washed 

Dynabeads Rat anti-Mouse IgM (Invitrogen, cat no. 110-39D) were added to the sample-IgM 

mixture for a 30 minute incubation period on a rotating and tilting rotator. Dynabeads used in 

this study are superparamagnetic polystyrene beads with a 4.5 um diameter, that are pre-coated 

with Rat anti-mouse IgG (Figure 6-1). A rare earth magnet was used to separate the bound target 

from the supernatant.   

Measurement of ATP.  The bound target was then washed twice in PBS (with 2 mM EDTA, 0.1% 

BSA) and separated magnetically.  100 uL of lysing agent (Bacterial Cell-Releasing Agent, New 

Horizons Diagnostics, Columbia, MD) was added to the bound biosorbent and vortexed for 30 

seconds on medium-high setting and separated.  The extract (now in liquid phase) was 

transferred to a clean 96 well microplate.  Equal volume of BacTiter-Glo (#G8231, Promega 

Corporation, Madison, WI) was added to each of the sample wells and pipette-mixed gently three 

times.  The microplate was then transferred to Multi+ GloMax luminometer (E8031) Promega 

Corporation, Madison, WI) for luminescence measurements in Relative Light Units (RLU). 

Blank samples were processed by analyzing a similar volume of PBS alongside environmental 

samples. Concentrations were normalized by background signal by subtracting average 

measurement of the blank from sample measurement for each round of IMS/ATP performed as 

follows: Cnormalized= Cmeasured- C blank where Cnormalized
  is the final concentration reported in RLU 
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100 mL-1 throughout this study. 

 
 

 
Figure 6-1. Flow diagram showing the Inverse Capture immunomagnetic separation/ATP quantification (Inv-

IMS/ATP) method for rapid viable detection of Bacteroides thetaiotaomicron. 

 

Antibody-Bead Ratio. Based on recommendations from the manufacturer, an approximate 1:2 ratio 

of bead to antibodies concentration was tested (25ul bead:10 ug antibody) versus an earlier ratio 

of an approximately 1:10 bead to antibody ratio (330 ul bead: 20 ug antibody). Measurements 

made at the new concentration of bead and antibody were not significantly different from 

measurements made at the higher concentration of antibody and bead (Figure 6-2). A final ratio 

of 25 ul bead and 10 ug pf antibodies was used in order to decrease costs of the assay.  

 
Figure 6-2. Optimization of antibody to bead ratio. Different ratios were tested of antibody: bead for most efficient 

measurement and to reduce cost associated with the assay. 
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FIB enumeration 
 

Measurements made by Inv-IMS/ATP were compared with cell counts of Enterococcus 

determined by defined substrate technology (EnterolertTM, IDEXX). Enumeration of 

Enterococcus with EnterolertTM Quanti-Tray 2000 was performed according to the 

manufacturer’s instructions (IDEXX Laboratories, Westbrook, ME). Environmental creek and 

marine samples were diluted in sterile Milli-Q water. Samples were diluted to no more than 

1:1000. Positive identification of enterococci was determined by samples presenting 

fluorescence under UV light (365 nm) and quantified in units of most probable number (MPN) 

per 100 mL.  

Quantitative PCR processing  
 

Measurements taken with the Inv-IMS/ATP method (RLU/100 mL) were also compared 

against measurements made by quantitative PCR (qPCR) using the human-associated 

Bacteroidales HF183Taqman (HF183) genetic marker. For the measurement of HF183 gene 

(copies per 100 mL), 50-200 mL sample water was filtered through 47 mm, 0.4 µm pore size, 

HTTP polycarbonate filters (EMD Millipore, Billerica, MA) in triplicate. Each filter was placed 

in an individual two mL polypropylene screw cap tube, containing 0.3 g, 212 – 300 µm (50 – 70 

U.S. sieve) acid washed glass beads (Sigma-Aldrich, St. Louis, MO) and stored at -80°C until 

DNA extraction.  Filter blanks, consisting of 50 mL of PBS passed through the polycarbonate 

filter, were also generated with each set of processed samples.  

DNA was recovered from water samples according to manufacturer’s guidelines of the 

DNA-EZ ST1 Extraction Kit (GeneRite, North Brunswick NJ).  Extracted DNA was eluted into 

100 µl of elution buffer and aliquots were stored at -20oC until analysis with qPCR. Briefly, the 

PCR reaction mixture consisted of 2 μL of DNA template added to 12.5 μL 1x ABI Universal 
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Master Mix, 2.5 μL of 2 mg mL-1 BSA, 3.5 μL of primer/probe working solution and 4.5 μL 

molecular grade RNase free water for a final reaction volume of 25 μL. The reaction was cycled 

at 50oC for two min, 95oC for 10 min, 40 cycles of 95oC for 15 sec, and 60oC for two min. 

Primers and probe sequences were used according to published methods for detection of the 

HF183 marker (Haugland et al., 2010). Samples and calibration standards were run in triplicate. 

