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Abstract 

In Canada, as in many other affluent nations, private well water consumers remain at risk for 

gastrointestinal (GI) illness due to fecal contamination of groundwater. There have been numerous 

documented outbreaks of GI illness related to contaminated drinking water. While the general risk to well 

water consumers has been established, the risk in southern Ontario is poorly understood. As a preliminary 

step towards understanding this risk, a study of Escherichia coli (E. coli) contamination in private well 

water was undertaken. Spatial scan statistics were employed to determine the extent of contamination for 

over 30,000 private wells in southeastern Ontario between 2008 and 2012, inclusive. This analysis 

revealed one large, temporally stable elevated risk region, and three significant smaller regions within it. 

The methodology utilized in the primary investigation was then applied to a 2012 dataset for all of 

southern Ontario, resulting in the identification of three regions of elevated risk. 

 The presence of E. coli, a traditional fecal indicator organism, indicates lack of water potability. 

To provide knowledge regarding the origins of fecal contamination in southeastern Ontario, a molecular 

microbial source tracking (MST) study was undertaken. A quantitative real-time Bacteroidales PCR assay 

specifically targeting human, bovine, and general (specific to 10 hosts) was optimized and applied to 716 

private well water samples. Almost half of the samples showed evidence of human fecal contamination, 

whereas only 13% contained evidence of bovine fecal contamination. Approximately one quarter of well 

samples tested positive for the general host Bacteroidales assay, with an additional one quarter testing 

negative for all MST assays. Additionally, spatial scan statistics revealed a region of human-sourced 

contamination, which geographically corresponded with the E. coli contamination cluster for the same 

study year.  

The presence of E. coli contamination clusters among private wells reveals an at-risk group of 

well water consumers. As such, public health practitioners may use this information to target well 

stewardship programs in higher risk regions. Humans were the predominant contributors of fecal 
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contamination to private wells within the primary study region. These findings may enable future 

preventative measures by providing insight into the true origins of groundwater fecal pollution.  
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Chapter 1 

Introduction 

1.1 Preface 

Any compromise to drinking water safety may pose a serious threat to human, animal and 

environmental health. It is well established that aquifers can become contaminated by pathogens, 

originating from human and/or animal feces, resulting in gastrointestinal (GI) illness for the consumer 

(Charrois, 2010). Gastrointestinal illness associated with groundwater consumption is a persistent public 

health concern in affluent nations, including Canada. More than one third of Canadians rely on 

groundwater as their primary water source (Government of Canada, 2003) and there are nearly 500,000 

groundwater wells in Ontario dedicated to domestic use (Ontario Ministry of the Environment, 2014). 

Groundwater, and consequently well water, is known to be at risk for fecal contamination and is therefore 

a public health concern. In spite of the large number of private well water consumers in the province, little 

attention has been paid to well water quality in this population.  

Bacterial contamination of drinking well waters, as defined by fecal indicator bacteria (FIB), can 

be investigated in multiple ways. Firstly, it must be established that a problem exists. Secondly, if there is 

a problem, the severity and spatial extent of it must be determined. Finally, the root cause(s) need to be 

elucidated. Once determined, both public health practitioners and well owners may use this information to 

implement interventions and prevention strategies thereby mitigating risk. 

To determine the severity and spatial extent, notably the geographical distribution of fecal 

contamination in private wells, multiple years of private well water quality data need to be examined. 

This allows for the delineation of geographic regions with elevated risk for presumptive E. coli 

contamination with greater confidence. Geospatial analysis methodologies can be employed to identify 

these clusters. In this study, five years of data from southeastern Ontario were utilized to identify stable 
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higher risk regions, while still recognizing that micro-scale variations in contamination may be attributed 

to variable factors, such as weather events for a given season.  

The best management approach to fecal contamination in private well water sources is to prevent 

the initial contamination of groundwater. As such, research is necessary to identify host-specific fecal 

contamination, enabling identification of fecal pollution origins.  Microbial source tracking methods may 

be employed to identify specific hosts. Ultimately, region and/or well specific management strategies may 

be developed, which specifically target the root causes of contamination.  

1.2 Background 

1.2.1 Water and Health 

In Canada, drinking water is derived from surface or groundwater sources and is a provincial 

responsibility. Specifically, groundwater acts as a drinking water supply at the municipal, small drinking 

water systems (SDWS) and private well level. Municipal and SDWS are regulated by the Ontario 

Ministry of the Environment. These systems are fully monitored and the potential for contamination is 

better recognized since they service larger populations and are actively investigated (Government of 

Ontario, 2002). Conversely, private wells service smaller populations, namely families, and their 

maintenance and water potability are the responsibility of the well owner (Ontario Ministry of the 

Environment, 2009). The exact burden of illness from consumption of private groundwater supplies is 

under-reported (MacDougall et al., 2008), and under-investigated, however, few studies did report a risk 

of gastrointestinal illness (GI) from private well water consumption (Uhlmann 2009, Frost 2003). Since 

private wells possess similar characteristics to those utilized for municipal groundwater, contamination 

risks to the underlying aquifer are comparable. Investigating all groundwater associated GI outbreaks, 

where the aquifer was compromised at the source can inform the risk to the private consumer. 

Consequently an in-depth review of groundwater GI outbreaks is presented as a distinct inquiry to 

demonstrate the ongoing nature of this problem in affluent nations such as Canada.  
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1.2.2 Fecal Indicator Bacteria 

In Ontario, private well water quality is determined using E. coli as FIB, most often via 

traditional membrane filtration and culture (Public Health Ontario, 2012). It is not feasible to directly 

detect pathogens from water samples due to their low levels, sporadic and erratic presence, and the 

complex methodologies required to isolate them (Cabral et al., 2010). Therefore the use of FIB as 

markers of fecal contamination is the current standard practice given that normal intestinal inhabitants are 

typically also present alongside certain pathogenic species (Leclerc et al., 2001). A recent systematic 

review by Cabral et al. (2010) defined six (three major and three minor) ideal criteria for a good bacterial 

fecal indicator. The first three require that the FIB have a high concentration in feces, are generally non-

pathogenic to humans, and are amenable to cost-effective, timely detection techniques for environmental 

waters. In addition, the indicator organism should not reproduce external to the intestinal tract, be present 

in higher quantities than associated pathogens in environmental waters and possess a similar decay rate as 

the pathogens. Utilizing these criteria, previous investigations have determined that, of all intestinal flora, 

E. coli remains the ideal, reliable fecal pollution indicator for environmental waters (Leclerc et al., 2001).   

While utilizing E. coli as a FIB is the current best practice, weaknesses have been recently 

identified. For example, novel evidence documents environmental E. coli populations that originated from 

animal intestines and adapted to proliferate in environmental conditions (Perchec-Merien & Lewis 2012). 

Moreover E. coli has been documented to enter into a viable but non-culturable (VBNC) state, which may 

yield false negative results during water testing (Liu et al., 2008; Lothigus et al., 2009).  

1.2.3 Geographical Information Systems 

The application of GIS to public health practice is relatively recent.  A study by Odoi et al. (2004) 

used GIS and spatial scan statistics to investigate possible clusters of giardiasis in southern Ontario.  They 

found that although clustering occurs, land use (agricultural) did not play a contributing role in all 
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investigated regions.  However, the use of GIS may play a key role in linking enteric disease to drinking 

water sources, and has been demonstrated by Uhlmann et al. (2009).  They determined that the combined 

risk of cryptosporidiosis, giardiasis, salmonellosis and Shiga toxin producing E. coli (STEC) was 4.5 

times greater for individuals using private well drinking water relative to those using municipal systems.  

Such findings demonstrate the importance GIS plays in assessing disease-source relationships, and 

highlights the risk of private well water use.  

Spatial scan statistics utilize either aggregate or point-source data to detect geographic areas with 

elevated risk. Kuldorff (1997) developed an algorithm that identifies clusters by comparing observed 

cases within a varying circular window to the number of expected cases. This technique allows for 

executing large dataset computations. A more detailed description of the analysis methodology is 

provided in Chapter 3.  

1.2.4.3 Microbial Source Tracking 

Although E. coli is a reasonable indicator of fecal contamination, it does not reveal any 

information about the fecal source given that it constitutes normal flora for most animals. To address this 

limitation, microbial source tracking (MST) methods have been developed (Hagedorn et al., 2011). They 

fall into two general categories: library dependent and library independent. Library dependent methods 

rely on the construction of a source library, which is region specific.  Such a task would be too laborious 

for the scope of a private well water study, which encompasses many regions. Therefore, library 

independent methods are most appropriate as they rely on source-specific bacterial targets, which can be 

analyzed directly from the source sample. Traditionally, MST methods have been used to evaluate fecal 

pollution of surface waters, limited to studying a specific region or watershed. For instance, a study by 

Sauer et al. (2011) analyzed stormwater samples for human Bacteroides genetic marker and found at least 

one positive sample for all tested sites. Additionally, MST has been employed to test recreational water. 

Haack et al. (2013) tested Great Lakes (Michigan, Huron and Erie) beach water samples for ruminant, 
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gull and human Bacteroides markers. They concluded that multiple host-sources occurred at every beach 

with temporal variation. Another study by Krentz et al. (2013) tested drinking water samples for human, 

cattle, seagull, pig, geese and chicken utilizing various single and multiplex MST assays. Their findings 

revealed presence of human, bovine and anserine markers. Finally, Lee et al. (2010) developed 

quantitative real time PCR assays to detect human, bovine and general (10 species) genetic marker 

targeting the order Bacteroidales and successfully tested them in two fresh water streams with known 

contamination sources. Despite the extensive application of MST methods to study a broad spectrum of 

water sources, few have focused on utilizing these techniques in groundwater derived drinking water, 

particularly from privately owned wells and the affiliated investigations.  

1.3 Thesis Overview 

1.3.1 Specific Aims 

The specific aims of this research are to: 

1. determine the prevalence of E. coli contaminated wells in southeastern and southern Ontario, and 

to examine these regions using geospatial cluster analysis for potential foci of contamination; 

2. optimize a molecular microbial source tracking assay for use with private well water samples;  

3. determine the sources of fecal contamination in southeastern Ontario; that is, human, bovine or 

other species, using molecular microbial source tracking methods. 

