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Abstract

Giardia and Cryptosporidium are waterborne pathogens that
are raising public health concern worldwide. Outbreaks caused by
Giardia or Cryptosporidium have been reported even after drinking
water facilities have met regulatory compliance. The goal of this thesis
was to examine vulnerability of the City of Calgary’s drinking water to
parasite contamination and assess the risks posed by these parasites
based on three different risk frameworks: 1) Alberta Environment and
Sustainable Resources Development (AESRD) regulatory approval
requirements, 2) United States Environmental Protection Agency’s
(U.S. EPA) Long-term 2 Enhanced Surface Water Treatment Rule (LT2
Rule), and Health Canada’s Quantitative Microbial Risk Assessment
models [HC QMRA|). Parasite monitoring data was collected from 2003
to 2011 at the Glenmore and Bearspaw water treatment plants (WTPs)
in the City of Calgary (428 and 408 data points, respectively).
Drinking water quality met all regulatory requirements for parasite
risks regardless of the risk models used. However, the overall level of
risk varied depending on the models used and the assumptions in
certain models (i.e., HC QMRA), and in particular the risks associated
with Giardia. AESRD’s regulation requires that, for example, the
Glenmore WTP should provide 5-log;, reduction against Giardia based
on the current concentrations of parasites in source water. The Health
Canada QMRA model suggested that the Glenmore WTP could handle
114,000 Giardia cysts/ 100 L. However, each of the risk frameworks
lacked resolution for identifying potential periods of peak risk. An
association between Giardia concentration and season was observed

in source water for the Elbow River (winter/spring) and Bow River



(winter/spring [2003-2007] and summer in the Bow River [2008-
2011]). Environmental factors such as rain and snowmelt run-off were
shown to correlate with Giardia occurrence and could be used to
predict peak occurrence/risk periods associated with source water

contamination with this parasite.
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Chapter 1 : Literature review
1.1 Introduction

Water is essential for life. History has documented the deadly
consequences of waterborne diseases outbreaks. Vibrio cholerae,
Shigella spp., Salmonella enterica, and various other waterborne
pathogens have claimed millions of human lives in the past (Ferrie,
2012; Davey Smith, 2002; Lee et al., 2013). In modern times,
mortality due to waterborne diseases claims some 20 million lives
annually in the developing countries (WHO, 2009) and despite
improved sanitation and drinking water treatment in developed
countries, morbidity due waterborne infections is still prominent and
costly (Hrudey & Hrudey, 2007; Craun et al., 2006; Lippy & Waltrip,
1984; Smith et al., 2006; Corso et al., 2003). For instance, a large
outbreak of cryptosporidiosis was recorded in Milwaukee in 1993
where approximately 400,000 people were infected with the parasite,
Cryptosporidium hominis and was reported to have resulted in over
4,000 hospitalizations and over 40 deaths (Mackenzie et al., 1994;
Vakil et al., 1996).

Water treatment is considered the fourth greatest engineering
achievement of the 20th century (National Academy of Engineering
2000). Municipal water treatment was considered a breakthrough to
achieving higher standards of microbiological safety and an effective
measure for drinking water supply for urban type settlements.
Municipal water treatment has dramatically decreased waterborne
disease occurrence due to improving drinking water sanitation (Water

Quality and Health Council, 2014).



Supplying safe drinking water is a vital component for a
prosperous modern society. At the same time industrial-level water
treatment centralizes the supply of drinking water, and consequently,
failures in treatment can exacerbate the sudden spread of infection if
the water is contaminated with microbial hazards. Health of an entire
community may be threatened as in the case of the Milwaukee
outbreak highlighted above.

1.2 Environmental health risk assessment

Intuitive risk assessment has been fundamental for human
survival and evolution. Individuals who recognized risk were able to
survive and reproduce whereas those who could not were more likely
to perish from environmental hazards (Thomas & Hrudey, 1997). In
considering risk, particularly in the context of prediction or
expectation, Thomas & Hrudey (1997) argue that there are certain
elements that comprise the basic risk paradigm:

o a source of danger must exist

o an uncertainty of occurrence and outcome associated
with this danger

o possible adverse health outcome

o a target for the adverse health outcome

o a time frame, and

o an evaluation of the importance of the risk for people
affected by it.

Risk assessment provides a systematic approach for
characterizing the nature and magnitude of the risks associated with
environmental health hazards (Merkhoher, 1993; Commonwealth of

Australia, 2002). Accordingly, most environmental risk assessments



(including microbial risk assessments), follow a general framework of

which the following 5 elements are critical:

[¢]

Hazard Identification — characterizing the physical, chemical or
biological hazards within an environment and determining the
nature of the adverse health effects that might be caused by the
agent and/or how quickly the problem might be experienced
(Health Canada, 1999).

Exposure Assessment - determining the frequency, magnitude,
extent, duration and character of exposures to a hazard.
Estimates can be made for former, existing and preferably future
exposures. Exposed populations (particularly vulnerable groups
within population) and potential exposure pathways should be
identified. Environmental monitoring and predictive models can
be used to estimate the amount of exposure at distinct points on
the exposure pathways (Singer, 1994; Commonwealth of
Australia, 2002).

Dose-response Assessment - evaluates qualitative and
quantitative information to estimate the incidence of adverse
effects occurring in humans at different levels of exposure (U.S.
EPA, 1989a). Microbiological dose-response assessment is
challenged with the difficulty of considering biological variation
in infectivity and virulence of the pathogen and status of the
host. For example, the chance of acquiring an infection is
influenced by factors such as host immune status and/or
virulence of the specific type of infecting microbe

(Commonwealth of Australia, 2002).



o Risk Characterization - incorporates the prior three steps into a
logic-based framework in order to the determine plausibility and
potential severity/incidence of adverse effects, including
uncertainties and assumptions that may affect risk
outcomes/interpretation and consequently the risk management
actions that may be taken.

o Risk Management - the process of establishing risk mitigating
measures to prevent or minimize adverse health effects
associated with exposure to the hazard, including the
development of science-based regulations, and incorporating

estimates of uncertainty (Kolluru & Stricoff, 1996).

The level of risk can be described either quantitatively (using
point estimates or probability density distribution) or qualitatively
(i.e., using evaluative risk categories such as “high”, “medium” or
“low”). Providing accurate quantitative estimates of risk from low
levels of exposure to any environmental hazard is a very difficult task
using current risk assessment methods (Commonwealth of Australia,
2002). Every opportunity should be used to obtain the most precise
and accurate quantification estimates during exposure assessment,
however, the consequences (e.g. uncertainties) of testing limitations
should be stated explicitly. For example, in the context of quantitative
microbial risk assessment (QMRA) it is impossible to give certain
numerical value to the absolute concentrations of pathogens in every
liter of drinking water consumed by every person in a population.
Consequently, risk assessment is based on probabilities rather than

absolutes, and an understanding of the distribution of risk is also



important and should be reflected in the decision making process. A
distinction should be made between variability and uncertainty
(Schmidt & Emelko, 2011). Variability can exist as differences in
temporal and/or spatial concentration (Emelko et al., 2010).
Statistical methods can be used to deal with variability. However,
statistics can be less helpful with the true uncertainty, such as
inadequate knowledge, systematic errors (e.g. deficiency of analytical
methods), model uncertainty, and decision-rule uncertainty.
Systematic errors, if identified, can be characterized by their direction
(e.g., overestimation/ underestimation). For example, analytical
methods often underestimate concentrations of both Giardia and
Cryptosporidium in water because of poor (oo)cyst recovery if recovery
correction is not applied (Schmidt & Emelko, 2011; Krometis et al.,
2009). Uncertainty often arises because of lack of data or bias in
study design. Monte Carlo simulation has increasingly been used to
address variability and/or uncertainty in many microbial risk
assessment approaches (Signor & Ashbolt, 2006; Haas et al., 1993,
1999; Smeets et al., 2007; Jaidi et al.,, 2009; Cummins et al., 2010;
Medema et al., 2003; Pouillot et al., 2004; Gale, 1998; Teunis &
Havelaar, 1999; Masago et al., 2002). Uncertainty is introduced by
any factor that deviates or affects our estimates about risk.
Consequently, there is room for inappropriate management actions if
this deviation is large (Schmidt et al., 2013).

Risk assessment has become a tool in the decision-making
process, and its importance is increasing as it has become evident
that situations cannot be judged simply as either “safe” or “unsafe”

(Payment & Pintar, 2006; Commonwealth of Australia, 2002). Risk



assessment is intended to provide a credible, objective, realistic and
balanced analysis (U.S. EPA, 1992), ensuring complete information to
risk managers, specifically policymakers and regulators, so that the
best decisions are made (Paustenbach, 1989).
1.3 Application of QMRA to protection of drinking water
Risk-based approaches are essential for the effective
management of drinking water systems (CCME, 2004). The
consumption of contaminated water is considered the most relevant
source of exposure to waterborne pathogens, and accordingly, it
draws major attention in water-related health risk assessments
(Ashbolt, 2004). Organisms of particular waterborne risk include
bacteria, protozoa, toxic blue-green algae (cyanobacteria), viruses and
helminths. These microbiological hazards generally pose an acute risk
and even sporadic violations of guideline levels can potentially pose an
increased danger for waterborne disease transmission
(Commonwealth of Australia, 2002); hence current compliance
monitoring may well miss such events (e.g. Signor & Ashbolt, 2006).
Real time microbiological monitoring currently remains impossible,
thus, drinking water process controls (i.e., turbidity, chlorine contact
times [Ct]) are often used to monitor water treatment performance as
surrogates for acceptable microbiological control (Hijnen & Medema,
2010). These treatment-based standards of performance have,
historically, been the frameworks used in the derivation of drinking
water regulations nationally and internationally and are grounded
upon water treatment technology performance against pathogens, and
for which implementation of the technology is amenable to small or

large-scale drinking water treatment systems. More recently,



countries such as Australia, the Netherlands, the United States of
America (U.S.) and Canada, as well as agencies such as the World
Health Organization (WHO), have evoked the use of health-based
microbial risk assessments in derivation of regulatory compliance
targets in the drinking water industry (NHMRCeNRMMC, 2011;
VROM-Inspectorate, 2005; U.S. EPA, 2006; Health Canada, 2012;
WHO, 2011). Health-based microbial risk assessments encompass
treatment-based performance measures but also account for other
key parameters of risk such as pathogen (or surrogate) occurrence in
water, the likelihood of illness given the level of exposure, and an
estimation of health impact associated with the exposure (i.e.,
morbidity and mortality as disability adjusted life years [DALY]) (WHO,
2006).

Indicators or surrogate parameters have been used for water
quality monitoring to provide information on the likely presence of the
agents of health concern (Commonwealth of Australia, 2002). The use
of bacterial indicators as a measure of faecal pollution in water was
originally based on the simple association that water was an
important source of disease, and for which modern approaches to
public health protection can be largely attributed to the efforts of
John Snow during the cholera outbreaks in London during the 3
pandemic (circa 1854) (Vachon, 2005). In 1892, Schardinger
proposed Escherichia [Bacterium] coli as a microbial indicator of faecal
pollution in water (Kornacki and Johnson, 2001). Consequently, E.
coli and total coliforms have long been used as indicators of faecal-
derived bacterial contamination in water (Edberg et al., 2000). These

microbes were chosen because of their commonality to the gut



microbiota of humans and other warm-blooded animals, and because
of their relative ease of detection. The presence of indicator organisms
in drinking water implies that water quality may have been
compromised by faecal contamination, and by association, enteric
pathogens may also be present. Interestingly, cases when pathogenic
microorganisms are present and the indicator bacteria are absent
abound in the literature (Hrudey & Hrudey, 2007). A study by
Payment et al. (1991) demonstrated that the consumption of
municipal drinking water, although causing gastroenteritis, met
current guidelines for bacteriological drinking water quality.
Additionally, certain total coliform bacteria are free living in the
environment, and their ubiquitous distribution precludes the use of
these microbes as clearly of faecal origin (WHO, 2004).

The waterborne protozoan parasites, Cryptosporidium and
Giardia, have been recognized as major causative agents of enteric
infection and with respect to the aetiology of waterborne diseases
worldwide (Hunter et al., 2010). These microorganisms are prevalent
in humans, animals and the environment and are able to withstand
relatively high doses of chemical disinfectants commonly used in
water treatment (i.e., chlorine and monochloramine) (Hassan et al.,
2012; Smith et al., 1989; Robertson et al., 1992). Testing for
Cryptosporidium and Giardia as reference protozoa have been
included in a multi-barrier approach to ensure supply of safe drinking
water from source, through treatment and distribution to customers,
and are key pathogens in quantitative microbial risk assessment

(QMRA) approaches, such as those adopted by Health Canada, as the



primary health-based targets for drinking water treatment in Canada
(Health Canada, 2012).

Microbial risks to drinking water exist within the watershed,
source water intakes, treatment process, distribution system and
ultimately at the point of consumer consumption. Assessing system-
level vulnerability of a public water system (PWS) to waterborne
pathogens represents a multiple barrier approach to risk reduction -
the concept of using more than one treatment process to control
contamination so as to provide improved overall process reliability,
redundancy, performance and water quality (Commonwealth of
Australia, 2002). Hence, QMRA is increasingly being used to inform
the management of drinking water systems regarding their
vulnerability to microbial threats, which in Alberta occurs at a
systems-level through drinking water safety plans (AESRD, 2014).
Pathogen barriers include the following:

o Protection of a watershed from human pathogens;

o Retention times of protected source waters (i.e., open
reservoirs) to facilitate particle removal by sedimentation
and sunlight inactivation;

o Physical water treatment plant coagulation and filtration;

o Chemical (i.e., chlorine) or physical (i.e., ultraviolet light)
disinfection before finished water enters the distribution
system,;

o Maintenance of an adequate disinfectant residual within
the distribution system as well as physical integrity of the

distribution system,;



o Verification monitoring of microbiological parameters to

check that the barriers are being maintained.

QMRA provides an estimation of the potential burden of
illness associated with exposure to a particular microbe (or microbes),
and how much uncertainty and variability exists within these
estimates (Smeets et al., 2010). Hence, QMRA can be used as a tool to
aid in determining whether treatment is meeting a health-based target
and to what degree of confidence there is in the estimate.

The benefit of using QMRA approach is that assessments can
be performed by each water system to provide site-specific information
related to:

* how changes in source water quality could influence
microbiological risk from water that being produced;

* the appropriateness of existing (treatment) barriers, given site-
specific variations;

* investigating potential improvements in microbiological
drinking water quality with additional treatment barriers or
upgrading existing treatment barriers/performance;

* help establish target limits for critical control points in the
whole drinking water treatment system (Health Canada,
2010).

Concentrations of pathogens in source water and potential
health risks are dynamic and change in real time. Current verification
(compliance) test results for indicator bacteria may take up to a 72-
hour from the time of sampling (Signor & Ashbolt, 2006).
Management actions may well further delay the release of any notice,

and human bias and errors can play a significant role in delivering
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the final action (Hrudey, 2004). Of increasing recognition as the cause
of waterborne outbreaks are drinking water distribution system
intrusions (Craun et al., 2010), and the growth of environmental
pathogens in premise plumbing systems (Collier et al., 2012). QMRA
has also been applied to these distribution system issues to aid in
their management (Teunis et al., 2010; Schoen & Ashbolt, 2011).

In Canada, risks from microbiological hazards in drinking
water are commonly regulated in two different forms: treatment
and/or health-based standards. The 3-log;, Giardia removal
requirements for system that use filtration for drinking water
treatment (U.S. EPA, 1998) represents an example of a treatment
based standard. The problem with treatment-based specifications is
that they do not account for the (expected) wide range of source water
pathogen concentrations in water and the variable treatment
performance in situ, which may lead to pathogens in drinking water
well above the theoretically safe level during such events (Davies &
Mazumder, 2003). For example, a required 3-logio reduction in
Giardia cyst occurrence does not guarantee safety for consumption
particularly if the concentration of cysts in the source water being
filtered is several orders of magnitude greater than the treatment
requirement. QMRA may provide a better estimate of health-based
outcomes associated with complex systems such as drinking water
production where the quality of source water is as important as the
treatment process itself in the context of risk (Petterson et al., 2007;
Smeets et al., 2010). Other treatment-based surrogates (such as

turbidity, disinfectant concentration-time) can be used to check for
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unit operation performance in near real-time (Betancourt & Rose,
2004; Alegre, 2006; Jofre et al., 1995).
1.4 The QMRA process
QMRA uses mathematical modelling and relevant information

(e.g., dose-response data) from selected reference pathogens to derive
disease burden estimates in a population. It follows a common
approach as classical risk assessment with inclusion of the four major
components: hazard identification, exposure assessment, dose—
response, and risk characterization (ILSI, 2000), although sometimes
these components are expressed in slightly different terms (U.S. EPA;
USDA/FSIS, 2012), for example, risk management is added as the
fifth component. Each of these elements is discussed in detail below
within the context of its application to QMRA approaches in drinking
water.
1.4.1 Hazard identification

A wide array of microbial threats to drinking water exist
including enteric viruses, bacteria, protozoa, helminths and even toxic
microbial metabolites (i.e., those produced by cyanobacteria). For the
purposes of this thesis, emphasis is placed on the protozoan
parasites, Giardia spp. and Cryptosporidium spp. in the context of
drinking water. Giardia and Cryptosporidium are enteric parasitic
protozoa whose characteristics are suitable for use as reference
protozoan pathogens, due to their high prevalence in surface waters,
potential to cause widespread disease, resistance to chemical
disinfection, and availability of a dose-response models for each
organism (Health Canada, 2012). It is assumed that by controlling

these reference protozoa the treatment processes should control other
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waterborne protozoa and, potentially, other pathogen classes of
concern (Health Canada, 2012).

Life cycles of both parasitic protozoa include an active stage
inside the host and an environmentally-resistant stage, the (oo)cyst,
that is excreted with faeces. From the risk assessment point of view,
(oo)cysts are of primary interest as they may remain infectious for
months in the environment (Robertson et al., 1992; Johnson et al.,
1997; Fayer et al., 1997). Uptake by a host results in excystation and
the life cycle starts again and multiplication occurs, using resources
of the host.

Giardia. Cysts are ovoid (8-14 um long by 7-10 um wide), with
two or four nuclei. Environmentally stable cysts are passed out in the
faeces, often in large numbers necessary to infect the next host. A
complete life cycle description can be found in a review paper by
Adam (2001). The current taxonomy of the genus Giardia is based on
the species definition proposed by Filice (1952), who defined three
species: G. duodenalis, G. muris and G. agilis. In the context of G.
duodenalis, the International Committee for Zoological Nomenclature
(ICZN) recognizes the official name to be G. intestinalis (syn. G.
duodenalis, G. lamblia). Giardia intestinalis is the parasite of concern
to human health. Of the eight genetic assemblages of G. intestinalis
(termed A-H) only assemblages A and B are known to cause human
disease. More recently, it has been proposed that the species Giardia
intestinalis should be divided into six separate species based on host
specificity/preference (Thompson, 2004; Thompson & Monis, 2004).