A five-point standard calibration curve was run alongside samples on each well plate. Standard 

curves had efficiencies between 88 - 100% and R2 > 0.99. Quantification thresholds (Cq) were 

converted into units of gene copies using a pooled master standard calibration model. Negative 

controls (no template controls on well plate), filtration and extraction blanks were included to 

ensure contamination of samples did not occur during either the filtration or extraction processes.  

Inv-IMS/ATP Method Performance 

 

Specificity and Sensitivity  

Specificity of the assay was tested against challenge solutions of varying concentration of 

dog, gull, horse, and chicken feces. Composite challenge samples were created from freshly 

collected feces of at least five individuals per animal type.  Samples were collected in 50 mL 

polypropylene Falcon Tubes and stored in the dark at 4 deg C until analysis. Between two and 

five grams of feces from each individual was diluted 1:10 in PBS and vortexed for two minutes. 

Following vortexing, the solution was allowed to settle for at least 2 minutes. Supernatant was 

then resuspended in a sterile container. Fecal source was serially diluted in PBS (1X, pH 6.8) and 

Inv-IMS/ATP, Enterolert IDEXX, and qPCR measurements were taken in parallel at each 

dilution. 

Sensitivity of the assay was tested against varying concentrations of wastewater 

(representing human source fecal contamination). Wastewater collected from Orange County 
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Sanitation District (Fountain Valley, CA) was serially diluted in PBS and ambient fresh and 

marine water. Inv-IMS/ATP, Enterolert IDEXX, and qPCR measurements were taken in parallel 

at each dilution. Ambient fresh and marine waters were collected from Topanga State Beach, 

CA, transported on ice, and stored at 4 deg C in the dark until use.  

Sensitivity and specificity of the Inv-IMS/ATP method was then calculated at three 

different concentration ranges. The first concentration range, less than 1000 MPN ENT/100 mL, 

represented environmentally relevant concentrations seen of human and non-human fecal 

contamination (Ervin et al., 2014; Riedel et al., 2015). The second range of concentration, 1000-

2500 MPN ENT/100 mL, represented concentrations seen at severely impacted sites, or during 

periods of high flow. The third range of concentrations exceeded those levels typically seen 

during environmental testing (<2500 MPN ENT/100 ml). Sensitivity was calculated based on 

correct identification of human fecal contamination within each concentration range: 

 (Boehm et al. 2013). 

Specificity was calculated based on the number of challenge fecal samples correctly identified as 

negative for human fecal contamination by the Inv-IMS/ATP method at each concentration 

range:  

 (Boehm et al. 2013). 

Turbidity optimization step 

A decreased relationship between measurements made by the Inv-IMS/ATP method and 

the HF183 human marker was observed in turbid samples (data not shown). An adapted Inv-

IMS/ATP method with an additional turbidity pre-treatment step was developed to improve 

method performance in turbid samples. Methodology utilizing detergent and sonication for 

detaching particle-associated cells was adapted from Lunau et al. (2005). 1350 ul pre-
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concentrated sample resuspension was mixed with 150 ul Tween 20 (Sigma Aldrich, St. Louis, 

MO) and allowed to incubate at room temperature for 15 minutes. Following the 15 minute 

incubation, samples were sonicated in 35 deg C water for 15 minutes. Samples were then 

centrifuged for 2 minutes at 2000 rpm. One mL supernatant was removed following 

centrifugation and B. thetaiotaomicron cells were measured according to Inv-IMS/ATP standard 

procedures.  

Performance in turbid samples was tested. Turbid water was collected from the bank of 

Ballona Creek Freshwater Marsh, CA (33.970768, -118.432243) in sterile, acid washed (10% 

HCl), polypropylene containers and transported on ice.  Sample water was serially diluted with 

ambient water collected approximately 5 m from collection site of the turbid water to create three 

solutions of naturally varying turbidity (low turbidity treatment: 65 NTU, medium turbidity 

treatment: 153 NTU, high turbidity treatment: 1590 NTU). One L of each solution was then 

spiked with either 0.5 or 10% primary influent collected from the Orange County Sanitation 

District (Fountain Valley, CA). Solutions were then measured in parallel with the Inv-IMS/ATP 

method, with either no pre-treatment or pre-treatment to detach particle-associated cells. 

Spiked Calibration Curves 

Primary influent collected from the Orange County Sanitation District (Fountain Valley, 

CA) was collected and serially diluted in phosphate-buffered saline (PBS, 1X, pH 6.8) and 

ambient marine and fresh source water from Topanga Watershed, California.  Calibration curves 

that spanned four orders of magnitude were generated and analyzed with Inv-IMS/ATP, 

EnterolertTM (IDEXX, Westbrook Inc.), and the HF183 human-associated marker. Calibration 

curves allow for measurements made by the Inv-IMS/ATP assay to be interpreted in the context 

of traditional FIB numbers as well as gene copies/mL of B. thetaiotaomicron.  
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Field Application 
 

Study Sites 

Twenty five grab samples were taken from 17 sites in Baja California, Mexico on 

October 23rd and 24th, 2015. Water samples were collected in sterile, acid washed (10% HCl), 

polypropylene containers and transported on ice. Samples were processed within six hours of 

sample collection for FIB, Inv-IMS/ATP, and DNA extraction. Four types of samples were 

collected: WWTP effluent being directly discharged into the environment, marine and freshwater 

samples located downstream and upstream of WWTP effluent discharge, reclaimed water being 

used for irrigation, and marine and freshwater samples from several sites not expected to be 

impacted by human fecal contamination, for comparison.  