1.3.2 Organization of Thesis 

This thesis is presented in manuscript format according to School of Graduate Studies at Queen’s 

University guidelines. The first chapter is a general introduction and background. Chapter 2 provides a 

detailed background on the research need by demonstrating the continuing burden of illness from 

groundwater GI outbreaks in affluent nations. Chapters 3 and 4 consist of manuscripts, published and in 

press, respectively, and chapter 5 is a summary of findings and a general conclusion for this work. 
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Chapter 3 is a manuscript published in the journal of Geospatial Health (2013), which describes 

the prevalence of presumptive E. coli positive wells based on data generated by private well water 

submissions and testing in southeastern Ontario for the 2008-2012 five-year period, using spatial cluster 

analysis. This statistical technique was also applied to a southern Ontario data set for 2012.   

Chapter 4 includes a manuscript currently in press for the Journal of Water and Health, the 

purpose of which was to investigate fecal sources of contamination in private well waters from 

southeastern Ontario. Microbial source tracking, using quantitative real-time PCR assays, previously 

published (Lee et al., 2010), were adapted for use with non-point sources (private well water samples). 

Host-specific origins of fecal contamination were identified, and possible clusters of host-specific 

contamination were investigated.  
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Chapter 2 

Groundwater related outbreaks in affluent nations - what is the cause and 

who is at risk? 

2.1 Introduction 

Serious human health risks may be associated with the consumption of groundwater from 

drinking water wells given it is well established that aquifers can become contaminated by pathogens, 

originating from human and/or animal feces, resulting in gastrointestinal (GI) illness for the consumer 

(Charrois, 2010). However, the exact nature of the consequences posed by domestic utilization of 

groundwater in affluent nations is both poorly studied and therefore poorly understood (Charrois, 2010; 

Uhlmann et al., 2009). A review of the literature demonstrates the current risk of GI illness consequent to 

the consumption of groundwater, including the realization that certain populations consuming this water 

source are potentially at increased risk of illness. Given the small-scale nature of many groundwater 

outbreaks, underreporting is a significant issue, especially in Canada (MacDougall et al., 2008). As such, 

the review is focused explicitly on groundwater related outbreaks only, but in all affluent nations, in order 

to ensure a robust review. 

2.2 The enduring risk of pathogens from groundwater consumption in affluent nations  

Numerous groundwater-related GI illness outbreaks have been documented in affluent nations 

including Canada, Denmark, Finland, Ireland, Sweden, the United Kingdom (UK), and the United States 

(USA). These outbreaks are known to result in significant levels of morbidity and mortality, including 

complications, such as hemolytic uremic syndrome (HUS) (O’Connor, 2002). Several of these outbreaks 

have been directly attributed to the consumption of groundwater compromised at the source with potential 

pathogens; namely, bacteria, protozoa, and viruses. Here, a selection of documented outbreaks is 

presented based on the following: (1) include only outbreaks where the pathogen source was groundwater 

(water derived from an underground source); (2) define a "recent" timeline (1990-present) based on 

previous reviews; and (3) present a broad spectrum of cases demonstrating the diversity of pathogens that 
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can cause outbreaks, the affluent countries in which they occur, and the various methods of contamination 

and transmission.  The cases presented are categorized by etiological agent.    

Bacteria 

GI illness outbreaks of bacterial etiology pose one of the greatest risks in the context of 

waterborne infections since severe complications, and even death, may occur. A 1990 outbreak of E. coli 

O157:H7 in Japan (linked the consumption of nursery school well water in Saitama) resulted in 186 ill 

individuals, predominantly children. Moreover, of the 186 ill individuals, 20 cases of HUS were reported, 

resulting in two deaths of children under the age of six (Hamano et al., 1993; Akashi et al., 1994; Hrudey 

& Hrudey, 2004). In 1995, contamination of a dug groundwater well at a resort in Idaho, USA, resulted in 

82 cases of shigellosis. Although not officially confirmed, it is hypothesized that the source of the 

pathogen was a leaky sewer line or nearby septic tanks (Arnell et al., 1995). A decade later (2005), an 

estimated 2,400 residents of Klarup, Denmark, developed campylobacteriosis, caused by Campylobacter 

jejuni (C. jejuni), after consuming compromised municipal drinking water that was supplied by two 

groundwater wells. The aquifer that supplied the municipal wells became contaminated with sewage 

when a sewer line was damaged during the drilling of an exploratory well (Engberg et al., 1998; Hrudey 

& Hrudey, 2004).  

Protozoa 

A 1993 outbreak of Cryptosporidium in Warrington, England, affected 47 individuals 

(laboratory-confirmed) when the municipal groundwater supply became contaminated with livestock 

runoff after a heavy rainfall event. Furthermore, a dose-response link was established between the amount 

of water consumed and disease occurrence (Bridgeman et al., 1995; Hrudey & Hrudey, 2004). 

Additionally, a North Thames, England, cryptosporidial outbreak in 1997 reported 345 cases of illness. 

Although the exact mechanism was not established, this outbreak occurred when one of the groundwater 

wells became compromised (Willocks et al., 1998; Hrudey & Hrudey, 2004). Another incident involving 
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Cryptosporidium occurred in 1998 when an estimated 1,300 to 1,500 residents of Brushy Creek, Texas, 

USA became ill after the municipal groundwater supply (in a limestone aquifer) was contaminated with a 

raw sewage spill (Bergmire-Sweat et al., 1998; Hrudey & Hrudey, 2004). Finally, a 2007 New 

Hampshire, USA outbreak of giardiasis occurred following the contamination of groundwater by surface 

water from a nearby brook, resulting in 31 cases. The contaminated well was closer to the brook than the 

recommended local water regulation (Daly et al., 2010).  

Viruses 

Three separate outbreaks of norovirus occurred in Sweden between 2001 and 2009. In 2001 and 

2002, approximately 700 individuals experienced gastroenteritis after consuming water from sewage-

contaminated groundwater wells in Stockholm County and Transtrand, respectively (Carrique-Mas et al., 

2003; Nygard et al., 2003; Hrudey & Hrudey, 2004). Then in 2009, 200 people became ill in a small town 

after consuming municipal water from a groundwater well. Contamination may have occurred due to 

inadequate physical protective barriers. In this case, the presence of norovirus was confirmed in tap water 

collected during the outbreak (Riera-Montes et al., 2011). Another outbreak of norovirus occurred in 

Wyoming, USA, (2001) resulting in an estimated 230 cases of acute GI illness among visitors to a 

snowmobile lodge. Consumption of sewage-contaminated well water was attributed as the cause of illness 

(Gelting et al., 2005). Finally, a 1992 outbreak in Missouri, USA reported 46 cases of hepatitis A when a 

water supply (in a karstic limestone area) became contaminated from a nearby septic system 

(Environmental Protection Agency, 2014). 

Multiple pathogens 

Not all outbreaks can be attributed to a single pathogen, and, in fact, one of the largest outbreaks 

in Canada occurred in Walkerton, Ontario, Canada, in 2000, wherein E. coli 0157:H7, Campylobacter 

jejuni, and others, were identified. Agricultural runoff, following heavy rainfall, resulted in contamination 

of a groundwater well, which serviced the municipal water supply, causing 2,300 illness and at least 
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seven deaths (Salvadori et al., 2009). In La Neuveville, Switzerland, in 1998 an estimated 2,400 cases of 

gastroenteritis occurred after sewage contaminated the groundwater. Confirmed pathogens included C. 

jejuni, Shigella sonnei, E. coli, and norovirus (Hafiger et al., 2000; Maurer & Sturchler, 2000; Hrudey & 

Hrudey, 2004).  

Unknown pathogens 

Many small- and large-scale outbreaks have occurred where the etiological agent(s) was not 

identified. In 1991, Naas, Ireland, experienced a massive outbreak of gastroenteritis affecting nearly 5,600 

of its residents. Although the causative agent was never confirmed, contamination of the groundwater 

well was traced back to a leaky sanitary sewer (Fogarty et al., 1995; Hrudey & Hrudey, 2004). Several 

outbreaks (involving a total of approximately 1,450 affected individuals) occurred in small Finnish 

communities between 2000 and 2001 involving contaminated groundwater wells. The exact mode of 

contamination and sources are unknown; however, runoff after heavy rainfall events and a farm with a 

duck pond are considered to be the source (Hrudey & Hrudey, 2004).  

The aforementioned outbreaks, and others not documented here, demonstrate that contamination 

of groundwater wells with potential pathogens is an ongoing problem, even in affluent nations. 

Groundwater related GI illness outbreaks occur in both municipal and private systems; however, 

municipal outbreaks are limited because of rigorous prevention policies (Charrois, 2010). A paucity of 

literature is available with respect to private well water related outbreaks, likely a consequence of being 

both under reported and under investigated (MacDougall et al., 2008).  

The few studies that do exist report an increased risk of GI illness associated with private well 

water consumption. Ulhmann et al. (2009) investigated the risk of campylobacteriosis, cryptosporidiosis, 

giardiasis, salmonellosis and shiga toxin producing E. coli infections, differentiated by water source, in 

British Columbia, Canada, between 1996-2005 using geospatial methods. It was concluded that 

individuals using private wells were 5.2 times more likely to be affected by one of the above infections. 
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Frost et al. (2003) examined the relationship between to Cryptosporidium infection and consuming water 

from various source types utilizing serologic responses. The study reported an association between private 

well water use and higher occurrence and intensity of serologic responses, indicative of recent 

Cryptosporidium infection. 

2.4 Mechanisms of contamination: recurrent themes 

Upon review of the historical outbreaks and risk, common mechanisms of groundwater 

contamination emerge. These can be grouped into three categories: methods for the depositing of fecal 

matter, environmental factors that facilitate pathogen transport, and groundwater well policy. Specifically, 

human fecal contamination can enter groundwater supplies in the form of septic tank leachate (Bopp et 

al., 2003; Nygard et al., 2003; Van Houten et al., 2006), or wastewater treatment facility effluent 

(Bergmire-Sweat et al., 1998; Engberg et al., 1998). Interestingly, however, Raina et al. (1999) noted that 

the relationship between E. coli presence and GI illness was modified by distance from the septic tank to 

the well. The odds ratio (OR) for GI illness among well water consumers with septic tanks less than 20 

meters away was 0.46 (95% Confidence Intervals (C.I.) of 0.07-2.95); i.e. protective, whereas the odds 

ratio for GI illness among consumers with septic tanks further away (more than 20 meters) was higher at 

2.16 (95% C.I. 1.04-4.42). This may suggest that chronic exposure to septic-borne pathogens could result 

in the development of ‘immunity’, or at the very least, tolerance to these contaminants.  