Giardia intestinalis (assemblage A) has been reported to cause
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waterborne outbreaks (van Keulen et al., 2002), and this assemblage
is usually associated with humans and livestock (Caccio et al., 2005).

Cryptosporidium. This small, obligate, intracellular protozoan

parasite infects mammals, birds, reptiles and fish. Environmentally
robust spherical oocysts (4-6 um dia) are shed in the faeces by the
infected host into the environment (Fayer et al., 2000). Each oocyst
(containing four sporozoites) can survive adverse conditions in the
environment for months until ingested by a new suitable host
(Robertson et al., 1992; Johnson et al., 1997; Fayer et al., 1997).

Currently, 25 species and close to 50 genotypes of
Cryptosporidium have been identified (Ruecker, 2013). Across studied
countries, nearly 90 % of human cryptosporidiosis was attributed to
two species: C. parvum and C. hominis (Xiao, 2010). The other 10 % of
cryptosporidiosis cases in humans were caused by C. meleagridis, C.
canis, C. felis, C. ubiquitum, C. cuniculus (Xiao, 2010; Xiao et al., 2004;
Ryan & Power, 2012; Chalmers et al., 2011). Only C. hominis (Peng &
Xiao, 1997), C. parvum (Peng & Xiao, 1997) sourced from young
cattle (Fayer et al., 2000) and sheep (McLauchelin et al., 2000), and C.
cuniculus from rabbits (Chalmers et al., 2011) were identified as
causing drinking water outbreaks in humans.
1.4.2 Exposure assessment

Host sources of faecal pollution and routes of transporting of
parasite in the environment greatly affect the probability of
contracting infection. Exposure to Giardia and/or Cryptosporidium
(oo)cysts occurs when people ingest contaminated water.

Exposure assessment is a process of estimation of the amount

of the contaminant ingested [(oo)cysts] in a specified volume of water
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at the time of ingestion (Ott et al., 2006). The consumption of drinking
water is the principal route of exposure examined in this thesis. The
concentration of parasites and the volume of water ingested are
necessary to be measured or estimated for QMRA. In this case, an
exposure is a single dose of the pathogen ingested by a consumer at
one time (Health Canada, 2010). Empirical measurements of exposure
are preferable to estimates, as this will result in the highest-quality
exposure assessment (Health Canada, 2012). Seasonal variation and
peak events such as storms should be incorporated in the
measurements and estimates to understand variation in the exposure
levels (Medema, 2013; Dahlgren et al., 1999). Other considerations in
the context of estimating pathogen occurrence for QMRA include
recovery efficiency and robustness of the analytical method as a
means of empirically obtaining a true occurrence of (oo)cysts
concentration in water (Schijven et al., 2011; Schmidt et al., 2010).
Other considerations include whether the parasites are viable and
infectious to humans. Health Canada (2010) suggests that every
(oo)cyst should be considered viable and infectious and still able to
cause illness. However, it is known that not all (oo)cysts in water are
viable and infectious, and their infectivity can vary significantly
(Chalmers & Davies, 2010). Coupled with the emerging concept of
host-specificity in the genus Cryptosporidium, even relatively high
concentrations of parasites in water may not pose an acute human
health risk (Ruecker et al., 2007).

The major factors that may affect exposure of people to water
borne transmission of Giardia and Cryptosporidium relate to drinking

water consumption patterns, occurrence of the parasites in
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environmental water used for drinking water sources, analytical
methods for parasite detection in source water, and removal or/and
inactivation during water treatment.
1.4.2.1 Consumption of water

An average consumption of 1 L of water per person per day of
unboiled treated drinking water was considered for the estimation of
exposure for the current risk assessment recommended by Health
Canada (2010) and WHO (WHO, 2008; 2011), and which is similar to
other developed nations (Mons et al., 2007). However, it is important
to consider quantity of only unboiled tap water consumed, because
boiling of water will inactivate pathogens. Data based on the volume
of cold tap water consumed likely indicates a more realistic estimate
of exposure based on consumptive volume (Table 1.1).

Table 1.1 Daily mean unboiled tap water consumption in litres
reported in different countries

Country Volume of water (L) | Reference

Canada 0.386 Levallois et al., 1998
USA 0.506 U.S. EPA, 2000

Sweden 0.86 Westrell et al., 2006
France winter 0.77 Gofti Laroche et al., 2001
France spring 0.90 Gofti Laroche et al., 2001
England and Wales 0.19 FWR, 1996

The Netherlands 0.153* Teunis et al., 1999

*-median value

1.4.2.2 Parasite occurrence

Giardia and Cryptosporidium are prevalent in environmental
waters across North America, however, in varied concentrations
(Gammie et al., 2000). Knowledge on pathogen occurrence should be
formed on historical data and current research. Concentrations of
Giardia and Cryptosporidium in surface waters across Canada usually

range from 2 to 200 cysts/100 L and from 1 to 100 oocysts/100 L,
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respectively (Health Canada, 2012). However, sampling and methods
analysis employed in studies across Canada varied, therefore, it may
not be appropriate to consider these general estimates. A study of
parasite occurrence in Alberta conducted in 2000 showed that annual
geometric mean concentrations of Giardia range between 8-193

cysts/ 100 L (Gammie et al., 2000). A maximum recorded
concentration of 2,500 cysts/100 L was observed and which was
associated with heavy spring run-off (Gammie et al., 2000). Annual
geometric mean concentrations of Cryptosporidium range between 6-
83 oocysts/ 100 L. A maximum recorded concentration of

10,300 oocysts/ 100 L was observed and which was also associated
with heavy spring run-off (Gammie et al., 2000). Data collected by
EPCOR (Edmonton) in 2005 on parasites indicate an annual
geometric mean of 98 cysts/100 L, and a maximum recorded
concentration as high as 8,700 cysts/ 100 L for Giardia, and an
annual geometric mean concentration 9 oocysts/ 100 L with maximum
recorded concentration 69 oocysts/ 100 L for Cryptosporidium. In
British Columbia, a geometric mean of 60 cysts/100 L at a range of
concentrations 4.6-1,880 cysts/100 L was for Giardia and a geometric
mean 3.5 oocysts/ 100 L at a range of concentrations 1.7-44

oocysts/ 100 L was for Cryptosporidium (Ong et al., 1996). In Ontario
in 2006, separate studies found that a median concentration for
Giardia was 71 cysts/100 L, with maximum concentration reported of
486 cysts/100 L in the first study (Van Dyke et al., 2006), and
arithmetic means of 3.6 and 3.9 cysts/100 L (at two intakes) that
were in a range <2.5-20 cysts/100 L (Douglas et al., 2006) in the

second study. The same studies for Cryptosporidium found that a
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median concentration of 15 oocyst/100 L, with a maximum
concentration of 186 oocysts/100 L in the first study, and arithmetic
means of 3.4 and 5.7 oocysts/ 100 L (at two intakes) that were in a
range <2.5-95 oocysts/ 100 L in the second study. In Quebec,
Payment et al., (2000) reported a geometric mean of 200 cysts/100 L
for Giardia and geometric mean of 14 oocysts/100 L for
Cryptosporidium. A recent international review conducted by
Dechesne and Soyeux (2007) found that Giardia concentrations
across North America and Europe ranged from 0.02 to 100 cysts/L,
and Cryptosporidium concentrations range 0.006 to 250 oocysts/L.

Occurrence of Cryptosporidium and Giardia in source waters
depends largely on factors affecting the mobilization of faeces into
water sources. Certain factors such rain run-off and snowmelt can
act as important mobilization forces of faeces deposited on land
(Davies et al., 2004; Miller et al., 2008; Lewis et al., 2009). Direct
deposition of faeces (i.e., cattle in a stream) or wastes (i.e., wastewater
discharge) to river systems can also occur, and consequently
mobilization is directly through river flows. These factors can result
in large variation on the spatiotemporal occurrence of parasites in
source water.

The intensity of rain and amount of precipitation are
substantial determinants for efficiency of parasite mobilization (e.g.
Brookes et al., 2005; Ferguson et al., 2005; 2007; Muirhead at al.,
2006). The amount of rain should be sufficient to moisten, for
example, deposited faeces on ground, and the amount of run-off must
be sufficient to suspend the faecal particles in water to carry them to

receiving water bodies. Parasite concentrations flowing into surface
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water bodies gradually decreases when the depositions of faeces on
the ground becomes depleted particularly during periods of extensive
rainfall, a phenomenon known as first-flush’ (Trask et al., 2004).
Thereafter, an influx of parasite into water bodies would be possible
by next flush at the cost of further transporting (oo)cyst that were
retained on the soil surface and near surface (Davies et al., 2004),
unless they were attached to more dense soil particles (Tyrrel &
Quinton, 2003). Moreover, a large volume of water from rain can
dilute contaminants in source water. Therefore, rain run-off can
mobilize the parasite into surface water, cause a temporal increase in
their concentration in surface water, but upon persistent run-off
conditions result in dilution or depletion of parasites entering the
source water (Trask et al., 2004). Excessive rain can occasionally flood
sewers, which can result in a profound contamination of source
water. These types of processes have been modelled to better
understand parasite occurrence in water systems (Ferguson et al.
2005; 2010).

Snowmelt run-off accommodates a similar principle of
mobilization of the parasite contaminants except that temperature
fluctuations around the melt temperature play an important role in
mobilization. The infamous Milwaukee outbreak in 1993 followed after
heavy snowmelt run-off (MacKenzie et al., 1994; Fox & Lytle, 1996),
that was thought to have resulted from unusual hydrodynamics
bringing a sewage outfall effluent to the plant’s water intake, given the
human-specific C. hominis etiologic agent (Zhou et al., 2003). In the
context of risk assessment, the spatiotemporal variability of parasite

occurrence associated with mobilization of contaminant sources
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translates into spatiotemporal variability in risks associated with
drinking water.
1.4.2.3 Analytical methods for detection and source water
monitoring

In North America, the most widely used method for detection of
Giardia and Cryptosporidium in water is the U.S. EPA Method 1623
(U.S. EPA, 2005; 2006). This method is comprised of four steps: 1)
sample collection, 2) sample filtration and elution, 3) sample
concentration and separation (purification) and 4) (oo)cyst detection.

Unfortunately, Method 1623 inherited many deficiencies from
the ancestral method of U.S. EPA Method 1622 (McCuin & Clancy,
2003) and the original Information Collection Rule (ICR) Method
(Sinclair, 2000; McCuin & Clancy, 2003). Detection of the pathogenic
protozoa is complicated by the necessity to filter a large volume of
water and the impaired recovery efficiency of the method. For the test,
a grab sample of 100 L of the source water is usually required.
Depending on source water quality, filtration of this large volume can
be difficult. Feng et al. (2003) reported the greatest loss of (oo)cysts
during filtration. Large (oo)cyst losses occur during concentration and
separation procedures (LeCevallier et al., 1995). Overall losses can
result in 48.4%£11.8 % oocysts and 57.1+10.9 % cysts for previously
spiked tap water (Health Canada, 2010). Recoveries from raw water
samples can be significantly less and can be in the range from 19.5 %
to 54.5 % for oocysts and from 46.7 % to 70 % for cysts, as an
example for Method 1622 (McCuin & Clancy, 2003). High turbidity
usually impairs recovery efficiency. However, Feng et al. (2003)

observed that a moderate degree of turbidity (e.g. 5 NTU) enhanced
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recovery compared to less turbid water. The nature of turbidity is
likely as important as the turbidity measurement of the water sample
itself (DiGiorgio et al., 2002). Additionally, Method 1623 does not
differentiate between different species or strains (i.e.,
genotypes/genetic assemblages) of Giardia or Cryptosporidium.
Viability of (oo)cysts is also not known with the test result
(LeChevallier et al., 2003). Thus, infectivity due to (oo)cyst host
specificity and viability is usually unknown (Allen et al., 2000; Connell
et al., 2000; Simmons et al., 2001). At present, most regulations or
approaches to QMRA assume that any (oo)cyst found in water is
potentially infectious to humans, irrespective of whether the (oo)cyst
is viable or infectious for humans.

Monitoring for bacterial indicators of water quality, such as
total coliforms and E. coli, as well as physical parameters of water
quality such as turbidity cannot guarantee microbiological safety
against all pathogens. Health Canada recommends monitoring for
both Cryptosporidium and Giardia in source water supplies used for
drinking (Health Canada, 2012). Since promulgation of the Long
Term-2 Enhanced Surface Water Treatment Rule (LT2 Rule) in 2006,
U.S. EPA requires that surface source waters that are used for public
purposes be monitored for Cryptosporidium to estimate oocysts
concentrations in source water and to guide water treatment
measures.

Routine testing for Giardia and Cryptosporidium is challenging
because it is expensive and it requires highly trained personal and a
sufficiently equipped laboratory to perform the testing (LeChevallier et

al., 2003). Small PWSs could experience a financial burden in an
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effort of complying with the regulatory requirements. According to the
U.S. EPA and under the LT2 Rule, PWS that serve a population of
more than 10,000 people can choose a few options to conduct water
testing for Cryptosporidium, but with at least 24 samples collected
monthly, if the plant chooses monitoring instead of just providing 5.5-
log;, treatment reduction (U.S. EPA, 2006). In this case, the PWS has
to use a maximum running annual average (Max-RAA) for estimating
Cryptosporidium concentration in source water, arguing that this
would achieve a low false negative rate. For a more extensive
monitoring program option of 48 samples over two years can be done,
a PWS to applying an arithmetic mean for estimating Cryptosporidium
concentration that would reduce a false positive rate in addition to
reducing a false negative rate similar to Max-RAA. A geometric mean
can also be applied for estimating parasite concentration in water as it
is an unbiased estimator of the population median of sample sizes of
4 to 100 (Parkin & Robinson, 1993). An arithmetic mean compared to
the geometric mean is considered to be more sensitive for outliers.
Outliers may indicate peak parasite concentration periods (Schijven et
al., 2011; Parkhurst, 1998). Health Canada does not clarify the
frequency of testing required and a measure of central tendency that
would be appropriate. The challenging task is to match a bearable
financial burden with an extent of monitoring that would be sufficient
to provide realistic concentration estimates for parasite occurrence.
1.4.2.4 Treatment technologies

A WTP that uses full scale conventional filtration (i.e.,
chemically assisted coagulation, flocculation, sedimentation, and

filtration) should be able to achieve sufficient removal of protozoa
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(oo)cyst from treated water (Hijnen & Medema, 2010; Ireland
Environmental Protection Agency, 19995). It has become a common
practice to assume that the conventional filtration process achieve 3-
log,, removal of both Giardia (Nieminski & Ongerth, 1995; McTigue et
al., 1998; Schuler & Ghosh, 1990; Schuler et al., 1991) and
Cryptosporidium (U.S. EPA, 2006). However, the efficiency of
conventional filtration process can vary according to site specific
conditions (Hijnen et al., 2004). Conventional filtration is also effective
for controlling particulate and organic matter (Hijnen & Medema,
2010).

Chemical disinfection against Giardia is effective but also
complicated because the cold water conditions that are observed
during the larger part of the year in Canada makes inactivation less
effective (Health Canada, 2012). Chlorine is considered ineffective
against Cryptosporidium oocysts in the context of drinking water
treatment, due to the extremely high concentrations and contact
times needed for any reasonable level of inactivation to be achieved
(Korich et al., 1990; Venczel et al., 1997; Gyurék et al., 1997). Other
chemicals disinfectants that have commonly been used are
chloramine, chlorine dioxide and ozone (Korich et al., 1990). The
effectiveness of chloramine for (oo)cyst inactivation is comparable to
chlorine effect, thus, it is very weak, especially, against
Cryptosporidium (Chauret et al., 1998). Chlorine dioxide and ozone are
more effective against protozoan (oo)cyst (Huber et al., 2005; Peeters
et al.,, 1989; Betancourt & Rose, 2004; Lazarova et al., 1999),
however, their use requires more specialized plant operations and is

expensive compared to chlorination (Hey et al., 2012).
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Ultraviolet light (UV) is considered an acceptable method to
inactivate protozoa and bacteria; however, UV is less effective against
adenoviruses unless polychromatic UV light (medium-pressure) is
used (Shin et al., 2009), thus the water would still require full-scale
chemical disinfection or use of medium-pressure UV treatment. The
LT2 Rule requires UV doses of 11 and 12 mJ/cm? to receive a 3-log;q
credit for Giardia and Cryptosporidium, respectively (U.S. EPA, 2006).
Source water parameters can significantly influence chemical and UV
disinfection, for example, in the presence of natural particulate matter
(Amoah et al., 2005; Craik et al., 2001). The U.S. EPA has offered
additional options from a “microbial toolbox” for suitable water
treatment conditions to receive a treatment log-credit, for example
membrane filtration (U.S. EPA, 2006).

1.4.3 Dose-response assessment

Exposure to Giardia or Cryptosporidium (oo)cysts is associated
with a potential human health effect. Theoretically, ingestion of a
single (oo)cyst may potentially cause infection, the so-called single-hit
model (Haas, 1983). Nevertheless, many factors affect microbial
pathogenicity and virulence. Dose-response models have been derived
from trials on human volunteers. Rendtorff (1978) reported that a
dose of 19 cysts was sufficient to develop illness in 50 % of humans
(i.e., IDso). A subsequent study by Hibler et al. (1987) characterized an
IDsy of Giardia lamblia at around 50 cysts (Hibler et al., 1987). In yet
another study the IDs, of Giardia was extrapolated from dose-
response curves and found to be around 35 cysts (Rose & Gerba,

1991).
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Similarly, dose-response models have been generated for
ingestion of Cryptosporidium oocysts (DuPont et.al., 1995; Chappell et
al., 1999). The ability of Cryptosporidium to develop illness varies
greatly from strain to strain. The TAMU strain of C. parvum
demonstrated a very low infectious dose of IDs, of 9 oocysts with
illness attack rate of 86 %, however at the same time for IDs, of UCP
strain of C. parvum (isolated from a cow) required 1042 oocysts
(Okhuysen et al., 1999; Messner et al., 2001).

Mathematical models have been widely used for estimation of
disease burden in response to the assumed exposure (Haas et al.,
1999). During the exposure, the exposed individuals ingest a discrete
number of parasites. Parasites in drinking water are distributed
randomly, therefore the chance of ingesting a discrete number of
parasites can be explained by a Poisson distribution (Petterson et al.,
2006). Exponential and beta-Poisson models assume that a discrete
number of parasites arranged around a Poisson distribution occurs
between individuals with a constant arithmetic mean (FAO/WHO,
2009). The beta-Poisson model has an advantage as it is
accommodating variances in host susceptibility to the pathogen and
its ability to start infection (Petterson et al., 2006), but these
parameters remain unknown. Thus, the exponential model (Haas,
2002) best explains Giardia and Cryptosporidium dose-response data.
The beta-Poisson model has usually been used to explain dose-
response data for Campylobacter and enteric viruses (Haas et al.,
1999).

