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ABSTRACT 
 

MICROBIAL POLLUTION SOURCE IDENTIFICATION IN RURAL/ URBAN MIXED 
WATERSHEDS 

 
By 

 
Amira Oun H Oun 

 
 

The majority of the reported water impairments are related to microbial agents. Since it is 

not feasible to directly monitor all pathogens, the Environmental Protection Agency (EPA) has 

established microbial water quality criteria based on fecal indicator bacteria (FIB). Reliance on 

the current approach, based on FIB, for assessing the risk associated with water contamination is 

inadequate for protecting public health. Recently, the use of microbial indicators, as a tool for 

risk assessment and policy planning and implementations, has been significantly enhanced by 

using molecular-based methods for Microbial Source Tracking (MST). Combinations of one or 

more molecular based-methods are increasing in recent studies, but to date there is no single 

method that could be applied to all types of faecally contaminated water systems. The selection 

of a particular method could be affected by several factors such as the complexity of the 

environment under study, the number of sources suspected to be implicated in contamination 

events, funds available to perform studies, and the technical expertise available to produce and 

analyze the data. In this study multiple MST methods have been investigated in combination 

with land use data and hydrological conditions at a watershed scale in Michigan. Two beaches in 

Saginaw Bay watershed and one creek in Red Cedar River watershed have been assessed for 

water quality and potential sources of contamination have been identified. 
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CHAPTER 1 

INTRODUCTION 

 
Protection of water sources from pathogenic microbial contamination is essential to 

human health and monitoring methodologies that detect and/or quantify fecal contamination 

in resource waters are well established. Policies related to water quality exist since the early 

1970's. For instance, the Safe Drinking Water Act (SDWA) regulates the nation's public 

drinking water supply (EPA, 2004). For "fishable and swimmable" water the regulation is 

covered by the water quality monitoring strategies described at the Clean Water Act (CWA), 

Section 303. EPA recommends using the fecal indicator bacteria (FIB) Enterococcus and 

Escherichia coli (E. coli) as indicators of fecal contamination of fresh water (Simpson et al., 

2002). A significant reduction of loads from point sources under the National Pollutant 

Discharge Elimination System (NPDES) helps to meet the standards in many watersheds. 

Recently, nonpoint sources of bacterial pollution sources including, but not limited to, storm 

water runoff, combined sewer flows, wastewater discharges, failing septic systems, poor 

livestock management, pet and wildlife waste, and litter, have surpassed point sources as the 

major source of fecal contamination of surface water (USEPA 2000 and 2005).  

 

Currently, total coliforms, fecal coliforms, Escherichia coli and Enterococci are the most 

used bacterial indicators in studies related to water quality monitoring and health risk 

assessments worldwide (Simpson et al., 2002). The indicator bacteria themselves are expected 

to be non-pathogenic, but ideally they should present survival characteristics similar to the 
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pathogens of concern (Meays et al., 2004). Although the concept of bacterial indicators is  

widely accepted there is an ongoing debate about their use or at least some concern regarding 

which organism should be used as the "ideal indicator" because the association between the 

pathogens and fecal indicators is not direct and not strong enough.  

 

Escherichia coli (E. coli) is widely used as a bacterial indicator organism to test 

environmental samples for fecal contamination. This bacterium is a gram-negative, rod shaped 

gammaproteo bacterium that belongs to the fecal coliform group of bacteria. The primary 

habitat of E. coli is known to be the lower intestine of warm-blooded animals (Bower et al., 

2005) and since it represents part of the fecal mass of most animals, its presence in the 

environment (second habitat) is directly related to this type of contamination and potential 

presence of pathogens whose pathway include fecal contamination. These characteristics, thus, 

make E. coli a good bacterial indicator (Scott et al., 2002). Recently, it was reported that E. coli 

can not only exist, but reproduce in the environment - their second habitat - and their use as an 

indicator could be impacted. On this note, scientists started to invest in studying other 

alternative indicators such as Bacteroides (Ahmed et al., 2009).  

 

Identifying the origin of fecal contamination is principal in assessing associated potential 

health risks as well as the actions necessary to determine optimal remediation strategies. The 

usefulness of the microbial indicators as tools for risk assessment can be significantly enhanced 

by the development of testing methods and analysis techniques that can define specific sources 

of these organisms. The concept that tracing the source of fecal pollution using microbiological, 

genotypic, phenotypic, and chemical methods has been termed Microbial Source Tracking 



3 
 

(MST). In that context, the next natural step on dealing with water quality and microbial 

contamination is to invest on identifying the source of the non-po in t  microbiological 

contamination. This information would allow proper regulations to be written and enforced, 

as well as help environmental engineers to mitigate the issue supported by the best 

available technologies. Currently, MST is an experimental  science and there is no 

standard method that has been adopted mainly because improvement in precision and 

accuracy is needed for the development of standard operational protocols to enforce future 

policies development (Meays et al., 2004; EAP, 2011). 

 

MST techniques attempt to determine the source of microbiological contamination in 

the environment which can be caused by humans, wildlife or domestic animals. The 

underlying assumption of this approach is that the host-specificity of the microorganism is 

influenced by a selective pressure that may occur in the host guts (Ahmed et al., 2009). 

MST for bacteria have been recommended as a cost-effective approach for studies related 

to targeted in-steam monitoring, sanitary or watershed surveys and dye septic systems 

failing (EAP, 2011). MST can be divided in molecular and biochemical techniques, which 

search for specific characteristics from the microbial indicators and allow scientists to identify 

the source of the contamination, and chemical methods which relay on detecting chemicals 

associated with human activities (Vogel et al., 2007). Determining which method or 

combination of methods to use for any given situation will depend on a number of factors 

including: specific question to be answered, detail required to answer the question (human/non-

human, differentiate non-human hosts, different specific environments, etc), economics and 

logistics (available resources and investments, lab structure, cost of analysis, etc).  
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By definition an ideal indicator would be non-pathogenic, rapidly detected, easily 

enumerated and have survival characteristics similar to the pathogenic of concern (Scott et al., 

2002; Ishii et al., 2008). For microbial source tracking, an additional characteristic needs to be 

added to this list: that is discriminatory power between hosts of the microbial indicator. 

Identifying bacterial sources is a key first step to control microbial contamination allowing a 

more cost- effective management of microbial risks, especially in situations where the total 

maximum daily loads of contaminant sources are not met and best management practices are 

required (Simpson et al., 2002; Staley et al., 2012). 

 

If microbial source tracking (MST) is required, then alternative analytical methods 

should be used. Appropriate rapid MST methods to distinguish human and non-human 

contamination would be host-specific PCR tools targeting genetic markers (bacterial, or viral), 

these methods have long been suggested as alternative indicators to the fecal coliforms 

(Carrillo, M et al, 1985), and have become increasingly recognized as an identification tool for 

various fecal sources. The quantitative PCR method might also be used for long-term watershed 

studies where large numbers of samples are analyzed. qPCR is known as “real-time PCR” 

because results can be obtained within hours of sample collection, potentially before indicator 

bacteria enumeration results are obtained, as compared to months for library-dependent 

methods. 

 

Recently Host-specific PCR for Bacteroidales molecular markers have been developed and 

usedin many MST studies. Bacteroides have been used to isolate a specific marker and investigate 

land use and water quality impairments (Peed LA, et al., 2011, Verhougstraete et al., 2014). A 
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study conducted by Furtula et al. (2012), confirmed ruminant, pig, and dog fecal contamination in 

an agriculturally dominated watershed (Canada) using Bacteroides markers. Another study by 

Verhougstraete et al., 2014, provides a water quality assessment for a large number of watersheds 

in Michigan and found that human fecal contamination was prevalent.  

 

In addition to Bacteroidales, human adenovirus (HAdV) have been suggested as potential 

MST tools (Ahmed et al., 2010, Harwood, V. J. et al, 2014). Several hexon-based real-time PCR 

assays have been developed to detect generic HAdVs. In addition, integrated cell culture PCR 

(ICC-PCR) techniques have been used to detect infectious HAdV (Lee et al., 2004).  Bovine 

adenovirus (BAdV) were proposed as useful tools for identification of water pollution sources and 

appeared to be the most widely used animal viruses for MST purposes (Ahmed et al., 2010; 

Hundesa et al., 2006). Yet the evaluation of human and bovine adenovirus as microbial source 

tracking tools has not been widely examined. 

 

More recently an emerging extension of MST concept has been used to simply characterize 

the entire microbial community (eg next generation sequencing) in a water sample and determine 

any potential similarities. The use of community analysis in MST is very recent development and 

remains an active research area.  Next generation sequencing may potentially overcome the 

limitation of the single marker and improve sensitivity for host-specific molecular methods, but 

they also require the highest level of expertise for managing and analyzing large, complex data 

sets. As a result of these limitation, community analysis should be conceder method of last 

alternative, only to be employed when it is suspected that information that can be gained could not 

gathered from simpler and more cost effective approaches.  
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Quantification of one or more genetic markers may not provide a complete set of 

information to accurately identify fecal source(s) as well as to characterize fecal loadings from 

diffuse sources in the water bodies. As an approach to improve source-tracking capability, the 

outcomes of marker-based tools can be interpreted in combination with environmental reference 

information such as land use (Peed et al., 2011; Reischer et al., 2008) under varying hydrological 

conditions. This approach is expected to allow more accurate interpretation of microbiological 

fecal source tracking data and make the MST tools more powerful (Reischer et al., 2011, 

Verhougstraete, M. P., et al, 2015).  

 

Objectives 

The overall objectives of this study are: 

 Investigate the use of combining MST methods with geographical information system 

(GIS) analysis to determine potential non-point sources of contamination in mixed 

watersheds. 

 Characterize the load of microbial pollution in sediments 

 Evaluate the use of Bacteroides and viruses host specific marker qPCR assays as a MST 

marker. 

 Determine the effect of hydrological factors (precipitation and flow rate) on microbial 

water quality. 
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CHAPTER 2 

EFFECTS OF BIOSOLIDS AND MANURE APPLICATION ON 
MICROBIAL WATER QUALITY IN RURAL AREAS IN THE US  

 

Abstract 

Most of the waterborne disease outbreaks observed in North America are associated with 

rural drinking water systems. The majority of the reported waterborne outbreaks are related to 

microbial agents (parasites, bacteria and viruses). Rural areas are characterized by high livestock 

density and lack of advanced treatment systems for animal and human waste, and wastewater. 

Animal waste from livestock production facilities is often applied to land without prior 

treatment. Biosolids (treated municipal wastewater sludge) from large wastewater facilities in 

urban areas are often transported and applied to land in rural areas. This situation introduces a 

potential for risk of human exposure to waterborne contaminants such as human and zoonotic 

pathogens originating from manure, biosolids, and leaking septic systems. This paper focuses on 

waterborne outbreaks and sources of microbial pollution in rural areas in the US, characterization 

of the microbial load of biosolids and manure, association of biosolid and manure application 

with microbial contamination of surface and groundwater, risk assessment and best management 

practice for biosolids and manure application to protect water quality. Gaps in knowledge are 

identified, and recommendations to improve the water quality in the rural areas are discussed. 
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Waterborne Outbreaks in Rural Areas in the U.S 

Most of the waterborne disease outbreaks worldwide and in North America are associated 

with rural drinking water systems. According to Craun et al. (Nicholson, F et al.,2004), in the 

United States during the 12 years period of 1991–2002, 207 waterborne disease outbreaks and 

433,947 illnesses were reported; 42% of these outbreaks occurred in non-community water 

systems, 22% occurred in individual systems such as private wells, and only 36% occurred in 

community systems. In most cases the drinking water supply in rural areas is provided by 

groundwater wells that in some cases are shallow. Between 1981 and 1998, 50% (210 of 417) of 

the reported waterborne disease outbreaks were linked to contaminated groundwater (Meslin, F., 

1996, Slifko, T. et al., 2000). 696 outbreaks have been reported in the US between 1971 and 

2000, of which 59% were linked to groundwater (Sobsey, M. et al., 2001). 

Most of the reported waterborne diseases outbreaks in North America were related to 

microbial agents (parasites, bacteria and viruses), some to chemical agents, and some were of 

unknown etiology. For example, a survey by the Centers for Disease Control and Prevention 

(CDC) reported that one sixth (5 out of 30 cases) of drinking water-associated waterborne 

disease outbreaks during 2003–2004 were of unknown etiology because of a lack of available 

analytical methods (Hubálek, Z., 2003). The US EPA suspects that many of the outbreaks due to 

unidentified sources were caused by enteric viruses (Gannon, V. et al., 2004). Zoonotic and 

human viruses are of particular interest because viruses are the smallest of all pathogens and 

their small size can facilitate transport through the soil. Viruses have low die-off rates and viral 

infections may lead to chronic health effects. 

Runoff carrying manure-borne microbial pathogens have been implicated in some of the 

largest water and food borne outbreaks (Cliver, D. and Moe, C., 2004, Palmer, S. et al., 2005, 
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Pourcher, A. et al., 2005); in contrast, it is important to state that there are no scientifically 

documented outbreaks or excess illnesses that have occurred from exposure to pathogens 

associated with treated biosolids (Bofill-Mas, S. et al., 2006). An outbreak that occurred in a 

small farming community in Canada demonstrated that the potential of human infections caused 

by zoonotic pathogens (pathogens that may infect both animals and humans) has serious 

consequences (Cliver, D. and Moe, C., 2004, Pourcher, A. et al., 2005). More than 2300 people 

in the town of Walkerton, Ontario suffered gastrointestinal illness and seven died when the water 

supply was contaminated by manure pathogens from a nearby farm after more than five inches of 

rain fell over a five-day period in May 2000 (Cliver, D. and Moe, C., 2004, Pourcher, A. et al., 

2005). 

During March and April 1993 water contaminated with Cryptosporidium oocysts from 

Lake Michigan caused a massive waterborne outbreak of cryptosporidiosis among residents of 

Milwaukee, Wisconsin. The source of contaminated water was most likely runoff from rural 

areas during high rainfall. It was estimated that 403,000 residents living in a five-county area and 

numerous visitors to the city of Milwaukee were sick during this outbreak and 58 lost their lives 

(Pourcher, A. et al., 2007). 

In recreational waters, fecal contamination from bathers has been an important source of 

exposure. During 1971–2000, 259 outbreaks associated with recreational activities have been 

reported, 144 outbreaks (56%) were associated with recreation in untreated natural water such as 

lakes and streams; the remaining of the recreational outbreaks occurred in treated water such as 

swimming pools (Monpoeho, S. et al., 2004). Fecal contamination from bathers, septic tanks, 

runoff from agricultural areas, and other sources was identified as the important cause of 

outbreaks in untreated recreational waters. Zoonotic bacterial agents such as E. coli O157:H7 
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and O121:H19 caused 38% of the outbreaks associated with untreated natural recreational water 

(Nicholson, F. et al., 2004, Monpoeho, S. et al., 2004). 

 

Sources of Microbial Pollution in Rural Areas in the U.S 

The nexus between water quality and public health in the rural environment is complex. 

Non-point sources of contaminants are common and there is little monitoring of the system or 

the types of pollutants and emerging contaminant risks. Human and zoonotic pathogens and 

other microbial pollutants are a particular concern. Water quality research tends to focus on 

urban areas and sophisticated treatment systems. Water and waste management in rural areas is 

often minimal and water quality monitoring is sporadic. Rural areas typically have high density 

livestock housing and lack of advanced treatment systems for animal and human waste and 

wastewater. Animal waste from livestock production facilities is often applied to the land 

without prior treatment. Domestic wastewater is often treated on-site by septic systems without 

regular monitoring. 

There is a potential risk of human exposure to waterborne contaminants such as human 

and zoonotic pathogens originating from manure, biosolids, and leaking septic systems in rural 

areas (Monpoeho, S. et al., 2001, Kudva, I. et al., 1998). Livestock manure has been spread on 

the land as fertilizer and also for disposal. Manure and other wastes of various livestock often 

contain high concentrations of pathogens. Levels of pathogen in manure depend on the source 

animal, the animal’s state of health, and how the manure was stored or treated before use. Non-

point sources of contamination by manure include pastured animals, roaming wild animals, and 

leaching or runoff from agricultural areas. Point sources of manure contamination include animal 
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feedlots, animal housing facilities, and manure storage areas, such as lagoons (Sinton, L. et al., 

2007), resulting in soil and water contamination. 