Animal fecal contamination enters groundwater from livestock via agricultural run-off 

(Bridgeman et al., 1995; Salvadori et al., 2009). Pathogens can travel in groundwater more easily in 

certain hydrogeological regions, including bedrock and karstic areas (Bergmire-Sweat et al., 1998; Bopp 

et al., 2003; Kozisek et al., 2008). The occurrence of these interactions may be amplified when weather 

conditions become optimal for contamination to occur. As such, heavy precipitation events (Bopp et al., 

2003; Hrudey & Hrudey, 2004; Fong et al., 2007; O’Reilly et al., 2007; Salvadori et al., 2009), as well as 

prolonged dry periods followed by regular precipitation have been implicated in increasing the likelihood 
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of groundwater contamination (Hrudey & Hrudey, 2004). The structural integrity of groundwater wells, 

distribution systems, and surrounding septic systems also directly affect groundwater quality (Engberg et 

al., 1998; Riera-Montes et al., 2011). Poor well stewardship may result in adverse health outcomes if 

proper maintenance is lacking and the water supply becomes compromised (Charrois, 2010). For 

example, poor education and management can have devastating effects as documented in the 2000 

Walkerton outbreak (O’Connor, 2002).  
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Chapter 3 

A spatial analysis of private well water Escherichia coli contamination in 

southern Ontario. 

3.1 Abstract 

Research to date has provided limited insight into the complexity of water-borne pathogen 

transmission. Private well water supplies have been identified as a significant pathway in infectious 

disease transmission in both the industrialized and the developing world. Using over 90,000 private well 

water submission records representing approximately 30,000 unique well locations in southeastern 

Ontario, Canada, a spatial analysis was performed in order to delineate clusters with elevated risk of E. 

coli contamination using 5 years of data (2008-2012). Analyses were performed for all years 

independently and subsequently compared to each other. Numerous statistically significant clusters were 

identified and both geographic stability and variation over time were examined. Through the 

identification of spatial and temporal patterns, this study provides the basis for future investigations into 

the underlying causes of bacterial groundwater contamination, while identifying geographic regions that 

merit particular attention to public health interventions and improvement of water quality. 

3.2 Introduction 

Any compromise to drinking water integrity poses a serious threat to human, animal and 

environmental health and is a major health issue in developed nations to this day. Water quality is 

jeopardized by microbiological and/or chemical agents, waterborne bacteria, viruses and protozoa posing 

the greatest threat (Charrois, 2010). In North America, contaminated drinking water is conservatively 

estimated to cause one thousand deaths and one million illnesses per year (Sierra Legal Defense Fund, 

2006) and Europe shows similar rates (Charrois, 2010). Thus, safety of drinking water is a fundamental 

public health priority, with drinking water quality management being a crucial component in the 

prevention and control of water-borne disease (WHO, 2010). 
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Specifically, fecal contamination of well water is a serious public health issue, which has been 

linked to outbreaks of various water-borne infections (Furtado et al., 1998; Raina et al., 1999; Macler and 

Merkle, 2000; Corkal et al., 2004). There were 288 confirmed documented outbreaks of infectious enteric 

diseases in Canadian drinking water with the most common pathogens being Giardia intestinalis, 

Campylobacter sp., Salmonella and rotavirus over a 27-year period (Schuster et al., 2005). In 2000, the 

municipal water supply in Walkerton, Ontario was contaminated with Escherichia coli O157 from 

manure runoff originating in a nearby farm. It is to date, the largest municipal water-borne outbreak of E. 

coli O157 in Canadian history and it resulted in at least seven deaths and 2,300 cases of illness (Salvadori 

et al., 2009). Since the outbreak in Walkerton, numerous policies and public health actions have been 

implemented to prevent future outbreaks in municipal water supplies (Ontario Ministry of the 

Environment, 2009). However, the quality and maintenance of private well water systems remains the 

responsibility of the owner (Kreutzwiser et al., 2011). In Canada, approximately three to four million, or 

1 in 10 persons rely on private well water sources (Statistics Canada, 2011), which remain vulnerable to 

contamination and should be properly monitored (Charrois, 2010). In England and Wales, the incidence 

rate of intestinal infectious outbreaks in recipients of private water supplies was 35 times that of those 

receiving public water supplies (Smith et al., 2006). Within Canada, a study in British Columbia found 

that the risk of enteric disease was 5.2 times higher for individuals living on land serviced by private 

wells than those who relied upon municipal groundwater systems (Uhlmann et al., 2009). 

Understanding of the endemic water-borne risks associated with private wells and groundwater is 

currently lacking (Uhlmann et al., 2009). Surveillance of contaminated wells and identification of clusters 

with a high risk of contamination would allow public health practitioners to better assess and design 

interventions and aid in the identification of contributing factors leading to contamination. This can be 

achieved using geographical information system (GIS) and other spatial analytical tools. For example, 

spatial clustering can be employed to detect foci of well water contamination. Although many studies 

have employed the spatial scan statistic to detect clusters of various pathogens in specific geographic 
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locations (Brownstein et al., 2002; Odoi et al., 2004; Coleman et al., 2009; Szonyi et al., 2010), few have 

used this method to investigate clusters pertaining to water-borne infections or water contamination in 

Canada. E. coli is the principal bacteriological indicator used in Ontario to assess fecal contamination of 

drinking water (Ontario Ministry of the Environment, 1994) and Public Health Ontario (PHO) provides 

bacteriological testing of private well water samples (as a free service). A previous study of 235 rural 

wells in Ontario found that 9.5% of households had at least one E. coli - positive water sample (Strauss et 

al., 2001). 

As the first study to conduct spatial analysis of bacteriological contamination in private well 

water, we aimed to provide a geospatial description of the prevalence and risk of E. coli contamination in 

south-eastern Ontario for a 5-year period (2008-2012). Furthermore, possible geographical trends were 

explored on a temporal scale and, as private well water contamination is widespread, cluster analysis was 

performed at the provincial level for 2012 to investigate other regions with elevated risk of E. coli 

contamination. 

3.3 Materials and Methods 

3.3.1 Data preparation and GIS 

Private well water quality data was compiled from ongoing bacteriological testing at Public 

Health Ontario Laboratories (PHOLs), resulting in the use of a convenience sample (i.e. routinely 

collected data that is subsequently used for data analysis not intended at collection). In this case, the 

submitter is responsible for collection and transportation prior to bacteriological testing. All such data are 

stored in the Water Testing Information System (WTIS) database owned by PHO. For the present study, 

all records from samples submitted to the Kingston PHOL (PHOL-K) between January 1, 2008 and 

December 31, 2012 were retrieved from the database. A 5-year study period was chosen to limit spatial 

sampling bias, as the convenience sample differed by year. Records that were rejected due to improper 

sample handling were not included. The resulting dataset contained 107,547 records, however 3,723 had 
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insufficient address information for geospatial analysis and were removed. The remaining records were 

geocoded as summarized in Fig. 3.1 using Google EarthTM (Google Inc., Google EarthTM version 5.1, 

http://www.google.com/earth/index.html) to obtain geocoordinates (geocodes). Google EarthTM only 

allows input of street address, city and postal code and thus, for the primary stage, city was defined as 

“city/town/municipality”. A secondary stage was performed utilizing “county” for the city field. Given 

the rural nature of the wells, the provided information consisted of hamlets too small to be recognized by 

Google EarthTM or outdated place names resulting from boundary redefinitions or municipal 

amalgamations. Thus, geocoding was difficult and the two-step, rather than single-step, Google EarthTM 

search allowed for an additional 10% of records to be included in the study. This two-step process was 

then repeated on any non-geocoded records using LIOcoder, a service provided by the Ontario Ministry 

of Natural Resources (http://www.lio.ontario.ca/liocoder/index.jsp) and then ArcGIS version 10.0 (North 

America Geocode Service, CAN_RoofTop locator, 2010) (ESRI Inc.; Redlands, USA). To ensure  

 

 

Figure 3.1: Summary of geocoding process. 
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similarity in the geocoordinates provided by the different systems, a pilot comparison of 

geocoordinateswas performed (data not shown). Between each geocoding software stage, manual 

geocoding was done by matching multiple submissions from the same address. Due to address quality 

(e.g. spelling or data entry mistakes or incorrect information), the automated systems did not always 

assign all records from the same address a geocode. Manual matching ensured that once a geocode was 

identified for an address, all submissions from the corresponding address were given the appropriate 

geocode. After all stages of automatic geocoding and manual matching were completed, geocoordinates 

for the remaining non-geocoded records were further determined manually using Google EarthTM. 

Once the geocoding process was complete, data cleaning methods were undertaken to ensure an 

address and a set of geo-coordinates had a one-to-one ratio. In some instances, a single geocode was 

assigned to more than one unique address and these records were removed. There were also cases where a 

single address was assigned multiple geocoordinates; a custom algorithm was applied to these to 

determine the most appropriate geocode. This data cleaning was performed first on individual years and 

then across all years of data, leaving a dataset of 90,149 geocoded well water records. As such, 

geocoordinates were found for 83.8% of the original 5-year dataset (between 81.0% and 85.6% by year). 

Table 3.1 outlines the number of records yearly and overall in the initial and final geocoded datasets, as 

well as their E. coli positive rates. As shown in Table 3.1, between 9,404 and 10,396 unique well 

locations were identified by year; when combined this resulted in 30,687 unique locations across all 

years. Greater than 98% of all unique locations were within four public health units (PHUs): Hastings 

Prince Edward County (HPEC), Kingston, Frontenac, and Lennox & Addington (KFL&A), Leeds 

Grenville Lanark (LGL) and Eastern Ontario (Fig. 3.2). For spatial analysis, E. coli status was determined 

yearly for unique locations; if a well had an E. coli positive submission in any given year it was 

designated as an E. coli contaminated well. 

In addition to the 2008-2012 dataset of private well water submissions to the PHOL-K, a second  
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Table 3.1 Well water submissions from 2008 to 2012 to PHOL-K: geocoding and E. coli summary 

results. 