Probability of infection is calculated in relationship to the

ability of specific pathogen to start infection and a dose of pathogen
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ingested per day (Haas et al., 1999). The dose-response models and
parameters are obtained from the scientific literature. The dose-
response equations estimate the risk of infection for each dose of
pathogens ingested. Because there are a range of possible doses
ingested based on Poisson probability distribution rather than
constant values of doses, the risk of infection is considered to be (Pwr
dose) for each potential dose ingested and sums the weighted
probabilities (Pivr for O pathogens ingested + Pwr for ingesting 1
pathogen + P for ingesting 2 pathogens + etc.). The sum of these
products gives the daily weighted probability of infection for an
individual.

Not every infected consumer becomes ill, but some may become
asymptomatic carriers of the infection (Ajjampur et al., 2010; Houpt et
al., 20035). The probability of developing cryptosporidiosis from
consumption of a sufficient dose to cause infection by the parasite is
estimated to be 0.70 (Casman et al., 2000), and for Giardia is 0.24
(Macler & Regli, 1993). Probability of illness is calculated by
multiplying the probability of contracting an infection per year by the
product of proportion of the population susceptible to infection
(assumed to be 100 %) and the probability that the infection would
result in illness (Medema, 2013).

1.4.4 Risk characterization

Risk characterization brings together probable exposure
estimates, dose-response relationship, and pathogen reduction
through treatment barriers, and consumption pattern to estimate the
burden of disease (Haas et al., 1999). If the estimated burden of

disease does not meet specified health target, the QMRA can be used
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to calculate the necessary level of treatment to achieve the required
level of protection (Medema, 2013).
1.4.4.1 Health effect

Because of low likelihood of people to develop illness from
Giardia infections, the majority of cases result in transient infection
without signs of illness or in an asymptomatic carrier state (Prado et
al., 2005). Symptomatic Giardiasis manifests as nausea, diarrhoea
(usually sudden and explosive), anorexia, uneasiness in the upper
intestine, malaise, and occasionally low-grade fever (Wolfe, 1992).
Infections usually resolve spontaneously (Wolfe, 1992).

For Cryptosporidium, if an infection was contracted, symptoms
of illness most likely would develop. The most common symptom is
diarrhoea, characterized by very watery non-bloody stools; other
symptoms such as cramping, nausea, vomiting, low-grade fever,
anorexia and dehydration are usually observed (Guerrant, 1997).
1.4.4.2 Gauging risk

Burden of disease estimates calculated during a risk
assessment can be compared with the reference health target level of
risk 107° Disability Adjusted Life Years (DALY) (WHO, 2008). WHO’s
Guidelines for Drinking-water Quality (WHO, 2008) use DALYs as a
unit of measure of risk.

The basic principle of DALY is to calculate a value that
considers both the probability of experiencing an illness or injury and
an assumption of the impact of the associated adverse health effects
(Murray & Lopez, 1996; Havelaar & Melse, 2003). The DALY combine
Life-Years-Lost (LYL) as the estimate of a not fulfilled full life span,

severity of illness reflected by years lived with disability (YLD), and
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adjusts it to an affected population (Havelaar & Melse, 2002). The LYL
is calculated multiplying the severity of disease weight by a difference
between life expectancy and age at death. The YLD is a sum of health
outcomes contributing to morbidity. DALYs are calculated separately
for each pathogen. The value of 1.7 DALYs per 1,000 cases of illness
is used for both parasites Giardia and Cryptosporidium, however, this
assumption may not truly reflect reality. The health burden is
generally different when comparing Giardiasis and cryptosporidiosis,
as well as being different depending on the species and genotypes of
each parasite that are associated with an infection (Xiao et al., 2000).
Accordingly, the final step for a risk assessment is obtaining a disease
burden estimate by multiplying probability of illness and health
burden (1.7 DALY per 1,000 cases) (Health Canada, 2012). The
complete derivation process of health burden for Giardia and
Cryptosporidium can be found in the Health Canada document
“Enteric Protozoa: Giardia and Cryptosporidium” (Health Canada,
2012).

For example, the estimation of the health risk of 2.6 x 107°
DALY per person per year by Health Canada (2004) would correspond
to concentration 1 cyst in 60,000 L of drinking water. One DALY can
be seen as a health burden as a result if one person in a million
population would experience mild enteric symptoms (e.g., diarrhea,
ets.) during one year. However, it may make more sense to target daily
risk to better manage potential outbreaks (Signor & Ashbolt, 2009).

The fraction of parasites that survive and initiate illness derive
from dose-response data based on studies of healthy volunteers and

might not adequately represent health risk from the parasite for the
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sensitive part of the population (HIV-positive, elderly, and young
children) (Health Canada, 2012). Therefore, using weighted combined
estimates of risk in DALY for the sensitive subgroups with the general
public may be a more appropriate way for addressing health risk in a
population because a portion of disease burden attributed to sensitive
subgroups can be large (Perz et al., 1998).
1.4.5 Strategies for risk management

Mitigation of health risk due to exposure to waterborne
pathogens is very dependent on water treatment measures that are
being used for production of drinking water. All types of surface
waters and ground water under direct influence of surface water have
to be filtered and disinfected (U.S. EPA, 2006). Full-scale conventional
filtration (chemically assisted coagulation, flocculation, sedimentation
and filtration) is the most effective physical barrier against waterborne
pathogens (Hijnen & Medema, 2010). The U.S. EPA LT2 Rule (2006)
grants a 3-log;( reduction credit to water treatment plants that
employ a full-scale conventional filtration process. Up to additional 1-
log,o credit can be received for the proper combined and individual
filter performance that meets necessary criteria (U.S. EPA, 2006).
Health Canada (2010) indicates that to reach health target of 107°
DALY per person per year, a 3-log;, reduction is appropriate to deal
with up to 13 oocysts and/or 34 cysts per 100 L of Cryptosporidium
and/or Giardia in source water, respectively.
To establish the risk-targeted treatment requirements for
Cryptosporidium, the U.S. EPA (2006) addresses several important

questions:
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e What is the risk associated with Cryptosporidium in a
drinking water source?
e How efficient is filtration against Cryptosporidium at a
particular plant?
e What degree of additional treatment is needed for higher
source water Cryptosporidium concentrations?
Similar questions may be applied with respect to Giardia.

Regulatory agencies typically include an additional level of
safety in water treatment regulations. Earlier regulations formulated
by the U.S. EPA stipulated that at least a 3-log;, reduction for Giardia
lamblia (U.S. EPA, 1989b) and a 2-log; reduction for Cryptosporidium
(U.S. EPA, 1998) should be provided for a system that filters. In the
most recent derivation of regulations, the LT2 Rule required
Cryptosporidium monitoring to determine bin concentration and
corresponding removal and inactivation that would be necessary (U.S.
EPA, 2006) in order to achieve a target health outcome of less than
one case of illness per 10,000 population annually (Table 1.2). U.S.
EPA requires monitoring for Cryptosporidium, but not for Giardia. In
addition, the U.S. EPA requires a minimum 3-log,, treatment
reduction for Cryptosporidium for all PWS systems, even if monitoring
demonstrates that no parasites are present. As parasite

concentrations increase, additional treatment barriers are required.
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Table 1.2 U.S. EPA (LT2 Rule). Cryptosporidium concentration
classifica-tion and treatment standards for filtered PWSs (Adapted
from LT2 Rule, U.S. EPA, 20006).

Cryptosp or"ldzum The bin Treatment that
PWS concentration in . . .
classification is necessary
source water
Less than 0.075 .
oocysts/L Bin 1 3-logqo
0.075 oocysts/L or
higher, but less than Bin 2 4-log;o

required to 1.0 oocysts/L
monitor for

Cryptosporidium* 1.0 oocysts/1 or
higher, but less than Bin 3 5-log,

3.000cysts/L

3.0 oocysts/L or

higher Bin 4 5.5-logqg

*Filtered PWS serving fewer than 10,000 people are not required to
monitor for Cryptosporidium if they monitor for E. coli less than or
equal to 10/100 mL for lake/reservoir sources or 50/100 mL for
flowing stream sources or do not exceed an alternative State-approved
indicator trigger.

Alberta Environment and Sustainable Resource Development
(AESRD) uses similar approaches to the U.S.EPA’s LT2 Rule for
managing risks against Cryptosporidium. However, unlike the U.S.
EPA, AESRD requires monitoring for Giardia in some PWS.
Consequently, treatment requirements can be driven by either
Cryptosporidium or Giardia parasite concentrations found in the
source waters. In addition, AESRD maintains an exceptionally strict
treatment requirement in regards to Giardia occurrence. For
instance, if Giardia concentration exceeds a single cyst in 100 L of
source water based on running annual average, the rule requires 4-
log,, reduction, whereas for Cryptosporidium the same 4-log;,

reduction is enacted if a concentration > 7.5 oocysts/ 100 L was
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observed (Table 1.3). Despite the fact that Giardiasis is considered a
less severe disease than cryptosporidiosis, a clear discordance in

tolerable levels of parasites exists.

Table 1.3 Alberta Environment protozoa requirements for filtered
PWSs (Alberta Environment, 2006).

Raw Water Giardia Raw Water log,y Reduction
Levels (cysts/ 100 L)ab | Cryptosporidium Level
(oocysts/100 L) ab

<1 <7.5 3.0-logqg
>1and < 10 > 7.5 and < 100 4.0-log4,
> 10 and < 100 > 100 and < 300 5.0-logyo
> 100 > 300 5.5-logqg

aFor communities with population large than 10,000, the levels are based on
running annual average of monthly samples over a two year period.

bFor communities with population less than 10,000 that are triggered based
on E. coli sampling, the levels are based on running annual average of
quarterly samples over a two-year period.

In Canada, treatment requirements vary across the country in
regards to enteric protozoa. Health Canada introduced treatment
Guidelines in October 1995 stipulating removal or/and inactivation
against Giardia and Cryptosporidium of 3-log,, and 2-log,o reduction,
respectively (Health Canada, 2003), and in line with U.S. EPA
requirements at the time. In 2012, new guidelines were adopted by
Health Canada, and rooted in a Quantitative Microbial Risk
Assessment framework (Health Canada, 2012).

The multi-barrier approach that includes watershed protection,
optimized filtration and disinfection, well-maintained distribution
system and routine water quality monitoring, is the best approach to
reduce presence of waterborne pathogens in drinking water (Health
Canada, 2010). The best way to build understanding of source water
quality is to conduct routine analysis for Giardia and

Cryptosporidium. Special attention is required during extreme weather
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condition, for example, high precipitation, or spills of wastewaters into
the watershed. Once the source water quality has been characterized,
optimal pathogen removal and inactivation strategies should be
developed. The treatment system should be assessed against probable
malfunction for each barrier. Mechanisms of early warning should be
implemented and appropriate response measures should be ready for
action to prevent production of contaminated water. The combination
of physical removal and disinfection is the most effective against
protozoa. Other treatment requirements such as the maximum
turbidity level, reduction of disinfection by products (DBP), and
maintenance of residual chlorine concentration in a distribution
system should be controlled also (U.S. EPA, 2006).

It should be stated clearly that simply following the guidelines
for water treatment does not guarantee the production of safe
drinking water from every raw water source (Health Canada, 2006). In
some instances, complex treatment and water protection should be
used to satisfy quality standards, as advocated in drinking water
safety plan approaches that have been implemented in Alberta and
other provinces across Canada (FitzGibbon & Plummer, 2004).

1.5 International approaches

A few nations have introduced QMRA into their state’s
regulation requirements. Since 2001, the Dutch Drinking Water Act
requires all PWSs to conduct risk assessment in compliance that the
produced drinking water is meeting a specified health target
(Anonymous, 2001). The Dutch Inspectorate together with water
utilities, RIVM (National Institute of Public Health and the

Environment, scientific advisor of Inspectorate), and KWR (the
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scientific research institute of the water utilities) developed
Inspectorate Guideline 5318 (VROM-Inspectorate, 2005) that
stipulated specific directives on how to perform risk assessments
using QMRA. Every water utility has to perform a monitoring
campaign every three years and for three years. Duration of a
campaign can be shortened if a utility intensifies sampling. In total,
PWSs must collect at least 26 regular samples (every two weeks) and 9
incidental samples during expected peak events, when high pathogen
concentration is assumed to occur, for example during rainfall
(Kistemann et al., 2002; Kay et al., 2007). Data must include
Cryptosporidium, Giardia, Campylobacter, and enterovirus results.
Recovery efficiency is estimated using organism spiking and
recovering techniques. If recovery data is lacking, recovery is assumed
equal to 100 %. Treatment efficiency is estimated based on pilot
testing, because it can be very location specific (Schijven et al., 2011).
A pattern of consumption of unboiled tap water is assumed
corresponding to a mean ranging from 0.25 to 2L per person per day
(Teunis et al., 1997). All calculations are performed stochastically
addressing variations in pathogen concentration, treatment reduction,
and consumption pattern using QMRAspot software (Schijven et al.,
2011). The health-based target is set at less than one case of illness
per 10,000 individuals per year. The combination of using QMRA with
Water Safety Plan (WSP) is gaining popularity in the Netherlands
(Bichai & Smeets, 2013). While WSPs help to identify periods of peak
risk, QMRA can be used to provide quantitative estimates of risks.

In England and Wales, it is a legal requirement for every

drinking water utility to conduct a risk assessment of it’s water
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supply (UK Drinking Water Inspectorate, 2005). This risk-based
approach is grounded in the obligation to develop and implement
“Distribution Operation and Maintenance Strategies” for the proactive
management of drinking water distribution system (UK Drinking
Water Inspectorate, 2002). If drinking water from a particular water
utility is deemed to be at risk due to contamination of
Cryptosporidium, the utility has to, ideally, conduct continuous
monitoring. However, routine parasite monitoring is not sensitive to
predict or detect periods of contamination events, thus, ineffective for
public health protection (Clancy & Hunter, 2004). In UK and Wales, it
is a criminal offence to have concentration of Cryptosporidium of more
than 1 oocyst in 10 L of finished drinking water over 24 hours.
Contrastingly, a risk from Giardia is not addressed by the regulator
(Clancy & Hunter, 2004).

In Australia, through enactment of the Guidelines for Water
Recycling (Phase 2 — Augmentation of drinking water supply), QMRA
was legislated for using for the drinking water industry purposes
(NRMMC-EPHC-NHMRC, 2008), for waters from recycled water
sources only. Australian Guideline for Water Recycling use the same
index pathogens as the Dutch’s, except that rotavirus/adenovirus is
used instead of enterovirus. In addition, the health target is set at
10~® DALY. Since water from recycling schemes has been used,
exposure varies according to the different uses of the produced water
(Bichai & Smeets, 2013). The ‘ReQuality’ Software provides QMRA
calculations (point estimates) relying on the log-removal data taken
from scientific literature. Currently, QMRA focuses at the point where

the produced water leaves a treatment plant. Australia developed their
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approach using WHO (2004) methodologies. Particularly, the health
target 107® DALY was inherited. The WHO used a deterministic
approach when dealing with estimates as opposed to stochastic
calculations.
1.6 Overview of Health Canada QMRA model

By comparison, to the WHO approach, Health Canada included
the same deterministic approaches as the basis for developing their
own QMRA model. The version (revision April, 2008) of Health
Canada’s QMRA model (version 1.0 HC QMRA model for purpose of
this dissertation) used point estimates throughout all calculations,
including pathogen concentrations in source water, a log-reduction
during treatment, a standard volume of drinking water consumption,
and an estimate of burden of disease (Douglas, 2008). The revision of
July, 2011 of the Health Canada QMRA model (version 2.0 HC QMRA
model for purpose of this dissertation) addressed variability in
estimates stochastically for pathogen concentrations in source water
(assuming log-normal distribution) and estimates of the burden of
disease, however, estimates of water consumption and a log-treatment
reduction remained fixed (McFadyen et al.,, 2011). At the request of
the City of Calgary, health risk estimates were provided in the form of
point estimates for the purposes of the current risk assessment.

Source water concentration estimates for a given set of
reference pathogens (Cryptosporidium, Giardia, rotavirus,
diarrheogenic E. coli and E. coli O157:H7 are used), are entered by the
user as inputs. Treatment efficiency is often determined by studies
addressing pathogen removal and inactivation. Values of the final

concentration of pathogens in the treated drinking water are derived
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based on original pathogen concentrations in source water and logio
treatment reductions in pathogen numbers as a result of the water
treatment process. Applying ingestion and dose-response parameters
specific to each reference pathogen, the model estimates the number
of waterborne illness and quantifies burden of disease within the
population using DALY.

Parameters of water treatment capabilities based on
conventional filtration can be inferred from the literature that compile
information from studies used to provide estimates for the whole
industry. Also, WTP can conduct a pilot study to estimate treatment
performance that the facility can achieve. Values for pH, water
temperature (°C), contact time (minutes), and residual disinfectant
concentration (mg/L) can be entered by the user for the source water
treatment conditions during disinfection. The software uses these
data to automatically calculate Contact Time (Ct) of chemical
inactivation. Mathematical modelling of water disinfection can be
found in the edited book by Block (2001) or in Gyurék & Finch,
(1998).

At present time, two Health Canada QMRA models are available
(HC QMRA version1.0 and HC QMRA version 2.0). At the beginning of
the current research project (Sep. 2011), the first version of Health
Canada QMRA Model was used for the analysis. Later, the second
version was also used for the analysis. The format of water
disinfection parameters (Ct) that was provided by the water treatment
plants was not suitable for use in version 2.0 of the model; therefore,
health risk from Giardia was estimated using solely version 1.0 of the

model. Health risk from Cryptosporidium was estimated using both
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versions of the model. The important difference between the models
for analysing health risk from Cryptosporidium was grounded in the
underlying assumption of a degree of physical oocyst removal that the
conventional filtration can achieve. For the version 1.0 this estimate
was 3-logio based on the U.S EPA’s estimation (U.S. EPA, 2006),
however for the version 2.0, Health Canada approved using 4.3-logq
removal estimate based on meta-analysis of pilot studies of efficiency
of conventional filtration process against Cryptosporidium (Hijnen &
Medema, 2007).

The models assume that the amount of pathogen theoretically
ingested by each person based on a consumption of 1L of unboiled
tap water per person per day. Using a Poisson distribution, the
probability of ingesting 1,2,3,4, etc. pathogens is calculated using the
mean concentrations in the treated drinking water (Health Canada,
2011). This modelled the condition as if 1L of tap water per day was
randomly sampled.