Biosolids (treated municipal wastewater sludge that meets standards for use as a fertilizer 

or soil conditioner); from large wastewater utilities in urban areas are often transported and 

applied to land in rural areas. Land application of biosolids provides agricultural benefits and 

presents a cost effective method for disposal of treated sludge following wastewater treatment; 

however, reuse of this product presents health concerns that must be addressed. Health concerns 

include pathogen transmission to food, contamination of ground water or surface water from 

field runoff, and build-up of heavy metals or organic contaminants (King, G. et al., 2011, Daniel, 

T. et al., 1998). Because biosolids may contain human pathogens (Monpoeho, S. et al., 2001, 

Scott, T. et al., 2002), exposure to biosolids has raised human health-related concerns. The 

microbial load of biosolids that are routinely applied on farm land varies depending on the type 

of sludge treatment and common sludge treatment processes do not completely inactivate 

pathogens. 

 

Characterization of Biosolids and Manure 

In 2004, a US national biosolids survey indicated that about 6.50 million tons of dry 

biosolids were produced in the US; and approximately 55% of the total was applied on land as 

soil amendment (Bofill-Mas, S. et al., 2006, Easterling, D. et al., 2000). In 2006, the US EPA 

(Easterling, D. et al., 2000) estimated that more than 7.10 million tons of dry biosolids per year 

are produced in the US; about 50% of which are land applied. Land application of biosolids has 

increased since restrictions were placed on ocean dumping disposal. However, due to public 

concern over potential hazards, in some areas of the US land application of Class B biosolids has 



15 
 

been banned. This is particularly true in California, where in many areas Class A land 

application has replaced Class B land application (Atherholt, T. et al.,1998). 

Biosolids contain organic matter and nutrients, and when applied to farmland can 

improve productivity and reduce the need for manufactured fertilizer inputs (Tate, K. et al., 

2000, Kistemann, T. et al., 2002). The main benefits of biosolids are through the supply of 

nitrogen, phosphorus, potassium, calcium, and magnesium, biosolids also supplying the essential 

plant micro nutrients (e.g., sulfur, manganese, zinc, copper, iron, molybdenum, and boron) 

(Gary, H. et al., 1983). Biosolids are a valuable source of nutrients although it contains lower N, 

P, and K compared to commercial fertilizers, especially high-grade ones (Niemi, R. and Niemi, 

J., 1991). A study of nutrient levels in biosolids (Doran, J. and Linn, D., 1979), with more than 

240 samples collected and analyzed in Pennsylvania (aerobically digested, anaerobically 

digested, or alkali-treated) between 1993 and 1997 showed average N, P, and K contents of 

4.74%, 2.27% and 0.31%, respectively. Nutrient values of biosolids vary with sources of 

wastewater and wastewater treatment processes, in general compared to cattle manure, biosolids 

have lower P, the N:P ratio is around (3.1–3.4) (Doran, J. and Linn, D., 1979, Jawson, M. et al., 

1982), and have limited amount of K (Culley, J. and Phillips, P., 1982). 

Even though biosolids are a beneficial soil amendment they may also pose a potential 

threat to the environment and pose risks to human health. There are potential hazards with land 

application since several contaminants can be present in biosolids including human pathogens 

(Atherholt, T. et al.,1998, Kistemann, T. et al., 2002, McMurry, S. et al., 1998, Howell, J. et al., 

1996). Pathogens contained in biosolids include viruses, bacteria, and animal and human 

parasites (protozoa and helminthes), which may cause various human diseases and illnesses 

(Kistemann, T. et al., 2002, Fleming, R. and Bradshaw, S., 1992). The characteristics and 
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properties of biosolids vary depending on the quality and origin of sludge, along with the type of 

treatment processes (Shipitalo, M. and Gibbs, F., 2000, Shipitalo, M. and Protz, R., 1987, Drees, 

L. et al., 1994). Incomplete destruction, contamination from external sources, and changes in 

environmental factors during storage can lead to regrowth or reactivation of pathogens. Typical 

concentrations of some pathogens and indicators in biosolids are summarized in Table 1. 

The rapid growth of concentrated animal feeding operations (CAFOS) has caused an 

increase in the amount of manure produced annually in US. There are approximately 450,000 

CAFOs in the US including dairy, cattle, pig, and poultry farms. An estimated 450 million tons 

of wet weight manure or 90 million tons of dry solids manure are generated annually from about 

92 million swine, 109 million cattle, 292 million turkeys, and 7.5 billion chickens in the US 

(Pagliai, M. et al., 1995, Geohring, L. and Van Es, H., 1994, Evans, M. and Owens, J., 1972). US 

EPA estimates that a single dairy cow produces approximately 55 kg/day of wet manure (Dean, 

D. and Foran, M., 1992). Livestock and poultry manure can provide large quantities of valuable 

nutrients for crop and pasture when applied to land as a fertilizer but most of this manure is 

applied untreated. Historically, the environmental impacts of animal manure were principally 

associated with nutrients (McLellan, J. et al., 1993). Manure application rates are usually based 

on crop N requirement which greatly increases soil P levels because, the N: P ratios of manure 

(2:1 to 4:1) are significantly smaller than N: P uptake ratios (6:1 to 8:1) for most crops. The 

excess P and N (as NO3) from manure application can be transported in runoff or leached into 

the groundwater. Recently, however, other constituents such as naturally excreted hormones and 

pathogens have been of interest (Jamieson, R. et al., 2002, Kon, T. et al., 2009, McLellan, S. and 

Salmore, A., 2003). 
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Although livestock manure is a good source of nutrients for crops and a natural way of 

recycling waste, raw manure is also a potential source of human pathogens if improperly stored 

and mishandled, or not managed correctly, fecal contamination from livestock manure handling 

and storage facilities is one of the most important sources of water microbiological pollution 

(Easterling, D. et al., 2000). Animal manure depending on its origin can be a source of zoonotic 

pathogens such as Hepatitis E virus, Rotavirus A (some strains), Adenovirus (some strains), 

Aeromonashydrophila, Yersinia enterocolitica, Vibrio cholerae, Leptospira, Campylobacter 

jejuni, Escherichia coli O157:H7, Salmonella spp., Listeria monocytogenes, Cryptosporidium 

parvum, and Giardia lamblia (Rose, J. and Verhougstrate, M., 2008, Sengelov, G. et al., 2003, 

Pei, R. et al., 2006, Pruden, A. et al., 2007, Batt, A.L. et al., 2006, Chee-Sanford, J. et al., 2001, 

Sapkota, A. et al., 2007, Song, W. et al., 2007, Witte, W., 1998, Smith, K.E. et al., 1999) The 

concentration of some pathogens and indicators in manure are summarized in Table 2. 

In the US, the quantity of manure application as a soil amendment is 30 times higher than the 

biosolids application (Easterling, D. et al., 2000. Tate, K. et al., 2000, Geohring, L. and Van Es, 

H., 1994, Evans, M. and Owens, J., 1972). This is mostly due to high manure production and 

public acceptance of manure application practice for thousands of years (Jahne, M. et al., 2014). 

In addition, most of the studies focus on the pathogens in biosolids, and there is lack of 

comparison studies for pathogens in manure (Easterling, D. et al., 2000, Jahne, M. et al., 2014). 

In comparison, the benefits of biosolids as soil amendments are similar to those provided by 

animal manure, both provide important plant nutrients and organic matter. Animal manure 

contains more P than crops require if the application rate is based on N needs (McLellan, J. et al., 

1993). Most of the N in biosolids and manure is organic and becomes available to crops as it is 

mineralized. As a potential source of human pathogens public perception is that, biosolids pose 
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higher risk to the public than animal manure. In fact, the risks associated with their use are not 

greater than the risks associated with untreated manure use. For example levels of E.coli 

indicator bacteria and Salmonella sp pathogens in manure are similar to biosolids (Tables 1 and 

2). Overall quantitative data on total pathogen content and indicators in manure is limited 

comparing with biosolids. 

 

Association of Biosolids and Manure Application with Microbial Contamination of Surface 

and Groundwater 

Runoff from agricultural areas has been suggested as one of the major sources of 

nonpoint-source pollution (Low, S. et al., 2007). Rainfall events may carry human pathogens in 

water runoff from contaminated sites to water bodies serving as recreational, irrigation or 

drinking water sources. The effects of nonpoint source pollutants on specific waters vary and 

may not always be fully assessed because they are not easy to identify. However, we know that 

nonpoint sources for biosolid and manure may have harmful effects on drinking water supplies, 

and recreation (Eisenberg, J., 2006). Nonpoint sources are difficult to control, and they pose a 

great threat to the integrity of the water bodies (King, G. et al., 2011, Eisenberg, J., 2006). 

Microbial source tracking (MST) methods have recently been used to help identify nonpoint 

sources, several microbial source tracking studies have pointed to the application of biosolids 

and manure. Lapen et al. (Gobernaa, M. et al., 2011), and Gottschall et al. (Kudva, I. et al., 1998) 

monitored tile- and ground- water quality for bacteria (Escherichia coli, enterococci, Clostridium 

perfringens) after land application of dewatered biosolids (using both spreading and surface 

injection application methods), and they found that there were no significant differences between 
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using different methods of spreading biosolids, also they measured the concentration of the E. 

coli contamination in ground water. 

In May 2000 runoff from a field treated with cattle manure contaminated a groundwater 

supply with pathogenic bacteria (Galada, H. et al., 2012, Atwill, E. et al., 2002). In addition to 

human pathogenic E. coli and Campylobacter, other pathogens can also be present and survive in 

livestock manure. For example, human pathogenic protozoa, Giardia lamblia and 

Cryptosporidium parvum, can also be excreted by infected livestock and be transported in runoff 

events (Bradford, S. et al., 2006, Muirhead, R. et al., 2006, Chetochine, A. et al., 2006). 

Microbial quality of runoff following land application of manure has been reported as an 

important source of microbial contamination of water bodies (Daniel, T. et al., 1998). Studies 

involving fecal bacterial contamination in streams near dairy farms and cattle pastures (Bibby, K. 

and Viau, E., 2011, MDEQ, 1999), surface runoff from grazed pastures (MDEQ, 1999, Jacobs, 

L. and McCreary, D., 2001), and subsurface runoff from manure applied fields (Evanylo, G., 

2009) demonstrated the ability of rain water runoff to transport bacteria from manure to surface 

water supplies. Rain events can also flush manure borne bacteria through the soil profile 

contaminating shallow groundwater (Eash, N. et al., 1997) and springs and wells within the 

hydrological catchments of pastures (Barbarick, K. and Ippolito, J., 2007). 

Land-applied manure has been shown to quickly enter subsurface drains by preferential 

flow through macro pores (Arnold, K. et al., 1994, MDARD 2014). Macro pores are large, 

continuous openings in the soil formed by plant roots, soil fauna, cracks, fissures and other 

natural phenomena. Shipitalo and Gibbs (Shipitalo, M. and Protz, R., 1987) reported that 

earthworm holes within 0.5 m of subsurface drains expedited the transmission of injected liquid 

to these drains. Soils under no-till crop management often have more continuous flow channels 
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(macro pores) than tilled soils (Harrigan, T. et al., 2007, Harrigan, T. et al., 2006, Harrigan, T. et 

al., 2005), and this may contribute to the rapid movement of injected manure to the subsurface 

drains.Bacterial contamination of drainage effluent was reported to be most likely in: (a) 

artificially drained, wet soils; (b) soils receiving high rates of liquid manure; and (c) soils that 

demonstrated preferential flow (Harrigan, T. et al., 2007). Several studies (Arnold, K. et al., 

1994, Gagliardi, J. and Karns, J., 2002, Gagliardi, J. and Karns, J., 2002, Craun, G. et al., 2006, 

Craun, G. 1992) reported that the application of liquid manure to drained fields resulted in 

elevated levels of nutrients and bacteria in the receiving waters compared to sites where liquid 

manure was not applied. 

MST study on recreational water contamination in southeastern Lake Huron 

demonstrated that the dominant source of E. coli in lake water samples was agriculture, which 

supplied about 60% of the bacteria to the lake, whereas human sources provided only about three 

percent (Craun, G. et al., 2003). In addition, one study carried out on the South Shore Beach in 

Milwaukee concluded that the high E. coli levels were from local sources of pollution and were 

rarely affected by regional contamination events such as sewage overflows (Lee, S. et al., 2002). 

Another study by Verhougstraete and Rose (Liang, J. et al., 2006), demonstrated that two sites in 

Lake Michigan have been impacted by bovine pollution, (67%) samples were positive for the 

bacteroides cow marker. The bacteroides results indicate the major source of fecal contamination 

at both sites was cow manure. 

Bacteria containing antibiotic resistance gene can also be released to the environment 

(US EPA 2006). Although the levels of antibiotics in the environment are usually far below 

threshold levels to have inhibitory effects on bacterial populations, they still exert selective 

pressure on the development of antibiotic resistance in bacteria. The presence of antibiotic 
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resistance genes in various environmental settings including river sediments, irrigation ditch 

water, dairy lagoon water, drinking water treatment plants and wastewater recycling plants has 

been confirmed (Hrudey, S. and Hrudey, E., 2004, Curriero, F. et al., 2001). Antibiotics and 

antibiotic-resistant bacteria can be released into streams and groundwater near concentrated 

animal feeding operation facilities (Hrudey, S. et al., 2003, NRC 2002, Hoxie, N. et al., 1997, 

Craun, G. et al., 2004). In a study by Chee-Sanford et al. (NRC 2002). The presence of 

tetracycline resistance genes has been confirmed in waste lagoons on two swine farms, and in the 

groundwater underlying the two farms. These antibiotic-resistant genes may be transferred 

horizontally between bacterial species, even to animals and humans (Eisenberg, J. et al., 2008, 

Lapen, D. et al., 2008). In addition, Munir and Xagoraraki (Gottschall, N. et al.,2009) reported 

that 24 manure samples from three farms and 18 biosolids samples from seven different 

wastewater treatment plants across Michigan were analyzed for tetracycline and sulfonamide 

resistance genes (Tet-W, Tet-O, and Sul-I). They reported high concentrations of antibiotic 

resistance genes in manure and biosolids samples. The concentrations of antibiotic resistance 

genes in manure was significantly greater than in biosolids and the background soil samples had 

significantly less contaminations than the biosolids and manure. 

 

Risk Assessment 

Land application of biosolids and manure may cause human risks of infection for 

residents and occupational workers. Manure and biosolids, when applied to the land, may 

contribute to pathogens in surface water, air, soil and groundwater depending on extent of 

precipitation, aerosolization, and fate and transport of pathogens on surface soil, in subsurface 

soil media and in air (Figure 1). Human exposure to pathogens might occur from one or more of 
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these exposure routes. Once infected, chances of illness and mortality depend on pathogen type 

and human susceptibility. The risk of human exposure to biosolids-associated pathogens has 

been assessed in several studies (Table 3). It is important to mention here that the reviewed 

studies are examples and do not represent a complete list of all published studies. 

Risk of infection to residents and occupational workers during land application of biosolids 

depends on pathogen type, pathogen concentration in biosolids, pathogen concentration in air 

after aerosolization, pathogen concentration in soil, biosolids application methods and location of 

receptor from biosolids application activities (Daniel, T. et al., 1998, Venglovsky, J. et al.,2005, 

Venglovsky, J. et al., 2006, Thurston-Enriquez, J. et al., 2005, Singh, R. and Agrawal, M., 2008). 

For example, Gerba et al. (Venglovsky, J. et al.,2005) estimated risk of infection from enteric 

viruses during mixing of biosolids with soil for an assumed hypothetical exposure scenario. They 

reported that risk of daily infection from rotaviruses present in biosolids ranged from 7.8 × 10−4 

(when mixed with soil) to 2.11 × 10−1 (without any mixing with soil) (enteric virus 

concentration in biosolids = 5.13 MPN/4g biosolids; soil ingestion rate = 480 mg/d). In addition, 

some studies conducted sampling of microbial indicators and pathogens to determine 

concentration of pathogens in air and water media for estimating risk of infection for different 

hypothetical exposure scenarios (Daniel, T. et al., 1998, Venglovsky, J. et al., 2006, Thurston-

Enriquez, J. et al., 2005, Singh, R. and Agrawal, M., 2008). They observed microbial 

concentration with distances and sampling heights for different weather conditions (wind 

velocity and direction, relative humidity and temperature) to develop empirical fate and transport 

models. These studies have generally focused on estimating risk of microbial infection from one 

medium only (Gobernaa, M. et al., 2011, Venglovsky, J. et al.,2005, Venglovsky, J. et al., 2006, 

Thurston-Enriquez, J. et al., 2005, Singh, R. and Agrawal, M., 2008). However, different 
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environmental compartments (i.e. air, surface water, soil, groundwater, vegetables) may be 

contaminated during land application of biosolids depending of methods of biosolids application 

(i.e., surface application, injection method). It is important to consider risk of infection from 

different environmental compartments to estimate the overall risk of infection during land 

application of biosolids. 