Year Category 

Number 

of 

records 

E. coli 

Positive 

percentage 

2008 

All 23,744 6.34% 

Geocoded 20,326 7.20% 

Unique Locations 10,396 9.09% 

2009 

All 22,034 5.99% 

Geocoded 18,096 5.91% 

Unique Locations 9,574 7.98% 

2010 

All 20,572 6.35% 

Geocoded 17,535 6.35% 

Unique Locations 9,706 8.47% 

2011 

All 20,081 7.14% 

Geocoded 17,078 6.38% 

Unique Locations 9,404 8.71% 

2012 

All 21,116 4.42% 

Geocoded 17,114 4.63% 

Unique Locations 9,727 6.25% 

All 

Years 

All 107,547 6.04% 

Geocoded 90,149 5.95% 

Unique Locations 30,687 8.11% 

 

dataset consisting of 2012 well submissions to all the PHOLs in the province was retrieved. Only one year 

was retrieved, as it was not feasible to geocode 5 years of provincial data. The first round of geocoding 

was performed (two-step Google EarthTM and manual geocoding of matching addresses) which resulted in 

118,503 records geocoded out of an original 185,045 (64.0%). The records represented 51,948 

unique locations across the province. However, there was a differential level of geocoding between the 

PHOLs in the northern portion of the province relative to the southern (60.1% to 70.3% for the southern 

PHOLs compared to 33.2% to 59.1% for the northern PHOLs). Focusing on the southern portion to 

ensure sufficient levels of geocoding were met, the expanded geographic region was defined as southern 

Ontario (Fig. 3.2). The final dataset contained 47,048 unique locations (90.6% of all unique locations),  
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Figure 3.2 Study region (both southern and southeastern Ontario).  

Dark grey - south-eastern Ontario, white - rest of southern Ontario. 1 - HPEC; 2 - KFL&A; 3 - LGL; and 

4 - Eastern Ontario. 

 

which were assigned an E. coli status using the same definitions as the 5-year dataset. 5.21% of unique 

locations in southern Ontario had a least one E. coli positive result in 2012. 

3.3.2 Spatial clustering 

SaTScanTM software was used to perform spatial analysis on multiple datasets (M. Kuldorff and 

Information Management Service, Inc. SaTScanTM version 9.1.1; www.satscan.org, 2013). This spatial 

scan statistic investigates the occurrence of clusters by using a circular window of variable radius that 

systematically moves across the map (Kuldorff, 1997). The radius increases from zero to a user-defined 

maximum limit. This type of spatial analysis identifies clusters by comparing observed cases within the 

current radius of the window to the number of expected cases, provided they are randomly distributed. 

The location and statistical significance (p-values) were determined by carrying out 999 Monte Carlo 

replications, using the Bernoulli distribution (Kuldorff, 1997). A p-value less, or equal to 0.05, was used 

for primary clusters for the rejection of the null hypothesis of no clusters; and a p-value of 0.06 was used 
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as the cut-off for secondary clusters, as the p-values generated for secondary clusters are higher. This 

spatial analysis was performed on datasets for each of the 5 years in the study (2008 to 2012) to identify 

clusters of E. coli contamination of private wells. Following the individual year analyses, the results were 

compared to observe temporal trends and variations. For spatial analysis, two different radii of the 

circular window were used (50% and 5% maximum population). Spatial analysis was also performed to 

identify clusters on all E. coli positives for the 2012 southern Ontario dataset, but only using 50% radii. 

All visualization of spatial results and subsequent mapping was done using ArcMap version 10.0. To 

better visualize the overlapping nature of the 5-year clusters, inner points were removed to clearly 

compare between clusters. 

3.4 Results 

The analysis identified a single statistically significant cluster for each of the 5 years when using a 

maximum population size of 50% within the cluster. These clusters can be observed in Fig. 3.3 

(independently) and Fig. 3.4 (overlapped) and the corresponding p-values, relative risks (RR) and log  

 

 

Figure 3.3 Maps of 50% and 5% clusters by year.  
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Purple - 2008; Green - 2009; Pink - 2010; Blue 2011; and Yellow - 2012. Colour represents 50% cluster, 

while grey represents 5% cluster(s). Numbers mark multiple individual 5% clusters and asterisks denotes 

secondary 5% cluster. 
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Figure 3.4 Map of clusters overlapped from 2008 to 2012 at 5% and 50%. 

A - 50% clusters and B - 5% clusters. Purple - 2008; Green - 2009; Pink - 2010; Blue - 2011; Yellow - 

2012. 
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Table 3.2 Statistical and geographical results of spatial analysis on individual years at 50% and 5% 

maximum population size. 

Year 

50% Cluster 

Cluster 

no. 
P - value RR LLR Latitude (N) Longitude (W) Radius (km) 

2008 N/A <0.01 1.86 48.30 44.032760 76.909154 49.12 

2009 N/A <0.01 1.77 32.97 44.076031 76.912635 46.79 

2010 N/A <0.01 1.48 15.57 43.933029 76.923211 54.02 

2011 N/A <0.01 1.81 35.16 44.094944 76.985503 40.94 

2012 N/A <0.01 1.89 32.50 43.878538 77.219574 68.58 

 5% Cluster 

2008 

1 <0.01 2.07 20.61 44.076665 77.348221 13.90 

2 <0.01 3.39 16.16 44.253340 77.414734 2.09 

3 <0.01 1.94 16.04 44.269917 76.657330 14.45 

2009 
1 <0.01 2.41 25.27 44.211622 76.812897 14.61 

2* 0.051 2.11 11.63 44.037839 77.375707 11.71 

2010 
1 0.01 9.22 12.69 44.247490 77.435310 0.26 

2* 0.052 2.19 12.02 43.945648 77.422858 13.14 

2011 
1 <0.01 2.01 13.88 44.273199 76.678298 13.17 

2 0.01 2.03 13.07 44.320444 77.119930 15.36 

2012 1 <0.01 2.56 23.36 43.976624 77.359530 16.85 

 

likelihood ratios (LLR) can be found in Table 3.2. All of the clusters were in the same general region (the 

southern portion of HPEC and KFL&A PHUs), and the differences among years are visible in Fig. 3.4. 

The relative risks for the 5 years are consistent with a minimum of 1.48 and a maximum of 1.89 

A total of 10 clusters using the maximum of 5% of the population parameter were identified 

among the five years, with between one to three clusters per year. Figs. 3.3. and 3.4 show these clusters 

independently by year and overlapped, respectively. Table 3.2 contains the corresponding p-values and 

RRs. The colour and cluster numbering system is consistent across the figures and table. Two of the 

clusters (one from 2009 and one from 2010) were secondary clusters with p-values above the standard 

0.05 but below the secondary p-value cut-off of 0.06. 

There were four distinct geographical regions (henceforth designated by Roman numerals) with 
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significant clusters: (i) the southwestern corner of HPEC (existing for 4 years); (ii) a small cluster to the 

north of the larger HPEC cluster (existing for 2 years); (iii) a cluster in the south central-west of KFL&A 

(existing for 3 years); and (iv) one slightly north of (iii) on the border between HPEC and KFL&A 

(existing for one year). The specific variations in location and size can be seen in the overlapped map in 

Fig. 3.4. For cluster (i) there was minimal variation in RR across the 4 years (2.07 to 2.56). These RRs 

were similar to those of cluster (iii) and (iv). Cluster (ii) had the highest RR (and smallest size), but there 

was high variation in risk (3.39 versus 9.22). 

Six clusters were identified by spatial analysis of the southern Ontario dataset using a maximum 

50% radius; with one of these clusters being a secondary cluster. These clusters are represented on a map 

of southern Ontario in Fig. 3.5 with Table 3.3 containing their respective p-values, RRs and LLRs. The 

first cluster is in the same region as the 50% clusters identified by the regional analyses. The RR for this  

 

 

Figure 3.5 Southern Ontario map of clusters at 50% maximum population size. 

Numbers mark individual clusters. 
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Table 3.3 Southern Ontario spatial analysis statistical and geographical cluster results (at 50% 

maximum population). 

Cluster number P-value RR LLR Latitude (N) 
Longitude 

(W) 

Radius 

(km) 

1 <0.01 2.07 75.05 44.027909 -77.119206 59.63 

2 <0.01 1.88 31.24 42.901427 -79.618196 55.92 

3 <0.01 2.24 28.93 44.596204 -80.794748 36.41 

4 <0.01 3.29 19.33 45.100714 -81.277772 19.41 

5 0.04 4.39 14.09 45.129385 -76.124550 3.56 

6* 0.051 2.20 13.48 42.880048 -75.031825 21.29 

 

cluster was slightly higher than those found previously. Clusters 2 and 3 are both large geographic regions 

(Niagara and Bruce Peninsula, respectively), with cluster 4 being geographically close to cluster 3. 

3.5 Discussion 

There are health implications with consuming compromised water from rural sources (Raina et 

al., 1999; Said et al., 2003; Uhlmann et al., 2009; Charrois, 2010). Previous studies have focused on 

chemical contaminants such as nitrate, arsenic and pesticides (Goss et al., 1998; Rudolph et al., 1998; 

Benson et al., 2006; Knobeloch et al., 2013) or bacteriological quality without spatial consideration (Goss 

et al., 1998; Rudolph et al., 1998; Bacci and Chapman, 2011; Allevi et al., 2013; Knobeloch et al., 2013; 

Swistock et al., 2013). This is the first major bacteriological spatial analysis of private well water 

submissions. The maximum sample size of previous bacteriological well quality studies was limited to 

4,000 wells from the state of Wisconsin (Knobeloch et al., 2013). Hunter et al. (2011) studied 14,000 

private water supplies (servicing less than 50 people) in England and France (2011). Additionally, a study 

by Perkins et al. (2009) investigated the quality of rural tap water of 5,000 dairy farms in all of southern 

Ontario using spatial analysis techniques. Conversely, the magnitude of this study is far greater than that 

of previous work with a total of 90,000 samples representing 30,000 private wells in a subsection of 

southern Ontario. By combining spatial analyses with a bacteriological quality investigation, and utilizing 

a greater power of detection, areas of high contamination could be identified. 
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This investigation revealed several clusters with a significantly higher risk of E. coli 

contamination for private well water submissions at the regional level in southeastern Ontario. One 

sizeable (at the 50% level) and four smaller distinct (at the 5% level) clusters were observed over the 5-

year period investigated (2008 - 2012). Considering that private well water submission locations are not 

identical per annum, this finding implies that these contamination clusters are spatially stable. 