Rosarito Samples were collected from six sites within the San Antonio del Mar sub-watershed 

(SADM) in Rosarito, Baja California. Sampling sites included two creeks, three costal sites and 

three storm drains located upstream and downstream of the San Antonio de los Buenos (SAB) 

wastewater treatment plant (WWTP) (Table 1). The SAB WWTP treats 25 million gallons per 

day (MGD) and was already at maximum capacity the day the facility went online. High 

bacterial loads have been found to be associated with this outfall (Orozco-Borbon et al. 2006, 

Thulsiraj et al. submitted).  Potential sources of fecal pollution within this region can include raw 

sewage from inadequate or lacking wastewater treatment, and feces from dogs, horses, dairy 

farm runoff, gulls and other wildlife.   

Ensenada Samples were collected from 11 sites within the Todos Santos Bay Watershed (TSB) in 

Ensenada, Baja California (Table 6-1). Sites tested included effluent discharge from three main 

wastewater treatment plants: the El Sauzal, El Naranjo, and El Gallo WWTPs, which all 

discharge directly into Todos Santos Bay. Marine samples were also taken downcoast of the 
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discharge of the El Sauzal and the El Naranjo WWTPs.  Three additional samples were taken 

near the Punta Bunda Estuary at the Southwest end of Todos Santos Bay. These sites do not 

receive WWTP discharge and were not expected to be impacted by human fecal contamination. 

Three additional freshwater samples were taken, two which represented reclaimed effluent being 

used for irrigation and one representing a freshwater site not impacted by WWTP effluent. 

Table 6-1. Site descriptions for samples taken in Mexico for field calibration curve. 
Site Location Characteristics

Temp Cond pH DO 

° C ms/cm mg/L

TSB EN A 31.84291 -116.61410 26.68 46.25 7.59 NA Coastal WWTP Discharge 

TSB EN B 31.84232 -116.61333 28.05 4.73 7.24 5.75 Marine Site, dowsnstream of EN A

TSB EN C 31.74579 -116.63242 23.81 51.30 7.65 8.07 Unimpacted Estuary

TSB EN D 31.74579 -116.63242 21.00 51.50 7.69 NA Unimpacted Marine Site

TSB EN E 31.74030 -116.64018 22.80 51.20 7.67 NA Unimpacted Marine Site

TSB EN F 31.72499 -116.59619 24.60 4.85 7.74 11.62 Reclaimed FW Discharge, Used for irrigation

TSB EN G 31.72479 -116.59450 24.60 4.85 7.74 11.62 Reclaimed FW Discharge, Used for irrigation

TSB EN H 31.89793 -116.60997 27.37 0.05 7.50 3.90 FW Stream, recieving WWTP Effluent

TSB EN I 31.89097 -116.59882 29.20 3.46 7.68 8.72 Unimpacted FW

TSB EN J 31.88425 -116.68871 26.50 3.39 7.56 NA Coastal WWTP Discharge 

TSB EN K 31.88376 -116.68773 21.13 51.70 7.68 NA Marine Site, dowsnstream of EN J

SADM RS A 32.41603 -117.0960 NT 51.45 7.79 NA Unimpacted Marine Site

SADM RS B 32.43119 -117.1002 NT 51.50 7.71 NA Unimpacted Marine Site

SADM RS C 32.44655 -117.1075 24.85 2.53 7.69 5.58 Coastal WWTP Discharge 

SADM RS D 32.44633 -117.1075 22.59 26.00 7.54 NA Marine Site, downcoast of RS C

SADM RS E 32.4432 -117.1054 NT 1.37 7.80 79.90 Reclaimed FW Discharge, Used for irrigation

SADM RS F 32.4273 -117.0987 NT 3.29 7.23 NA Impacted Stormdrain, discharging to ocean

Description of Discharge Location and 

Water Type Tested Lat LongWatershed
Site 

Name

 
*NT: sample not taken 
*NA: sample not applicable, DO measurements not taken at marine coastal sites 

 

 

Statistical Analyses 

All statistical analyses were performed in STATA 12.1 (College Station, Texas). All data 

were log10 transformed. Analysis of variance (ANOVA) was performed to determine differences 

in mean concentration of target organisms in different types of site water. Multiple pairwise 

comparisons were carried out to quantify significant difference between individual groups, if 

ANOVA analysis was significant. The coefficient of variation (CV%) was calculated to evaluate 

inter-variability in measurements of different site waters as follows: CV%= (st.dev/mean) *100 
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Standard t-tests were used to compare mean concentrations of Inv-IMS/ATP measurements with 

and without turbidity pre-treatment. Ordinary least squares regression analyses were performed 

for comparison between standard methods and Inv-IMS/ATP measurements.  