To incorporate risk assessment and fate of biosolids-associated pathogens in different 

environmental media, Eisenberg (Lu, Q. et al., 2012) and Galada et al. (UNIDO 1998) developed 

fate and transport models of pathogens after biosolids application using different application 

methods and predicted risks of infection for different exposure subpopulations. For example, the 

model “Spreadsheet Microbial Assessment of Risk: Tool for Biosolids “SMART Biosolids” 

included estimation of risk of infection due to more than 20 pathogens from surface water, air, 

groundwater, vegetables and soil during land application of biosolids (Lu, Q. et al., 2012). In 

general, the following information is needed to run these comprehensive multi-compartment 

models: (a) weather-related information; (b) pathogenic concentration in biosolids; (c) biosolids 

application method; (d) decay of pathogens in different environmental media; (e) exposure- 

related information; and (f) dose-response information of different pathogens. During land 

application of manure, some studies have conducted assessment of risk of pathogenic infection. 

Findings presented in Table 3. For example, Brooks et al., 2012 (U.S. Environmental Protection 

Agency 2006) compared risks of microbial infection during land application of manure and 

biosolids and found that risks of bacterial infection were higher during manure application 

activities and risks of viral infection were higher during biosolids land application activities. 

They further reported that risks of infection were higher due to land application of biosolids than 

land application of manure due to high infectivity of viruses. They also mentioned that risk 
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estimates involved uncertainties due to lack of availability of concentration levels, field-specific 

inactivation rates of pathogens, and pathogens decay and regrowth rates. In another recent study 

by Jahne et al., 2014 (Lyberatos, G. et al.,2011) on risk assessment of bioaerosols from a manure 

application site indicated that peak risks (95th percentile values) were found to be very high 

(1:250) at 100 m distance from the source. During application of dairy wastewater, Dungan, 

2014 (Pepper, I. et al., 2006) estimated inhalation risks of residents due to exposures of 

pathogens (Campylobacter jejuni, Escherichia coli O157:H7, non-O157 E.coli, Listeria 

monocytogenes, and Salmonella spp.) in bioaerosols and found that risks were higher near the 

source and infection, and depended on weather conditions and setback distance. They reported 

the need for data on: (a) aerosolization efficiency of pathogens during spray irrigation of 

wastewaters; (b) inactivation and deposition rates of airborne pathogens under various 

environmental conditions; (c) inhalation transmission and dose–response of enteric pathogens in 

humans; and (d) exposure frequency and duration of affected populations. 

A comparison of findings of risk assessment studies on pathogenic exposure from 

biosolids and manure indicated that risks of infection varied with setback distance, weather 

conditions (wind speed and direction, relative humidity, and temperature). Pathogen levels and 

extent of pathogen release from biosolids and manure during aerosolization and leaching due to 

rain events [68,111–114] was found to differ. Pathogen-related information needs to be obtained 

from fields and for conditions in which biosolids and/or manure are applied. Subsequently, 

pathogen-related fate and transport and risk models can be used. 
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Best Management Practices for Biosolids to Protect Water Quality 

In 1993, the US EPA (Pepper, I. et al., 2010) established standards for land-applied 

biosolids under 40 CFR Part 503. Part 503 describes quantitative standards, management 

practices, operational standards, monitoring, recordkeeping, and reporting requirements for the 

use and disposal of biosolids. Individual states may develop additional guidelines so long as the 

state guidelines meet the minimum requirements of the federal Part 503 rule. Biosolids standards 

include limitations for metal and other compounds, pathogen reduction, vector requirements, best 

management practices, and include limitations for the land application of biosolids. Biosolids are 

physically, chemically and biologically treated to reduce pathogens to levels specified for Class 

A and B designations. 

Class B biosolids (restricted use) are treated but still contain detectible levels of 

pathogens. Sludge to produce class B biosolids is treated using a “Processes to Significantly 

Reduce Pathogens” (PSRP), such as aerobic digestion, anaerobic digestion, air drying, and lime 

stabilization, which reduce but do not eliminate pathogens. Mesophilic anaerobic digestion 

(MAD) is the most prevalent treatment process for Class B biosolids in the US with a mean 

reduction in pathogen or indicator cultivability of 1 log (US EPA 2012). Class B biosolids must 

meet one of the three alternatives requirements: (1) Monitoring of indicator organisms based on 

fecal coliform; the geometric mean of the density of fecal coliform must be less than 2 million 

Colony Forming Units (CFU) or Most Probable Number (MPN) per gram of total dry solid in 

seven grab samples of sludge within one day, at the time of biosolids use or disposal; (2) Use of 

PSRP to significantly reduce pathogens; (3) Use of processes equivalent to PSRP, as determined 

by the permitting authority. Regulations for land application of Class B biosolids limit human 

exposure to pathogens by delaying harvesting post application, and prohibit the use of Class B 
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biosolids on food crops eaten directly without processing. Class B biosolids can be applied on 

grain and forage crops, pastures, and grassland. 

Class A biosolids (unrestricted use) contain no detectible levels of pathogens and low 

levels metals. Class A biosolids are treated by one of several “Processes to Further Reduce 

Pathogens” (PFRP), such as composting, pasteurization, drying or heat treatment, or advanced 

alkaline treatment, which reduce pathogens to below detectable levels. Class A classification is 

required for application onto public-use sites and certain food crops. This includes residential 

areas or home gardens, road banks, parks, golf courses, schools and other similar areas. Class A 

biosolids must meet one of the following bacteria limitations; fecal coliform is less than 1000 

MPN per gram of total dry solid or Salmonella sp. bacteria density is less than 3 MPN per 4 

grams of total dry solid. Class A biosolids pose minimal risk associated with use on edible food 

crops as a result of prior treatment that eliminates pathogens. 

The Part 503 rule specifies upper limits for nine trace elements (Arsenic, Cadmium, 

Copper, Lead, Mercury, Molybdenum, Nickel, Selenium and Zinc) in sewage sludge to be land 

applied. Four options exist for meeting pollutant limits: The ceiling concentration limits (CCL), 

exceptional quality (EQ), cumulative pollutant loading rate (CPLR), and annual pollutant loading 

rate (APLR). Subpart D of the 503 rule addresses alternatives for limiting vectors such as 

rodents, birds and other organisms that could potentially spread disease by transporting 

pathogens from the application site. The goal of vector attraction reduction efforts is to either 

reduce the attractiveness of the biosolids to vectors by reducing organic matter (e.g., digestion, 

alkaline addition) or prevent vectors from coming into contact with the biosolids (e.g., 

subsurface injection or tillage incorporation within a short period of time after land application). 
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When biosolids are applied on agricultural land, they are applied at an agronomic rate to meet 

nitrogen requirements of the crop (CFR 40, Part 503.11) and prevent nitrogen loss to the 

environment. Individual states are allowed to expand the federal Part 503 rules to address state 

specific needs and concerns. In Michigan, Part 24 Rules of MDEQ (Viau, E. and Peccia, J., 

2009) expands the Part 503 definition to include phosphorus and potassium in total nutrient 

management plans for crops grown at biosolids land application sites (Viau, E. and Peccia, J., 

2009). Biosolids cannot be applied to agricultural land if the phosphorus Bray P1 soil test is 

greater than 150 ppm or 170 ppm based on the Mehlich 3 soil test. 

Specified management practices for the land application of biosolids prohibit application 

of bulk sewage sludge if the site is likely to adversely affect a threatened of endanger species, 

cannot be applied to flooded, frozen or snow-covered ground or within 10 m from water bodies 

(CFR 40, Part 503.14). The state of Michigan expanded the general restrictions in Part 24 Rules 

to include a separation distance of 600 m from municipal wells, 30 m from domestic wells, 

homes and commercial buildings, and 15 m from surface waters. A minimum separation distance 

of 0.75 m between the soil surface and groundwater is required when biosolids are applied. 

There are many regional variations in required set-back distances and other management 

practices to protect the environment and public health (Wong, K. et al., 2010, Guzman, C. et al., 

2007, Animal Health Institute 2002, Burkholder, J. et al., 2007, Wilson, S., 2007). Because 

biosolids are frequently used as a source of crop nutrients there are restrictions on the timing of 

biosolids application and delay time between land application and crop harvest. Michigan Part 24 

Rules prohibits the harvest of food crops for periods ranging from 14 to 38 months depending 

upon the crop following application and the method of application. A landowner cannot harvest 
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food crops, feed crops, and fiber crops for 30 days after biosolids are applied. Livestock are not 

permitted to graze on land for 30 days after a biosolids application. 

In conclusion, current biosolid treatment technologies that have been required by Part 503 Rule, 

with existing regulations and guidelines governing the use of biosolid as a soil amendment, are 

sufficient to protect human health and the environment (Easterling, D. et al., 2000).To date there 

is no documented scientific evidence that the Part 503 Rule has failed to protect public health. 

 

Best Management Practices for Livestock Manure to Protect Water Quality 

Runoff from the farmstead, pastures and fields where manure has been stored, deposited 

or applied can transport pathogens, sediment, organic solids, and nutrients to surface waters. 

Tillage and manure management practices that quickly move manure into the soil and root zone 

will protect water quality by recycling valuable crop nutrients and stabilizing potential 

contaminants by filtration, and sorption. 

Best management practices (BMPs) are proven practical and affordable soil and water 

conservation and management approaches. BMPs vary from region-to-region and field-to-field 

because of variability in site-specific conditions and for flexibility to address local concerns. 

BMPs are determined through a collaborative effort of local stakeholders including farmers, 

extension educators, agribusiness professionals, regulatory agencies and technical service 

providers, and include cover crops, conservation tillage, buffer strips and set-backs along with 

soil and manure testing to implement management practices that prevent the loss of nutrients and 

biological contaminants to the environment. 

All states have Right-to-Farm laws. For example, in Michigan, the Farm Act (P.A. 1981, 

No. 93) was adopted and amended in 1987 (P.A. 1987, No. 240) to protect the environment and 
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to protect crop and livestock producers from nuisance suits if they are in compliance with 

Federal, state and local laws, and follow recommended manure management practices (US EPA 

2001). P.A. 1981, No. 93 authorized the development of Generally Accepted Agricultural and 

Management Practices (GAAMPs) for farms and farm operations. GAAMPs for Manure 

Management and Utilization are scientifically based, updated annually, and establish base-level 

management options for runoff control and wastewater management, odor management, 

construction design and management for manure storage and treatment facilities, and manure 

land application (US EPA 2001). 

When manure is applied to cropland it is important to identify the fields and high-risk 

areas in fields where runoff is likely to occur. High risk areas include sloping ground, fields 

adjacent to ditches and waterways, bottom land that tends to flood in wet weather, tile drained 

land, and drained land with surface inlets. Vegetative filters, buffer strips and grass waterways 

have long been used to separate cropped or manure-applied land from nearby waterways. Widely 

used soil conservation practices that stabilize soil and prevent overland flow, runoff and soil 

erosion will help prevent manure contaminants from reaching waterways (Jongbloed, A. and 

Lenis, N., 1998). 

Conservation tillage leaves crop residue on the soil surface and is an effective way to 

reduce runoff and erosion. Low-disturbance aeration tillage is compatible with no-till cropping 

and creates an absorptive surface in untilled ground that inhibits overland flow by fracturing the 

soil, increasing surface roughness, improving infiltration, and conserving crop residues 

(Hanselman, T. et al., 2003). Tillage is generally helpful in disrupting preferential flow paths. 

Tillage disrupts macropores, delays manure movement, and can greatly decrease bacteria 

concentration in effluent (Johnson, A. et al., 2006). Problems are likely when high rates of 
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manure are applied and when manure is applied on wet ground or when tiles lines are flowing. 

Efforts to minimize problems must include low application rates (Johnson, A. et al., 2006, Gerba, 

C. and Smith, E., 2005). Soil conservation practices that stabilize soil will help keep manure in 

the proper place. High risk soils typically are fine-textured soils with night crawler burrows. 

Sandy loams are lower risk. 

Overland flow of manure contaminants can contribute to localized ponding and 

preferential flow to subsurface drains. Cover crops protect the soil from wind and water erosion, 

recycle nutrients, and improve soil structure and fertility. Cover crops create an effective barrier 

to overland flow and manure contamination of waterways (Hanselman, T. et al., 2003). When 

manure is applied to a bare soil surface, nutrients and other contaminants accumulate at the 

surface and increase the chance of nutrient and bacterial transport in runoff water. When manure 

is applied to a vegetative surface, the plant biomass and organic matter filters bacteria and 

nutrients. 

Cover crops inhibit overland flow, filter sediment and organic materials, assimilate 

nutrients, and extract water from the soil thereby increasing water holding capacity. Cover crops 

can influence the persistence of indicator organisms and pathogens in the root zone. Work by 

Gagliardi and Karns (Guan, T. and Holley, R., 2003) has shown greater persistence of E. coli 

O157:H7 on rye roots (47–96 d) and alfalfa roots (92 d) than in bare soil (25–41 d), but its 

persistence on crimson clover and hairy vetch roots were similar to bare soil. When manure 

slurry is applied to a vegetative surface the near-surface zone of high biomass and organic matter 

can enhance adsorption, straining and filtering of pathogens. Lim et al. (Hutchinson, M. et al., 

2005) showed complete coliform removal of up to 2 × 107 colony forming units (cfu) 100 mL−1 

in passing a 6.1 m tall fescue filter strip. Coyne et al. (Coyne, M.S. et al., 1995) reported 43%–
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74% removal of coliforms up to 108 cfu 100−1 mL in passing a 9 m mixed Kentucky bluegrass 

and tall fescue filter strip. Technologies have been developed to treat manure nutrients and some 

of these technologies may also promote removal and degradation of pathogens such as physical 

treatments (separation of the solids and liquids in manure slurry by settling, filtration, screening, 

or drying), chemical treatments (addition of coagulants, such as lime, alum, and organic 

polymers to manure), and biological treatment (composting and anaerobic digestion). 

 

Conclusions and Recommendations 

A comprehensive management plan is needed to address problems of microbial water 

pollution in rural systems in a sustainable manner. There is a need to integrate the values and 

needs as well as the efforts of all stakeholders within a risk analysis framework. A key 

cornerstone of sustainable rural development is effective management of water and waste. 

Cooperation of farmers, township officials and individual homeowners is critical to achieve an 

effective plan. Awareness and education of responsible parties is a first step to an integrated plan 

and requires education of farmers, township officials, individual homeowners and water quality 

professionals regarding the benefits and risks associated with the use of biosolids and manure to 

help them make informed decisions about their choices. Interdisciplinary collaborations of 

scientists, engineers, and other professionals are essential. 

Risk assessment frameworks for human exposure to contaminants in rural systems need 

to be evaluated. These comprehensive frameworks need to include identification of direct and 

indirect exposure pathways, pathogen data compilation, and risk assessment model development 

for land application of animal manure compared to biosolids. Quantitative data is a key 

component in the development of an effective risk assessment framework. 



32 
 

Pollution source tracking can help identify origins of pollution (manure or biosolids). Microbial 

source tracking tools can be coupled with geographical information system (GIS) data to help 

identify nonpoint sources in rural areas and minimize the human risks. The associations between 

bacterial communities and nutrient and chemical concentrations need to be assessed in order to 

determine if specific microbial community structure could be associated with specific types of 

chemical inputs and land uses. 

Another important issue is the identification of transport mechanisms of contaminants 

from manure and biosolids to groundwater and surface water. At this point simplistic safety 

guidelines, such as setback distances, are used for locating wells and waste application sites. 

More elaborate investigation based on physicochemical processes such as sorption, speciation, 

and biotic and abiotic transformations of contaminants in soil and water are needed. To achieve 

that, advanced source tracking laboratory techniques coupled with nested field sampling and 

process modeling is required. 

Existing techniques for managing agricultural waste, such as land application in various 

crop systems, need to be re-evaluated based on their potential to remove and inactivate 

contaminants. Over the past decades, waste management focused on the effects of nutrients, 

especially N and P, on water quality as the most important environmental concern. Microbes 

originating from biosolid and manure applications are often low on the priority for regulation and 

best management practices.In many cases, untreated manure may be applied in the setback areas 

where biosolids land application is prohibited; relatively few regulations govern land application 

of manure. Federal and state requirements regarding manure pathogens content are needed in 

order to preserve a water quality in rural areas. 
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The critical issues that need further research and attention include risk assessment models 

and determination of exposure pathways, optimization and use of quantitative analytical 

methods, source tracking and transport mechanisms, and optimization of waste and water 

treatment. Investigation of alternative techniques for treatment of animal waste, such as 

anaerobic membrane bioreactors, as well as investigation of the feasibility of co-treatment of 

human and agricultural waste is of great interest. 
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Table 2.1 Example pathogens and indicators in class B-biosolids. 