Furthermore, this suggests that there are underlying factors that contribute to the higher risk of E. coli 

contamination in these identified cluster regions. 

The 5-year, geographically stable E. coli cluster in HPEC identified by this study was also 

discovered in a study by Perkins et al. (2009), which investigated E. coli contamination of rural milk 

house tap water for the 2003-2004 period. Both Ontario farms and private wells are located in rural areas 

supplied by groundwater; therefore regional hydrogeology may be a contributing factor to the 

contamination. The HPEC contamination cluster was located in a limestone region with limited 

overburden, and previous studies have noted that geologically similar areas have a high susceptibility to 

contaminants (Levison and Novakowski, 2008; Hynds et al., 2012; Swistock et al., 2013). Other 

temporally stable factors have been described as affecting rural water supplies, such as socioeconomic 

status (US Environmental Protection Agency, 1984; Evans and Kantrowitz, 2002). Previous studies have 

also investigated the relationship among education, private well water stewardship and poor outcomes 

including lack of well disinfection, testing and maintenance (Kreutzwiser et al., 2010, 2011). 

Additionally, physical well attributes could be a factor as previous studies show that poorly constructed, 

shallower and older wells are most susceptible to contamination (Goss et al., 1998; Kreutzwiser et al., 

2010; Hynds et al., 2012; Allevi et al., 2013; Swistock et al., 2013). Land use has also been implicated, 

especially with chemical and microbiological contaminants from agricultural runoff (Goss et al., 1998; 

Rudolph et al., 1998; Benson et al., 2006; Allevi et al., 2013). Consequently, any of these factors may 

contribute to the clusters observed in this study. 
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Four distinct smaller cluster regions were also detected, which showed temporal shift and which 

were not represented every year. This movement and variation of contamination may be attributed to the 

presence of variable factors, for example precipitation, whose effect would be accentuated by the 

underlying geology. Since weather events tend to be localized, the cluster patterns observed may be 

related to the precipitation severity and location for a given year. Other studies have shown that heavy 

rainfall, when combined with porous underlying geology have adverse groundwater effects (Arnade, 

1999; Curriero et al., 2001; Bacci and Chapman, 2011; Hynds et al., 2012; Swistock et al., 2013). All of 

the regions identified can be targeted for public health initiatives and interventions to reduce the potential 

human health risk consequent to drinking well water contamination. 

This study found three other major clusters (one located in Niagara and two in the Bruce 

Peninsula) for the southern Ontario region in 2012 in addition to the regional HPEC cluster. A fourth area 

of two clusters also existed near the Ottawa area; however, these clusters were significantly smaller and 

had P- values several orders of magnitude higher than the rest. A limitation of the provincial analysis was 

the use of a single year of data. However, our results corroborate a previous spatial analysis study 

performed on tap water from cattle milk houses in southern Ontario (Perkins et al., 2009) where the same 

three primary cluster regions (Niagara, HPEC and Bruce Peninsula) were observed. The milk house study 

was conducted between 2003 and 2004 and used a different sample type (Perkins, 2006), which further 

strengthens these findings. A map comparing the clusters detected by this study and the milk house study 

can be found in Fig. 3.6. The provincial results further implicate stable contributing factors to E. coli 

contamination of rural water supplies. Defining E. coli contamination patterns at a finer scale for the rest 

of southern Ontario could better inform public health and policy agencies enabling direct interventions 

such as proper well stewardship, education and surveying. 

The water submissions used by this study were a convenience sample and as such some of the 

samples may have not originated from private well sources, but rather from municipal sources or surface  
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Figure 3.6 Comparison between provincial 2012 data and Perkins’ (2006) Southern Ontario data on 

E. coli contamination in milk house water from 2003-2004. 

Orange - our study 2012 data; Grey - Perkins 2003-2004 data. 

 

water. Additionally, some of the samples may be from well systems with private treatment systems. 

However, given the magnitude of the sample size, this should not have a significant impact on the results 

found and both municipal and treated well water would favour the null hypothesis (Uhlmann et al., 2009). 

A spatial scan statistic was appropriately applied to this study given that it is able to utilize point-

level data. Other area-based measures of spatial association, such as local indicators of spatial association 

(LISA), require aggregating the point-level data, which would incur a loss of spatial precision and 

therefore have less power to detect clusters of contaminated wells. Furthermore, as demonstrated by Song 

and Kulldorff (2003), the spatial scan statistic has detection power comparable to Besag-Newell’s R and 

Cuzick-Edwards’ k-NN tests, but the power of those tests is highly dependent on the choice of parameter 
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values and perform well when the size or scale of clustering is known. In this exploratory study, we had 

no a priori hypotheses about the scale of spatial clustering, and therefore these tests would have been 

inappropriate. A limitation of the spatial analysis software utilized was the circular scanning window as it 

is possible that clusters exist, which cannot be detected using a circular contour. However the use of a 

range of sizes of scanning windows minimizes this risk (Chen et al., 2008). Furthermore, while non-

circular algorithms have been developed they were not feasible to apply in this case due to the magnitude 

of data. For example, Tango and Takahashi (2005) developed a flexibly shaped scan statistic, but noted 

that it had limited power of detection, was unable to identify secondary clusters, and was only appropriate 

for small to moderate cluster sizes. Therefore a circular scanning window was deemed sufficient, as the 

objective for this study was to identify “hotspots” of contamination. Further studies will be undertaken to 

more definitively delineate the boundaries of identified patterns of contamination now that the circular 

scan statistic has revealed the major regions of concern. 

One of the many strengths of the study was the high match rate achieved by the unique geocoding 

process. Rural large-scale investigations at the address level are infrequent given the labour intensive 

nature of the geocoding processes involved. Rural addresses are complicated and multifaceted especially 

in North America where major changes to address systems are underway (Goldberg, 2008). This study 

successfully geocoded 90,149 private well water addresses to 30,687 unique locations out of 107,547 

private well water submissions for the 2008 - 2012 time period obtaining a match rate of 84%. 

The consumption of compromised water is a global threat to human health (Furtado et al., 1998; 

Raina et al., 1999; Macler and Merkle, 2000; Corkal et al., 2004). This paper demonstrates that 5.2% of 

wells tested in southern Ontario in 2012 had at least one E. coli - positive result. Protecting rural 

populations (30% of Canada) from water-borne illness requires a prior knowledge of at risk regions. The 

findings of this study substantially extend the current private well water research both nationally and 

globally by demonstrating the presence of E. coli contamination hotspots. Furthermore, the 
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methodologies used in this study can be applied to any region where private well water sources are 

prevalent. For example, in the United States alone, private wells supply drinking water to 13 million 

households (United States Census Bureau, 2010) and in Ireland, 17% of the population rely on private 

groundwater sources (Hynds et al., 2012). 

Generally, public health spatial analysis studies have utilized single time frames (Odoi et al., 

2004; Green et al., 2006). A study by Pearl et al. (2006), noted the importance of differentiating between 

time periods to track any contamination patterns and elucidate underlying causes. This study spatially 

analyzed the regional dataset individually by year and compared results across the 5-year time frame. 

Therefore we identified both spatially stable and variable clusters that assist with future proactive 

investigations into possible contributing factors to fecal contamination of private well water sources with 

the hope that preventive strategies can be discovered and applied. 

3.6 Conclusion 

We have demonstrated the existence and extent of a persistent drinking water quality issue in 

southern and southeastern Ontario that suggests the presence of underlying factors. The spatial analytics 

applied here cannot reveal the specific primary and contributing mechanisms of E. coli contamination, but 

can provide the groundwork for future investigation. 
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Chapter 4 

Microbial source tracking and spatial analysis of E. coli contaminated private 

well waters in southeastern Ontario. 

4.1 Abstract 

Private water supplies, which are the primary source of drinking water for rural communities in 

developed countries, are at risk of becoming fecally contaminated. It is important to identify the source of 

contamination in order to better understand and address this human health risk. Microbial source tracking 

methods using human, bovine and general Bacteroidales markers were performed on 716 well water 

samples from southeastern Ontario, which had previously tested positive for E. coli. The results were then 

geospatially analyzed in order to elucidate contamination patterns. Markers for human feces were found 

in nearly half (49%) of all samples tested, and a statistically significant spatial cluster was observed. A 

quarter of the samples tested positive for only general Bacteroidales markers (25.7%) and relatively few 

bovine specific marker positives (12.6%) were found. These findings are fundamental to the 

understanding of pathogen dynamics and risk in the context of drinking well water and will inform future 

research regarding host-specific pathogens in private well water samples.  

4.2 Introduction 

Waterborne pathogens remain a leading cause of morbidity and mortality globally. While urban 

populations in the developed world generally have access to regulated public drinking water sources, rural 

populations in these countries often remain dependent on private supplies leaving them at an increased 

risk for gastrointestinal (GI) illness. Microbiological contamination of private drinking water wells has 

been demonstrated in many countries including Ireland, England and Wales, Norway, the United States, 

and Canada (Hynds et al. 2012; Smith et al. 2006; Hanne et al. 2010; Allevi et al. 2013; Raina et al. 

1998). Pathogens typically found in water supplies are those that are transmitted through the fecal-oral 

route (Simpson 2004). 
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Escherichia coli (E. coli) has been used as fecal indicator bacteria, since the early 1900s, to 

identify contaminated water sources, as they are a normal inhabitant of the GI tract and found in most 

mammals, including humans, livestock and wildlife (Klein & Houston 1898). Although the presence of E. 

coli is considered to be an effective indicator of fecal contamination in drinking water, it does not reveal 

any information about the fecal source (Okabe et al. 2007). Microbial source tracking (MST) methods 

have been recently developed, and successfully applied to address this limitation. MST methods fall into 

two general categories: library dependent and independent, the latter of which relies on source-specific 

targets (Hagedorn et al. 2011). In order for MST to be effective, it is crucial that the targeted gene 

sequences are only present in feces of hosts under investigation. The 16S rRNA gene is a frequently 

selected bacterial target for library independent MST as it is highly conserved and therefore host specific 

and detectable in diluted quantities (Shanks et al. 2008).   The order Bacteroidales is the most widely used 

microbial source marker, because it is easily detected in environmental waters due to its great fecal 

abundance.  Furthermore, high host-specificity, strict anaerobic physiology, regional stability and direct 

analytic capability with PCR make this marker a prime candidate for microbial source tracking studies 

(Kirs et al. 2011).  Recently, Lee et al. (2010) developed a quantitative TaqMan real-time PCR assay 

using the 16S rRNA genetic markers of Bacteroidales; the assay successfully detected fecal pollution 

sources from human and bovine hosts. Bacteroidales MST methods have been utilized in freshwaters such 

as river watersheds, creek watersheds and alpine karst spring catchments (Hagedorn et al. 2011).  

