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Abstract. Ensuring that water sources are safe by protecting them from disease causing organisms is
integral for the continued health of people as drinking contaminated water leads to waterborne diseases
which can be life-threatening. The purpose of this study is to examine small non-community drinking
water systems’ (SDWSs) operational characteristics and their relationships with adverse water quality
incidents (AWQIs) which is defined as presence of total coliforms and/or Escherichia coli. We explored
the relationship between operational characteristics of SDWSs and the occurrence of adverse water
quality outcomes using de-identified data provided by Wellington-Dufferin-Guelph Public Health,
Ontario. We examined the associations between water system operational characteristics and the adverse
water quality outcome using logistic regression models. The analyses results indicated that operator
training was associated with a lower risk for AWQI. None of the other predictors were significantly
associated with AWQI: treatment method, water source, operating period, or sampling frequency. Our
research concluded that the presence of operator training, an upstream behavioural determinant, is related
to the incidence of AWQIs in SDWSs in Ontario, Canada. The high percentage of SDWSs with no
treatment and lack of interest in testing for chemicals are potential areas of concern for ensuring the
provision of safe drinking water from these systems.

Keywords: waterborne diseases, small drinking water systems, safety, total coliforms, Escherichia coli,
operator training

Introduction

Behavioral influences on multi-user, non-household, public water systems have
been understudied in the developed world. The drinking water system, which includes
water source, treatment, distribution, and discharge requires the good use of
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technology and well-trained people to operate it. Several disease-causing organisms
and substances are transmitted by water. Ensuring that water sources are of good
quality and water treatment is done effectively are fundamental to protect the public’s
health (Coleman et al., 2013). In simple terms, drinking water is considered safe when
it does not contain pathogens or unsafe concentrations of toxic chemicals or
radioactive substances (MOE, 2006). Although approximately 15% of Canadians use
Small Non-Community Drinking Water Systems (SDWSs), more than 50% of the
waterborne outbreaks in Canada are associated with these systems (Pons et al., 2015).
This study aims to examine the SDWS operational characteristics and their
relationships with Adverse Water Quality Incidents (AWQIS).

There are several environmental determinants of water source contamination.
Water quality degrades during extreme weather events such as drought and heavy
rainfall, which consequently increases the risk for adverse health outcomes in affected
communities (Delpla et al., 2009). According to O'Dwyer et al. (2014), aquifer type
and rainfall amount impact the vulnerability of groundwater sources. Collins et al.
(2005) and Park et al. (2014) also identify a correlation between the increased rainfall
amount and the presence of Escherichia coli (Migula, 1895) in water sources (surface
and/or ground water). Another significant cause of ground water contamination with
total coliform and E. coli is industrial activities such as mining operations (Armah,
2014) and livestock or non-point sources. Total coliform bacteria include several soil
bacteria and are not likely to cause illness, but their presence indicates that the water
system may be prone to contamination, whilst E. coli is commonly found in the
intestines of mammals, including humans (Armah, 2014). The genera that belongs to
coliforms include several organisms including Citrobacter, Enterobacter, Klebsiella
(Harwood et al., 1999).