Organism Detection method Concentration Reference 

Pathogens 

Salmonella sp. culture 

1.2–3.2 MPNCU/g a 

0.487–0.954 MPN/4 g b 

40.1MPN/4 g c 

Cryptosporidium Laser scanning cytometry 4.3/10 g d 

Adenoviruses 
qPCR 

5 × 105 copies/g e 

7.5 × 105 copies/g b 

1.59 × 104 copies/g f 

Cell culture 480 MPN/4g b 

Human 

polyomavirus 
qPCR 

8.05 × 102 copies/g f 

2.5 × 105 copies/g b 

Enteroviruses 

qPCR 

1.9 × 104 copies/g b 

4.8 × 103 copies/g a 

3.3 × 104 copies/g g 

RT-PCR 
1.2 × 104 copies/g h 

1.06 × 104 copies/g i 

Cell culture 

480 MPN/4 g b 

38.2 MPNCU/g h 

9 MPNCU/g i 

15–80 MPNCU/g a 

Noroviruses GI 
qPCR 5 × 104 copies/g b 

Cell culture 480 MPN/4 g b 

Noroviruses GII 
qPCR 1.5 × 105 copies/g b 

Cell culture 480 MPN/4 g b 

Indicators 

Somatic 

coliphages 
Cell culture 

5.5 × 102 PFU/10 g d 

2.09 × 105 PFU/4 g c 

Total coliform Culture 7.64 × 105 MPN/4 g c 

Enterococci Culture 
7.2 × 105–2.6 × 106 MPN/g a 

6.4 × 105 MPN/g g 

E. coli Culture 

4.4 × 105–1.1 × 106 MPN/g a 

7.2 × 105 MPN/g g 

104 MPN/g b 

Notes: qPCR-quantitative polymerase chain reaction; MPNCU-most probable number colony forming unit;  

RT-PCR-reverse transcription polymerase chain reaction; PFU-plaque forming unit. 
a. (Munir, M. and Xagoraraki, I., 2011) a. (Gerba, C. et al., 2002) 
b. (Shipitalo, M. and Protz, R., 1987) b. (Brooks, J. et al., 2005) 
c. (Howell, J. et al., 1996) c. (Tanner, B. et al., 2008) 
d. (Drees, L. et al., 1994) d. (Gerba, C. et al., 2008) 
e. (Shipitalo, M. and Gibbs, F., 2000)   
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Table 2.2 Example pathogens and indicators in animal manure. 

Organism Concentration Reference 

Pathogens 

Salmonella sp. 2.8 × 105 CFU/25g a 

Listeria 1.7 × 104 CFU /g a 

E. coli O157:H7 2.2 × 106 CFU/g b 

Indicators 

Enterococci 1.5 × 10 MPN/g c 

E. coli 
105–106 CFU /g c 

5.5 × 107 MPN/g a 

Notes: CFU-colony forming unit; MPN-most probable number. 

a. (Kumar, A. et al., 2012) 
b. (Brooks, J. et al., 2012) 
c. (Dungan, R., 2014) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



37 
 

Table 2.3 Example studies focusing on risk assessment during land application activities of biosolids and/or manure. 

Ref.  Exposure Scenario Microorganisms Type Exposed Population Findings/Risk Estimate 

 Biosolids 

A Ingestion of biosolids-contaminated soil Rotavirus 
Residential population(480 mg/d soil ingestion 

rate) 

Risk of infection: 7.8 × 10−4 (when mixed with soil);  

2.11 × 10−1 (without any mixing with soil)  

B 
Inhalation of indicator organisms from air during land application 

activity 

Coliphage MS-2,  

E. coli, coxsackievirus A21 

Occupational workers (for 1 to 8 h of exposure; 

0.1 virus particles/g biosolids) 
Risk of infection at 2 m: 1.64 × 10−7 to 1.31 × 10−6 

B 
Inhalation of indicator organisms from air during land application 

activity 

Coliphage MS-2,  

E. coli , coxsackievirus A21 

Residential population (for 1 to 8 h of exposure; 

0.1 virus particles/g biosolids) 
Risk of infection at 30.5 m: 1.5 × 10−8 to 1.2 × 10−7 

C 
Inhalation of indicator organisms from air during land application 

of class B biosolids 
Coliform bacteria, coliphages Occupational workers annual risk of infection: 7.8 × 10−4 to 2.1 × 10−2 

D 
Direct contact of Class B biosolids and subsequent ingestion 

(without incorporation in soil) 
Ssalmonella Residential (soil ingestion = 480 mg/d) Risk of infection = 5.7 × 10−3 

D 
Direct contact of Class B biosolids and subsequent ingestion 

(with 100 times dilution with soil) 
Salmonella Residential (soil ingestion = 480 mg/d) Risk of infection = 5.5 10−5 

D 
Direct contact with class A residuals following regrowth of 

Salmonella 
Salmonella Residential(soil ingestion = 480 mg/d) Risk of salmonella infection = 8 × 10−1 

D 
Direct contact with class A residuals following regrowth of 

Salmonella (with 100 times dilution with soil) 
Salmonella Residential (soil ingestion = 480 mg/d) Risk of salmonella infection = 2.64 × 10−1 

E Direct contact of Class B biosolids 
echovirus-12, enterovirus types 68–71, adenoviruses, 

rotaviruses, and noroviruses genotype-I 
Residential population  Risk of infection: 4.45 × 10−5  

 Manure 

F 
Exposures from fomite, soil, crop, and aerosol exposures from 

manure and biosolids 
Bacteria and viruses Occupational and residential population 

Greatest risk from direct consumption of contaminated soil ; 

Greater bacterial risks from manure and greater viral risks 

from biosolids 

G Exposure of dairy wastewater  
Campylobacter jejuni, E.coliO157:H7, non-O157 E.coli, 

Listeria monocytogenes, and Salmonella spp. 
Residential daytime risk is less than 10−6 at distance > 1 km 

H Inhalation exposure during dairy manure application  
Enterococcusspp., E.coli, Salmonella spp.,Campylobacter 

spp., E. coli O157:H7 
Occupational (8h) 

Median risk of infection: 1:500 (at 100 m),  

1:100,000 (at 1,000 m) 
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Figure 2.1 A schematic linking biosolids and manure application to human exposure. 

 

 
Notes: Five exposure routes: Rair (exposure through air route); Rp (exposure through consumption of edible plants); 

Rsoil (exposure through contact and ingestion of soil); RGW (exposure through ingestion of groundwater); and RSW 

(exposure through ingestion of surface water); SW (surface water); GW (groundwater) 
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CHAPTER 3 

MICROBIAL POLLUTION CHARACTERIZATION OF WATER AND SEDIMENT AT 
TWO BEACHES IN SAGINAW BAY, MICHIGAN 

 

 

Abstract 

Signing Bridge beach and Whites beach in Saginaw Bay have been designated as 

impaired waterbodies by Michigan Department of Environmental Quality with alarming E. coli 

levels. To quantify microbial load and determine probable sources of elevated E. coli levels, 

water and sediment samples were collected from the two beaches during swimming season of 

2011. Sources of fecal pollution were assessed in the two beaches using multiple host specific 

molecular markers: human-associated Bacteroides  B.thetaiotaomicron  α 1-6 mannanase 

B.theta), bovine-associated Bacteroides (B. theta), human adenoviruses (HAdV), and bovine 

adenoviruses (BAdVs) in conjunction with land use information. Fecal indicator bacteria (E. 

coli, and enterococci) were also monitored, and they were routinely detected in the two beaches. 

In Singing Bridge beach 50% of water samples (n= 78) exceed the recreational water quality 

guidelines for E coli, while in Whites beach all water samples met the E. coli water quality 

standard. Human and bovine-associated Bacteroides and human and bovine adenoviruses were 

detected in both beaches indicating influence of multiple sources of contamination. Cell culture 

assay indicated 6 water samples in singing bridge beach, and 7 water samples in Whites beach 

contained infectious viruses. Results show both frequency and average concentration of B.theta 

and BoBac were higher in sediment samples than water samples. Elevated BoBac levels 

compared with B.theta levels in water and sediment samples in the two beaches, both of which 
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are characterized as intensely farmed areas suggest that runoff from agricultural areas was the 

probable dominant pollution source. The approach described in this study may help to 

characterize impacted beaches and design management plans. 

 

Introduction 

Water quality monitoring is essential to protect public health, and improve natural 

resource management and sustainability of the ecosystems (MDEQ, 1997). EPA recommends 

water quality criteria to reduce risks to human health caused by exposure to pathogens such as 

bacteria and viruses in water bodies, and each individual state authorities can use the EPA 

criteria as guidance when setting their own water quality standards (United States Environmental 

Protection Agency (USEPA), 2012). Culture methods for fecal bacterial indicators (FBI) such as 

E. coli and enterococci are generally used for routine beach monitoring, and water quality 

advisories or closures occur when levels of fecal indicator organisms exceed standards set by 

individual state authorities.   

Epidemiological studies have found a correlation between indicator organisms and 

gastrointestinal illnesses (Cabelli et al., 1982; Pruss A., 1998; Wade et al., 2003, 2006, and 

2010). However, fecal indicators are thought to have a limited value in assessing the presence 

and the level of human pathogens because of their poor correlation with some pathogens 

(Harwood, V. J., 2005, Noble R. T et al., 2001, Pusch, D et al.,2005, Lemarchand, K et al.,2003). 

Reliance on the current approaches (FIB) for assessing the risk associated with recreational water 

contact are inadequate for protecting public health, and might not be entirely protective as 

pathogens have been detected when culturable indicators do not exceed recommended standards 

(Jiang, S.et al ,2001, Lipp, E. K.et al.,2001, Noble, R. T et al, 2003). In addition, present culture 
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methods for detecting fecal indicators take 18 to 24 hours to obtain results (Wade et al., 2008). 

This delay allows at-risk beaches to stay open until indicator results are available and in some 

cases closures occur unnecessarily when indicator bacteria levels have already fell back within 

acceptable and safe levels. 

It is well established that the majority of these indicators are not limited to human fecal 

pollution but are also associated with other warm-blooded animals, indicating that the presence 

of these bacteria does not provide any information to the originating host source (Malakoff D et 

al., 2002), Which makes new approaches for rapidly and practically assessing water quality are 

needed. If microbial source tracking (MST) is required, then alternative analytical methods 

should be used. PCR-based fecal source tracking tools targeting Bacteroidales genetic markers 

have long been suggested as alternative indicators to the fecal coliforms (Carrillo, M et al, 1985), 

and have become increasingly recognized as an identification tool for various fecal sources, 

including humans (Bernhard and Field, 2000), cows (Bernhard and Field, 2000, Layton et al., 

2006), dogs (Dick et al., 2005a), pigs (Dick et al., 2005b), horses (Dick et al., 2005b), and geese 

(Fremaux et al., 2010). In addition to human sources, recent studies have applied Bacteroidales 

genetic markers for fecal source identification of ruminants and cattle (Jent et al., 2013; Marti et 

al., 2013), however, these studies remain limited. Human populations may be exposed to cattle-

derived fecal pathogens via a number of routes (Fayer and Lewis, 1999) including swimming or 

bathing in recreational waters (Cabelli et al., 1982; Keene et al., 1994).  Therefore, it is important 

to assess fecal loading from these two primary sources (human and cattle) for proper 

management and remediation of fecal water pollution in mixed uses watersheds. 

Quantification of one or more Bacteroidales markers may not provide a complete set of 

information to accurately identify fecal source(s) as well as to characterize fecal loadings from 
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diffuse sources in the water bodies. As an approach to improve source-tracking capability, the 

outcomes of marker-based tools can be interpreted in combination with environmental reference 

information such as land use (Peed et al., 2011; Reischer et al., 2008). This approach is expected 

to allow more accurate interpretation of microbiological fecal source tracking data and make the 

MST tools more powerful (Reischer et al., 2011, Verhougstraete, M. P., et al, 2015).  

In addition to Bacteroidales, human adenovirus (HAdV) have been suggested as potential 

MST tools (Noble et al., 2003; Ahmed et al., 2010, Harwood, V. J. et al, 2014, jiang et al., 2005). 

Several hexon-based real-time PCR assays have been developed to detect generic HAdVs. In 

addition, integrated cell culture PCR (ICC-PCR) techniques have been used to detect infectious 

HAdV (Chapron, C. D. et al.,2000, Choo, Y. J. et al, 2006, Lee et al., 2004, Rigotto et al, 2005).  

Bovine adenovirus (BAdV) were proposed as useful tools for identification of water pollution 

sources and appeared to be the most widely used animal viruses for MST purposes (Ahmed et 

al., 2010; Hundesa et al., 2006). Yet the evaluation of human and bovine adenovirus as microbial 

source tracking tools have not been widely examined. 

Recently, there is increasing concern about sediment as a source of beach water quality 

impairments. Several studies have confirmed the occurrences of E. coli and enterococci are times 

higher in sediment than the overlying water, as well as the potential of sediment to act as a 

reservoir for the fecal organism (Verhougstraete, M. P., et al, 2015, Ishii et al. 2007, Boehm et 

al., 2009, Phillips et al, 2011, Alm and Burke, 2006). In order to implement successful 

remediation strategies in a mixed watershed a better understanding of the sediment microbial 

load has to be investigated, detailed pollution source tracking has to be undertaken, and the 

relative contributions of different sources have to be quantified 
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IN this study we are combining species-specific quantitative qPCR tests for human and 

bovine species, with the land use information derived from GIS maps.  In particularly this study 

aims to: 1) determine the microbial pollution level of two recreational beaches at Saginaw bay 

using fecal indicators and virus infectivity measurements; 2) identify the probable source of 

contamination in the two recreational  beaches using host specific human and bovine markers;  

3) determine the relationship of fecal indicators (E. coli and enterococci) with Bacteroides 

markers; 4) characterize the microbial pollution load of sediments, 5) evaluate the use of viruses 

as microbial source tracking tools. Application of this approach will help to improve the 

pollution source assessment in Great Lakes beaches. 

 

Material and Methods 

Site Description 

The present study was conducted in Saginaw Bay watershed in Michigan, US. Saginaw 

Bay was officially designated as one of the original 43 Great Lakes Areas of Concern (AOCs) 

due to stressors including elevated bacteria levels. The land-use in the watershed includes: 

agriculture 56%, forest 24.8%, open lands 8.9%, urban 6.1%, wetlands 3.3%, water 0.9% 

(National Land cover map, 2006) (fig.1a&b). The land coverage of the sub-watersheds of interest 

is summarized in Table1. Two sites were selected and tested weekly throughout the swimming 

season from June to September, 2011: Singing Bridge beach and Whitney drain (manmade drain 

outlet to Lake Huron), and Whites beach (Fig.1a). The beaches were selected in this study based 

on their historically poor beach water quality with undefined sources of pollution (Michigan 

Department of Environmental Quality, http://www.deq.state.mi.us/beach/, November 22, 2013). 

Singing Bridge beach is located in the East Branch of the Au Gres River-Rifle sub watershed 
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where the Whitney Drain meets Lake Huron, with public access allowed. Whites beach is located 

in Kawkawlin-Pine sub watershed at the end of the Whites Beach road, with no public facilities, 

but a large open grass between the road and the water edge. Number of the closure or advisories 

for the two studied beaches during swimming seasons from 2003 to 2011 are shown in Table 2. 

 

Sample collection and processing  

Each beach was sampled 13 weeks throughout the swimming season from June to 

September, 2011. Water and sediment samples were collected from four points parallel to the 

shoreline in each beach. In addition, two points in upstream Whitney drain were monitored at 

Singing Bridge beach. Using sterile one liter bottles, water grab samples were collected at knee 

depths. Two water samples were collected at each sampling point, one for E. coli and enterococci 

enumeration, and the other one for nucleic acid extraction followed by Bacteroides qPCR assays.  