In the model (version 2.0), the user can manually adjust
percentage of viable and human infectious (oo)cysts if such
information is available. The City of Calgary recently conducted a
study in the watersheds of both the Elbow and Bow Rivers for
estimating the fraction of human infectious Cryptosporidium. From
298 samples processed over 3 years and tested for Cryptosporidium
species and genotypes, high risk species (C. hominis, C. parvum) were
never observed (unpublished data). The output of both models is the
estimate of the overall burden of the disease. The output is given in

DALYs.
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1.7 Proposed research
Giardia and Cryptosporidium are waterborne pathogens of

public health concern. Their prevalence in environmental waters, the
difficulty of their removal and inactivation during water treatment,
and their ability to cause illness make these parasites suitable
reference organisms for QMRA assessments for drinking water
quality. Increased anthropogenic influences can exacerbate
microbiological contamination in the environment and environmental
factors can facilitate the influx of the pathogens into receiving water
bodies from animal and/or human sources of pollution.
Understanding sources of the pathogens and contribution of
environmental conditions to the microbial occurrence would provide
valuable information for estimation human health risk and guiding
mitigating actions related to treating of water for drinking purposes.
Currently, treatment-based and health-based approaches dominate
regulatory frameworks focused on drinking water quality, but it is
hypothesized that these approaches can led to disparate outcomes
associated with understanding risks to drinking water supplies posed
by these parasites. Moreover, it is hypothesized that environmental
factors, particularly those that mobilize parasite sources (i.e.,
precipitation from snowmelt and rainfall separately) play a critical role
in the spatiotemporal variability of parasite occurrence in source
water and consequently the spatiotemporal risks and vulnerability of
treated drinking water to parasite contamination.

The goal of this thesis was to evaluate health risks associated with
Cryptosporidium and Giardia contamination in drinking water

supplies at the City of Calgary using Health Canada’s QMRA models,
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and comparatively evaluate these QMRA outcomes to existing
provincial operating approval requirements and other North American
risk assessment standards (i.e., U.S. EPA LT2 Rule). The objectives of
the proposed research are:

1. Assess risks associated with Cryptosporidium and Giardia in
drinking water produced from the Elbow and Bow Rivers by:

a. comparing and contrasting risk assessment outcomes
based on approaches used by AESRD, U.S. EPA, and
Health Canada (Chapter 3).

b. characterize the impact that scientific assumptions have on
risk assessment outcomes, with special emphasis on how
they affect Health Canada’s QMRA model (Chapter 4).

2. Using QMRA, evaluate the existing capability of the Bearspaw
and Glenmore Water Treatment Plants to provide safe water
under treatment barrier malfunction and/or unfavourable
weather events that may result in sporadic periods of high risk
(Chapter 4).

3. Examine the association between environmental risk factors
and the parasite occurrence in order to address the
spatiotemporal variability in risk that may be associated with
these parasites in the City of Calgary’s source waters (Chapter
5).

4. Report on limitations of QMRA and recommend solutions or
improvements in QMRA approaches for better understanding
and characterizing risks associated with Cryptosporidium and

Giardia in drinking water supplies (Chapter 6).
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Chapter 2 : Methods and materials
2.1 Research Methods - Objective 1: Construct a database of
systematic physico-chemical, environmental indicator data, along
with the pathogen occurrence data collected over time from the Bow
and Elbow Rivers watersheds
2.1.1 Specific Aim Al: Collection of parasite occurrence data in the
Elbow and Bow River

The Bearspaw WTP (Bow River), and the Glenmore WTP (Elbow
River), provide approximately 60 % and 40 % of the drinking water
supply, respectively, for the city (City of Calgary, 2011). The supplies
from both plants are interconnected through transmission mains to
stabilize water supply at all times.

The Elbow River collects water from an area of 1,210 square
kilometres. The Elbow River is 120 kilometres long and passes through
four sub-climates before it enters the Glenmore Reservoir on the east-
south side of the City of Calgary (City of Calgary, 2011). The Bow River
collects water from an area of 7,770 square kilometres. The Bow River
originates from the Bow Glacier north of Lake Louise, Alberta. It enters
the City of Calgary from the northwest side of the city. The Bearspaw
WTP is located on the river upstream of the city.

The Elbow and Bow River watersheds constitute together the Bow
River Basin. The basin has experienced the most significant
anthropogenic impact compared with other river basins in Alberta in the
last ten years (City of Calgary, 2011). Population has grown by over a

quarter of a million people in the basin. Human management highly
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affects the natural river flow. Between 2005 and 2009, Calgary regional
watersheds have shown a range of good to poor ratings according to the
Canadian Council of Ministers of the Environment's (CCME) Water
Quality Index (City of Calgary, 2011).

The climate in the basin is characterized by long, cold winters and
short, warm summers. Dry westerly Chinook winds can result in as
much as a 30 °Celsius change in temperature, and a 40 % change in
humidity within a few hours at mid-winter time (BRBC, 2010). Snow
accounts for approximately half of annual precipitation in the basin that
ranges from 500 to 700 millimetres (BRBC, 2010).

In total, 428 and 408 samples were tested for Giardia and
Cryptosporidium for the Glenmore and Bearspaw WTPs, respectively, in
the period from May 2003 to December 2011 (Table 2.1). All parasite
testing was performed at the City of Calgary water quality laboratories.
The water samples were collected weekly at source water intakes of both
WTPs. Method 1623 (U.S. EPA, 2005) was used for the analysis of
parasites.

Quality control (QC) criteria were set for parasite testing data and
data points were omitted for analysis in any of the following cases:

e No on-going precision recovery (OPR) data was provided for the

weekly sample results;

e The OPR was below the acceptable criterion, as defined by US

EPA (2005, 2009) - i.e., <22 % recovery for Cryptosporidium and

< 14 % for Giardia;
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e The matrix spike recovery (MSR) was below the acceptable
criterion, as defined by US EPA (2005) —-i.e., <13 % for
Cryptosporidium and <15 % for Giardia;

e No (0oo)cysts concentration was provided for a given date.

For the Glenmore WTP, 66 tests for Giardia and 94 tests for
Cryptosporidium did not pass QC criteria (Table 2.1). For the Bearspaw
WTP, 76 and 92 tests for Giardia and Cryptosporidium, respectively,
failed QC also. Therefore, 362 Giardia and 332 Cryptosporidium water
samples were available for the analysis for the Glenmore WTP. For the
Bearspaw WTP, 334 Giardia and 316 Cryptosporidium water samples
were available for the analysis, respectively.

Table 2.1 Sample data for the Glenmore and Bearspaw WTPs.

Parasite Samples Samples Samples
WTP tested failed QC available. for
analysis
Glenmore Giardia 66 362
WTP
. 428
Cryptosporid 94 332
ium
Giardia 76 334
Be:l;’;ll”aw Cryptosporid 408
ryptospe 92 316
ium

The cleansed dataset, as described above, was used for evaluating
vulnerability of drinking water treatment plants to parasite
contamination based on risk assessment approaches used by; i) AESRD -
as described in the operational approval requirements for the City of

Calgary), ii) U.S. EPA - according to the LT2 Rule, iii) Health Canada -
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according to QMRA approaches referenced in the Guidelines for Canadian
Drinking Water Quality, Guideline Technical Document - Enteric Protozoa:
Giardia and Cryptosporidium (Health Canada, 2012). Additionally, the
data was also used for examining of the association between
environmental risk factors and the parasite occurrence. In the context of
Health Canada, a QMRA mathematical model developed by this federal
ministry was kindly provided, courtesy of Stephanie McFadyen (Head,
Microbiological Assessment Section), and used in the evaluation of
parasite risks. Additional adjustment of the data was performed prior to
applying it to the Health Canada QMRA model, based on
recommendations and discussions with Health Canada:

e Zero values (i.e., non-detects) were replaced with a value of 0.5, in
an effort to; a) avoid underestimating the “true” concentration,
thus, ensuring a more conservative approach to risk assessment,
and b) that the mathematical model was based on a log-normal
distribution, therefore requiring integer values;

e In the cases where a matrix spike recovery percent was not
available, the arithmetic mean value of the available matrix spike
recovery percentages (for all years) was used,;

e Parasite concentrations were corrected to matrix spike recovery in
an effort for counterbalancing loss of (oo)cysts during testing.
Concentrations were corrected to matrix spike recoveries with a
range of recoveries for the Glenmore WTP: arithmetic mean
recovery 45 % (STD=15; min.=15; max.=80) for Giardia, arithmetic

mean recovery 44 % (STD=16; min.=13; max.=86) for
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Cryptosporidium; and for the Bearspaw WTP: arithmetic mean
recovery 40 % (STD=15; min.=15; max.=88) for Giardia, arithmetic
mean recovery 45 % (STD=17; min.=13; max.=85) for
Cryptosporidium.

These adjustments were specific to the Health Canada model and
are not reflected in the other risk assessment approaches (i.e., AESRD or
U.S. EPA). In fact, this correction adjustment is not recommended by
U.S. EPA under LT2 Rule, based on the argument that approximately
40 % of Cryptosporidium oocyst counted on slides appear to be intact and
viable, and this fraction can be cancelled out by the approximately 40 %
loss in recovery of parasites using Method 1623 (U.S. EPA, 2006).

2.1.2 Specific Aim A2: Collection of meteorological data

Weather monitoring data was obtained from Environment
Canada’s National Climate Data and Information Archive website
(Environment Canada, 2014). Data was recorded at the Calgary
International Airport (Latitude: 51°06'50.000" N, Longitude:
114°01'13.000" W, Elevation: 1,084.10 m; Climate ID: 3031093; WMO
ID: 71877; TC ID: YYC). The data comprised air temperature (°C [max,
min, mean]), snow on ground (cm), total snow (cm) and total rain (mm).
All weather data was recorded daily. Corresponding meteorological data
was integrated with the database on the parasite monitoring built in

EXCEL™ and STATA™ data files.

45



2.1.3 Specific Aim A3: Derivation of snowmelt and rain run-off
calculations

For calculating snowmelt, the method of the U.S. Corps of
Engineers was used (U.S. Army Corps of Engineers, 1998). This method
recognizes complexity of the snowmelt calculation and attempts to
simplify this. The method employs the concept of an “index,” where a
known variable is used to explain snowmelt in a statistical rather than in
a physical sense. Air temperature is an essential variable used for
deriving snowmelt estimates. Air temperature is commonly available in
historical and real-time databases. The temperature index method can be
applied in snowmelt modeling and river forecasting.

The basic equation for the temperature index solution is:

Mg = Gy (Ty — Tp)

where:

M, = snowmelt, cm. per period s (daily)

Cn, = melt-rate coefficient that is often variable, m is centimetre/
(degree/period)

T, = air temperature, °C

T, = base air temperature, °C.

In the above equation, the melt-rate coefficient (Cn) typically varies
between 1.8 and 3.7 cm/°C increase. An arbitrary midpoint value of 2.8
was applied for the current research. The base temperature is typically a
value near O °C. The maximum daily temperature is used as the index

because it is an indicator of cloud cover in the basin (U.S. Army Corps of
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Engineers, 1998). The outcome of the explained calculation was an
estimate of a layer of snow that was melted.

For inferring an amount of water from snowmelt, it was assumed
that a snow to water proportion was 10 to 1. The 10-to-1 rule appears to
originate from the results of a nineteenth-century Canadian study. Potter
(1965, p. 1) quotes from this study: “A long series of experiments
conducted by General Sir H. Lefroy, formerly Director of the Toronto
Observatory, led to the conclusion that this relation [10 to 1] is true on
the average. It is not affirmed that it holds true in every case, as snow
varies in density. . . .” The 10-to-1 rule has persisted, however, despite
the almost immediate warnings concerning its accuracy. For the
purposes of this thesis, the calculation was enacted only if at least 1 cm
of a snow layer on ground was present.

For simplicity, rain run-off (daily measurement) was considered
only if the cumulative daily rain was greater than 1 mm.

The 60-day running average of rain run-off (RR60DRA) was used
to analyse for relationships between parasite concentration in source
water and rain run-off, and to represent source water contamination by
(oo)cysts that occurred upstream as the result of rain run-off at any day
during the monitoring campaign. A 60-day running average of snowmelt
run-off (SMR60DRA) was also used as a predictor of parasites
contamination of the source water due to snowmelt run-off.

2.1.4 Specific Aim A4: Database construction and development

Critical to the data collection and analysis, was the development

and maintenance of two comprehensive databases to house all relevant
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information. All water and weather related variables were compiled into
both a Microsoft EXCEL™ database and in STATA™ statistical software
database (STATA Corp LP™). One database contained the data of all
environmental factors along with corresponding units, their spatial
locations, and the parasite occurrence data. Separately, another
database was created that contained only the parasite occurrence data
and was used for transitional derivation of inputs for the Health Canada
QMRA Models. These databases featured extensive data storage
capabilities with high flexibility for data analyses.

For the purpose of the analysis, the databases were developed to
store the data in two ways. One database was specifically built using
combinations of water collection sites and parasite occurrence data with
integration of the Environment Canada weather monitoring data.
Additional data storage was developed to adapt the parasite occurrence
data with the Health Canada QMRA Model. Arranging the database
according to these inputs simplified data analysis in the EXCEL™
application and STATA™ statistical software. The details of the databases
as follows:

WTP-Collection Site specific database. The EXCEL™ and STATA™
database each was arranged into two worksheets based on the collection
site. The data on weather monitoring in proximity to the WTPs was
obtained from Environment Canada and was integrated into the database
(Air Temperature [°C], Snow on Ground [cm], Total Snow [cm]|, and Rain

[mm]). Water quality information was provided by the City of Calgary
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and was integrated into the database for each of the WTPs (Water
Turbidity [NTU], Water Temperature [°C]).

The EXCEL™ spreadsheet database was arranged according to the
combinations of the site specific and parasite specific information and
provided data transition to the Health Canada QMRA Model.

2.2 Objective B: Estimate human health risk using Health Canada
QMRA model

To infer a burden of disease to a human population that was
exposed to parasites in drinking water, a probabilistic HC QMRA model
was used. An estimate of parasite concentration per 100 L of source
water was used for the input to the HC QMRA model. The log;, reduction
of parasite was set by the user for the HC QMRA model (version 1.0). For
the HC QMRA model (version 2.0), the log,, reduction is predetermined
by the Health Canada depending on treatment barriers employed as
explained in the Literature Review. In the HC QMRA model (version 2.0),
the user can set a fraction of infectious organisms. The output was given
as an estimate of burden of disease using DALY per person per year. A
human health risk was evaluated on the base of the estimate of burden
of disease per person per year. The HC QMRA model (version 2.0) is able
to provide health risk estimates stochastically; however, upon request of
the City of Calgary, the deterministic approach was used, particularly, as

mean point estimates of health risk.
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2.3 Objective C: Analysis of relationship between parasite
concentration in source water with environmental and physical
parameters

The Microsoft EXCEL™ spreadsheet database enabled
automated statistical analysis between pathogen concentration and
environmental factors, physico-chemical water quality variables (i.e.,
Pearson Correlations, generation of scatter plots, building graphs and
diagrams) and allowed for ease of use and integration with STATA™
statistical software for more sophisticated analysis and modeling.

For the purpose of the analysis of relationship between
concentration of parasites in source water with environmental factors
and source water physical parameters, the recovered parasite
concentrations were used. Substitutions for concentrations below
detections were not applied. In addition, natural log-transformation of
parasite concentrations was performed for the purposes of correlation
and multiple regression analysis. To deal with zero values of
concentrations during log-transformation, every data point was corrected
by adding a value of one.

Arithmetic mean values were used as a measure of central
tendency for estimating the average parasite concentrations in source
water entering the treatment facilities. According to the U.S. EPA LT2
Rule, Public Water Systems (PWS) that choose to sample at least twice
per month over two years (48 samples total) must use the mean of all 48
samples. The U.S. EPA argues that this approach achieves a low false

negative rate similar to Maximum Running Annual Average (Max-RAA)
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for 24 samples, and, additionally reduces the false positive rate (the
likelihood that the total concentration estimate would be overestimated)
(U.S. EPA, 20006).

The arithmetic mean is the sum of observations divided by the

number of observations (Weisstein, 2013).

X %Z?’ﬂxi

where:

N - is the number of observations

x — are measured values

The averaging of point concentrations over a particular period of
monitoring was applied in view of the low confidence that one “grab”
sample can represent a realistic concentration of parasite in source
water. The averaging is also applied in the effort to normalize the
variation of concentrations of microorganisms that can commonly be
observed in environmental waters providing an aggregated concentration
estimate that, as it is believed can provide a statistically supported
inference about a true concentration. Simple arithmetic mean or running
average were applied depending on circumstances of their application.
The Health Canada does not specify which measure of central tendency
of parasite concentration in source water should be used.

Scatter plots were used to visualize possible relationships of
dependent variables (i.e., point concentration of Giardia or
Cryptosporidium (oo)cysts) with independent variables or what were
considered in this research as potential predictors of parasite

concentration (source water temperature, source water turbidity,
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RR60DRA, SMR60DRA). Parasite monitoring data was plotted against
predictors based on the following assumptions and scenarios:

a) Aggregate Data — the entire monitoring period (May 2003 — Dec
2011) was used for assessing correlations between parasite
concentration at each of the sites (Bearspaw WTP and Glenmore
WTP) with a suite of environmental factors, such as source water
temperature, source water turbidity, RR60DRA, SMR60DRA.

b) Annualized Data — individual annualized periods (2003, 2004, or
2005, etc.) were used for assessing correlations between parasite
concentration at each of the sites (Bearspaw WTP and Glenmore
WTP) with a suite of environmental factors, such as source water
temperature, source water turbidity, RR60DRA, SMR60DRA. This
was done in order to assess the robustness of any associations
observed in one year to be generalizable to all years. For example,
an increase of rainfall in a given “wet” year may hypothetically
result in an increase in parasite concentrations.

For certain comparisons, the t-test statistic was used to compare the
means of two independent groups with the null hypothesis stating no
difference between means in the two groups. For example, the t-test was
performed when assessing Giardia concentration with source water
temperature and in which parasite concentration data was divided to two
groups using a boundary 5 °C of water temperature. The t-test statistic

was calculated as follow:
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Where:

X is arithmetic mean in the first group x;=1,n

y is arithmetic mean in the second group y;=1,m

and s is the pooled sample standard deviation (Helsel & Hirsch,
1992).
2.3.1 Correlation analysis

Correlation analysis is used to assess whether there is an
association between an explanatory variable (i.e., environmental factor)
and a response variable (i.e., concentration of parasite in water). Source
water temperature, source water turbidity, RR60DRA and SMR60DRA
were used as the explanatory variables (predictor) for parasite occurrence
(i.e. concentrations) in source water (response variable). Correlations
between parasite occurrence and explanatory variables were assessed
based on the Pearson correlation coefficient, as indicated by the symbol
“r”. The correlation coefficient lies between -1.00 and +1.00. A measure of
+/- 1.00 represents a perfect positive or negative correlation (Helsel &
Hirsch, 1992). A value of zero indicates no relationship between
variables. The underlying assumptions of the test are that linear
relationship between the variables exist, have normally distributed
residuals of the data, an equal variance of the residuals, and
independence of observations. The Pearson Correlation is mathematically

expressed by the following equation:

?_1(Xi — )?)(Yi — 17)
(n—1)SxSy
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where:

* X; Y; are the measured variables;

e X,V , represent their respective means; and

Sy and S, represent their respective standard deviations.