Rizak et al. (2003) note that water source contamination should be addressed using
a holistic approach. In addition to environmental effects, social and behavioral
characteristics play significant roles in water contamination that cause waterborne
human disease outbreaks (Heymann, 2005). Social and behavioral factors underpinned
by complacency contributed to the Walkerton tragedy in Ontario, Canada in May 2000
when Escherichia coli O157:H7 entered the water system and led to the deaths of
seven people and made over 2300 people ill (Huck et al., 2003). Hrudey and Hrudey
(2007) analyzed the cause of 74 recent waterborne outbreaks across the world and
identified the major contributing factors to these incidents as insufficient source water
knowledge, lack of disinfection, and operational deficiencies, which suggests that
adequate operator training could have potentially prevented these outbreaks. Ercumen
et al. (2014) examine the correlation between water distribution systems and
gastrointestinal illnesses and conclude that operational deficiencies result in
significant increase of gastrointestinal illnesses among users. According to Craun et
al. (2001) distribution system issues not addressed by the operators are the leading
cause of waterborne outbreaks. In other words, ‘the environment’ or water source is
not the major contributing factor, it is human and technological deficiencies. Pons et
al. (2015) notes that etiology was not identified in more than half of the reported
waterborne outbreaks in Canada and the United States between 1970 and 2014 whilst,
Giardia intestinalis was the most commonly identified pathogen followed by
Norovirus and Campylobacter jejuni respectively. Enhanced reporting and
identification of waterborne outbreaks would contribute to the explanation of the
region’s general characteristics and initiate strategies to prevent future occurrences.
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Climate change will impact the operations of SDWSs significantly with reduced
water quality and availability (Grover, 2012). Frequent extreme weather events
will result in increased number of waterborne outbreaks (Thomas et al., 2006;
Cann et al., 2013). The operators and users of SDWSs will be unjustly affected as
these systems have lower adaptive capacity and high vulnerability than
Community Drinking Water Systems (CDWSs) (Cann et al., 2013). Social
dimensions of SDWS operation should be examined to address current and
emerging issues for the provision of safe drinking water.

The operator training in SDWSs can be considered an upstream behavioural
determinant (Gehlert et al., 2008; Williams et al., 2008) within the context of
environmental and societal factors. Dreibelbis et al. (2013) argue that behaviour
change underpins enhanced water safety practices at individual, community and
structural levels.

Most of the research and regulatory attention has been placed on industrial and
municipal water systems because of their size and potential health risks in the event of
inadequate treatment. SDWSs are defined as systems that make drinking water
available to the public and are not connected to a CDWS (MOHLTC, 2015). SDWSs
potentially fall through the regulatory cracks in Ontario and elsewhere as either they
are not regulated or their regulatory requirements are considerably less stringent.
Relative to urban water users, these factors could contribute to a greater potential risk
faced by users of SDWSs. Furthermore, the number of people experiencing
waterborne illnesses from SDWSs is predicted to be significantly higher than the
documented cases since there is no national waterborne illness surveillance system
(Schuster et al., 2005; Wilson et al., 2009).

Therefore, there is a substantial need to better understand their weaknesses and
strengths. With many of them facing significant challenges for the provision of
safe drinking water, it is estimated that 20% of Ontarians use over 9000 SDWSs
across the province (Pons et al., 2014; Pons et al., 2015). If we consider transient
populations such as travelers, the number of SDWSs users is considerably higher
than the initial estimates.

Pons et al. (2015) reviewed the waterborne disease outbreaks in SDWSs in the
United States and Canada between 1970 and 2014, and concluded that untreated and
inadequately treated water systems have been the leading cause of these outbreaks.
Less is understood about the predictors of this inadequacy of treatment. Our study
looks at a wider set of factors, so-called upstream behavioral determinants, that may
be related to AWQIs. We seek to fill a knowledge gap concerning the relationship of
SDWS operational characteristics and the provision of safe drinking water. The
purpose of this study is to examine the SDWS operational characteristics and their
relationships with AWQIs.

AWQIs are documented when a water sample test result does not meet the
regulatory standards indicated for that test or the water system may not be able to
supply safe drinking water (MOHLTC, 2009). Although the Ministry of Health and
Long-Term Care (MOHLTC) identifies 11 conditions for an AWQI, the detection
of total coliforms and/or E. coli constitutes the significant majority of these
incidents (MOHLTC, 2009). Locas et al. (2008) examine the ground water quality
in three Canadian provinces and conclude that sampling for total coliforms and E.
coli is the best approach to assessing the bacteriological quality of drinking water.
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In Ontario, the detection of total coliforms or E. coli at any level in water sample
constitutes an AWQI.

SDWSs are mandated by the MOHLTC to meet similar water safety standards with
larger municipal CDWSs. The regulatory oversight of SDWSs was transferred from the
Ministry of the Environment (MOE) to local health units under the MOHLTC in 2008.
The Health Protection and Promotion Act (HPPA) regulates SDWSs, while the Safe
Drinking Water Act provides legal oversight for CDWSs.