 The enteric viruses were collected via filtration through Nano Ceram (Argonite) filter 

that attached to custom designed filtration system unit (filter house and pump) based on EPA’s 

virus adsorption-elution method (USEPA, 2001a). Sampling equipment was previously 

disinfected by chlorine and neutralized with sodium thiosulfate. The volume of beach water 

pumped through the filter ranged from 150 to 300 liters. Adjustment of pH was not needed since 

pH in all beaches was below 9.5 during sampling events. Sediment samples for bacterial and 

viral analysis were collected in a Whirl-Pak sample bags. All water, viral filtered, and sediment 

samples were placed on ice (4°C), stored in a cooler, transported to the Water Quality Laboratory 

at Michigan State University, and processed or eluted within 24 h. 
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E. coli and enterococci enumeration 

E. coli, and enterococci in water samples were measured in duplicate using defined 

substrate method Colilert-18TM and EnterolertTM, Quanti-Tray 2000 (IDEXX Laboratories, Inc.). 

Undiluted samples and three serial dilutions (10 mL, 1 mL, and 0.1 mL per 100 mL made with 

deionized water) each mixed with reagent, had shaken 10 times and poured into the Quanti-

Tray/2000 tray. Incubation and microbial enumeration were conducted following the 

manufacturer’s protocol. Fluorescent wells were reported positive for E. coli and enterococci, 

and expressed as most probable number (MPN) of cells per 100 ml water sample (MPN/100 mL) 

using the manufacturer’s MPN tables. 

 

Water sample preparation  

For Bacteroides molecular analysis, undiluted water was filtered through 0.45 μm 

hydrophilic mixed cellulose esters filter (Pall Corporation 66278) under partial vacuum. The 

filter was placed into a 50 mL sterile disposable centrifuge tube containing 45 ml of sterile 

phosphate buffered saline PBW, vortexed on high for 10 min, and then centrifuged (20 min; 

4500 ×g) to pellet the cells. forty-three milliliters (2mL of pellet left) were decanted from the 

tube and the remaining pellet were stored at -80 °C until DNA could be extracted. The water 

sample volume that were filtered for DNA extraction was taken into account when calculating 

the final concentration. Overall, water volumes were ranged from 500 to 1000 ml.   
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Virus elution 

Water samples were analyzed for enteric viruses according to the EPA’s Manual of 

Methods for Virology (U.S. EPA 2001a). To elute absorbed viral particles, the Nano Ceram 

filters were backwashed with one liter of 1.5% [wt/vol] beef extract with 0.05M glycine (pH 9 to 

9.5, 25°C). Then, the elution was concentrated using organic flocculation by lowering the 

solution pH to 3.5. The samples were centrifuged at 2,500 × g for 15 min for further 

concentration and the floc was resuspended in 30 ml of 0.15 M sodium phosphate (pH 9.0). 

Dissolved precipitates containing the viruses were centrifuged at 10,000× g for 10 min. The 

supernatants (approximately 30 ml) were collected (pellet was discarded), pH were neutralized 

(7.0 to 7.5) with 1 M HCl, and supplemented with 100 units of penicillin, 100µg of streptomycin 

and 0.25µg of fungizone. The eluent was filter through 0.22 µm filter and stored in aliquots at -

80°C until DNA extraction were conducted.   

Sediment samples for viral analysis were eluted by following the ASTM Method D4994-

89: 25 g of sediment sample was eluted by adding 100 ml 10% beef extract (pH 9.0 to 9.5), 

stirring for 30 minutes, and centrifuged at 10,000 ×g for 30 min. The supernatant was collected 

in a sterile one-liter beaker. Organic flocculation was preceded by adjusting pH to 3.5 with 1N 

HCl and stirring for 30 minutes with low speed. The samples were centrifuged at 2500×g for 15 

min to collect the pellets, the pellets resuspended in 0.01M phosphate buffered saline (PBS), pH 

was neutralized to (7.0-7.5) supplemented with 1 ml of Kanamycin, and 1ml of Gentamicin, the 

eluent was filtered through 0.22 um filter and then stored at -80°C. 
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Nucleic acid extraction 

For water samples, both Bacteroides and virus DNA extraction were performed by using 

the MagNa Pure Compact System automatic machine (Roche Applied Sciences, Indianapolis, 

IN) with the corresponding kit (MagNA Pure Compact Nucleic Acid Isolation Kit I). 

Approximately 100 μL of DNA was extracted from 400 μL of the water sample pellet. 

 For sediment samples, Bacteroides DNA extractions were performed using UltraClean® 

Soil DNA Isolation Kit (MO BIO Laboratories, Inc., Solana Beach, CA) following the 

manufacture’s instruction manual. Nucleic acid extraction for virus was carried out in sediment 

samples by using the MagNa Pure Compact System automatic machine (Roche Applied 

Sciences, Indianapolis, IN). All extracted DNA was stored at -20°C until qPCR analysis.  

 

qPCR amplification  

Extracted DNA from water and sediment samples were analyzed for the presence of 

human-associated Bacteroides (B.theta) (Yampara et al., 2008), and bovine-associated 

Bacteroides (BoBac) (Layton et al., 2006) using TaqMan real-time qPCR assays. All qPCR 

assays were performed as described in the citations.  For HAdV, the TaqMan probe, and forward 

and reverse primer (AP/AQ1/AQ2/AP) of published primers/ probe set was used for analysis of 

all water and sediment samples (Heim et al., 2003). BAdV analysis was conducted by using 

published primers/ probe set (BAV4-8F/ BAV4-8R/ BAV4-8P) (Wong and Xagoraraki, 2010).  

Primer sequences and product size for each assay are described in (Table 3). All qPCR 

quantification analysis was carried with LightCycler® 1.5 Instrument (Roche Applied Sciences, 

Indianapolis, IN) and LightCycler 480 Probes Master kit in sealed glass capillaries with a total 

reaction volume of 20 ml. The crossing point (Cp) value for each qPCR reaction automatically 
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determined by the LightCycler® Software 4.0. Positive control was included with each qPCR 

run. Plasmid standard for B.theta and BoBac were generated with the Bac32F and Bac708R 

primers, DNA extracts from sewage (collected from wastewater treatment plant, East Lansing, 

MI), and cow manure (collected from Michigan State University dairy farm) were cloned into 

pCR 4-TOPO using the TOPO TA Cloning Kit for Sequencing (Invitrogen, Carlsbad, CA, USA). 

Plasmid DNA was prepared using a Bio-Rad miniplasmid prep kit (Hercules, CA), and 

sequencing was carried out from vector primer sites M13 Forward and M13 Reverse following 

the manufacturer’s instructions. Virus nucleic acid were extracted from HAdV types 2 and 

BAdV type 4 (obtained from American Type Culture Collection (ATCC)). The amplicons were 

subsequently cloned into plasmid vector based on the one-shot chemical trans- formation 

described in the manufacturer’s instructions (TOPO TA Cloning Kit for Sequencing; Invitrogen, 

Carlsbad, CA, USA). Plasmid DNA carrying the cloned hexon gene was purified using Wizard 

Plus SV Minipreps DNA Purification System (Promega, Madison, WI, USA) and quantified by 

Nanodrop to serve as stock genomic equivalent copies (GEC). Stock GEC were diluted to a 

desired range and used for creating standard curves. Deionized molecular grade water was used 

as a negative control during each qPCR run. All qPCR analysis was run in triplicates. Standard 

curves amplification efficiencies of >95% and R2 values of >0.98 were documented. For quality 

assurance steps were taken included lab blanks, field blanks, calibration checks, and duplicate 

samplings. 

 

Cell culture ICC-PCR assays for virus 

Cell culture experiments were conducted on samples that were positive with HAdV using 

qPCR in order to determine the infectivity levels in environmental samples. Viruses were 
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cultured on the A549 human cell line (obtained from ATCC, cell passage 90 - 110) followed the 

total culturable virus quantal assay (EPA, 2001b), with minor modification. The cells were 

incubated in flasks at 37°C with growth medium (minimum essential medium with 10% fetal 

bovine serum, L-glutamine, Earle’s salts) until at least 70 to 90% confluence was obtained. Virus 

eluent of environmental samples were added into healthy cells and incubated at 37°C for 1 hour 

with occasional rocking to ensure complete contact between the cells and viral particles. After 

the growth medium was decanted and discarded, the cells were washed with Dulbecco’s 

phosphate buffered saline. Cells were maintained with minimum essential medium supplemented 

with L-glutamine, Earle’s salts, and 2% fetal bovine serum. The cells were observed for 

cytopathic effect (CPE) as an indication of the presence of viable, infectious enteric viruses for 

14 days.  Flasks displayed CPE were taken out from the incubator, and a confirmation procedure 

was applied by inoculating aliquots of 1 ml of the supernatant into healthy cells, and then 

monitored for 7 days. All positive results were confirmed with a second passage. Viral DNA was 

extracted from the infected cells and integrated cell culture polymerase chain reaction ICC-PCR 

assays have been performed with primers/probe of total HAdV described in Table 3.  

 

Statistical analysis 

An assessment of the normality of microbial concentrations data was performed 

graphically by using Q-Q plot and numerically by using Shapiro-Wilk’s W test. The results 

indicate that the FIB, Bacteroides, and virus data are not normally distributed (skewed). 

Therefore, all data were log10 transformed prior to all statistical analyses to reduce skewness. The 

parametric Pearson correlation coefficients (r) were used to measure the correlation among 

microbial assay data and the degree of the relationship between indicators (E. coli and 
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enterococci) in both beaches. In order to examined significant differences among FIB, 

Bacteroides and virus an independent sample t-test (student test) was conducted. The 

assumptions of normality and homogeneity of variance have been assessed.  Normality has been 

assessed as describe above and homogeneity of variance (assumes that both groups have equal 

error variances) assessed using Levene’s Test for the equality of error variances.  The t-test was 

two- tailed, with alpha levels, or the probability of rejecting the null hypothesis when it is true, 

set at p < 0.05.  These tests were performed using SPSS Statistic 17.0 software (SPSS Inc., 

Chicago, IL) with significance (α) set at 0.05.  

 

Results 

Presences of bacterial indicators 

A summary of the results for Singing Bridge beach and Whitney drain, and for Whites 

beach are presented in Fig.2, all values have been log10 transformed and are reported as the 

geometric mean concentrations.  In total, 156 grab water samples were processed from Singing 

Bridge beach (n = 52) and from Whitney drain (n=26), and Whites beach (n=78). FIB were 

detected in both beaches in all 156 water samples. The concentration of the E. coli exceeded 

daily geometric mean of E. coli standard for recreational water of the state of Michigan (The 

daily geometric mean of 3 samples must be < 300 E. coli / 100ml) in 50% of samples in Singing 

Bridge beach often by an order of magnitude or more, and no exceedance was reported in Whites 

beach. Concentration of E. coli based on the geometric means reached the highest of 3.18 log10, 

and 1.88 log10 MPN/100ml for Singing Bridge beach/Whitney drain and Whites beach, 

respectively. For enterococci the highest concentration was 3.28 log10 for Singing Bridge beach/ 

Whitney drain, and 1.39 log10 MPN/100ml for Whites beach.  
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Pearson Correlation coefficients between fecal indicator organisms were calculated 

among each other in each beach. The relationship between E. coli and enterococci shows they 

are highly correlated with a statistically significant correlation at the 5% significance level at 

Singing Bridge beach (r=0.75 Pearson correlation coefficients, p < 0.001) and Whitney drain 

(r=0.81 Pearson correlation coefficients, p < 0.001). The least correlated relationship was seen 

when comparing between the two fecal indicators in Whites beach (r=0.13 Pearson correlation 

coefficients, p < 0.26). When comparing the concentrations of E. coli and enterococci across the 

two beaches, concentrations tended to be significantly higher in Singing Bridge beach than 

Whites beach for both indicators (E. coli and enterococci).  The E. coli concentrations in Singing 

Bridge and Whites beach are significantly different (p < 0.019), and similarly for enterococci (P< 

0.026).  

The correlation between E. coli and enterococci with Bacteroides marker were calculated 

for the two beaches. In Singing Bridge, E. coli had a week correlation coefficients with B.theta 

(r= 0.166) and BoBac (r=0.23). For enterococci, the coefficients were 0.12 and 0.08, with B.theta 

and BoBac, respectively. In Whites beach, E. coli still poorly correlated with Bacteroides 

(r=0.043 for B.theta and r=0.075 for BoBac), while enterococci had a moderate correlation 

coefficient with B.theta (0.45), but low with BoBac (0.05). 

 

Bacteroides Markers  

Human-associated Bacteroides and bovine-associated Bacteroides data was plotted to 

provide an overview of the distribution of the mean and median concentration in both water and 

sediment samples for each sampling site (Fig. 2). 
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In Singing Bridge beach/ Whitney drain, 78 water samples were tested with qPCR for the 

presence and the level of the human and bovine-associated Bacteroides. Human-associated 

Bacteroides (B.theta) were detected in 34 samples with highest level of 2.48 log10 copies/100ml 

and bovine-associated Bacteroides (BoBac) were detected in 36 samples, with levels up to 3.68 

log10 copies/100ml. In Whites beach Bacteroides were also tested in 78 water samples, B.theta 

were detected in 54 samples with highest level of 3.23 log10 copies/100ml and BoBac were 

detected in 41 samples, with levels up to 4.08 log10 copies/100ml.  A significant trend emerged 

when comparing human and bovine associated Bacteroides in water samples among each beach. 

Bovine Bacteroides had higher concentration in both beaches and t-test shows significant 

statistical difference between the two markers (Singing Bridge beach, p < 0.01; Whitney drain p 

< 0.001; Whites beach p < 0.001).  

In sediment samples, human-associated Bacteroides were detected in 46 and 40 samples 

in Singing Bridge beach and Whites beach, respectively. The highest concentration of B.theta in 

sediment reached 4.27 log10 copies/100gm of sediment at Singing Bridge, and 3.81 log10 

copies/100gm of sediment in Whites beach. Bovine-associated Bacteroides were detected in 49 

samples in Singing Bridge with highest level of 7.05 log10 copies/100ml, and 47 samples in 

Whites beach with highest level of 6.84 log10 copies/100ml. Occurrence and concentration of 

bovine associated Bacteroides are higher than human-associated Bacteroides in both beaches 

with pairwise comparisons, and they considered statistically significant different (p < 0.05, 

n=78). 

Sediment and water pairwise comparisons indicated that 85% of the sediment samples 

had higher B.theta levels compared to the water, assuming 100 mL of water was equal to 100 g 

of sediment (Verhougstraete & Rose, 2014, Zehms et al., 2008), and 65% of the sediment 
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samples had a higher BoBac than water samples in Singing Bridge beach. Similarly, in Whites 

beach B.theta and BoBac were higher in the sediment than in the water in 70% and 85% of the 

samples, respectively. 

 

Presence of Enteric Viruses 

Virus analysis was carried on 78 water samples, 39 for Singing Bridge beach and 39 for 

Whites beach. Frequencies of viruses were significantly lower than Bacteroides in both beaches. 

In Singing Bridge 6 samples were tested positive for HAdV, with concentration range from 

4.7×100 to 1.45×102 copies per 100ml, and 13 samples were tested positive for BAdV with 

concentration range from 4×100 to 1.00×101 copies /100ml. In Whites beach, HAdV and BAdV 

were detected in 8 and 2 samples, respectively, of which the concentration ranged from 0.5 ×100 

to 1.47×102 copies/100ml. In sediment sample, HAdV were detected in 3 samples in Singing 

Bridge beach and 6 samples in Whites beach, with concentration below 10 copies /100 g in both 

beaches. BAdV were not detected in any sediment samples. The occurrence and low 

concentration of viruses produced less meaningful results for all pairwise comparisons and were 

not considered statistically significant. 

Cell culture analysis was only applied on 23 samples (14 water and 9 sediment) that were 

positive with HAdV by qPCR analysis. A total of 13 water samples (6 from singing bridge and 7 

from Whites beach) and 6 sediment samples (3 from singing Bridge beach and 2 from Whites 

beach) showed CPE in the cell culture assay; while in the confirmation assay only 7 water 

samples showed CPE from Singing Bridge Beach (4 from Singing Bridge and 3 from Whites 

beach).  
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Discussion 

The qPCR assays targeting Bacteroidales 16S rRNA genes are increasingly being used as 

molecular tools to identify fecal sources in a quantitative manner. However, it is difficult to 

identify unknown fecal source(s) based on the qPCR assay results only due to lack of 

information on routes of marker transport in the environment (Reischer et al., 2011). In the 

present study, we used qPCR assays to compare the fecal loading in well characterized 

watersheds impacted by mixed land uses, with a particular focus on identification of probable 

fecal pollution sources. The assay results were interpreted in relation to land use data that is 

expected to influence fecal marker loading to beaches. 