(Helsel & Hirsch, 1992)
2.3.2 Trend line analysis

Trend line analysis is a simple technique used for connecting data
points into trends to demonstrate behaviour of a studied effect in time.
Trend line accommodates the method of moving average. The moving
average (trend line) smoothes fluctuations of the data points to show if
the data has patterns or trends in time more clearly. A moving average
trend line uses a specific number of data points (set by the ‘Period’
option), averages them, and uses the average value as a point in the
trend line. For the trend line analysis of Giardia association with
environmental factors, a ‘60 Day Running Average’ of the parasite and a
‘60 Days Running Average’ of either rain or snowmelt run-off was used.
Correspondence of the trend line that was representing concentration of
Giardia cysts in source water to the trend line that was representing
either rain run-off or snowmelt run-off would indicate that a change in
the latter has triggered a change in the former.
2.3.3 Multiple linear regression analysis

Multiple linear regression can be used to model and analyze
continuous data containing response (parasite) and explanatory
(environmental data) variables. Data on environmental factors X1, X2, ...,

Xp (RR60DRA, SMR60DRA, water temperature) were used to model a
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linear relationship with parasite concentration (Y) in the source water .
When predictor variables had zero values, the estimated concentration of
parasite is f, as described in the equation below. The coefficient §; is a
parameter (numerical value) provided by the model that indicates how
much concentration of parasite changes with one unit change of a given

variable-predictor adjusting for other explanatory variables.
— 14
yi= Bo+ ijlﬁj Xij &

Where:

* y; is the value observed for the dependent variable for
observation i,

* x;; is the value taken by variable j for observation i, and

* g is the error of the model.

STATA™ (statistical software) was used to display a number of
summary statistics such as the following: parameters of the model, p-
values with t-values indicating predictive power, standard error, and
confidence interval for each environmental factor-predictor being in the
set of used predictors. Output of the F-test (test of significance) and R?
was used to indicate goodness of the model fit. The R?, the determination
coefficient for the model, ranges in value between zero and one. It is

calculated as followed:

R2=1— it wiyi— 99)?

1 .on
S wie yop! WHEreY = o Dy Wiy

Where:
* y; is the value observed for the dependent variable for

observation i,
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* nis the number of observations,

* w; is the error weight (Helsel & Hirsch, 1992).

The R? is interpreted as the proportion of variation of the
dependent variable (parasite concentration) that can be explained by the
model. When R? is equal to one, it is to be said that the predictor
variables fully explain variation of the variable of interest. Using multiple
predictor variables requires taking into account the influence of a
number of predictors, therefore, adjusted R? to be used as the best
estimate of the goodness of fit.

For the evaluation of a linear model, an interpretation was
performed as follows: as closer adjusted R? was to one, the better the set
of environmental factors was able to predict concentration of parasite at
a particular time. When the confidence interval around the standardized
coefficients (parameters) includes zero, the predictive potential of the
predictive variable is not statistically significant.

The four assumptions of multiple linear regression are: the
relationship is linear, the residuals have same variance, the residuals are
independent of each other, and the residuals are normally distributed
(Helsel & Hirsch, 1992). The linearity assumption is one of the strongest
assumptions. It is evaluated using scatterplot with lowess line (in
STATA™) and regression line. According to this, the lowess line should be
as close as possible to the regression line. The equal variance
assumptions is evaluated using scatterplot of the residuals, which
should be distributed homogenously. The Breusch-Pagan / Cook-

Weisberg test can be used also for checking the equal variance
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assumption. The null hypothesis of the test indicates that the variance of
the residuals is the same for all values of the independent variable, and
failure to reject the null hypothesis satisfies the assumption (Zeileis &
Hothorn, 2002). Log-transformation of the response variable is intended
to “normalize” the data and to decrease influence of outliers (Rozsa et al.,
2000). Also, it was assumed that the samples were taken independent
from each other during the sampling campaign.

In the multiple linear regression analysis, the response variable
Giardia concentration was modeled using the following explanatory
variables: a) RR60DRA, b) SMR60DRA, and c) water temperature (°C).
The significance of models for each predictor-variable was evaluated
based on the above goodness of fit statistics and the most significant

predictor-variables were selected for further analysis.
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Chapter 3 : Comparative risk assessment of the vulnerability of the
City of Calgary’s drinking water to contamination with
Cryptosporidium and Giardia

3.1 Introduction

As outlined in Chapter 1 of this thesis, provincial standards for
drinking water treatment in Alberta are grounded in both treatment-
based (i.e., Giardia) and health-based (Cryptosporidium) standards. In the
U.S., water treatment requirements are primarily focused on human
health risks posed by Cryptosporidium, and supported by source water
monitoring programs such as the LT2 Rule. The U.S. EPA does not
require monitoring for Giardia since monitoring for Cryptosporidium as a
reference protozoan is believed to be sufficient to draw conclusions about
water treatment measures that would be protective against pathogenic
bacteria, viruses, and other protozoa. Consequently, a 3-log,, removal or
inactivation level has been enacted against Giardia in the U.S. (U.S. EPA,
2006). This health risk-based approach for Cryptosporidium developed by
the U.S. EPA has been essentially adopted by AESRD, but monitoring for
Giardia is still required by the City of Calgary under AESRD’s drinking
water approval requirements. Risk assessments associated with Giardia
are largely qualitative and focus primarily on incremental achievable
treatment standards for control (i.e., a log,( increase in annual running
average of parasite occurrence requires a concomitant log,, increase in

treatment). Consequently, these different approaches to risk assessment
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have led to some disparity in the tolerance levels associated with each of
these parasites in drinking water systems. For example, under AESRD’s
regulatory approval requirements for the City of Calgary, < 1 Giardia
cyst/ 100 L of water requires a treatment level of 3-logio inactivation to be
adopted, whereas this same level of treatment is required when
Cryptosporidium oocyst concentrations are < 7.5 oocysts/100 L of water
(See Table 1.3 in Chapter 1). Consequently, under AESRD’s current
standards there is less tolerance for the occurrence of Giardia when
compared to Cryptosporidium within source waters used for drinking,
even though Cryptosporidium may be harder to inactivate and remove
during the water treatment process. AESRD’s numerical criteria for
parasite occurrence are based on an annual running average with a
minimum monthly frequency of sampling and collected over a minimum
of two years. The U.S. EPA numerical criteria are also based on a
maximum annual running average for utilities taking 24 samples, but for
utilities willing to sample on a more frequent basis and for longer periods
of time, the arithmetic mean across the entire dataset but not less than
48 samples over two year period, can be used as the most accurate
estimate of central tendency (U.S. EPA, 2006) of parasite concentration.

U.S. EPA and AESRD specify a level of treatment corresponding to
a particular concentration of parasite in source water, arguing that this
would result, on average, in a health burden that would not exceed
1/10,000 person cases of illness annually (U.S. EPA 2006). Health
Canada has adopted the approach used by the World Health

Organization (WHO), an approach that accommodates a metric of health
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risk know as a disability adjusted life year (DALY), targeting 107¢ DALY
per person annually as the acceptable threshold of health burden (Health
Canada, 2012). Consequently, these agencies have different
methodologies in estimating the health risk endpoint.

This chapter attempts to examine the vulnerability of the City of
Calgary’s WTPs to Cryptosporidium and Giardia contamination and
assess the consequential microbial risks based on the risk assessment
approaches used by the U.S. EPA, AESRD, and Health Canada.

3.2 Results and Discussion
3.2.1 Overview of parasite occurrence and prevalence

Parasite prevalence, for the purpose of this thesis, was defined as
the proportion of water samples testing positive for Cryptosporidium
and/or Giardia. Prevalence of Giardia, was in general, much higher than
prevalence of Cryptosporidium in both water treatment plants [WTP]
(Figure 3.1), with an overall prevalence (i.e., across all years) of 71 % and
85 % in the Glenmore and Bearspaw source waters, respectively (Tables
3.1; 3.2). For the Glenmore WTP (i.e., Elbow River), the overall mean
Giardia cyst concentration across all years was 23 cysts/100 L (STD=37),
with a maximum concentration 340 cysts/100 L recorded on February
01, 2004. For the Bearspaw WTP (i.e., Bow River), the overall mean
concentration across all years was 31 cysts/100 L (STD=40) with the
maximum concentration of 330 cysts/ 100 L recorded on October 17,
2011. The highest mean Giardia concentration in any given year was 56
cysts/100 L (STD=74) observed in 2003. The distribution of Giardia

concentrations was strongly skewed to the right for both the Glenmore
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and Bearspaw WTPs (Figures 3.2 and 3.3), indicating a log-normal
distribution of the parasite in water samples, consistent with the general
notion of how microorganism are usually distributed in the environment
(Haas, 1983; Hirano et al. 1982, Loper et al. 1984; Biondini, 1976;
Limpert et al., 2001).

Prevalence for Cryptosporidium was 16 % and 25 % for water
samples collected at the Glenmore and Bearspaw WTPs, respectively
(Tables 3.1 and 3.2) (Figures 3.2 and 3.3). For the Elbow River at
Glenmore, the overall mean concentration across all samples was 1.2
oocysts/100 L (STD=3.7) with a maximum concentration of 31
oocysts/ 100 L recorded on January 20, 2008 (Table 3.1). For the Bow
River at the Bearspaw WTP, the overall mean concentration of
Cryptosporidium was approximately twice as high as that observed for the
Elbow River (2.2 oocysts/100 L; STD=6.9) with a maximum
concentration of 40 oocysts/100 L recorded on October 11 and 28, 2008
(Table 3.2). Similar to that observed for Giardia, the given distribution of
Cryptosporidium concentrations were strongly skewed to the right for
both sites, indicating a log-normal distribution of Cryptosporidium
oocysts in source water.

Parasite concentrations fluctuated at both sites during every year
and across separate years for Giardia but were relatively stable for
Cryptosporidium (Tables 3.1; 3.2). For the Glenmore WTP, higher
concentrations of Giardia were observed during winter-spring seasons
and lower concentrations were observed during the summer-fall seasons,

displaying a “cyclic” pattern of prevalence across the 8-year sampling
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period (Figure 3.4). The highest Giardia cyst concentrations were
recorded during the winter season of the years 2003-2004 and during
the winter-spring season of the year 2010. For the Bow River at the
Bearspaw WTP, similar seasonal fluctuations of Giardia concentrations
were observed from 2003-2007, with increasing parasite concentrations
occurring in the winter-spring season and with decreased parasite
concentrations observed during the summer-fall season (Figure 3.5).
However, after 2007, an apparent gradual increase in Giardia cyst
concentrations was observed at the Bearspaw WTP (Figure 3.5), and with
the highest observed cyst concentrations occurring in the fall of the year
2011. Interestingly, this dominant winter/spring pattern of Giardia
occurrence that was observed between 2003 and 2007 at the Bearspaw
WTP shifted towards a summer/fall pattern of predominance as of 2008
and remained this way until the end date of the monitoring period (i.e.,
2011). Cryptosporidium was, on occasion, detected in the early fall
(Figures 3.4; 3.5), but long-term monitoring revealed neither a stable
pattern nor a consistent trend in the occurrence of the parasite for any
season (Figures 3.4; 3.5), and with the vast majority of water samples

having no detectable Cryptosporidium (Figures 3.2; 3.3).

62



400
Il
400
Il

300
Il

300
Il

200
Il
200
Il

100
Il

100
Il

| | |
L 1
o I ] o

‘I:I Giardia [ Cryptosporidium ‘ ‘I:I Giardia [ Cryptosporidium ‘

Figure 3.1 Boxplots depicting overall parasite concentrations from Glenmore WTP (Panel A) and Bearspaw
WTP (Panel B). Data represents the aggregate across the 2003-2011 sampling campaign. Boxplots reflect
median+25 -75th percentiles (colored boxes) with whiskers representingl.5*interquartile range.
Interquartile range is a distance between 25 th - 75th percentiles. Concentrations were corrected to matrix
spike recoveries.
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Table 3.1 Descriptive statistics related to parasite occurrence (Giardia and Cryptosporidium) within water
samples collected from the Glenmore Reservoir at the Glenmore WTP.

Giardia
Monitoring | Observations Mean Std. Minimum | Maximum | Prevalence
period (N) (cysts/ Dev. (cysts/ (cysts/ (%)
(years) 100 L)* 100 L) 100 L)
2003-2011 362 23 37 0 340 71
2003 42 56 74 0 340 73
2004 38 20 19 0 83 86
2005 41 12 18 0 79 63
2006 41 10 16 0 55 51
2007 43 9.5 16 0 63 48
2008 41 18 27 0 99 46
2009 43 26 37 0 170 79
2010 73 30 29 1.7 150 100
Cryptosporidium
Monitoring | Observations Mean Std. Minimum | Maximum | Prevalence
period (N) (oocysts/ Dev. (oocysts/ (oocysts/ (%)
(years) 100 L)* 100 L) 100 L)
2003-2011 332 1.1 3.7 0 32 16
2003 39 2.4 4.8 0 22 25
2004 32 0.4 1.7 0 9 6
2005 37 0.9 2.2 0 11 21
2006 34 0 0 0 0 0
2007 41 1.7 5.2 0 31 19
2008 37 1.6 5.3 0 24 10
2009 39 0.2 0.9 0 5 7
2010 73 1.4 3.8 0 23 26

*Concentrations were corrected to matrix spike recoveries. A range of recoveries for Giardia: arithmetic
mean recovery 45 % (STD=15; min. =15; max. =80); for Cryptosporidium: arithmetic mean recovery 44 %

(STD=16; min. =13; max. =80).
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Table 3.2 Descriptive statistics related to parasite occurrence (Giardia and Cryptosporidium) within water

samples collected from the Bow River at the Bearspaw WTP.

Giardia
Momtp "ME | Observations Mean Std. Minimum | Maximum Prevalence
period (N) (cysts/ Dev (cysts/ (cysts/ (%)
(years) 100 L)* ) 100 L) 100 L)
2003-2011 334 31 40 0 330 85
2003 42 19 21 0 95 83
2004 38 21 19 3 100 79
2005 38 21 29 0 100 76
2006 30 10 9.0 0 31 73
2007 33 3.9 5.7 0 21 42
2008 46 33 38 0 210 76
2009 41 44 40 S 220 100
2010 66 65 56 0 330 98
Cryptosporidium
Momtp "ME | Observations Mean Std. Minimum | Maximum Prevalence
period (N) (oocysts Dev (oocysts/ | (oocysts/ (%)
(years) /100 L)* ) 100 L) 100 L)
2003-2011 316 2.2 6.9 0 73 25
2003 41 0.9 2.7 0 13 14
2004 32 0.9 1.4 0 4 37
2005 35 1.3 4.1 0 22 17
2006 22 0.2 1.1 0 S 4
2007 34 0.8 2.2 0 10 14
2008 43 3.2 10 0 40 11
2009 37 0.8 1.8 0 9 24
2010 72 5.4 10 0 73 51

*Concentrations were corrected to matrix spike recoveries. A range of recoveries for Giardia: arithmetic
mean recovery 40 % (STD=15; min. =15; max. =88); for Cryptosporidium: arithmetic mean recovery 45 %
(STD=17; min. =13; max. =85).
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Figure 3.2 Frequency distribution of Giardia cyst (Panel A) and Cryptosporidium oocyst (Panel B)
concentrations in water samples collected from the Glenmore Reservoir at the Glenmore WTP
(2003-2011). Concentrations were corrected to matrix spike recoveries.
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Figure 3.3 Frequency distribution of Giardia cyst (Panel A) and Cryptosporidium oocyst (Panel B)
concentrations in water samples collected from the Bow River at the Bearspaw WTP (2003-2011).

Concentrations were corrected to matrix spike recoveries.




* Giardia * Cryptosporidium

100
@
®
)
®
_, 80
o
(=]
<
o 60 .
e
n ®
>
p-
°40¢’ ® o o @ ®
o ®
@ ®e ® ® ® ®
20 ® w® . - . ®
o® ] ® ® o ©° ® g @, ®,

.c G?&@ ° © ® 9 ‘9@% @q @%CD ® @@Q@
@ . ) . @ @ ] @

0 » -.% Qﬂmw&m oo seen s glgoene &‘35??-.2 e u----‘?o-w‘?%’ &"3@'.’9“'0 « R omd’ﬁm“-aom- ofe w
05/05/2003 05/11/2003 05/05/2004 05/11/2004 05/05/2005 05/11/2005 05/05/2006 05/11/2006 05/05/2007

100

- 80 C
(=]
o
S 60
> ®
2 20 ® ¢ PR
® s ]
3 ° ° 2, .
S o ® @ o @
@ ® eo _o
20 o o o0 e %° P e f @Q @
¢ @ o0 e @@ % ® @® ® % @ @ N @ ® %5% & ®@
® %% o @9 @ a0® oom

0 i ® ¥ Gl TR - ke ¥ ot s b ‘ol
05/05/2007 05/11/2007 05/05/2008 05/11/2008 05/05/2009 05/11/2009 05/05/2010 05/11/2010 05/05/2011 05/11/2011

Figure 3.4 Scattergram depicting parasite concentrations recorded at the Glenmore WTP and plotted with
respect to the date of testing. The graphs reflect the years 2003-2007 (top panel) and 2007-2011 years
(bottom panel). Dates on the X-axis are entered as ‘dd/mm/year’. Presented parasite concentrations on
this diagram were not corrected to matrix spike recoveries.
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Figure 3.5 Scattergram depicting parasite concentrations recorded at the Bearspaw WTP and plotted with
respect to the date of testing. The graphs reflect the years 2003-2007 (top panel) and 2007-2011 years

(bottom panel). Dates on the X-axis are entered as ‘dd/mm/year’. Presented parasite concentrations on
this diagram were not corrected to matrix spike recoveries.
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3.2.2 Evaluating health risks associated with parasite occurrence
based on existing regulatory standards or guidelines
3.2.2.1 Evaluating water treatment plant vulnerability to waterborne
parasites based on AESRD’s requirements

Giardia occurrence and risks at both the Glenmore and Bearspaw
WTPs, in the context of AESRD’s drinking water approval requirements
for the City of Calgary (i.e., annual running average), was evaluated.
Although monitoring was done over nine years, a running annual average
was calculated across the composite seven years in order to ascertain
how the annual running average fluctuated during this time period, and
for the purposes of understanding how robust the annual average is as a
measure of central tendency over the course of longer monitoring
periods. Analysis of parasite occurrence data demonstrated that both
WTPs would be required to achieve a 5-log;, reduction in Giardia
concentrations for finished drinking water quality (Figures 3.6 and 3.8,
respectively), as specified by an annual running average over a two year
period exceeding 10 cysts/ 100 L of water for Giardia, but only based on
annual running averages observed before 2005 and after 2010. The data
suggest that in the event that the City of Calgary implemented a 2-year
monitoring program for parasites between May 2005 to November 2010
(as specified in U.S. EPA LT2 Rule and in AESRD regulations), an annual
running average of <10 cysts/100 L would have been observed and
would require treatment for only 4-logio against Giardia. Although not

shown, concentrations above 10 cysts/100 L were recorded 51 % of the

70



time with respect to all samples for the Glenmore WTP and 65 % of the
time for the Bearspaw WTP (Figures 3.2; 3.3). These data suggest that
parasite monitoring programs implemented over a two year period may
underestimate parasite concentration and that longer monitoring periods
may be more accurate in evaluating and accounting for true prevalence
and temporal fluctuations in parasite concentration.