Five categories of SDWSs are: (1) Large municipal non-residential drinking water
systems such as recreational facilities, (2) Small municipal non-residential drinking
water systems, community centres and libraries, (3) Non-municipal seasonal residential
drinking water systems such as privately owned cottages on communal system, (4)
Large non-municipal non-residential drinking water systems such as motels, and (5)
Small non-municipal non-residential drinking water systems such as restaurants and
churches (MOHLTC, 2015). Ontario Regulation 319 (Small Drinking Water Systems)
established under the HPPA regulates SDWSs making the owners of these systems
legally responsible for complying with the requirements (MOHLTC, 2015).

There are 36 health units in Ontario, and 29 of these health units are located in
Southern Ontario. The study region is the health unit of Wellington-Dufferin-Guelph
Public Health (WDGPH) which includes Wellington and Dufferin Counties and the City
of Guelph. This region, centrally located in Southern Ontario, has 98% rural, and 2%
urban area with 229 SDWSs (WDGPH, 2016). We examined the operational
characteristics of the 229 systems in this region with respect to experiencing AWQIs
defined as an above guideline, positive test for total coliform and/or E. coli. The
incidence of water-borne illness within the WDGPH jurisdiction has not been studied.

The objective of our study was to explore the relationship between characteristics of
the water systems and the presence of the adverse outcome with total coliforms and/or
E. coli between the years 2010 and 2015. We hypothesized that the presence or absence
of AWQI can be predicted by whether the SDWS operator had received formal operator
training or not after adjusting for water source (ground water, surface water or other),
treatment method (UV, chlorination, combination of the two, or none), operating period
(seasonal, year round) and sampling frequency.

Methods
Data

The data used for this study is a mixture of the outcome variable (presence of
AWQIs with total coliforms and/or E. coli between 2010 and 2015), behavioral
(operator training) and non-behavioral predictors (the location of the water system,
water source, treatment method of the water system, operating period and sampling
frequency) with 229 data points. As a result, the de-identified data employed in this
study included information on characteristics of the water systems and operations as
well as the presence of AWQIs with total coliforms and/or E. coli. Public Health
Inspectors from WDGPH collected the data between January 2010 and December 2015.
The information included the name, location and contact information of the water
system, any positive total coliforms and/or E. coli water test results (AWQIs) between
2010 and 2015; water source (ground water or surface water); treatment method
(Ultraviolet [UV], Chlorinator, UV and Chlorinator, or no treatment); operation period
(seasonal or year round operation); operator training as present or absent (whether the
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SDWS operator had received formal operator training or not); and sampling frequency
per calendar year (number of samples in a calendar year) from 229 SDWSs in the
region. Figure 1 depicts the AWQIs on the dot distribution map in Wellington-Dufferin-
Guelph region.
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Figure 1. Map of AWQIs in Wellington-Dufferin-Guelph Region

Analysis Plan

The overall analysis strategy compared those with and without AWQIs. We planned
to detect important patterns in all individual variables as well as the relationship
between predictors and AWQI in both bivariate and more rigorous regression analyses.
We started with descriptive statistics and provided a mean and standard deviation for
our only discrete numerical variable (count data) which was sampling frequency.
Frequencies and percentages were provided for categorical variables: water source
(ground water or surface water, or other), treatment method (UV, chlorination, UV and
chlorination, or none), operator training (present or absent) and operating period
(seasonal or year around).

Two-sample t tests were used to compare mean differences between the groups (in
those with and without an adverse water quality incident outcome) for sampling
frequency with a student t-test. The Pearson chi-square test was employed to compare
the distribution of categorical variables (water treatment, operating period, and operator
training) in those with and without an AWQI. If the Pearson chi-square test assumption
was violated (at least 80% of the expected counts are equal or greater than 5), we
employed the Fisher’s exact test as a substitute for the Pearson chi-square test when the
expected counts were less.
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We tested pair-wise correlations between predictor variables using the Pearson
correlation coefficient (r). We planned to remove the variable with lesser importance if r
was greater than 0.80 for 2 predictors. The linear regression model was used to generate
collinearity statistics. Tolerance and variance inflation factor (VIF) were used to test the
assumption. Values less than 10 for VIF, and more than 0.1 for tolerance were
considered violations. All the values were below the limits for r and VIF.