Furthermore, microbial source tracking methods can aid with identifying the origin of 

contaminant(s), especially when combined with Geographic Information System (GIS) tools. The use of 

molecular techniques, alongside GIS, has previously allowed researchers to characterize water pollution 

sources.  Peed et al. (2011) traced point sources of human fecal pollution to septic systems following 

increases in seasonal precipitation. Patterns and, in turn, possible contributing factors, can be identified 

through spatial cluster analysis; for example, a study by Odoi et al. (2004) used spatial scan statistics to 

investigate possible clusters of giardiasis in southern Ontario. 
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This study investigated a region that includes four Public Health Units (PHUs) in southeastern 

Ontario, where bacteriological analysis of private well drinking water is available to all well owners 

through Public Health Ontario (PHO). This region has a 47% rural population (in comparison to 14.4% 

for the province of Ontario) (Statistics Canada, 2013). Properties with private wells, which lack access to 

municipal services (drinking water provision and wastewater treatment), were targeted in this study. 

The overall goal of this study was to characterize the source of fecal contamination in private 

drinking water wells in southeastern Ontario in order to assess the risk of host-specific pathogens, and to 

establish a knowledge base for identifying potential origins of contamination. The two major objectives 

were to: (1) determine the host-specificity of fecal contamination through the application of microbial 

source tracking; and (2) investigate possible geospatial patterns of host-specific contamination. 

4.3 Methods 

4.3.1 Sample collection and DNA extraction 

This study was comprised of private well water samples that were submitted for bacteriological 

analysis in 2012 to a single PHO laboratory. The well water was collected by well owners in 200 mL 

bottles containing sodium thiosulfate, which quenches possible chlorine inhibition. 100 mL of the sample 

was filtered using a 0.45 μm pore sized mixed cellulose esters filter (Millipore Billerica, MA) and partial 

vacuum. Each filter was placed on a differential coliform medium with 5-bromo-4-chloro-3-indolyl-D-

glucuronide (BCIG), incubated for 24 hrs +/- 2 hrs at 35oC, and the number of E. coli colony forming 

units (CFUs) were counted. When released into the medium via glucuronidase activity, BCIG is 

insoluble, accumulating within the cell, and colouring presumptive E. coli colonies blue (Ogden & Watt 

1991). Only presumptive E. coli positive submissions were included in this study.  Each presumptive E. 

coli positive sample underwent a second identical filtration step, using the remaining 100 mL of well 

water in the sample bottle. The filter was then rolled, placed in a cryovial and suspended in 2 mL of 

NucliSENS® easyMAG® Lysis buffer for 1 hour at 37°C. The DNA was extracted using an automated 
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NucliSENS® easyMAG® DNA extractor to a final volume of 60 μL and extracts were stored at -20oC. 

Filtration controls were obtained by filtering 100 mL of buffered water and applying the extraction 

procedure above. 

4.3.2 Real-time PCR assays 

Primer and probe sequences, designed for detecting host-specific Bacteroidales 16S rRNA 

genetic markers in environmental samples (Lee et al. 2010) and shown in Table 4.1, were used in this 

study. Three quantitative real-time PCR (qPCR) assays, described as BacHuman, BacBovine 1 and 

BacGeneral by Lee et al. (2010), were employed to determine the quantity of host-specific genetic 

markers present in well water samples using the ViiA™ 7 Real-Time PCR System. Specifically, each 

qPCR reaction contained 10 µL of extracted DNA, primers and probes (final concentrations of 500 nM 

and 176 nM, respectively) and PCR TaqMan® Environmental Mastermix 2.0 (Applied Biosystems, 

Carlsbad, CA) to a final volume of 25 μL. qPCR conditions were as follows: 2 min at 50°C and 10 min at 

95°C followed by 40 cycles of 15s at 95°C and 60s at 60°C for each cycle. Two types of negative controls 

were tested with each PCR run - a negative filtration control (described above) as well as a no template 

control, where TE buffer was added instead of DNA to the PCR mastermix.  Standard quantification 

plasmids for each assay were created using cloning methodology previously described by Lee et al. 

(2010) with one modification - a TOPO® TA Cloning® Kit with a PCR™ 2.1-TOPO® vector was used 

according to manufacturer instructions (Life Technologies, 2012, Carslbad, CA). The plasmids were 

screened for target marker presence using colony PCR, and a one-to-one vector-to-insert ratio was 

verified using vector/insert primers and end-point PCR. Products were verified using agarose gel 

electrophoresis. Seven plasmid standards were prepared for each assay as a ten-fold serial dilution 

(ranging from 6.5 to 6.5 X 106 gene copies per reaction) and tested in duplicate to confirm PCR efficiency 

and sensitivity for each assay using standard curves. A set of four standards (1, 3, 5 and 7 in duplicate) 
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was included with each PCR assay quantification. To identify a natural gene copy cut-off for the qPCR 

assay, at the level of the test, the numbers for each assay were visualized using histograms. 

Table 4.1 Sequences of primers and probes used for the detection of host specific Bacteroidales 16s 

rRNA genetic markers in this study. Developed by Lee et al. (2010).   

Assay 

Target 

Oligo name Oligo sequence (5' → 3') 

Tm 

(oC) 

BacGeneral† Order 

Bacteroidales 

BacGen-Fa CTGAGAGGAAGGTCCCCCAC 60 

BacGen-TPb AGCAGTGAGGAATATT 70 

BacGen-Rc CACGCTACTTGGCTGGTTCAG 60 

BacBovine 

1* 

Bovine-

Specific 

Bacteroidales 

BacBov-F1 AAGGATGAAGGTTCTATGGATTGTA

AA 

59 

BacBov-TP1 ATACGGGAATAAAACC 68 

BacBov-R1 GAGTTAGCCGATGCTTATTCATACG 59 

BacHuman* Human-

specific 

Bacteroidales 

BacHum-F CGCGGTAATACGGAGGATCC 59 

BacHum-TP AAGTTTGCGGCTCAAC 70 

BacHum-R CGCTACACCACGAATTCCG 59 

†VICTM 

*6-FAM 
aForward primer 
bTaqMan probe 
c Reverse primer 

 

4.3.3 Data preparation and analysis 

The entire data set for the study was comprised of the 716 presumptive E. coli positive samples 

that were tested using the qPCR assay. The following Bacteroidales statuses were assigned to each record 

in the data set based on established gene copy thresholds: negative for all Bacteroidales, positive for 

general Bacteroidales only,positive for human Bacteroidales, positive for bovine Bacteroidales, and 

positive for both human and bovine Bacteroidales. Addresses for these wells were provided at the time of 

water submission; geographical coordinates (geocodes) were obtained for these addresses using Google 

EarthTM version 5.1 (Google Inc., Mountain View, CA), ArcGIS version 10.0 (ESRI Inc., Redlands, CA) 

and LIOcoder (a service provided by the Ontario Ministry of Natural Resources) (Ontario Ministry of 

Natural Resources, Peterborough, ON). Geocodes were not available for all addresses due to insufficient 



 

42 

 

information provided by the submitter or the address not existing in any of the geocode databases used. 

Geocodes were obtained for 584 samples (82% geocoding rate).  

In some instances, multiple samples were submitted (and tested) for a single well location; there 

were 208 samples that represented 78 distinct locations (defined by identical geocoordinates); in these 

cases a positive/negative status was manually determined for each of human, bovine and general 

Bacteroidales using the previously established gene copy threshold. Where both positives and negative 

results existed for a single location, one status was manually assigned taking into account the number of 

positives and negatives along with the gene copy range. An additional analysis was performed to ensure 

no bias was introduced during the manual process, where all locations with multiple submitted samples 

were removed. In total, there were 460 distinct geocoded locations. Of these, 456 were located within the 

established study region of Hastings & Prince Edward Counties (HPEC), Kingston, Frontenac and 

Lennox & Addington (KFL&A), Leeds Grenville & Lanark (LGL), and Eastern Ontario (EO); that is, 

four PHU regions in southeastern Ontario. These 456 comprised the geocoded data set.     

Spatial analysis was performed on the geocoded data set using SaTScanTM software version 9.1.1 

(M. Kuldorff and Information Management Service, Inc., Boston, MA).  Potential clusters of human and 

bovine specific contamination and general fecal contamination were investigated. Human and bovine 

cases also included instances where the sample tested positive for both human and bovine assays. The 

spatial scan statistic investigates the occurrence of clusters by using a circular window of variable radius 

that systematically moves across the map. The radius of the window varies from zero to a user-defined 

maximum limit, in this case 50%. Clusters are determined by comparing observed cases within the radius 

of the window to the number of expected cases, provided they are randomly distributed. The location and 

statistical significance (p-values) were determined by carrying out 999 Monte Carlo replications, using 

the Bernoulli distribution (Kuldorff 1997). A p-value greater than 0.05 was used for primary clusters for 

the rejection of the null hypothesis of no clusters. 
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Ethics approval for the study was obtained from the Queen’s University Health Sciences and 

Affiliated Teaching Hospitals Research Ethics Board in Kingston, Ontario, Canada.   