Trend of B.theta and BoBac marker in water was similar to that of sediment (Fig. 2), and 

the two markers exhibited insignificant correlations at the two sampling sites. BoBac was higher 

than B.theta in water and in sediment samples among the two beaches. Our assays demonstrated 

that the two beaches were largely influenced by the cattle-originated fecal pollutants and 

identified runoff from agriculture areas as a predominant non-point source of fecal pollution, 

confirming our assumptions based on land use information (Table1). Occurrence of B.theta 

marker in water and sediment samples in each beach, indicate that both beaches were impacted 

by human fecal pollution. In Singing Bridge beach, the B.theta marker could be the result of in-

stream transportation from human wastewater upstream Whitney drain. While in Whites beach 

the human faces impact could be the leaking from the septic system from the surrounding houses 

located nearby the beach shoreline. This outcome may indicate that Bacteroides assays were able 

to determine the predominant fecal pollution source at each beach during the sampling period. 

Although levels of Bacteroides may significantly correlate with conventional indicators 

in wastewater (Srinivasan et al., 2011), the correlations in natural waters are usually very low. 
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Flood et al. (2011) observed no correlation between enterococcal counts and presence and 

absence of Bacteroides markers. Bonkosky et al. (2009) and McQuaig et al. (2009) reported that 

Bacteroides concentration was poorly correlated with fecal coliforms and enterococci. No 

significant correlation between Bacteroides and E. coli was found in surface water and storm 

water (Merrick et al., 2009; Sauer et al., 2011). Results of statistical analysis based on our data 

showed correlations (r) among different species of microorganisms were generally poor. A 

significantly weak correlation was observed between the concentration of indicators and the 

Bacteroides markers in grab water samples, the correlations coefficients range of (0 > r < 0.4). 

Our results above, strongly suggest that traditional indicators fail to represent other microbial 

species in natural water bodies, and therefore current criteria may not sufficiently prevent people 

from waterborne pathogens. 

Possible reasons for the lack of correlations could be the result of overlapping patterns of 

inputs from other wildlife animals in the mixed watershed (dogs, deer, gulls, etc.) that are 

confounding any single marker correlations. Another confounding factor may be different 

environmental decay rates for FIB and markers (Eichmiller et al., 2014; Jeanneau et al., 2012).  

One of the aims of this study is to determine the occurrence and relationships of B.theta, 

BoBac, HAdV, and BAdV in sediment. Our data shows the occurrence of both B.theta and 

BoBac was more frequent in sediment than in water. These results support the hypothesis that 

sediment under natural water bodies can act as a reservoir for bacteria (Verhougstraete, M. P., et 

al, 2015, Ishii et al. 2007, Whitman et al. 2011, Boehm, 2009), and could act as nonpoint source 

of bacterial pollution in Saginaw bay area. On the other hand, viruses seemed more likely 

suspended in water, due to relatively higher frequencies of water samples positive with viruses 

than in sediment.  
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In order to examine the use of adenovirus as MST tool, the relationship between HAdV 

and B.theta, and between BAdV and BoBac have been studied. Our data showed that correlation 

coefficients for B.theta and HAdV in Singing Bridge and Whites Beach were very week, 0.0038 

and 0.002, and for BoBac and BAdV were 0.0205 and 0.0074, respectively. In our study, viruses 

generally had poor correlations with other microorganisms, and one of the possible reasons is 

that virus levels in majority of the samples were below detection limit. However, since the 

frequencies and concentrations of viruses are very low, it is difficult to compare virus prevalence 

and levels in water and sediment samples. Collectively, employed HAdV and BAdV as a 

microbial source tracking methods in the studied beaches were failed to identify the source of 

fecal contamination. 

A strength of this study is the high number of samples analyzed (n=312) for multiple 

markers over a long time period. Future work should include a more in-depth look at transport 

mechanisms and other environmental parameters such as precipitation, wave, weather 

temperature, and the effect of environmental characteristics on FIB and Bacteroides marker 

decay. 

 

Conclusions 

The major conclusion of this work are as following: 1) Singing Bridge beach and Whites 

beach are impacted and occurrence of  human and bovine markers indicated agriculture and 

human microbial source of contamination, 2)  Bacteroides marker assays are useful for microbial 

source tracking studies when combined with land use information, this approach will allows for a 

better understanding of the sources of fecal pollution in mixed watersheds, 4) the significant 

different between the concentration of human and bovine-associated Bacteroides, can be 
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interpreted in combination with land use data and indicated that runoff from agriculture areas are 

the probable source of contamination, human sewage is partially contributing to the fecal 

contamination in the two Saginaw Bay beaches. 3) the use of viruses as a MST tool failed to 

identify the source of contamination due to its low abundance in the environment, 4) sediments 

contain high levels of fecal organism as compared to the water samples, and sediments can act as 

non-point source that degrade beach water quality, 5) infectious HAdVs were detected in some 

water samples which did not violate E. coli  concentration according to Michigan standard, this 

finding indicates the need of use of the alternative indicators along with pathogens measurement 

to protect public health.  
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Table 3.1 Watersheds and sites description 
 

Site name Watershed Watershed land use percentage* 

Agriculture 
(%) 

Forest 
(%) 

Urban 
(%) 

Water and wetland 
(%) 

Singing Bridge beach 
and Whitney drain 

Au Gres- 
Rifle  

34.4 46.7 1.6 14.7 

Whites beach Kawkawlin–
Pine 

63.7 18.9 2.1 12.4 

 
*Land-use data obtained with GIS from national land cover map, 2001 
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Table 3.2 Water quality exceedances from 2003 to 2011 

Site name Coordinates Description 
 
 

Number of Closures or 
Advisories per Beach 
2003- 2011* 

Singing 
Bridge beach 
and Whitney 
drain 

44.14334 /               
-83.56661 

 

Located in Arenac 
County where the 
Whitney Drain meets 
Lake Huron. The beach 
is about 179.5 feet 
wide, with public 
access allowed. 

422 
 

Whites beach 43.92861/  
-83.89051 

Located in Arenac 
County at the end of 
Whites Beach Rd 
Surrounded by 
residential homes 
relying on septic 
systems for wastewater 
management. 

144 

 
*Data obtained from beach monitoring system (BeachGuard), Michigan Department of 
Environmental Quality, http://www. deq.state.mi.us/beach/  
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Table 3.3 Primer/ Probe set for qPCR assays tested in water and sediment sample 

Assay Primer Name Sequence (5’-3’) Amplicon 
Size 

Reference 

B.theta 
(Alpha 
Mann.) 

BtH-F CATCGTTCGTCAGCAGTAACA 62 Yampara - 
Iquise et al., 
2008 

BtH-R CCAAGAAAAAGGGACAGTGG 
BtH-P ACCTGCTG 

     
BoBac BoBac367f GAAG(G/A)CTGAACCAGCCAAGTA 100 Layton et al., 

2006 BoBac467r GCTTATTCATACGGTACATACAAG 
BoBac402Bhqf TGAAGGATGAAGGTTCTATGGATTGTAAACTT 

     
HAdV 
(Heim) 

AQ1 GCCACGGTGGGGTTTCTAAACTT 129 Heim et al., 
2003 AQ2 GCCCCAGTGGTCTTACATGCACATC 

AP 
 

TGCACCAGACCCGGGCTCAGGTACTCCGA 

BAdV BAV4-8F 
BAV4-8R 
BAV4-8P 

CRAGGGAATAYYTGTCTGAAAATC 
AAGGATCTCTAAATTTYTCTCCAAGA 
FAM-TTCATCWCTGCCACWCAAAGCTTTTTT-
BBQ1 

85 Wong and 
Xagoraraki, 
2010 
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Figure 3.1 Location of watersheds of interest and sampling locations on two public beaches in Saginaw Bay. Map comprised of 

various spatial datasets:  a) Watershed boundaries and county boundaries (U.S. Environmental Protection Agency and U.S. Geological 

Survey, 2005), and b) Land cover (National land cover map, NLCD 2001) 
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Figure 3.2 summary data from 13 weeks of sampling. Each week 2 samples were collected from Whitney Drain,4 samples from Singing Bridge 

beach and 6 samples from Whites beach. Figures present FIB (E.coli and enterococci), Bacteroides markers (B.theta and BoBac) in water and 

sediment samples for the 3 sampling locations Each box plot represents the median (line within the box), mean (circle in the box), and quartiles of 

all data, and whisker represent the maximum and minimum level of the markers and outliers, respectively. 
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CHAPTER 4 

 MICROBIAL POLLUTION SOURCE IDENTIFICATION AT A TMDL 
SUB-WATERSHED IN MICHIGAN UNDER VARYING HYDROLOGICAL 

CONDITIONS 

 

Abstract 

A significant portion of the Red Cedar River Watershed, located in Ingham and Livingston 

Counties, Michigan, is impaired due to elevated E. coli levels. This study was conducted in Sloan 

Creek, a sub-watershed of the Red Cedar River watershed. The sub-watershed area encompasses 

intensive agriculture, dairy and beef farming, homes with on-site septic systems, and one stream 

segment, Sloan Creek, listed as impaired due to high E. coli concentrations that exceed water 

quality standard. Bacterial Total Maximum Daily Load (TMDL) for the sub-watershed has been 

approved by USEPA in 2014. The current work aims to determine whether microbial water quality 

standards are being met, and to identify the probable source of microbial contamination in Sloan 

Creek sub-watershed by using: a fecal indicator (E.coli), host-specific human and bovine 

Bacteroidales genetic markers, and microbial diversity identification using Illumina sequencing 

and metagenomics analysis. These methods were used in combination with environmental 

information include land use, precipitation, and stream flowrate. Water samples were collected 

from three sites in the sub-watershed twice a week and following rain events during spring and 

summer of 2015. E. coli was routinely detected in the three sampled sites. 68% of samples (n= 

192) exceed the recreational water quality guidelines for E. coli by several orders of magnitude. 

High concentrations of human and bovine-associated Bacteroides were detected in the three sites 

indicating influence of multiple sources of fecal contamination. Metagenomics analysis showed 
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presence of bacterial sequences of human and animal origin. Rainfall, and flowrate were 

significantly correlated to E. coli concentrations at the creek. Results suggest that the probable 

sources of contamination are leakage from septic systems and runoff from a concentrated animal 

feeding operation nearby Sloan Creek.  

 

Introduction 

Michigan water quality is assessed by using E. coli concentration to determine partial 

body contact (PBC) the entire year, and total body contact (TBC) during May1 to October 31. 

Under the Clean Water Act Section 303(d) It is required that the Michigan Department of 

Environmental Quality (MDEQ) determines if the water quality standards are being met. If the E. 

coli levels in a water body exceed the standard, then MDEQ must develop a total maximum daily 

load TMDL for a bacteria-impaired water body (USEPA 1997). Once a TMDL is established, a 

watershed protection plan must be developed and adopted to reduce contaminant sources in order 

to attain TMDL goals (USEPA 2008). This plan must include source identification and 

development of strategies for mitigation of these sources (USEPA 2001). 

MDEQ estimates that about half of Michigan’s river miles are impaired according to E. 

coli concentrations in 2014 (MDEQ, 2014). This makes identification of sources of fecal 

contaminants in small creeks and sub-watershed of significant importance for calculating the 

pollution load that rivers can receive from the sum of point and non-point sources in the sub-

watersheds and remain in compliance with water quality standards (USEPA 1991). Microbial 

contamination in beaches and drinking water intake were given more attention than streams and 

creeks in sub-watershed because it paus a great risk to human health due to direct human 

exposure (Kistemann, et al., 2002, Wong, et al., 2009, Almeida and Soares, 2012). However, 
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investigating and identifying the microbial contamination in water streams is a first tire for 

protecting human health, given the fact that creeks are considered the main responsible source 

for contaminates load that entering the lakes through rivers. 

Identifying the origin of pollution in complex watersheds requires continuous monitoring 

and costly comprehensive investigation via long term field sampling at several locations under 

various hydrological conditions (wet and dry seasons) or (base flow and stormflow) (Soranno 

PA, et al., 2011). A synoptic sampling scheme have been suggested to characterize water quality 

under a single flow condition at a single point in time across wide-ranging areas (Verhougstraete 

et al., 2014, Grayson et al., 1997). Compared with long-term comprehensive investigations, the 

synoptic approach reduces the number of samples, cost, and time to examine pollution sources, 

On the other hand, synoptic sampling may miss discharges from human sources, and information 

about the effect of hydrological condition on microbial load can be missing too.  

Indicator organisms are monitored when determining pathogen contamination (Simpson 

et al. 2002; Stoeckel and Harwood 2007). E. coli are typically sampled to indicate the presence 

or absence of contamination from fecal matter. Using an indicator organism to solve fecal 

contamination problems in surface waters presents several challenges: first, fecal coliform is an 

indicator of fecal pollution and not a direct measure of fecal contamination because of the poor 

correlation with pathogens (Harwood, V. J., 2005, Noble R. T et al., 2001, Pusch, D et al.,2005, 

Lemarchand, K et al.,2003). Second, fecal coliform does not identify sources of fecal pollution. 

Therefore, it is imperative that prior to any remediation strategy, microbial source tracking study 

(MST) is designed to identify the potential sources of pollution.  

Appropriate rapid MST methods to distinguish human and non-human contamination 

would be host-specific PCR Bacteroidales molecular markers. Recently Bacteroides have been 
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used to isolate a specific marker and investigate land use and water quality impairments (Peed 

LA, et al., 2011, Verhougstraete et al., 2014). A study conducted by Furtula et al. (2012), 

confirmed ruminant, pig, and dog fecal contamination in an agriculturally dominated watershed 

(Canada) using Bacteroides markers. Another study by Verhougstraete et al., 2014, provides a 

water quality assessment for a large number of watersheds in Michigan found that human fecal 

contamination was prevalent using a synoptic sampling approach, the base flow in the studied 

watersheds was generally dominated by groundwater and not by wastewater treatment effluent. 

More recently an emerging extension of MST concept has been used to simply 

characterize the entire microbial community (eg next generation sequencing (NGS)) in a water 

sample and determine any potential similarities. the use of community analysis in MST is very 

recent development and remains an active research area.  Next generation sequencing may 

potentially overcome the limitation of the single marker and improve sensitivity for host-specific 

molecular methods, but they also require the highest level of expertise for managing and 

analyzing large, complex data sets. As a result of these limitation, community analysis should be 

conceder method of last alternative, only to be employed when it is suspected that information 

that can be gained could not gathered from simpler and more cost effective approaches. It is 

likely best suited to large TMDL projects or water with high economic value. 

To date, most published studies of microbial contaminants are limited by reliance on 

quantification of FIB and MST markers that target single source only and by low numbers of 

samples. And some other studies investigated large watershed using synoptic sampling approach. 

To the best of our knowledge this is the first study conducted in Sloan creek sub-watershed 

implemented a continues sampling scheme and host specific markers along with NGS analysis as 

a confirmation step to assess microbial contaminant concentrations and defined the E. coli 
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source(s) within the watershed during both base flow and storm events runoff. In response of 

TMDL, this paper aim to: 1) quantify levels of E.coli in Sloan creek under base flow and storm 

water conditions, 2) Identify the source of fecal contamination in Sloan creek using  human and 

bovine specific Bacteroidis markers and NGS, 3) determine the effect of hydrological factors 

(precipitation and flowrate) and land use on microbial water quality at small sub-watershed. 

 

Material and Methods 

Site description and data source  

The Red Cedar River flows about 50 miles through rural and agriculturally dominant land 

in the south-central lower peninsula of Michigan USA. The Red Cedar drains into the Grand 

River and, eventually, Lake Michigan. For this study, Sloan Creek sub-watershed of Red Cedar 

River watershed in Ingham county is selected for investigation due to elevated E. coli that exceed 

the Michigan WQS for total and partial body contact (ICD Red Cedar Monitoring Project 2013, 

MDEQ, 2014). The MDEQ ranked this sub-watershed as a top priority subgroup in the TMDL 

area based on their stressor analysis. They are two main water streams within the sub-watershed 

Sloan Creek and Button drain, the two streams drain agriculture and residential areas into Red 

Cedar River. Figure 1&2 shows the Red Cedar River watershed and Sloan Creek sub-watershed. 

According to Red Cedar river watershed management plan 2015, Sloan creek sub-

watershed contains a human population of 2,127, living at a density of 112 people per square 

mile. About 393 homes are estimated to be serviced by septic systems. This sub-watershed has 

an estimated 3,080 large animals, including 3,000 cows, 40 horses and 40 pigs, sheep, goats and 

alpacas. Most of the cows are housed at a Concentrated Animal Feeding Operation Mar-Jo-Lo 

Farms (CAFO), although smaller farms are also present. Large animal density is estimated to be 
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174 animals per square mile, the highest of any of the Red Cedar River sub-watersheds. 