Results  

 

Inv-IMS/ATP Method Performance 
 

Specificity and Sensitivity 

 

Specificity and sensitivity of the Inv-IMS/ATP assay was evaluated at three different 

concentration ranges. Specificity of the assay was tested against solutions of varying 

concentration of dog, gull, chicken and horse feces.  

         

 
Figure 6-3. Assay specificity and sensitivity when challenged with different non-human and human fecal samples at 

three concentration ranges. Measurements made by the Inv IMS/ATP assay plotted against Enterolert measurements. 

 

 

The Inv-IMS/ATP assay was shown to be both sensitive and specific when challenged 

with samples of environmentally relevant concentrations of human and non-human fecal matter 

(<1000 ENT MPN/100 mL) (Table 5-2). The Inv-IMS/ATP assay positively detected 88% of 

human- associated samples at concentrations of <1000 MPN ENT/100 ml and correctly 

identified 100% percent of challenge animal-fecal samples as non-human (Table 6-2). Specificity 

of the method decreased at higher concentrations of challenge fecal material (Figure 6-3). The 

<1000 MPN/100 mL          1000-25,000 MPN/100 mL     <25,000 MPN/100 ML                          
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Inv-IMS/ATP assay was particularly vulnerable to potential for cross reactivity when challenged 

with high concentrations of dog feces (>10,000 ENT/MPN 100 mL).  

Table 6-2. Specificity and sensitivity of the INV-IMS/ATP assay at three concentration of ENT MPN/100 mL 

representing environmentally relevant levels (<1000 MPN/100 mL), highly impacted sites by either human or non-

human sources (1000-25000 MPN/100 ml), and extreme conditions (<25000MPN/100 mL). 

 

Concentration Tested Performance

Sensitivity Specificity 

% %

<1000 88 100

1000-25000 100 63

<25,000 100 13

MPN/100 mL

*n of 8 samples tested for specificity/sensiticity at each concentration

 
Turbidity Optimization 

Measurements were compared between the Inv-IMS/ATP assay with and without pre-

treatment aimed at detachment of particle-associated cells. Measurements were compared in 

three levels of turbidity. Turbid solutions were spiked with 0.5% and 10% wastewater and 

compared to measurements made in 0.5 and 10% wastewater-spiked PBS.  

Pre-treatment significantly reduced measurements made by the Inv-IMS/ATP method 

(p<0.05). Measurements made in the 0.5% sewage-spiked solutions were much more comparable 

to the 0.5% sewage-spiked PBS when the turbidity pre-treatment was conducted (Figure 6-4). 

Measurements made in the 10% sewage-spiked solutions were more comparable in the low 

turbidity when the pre-treatment was completed but underestimated concentration at the medium 

and high turbidity levels (Figure 6-4).  

Enterolert concentrations were measured from the raw sample and were compared to 

concentrations in solution after pre-concentrating the sample and with the additional turbidity 

pre-treatment. Measurements had a strong linear relationship (R2=0.95, P=0.00, n=10). 

Additionally, the slope of the regression equation (y=0.98x-0.17) illustrated that the 

measurements made on raw sample are comparable to measurements made on the optimized 
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sample (slope of almost 1). Overall, concentrations were reduced by an average of 27% 

following pre-concentration and turbidity pre-treatment. 

The Inv-IMS/ATP assay, without pre-treatment, significantly overestimated the 

concentration in all three solutions at 0.5% sewage. Measurements made when pre-filtering was 

completed without the additional turbidity pre-treatment were reduced from measurements made 

without pre-filtering.  

 
Figure 6-4. Inv IMS/ATP measurements with and without turbidity optimization made at three levels of turbidity. 

A. Samples spiked with 0.5% sewage. B. Samples spiked with 10% sewage. 

 

Sewage-Spiked Calibration Curves 

Primary influent from the Orange County Sanitation District was serially diluted in PBS 

(phospho-buffered saline), and in environmental marine and freshwater collected from Topanga 

Canyon Watershed, CA. Sample dilutions encompassed a wide range of concentrations assessing 

the relationship between the methods at different levels of wastewater contamination. 

Wastewater spiked samples were measured with the Inv-IMS/ATP, Enterolert, and HF183 qPCR 

assays. Measurements made by the Inv-IMS/ATP assay in RLU/100 mL were plotted against 

measurements made by Enterolert method in MPN/100 mL and the HF183 qPCR assay in 

copies/100mL (Figure 6-5).  

When data was combined between measurements taken in the marine and freshwater and 

PBS, strong linear relationships exist between Inv-IMS/ATP and Enterolert (R2= 0.95, P=0.00, 
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RMSE=0.26) and HF183 ((R2= 0.96, P=0.00, RMSE=0.23) measurements in wastewater-spiked 

samples. Water type was included in the regression equation and was not found to be a 

significant predictor of the relationship between Inv-IMS/ATP and ENT measurements (P>0.20). 