4.5 Results 

The PCR reaction efficiencies were 97.1%, 96.8% and 94.8% for the BacHuman, BacBovine 1 

and BacGeneral assays, respectively, with corresponding correlations (R2 > 0.99 for all assays) as shown 

in Figure 4.1. The detection sensitivity of each assay was 6.5 gene copies per reaction, which equates to 

1-2 cells since Bacteroidales species possess an average of 5.5 copies of the 16S rRNA gene per cell (Lee 

et al. 2009). The entire data set was used to generate histograms for the BacHuman, BacBovine 1 and 

BacGeneral assays (BacBovine 1 not shown) from which a natural cut-off value of 10 gene copies (per 

reaction) was selected for each marker (Figure 4.2).  The range of gene copies per 100 mL for each of the 

three markers was: 60 to 19,000,000 for BacGeneral, 60 to 2,300,000 for BacHuman and 60 to 180,000 

for BacBovine 1.   

 

 

Figure 4.1 Sequences of primers and probes used for the detection of host specific Bacteroidales 16s 

rRNA genetic markers in this study. Developed by Lee et al. (2010). 
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Figure 4.2 General and human Bacteroidales PCR assay gene copy number histograms (for the 

determination of positive cut-off values) 

 

Of the presumptive E. coli positive well water samples submitted and microbially source tracked  

 (the entire data set), 38.1% were designated positive for only human Bacteroidales, 25.7% for general 

Bacteroidales only 11.0% for both human and bovine Bacteroidales, and 1.5% for bovine Bacteroidales 

only. 23.6% of presumptive E. coli positive samples tested negative for all Bacteroidales assays. In all, 

49.2% of all samples tested positive for human Bacteroidales and 12.6% for bovine Bacteroidales, as seen 

in Figure 4.3. All samples that tested positive for human and/or bovine also tested positive for general, 

and thus other non-tested host species may also be present. Additionally, the figure displays these 

distributions stratified geographically by the 4 PHUs within the study region (the geocoded data set). 

HPEC had the highest percentage of human positives (53.6%) and the lowest percentage of all 

Bacteroidales assay negatives.  

The geographic distribution of geocoded samples can be found in Figure 4.4. Spatial cluster 

analysis revealed a significant cluster (p = 0.012) of human-sourced contamination located within the 

southern regions of the HPEC and KFL&A PHUs (latitude 44.043285 N, longitude 77.092273 W, radius  
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Figure 4.3 Distribution of microbial sources, overall and geographically stratified by PHU. 

 

38.08 km, log likelihood ratio 10.19) (also displayed in Figure 4.4). Fecal contamination in wells within 

this cluster was 1.52 times more likely to originate from human hosts than for wells outside of the cluster. 

No differences in cluster location, radius or statistical significance were observed during the analysis 

performed to ensure no bias. There were no significant clusters of bovine or general contamination 

identified from the spatial clustering analysis. 

4.6 Discussion 

This study is among the first worldwide to apply quantitative real-time PCR assays to microbially 

source track the fecal contamination present in private well water submissions, and the only study of its 

kind for Canada. A few factors were considered during qPCR assay selection.  First, geographic stability 

of independent MST methods is critical in widespread point source investigations, as genetic markers 

need to be highly conserved across the study region. The target sequences used here have demonstrated 

such stability across North America, as previously published by Lee et al. (2010). Second, the assays 

selected have previously demonstrated high target specificity and sensitivity. The use of gene copy  
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Figure 4.4 The study region (as defined by PHUs), the geographic distribution of tested samples and 

the statistically significant human Bacteroidales positives cluster.  

(Black wells within cluster; grey wells out of cluster). 

 

numbers as reportable units has been previously documented in watershed studies (Lee et al. 2012, Drozd 

et al. 2013).  It is essential to establish a gene copy threshold, which forms the basis for positive sample 

identification. Few qPCR MST studies describe this specific methodology in the context of the reportable 

range of the assay. For this investigation, natural cut-off values identified using histograms of gene copy 

numbers were used to define positives for each of the assays. The identified cut-offs (10 gene copies per 

reaction) were slightly higher than the PCR sensitivity for the three assays (6.5 gene copies per reaction); 

hence, the Bacteroidales positive definition was a conservative adjustment on the sensitivity of the test. 

The three ranges of gene copy values per 100 mL for Bacteroidales markers cannot be cross-compared 

with the literature as standardized ranges have not yet been established. 
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A human source was identified in the majority (49%) of contaminated private well water samples. 

This is in contrast to the only previous MST well water study (which was limited to 26 samples), where 

no samples tested positive for human-specific markers and only a single sample tested positive for general 

Bacteroidales markers (Allevi et al. 2013). Additionally, this study identified a significant spatial cluster 

of human-sourced fecal contamination in the southern portions of the HPEC and KFL&A PHUs. Human 

feces can contain pathogenic bacteria (e.g., Shigella and Salmonella), viruses (e.g., Hepatitis A and 

norovirus) and protozoa (e.g., Giardia lamblia and Cryptosporidium spp.) (Heymann 2008). Furthermore, 

research indicates private well water may be a source of transmission for many of these pathogens 

(Simpson 2004), resulting in a human health risk. For example, norovirus has been implicated as the most 

significant infectious pathogen in Norway’s groundwater (Hanne et al. 2010), and can maintain its 

infectivity for a minimum of 61 days and detectability for 3 years (Seitz et al. 2011). Rates of GI 

infectious outbreaks have been found to be 35 times higher in recipients of private water supplies in 

England and Wales (compared to public water supplies) (Smith et al. 2006) and enteric disease rates 5.2 

times higher for individuals living on land parcels serviced by private wells in British Columbia, Canada 

(compared to municipal groundwater systems) (Uhlmann et al. 2009).   

For the region studied, humans are the primary source of fecal contamination in compromised 

private wells. To address this human health risk, prevention strategies should be implemented at the 

origin of contamination (which first needs to be identified). Likely origins for human contamination may 

be private wastewater systems (i.e. septic systems) and/or nearby land application of municipal biosolids.   

Previous research has attributed private well water contamination to several septic system 

characteristics, including the distance between well and septic system.  Arnade (1999) demonstrated a 

directly proportional relationship between septic tank distance and fecal coliform concentration. A study 

by Hynds et al. (2012) found a significant association between septic tank location and thermotolerant 

coliform presence.  Conversely, Raina et al. (1998) described an inverse relationship between septic tank 
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distance and GI illness (associated with E. coli positive private wells), which may have occurred as a 

result of repeated exposure to nearby contamination enabling acquired immunity. Septic system density 

has also been implicated as a factor in private well water contamination.  A study by Bremer et al. (2012) 

demonstrated that the likelihood of pumping septic leachate is increased with septic system spatial 

density. High spatial concentrations of septic systems have also been linked to infectious diarrhea in 

children (Borchardt et al. 2003); however, holding tanks comprised a large portion of the septic systems 

in his analysis. The impact of density may explain the cluster of human-sourced contamination identified 

by our study.  Additionally, septic system leakage has been shown to be a contamination source for 

private wells. Borchardt et al. (2011) conducted a case study that tracked norovirus-containing septic 

waste from a code compliant septic system to a restaurant groundwater well. Given that our study area is 

rural, septic systems are prevalent and may be the contributing source of human fecal contamination, 

though further research is required to confirm this link.  

In Ontario, land application of biosolids (a potential source of human fecal contamination), with 

E. coli levels below two million CFU per gram of total solids dry weight, is acceptable practice (Ontario 

Ministry of Agriculture and Food 2012). Groundwater contamination associated with biosolids land 

application has been studied; notably, fractured bedrock and karstic regions have been implicated in 

providing the least protection from biosolids pathogens (Eisenburg et al. 2008, Viau et al. 2011). This has 

relevance to the results of this investigation, as the cluster region identified here, is located in an area 

comprised mainly of bedrock geology (Ontario Geological Survey 2010). Furthermore, land application 

of biosolids has been practiced in this region (City of Quinte West, personal communication, September 

24th, 2013).  

Testing for bovine fecal contamination is of particular significance given that cattle act as a 

reservoir for numerous pathogens including Shiga toxin-producing E. coli. In 2000, cattle-based 

agricultural runoff containing this bacterium contaminated a municipal groundwater well in Walkerton, 
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Ontario, and resulted in the deaths of seven individuals and over 2000 infections (Bruce-Grey-Owen 

Sound Health Unit 2000). In our study, only 12.6 % of the samples tested positive for bovine fecal 

contamination and no significant cluster was found. This low prevalence may be explained by the low 

cattle density within the study area (Statistics Canada 2011).  

Approximately one quarter (24%) of samples tested negative for all Bacteroidales assays. Given 

that all samples had tested presumptively positive for E. coli, non-fecal origins need to be considered. 

Fecally deposited E. coli has been shown to survive in the environment in matrices including soil and 

water (Ishii & Sadowsky 2008). This naturalized E. coli exhibits genetic differences from its animal GI 

origins (Byappanahalli et al. 2006, Ishii et al. 2006). Furthermore, a review by Ishii and Sadowsky (2008) 

affirmed that environmental E. coli can survive extensive freezing, and multiply within a wide range of 

temperatures (7.5 - 49oC) (Ishii & Sadowsky 2008). Additionally, a study by VanderZaag et al. (2010) 

documented the presence of naturalized E. coli populations in shallow groundwater in Canada. Therefore, 

naturalized E. coli populations may be contributing to private well water contamination.  

In addition, biofilms can exist within drinking well systems and may undergo bacterial 

separation, which can act as a source of contamination (Environmental Protection Agency 2002). The 

presence of infectious organisms originating from biofilms in drinking water systems has been 

documented and can include human and zoonotic pathogens (Environmental Protection Agency 2002). 

Given that a quarter of presumptive E. coli positives tested negative for Bacteroidales and multiple 

possible sources have been identified in the literature, further research is required to determine the source 

of these presumptive E. coli in private wells.  

The BacGeneral assay targets a conserved region for ten host species: feline, bovine, deer, canine, 

anserine, gull, equine, human, swine, and raccoon (Lee et al. 2010). A significant portion (25.7%) of 

samples tested positive exclusively for this assay, which implicates hosts other than human and bovine as 

possible contributors to the fecal contamination present in the well water samples. It is likely that no 
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cluster was observed for exclusive general marker positives because of the varied sources of 

contamination. MST qPCR assays have been developed targeting many of these host markers and can be 

applied to determine exact sources (Mieszkin et al. 2009; Hagedorn et al. 2011). Furthermore, it is 

important to note that the exclusive BacGeneral positives may actually be false negatives for the 

BacHuman and BacBovine 1 MST assays as a recent study by Arumugam et al. (2011) discovered that 

individuals fall into three main enterotypes (Bacteroides, Prevotella and Ruminococcus) based on their GI 

flora composition, with the latter two possessing reduced concentrations of species belonging to the order 

Bacteroidales. These findings were supported in a study by Drozd et al. (2013), where a human fecal 

sample tested negative for Bacteroidales markers. Similarly, the BacBovine 1 assay may also elicit false 

negative results, as rumen microbiota composition varies with diet and its genome sequencing is 

relatively new (Morgavi et al. 2013). Thus the actual number of positives for these host-specific assays 

may be underrepresented.  