We also examined the associations between our outcome variable (AWQI) and all of
the predictors (water source, treatment method, operating period, operator training and
sampling frequency) using the logistic regression models in our inferential statistical
analysis. We dichotomized the outcome into positive and negative adverse event which
was defined by the MOHLTC (2009) guideline. Our logistic regression models explored
the relationship between characteristics of the water systems (i.e. operator training,
operating period, treatment, water source and sampling frequency) and the presence of
the adverse outcome with total coliforms and/or E. coli in the past six years. The
hypothesis of “the presence or absence of AWQI can be predicted by whether the
SDWS operator had received formal operator training or not after adjusting for water
source (ground water, surface water or other), treatment method (UV, chlorination,
combination of the two, or none), operating period (seasonal, year round) and sampling
frequency” was tested in the study sample. We reported odds ratios with 95%
confidence intervals (CI).

Two-sided tests were employed with a significance level of 0.05 in our final model.
All data analyses were performed using Stata (StataCorp., 2013). We also visually
examined the map to verify the existence of clustering in data points.

Results

This study included 229 SDWSs from WDGPH. Two of the systems were eliminated
from the data due to missing data (the sampling frequency was missing) and 18 SDWSs
were posted®. As a result, we included a total of 209 water systems in our final analysis.
The WDGPH data showed only two systems tested for chemical parameters.

Overall, a total of 165 water systems (79%) did not have operator training whereas
44 (21%) had operator training. Table 1 shows the characteristics of water systems
divided by the presence of AWQIs. The group which had AWQIs had lower frequency
of operator training as compared to the group without an AWQI (P=0.02, Table 1). We
also examined the associations between operating period and AWQIs using the Pearson
Chi-square test. The frequency was not significantly different between the groups (P:
0.71). Likewise, the associations between presence of treatment, water source and
sampling frequency with AWQIs were not statistically significant (P=0.47, P=0.32,
P=0.48) (Table 1).

The distribution of water systems by treatment is depicted in Figure 2. A total of 59
(27%) water systems did not use any treatment systems while 128 (61%) employed UV
to treat water. Sampling frequency ranged from 0 to 26 (Figure 2). The significant
majority of the water systems (n=207, 99%) had ground water source while only two
water systems had surface water.

! When a Small Drinking Water System is posted, the system owner is required to post signage regarding
the public’s access/consumption of water and the system is considered exempt from the operational
requirements such as sampling, treatment and operator training (MOHLTC, 2015).
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Table 1. Characteristics of water systems divided by the presence of AWQI

. AWQI No AWQI
Variables (n=68, 33%) (n=141, 67%) P value
Sampling frequency;
mean (SD) 4.32 (3.3) 3.97 (3.3) 0.48
Presence of treatment
Any treatment; n (%) 51 (75%) 99 (70%) 0.47
No treatment; n (%) 17 (25%) 42 (30%)
Treatment method
Chiorinated: n (%) 17 (25%) 42 (25%)
v iGN )
. 0 0
((;:)V and chlorinated; n 2 (2%) 9 (6%)
Operating period
Seasonal; n (%) 18 34 0.71
Year around; n (%) 50 107
Operator training
Positive; n (%) 8 (11%) 36 (25%) 0.02
Negative; n (%) 60 (88%) 105 (74%)
Water source
Ground water; n (%) 68 (100%) 139 (98%) 0.32
Surface water; n (%) 0 (0%) 2 (2%)

Note: Significant values are in bold with significance level of 0.05; AWQI: Adverse Water Quality

Incident; SD: standard deviation

AWQI absent

100
|

Frequency
50
|

‘Operator training present

Figure 2. The Distribution of Water System by Operator training and adverse water quality

Operator training absent
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AWQI present

Operator training present
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To conclude, the results of the multivariate analyses indicated that operator training
was associated with a lower risk for AWQI (OR= 0.38, 95% CI=0.16 to 0.89, P=0.02)
(Table 2). The treatment method, operating period and sampling frequency did not
indicate statistically significant results (Table 2).