There was a significant difference between the relationship between Inv-IMS/ATP and HF183 

marker measurements in PBS versus marine and fresh water. The slope of the regression 

equation when Inv-IMS/ATP measurements were regressed on HF183 marker measurements 

was significantly steeper (P<0.05) than the relationship measured between Inv-IMS/ATP 

measurements and HF183 marker measurements in ambient marine and fresh waters. In the 

ambient marine and fresh waters, there was little difference between Inv-IMS/ATP 

measurements at low levels of HF183 marker, leading to a flattening of the regression line in 

ambient marine and freshwaters.    

 
Figure 6-5. Calibration curves generated in sewage-spiked marine water (MW), freshwater (FW), and PBS 

(PBS).A. Inv-IMS/ATP (RLU/100 mL) measurements versus Enterolert  IDEXX (MPN/100 mL) measurements 

(y=0.90x-1.99) B. Inv-IMS/ATP (RLU/100 mL) measurements versus HF183 qPCR (Copies/100 mL) 

measurements (y=0.60x-1.86). 

 

Field Application 
 

Samples were collected from various fresh and marine sites in Ensenada and Rosarito, 

Mexico. Sites that were not directly receiving wastewater treatment plant effluent were classified 

as unimpacted and sites directly receiving wastewater treatment plant effluent were classified as 

impacted. Impacted sites were further classified as receiving either adequately or inadequately 

A B 
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treated wastewater. Sites that were directly impacted by wastewater effluent but where the 

enterococci concentration ware below 200 MPN/100 mL, the Mexican single sample water 

quality limit for protection of human health (BECC, 2009), were considered to be sites receiving 

adequately treated effluent.  

The Inv-IMS/ATP assay effectively detected significant differences both between 

unimpacted sites and sites impacted with inadequately treated wastewater and between sites 

impacted with inadequately and adequately treated wastewater. There was not a significant 

difference between Inv-IMS/ATP measurement taken at unimpacted sites and sites impacted 

with adequately treated wastewater (Figure 6-6B). In contrast, there was not a significant 

difference between HF183 marker levels in the sites receiving adequately and inadequately 

treated wastewater (Table 6-3).  

 
Figure 6-6. Average concentration of samples collected from Baja California sites from either sites unimpacted by 

wastewater, impacted by inadequately treated wastewater, or sites impacted by properly treated effluent. A. 

Enterolert measurements. B. Inv-IMS/ATP measurements. C. HF183 marker measurements. 

 

Less variability was seen in Inv-IMS/ATP measurements at both unimpacted sites versus 

measurements made by the Enterolert assay (CV: 55% versus 62%) and in the sites receiving 

adequately treated wastewater (CV: 13% versus 81%) (Figure 5-6). The Enterolert assay detects 

various fecal sources and birds were noted at several unimpacted sites, potentially leading to 

increased variability of Enterolert measurements at unimpacted sites and sites receiving  

adequately treated wastewater.  
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Table 6-3. ANOVA results comparing measurements made by the Inv-IMS/ATP, Enterolert, and HF183 assays of 

samples taken from sites not impacted with wastewater, impacted with inadequately treated wastewater and 

impacted with adequately treated wastewater. 

 
 

BT levels measured by Inv-IMS/ATP correlated with measurements made by the 

Enterolert and HF183 qPCR assays at both Ensenada and Rosarito, Mexico sites. Inv-IMS/ATP 

measurements were made with and without the additional turbidity pre-treatment. All 

measurements were normalized by background concentration of RLU/100 mL.  

There was a significant linear relationship between Inv-IMS/ATP measurements and 

Enterolert measurements with and without the turbidity pretreatment, although the relationship 

was stronger when the turbidity pretreatment was performed (R2= 0.68, P=0.00, RMSE=0.56) 

when compared to samples that were not pre-treated (R2= 0.44, P=0.00, RMSE=0.78) (Figure 5-

7A).  

HF183 marker and ENT levels were compared. The relationship between levels was 

improved when the five sites representing sites impacted with adequately treated wastewater 

were excluded. The R2 increased from 0.23 to 0.58, respectively (Figure 6-7C).  

The relationship between Inv-IMS/ATP and HF183 levels was compared with all points 

included in analysis and with the five sites deemed adequately treated excluded from analysis. 

These five points represented sites directly impacted from wastewater treatment effluent but 

where ENT levels were below 200 MPN/100 mL. A significant linear relationship between Inv-

IMS/ATP measurements and HF183 measurements with and without the turbidity pretreatment 

was observed when the five sites receiving adequately treated effluent were removed. The 

relationship was slightly stronger when the turbidity pre-treatment was performed (R2= 0.64, 
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P=0.00, RMSE=0.70) when compared to samples that were not pre-treated (R2= 0.58, P=0.00, 

RMSE=0.79) (Figure 8). When all sites were included the relationship between Inv-IMS/ATP 

and HF183 levels was stronger when the pre-treatment was not applied (R2=0.57, P=0.00, 

RMSE=0.72) versus when pre-treatment was applied (R2=0.44, P=0.00, RMSE=0.80) (Figure 5-

7B).  