Similarly, an evaluation of Cryptosporidium occurrence at both the
Glenmore and Bearspaw WTPs, and in the context of AESRD drinking
water approval requirements for the City of Calgary, demonstrated that
both of the WTPs fall within the requirement to achieve a 3-logio
reduction in Cryptosporidium concentrations for finished drinking water
quality (Figures 3.7 and 3.9). In all water samples tested for
Cryptosporidium, although not shown, only 5.1 % and 8.9 % of samples
for the Glenmore and Bearspaw WTPs, respectively, had Cryptosporidium
concentration above 7 oocysts/100 L (Figure 3.2; 3.3). It is important
that both U.S. EPA and AESRD’s latest regulations designate an
equivalency mean concentration of 7.5 oocysts/100 L (i.e., for U.S. EPA
the value is set at 0.075 oocyst/L) as a threshold for enacting 4-log;,
oocysts reduction, based on the correspondingly applicable average

concentration estimate to achieve a < 1 infection per 10,000 risk.
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Figure 3.6 Giardia cyst occurrence at the Glenmore WTP based on a running annual average (purple line) and in
conjunction with AESRD’s treatment requirements for the City of Calgary. The dashed line represents AESRD’s 5-
logio implementation threshold for treatment control of Giardia.
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Figure 3.7 Cryptosporidium oocyst occurrence at the Glenmore WTP based on a running annual average (purple
line) and in conjunction with AESRD’s treatment requirements for the City of Calgary. The dashed line represents
AESRD’s 4-logio implementation threshold for treatment control of Cryptosporidium.
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Figure 3.8 Giardia cyst occurrence at the Bearspaw WTP based on a running annual average (purple line) and in

conjunction with AESRD’s treatment requirements for the City of Calgary. The red dashed line represents AESRD’s

S-logio implementation threshold for treatment control of Giardia.
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line) and in conjunction with AESRD’s treatment requirements for the City of Calgary. The red dashed line
represents AESRD’s 4-logio implementation threshold for treatment control of Cryptosporidium.
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3.2.2.2 Evaluating water treatment plant vulnerability to
waterborne parasites based on the U.S. EPA’s LT2 Rule risk
framework

The U.S. EPA’s analysis of ICR data (U.S. EPA, 1996a), and as
reflected within the LT2 Rule, requires that the arithmetic mean be
used as a measure of central tendency to estimate parasite
concentration. Under the LT2 Rule (U.S. EPA, 2006), WTPs serving
>10,000 people (such as the City of Calgary) are required to monitor
Cryptosporidium on a monthly basis over the course of 2 years (24
minimum sample size but <48 in total), with the highest arithmetic
mean of all sample concentrations in any 12 consecutive months used
in the bin categorization for the utility (i.e., annual running average).
For water utilities in which 48 samples or more are analyzed over two
years (i.e., weekly/bi-weekly), the Cryptosporidium bin concentration
is calculated based on the arithmetic mean of all sample
concentrations. The LT2 Rule stipulates that a minimum of two years
of monitoring is required for these utilities.

Since the City of Calgary’s data comprised nine years of
continuous monitoring, the data was subjected to analysis by
examining: a) an annual running average across all nine years, and b)
a 2-year running average across all nine years. The rationale for this
approach was to determine the variability in mean parasite
concentrations across all incremental 2-year monitoring periods
throughout the nine years of data, and consequently the stability in
bin categorization across all nine years. In addition, and according to
the LT2 Rule, for utilities monitoring more than 48 samples, an

arithmetic mean of parasite occurrence across all nine years of
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sampling was also used for bin categorization, and compared to other
previous mean values.

Mean Cryptosporidium concentrations did not exceed 0.025
oocysts/L in any 2-year monitoring period (annual running average
and annual 2-year running average) at either the Glenmore WTP or
the Bearspaw WTP, meeting the lowest bin category (i.e., Bin 1) and
consequently requiring both WTPs to meet only a 3-logio treatment
requirement for Cryptosporidium removal/inactivation (i.e., that
achieved by conventional filtration alone) (Figures 3.7 and 3.9). The
overall mean concentration of parasites across all nine years was 1.1
(STD=3.7) oocysts/ 100 L and 2.2 (STD=6.9) oocysts/100 L for the
Glenmore and Bearspaw WTPs, respectively (Tables 3.1 and 3.2), and
adhered to the Bin 1 categorization of treatment risk under the LT2
Rule.
3.2.2.3 Evaluating water treatment plant vulnerability to
waterborne parasites based on Health Canada’s risk framework

Unlike the U.S. EPA’s LT2 Rule risk assessment framework
that focuses on Cryptosporidium only, Health Canada stipulates an
acceptable health risk target for both Cryptosporidium and Giardia,
targeting a value of 107® DALY per person per year. The estimated
health risk, across all years, was well below this target for either of
the parasites at both the Glenmore and Bearspaw WTPs (Figures 3.10;
3.11). Interestingly, although Giardia was quite prevalent in both
rivers, the health risk estimates for this parasite was, in most cases,
well below 107° DALY per person per year in any given year for the
Glenmore or Bearspaw WTPs (Figures 3.10 and 3.11). Meanwhile, the

overall estimated logio treatment reduction against Giardia was above

77



6-logio for both plants. For the Bearspaw WTP, health risk estimates
for Giardia were a little higher than for the Glenmore WTP but still
very low, with the highest values observed as 1.2x107° and 1.2x107°
DALY per person per year in the years 2009 and 2011, respectively
(Figure 3.11).

Unlike the risk framework proposed by AESRD, the estimated
health risk from Cryptosporidium was higher than the health risk
posed by Giardia within both river water sources, despite the low
prevalence and the very low concentrations of Cryptosporidium
oocysts observed in these source waters. Less than ten samples
returned concentrations higher than 10 oocysts/ 100 L over nine years
of monitoring (Figure 3.2). The DALY risk estimates provided above for
Giardia were based on Health Canada Quantitative Risk Assessment
(HC QMRA) model version 1.0, in which 3-logio was used as the
treatment estimates for conventional filtration, and with these
treatment estimates similar to those used under the AESRD approvals
program and the U.S.EPA LT2 Rule. However, under the HC QMRA
model version 2.0, estimated logio reduction against Cryptosporidium
were increased from 3-logio to 4.3-logio for conventional filtration and
based on the operational criteria achieved by both plants. For the
Glenmore WTP, the highest estimates of risk from Cryptosporidium
were in 2003 and 2011 evaluated at, 2.6x1077 and 3.3x10~7 DALY per
person per year respectively using the HC QMRA model version 1.0,
and 1.1x1078 and 1.5x1078 DALY per person per year using the HC
QMRA model version 2.0 (Figure 3.10). For the Bearspaw WTP, the
health risk estimates for Cryptosporidium were comparable to the

health risk estimates for the Glenmore WTP and were 9.5x10~’and
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4.6x1078 DALY per person per year in 2011 (the highest observed
mean concentration in the given years) when using versions 1.0 and
2.0 of the HC QMRA models, respectively (Figure 3.11).

The difference in risk estimates observed between the two
parasites, as characterized under Health Canada’s model rests on the
fact that chlorine is ineffective against Cryptosporidium whereas it is
reasonably effective against Giardia. Efficiency of water treatment
against Cryptosporidium is purely dependent on removal of oocysts
through conventional filtration. Modelling Giardia’s health risk, the
average log;, inactivation by chlorine was calculated for every separate
year, and was combined with the 3.5-logio removal credit received for
conventional filtration. The final treatment credits against Giardia
resulted in a constant 6.5-logio cysts reduction for the Glenmore WTP
and from 6.1 to 6.4-logio cysts reduction for the Bearspaw WTP. In
fact, treatment performance can vary according to the site specific
settings and treatment condition (Hijnen & Medema, 2010). The
impact of treatment performance on health risk estimates will be

discussed further in Chapter 4 of this dissertation.
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Figure 3.10 Annualized health risk estimates for Giardia (both panels
using version 1.0 HC QMRA model) and for Cryptosporidium (version
1.0 HC QMRA model [lower panel] and version 2.0 HC QMRA model
[upper panel]) in drinking water produced at the Glenmore WTP.
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Figure 3.11 Annualized health risk estimates for Giardia (both panels
using version 1.0 HC QMRA model) and for Cryptosporidium (version
1.0 HC QMRA model [lower panel] and version 2.0 HC QMRA model
[upper panel]) in drinking water produced at the Bearspaw WTP.
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For comparative purposes, a reverse QMRA was performed to
determine the mean concentration of Cryptosporidium and Giardia
(oo)cysts that would need to be observed within source waters of the
Elbow and Bow River in order to violate Health Canada’s risk target of
10-¢ DALYs per person per year, and given the treatment criteria
currently available at the Glenmore and Bearspaw WTPs. Outcomes
of this analysis are provided in Table 3.3.

The data suggests that the currently available water treatment
processes at the Glenmore and Bearspaw WTPs, hypothetically, can
cope with much higher concentrations of Giardia compared to the
concentrations commonly observed in environmental waters (Table
3.3). For example, the highest mean annual Giardia concentration of
56 cysts/ 100 L was observed in 2003 for the Glenmore WTP, but a
reverse QMRA analysis on plant performance suggested that the plant
could handle Giardia mean concentrations up to 114,000 cysts/100 L
based on the HC QMRA model 1.0. These high concentrations of
Giardia have never been reported for environmental waters. For
example, during the Sydney drinking water quality crisis in 1998, the
highest Giardia concentration reported was 7 620 cysts/100 L in
source water (Cox et al., 2003). Against Cryptosporidium, the
protection was not as overwhelming but still sufficient against the
concentrations observed during the time of monitoring. The Glenmore
WTP could handle mean concentrations of 13 and 256
Cryptosporidium oocysts/ 100 L in the source water according to the
HC QMRA model 1.0 and 2.0, respectively. The highest annual
average concentration estimate observed during the entire monitoring

campaign was 2.4 oocysts/ 100 L in 2003.
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Table 3.3 Estimated tolerable mean concentrations of parasites in source water as determined by reverse QMRA of
the HC QMRA model and with respect to treatment criteria currently available at the Glenmore and Bearspaw

WTPs*,
Parasite Health Canada Available lo Maximum mean
QMRA Model reduction ca a%iolit concentration of
WTP based on HCpQMRX (oo)cysts tolerated
. based on reverse
model version used QMRA
Cryptosporidium Version 1.0 3 13
Glenmore WTP Version 2.0 4.3 256
Giardia
Version 1.0 6.5 114,000
Cryptosporidium Version 1.0 3 13
Version 2.0 4.3 256
Bearspaw WTP
Giardia
Version 1.0 6.1 45,500

*Tolerable concentrations referenced from Figure 3 and Figure 4 in Enteric Protozoa: Giardia and Cryptosporidium,

Health Canada, 2012.
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3.2.3 Comparative overview of waterborne parasite risks

Interestingly the three approaches used to assess waterborne
parasite risks (AESRD, U.S. EPA, and Health Canada) result in
slightly different consequences. In the context of Cryptosporidium all
three approaches to risk assessment result in very similar outcomes,
whereas the greatest disparity in the risk assessment outcomes
pertains to risks associated with Giardia.

AESRD’s risk-based approach to Cryptosporidium is modeled
after the U.S. EPA LT2 Rule, and consequently the standards required
for treatment are similar between these two agencies. For example, a
3-log,( treatment requirement is necessary when Cryptosporidium
mean oocyst concentrations are less than 7.5 oocysts/100 L (or 0.075
oocysts/L) for both agencies. By comparison, the critical threshold
for violation of Health Canada’s 10-¢ DALY per person per year for
Cryptosporidium approximates to 13 oocysts/100 L for a water utility
employing a 3-logio treatment technology (i.e., conventional filtration
for the Glenmore and Bearspaw WTPs). The discrepancy between 13
oocysts/100 L and 7.5 oocysts/ 100 L observed between Health
Canada and AESRD/ U.S. EPA relates to a subtle difference in the
reportable parasite numbers used by the agencies in the calculation of
the mean. Health Canada stipulates that all raw data should be
‘corrected’ against controls (i.e., spiked matrix recoveries).
Consequently, a laboratory that observes 10 oocysts/ 100 L of water
would use a value of 20 oocysts/ 100 L in the calculation of a mean if
method recovery was S50 % on that day (or within the lot of samples

processed). Conversely, the U.S. EPA does not require values to be
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corrected against method recoveries, arguing that the impaired
recovery would be counterbalanced by the fact that only a fraction of
oocysts commonly found in source waters are viable and infectious to
humans (U.S. EPA, 2006). An uncorrected concentration of 7.5
oocysts/100 L (i.e., AESRD/U.S. EPA) would translate to a corrected
concentration of 19 oocysts/ 100 L, assuming the average reported
recovery for U.S. EPA’s Method 1623 is 40 % (U.S. EPA, 2006).

When considering risks related to Giardia, and assuming a 3-
log,, reduction by conventional filtration, AESRD requires mean
concentrations of <1 cyst/100 L, based on running annual average of
monthly samples over 2-year period. When this is compared to the
Health Canada QMRA models, water having a mean annual parasite
concentration of <34 cysts/100 L would fall into a 3-logio treatment
requirement. A 5-log;, treatment reduction requirement would be
protective against Giardia concentrations up to 100 cysts/100 L
according AESRD (250 cysts/ 100 L after concentration correction
assuming 40 % method recovery), however under the HC QMRA model
(version 1.0) the same level of water treatment would be sufficient to
deal with 3,400 cysts/100 L in source water. Although, AESRD’s
requirements may be considered more protective toward Giardia, the
more important question is whether the numbers reflected in
AESRD’s approval conditions are valid and whether less stringent
criteria should be adopted for Giardia occurrence. As mentioned
previously, the U.S. EPA does not require monitoring for Giardia as it
is generally considered that treatment requirements centered on
Cryptosporidium removal by conventional filtration, when coupled

with chlorine treatment, are sufficient in dealing with Giardia risks
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(U.S. EPA, 2006). The QMRA results obtained for Giardia from Health
Canada’s models support the U.S. EPA stance of low risk and
vulnerability of systems to Giardia, and it can therefore be argued that
AESRD’s approach may be inappropriate for dealing with Giardia
risks in treated drinking water systems.

Other discrepancies between the risk assessment approaches
for Cryptosporidium are also apparent. The Health Canada QMRA
model requires using the arithmetic mean as a concentration estimate
for the model input but Health Canada does not specify a pre-defined
period of monitoring for determining an arithmetic mean (McFadyen et
al., 2011). This is in contrast to U.S. EPA that has defined criteria for
monitoring and calculating mean parasite values. U.S. EPA’s LT2 Rule
specifies that the arithmetic mean of 48 samples in total over 24
month period or the Max-RAA of 24 samples over two year period
should be used as a measure of central tendency (U.S. EPA, 20006).
U.S. EPA argues that the arithmetic mean is preferable because it
gives lower rates of false positive and false negative results. The two-
year monitoring requirement under the U.S. EPA LT2 Rule is intended
to capture any temporal variation observed in parasite occurrence
between years. Similarly, AESRD stipulates using a running annual
average over two years of Cryptosporidium as a measure of central
tendency (Alberta Environment, 2006). Unfortunately, all models
incorporate, at minimum, annual arithmetic mean values as an
estimate of parasite concentration, and consequently are deficient in
defining and addressing potential events that may lead to higher

periods of risk during certain times of the year. The concept of
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spatiotemporal variation in risk is examined and discussed further in
Chapter 5 of this dissertation.

In conclusion, applying the AESRD and U.S. EPA regulations to
the data of parasite occurrence at the Glenmore and Bearspaw WTPs
demonstrated, using the conditions set by the regulatory bodies, a low
health risk with respect to Cryptosporidium at both sites. The
outstanding issue was AESRD’s perception of high risk from Giardia
at both sites if treatment would fail to provide 5.5-log;, cysts
reduction. However, the elevated risk associated with Giardia appears
to exist only because of the strict water treatment requirements
imposed by AESRD against this parasite when compared to the health
risk estimates derived from the HC QMRA model (version 1.0). Also,
the presented understanding of health risk were inferred purely on
arithmetic counts of microorganisms without taking into
consideration that not all (0oo)cysts were viable and infectious, non-
detects were corrected using an arbitrary designation, and the
genotype of parasite was not accounted for. In the next chapter, these
uncertainty factors are discussed in the risk assessment using the

Health Canada QMRA model.
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Chapter 4 : Evaluating the effect of model assumptions on the
estimation of human health risks associated with
Cryptosporidium and Giardia using Health Canada’s QMRA
model
4.1 Introduction

Inherent to all QMRA models estimating health outcomes are
model assumptions. Model assumptions and general parameter
estimates can greatly affect modeling outcomes. For example, values
represented as non-detects in a dataset signify values in which the
concentration of parasites is below the limit of detection for the
diagnostic assay, and consequently method sensitivity often plays an
important role in the risk assessment process. Related to this are
challenges associated with method recovery for parasite detection
methods in water and the influences that the matrix composition may
have on method recovery and sensitivity. The performance of methods
1622 and 1623 during monitoring of 87 source waters from United
States using more than 400 samples demonstrated mean
Cryptosporidium recoveries of 43 % and mean Giardia recoveries of
53 % (Connell et al., 2000). An analysis of U.S. EPA Method 1623
recovery results from seeded filtered tap water demonstrated that the
average parasite recoveries for Cryptosporidium and Giardia are
48.4+11.8 % and 57.1+10.9 %, respectively, and the recovery
percentages from raw source water samples ranged, as a minimum
from 19.5 to 54.5 % for oocysts and from 46.7 to 70.0 % for cysts
(McCuin & Clancy, 2003). This parasite recoveries were received by
using a total of 15 blind samples analyzed by using the Filta-Max

system (McCuin & Clancy, 2003). Furthermore, when Cryptosporidium
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oocyst concentrations in water are low, method recoveries are poor
and often result in non-detection (Parkhurst et. al., 1998).
Physicochemical parameters, such as turbidity, can also affect
method recovery (Yakub et al., 2000; Bukhari et al., 1998). At the
same time, non-detects may actually represent true negative samples,
and consequently the application of a zero value in calculating an
arithmetic average of parasite concentration may be warranted.
Accordingly, the U.S. EPA has established acceptable parasite
recoveries for Method 1623 to be between 22 % to 100 % for OPR
results and 13 % to 100 % for MSR result for Cryptosporidium and 14
% to 100 % and 15 % to 100 % for OPR results and MSR results for
Giardia, respectively (U.S. EPA, 2009). However, the U.S. EPA does
not recommend correcting these parasite concentrations based on
method recovery and subsequently use observable parasite numbers
in the calculation of the arithmetic mean for bin categorization under
the LT2 Rule. The rationale for this is that the average recovery of
Cryptosporidium oocysts with Method 1623 in a national monitoring
program was approximately 40 percent (U.S. EPA, 2006). Regarding
the fraction of oocysts that are infectious, LeChevallier et al. (2003)
tested natural waters for Cryptosporidium using both Method 1623
and a cell culture method to test for infectivity. Results suggested that
37 percent of the Cryptosporidium oocysts detected by Method 1623
were infectious. Moreover, it is now well established that not all
Cryptosporidium species or genotypes are infectious to humans (Xiao
et al., 2004), and studies have demonstrated that human infectious
species are relatively rare in source waters in Canada (Ruecker, 2012;

Wilkes et al., 2013). While it is not possible to establish a precise
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value for method recovery or determine the fraction of oocysts that are
infectious, available data suggest that these parameters may be of
similar magnitude. Therefore, U.S. EPA specifies using non-detects as
zero values and not correcting values to method recovery. Conversely,
Health Canada recommends using parasite values corrected to
method recovery, the argument for which is based on the
precautionary principle and establishing a safety factor in the
calculation of risk. As an example, if 10 Cryptosporidium oocysts/100
L are detected in a water sample, and method recovery was 25 % in
that sample (based on parasite recoveries from a spiked sample), then
the Health Canada QMRA model would use 40 oocysts/100 L of water
in calculating an arithmetic mean for QMRA outcomes, whereas the
U.S. EPA would use 10 oocyst/ 100 L of water in calculating the mean
for bin categorization. In Alberta, AESRD does not specify the use of a
corrected value in calculation of the arithmetic mean (i.e., running
average) for reporting results under their criteria.