Table 2. Summary of our logistic models for AWQIs

Variable C)Eéf‘igg(?/ffg;"t%
Seasonality 1.13 (0.58 to 2.19); 0.37
Sampling frequency 1.02 (0.94 to 1.11); 0.49
Treatment 1.27 (0.65 to 2.45); 0.72
Operator training 0.38 (0.16 to 0.89); 0.02
Treatment (3 categories) 1.12 (0.82 to 1.52); 0.73

ClI: confidence interval; OR: odds ratio

Discussion

The findings support the idea that upstream behavioral determinants, specifically
operator training, plays an integral role in the provision of safe drinking water in
SDWSs. The summary of our findings are as follows: (1) the SDWSs with trained
operators were significantly less likely to have an AWQI; (2) there was not a significant
association between AWQIs and treatment method, operating period or sampling
frequency. (3) the distribution of treatment methods was as follows: 61% of SDWSs
used a UV treatment system (n=127); 28% of SDWSs did not use any treatment (n=59);
6% used chlorination (n=12); and 5% used a combination of chlorination and UV
treatment system (n=11); (4) 1% of the SDWSs conducted chemical tests (n=2) while
99% of the SDWSs did not conduct chemical tests (n=207).

The findings about the operator training suggest the presence of trained operators in
SDWSs significantly associated with the possibility of experiencing AWQIs. Review of
the causes of recent waterborne disease outbreaks shows that meeting the regulatory
water quality parameters alone is not sufficient to safely operate a drinking water
system (Rizak et al., 2013). It is also fundamental to note that the lack of a robust
surveillance system results in underreporting of waterborne disease outbreaks in
SDWSs (Schuster et al., 2005; Wilson et al., 2009) which consequently hinders the
development of interventions to increase the safety net for these systems. Xie et al.
(1999) argue that small water systems face challenges to meet the regulatory
requirements and operator training is essential to increase these systems’ capacity to
meet the regulations. According to Murphy et al. (2015), both owners and operators
should receive water system training so that they can have a better understanding of the
challenges for the provision of safe drinking water. Upstream determinants are
fundamental parts of the social environment where individual differences in expression
of feelings, thoughts and activities are shaped (Gehlert et al., 2008). The focus on
operator training can be a viable intervention to address upstream behavioral
determinants. Preventing illnesses by establishing mechanisms to increase the
percentage of operators properly trained in SDSWs, supports the efforts to reduce health
disparities (Williams et al. 2008).
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The Walkerton outbreak was a stark reminder the importance of operator training for
the provision of safe drinking water. One of the major findings of the Walkerton tragedy
was the complacency of the trained water system operators (Huck et al., 2003) where
corrective action procedures were not diligently carried out prior to the outbreak. The
operator training should be coupled with a better understanding of the consequences of
not adequately responding to AWQIs. The Multiple-Barrier Approach (MBA) is an
integrative risk management approach to water safety from source to tap. Baird et al.
(2013) (as cited in Canadian Council of Ministers of the Environment, 2004, 16)
explains the MBA as “an integrated system of procedures, processes and tools that
collectively prevent or reduce the contamination of drinking water from source to tap in
order to reduce risks to public health” (p.122). Water system operator training and
establishing safety measures from source to tap are fundamental steps for the provision
of safe drinking water.

Parr (2005) examined the societal effects and government approach to operator
training just before the Walkerton outbreak and argues that the lack of consistency in
training was a contributing factor to the outbreak. Training opportunities supported by
the regulatory agencies assist SDWS owners and operators to enhance their
capabilities for building and applying knowledge, which in return results in safer
operations of these systems.