The data presented here was collected for a one-year period; however, the distribution of 

positives among the microbial source tracking assays is consistent with unpublished data from 2013 

(collected for an alternate investigation, but which included the same study area). Furthermore, the spatial 

aspect of the significant cluster of human contamination is supported by a 2003-2004 E. coli cluster result 

from a study by Perkins et al. (2006), which tested rural tap water and implicated the same region. 

4.7 Conclusion 

This was the first study to combine microbial source tracking methods with geospatial analysis 

techniques to investigate private well water quality. We demonstrated that human feces were the primary 

contributor to private well water contamination in southeastern Ontario, with a statistically significant 

cluster of human contamination existing within the region. These findings will enable further research 

into the detection of human-specific pathogens, which are of public health concern. Furthermore, 



 

51 

 

establishing a human cluster region allows for future investigation into the origins of contamination and 

the targeting of public health interventions based on source and elevated risk.  
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Chapter 5 

Summary and Conclusions 

5.1 Summary of Research 

Investigating five years of private well water submission data for southeastern Ontario revealed a 

spatially stable cluster of contamination across all years. This large cluster area contained localized 

regions with increased risk for E. coli, which varied spatially by year, and was comprised of three distinct 

smaller regions. The temporal stability of these clusters incriminates a specific area within the 

southeastern study region; however, the contamination patterns observed at the local scale imply other 

seasonal factors may have an influence. The southern Ontario clusters observed for 2012 corroborate 

previously published results (Perkins et al., 2009) and together provide substantial evidence of persistent 

groundwater fecal contamination in three distinct regions. The seven-year gap between the two studies 

and their affiliated data sets, and the different water sample types examined, serve to strengthen this 

finding.  

The majority (49.2%) of fecal contamination among the 716 private well water samples that were 

tested was of human origin. As demonstrated by previously documented outbreaks, human fecal 

contamination has been linked to bacterial, protozoan and viral waterborne pathogens and, as such, 

drinking water contaminated with human feces may pose a serious health risk. Furthermore, a low 

prevalence of bovine-sourced fecal contamination was found (among these same 716 private well water 

samples). This finding is consistent with the low cattle density in the study area (as shown in Figure 5.1). 
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Figure 5.1 Map of Ontario cattle density superimposed with the three primary cluster regions. 

Black circles represent three major 2012 E. coli contamination clusters identified by thesis work.  

 

Approximately one quarter of presumptive E. coli positive private well water samples analyzed, 

tested positive for only the BacGeneral assay. This finding suggests that other hosts (cat, deer, dog, goose, 

gull, horse, pig and raccoon) may be contributing to the fecal contamination present in the samples. 

Another quarter of samples were negative for all MST assays suggesting that the presence of E. coli in 

private well water samples may indicate the existence of environmental E. coli populations.     

Overlapping the 2012 E. coli cluster from Chapter 3 and the BacHuman cluster from Chapter 4 

revealed a common region of human-sourced fecal contamination as shown in Figure 5.2.  This finding, 

using 2012 data, provides insight into the possible origins of the five-year temporally stable cluster of  
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Figure 5.2 Map of 2012 E. coli 50% cluster and BacHuman positives cluster 

Yellow dots are the 2012 E. coli 50% cluster as presented in Chapter 3, Figure 3.3. Black dots are the 

BacHuman cluster as presented in Chapter 4, Figure 4.4. 

 

fecal contamination observed in the southeastern Ontario region. The origin of this human fecal 

contamination may include septic tank leachate and/or be consequent to the application of municipal 

biosolids. 

5.2 Implications of Work 

5.2.1 Discussion of Tools 

Geospatial Analysis  
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As noted in Chapter 3, the application of a spatial scan statistic utilizing point-level data for the 

detection of clusters with elevated risk was successful. While other geospatial statistical methodologies 

exist, for example LISA, their use was either: not feasible due to the extensive computational 

requirements of the dataset; or inappropriate given that data aggregation would have been required. 

Aggregating the data would have undermined the analytical capabilities of the point-level data available 

that lacked a prior hypothesis regarding the cluster scale.  

Using a circular shaped scanning window limits insights into the actual geographic nature of the 

fecal contamination. Studies by Zhang et al (2009, 2013) revealed that schistosomiasis in Guichi, China 

was linked to a river. Although the circular scanning window statistic did reveal clusters of contamination 

associated with the river, the non-arbitrary analysis provided the actual shape of areas with higher disease 

rates. This suggests that the clusters identified in this research are valid, however likely exhibit varying 

geospatial morphology.  

MST 

This study is among the first to successfully employ MST methods to quantitatively investigate 

groundwater fecal contamination sources. The assays employed here utilized extremely small water 

quantities (100 mL) compared to those described in previous investigations, for example Krentz et al. 

(2013) used up to 10 L of water sample. Additionally, the assays identified samples that were distinctly 

human and bovine, indicating that more than one fecal contamination source can occur in private well 

water samples.   

Nearly one quarter of the results tested negative for all MST markers. While this may be 

explained by the existence of naturalized and/or biofilm associated E. coli populations in private wells, 

this negative finding may also be attributed to false presumptive E. coli positive samples, where no fecal 

contamination is actually present. Additionally, bacteria belonging to the order Bacteroidales are 
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fastidious, anaerobic organisms and have a much lower survival rate than E. coli in environmental waters 

(Balleste & Blanch, 2010; Tambalo et al., 2012). Given this, the negative MST results may also be false 

negatives. Finally, the small amount of water filtered may exhibit a combined negative effect with the 

limit of detection for the MST assays also yielding false negative results.     

5.2.2 Public Health Implications 

Primary Prevention - Source 

One of the major findings of this research identified a very specific geographic location of 

elevated risk for well water contamination derived from human feces within HPEC.  The high-risk region 

is comprised of relatively dense rural living (small hamlets not serviced by community water and 

wastewater systems), and consequently septic system density has been implicated as a factor in private 

well water contamination (Bremer & Harter, 2012). In Ontario, building codes regulate the construction 

of new septic systems while older non-compliant systems are existing-non-conforming (such systems are 

allowed to exist while not adhering to updated code regulations) (Government of Ontario, 1992). The 

elevated risk region found in this investigation was settled in the late 1700s (Prince Edward County 

Heritage Advisory Committee, 1999) thus the existence of older and/or abandoned private wells and 

septic systems is possible. Additionally, new code-compliant septic systems may also fail and 

contaminate groundwater aquifers when the underlying hydrogeology is not taken into consideration 

during site selection (Borchard et al., 2011). Prevention strategies may include active surveillance of 

septic systems, and mandatory septic system inspections. Furthermore, adding more stringent building 

code regulations should include information for optimal site criteria. Health promotion strategies focusing 

on stewardship of septic tank systems should be developed and implemented. The use of advanced 

molecular tools, for example sequencing, would enable tracking studies that link original contamination 

sources to well water. As such, potential relationships between contamination sources such as septic 

systems or biosolids and private well water related outbreaks or infections could be confirmed.   
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Secondary Prevention – Well Owner 

This study has identified regions with the greatest risk for presumptive E. coli contamination in 

private well water samples. Consequently, well owners residing in these regions need to be informed by 

appropriate public health organizations of this ongoing issue. In addition, many barriers may exist that 

prevent well owners from practicing proper well stewardship. These include socioeconomic status, 

whereby scarce funds may not be prioritized for well maintenance and disinfection, and/or proper well 

abandonment and new well construction. It is possible that some well owners are not aware of the 

resources available to them, including testing kits, stewardship programs and well safety promotional 

materials. Additionally, some owners may not exhibit any adverse symptoms from consuming their well 

water, and thus despite positive test results may believe they are safe based on personal experience 

(Kreutzwiser, 2010). The research presented here, in combination with additional datasets, will enable a 

risk factor investigation, which in turn may enable the development of a risk assessment tool for use by 

public health units in collaboration with private well owners. 

5.3 Future Work 

The findings of the work generate new research questions and may provide the basis for future 

investigations. The circular clusters revealed here will enable the use of a custom, flexibly-shaped scan 

statistic to obtain non-arbitrarily shaped contamination patterns of E. coli among private well water 

submissions. This undertaking was not feasible given the original data magnitude; however, targeting the 

identified smaller-scale areas may reveal the true spatial nature of E. coli contamination. Since 

contamination and risk factor patterns do not occur in arbitrary shapes, improving the geographic 

delineation of elevated risk regions is necessary for accurate downstream risk factor investigations. For 

example, contamination patterns may take on the shape of existing hydrogeological features or 

precipitation patterns for a given year.  
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Examining the relationship between private well water contamination patterns as observed in this 

research and possible contributing factors such as hydrogeology, well characteristics, land use and 

socioeconomic status using a Geographically Weighted Regression (GWR) model, may identify fecal 

contamination risk factors in southeastern Ontario. GWR is an appropriate modeling technique as it 

allows for the measurement and geographic representation of local spatial relationships. Given the 

potential localized nature of groundwater contamination, using a model that accounts for spatial 

variability becomes necessary.  

To determine the dominant source of fecal contamination, MST assays could be performed on 

private well water samples from the two additional elevated risk regions of Niagara and the Bruce 

Peninsula identified in this thesis. A high cattle density region (Figure 5.1), should also be targeted for 

two reasons: (1) to test the hypothesis that MST results for bovine markers from this region may be 

elevated due to possible higher agricultural run off from cattle farming, (2) to determine if private well 

water consumers are at a risk for a different or specific set of pathogens based on alternate sources of 

contamination. Future investigations may be performed to elucidate the presence of fecal contamination 

from other hosts in private well water samples that tested positive for the BacGeneral assay, but for 

neither human nor bovine sources, such as porcine, avian as well as wildlife or other domestic sources.  
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