The varying approaches also affect the way non-detects are
dealt with within the dataset itself. Under the U.S. EPA risk model
(i.e., LT2 Rule), non-detects are reported as true negatives (i.e., they
represent zero values used in the calculation of the mean), whereas
under the Health Canada QMRA model, it is recommended that all
non-detects be given an arbitrary value (i.e., 0.5 oocysts/ 100 L) which
is then corrected to method recovery results. For example, in a water
sample in which no Cryptosporidium oocysts are detected, and in
which method recovery is 25 %, a value of 2 oocysts/ 100 L would be
used in the calculation of the arithmetic mean for inclusion in Health

Canada’s QMRA risk estimates.
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Other model assumptions include suppositions related to
temporal and spatial homogeneity of risk. For example, all risk
frameworks evaluated in this thesis (U.S. EPA LT2 Rule, AESRD, and
Health Canada’s QMRA models) use the arithmetic mean as a
measure of central tendency, and are either an annualized value (i.e.,
for Health Canada) or represented as a running annual average over
two years (AESRD and U.S. EPA). None of the models consider
temporal variations in health risk associated with parasite occurrence
(i.e., periods of time during the year in which risk may be higher than
in other periods). U.S. EPA has argued that the required 2-years of
monitoring should capture spatiotemporal variability of parasite
concentration (U.S. EPA, 2006). However, as discussed in Chapter 3,
Giardia occurrence is cyclic throughout any given year in both the
Elbow and Bow Rivers, with higher numbers occurring in
winter/spring in the Elbow River and in the summer/fall in the Bow
River. Consequently, distinct peak periods of risk may exist during
the year and for which annualized averages may underestimate true
risk. This periodicity in risk is discussed in the Chapter 5.

The goal of this Chapter was to evaluate the various Health
Canada model assumptions on the estimated human health risk
associated with parasites occurrence in source drinking waters in
Calgary.
4.2 Results and Discussion
4.2.1 Effect of non-detects and method recovery issues on
Health Canada QMRA model outcomes

As outlined in Chapter 3, 83 % of water samples collected at

the Glenmore WTP and 74 % of water samples collected at the
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Bearspaw WTP resulted in non-detects for Cryptosporidium over the
nine year monitoring period (Figures 3.2 and 3.3). Similarly, 28 % of
samples collected at the Glenmore WTP and 14 % of water samples
collected at the Bearspaw WTP resulted in non-detects for Giardia
over this same nine-year period. In dealing with the issue of non-
detects, Health Canada proposed replacing all non-detect values with
an arbitrary value of 0.5 (oo)cysts/ 100 L of water in an effort to
decrease underestimation of a “true” concentration of parasites in
water (Health Canada, 2011). Due to uncertainty that arises because
of accuracy and precision of the U.S EPA’s Method 1623, this results
in a conservative approach to risk estimation. Average method
recovery for Cryptosporidium over the course of the monitoring
campaign at the City of Calgary was approximately 44 %, and
consequently it can be argued that there may be some merit in
applying a 50 % value of the lowest detection limit (i.e.,

1 (oo)cyst/ 100 L) for all non-detects in the dataset (i.e., 0.5

(oo)cysts/ 100 L). In addition, Health Canada’s QMRA model is based
on a lognormal distribution of parasites, and consequently inputs of
zeros (as mean values) cannot be incorporated into the base model. As
mentioned previously, all values, including arbitrary values for non-
detects, are subsequently corrected based on method recovery from
samples spiked with known concentrations of parasites. Arbitrarily
applying a value 0.5 to all non-detect values, and subsequently
correcting these values based on method recovery, may bias estimates
of the average parasite concentrations in a sample, and consequently
the risk estimates generated by QMRA models. In addition, overall

model sensitivity and resolution may be affected, emphasizing the
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importance of understanding basic model assumptions as they relate
to QMRA outcomes. This may be particularly relevant in the context of
the City of Calgary for which Cryptosporidium was not observed in the
vast majority of water samples tested.

Figure 4.1 illustrates the effect on model sensitivity and model
resolution when applying arbitrary values to non-detects in a sub-
sample of the Bearspaw WTP dataset (i.e., 2009 dataset). Arbitrarily
applying a value of 0.01 oocysts/ 100 L of water for all non-detects
shifted the QMRA model sensitivity outcomes within the 2009 dataset
by ~0.5 logio DALYs (individual/year) when compared to a situation in
which a value of 0.5 oocysts/ 100 L of water was applied to non-detect
values in that same year (compare blue bars in Figure 4.1).

The lower limits of model sensitivity were also affected by the
arbitrary designation of non-detect values. To evaluate this, we used a
hypothetical situation in which all values in the Bearspaw WTP 2009
dataset were deemed non-detects for Cryptosporidium and given a
value of either 0.5, 0.1, or 0.01 oocysts/ 100 L , and these values
subsequently corrected based on method recovery. When data was fed
into the QMRA model, lower limits of model sensitivity varied by
almost 2-logio DALYs per person per year when comparing situations
when non-detects were arbitrarily applied a 0.5 value or a 0.01 value.
Consequently, the lowest DALY achievable by Calgary’s WTPs under a
scenario in which no parasites were observed (i.e., as occurred in
2006 at the Glenmore WTP) was approximately 1x10~7 DALY per

person per year (Figure 4.2).
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Figure 4.1 A sensitivity and resolution analysis of Health Canada’s
QMRA model (version 1.0) for assessing Cryptosporidium risks based
on arbitrary designations of 0.5, 0.1 or 0.01 oocysts/ 100 L to all non-
detect values. Blue bars represent the effect of the listed arbitrary
values to non-detects within the 2009 sampling year at the Bearspaw
WTP. All values used in the QMRA were also corrected to method
recoveries with a mean recovery 52 % (min.=24; max.=74). Red bars
represent a hypothetical situation in which no Cryptosporidium were
detected across the 2009 sample set, and with corrected values also
used in the QMRA model. Consequently red bars represent the lower
limits of model sensitivity for each arbitrary value designation. The
difference between the blue and red bars represents the model
resolution between the real dataset and the hypothetical dataset, and
the effects that arbitrary non-detect values have on model resolution.
The red dashed line is a Health Canada’s health target of 10 DALY
per person per year.
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Figure 4.2 Sensitivity of the Health Canada QMRA model (version 1.0)
to Cryptosporidium risk based on an analysis of the Glenmore 2006
Cryptosporidium occurrence data (i.e., a year in which no
Cryptosporidium was observed) given under varied water treatment
performance conditions (colors). All values used in the QMRA were
also corrected to method recoveries with a mean recovery 29 %
(min.=13; max.=49).
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This ‘baseline’ model sensitivity analysis was important in
understanding the overall risks posed by this parasite across the
various years, and the implications that may be associated with
treatment failure (Figures 4.2 and 4.3). For example, in 2006, no
Cryptosporidium oocysts were detected in water samples collected at
the Glenmore WTP (Table 3.1), suggesting that baseline risk during
this year was completely contingent on the designation of arbitrary
values for non-detects. Furthermore, health risks associated with a
hypothetical treatment failure for Cryptosporidium during this time
(e.g., 1.5-logio [mimicking a partial loss in conventional filtration
capacity] or 3-logio [i.e., mimicking a complete loss of conventional
filtration]), were completely contingent on the arbitrary designation of
non-detect values to the dataset. Interestingly, a designation of
0.01 oocysts/ 100 L to all non-detects in the 2006 dataset would still
result in a DALY value below Health Canada’s recommended guideline
(i.e., 107® DALY per person per year), even in the event that a complete
loss in conventional filtration capacity was observed at the Glenmore
WTP in 2006 (i.e., 3-logio), (Figure 4.2). Conversely, an arbitrary
designation of 0.5 oocysts/100 L to this same dataset would result in
a violation of the Health Canada target for that same year in the event
of a partial or complete failure in conventional filtration. It is
recognized that the efficiency of conventional filtration can be
temporally variable in the context of parasite removal. A major review
of pilot and full-scale water treatment studies by Hijnen & Medema
(2007), demonstrated that oocyst removal using coagulation and
sedimentation at 25 sites varied from 3.8-log;o, down to 0.4-log;,. A

recent review of conventional filtration removal efficiencies by Health
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Canada demonstrated that oocyst removal varied between 0.8-logio
and 5.5-logio (Health Canada QMRA model version 2 - McFadyen et
al., 2011). Although a 3-log,, oocyst removal credit is assumed by
AESRD’s approval regulations and U.S. EPA’s LT2 Rule requirements
for conventional filtration true oocyst removal is likely to be
temporally influenced. Using the aforementioned example of non-
detect base model, the arbitrary designation of a value to non-
detection can have a practical implication for understanding of health
risk, especially in the locations where source water is usually of good
quality, such as the Bow and Elbow Rivers at the City of Calgary in
particular years. Over longer monitoring periods, for example, if
Cryptosporidium data for the Bearspaw WTP of all samples was used,
and in which non-detects were replaced with 0.5, 0.1, and 0.01
respectively, the estimates of risk would be less different among the
estimates of using different arbitrary values (blue bars) (Figure 4.3).
This happened because the records of a few high point concentrations
of the parasite in the dataset levelled the risk, making non-detects
less influential onto the health risk estimates. The analysis also
emphasizes the importance of collecting multi-year monitoring data
on parasite occurrence in order to capture periods in which method

sensitivity may compromise detection limits.
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Figure 4.3 Sensitivity of Health Canada’s QMRA model (version 1.0)
outcomes based on how non-detects are handled under a scenario of
treatment deficiency. It was assumed overall 1.5-log;¢ oocysts
reduction. The red bars show the estimates of health risk using a
hypothetical non-detect base model when no oocysts were actually
present in source water. The blue bars show the health risk when real
parasite concentration records were used for the Bearspaw WTP of all
samples in period 2003-2011. The red dashed line is the Health
Canada’s health target 107® DALY per person per year. The 0.5, 0.1,
and 0.01 are the arbitrary values used to replace a zero concentration
in the hypothetical and in the real parasites concentration datasets.
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4.2.2 Parasite Infectivity

As outlined in Chapter 1 of this dissertation, not all parasites
(Cryptosporidium or Giardia) observed in a water sample may be
infectious to humans. In fact, most genotypes/species of Giardia and
Cryptosporidium appear to exhibit some degree of host specificity. Of
the six known species of Giardia, only certain assemblages of
G. intestinalis are known to cause infections in humans. Of the
seven major genetic assemblages of G. intestinalis (A, B, C, D, E, F, G),
assemblages A and B are those of concern for human infection. In the
context of Cryptosporidium spp., only C. hominis, C. parvum, and
C. cunniculis have been reported to cause general community
outbreaks in humans associated with drinking water consumption
(Chalmers, 2010). Environmental waters analyzed by Method 1623
often contain a mixture of parasites genogroups (Ruecker et al., 2011),
providing evidence that the parasites observed within water samples
originate from diverse host sources of faecal contamination, a portion
of which are not likely to cause infections in humans (Ruecker, 2013).
Method 1623 does not differentiate between the various species and
genotypes of Cryptosporidium or Giardia, nor is the method suited for
determining whether the parasites observed are viable, which is a pre-
requisite for infectivity. It is inherently assumed in the various risk
models described in this thesis (AESRD, U.S. EPA and Health Canada)
that all parasites are considered infectious to humans. This
assumption is also grounded in providing a more conservative
estimate of risk, but may dramatically affect overall levels of risk

associated with these parasites.
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Based on molecular methods recently developed for identifying
various Cryptosporidium and Giardia parasite species and genotypes
in water samples analyzed by Method 1623 (Amar et al., 2002; Read
et al.,, 2004; Bertrand et al., 2005; Caccio et al., 2002; Lalle et al.,
2005; Ferguson et al., 2006; Xiao & Fayer, 2008), a new version of the
Health Canada QMRA Model (version 2.0) was released (i.e., July
2011) and which incorporated mathematical inputs accounting for the
percentage of samples containing human infectious parasites. The
input value represented the proportion of water samples collected
from a specific site that contained human infectious
species/genotypes of the parasites.

Recent data collected from source tracking studies in our
laboratory demonstrate that the Cryptosporidium species/genotypes
observed at the Glenmore or Bearspaw WTPs are of little public health
concern, with the populations of parasite observed considered non-
infectious to humans (unpublished data). Since 2011, the genotyping
study ongoing in our laboratory revealed that C. andersoni was the
only species of the parasite identified in the source waters entering
the two drinking water treatment plants. Conversely, Giardia
intestinalis populations present in the Elbow and Bow Rivers
represent assemblages known to be zoonotic in humans (i.e., A and B
assemblages, personal communication, Jonathan Slone, MSc Thesis).

This information was subsequently incorporated into the HC-
QMRA model (version 2.0) and compared to conservative model
parameters in which all parasites were considered infectious to
humans (Figures 4.4 and 4.5). Even though no human infectious

Cryptosporidium was observed in water samples collected at either
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site, a refined estimate of 10 % of water samples containing human
infectious Cryptosporidium was included in the analysis. In order to
increase our understanding of overall uncertainty in risk estimates
the analysis also examined the arbitrary designation of non-detect
values in the context of the percentage of samples containing
infectious parasites (Figures 4.4 and 4.5). Revising the model inputs
to be 10 % of samples containing human infectious parasites resulted
in a reduction of health risk by ~1.0—log;, compared to model
outcomes in which all parasites were considered infectious. When the
conservative parameters (i.e., all parasites considered infectious and
0.5 oocysts/ 100 L applied to non-detects) was compared to the most
stringent refined parameters (i.e., 10 % of parasite are considered
infectious and 0.01 oocysts/ 100 L is applied to non-detects) an overall
difference on ~1.5-logio in model outcomes was observed (Figure 4.4).
The difference between the conservative model outcome and the most
stringent refined model outcomes represents the relative risk range for
Cryptosporidium for Calgary’s WTPs (Figure 4.4). When using the
most stringent refined estimates, the overall risk for Cryptosporidium
was more than 3 orders of magnitude (i.e., 3-log,,) below the Health
Canada DALY Target for either the Glenmore WTP (Figure 4.4) or the
Bearspaw WTP (Figure 4.5); i.e. possibly slightly less impacting on
uncertainty than the likely range in treatment plant performance
variation (Hijnen & Medema, 2007).

In addition to the uncertainty in the QMRA models estimates
associated with various Cryptosporidium species/genotypes in a water
sample, a variety of environmental factors can affect parasite viability

(and consequently infectivity). For example, Neumayerova and
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Koudela (2008) found that exposure of Cryptosporidium oocysts to
freezing or heating was crucial to change their infectivity toward mice.
No inoculated mice that received oocysts frozen at -5 °C for 3, 5, 7,
and 10 days and -20 °C for 1, 3, 5, and 8h become infected. In
contrast, Cryptosporidium muris oocysts frozen at -5 °C for 1 day
remained infective for inoculated mice. Results also indicated that
when water containing Cryptosporidium muris oocysts was exposed to
a temperature of 55 °C or higher for 1 min, the infectivity of oocysts
was lost. Although, the parasite’s response to the high temperature
might not have implication for risk assessment in water sources,
vulnerability of the parasite to extended or strong freezing certainly
should have implication, particularly in Alberta. In previous study, it
was estimated that approximately 37 % of counted oocysts
(LeChevallier et al., 2003) are usually intact and viable. The model
outcomes provided above do not include caveats for infectivity, other

than genotype/species designations.
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Figure 4.4 Sensitivity of Health Canada QMRA model (version 2.0) as influenced by parasite infectivity
assumptions. The arbitrary values 0.5, 0.1, 0.01 for non-detects were used for estimating a relative risk range
between the conservative assumption (darkest blue bars) and the most stringent revised assumptions (lightest red
bars). Cryptosporidium data was used from the sampling campaign in the Glenmore WTP.
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Figure 4.5 Sensitivity of Health Canada QMRA model (version 2.0) as influenced by parasite infectivity
assumptions. The arbitrary values 0.5, 0.1, 0.01 for non-detects were used for estimating a relative risk range
between the conservative assumption (darkest blue bars) and the most stringent revised assumptions (lightest red
bars). Cryptosporidium data was used from the sampling campaign in the Bow River at the Bearspaw WTP.
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4.2.3 “Problem of means” - using statistical representative values
of true concentration estimates

Currently, measures of central tendency have been used for
determining concentration estimates for parasites in source water
(Parkhurst et al., 1998). U.S. EPA requires using an arithmetic mean
or a maximum running annual average depending on the length of a
monitoring period (U.S. EPA 2006). AESRD requires applying a
running annual average of monthly samples over a two-year period
(Alberta Environment, 2006). Health Canada does not stipulate how
estimates of parasite occurrence should be done, including the
duration of monitoring (e.g., monthly, annualized), but has specified
for users of the Health Canada QMRA models that the arithmetic
mean concentration ought to be used for inputs.

Several approaches have been proposed for estimating parasite
concentrations and for tackling issues such as poor (0o)cyst recovery
associated with U.S. EPA Method 1623. These include the following:

1. the “non-zero” method, in which non-detects are treated as
non-zero arbitrary values such as 1.0, 0.5, 0.1, or 0.01
(LeChevallier & Norton, 1995; Stern, 1996), and with the
resulting values referenced to detection limits (Fout et al.,
1996). Thereafter, an average concentration estimate is
derived by summing up values of all separate samples and
dividing the sum by a total number of samples.