 
Figure 6-7. A. Inv-IMS/ATP measurements with and without turbidity pre-treatment regressed on enterococci 

measurements. B. Inv-IMS/ATP measurements with and without turbidity pre-treatment regressed on HF183 human 

marker levels. Relationship plotted when points deemed adequately treated (n=5), excluded and included in analysis. 

C. Relationship between HF183 human marker and enterococci levels plotted. Relationship plotted when points 

deemed adequately treated (n=5), excluded and included in analysis. 

 

Regressions were also compared (data not shown) when turbidity pre-treatment was 

completed on a selection of samples. Samples classified as turbid, if NTU was greater than 50 

NTU, were pre-treated. A calibration curve was established that included measurements for pre-

treated samples, if classified as turbid, and measurements for non-pre-treated samples if not 

classified as turbid. This resulted in a weaker linear relationship (R2= 0.34, P=0.00, RMSE=0.80) 
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between Inv-IMS/ATP and ENT measurements when compared to applying either pre-treatment 

to all samples or pre-treatment to no samples. There was not a significant linear relationship 

between percent signal change with the addition of a turbidity pre-treatment and sample turbidity 

(R2=0.003, P>0.05).  

 

Discussion 
 

Performance of the Inv-IMS/ATP Assay 
 

Though the IMS/ATP methods so far have mainly been limited to analyses of standard 

FIB, this work validates the Inv- IMS/ATP assay showing both that measurements made by the 

assay are comparable to other sewage indicator measurements (culture-based techniques as well 

as qPCR) for quantification of wastewater contamination to recreational waters and that the Inv-

IMS/ATP assay can effectively differentiate between waters receiving adequately versus 

inadequately treated wastewater. 

Traditional FIB cannot reliably be used to differentiate between human and non-human 

sources, due to environmental sources such as animal and potential for regrowth (e.g. Craig et 

al., 2004). Information regarding source (human-associated or nonhuman-associated) allow for 

more effective source tracking and appropriate remediation strategies to be applied. Molecular 

techniques have advanced significantly in recent years and represent an opportunity to obtain 

source- or species-specific information about fecal contamination.  However, qPCR does not 

cannot distinguish between dead, live, and extracellular DNA (Bae and Wuertz, 2009); 

representing a limitation of applying qCPR for measurement of waters impacted by treated 

wastewater. Srinivasan et al. (2011) measured B.thetaiotaomicron marker levels by qPCR and 

culturable bacterial indicators throughout the wastewater treatment process, finding no 

significant difference in B.thetaiotaomicron marker levels following chlorination. This was in 
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contrast to an approximately three log reduction seen in cultivable bacterial indicator levels 

following chlorination. 

Several studies have shown that the ability for qPCR to distinguish between levels of 

DNA associated with viable versus non-viable sources can be improved through pretreatment by 

intercalating dyes, including ethidium monoazide (EMA) or promidium monoazide (PMA), 

which bind DNA in non-viable organisms with permeable membranes and extracellular DNA 

(Bae and Wuertz, 2009; Varma et al., 2009).  However, high levels of suspended solids, 

commonly found in treated wastewater, have been shown to interfere with the ability of the 

PMA-qPCR to detect live cells. Varma et al. (2009) measured Bacteroidales levels by PMA-

qPCR and cultivable bacterial indicator levels from four different publically owned treatment 

works (POTW) plants pre and post-disinfection, finding smaller reductions in Bacteroidales 

PMA-qPCR levels under normal operating conditions when compared to reductions measured in 

levels of cultivable FIB. QPCR detectable target sequences generally were not reduced and 

although there was a trend for reduced PMA-qPCR levels following wastewater treatment, the 

reduction was not associated with disinfection and the reduction was not on the same magnitude 

as seen in cultivable bacterial indicators.  

Viability-based immuno-based techniques such as IMS/ATP (Bushon et al., 2009; 

Bushon et al., 2009; Lee et al., 2010; Lee and Deininger, 2004) have shown promise as rapid, 

field-portable methods for detecting and quantifying fecal pollution.  Agidi et al. (2013) applied 

a new human-specific IMS/ATP assay for detection of Bacteroidales fragilis at each step of an 

on-site wastewater treatment system (OWTRS) disinfection process. Quantifiable differences in 

IMS/ATP measurements were observed throughout the treatment process. Inv-IMS/ATP is, to 

our knowledge, the first IMS-based rapid method for human-associated fecal source-tracking 
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using B. thetaiotaomicron and can provide results in one hour. Several modifications of the assay 

as utilized in previous studies quantifying FIB by IMS/ATP were made. A monoclonal antibody 

was used to bind the target, which offers higher specificity than a polyclonal antibody (which are 

broad-reacting antibodies suited for monitoring standard FIB, but which may not be specific 

enough for source tracking).  The need for an IgG-coated magnetic bead eliminated the need to 

precoat the beads for specific organisms.  Instead, the bead coupling protocol can be directly 

incorporated into the day-of analysis. The addition of a detachment pre-treatment and a 

normalization step also resulted in increased performance of the Inv-IMS/ATP and a stronger 

relationship between Inv-IMS/ATP and standard method measurements in challenging and turbid 

samples.  