Over a quarter of the SDWSs in the Wellington-Dufferin-Guelph region operate with
no treatment, yet a SDWS with no treatment system might be prone to contamination
from external sources. Pons et al. (2015) reported that having no treatment system is one
of the leading causes of outbreaks in SDWSs. Edwards et al. (2012) examined the safe
operation characteristics of small commercial water systems in British Columbia, Canada,
and concluded that the lack of a treatment system and water source vulnerability are
among factors causing adverse conditions in SDWSs. Schuster et al. (2005) also identified
treatment system failure along with inadequate operational practices as leading causes of
waterborne outbreaks. The source water protection planning in Ontario does not include
SDWSs therefore there is no enhanced safety net for these systems. Health risks of
consuming water from an unprotected source are considerably high compared to a
protected water source (Davies and Mazumder, 2003). The effects of climate change in
the region, which include frequent extreme weather events, might put stress on the safety
of the water sources. Thomas et al. (2006) and Cann et al. (2013) identify a correlation
between increased amount of rainfall and waterborne disease outbreaks in Canada.
SDWSs may not have sufficient resources and capacity to eliminate the adverse effects of
extreme weather events which puts the safety of drinking water at risk. Dow et al. (2007)
investigate the perceptions of water system managers about climate change effects and
identify water quality, financial impact and scarcity of supply as major concerns. Source
water protection is an integral step to protect SDWSs from impacts of climate change.
Furthermore, complimentary strategies for source water protection, such as shoreline
stewardship and groundwater sales policies, may become increasingly important in
ensuring the safety of SDWS and CDWS alike.

The findings concerning treatment method were expected given that all of the
technologies used are well understood. UV was the most commonly used water
treatment method among SDWSs. UV treatment has been in the market for over 30
years but has gained popularity in the past decade (Corfield, 2015). In addition to
treating microbiological contaminants, UV systems are effective on chlorine resistant
species such as Giardia parasite and are therefore considered a viable option to enhance
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water quality (Corfield, 2015). Although UV treatment does not affect water properties
such as chemistry and taste, the regular maintenance of the system is fundamental to
maintain a safe operation (McClean, 2008). The widespread use of UV treatment in
SDWSs reminds how essential the training component is for the provision of safe
drinking water.

The findings about a lack of chemical testing are concerning. Chemical testing is an
integral step to investigate potential threats to the water source which can be naturally
occurring or human-made. Our dataset showed that only 1% of the SDWSs had
conducted chemical tests to understand the chemical composition of their water sources.
Chemical contaminants in drinking water might cause several illnesses with serious and
long-term health effects (Barrett, 2014). A study examining chemicals in water from
6013 private wells over a 12 month-period concluded that over 25% of the wells
exceeded the acceptable levels of chemical contaminants (Harrison et al., 2000). Davies
and Mazumder (2003) discussed the negative effects of agricultural, industrial and
domestic use of chemicals on water sources and advocated for the reduction of their use
and environmentally friendly disposal practices to reduce chemical contamination. Our
study recommends greater emphasis on monitoring the chemical composition of the
source water to confirm drinking water meets the regulatory limits.

There were several limitations of our study that shouldn’t however undermine our
findings about training. That said; this study involved secondary analysis of the existing
data set therefore the number of variables was limited by the existing database. A variable
that would be useful to include in a model of AWQI was risk category. The definition of
AWQI is narrow in that we defined as incidents with positive total coliforms and/or E.
coli test result as our dataset did not have consistent information for other conditions that
may be classified as an AWQI. That said; presence of total coliforms in water sources is
considered as one of the best pathogen indicators (Locas et al., 2007).

Further research is needed to explore the determinants of adverse water quality
events with total coliforms and/or E. coli as well as other AWQI events like treatment
system failures, structural deficiencies, and exceeding chemical parameters. Examining
other upstream behavioural determinants within the context of environmental and
societal norms will provide a deeper understanding of the current challenges of SDWSs
in the provision of safe drinking water. Exploration of the factors associated with the
adverse events will require a prospective well-designed and well-conducted study with a
larger dataset with a possibility of linking records from several databases to retrieve
complete information about SDWSs.

Conclusion

In Ontario, there are 36 health units with over 9000 SDWSs in their respective
jurisdictions. Our analysis using the data from 229 SDWSs located in the Wellington-
Dufferin-Guelph region provided critical insight for operation and safety of these systems.

Our research concluded that the presence of operator training, an upstream
behavioural determinant, significantly reduces the incidence of AWQIs in SDWSs. The
high percentage of SDWSs with no treatment, lack of interest in testing for chemical
parameters, and source water protection are potential areas of concern to ensure the
provision of safe drinking water from these systems. Future research should attempt to
flesh out the risk awareness and perceptions of SDWS owners to understand the
challenges to operate these systems.
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