Excluding the CAFO, there are an average of 10 animals per farm, and 12 animals per square 

mile. Suspected sources of bacteria in the sub-watershed include human, agricultural and wildlife 

inputs. There are no known point-source sewage inputs to Sloan creek or Button drain, but both 

streams apparently have animal and human nonpoint sources (Red Cedar River Management 

Plan, 2015). 

According to TMDL for E. coli in Portions of the Red Cedar River and Grand River 

Watersheds 2012; Mar-Jo-Lo Farms CAFO manifested about 5.3 million gallons of liquid waste 

in 2009. A total of 1.8 million gallons of liquid waste, and 5,500 tons of solid waste were not 

manifested, and were spread by Mar-Jo-Lo Farms CAFO. The Comprehensive Nutrient 

Management Plan (CNMP) 2009 Annual Report has identified 613 acres of land as available for 

the spreading of their non-manifested waste. All of these identified available acres are within the 

TMDL source area. In May-June and August-November of 2009, manure was land applied to 

nearly all of the available acres, and had the potential to impact E. coli concentrations in Sloan 

Creek as well as downstream areas.  

Red Cedar river watershed and Sloan creek sub-watershed are defined and characterized 

with Esri ArcMap GIS software using various data source. The National Hydrography dataset 

(NHD) from USGS was used for channel and stream network (Figure 1). The National Elevation 

dataset (NED), 30 m resolution, from the USGS was used for the Digital Elevation Model 

(DEM) for slope and surface runoff direction estimation (Figure 2).  

Land use data was based on 30-meter resolution National Land Cover Database (NLCD 

2011; http://www.mrlc.gov/nlcd11_data.php). Land Cover NLCD Classification System include 

16 thematic classes were reclassified using the Anderson Land Use/Land Cover Classification 
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system, into 8 land cover categories (Figure 3&Table1). Sloan Creek sub-watershed is classified 

as a rural and agriculturally dominant area.  

Precipitation data, were obtained from Michigan Automated Weather network (MAWN) 

(Enviro-weather, 2015), East Lansing MSUHort, Michigan station, (42.6734, -84.4870), 

(www.agweather.geo.msu.edu/mawn/). Discharge in Sloan Creek was collected from United 

States Geological Survey gauging station (USGS 04112000) located at Sloan creek near 

Williamston city, Michigan (42.6758, -84.3638). 

 

Water sample collection and processing  

Two tributaries, Sloan creek and Button drain, within the sub-watershed were selected for 

sampling. Samples were collected in sterile one liter bottles, the bottles were autoclaved at the 

lab and rinsed three times with source water before use. Three grab water samples were collected 

in duplicate, one from each tributary and the last sample has been taken from the mouth when 

Sloan creek meet Red cedar river (Figure 2b). Two water samples were collected at each 

location: one for E. coli analysis and one for Bacteroides analysis.  

A comprehensive long term sampling scheme was designed to collect samples at least twice 

per week and following each rain event during spring and summer 2015, from March 22 to 

August 26. A total of 192 samples (64 from each sampling location) were collected. The base 

flow conditions for E. coli and Bacteroides and water discharge were recorded by samples 

collected in March, three weeks before the study was started. Sampling sites were established 

down streams considering watershed elevation slop, watershed plans and accessibility. All 

sampling sites were located at bridge crossings. The three sampling location are named to 

correspond with the road intersections as following: Location 1 (Sloan), at the mouth of Sloan 
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Creek when its drains into Red Cedar River, Location 2, Sloan creek tributary (Meridian), and 

Location 3 Button drain (Every). Samples were stored on ice and analyzed in the laboratory 

within 2 to 4 hrs. of collection. 

 

Water analysis 

Water samples were analyzed for E.coli Concentration using defined substrate method 

Colilert-18TM Quanti-Tray 2000 (IDEXX Laboratories, Inc.). E. coli were measured in 

duplicate directly or diluted with phosphate-buffered saline solution (PBS) (pH = 7.2) to three 

serial dilutions 100, 10-1, 10-2, each sample mixed with reagent, had shaken 10 times, and poured 

into the Quanti-Tray/2000 tray. Samples incubated at 35 °C (±0.5 °C) for 24 h (±2 hr). Microbial 

enumeration was conducted following the manufacturer’s protocol and E. coli reported as 

MPN/100ml. 

 

Molecular analysis 

All water samples were tested for human and bovine-associated Bacteroides molecular 

markers quantitatively using qPCR. 500 mL of water sample were filtered through 0.45 μm 

hydrophilic mixed cellulose esters filter (Pall Corporation 66278) under partial vacuum. The 

filter was placed into a 50 mL sterile disposable centrifuge tube containing 45 ml of sterile 

phosphate buffered saline PBW, vortexed on high for 10 min, and then centrifuged (30 min; 4500 

×g; 20°C) to pellet the cells. Sample were concentrated down to 2 mL by decanted forty-three 

milliliters from the tube and the remaining pellet were stored at -80 °C until DNA could be 

extracted. After thawing samples, 100 μL DNA was extracted from 400 μL pellet using MagNa 

Pure Compact System automatic machine (Roche Applied Sciences, Indianapolis, IN) with the 
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corresponding kit (MagNA Pure Compact Nucleic Acid Isolation Kit I). Two host-associated 

quantitative polymerase chain reaction (qPCR) methods were utilized to identify and quantify 

sources of fecal pollution within the sub-watershed. Human-associated Bacteroides B. 

thetaiotaomicron α-1–6 mannanase TaqMan assay according to Yampara-Iquise et al., 2008 were 

used with the published primers / probe set: BtH-F forward primer 

TCGTTCGTCAGCAGTAACA and BtH-R Reverse primer AAGAAAAAGGGACAGTGG; and 

BtH-P probe 6FAM-ACCTGCTG-NFQ. Bovine-associated Bacteroides 16srRNA (BoBac) 

TaqMan assay (Layton et al., 2006) were used to detect the presence and magnitude of bovine 

fecal contamination, with the primers / probe set as described in citation: forward primer 

BoBac367f (GAAG(G/A)CTGAACCAGCCAAGTA), Reverse primer BoBac467r 

(GCTTATTCATACGGTACATACAAG), and BoBac402Bhqf probe 

(TGAAGGATGAAGGTTCTATGGATTGTAAACTT). All qPCR quantification analysis was 

carried with LightCycler® 1.5 Instrument (Roche Applied Sciences, Indianapolis, IN) and 

LightCycler 480 Probes Master kit with a total reaction volume of 20 ml. DNA extracted from 

samples was analyzed in triplicate with 5 ml of extract used for template. Corresponding qPCR 

programs are described in citations. The crossing point (Cp) value for each qPCR reaction 

automatically determined by the LightCycler® Software 4.0. One copy of the targeted gene is 

assumed present per cell, and thus one gene copy number corresponded to one equivalent cell, 

then gene copies were converted to and reported as copies/100mL.  

In order to prepare the standards, the DNA was extracted from ATCC (number 29148D-5) 

genomic DNA, for B. thetataiomicron, and from bovine feces obtained from Michigan State 

University dairy farm for BoBac. The amplified PCR products for the target genes were cloned 

into one shot chemically competent E.coli using  TOPO TA Cloning kit for Sequencing 
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(Invitrogen Inc., Carlsbad, CA, USA), according to the protocol provided by the manufacturer. 

Plasmids were extracted with QIAprep Spin MiniPrep kit (Valencia, CA, USA) and were 

sequenced at the Research Technology Support Facility (RTSF) at Michigan State University 

that confirmed the insertion of the target inside the vector. The plasmids were quantified using 

Qubit Fluorometric Quantitation (Thermo Fisher Scientific) and then serially diluted ten-fold to 

construct qPCR standard curves. Triplicates of dilutions ranging from 108 to 100 were used for 

the standard curve. plasmid standard was included during each qPCR run as a positive control 

and molecular-grade water was used in place of DNA template for negative controls.  

 

Microbial community analysis 

Bacterial DNA extracts for the samples from August 16th, 17th, and 18th of 2015 were 

sequenced on an Illumina platform (Illumina HiSeq, Roche Technologies) at the Research 

Technology Support Facility (RTSF) at Michigan State University. DNA-Seq libraries were 

prepared using the Rubicon Genomics ThruPLEX DNA-seq Kit. After preparation, libraries 

underwent quality control and were quantified using Qubit dsDNA, Caliper LabChipGX and 

Kapa Biosystems Library Quantification qPCR kit. The libraries were pooled together and this 

pool was loaded on an Illumina MiSeq v2 standard flow cell. Sequencing was done in a 2x250bp 

format with a v2 500 cycle reagent cartridge. Base calling was performed by Illumina Real Time 

Analysis (RTA) v1.18.54 and output of RTA was demultiplexed and converted to FastQ format 

with Illumina Bcl2fastq v1.8.4. The flexible read trimming tool for Illumina NGS data called 

Trimmomatic was used for trimming the raw reads from the Illumina sequencer and removing 

adapters (Bolger et al. 2014). The trimmed reads were assembled into contig files so as to reduce 

the chances of false positive detection using an iterative de Bruijn graph de novo assembler for 
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short reads sequencing data with highly uneven sequencing depth called IDBA-UD (Peng et al. 

2012). 

The assembled contig files were uploaded to the MG-RAST web server for analysis. MG-

RAST is an online database for the annotation and analysis of metagenomes (Meyer et al. 2008). 

MG-RAST searches the non-redundant M5NR and M5RNA databases in which each sequence is 

unique using the best hit classification option which reports the functional and taxonomic 

annotation of the best hit in the M5NR for each feature. Data was analyzed based on organism 

abundance and on the functional distribution at the subsystem hierarchy with maximum E-value 

cutoff of 1E-5, minimum percent identity cutoff of 60% and minimum alignment length cutoff of 

15 bps. The number of hits is defined as the number of occurrences of the input sequence in the 

database. Analysis includes the phylogenetic comparisons and functional annotations against the 

database and the results are expressed in the form of abundance profiles. The abundance listed by 

MG-RAST presents the estimate of the number of sequences that contain a given annotation, 

found by multiplying each selected database match (hit) by the number of representatives in each 

cluster (Wilke et al. 2013). 

 

Wet weather hydrology 

Out of 192 total sampling events 147 occurred during wet weather, defined for this study as 

measurable rainfall on the same morning as the sampling event; among them four events are 

conceder as a first flush. 3/31/2015, 4/23/2015, 5/4/2015, and 5/13/2015, defined as the first 

rainfall after three dry days (John F. Griffith, 2009). The hydrograph and the rain events are 

presented in figure 4, both the flowrate and rainfall fluctuated during the sampling period. In 

general, two main storm are observed during the sampling period, which caused a huge increase 
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to the flowrate in the creek. The first storm was on 6/14/2015 with precipitation of 1.67 in and 

the second on 6/22/2015 with perception of 1.76 in. Besides rainfall, groundwater can be a big 

source of the flowrate, which provided the base-flow during the sampling time. Flowrate reached 

the highest value of 158 cfs on June 23, one day after the largest rain event. However, after June 

28 to the end of the sampling, there were multiple rainfall events with several peaks of the 

flowrate, but not much increase. It shows the rainwater was captured by the soil and vegetation 

on the ground and did not contribute to the flowrate in the river.  

 

Statistical analysis 

All statistical analyses were performed using SPSS Statistics software (Version 19.0) with a 

significance α= 0.05. E. coli and Bacteroides concentrations were log-transformed to achieve 

normality and meet the assumptions of a parametric test. Simple t-tests were used to determine 

the differences in mean concentrations of target organisms among each other and with the 

perception and the flowrate. The t-test was two- tailed, with alpha levels, or the probability of 

rejecting the null hypothesis when it is true, set at p < 0.05. Pearson’s correlation coefficient was 

used to test the relationship between E.coli and Bacteroides markers. A linear regression analysis 

was performed using scatter plots of log10 cells/100 mL of Bacteroides and log10 MPN/100mL of 

E. coli and to determine the potential source of increased E. coli concentrations relative to 

discharge.  
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Results 

Seasonal effects on Microbiological water quality 

Three sites within Sloan creek sub-watershed were monitored for the presence of microbial 

fecal indicator (E. coli) to assess microbial water quality at Sloan creek sub-watershed. 

Monitoring results for E. coli concentrations across the three sites are presented with the rain 

events and the water hydrograph in Figure 5. The highest concentrations of E. coli were found in 

Sloan site (at the mouth of Sloan creek). The concentration of E. coli reached 7270 MPN/100mL 

on June 18th. E. coli concentrations also peaked on this day at Meridian site (6131 MPN/100 

mL) and at Every site (2500 MPN/100 mL). High concentrations of E. coli were found within 24 

to 72 hrs following each rain event. If Michigan’s single sample limit of 130 MPN/100 mL 

(Michigan Department of Environmental Quality 2002) is used, then of our192 samples: 73% 

(49 of 64) of Sloan samples, 78% (50 of 64) of Meridian samples, and 50% (32 of 64) of Every 

samples exceeded the water quality guidelines for the state of Michigan. 

E. coli concentration during spring under base flow conditions in the absence of recent storm 

runoff were assumed as a reference condition, 3 weeks before the sampling event was started, the 

Sloan site was sampled 3 days / week for E. coli to help figure out the E. coli reference 

condition, then reference condition were calculated as geometric mean of all 9 samples (21 

MPN/100mL). E. coli levels for Sloan, Meridian, and Every sites were compared for samples 

collected in dry weather (base flow) versus wet weather (rainfall events). There was often a 

corresponding increase in E coli concentrations flowing each rain event, but not all high E coli 

concentrations were associated with rain events. Of the 49 occasions when E coli concentration 

exceeded (130 MPN/100 mL), there were rain data available for 40.  

For all three sites all E. coli concentrations were significantly elevated and has strong 
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correlated with the water discharge (Sloan p < 0.001, r=0.65; Meridian P< 0.004, r= 0.5 Every 

P<0.001, r= 0.68). Over all There was no significant difference in levels of E. coli among the 

three sites. E. coli concentrations for Sloan site was significantly correlated with Meridian and 

Every (r2 = 0.85 for Meridian, r2 = 0.9 for Every) (Figure 6). E.coli has significant relation with 

BoBac and B.theta  in Sloan and Meridian sites (P< 0.05) and r ranged from 0.31 to 0.5. For 

Every site BoBac has insignificant relation with E.coli level but B.theta has significant relation 

with E. coli (r=0.618, P<0.01). All statistical analysis for E.coli are shown in Table 4.1. 

 

Quantitative microbial source tracking  

Sloan creek receives drainage from 19 square miles of Sloan creek sub-watershed 

(agricultural, rural, and suburban land use). The detection of Bacteroides specific markers 

compared to culturable E. coli levels in Sloan site, which represent the total load that Sloan creek 

carry to Red Cedar river, over the 64-days sample period are shown in Figure 7a&b. Our result 

showed a significant correlation between the two markers (B.theta and BoBac ) and E.coli 

(P<0.05). On average, the levels of the human (B.theta) and bovine (BoBac) Bacteroides genetic 

makers showed large differences among sites, however, these differences were not statistically 

significant (P>0.05). A total of 64 samples in each sampling sites were tested for human and 

bovine Bacteroides markers of which 49 were collected during rainfall runoff periods and 14 

during base flow. Human Bacteroides (B. theta) were present in 25% of Sloan, 27% of Meridian, 

and 14% of Every samples (Figure7a). Overall average concentrations of B.theta human marker 

at Sloan site were the highest among the three sites with average of 1.1×107 genomic 

copies/100mL. At Meridian site the average of the B.theta human marker concentration was 

1.87×105 genomic copies/100mL, while Every site was the lowest among the three sites with 
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average concentration of 2.5×101 genomic copies/100mL. Occurrence of BoBac in the three site 

was 28% at Sloan, 22% at Meridian, 11% at Every samples.  BoBac concentrations ranged from 

not detected to 7.6×109 genomic copies/100mL in runoff event samples at Sloan creek, and 

7.52×107 genomic copies/100 mL at Meridian, and 5.3×103 at Every. At the mouth of Sloan 

creek, the difference in runoff event compared to base flow occurrence was dominated by bovine 

Bacteroides. The seasonal differences in Bacteroides markers over the watershed were compared 

for the three sites (Figure 7a&b). Wet weather had a significant effect on Bacteroides marker 

levels, when compared the concentration of the two markers with the flow rate, the relation of 

B.theta and BoBac markers  occurrence and mean concentrations in samples from all three sites 

were greater in runoff samples than in samples collected during base flow periods. There were 

conclusive seasonal trends in the Bacteroides markers for the three sites. Human and bovine 

markers were elevated in the wet season at Sloan site (p < 0.04, r=0.58 for B. theta, P <0.027, 

r=0.76 for BoBac). The same trend was observed in Meridian site, both human and bovine 

Bacteroides markers were significantly higher in wet season when the flowrate was high (p < 

0.032, r=0.46 for B. theta, P <0.045, r=0.69 for BoBac). There was no significant different for 

both B.theta and BoBac during base flow and storm flow in Every site. 