The Inv-IMS/ATP assay was found to be better suited for monitoring of sites impacted by 

treated WWTP effluent than the HF183 marker. The Inv-IMS/ATP effectively differentiated 

between samples containing adequately versus inadequately treated wastewater. In contrast, there 

was not a significant difference in HF183 marker levels between sites receiving either adequately 

treated or inadequately treated wastewater. Levels of the HF183 marker remained consistently 

high at all sites impacted by WWTP effluent. Less variability was seen in Inv-IMS/ATP 

measurements at sites unimpacted with wastewater and at sites receiving adequately treated 

wastewater than for measurements made by the Enterolert assay. The Enterolert assay detects 

various non-human sources of fecal contamination and birds were noted at several unimpacted 

sites, potentially leading to increased variability of Enterolert measurements at unimpacted sites. 

This result is encouraging, because it shows that there was little variability in Inv-IMS/ATP 

measurements at sites not impacted with viable human fecal contamination. As a result, there 
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may be the potential to estimate a threshold for Inv-IMS/ATP measurements that if exceeded 

will indicate viable human contamination.  

Inv-IMS/ATP Assay Specificity 
 

Inv IMS/ATP measurements made shown to be specific and sensitive to human fecal 

contamination. At test concentrations of less than 1000 MPN/100 mL, sensitivity and specificity 

both exceeded 80%, which, according to criteria established in Boehm et al. (2013), classifies a 

rapid method as both sensitive and specific. Although the Inv-IMS/ATP method is highly 

specific at environmentally relevant concentrations of non-human fecal contamination, at 

extremely high levels there is the potential for cross reactivity and detection of false positives. 

Care should be taken when applying the Inv-IMS/ATP assay to sites that are chronically 

impacted with non-human fecal sources, especially with dog fecal contamination. Potential 

cross-reactivity of Bacteroidales-based qPCR markers and dog fecal contamination have been 

noted in several previous studies (Boehm et al., 013, Kildare et al., 2007).  

Implications for Watershed Management 
 

This study illustrates that the Inv-IMS/ATP can be effectively applied to rapidly 

determine if waters are receiving properly treated wastewater, protecting human health and water 

quality. The Inv-IMS/ATP assay yields measurements of viable B. thetaiotaomicron that are 

comparable to qPCR in complex source waters impacted with both wastewater and runoff. A 

strong, positive association was observed between measurements made by the Inv-IMS/ATP 

assay and the HF183 and Enterolert assays in different, complex source waters spiked with 

varying concentrations of wastewater as well as in ambient water samples impacted by 

wastewater effluent. Moreover, the Inv-IMS/ATP is viability-based and was therefore able to 
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more effectively differentiate between adequately treated and inadequately treated wastewater 

when compared to the HF183 human marker.  

Information regarding inadequate treatment of wastewater being discharged to the 

environment is not adequately communicated in Tijuana, even though the public would like to be 

better informed (Proyecto Fronterizo de Educacion Ambiental, 2009). The Inv-IMS/ATP assay 

applied in this study is useful for both communities suffering from poor water quality that do not 

have access to more complex and expensive molecular techniques and for providing rapid 

detection of viable human-specific fecal contamination in public waters to water quality 

managers. Further studies are needed evaluating the effectiveness of the Inv-IMS/ATP assay in 

sites that are impacted by high levels of non-human fecal contamination. 
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Chapter 7  

Conclusions 

Currently, managers tasked with evaluating coastal water quality must do so in the face 

of uncertainty regarding both the underlying source of contamination as well as with regards to 

how environmental factors affect fate of these contaminates. Although there have been 

substantial advancements in development of techniques for successful evaluation of sources, 

factors affecting fate and transport of fecal contamination in the environment are not entirely 

understood and can vary both spatially and temporally, complicating source tracking efforts. A 

comprehensive understanding of both sources and fate and transport of fecal bacteria is needed 

for effective mitigation and management of microbial contaminates. This research aimed to 

improve management of fecal contamination in surface waters through application of MST 

markers at an impaired watershed, evaluation of relative aging of MST markers, pathogens and 

FIB in sediments, and development of two new IMS/ATP assays for rapid enumeration of fecal 

contamination. 