 

Metagenomics analysis 

Results from MG-RAST analysis are shown in Figures 8a &b. Bacterial sequences 

comprised over 80% of the total sequences in the three samples analyzed. The genus Bacteroides 

accounted for 3.89% on the 16th, 0.37% on the 17th, and 10.89% on the 18th of all bacterial 

sequences. Numerous Bacteroides species were detected by MG-RAST (Figure8 b), with one of 

the most common being human Bacteroides fragilis, which accounted for 33% of all Bacteroides 
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sequences on the 16th. And Bovine Bacteroides (Mycobacterium bovis) with 117 hits in the 

same sample. Several E.coli wild-type strains were detected in the three analyzed samples such 

as E.coli B, E.coli W, E.coli K12. Table 4.2 listed some of the bacteria and human and bovine-

associated Bacteroides strains that detected in the three samples. 

 

Discussion 

Michigan climate is characterized by hot humid summers, cold winters with snowfall, and 

wet springs. The state receives a good amount of perception throughout the year, averaging 30-

40 inches annually. This climate creates a long period of pollutant build-up deposited on surfaces 

during dry weather (October -March) and then washed away in spring when the snow starts to 

melt into rivers and lakes. The initial storms of the spring season usually thought to have higher 

pollutants concentrations, which create a first flush phenomenon. But this is not always true in 

mid-Michigan climate because the first flush runoff can be started in early March when the snow 

starts to melt witch cannot carry pollutants that stick to the soil surface before the soil 

temperature start to increase during the summer (wet season).   

The sampling scheme and study design should be given a special attention when conducting 

microbial source tracking study, with taking in consideration all the regional hydrological 

conditions and pollution dynamics because these are crucial factors for the significance of the 

results (Kay et al., 2007, Reischer et al., 2008).  

 This study was established and evaluated a comprehensive sampling concept for Sloan 

Creek sub-watershed with consideration for the whole seasonal hydrological conditions. The 

sampling scheme design as a continued sampling to characterize and compare between the spring 
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first flush phenomenon, which depend on the snow melt as a driving force, and the summer first 

flush which depend on the rainfalls as driving force. And to study the impact of creeks on the 

river water quality. With the overall goal of providing a practical and theoretical monitoring and 

source tracking template that could be rolled out to other Red Cedar River sub-watersheds of 

concern within Ingham County and be adopted by other counties in the same region.  

The impact of river outfalls on lake water quality depends on numerous interacting factors 

such as the pollutants loads that the river carries to the lake. The delivery of contaminants by 

multiple creeks greatly complicates understanding of the source contributions. During the study 

period Sloan creek continuously delivered water with high concentrations of E. coli to Red Cedar 

river. Time series graph shows that rainfall, and flowrate were significantly related to E. coli 

concentration at the creek (see result section, Figure5). The E. coli concentration have a wide 

range between the base flow and the storm flow, with a sharp increase following each rain event. 

Similar to our finding, studies have been conducted to describe the variability of microbial 

indicator concentrations or sources in watershed scale found a strong relationship between fecal 

indicators and wet weather. Reeves et al. (2004) carried out a series of field studies to identify 

the spatial distribution of fecal indicator bacteria in dry and wet weather run-off. In the Hoosic 

River watershed, bacterial levels were found to be higher in summer than in winter, and higher 

during storms than during base flow conditions (Traister & Anisfeld 2006). By studying the 

density and sources of E. coli in multiple watersheds, Meays et al. (2006) found that the fecal 

coliforms (FC) counts varied by year, month and site, for each of the watersheds.  

Another finding of this study is that, late season storms had a greater frequency of water 

quality exceedances compared to early season storm events, possibly because in early spring the 

soil temperature is still low which make the deposited pollution hard to release in to the stream. 
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Another reason could be the effect of cold temperature on E. coli. 

The importance of precipitation and streamflow in the transport of protozoan and bacterial 

pathogens and fecal indicator bacteria in lotic systems has been frequently reported (Ferguson et 

al., 2003; Dorner et al., 2006; Wu et al., 2011), but only a handful of studies have related these 

environmental factors to MST markers transport. Similar to previous studies that have shown 

that bacterial loading rates in rivers increase during hydrologic events (Kistemann et al., 2002; 

Krometis et al., 2007), MST marker loading rates for the present study also increase with rain 

events, in the three of the study sites. Interestingly, the highest concentration of E. coli was 

measured on June 18 four days after the first large rain event in the season June 14th (1.67 in), a 

sharp increase was observed in June 18th (7270 MPN/100mL) comparing with June 17 (272.3 

MPN/100mL), then E.coli continue to decrease  gradually until the end of the season and falling 

back within the base flow condition. It is worth to mention that in August 10th the largest rain 

event in the season was recorded (2.27 in) but E. coli did not raise much. 

 Bacteroides markers went through similar trend as E. coli trend with some delay on the time 

series, the highest concentration of the two Bacteroides markers BoBac and B.theta are reached 

their highest concentration during the sampling season on June 27, which had rain event of (0.91 

in). Even though Bacteroides markers highest hits were not tied with E. coli but both Bacteroides 

markers were have a sharp increase on June 15 within 24 hr from the first large rain event, 

B.theta was raised from not detected on June 14 to 1.35x106 on June 15, and reached the highest 

on June 27 (6.99x108). BoBac act similar as B.theta, its raised from not detected on June 14 to 

4.3x104 on June 15, and the highest concentration was on June 27 (7x109). Late on the season on 

August 10 the largest rain event was recorded (2.27 in), E. coli had a sharp increase from 357.5 

MPN/100 mL on August 9 to 1046.2 MPN/100mL on August 10, similarly the BoBac have been 
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raised from not detected to 6.97x104. No human B.theta marker was detected. This can be an 

evident that source of E. coli in August is bovine feces since no human Bacteroides were 

detected.  

Knowledge of the influences of land use on source water quality, especially on sources of 

fecal contaminants, is also critical for efforts towards proper management within a watershed. 

The management based on land use can be effective for mitigating rainfall impacts to the water 

body of watersheds with appropriate water qualify data (Long &Plummer 2004). The degree of 

microbial contamination may be predictable according to the types of land use of a watershed. A 

study revealed that bacteria in storm water run-off varied from higher to lower concentrations by 

the following order of land use types: recreational, agricultural, urban and open space 

(Tiefenthaler et al. 2008). Land use information is also useful for determining sources of fecal 

contamination. This study demonstrated that natural contributions of fecal indicator bacteria at 

watershed with minimal human influence (urban land use = 9%) are sufficient to generate 

exceedances and degrade the water quality during the storm event. 

This paper was able to defined the probable source of contamination in Sloan creek sub-

watershed by using fecal indicator (E.coli) and host specific marker with NGS as a confirmation 

step combined with land use and hydrological information. According to the Total Maximum 

Daily Load for E. coli in Portions of the Red Cedar River and Grand River Watersheds 2012;  

Mar-Jo-Lo Farms CAFO spread a total of 1.8 million gallons of liquid waste, and 5,500 tons of 

solid waste in May-June and August-November, this manure applied time helped us to interpret 

our data as following, in June when the heavy rain events started runoff carry out the manure 

from the surface to the creek, and similarly on August we observed a high E.coli and high BoBac 

with no human marker detected. The human marker was detected and had the potential to impact 
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E. coli concentrations mainly in June within the heavy rain season, which indicate a leakage 

from septic system. The land use information helped us to confirm our assumption because 

human B.theta were detected more frequently in Meridian site which located within the urban 

area and surrounded with homes. Another approach that give our work confident to identify the 

E. coli source is the use of MST tool along with the  microbial community analysis (NGS), since 

host specific markers have some limitation such as specificity of the qPCR assays, we applied 

the NGS as robust tool for MST, on the three samples those of which had the highest  E. coli 

concentrations following largest rain events. The result of June 16 shows occurrence of bovine 

Bacteroides (Mycobacterium bovis), and human Bacteroides fragilis which belong to the same 

genus of B. thetaiotaomicron.  

 

Conclusion 

The study examined the influences of hydrological conditions and land use on E. coli 

concentration and sources in the Sloan creek sub-watershed in Michigan. E. coli concentration 

was strongly influenced by precipitation and stream flowrate. this study analyzed a high number 

of samples for multiple markers over a long time period allowing for the observation of long 

term patterns. These patterns would have been difficult to understand using short-term 

monitoring synoptic sampling scheme. Monitoring the Sloan Creek during the dry and wet 

season with a set of molecular markers revealed a complicated pattern of human and animal fecal 

inputs. This MST study in mixed use watershed was successfully able to provide a Multiple lines 

of evidence to identify the sources of fecal pollution in Sloan Creek using host specific markers 

with microbial community analysis (NGS). This study provides a sampling scheme and MST 

path to assess and improve water quality at Red Cedar River sub-watersheds scales. 
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Table 4.1 Statistical value for Ecoli concentration in the three sampling location in 
correlation with BoBac and B.theta  obtained from t-test and Pearson’s correlation at level of 
significant <0.05 

Location Flowrate BoBac B.theta 

Location 1 r=0.54, P<0.0001 r= 0.316, P<0.001 r=0.317, P<0.011 

Location2 r=0.5, P<0.024 r=0.5, P<0.001 r=0.45, P<0.024 

Location3 r=0.68, P<0.001 r= 0.013, P<0.918 r=0.618, P<0.01 
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Table 4.2 Bacterial stains detected by using NGS in the 16, 17, and 18 August samples 

Species Host 

Butyrivibrio fibrisolvens Ruminant (cows and deer) 

Mycobacterium bovis Cattle  

BacteroidesPrevotella rumincola Ruminant  

Ruminoccus albus Cattle, sheep, and goats 

Ruminoccus flavefacients Ruminant and wildlife 

Bacteroides thetaiotaomicron Human 

Bacteroides fragilis Human  

Bacteroides vulgatus Human 

Bacteroides helcogenes Swine 
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Figure 4.1 Red Cedar River watershed and the sub-watersheds boundaries.  Sloan Creek sub-watershed is shown in green 
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Figure 4.2 Red Cedar River watershed and Sloan Creek sub-watershed Digital Elevation Model (DEM). Sloan Creek sub-watershed 
has a relatively low relief with the maximum elevation recorded as 324 m and a minimum of 249 m. 
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Figure 4.3. Red Cedar River watershed and Sloan creek sub-watersheds Land-use, data source: National land Cover database 

(NLCD) 2011. 
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Figure 4.4 Hydrograph of Sloan Creek discharge during the study period. Discharge levels are daily mean values. Small 
squares mark the 3 measured organisms, E. coli in red, Bovine Bacteroides in green, human Bacteroides in bleu. Drop bleu lines 
represent precipitations. Time line is shown in Julian day calendar (80 = 3/21/2015, 240= 8/28/2015)  
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Figure 4.5 a,b,&c Hydrograph of Sloan Creek discharge during the study period. Discharge 
levels are daily mean values. The figures summery of the monitoring organism in the 3 sampling 
loctions a) E.coli , b) bovine Bacteroides, c) human Bacteroides.  
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Figure 4.5 (cont’d) 
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  Figure 4.6. corrolation between E.coli concentrations between Sloan (location1) and the other two locations Meridian ( location2), 
and Every (location3). 
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Figure 4.7: (a) Metagenome summary for three samples with the highest E. coli concentration (b) Breakdown of affiliated bacterial 
sequences shows Bacteroides are the dominant species among Proteobacteria   
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

The present work was able to identify potential non-point sources of fecal contamination in 

the selected watersheds in Michigan. MST approaches and sampling concepts were established 

and evaluated with consideration of seasonal hydrological variability and coupled with 

geographical information system (GIS) data. The suggested approach was tested in two selected 

watersheds. A large scale watershed (Saginaw Bay) that drains into large waterbody (Lake 

Huron) and a small scale sub-watershed (Sloan Creek) that drains into a creek (Sloan creek). 

Since the effectiveness of the MST method depends on the size of the watershed and the number 

of potential pollution sources, we applied different sampling schemes in each study. For Saginaw 

Bay, mixed-use large watershed, a synoptic sampling scheme has been designed to characterize 

water quality during swimming season under a base flow condition at a wide-ranging area. For 

Sloan creek, mixed- use sub-watershed, a continuous monitoring and comprehensive 

investigation approach via long-term sampling under various hydrological conditions has been 

used (wet and dry seasons, base flow and storm flow). The specific conclusions of each study 

have been written at the end of chapters 3 and 4. From these two microbial source tracking 

investigations we are able to derive the following general conclusions: 

 
 In mixed-use watersheds, the dominant land use in the watershed is the probable 

dominant source of pollution, and the percentage of the land use in theparticular 

watershed indicates relative contribution of pollutants sources 
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 The significance of MST results are influenced by study design, selection of MST 

markers, sampling scheme, and watershed data collection (land use, surface elevation, 

hydrological factors). An MST study should include multiple sampling locations, 

collection of multiple samples during a sampling event, and multiple sampling events 

during the period of interest (e.g., summer or winter) or variable hydrologic conditions 

(e.g., base or storm flow).  

 Bacteroides marker assays are useful for microbial source tracking studies when 

combined with land use information. This approach will allow for a better understanding 

of the sources of fecal pollution in mixed watersheds. In this study, Bovine Bacteroides 

16srRNA (BoBac) has performed high specificity and sensitivity to identify the source of 

bovine fecal pollutions in agriculture-dominant watershed.  Bacteroides thetaiotaomicron 

α-1–6 mannanases (B. theta) gene, has a high human specificity. To the best of our 

knowledge, this was the first study that used the B.theta gene in river/creeks water and 

linked its presence to land use patterns. 

 Sediments contain high levels of fecal organisms as compared to water samples, and can 

act as a non-point sources that degrade beach water quality. 

 The use of viruses as an MST tool failed to identify the source of contamination due to 

their low abundance in the environment.  Meanwhile, infectious human adenoviruses 

(HAdVs) were detected in some water samples which did not violate E. coli 

concentrations according to Michigan standards. This finding indicates the need for using 

of alternative indicators along with pathogens measurement to protect public health.  
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 The use of community analysis (Next Generation Sequencing) provides multiple lines of 

evidence for identifying fecal source and improve the usefulness of MST results. The use 

of NGS in MST studies is very recent development and remains an active research area.  

 Finally, in both studies the correlation between the molecular marker (human and bovine-

associated Bacteroides, and human and bovine adenoviruses and fecal indicators is week. 

This makes MST analysis result likely be the most useful to confirm the presence or 

absence of a particular source, or to gain a qualitative understanding of the types and 

relative abundance of different sources. MST methods should be used to supplement 

rather than replace current methods.  

 

 
Recommendations  

 To continue to improve our understanding of the MST and source identification in mixed 

used watershed the following are suggested: 

 Quantify the relative contributions of human and animal sources to the total microbial 

pollution load, by using multiple quantitative qPCR Bacteroides tests and determine the 

ratios indicating the relative contribution of pollutant sources. The proposed ratios are 

presented below.  

 
 

 

Ratio 1:       Human Bacteroides / All Bacteroides 

Ratio 1 will determine the relative contribution of human sources (for example, failing septic 

systems). 



122 
 

Ratio 2:       Bovine Bacteroides / All Bacteroides 

Ratio 2 will determine the relative contribution of bovine sources (farming). 

 

Ratio 3:      (Total Ruminant – Bovine Bacteroides) / All Bacteroides 

Ratio 3 will determine the approximate relative contribution of deer (wildlife). 

 

Ratio 4:        Porcine Bacteroides / All Bacteroides 

Ratio 4 will determine the relative contribution of porcine sources (farming). 

 

Ratio 5: Chicken Bacteroides / All Bacteroides 

Ratio 5 will determine the relative contribution of chicken (farming). 

 

Ratio 6:  Geese Bacteroides / All Bacteroides 

Ratio 6 will determine the relative contribution of wildlife Geese (wildlife). 

 

 
 Next generation sequencing can provide new insights of MST study. 

 Microbial methods in combination with modeling will result in better understanding of 

diffused non-point sources. 

 