MST techniques can discriminate both between different human and non-human sources 

and among animal sources of fecal contamination. These techniques can support TMDL 

development and implementation by providing information on how to partition and mitigate 

fecal bacteria loads. MST techniques can aid in identification of the different sources 

contributing to the water quality impairment by differentiating between the variety of sources 

contributing fecal bacteria to surface water surface water including inadequate septic tanks, 

wastewater effluents, domestic animals, wildlife, and agriculture, allowing predominant sources 

to be targeted for higher load reductions. Microbial source tracking techniques have proven 
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successful at smaller beaches, but can still present difficulties for application to more complex 

watersheds. This research applied microbial source tracking techniques to a field application; 

identifying sources contributing to high levels of fecal indicator bacteria at a chronically 

impaired Southern California Beach and assessing the utility of applying MST techniques over 

longer time scales. Based on our findings, results of a MST study 1) can be applicable on a 

multi-year time scale, assuming consistent climatic conditions, 2) can help elucidate spatial and 

temporal trends in fecal bacterial levels, and 3) can be used to help target mitigation efforts. This 

work illustrated the utility of including MST marker data for effective monitoring and for more 

directed remediation strategies. Dog inputs were targeted based on MST results for Topanga 

State Beach and Lagoon for remediation through increased outreach and enforcement. By 

measuring dog marker levels before and after remediation strategies were applied, success of the 

mitigation efforts could be evaluated. Such targeted mitigation efforts are not possible without 

information from MST studies regarding source of fecal contamination inputs.  

Despite the effectiveness of MST markers for providing information regarding sources of 

fecal contamination, questions remain regarding interpretation of field- based marker levels. Low 

levels of human marker measured within Topanga upper watershed were concerning. Further, 

dog marker and fecal bacteria levels were not correlated. Additional studies relating MST marker 

levels to fecal bacterial load and associated human health risk are needed as are studies 

evaluating the relative decay of fecal bacteria, source markers, and pathogens. Understanding the 

relative degradation characteristics of FIB, DNA-based markers, and pathogens is critical for 

interpreting field-based MST marker results, for application of MST markers to routine water 

quality monitoring, and for assessment of the magnitude of contributions from different sources.   
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Watershed models used to predict pollution reduction strategies and human health risk 

from certain inputs are associated with a great deal of uncertainty due to limited knowledge 

regarding fate and transport of fecal bacteria in the environment. This can result in application 

of pollution reduction measures that are not always successful at decreasing fecal bacterial 

loads and associated human health risk. Sediments are often not included in watershed models, 

even though they have been shown to have significant impacts on the fate and transport of 

fecal contaminates in the environment. In this study, sediments were shown to play an 

important and variable role in fate of fecal contamination in the environment which can vary, 

even within one watershed, and with regards to different indicators. More routine sediment 

monitoring is needed and a suite of indicators may be required for effective assessment of 

health risk associated with exposure to contaminated sediments.  

Decay rates were calculated for various sediment types and indicators, and the decay 

rates described in this study can be included in watershed-scale models for more accurate 

predictions of sediment-water interactions. Differences in decay rates measured in sediments 

were subtle and were not always observed when a log linear model was applied to all of the 

data or a portion of the data. A more complex model was applied that allowed for evaluation of 

three regions: a shoulder phase preceding decay, a log linear decay phase, and finally a third 

phase representing stability of a sub-population. Characteristics described by this model 

allowed for a comprehensive comparison between decay rates and decay profiles of different 

indicators in different sediments. 

The last part of this research focused on development and optimization of two IMS/ATP 

assays for rapid (results within one hour) evaluation of both enterococci and human-associated B. 

thetaiotaomicron. Being able to rapidly identify sources of pollution is important for mitigation 
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of contamination inputs and protection of public health. Following method development and 

optimization, IMS/ATP measurements at a variety of complicated sites were comparable to 

standard method measurements. The Cov-IMS/ATP method rapidly measures viable enterococci, 

providing a useful field tool for assessment of coastal water quality and for identification of hot 

spots of fecal contamination.  The Inv-IMS/ATP was able to effectively differentiate between 

human and non-human sources and surface waters impacted with adequately and inadequately 

treated wastewater  

This research highlights the complexity of factors determining the effective evaluation of 

source and fate of fecal contamination in the environment. First, microbial source tracking 

techniques were effectively deployed in a complex watershed, enabling identification of potential 

hotspots and sources of fecal contamination. However, interpretation of field-based MST marker 

levels requires additional studies evaluating aging of MST markers and relative contribution of 

MST markers from various sources. Fecal bacteria cannot be apportioned among different 

sources based on marker levels without a comprehensive understanding of relative aging in the 

environment. Secondly, this research suggests the variable role that sediments can play and the 

importance of including sediments and sediment-bacterial interactions in watershed models. This 

study provided decay rates of source markers and FIB that can be applied to watershed scale 

models for a more effective description of the sediment compartment and for better interpretation 

of field-based marker data.  However, inclusion of MST marker data in watershed-scale water 

quality models will require knowledge not only of decay rate but also regarding fraction of 

indicator organism likely to associate with particles and thus accumulate in the sediment 

compartment, which may vary by indicator. Finally, IMS/ATP assays were shown to perform 

well and should be considered a viable option for measuring enterococci and human-fecal 
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contamination in complex surface waters, particularly in areas where water quality is 

unpredictable. Additional verification of IMS/ATP assay performance is needed at complex sites 

impacted with multiple human and non-human sources.  