2. “the positives-only” method that uses averaging of only the

positive results and ignoring non-detect samples (LeChevallier &
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Norton, 1995; Stern, 1996; LeCevallier et al., 1991; Regli et al.,
1991);

3. the “percentile” method orders data from smallest to largest
determining the concentration that falls at the upper 90th or 95th
percentile (LeChevallier & Norton, 1995);

4. effective filtration volume method that uses a sum of (oo)cysts
counted divided by a volumetric sum of water analyzed
(Parkhurst et al., 1998);

5. a method that uses technic when (oo)cysts counted for each
sample divided by an effective volume of the corresponding
sample, and then a mean of samples is taken disregard of a

difference in the samples effective volume.

Each of the methods has its own advantages and
disadvantages. The non-zero method is useful when a majority of
samples are non-detects in a dataset, such as the City of Calgary
dataset, and consequently this method was used in the current
research project. Method 2 described above can be useful as a
“precautionary principle” approach for water treatment system that
uses a source water that is known to be polluted with human
infectious parasites, or when much uncertainty exists on parasite
occurrence. Methods 4 and 5 listed above can be advantageous in
situation where source water limits filtration capacity (e.g., highly
turbid waters). There is no universal solution which method to
choose. Each method can be useful and better suited under
appropriate conditions.

When parasite point concentrations in source water are used to

derive parasite concentration estimates inferred over a large time
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interval, the possibility exists that heterogeneous periods of risk may
be ‘normalized’, resulting potentially in overestimating risks during
periods when parasite concentrations are truly low, but more
importantly, underestimating risks for periods when parasite
concentrations may be truly high. The overestimated and the
underestimated concentration can greatly deviate from a true
concentration of parasite at a particular time in source water.
Identifying periods of high parasite concentration in source water is of
primary public health interest. The three risk assessment approaches
studied (AESRD, U.S. EPA and HC) suffer from the inability of
identifying peak periods of risk primarily due to the methodological
challenges. Parasite monitoring using U.S. EPA Method 1623 is costly,
inefficient (i.e., relatively poor recoveries), and plagued with
uncertainty due to “grab” sample analysis (Allen et al., 2000; Signor &
Ashbolt, 2006). The implausibility of developing real-time monitoring
technology for detecting of parasites is another major obstacle.
Identification of periods of peak contamination of source water
would provide QMRA with the data to identify more timely and
responsive periods of high risk, thus guiding water treatment
measures/management more effectively. Measures of central tendency
from “grab” samples remain the most used tool for inferring estimates
of pathogen concentration but under conditions of high uncertainty.
Temporal and spatial variability of parasite concentration in water
exacerbates the challenges in understanding potential periods of peak
risk to drinking water. An attempt to elucidate the role of
environmental factors in source water contamination with parasites

will be presented in the next chapter.

107



Chapter 5 : Assessing relationships between waterborne parasite
occurrence and environmental factors in the Elbow and Bow River
watersheds
5.1 Introduction

Understanding the occurrence of waterborne parasites in surface
water sources used for drinking water is crucial for planning protective
water treatment measures. Parasite presence in environmental waters is
associated with environmental features that can mobilize faecal sources of
pollution into the receiving waters. Environmental factors such as weather,
seasonal changes, habitat alterations, land use patterns, and urban
environments can all influence microbial contamination dynamics (U.S. EPA
& USDA, 2012).

Understanding environmental processes associated with mobilization
and survival of parasites into source water could possibly improve
prediction of periods of high health risk and consequently make water
treatment decisions better prepared to deal with impending challenges for
water treatment. Currently, despite much research effort, the field is still
lacking consistency in a systematic pattern of occurrence of both
Cryptosporidium and Giardia. It was noticed that Giardia cysts can be
resistant to some environmental factors for survival while vulnerable to
others (Samuel at al., 2001). For instance, the observation of Jakubowski
(1990) suggested that the optimal temperature for Giardia survival in water
is between 4° C and 8° C and a high concentration of bacteria in a
surrounding environment leads to cysts biodegradation. Desiccation and

ultraviolet irradiation inactivated cysts within 24 hours (Bingham et al.,
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1979). Giardia cysts undergo degradation within weeks in faeces and soil
(Olson et al., 1999b). Other studies have demonstrated association of
turbidity with parasites (Selvakumar & Borst, 2006; Ryu et al., 2005) while
others failed to demonstrate this (Horman et al., 2004). Data on factors that
contribute to Cryptosporidium occurrence are not consistent. High
concentrations of Cryptosporidium in environmental waters occasionally
were reported during a record spring run-off (Gammie et al., 2000). Several
studies have documented significant increases in pathogen loads in raw
waters associated with rainfall and run-off events (Kistemann et al., 2002,
Atherholt et al., 1998). Ferguson et al. (2007) using watershed modelling
demonstrated that slow decay of protozoan pathogens combined with their
rapid transport in water during wet weather events results in a cumulative
export of Cryptosporidium to downstream sub-catchments. Tang et al.
(2011) concluded that the vast majority of small agricultural catchments are
ungauged, therefore, it is difficult to use a process model to predict and
understand the mechanisms and activities that regulate the risk of surface
water contamination from agricultural areas. Nevertheless, the study
suggested that temperature was the most important parameter that affected
survival of oocysts during their transport in the study catchments and that
the timing of land field fertilization using manure application relative to the
occurrence of water run-off event was also critical.

A major drawback of the current risk assessment frameworks
described in this thesis (AESRD, U.S. EPA, and Health Canada) pertains to
the use of a mean as a measure of central tendency over a long period to

describe parasite occurrence in watersheds. As discussed in previous
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Chapters, mean values can be annualized or amalgamated across a defined
period. Consequently, periods of high parasite occurrence may be melded
with periods of low parasite occurrence to arrive at a mean value used in
risk calculations. However, the peak periods of parasite occurrence may in
fact represent true occurrence patterns and therefore distinct periods of
high risk may stand out from periods of low risk. The fact that parasite
occurrence is highly variable over time implies that risk is also temporally
heterogeneous, and consequently sporadic periods of high risk may exist
when sources of faecal pollution in the environment are mobilized and
transported to receiving water bodies.

It was hypothesized that environmental factors that could mobilize
parasites into waters such as rain and snowmelt (i.e., run-off) may
represent more important variables associated with distinct and defined
peak risk periods associated with contamination of drinking water sources.
The focus of this Chapter was to examine parasite occurrence in the Elbow
and Bow River watershed in the context of key environmental features and
provide a basis for understanding and defining peak periods of risk
associated with waterborne parasites and evaluate these periods of peak
occurrence in the context of QMRA.

5.2 Results and Discussion
5.2.1 Analysis of occurrence of Giardia in source water depending on
water temperature

As described in previous chapters, Giardia occurrence in both the
Elbow and Bow Rivers, displayed a cyclic seasonal pattern (Figures 3.4;

3.5). Concentrations of Giardia were generally higher during the cold
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seasons for the Elbow River throughout the nine-year monitoring period and
for a portion of the monitoring period in the Bow River (2003-2007). Highest
cyst concentrations were recorded when water temperature was below 5 °C
(Figure 5.1). This observation was consistent with findings of Jakubowski
(1990) indicating the high survival of Giardia cysts when water temperature

was between 4 °C and 8 °C.
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Figure 5.1 Association between Giardia cysts concentration with water
temperature below 5 °C and above 5 °C (as defined by the red boundary
line) at the Glenmore WTP.

In order to better understand the association between water
temperature and parasite occurrence, Giardia monitoring data collected
between 2003 and 2011 was grouped according to source water
temperatures recorded on the day of sampling. For simplicity, two groups
were created: samples collected when water was < 5 °C (i.e., cold water) and
>5 °C (i.e., warm water) (Figure 5.2). A statistical comparison of the two
groups was performed using a two sample (independent) t-test statistic.
Mean Giardia concentrations were 38 cysts/100 L (STD=50; 95 % CI: 29 to
46) and 7.8 cysts/100 L (STD=11; 95 % CI: 5.9 to 9.6) for the cold water

and warm water groups, respectively. The mean difference was
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29 cysts/100 L (t=6.8; df =151; 95 % CI: 21 to 38), and the difference in
mean concentrations of cysts was highly significant (p-value<0.0001).
Therefore, Giardia cysts concentration in the Glenmore Reservoir were
associated with water temperature and, thus, to seasonality.

When Giardia occurrence data was amalgamated across the entire
nine year (2003-2011) monitoring period for the Bearspaw WTP, and
categorized into the two groups (i.e., < 5 °C [cold water] and > 5 °C [warm
water]) no difference was observed between occurrences of Giardia in the
groups. The mean Giardia concentration was 27 cysts/100 L (STD=33; 95 %
CI: 22 to 32) for the cold water group and 35 cysts/ 100 L (STD=46; 95 % CI:
28 to 43) for the warm water group, and consequently no statistical
significance between the two groups was observed (mean difference was
-8.2 cysts/100 L; t=-1.8; df=290; 95 % CI: -17 to 0.49; p-value=0.06). The
data was further sub-categorized according to distinct time periods based
on monitoring data collected between 2003-2007 and from 2008-2011, the
rationale of which was based on an observed shift in the predominance of
parasite occurrence at the Bearspaw WTP into the summer/fall season after
2007 (See Chapter 3, Figure 3.5). In this case the difference between the
groups became statistically significant in both periods, after the adjustment
in time. In the period 2003-2007, the mean concentration of Giardia was
23 cysts/100 L (STD=24; 95 % CI: 18 to 28) in the cold water group and
11 cysts/100 L (STD=11; 95 % CI: 7.5 to 13) in the warm water group. The
mean difference of 13 cysts/100 L between the two groups was statistically
significant (t=4.2; df =139; 95 % CI: 6.7 to 18; p-value<0.0001). In the

period 2007-2011, the mean concentration of Giardia was 33 cysts/100 L
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(STD=41; 95 % CI: 25 to 42) in the cold water group and 48 cysts/100 L
(STD=52; 95 % CI: 39 to 58) in the warm water group. The mean difference
between the groups was -15 cysts/ 100 L and was statistically significant
(t=-2.2; df =181; 95 % CI: -28 to -1.8; p-value<0.03), in the context of higher
values in warmer water (Figure 5.3).

The observed dependence on cold water conditions for higher
concentrations of Giardia at the Glenmore WTP and at the Bearspaw WTP
(before 2007) was consistent with the perspective that increased water
temperature detrimentally affects cyst survival, as reported in the literature
and discussed above. Consequently, cyst survival may be enhanced under
low water temperature conditions throughout the watersheds. However, the
shift of Giardia occurrence observed at the Bearspaw WTP after 2007
potentially indicated that a new source of Giardia contamination was
introduced in the watershed during warmer periods of the year. Parasite
loading during this time period may have masked the previously observed
dependence of Giardia cyst in cold water, resulting in the higher
concentrations of the parasite in warm water after 2007.

The higher concentrations of Giardia cysts observed in source water
during the cold water season in the Glenmore Reservoir also has
implications for parasite inactivation with chlorine disinfection in cold water
conditions (Clark et al., 1989). The Ct data for chlorine disinfection from
Glenmore WTP indicated that the chlorination could be highly variable
during the period 2003 to 2011 (Figure 5.4), and with the lowest recorded
Ct values occurring during cold-water conditions. Considering that higher

concentrations of Giardia cysts occurred during cold-water conditions for
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the Elbow River, the overall health risk may be further elevated due to

reduced treatment efficiency.

o
O_
v

[ ]
o
O_
™
-
S :
AN

([ ]
o
o_
-~

(]
o_ L ]

1 Cold water 3 Warm water

Figure 5.2 Boxplot depicting difference between the two Giardia groups
depending on water temperature observed at the Glenmore WTP. The
boundary was set at 5 °C of water temperature (cold water < 5 °C and warm
water > 5 °C) on the day of parasite testing. Data represents the 2003-2011
year sampling campaign. Boxplots reflect median+25-75th percentiles
(colored boxes) with whiskers representingl.5*interquartile range.
Interquartile range is a difference between the upper and lower quartiles.
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Figure 5.3 Boxplot depicting difference between the Giardia occurrences depending on water
temperature in the Bow River. The boundary was set at 5 °C of water temperature (cold water < 5 °C and
warm water > 5 °C). Data represents the time periods between 2003 and 2011 (Panel A); 2003-2007
(Panel B); and 2007-2011 (Panel C). Boxplots reflect median+25-75th percentiles (colored boxes) with
whiskers representingl.5*interquartile range.
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Figure 5.4 Actual chlorination [Ct, green line| that was performed by the Glenmore WTP, Giardia
concentration [blue dots] and source water temperature [red line|] during 2003-2011 years sampling
campaign. Concentrations of Giardia are recovered.
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5.2.2 Association between parasite occurrence and environmental
factors

Glenmore WTP: The observation that Giardia occurrence was cyclic

in nature, with the highest concentrations observed during spring and
under cold-water conditions, lead to the following hypothesis to potentially
explain this pattern. Environmental parameters that may affect the
mobilization of parasites from faecal sources during winter/early spring
may be related to snowmelt as a mobilization force upon faeces deposited in
the environment during this time. Indeed, snowmelt during the winter and
early spring may not affect overall water temperatures within a river due to
the abundance of ice cover on rivers in Northern latitudes. Moreover,
snowmelt water temperatures are often ~ O °C. In addition, snowmelt may
not affect turbidity in the river due to the inability of snowmelt to infiltrate
frozen soils and mobilize particulates within these soils (Seyfried &
Murdock, 1997). Consequently, snowmelt may have an association between
season (i.e., late winter/early spring) and cold-water temperatures, but may
not correlate with other water quality parameters such turbidity, yet may
act as a mobilization force on faecal material in the environment.
Furthermore, extended periods of colder temperatures (i.e., little or no
snowmelt) may result in greater accrual of faeces in the environment (i.e.,
parasite burden) followed by mobilization of parasites from these sources
when weather conditions permit the melting of snow. Consequently,
variables such as snowfall/ snow pack (or snow on ground) are also critical

since snow is a prerequisite for melt water.
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In order to address this hypothesis, snow pack, snowmelt (daily
values), rain (daily values), and water temperature data were plotted against
parasite numbers and turbidity (Figures 5.5 and 5.6). Periods of high
Giardia concentration corresponded with periods of snow on ground and
snowmelt in the Elbow River across all years (Figure 5.5) and between 2003
and 2007 in the Bow River (Figure. 5.7). Increases in the concentration of
Giardia parasites were especially noticeable during the winter-spring of
2008, 2009, 2010, and 2011 (Figure 5.5). Concentrations of Giardia were
always low during the periods when water temperature was higher than
S °C. Increases of water turbidity were most noticeable in the summer/fall
and did not correspond with Giardia concentration increases (Figure 5.5).
Rain periods were usually accompanied by low parasite concentrations
(Figure 5.6). When high concentrations of Giardia were recorded, these were
most often preceded by snowmelt.

As discussed in Chapter 3, Cryptosporidium was not detected in a
large portion of the sampling program at the Glenmore WTP, and no pattern
of occurrence was discernable throughout the monitoring period. Slight
increases were recorded only during the fall of the years 2003, 2008, and
2011. Interestingly, studies on cryptosporidiosis monitoring data in clinical
studies suggested that the peaks of the infection in people often occur
during the early-summer to early-fall period, reflecting recreational
exposures (Deitz & Roberts, 2000; Hlavsa et al., 2005; Yoder et al., 2007;

Yoder et al., 2010; Yoder et al., 2012).
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Figure 5.5 Diagram depicting the relationship between the occurrence of waterborne parasites
(Cryptosporidium [red dots] and Giardia [blue dots]) with snow on ground (green bars), snowmelt (daily
value [blue bars]), source water temperature (red line) and source water turbidity (black dots) at the
Glenmore WTP. The data was plotted with respect to the time of testing. The records reflect 2003-2007
years (top panel) and 2007-2011 years (bottom panel) of the monitoring campaign. Dates on the x-axis are
recorded as dd/mm/year.
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Figure 5.6 Diagram depicting the relationship between the occurrence of waterborne parasites
(Cryptosporidium [red dots] and Giardia [blue dots]) with rain (daily value [orange line]), snow on ground
(green bars), source water temperature (red line) and source water turbidity (black dots) at the Glenmore
WTP. The data was plotted with respect to the time of testing. The records reflect 2003-2007 years (top

panel) and 2007-2011 years (bottom panel) of the monitoring campaign. Dates on the x-axis are recorded
as dd/mm/year.
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Bearspaw WTP: At the Bearspaw WTP between 2003 and 2007, the

pattern of Giardia occurrence was very similar to that that was seen at the
Glenmore WTP (Figure 5.7). Occurrence of higher cysts concentrations after
snowmelt events was the most noticeable. During the 2003-2007 sampling
campaign, no increase in cyst concentration was observed after rain, and no
influence of turbidity was seen on Giardia occurrence (Figure 5.8). However,
after 2007, the year during which Giardia cysts concentrations were low
compared to other years, the summer of 2008 manifested with the
increasing trend of higher cyst concentrations during the summer seasons
and in the subsequent years. This pattern was seen until the end of
monitoring. Also, after 2008 and until the end of monitoring, Giardia cyst
concentrations during winter-spring seasons were in the comparable range
with the concentrations that were observed during winter-spring seasons in
the previous years (2007 and earlier).

Regarding Cryptosporidium at the Bearspaw WTP, no parasites were
observed in most water samples. A sporadic increase was observed in the
fall of 2008. Contrastingly, multiple recordings of Cryptosporidium oocysts
concentrations in the range from one to 10 oocysts/ 100 L were recorded in
the summer-fall season of 2011. The multiple positive concentrations that
were recorded in 2011 looked differentially on the background of the great

prevalence of non-detects in the previous years.
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Figure 5.7 Diagram depicting the relationship between the occurrence of waterborne parasites
(Cryptosporidium [red dots] and Giardia [blue dots]) with snow on ground (green bars), snowmelt (daily
values [blue bars]), source water temperature (red line) and source water turbidity (black dots) in the Bow
River. The data was plotted with respect to the time of testing. The records reflect 2003-2007 years (top
panel) and 2007-2011 years (bottom panel) of the monitoring campaign. Dates on the x-axis are recorded
as dd/mm/year.
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Figure 5.8 Diagram depicting the relationship between the occurrence of waterborne parasites
(Cryptosporidium [red dots] and Giardia [blue dots]) with rain (daily values [orange line|), source water
temperature (red line) and source water turbidity (black dots) in the Bow River. The data was plotted with
respect to the time of testing. The records reflect 2003-2007 years (top panel) and 2007-2011 years
(bottom panel) of the monitoring campaign. Dates on the x-axis are recorded as dd/mm/year.
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5.2.3 Correlation between parasite contamination of source water and
environmental factors
5.2.3.1 Correlation between Giardia concentration at the Glenmore
WTP and rain run-off

Correlation analysis demonstrated a negative relationship between
rain run-off 60 days running average (RR60DRA) and Giardia cyst
concentrations for the Glenmore WTP in data aggregated across all years.
The Pearson correlation coefficient for the whole period of monitoring was
r=-0.46, and was statistically significant (p-value<0.01) (Table 5.1). The
correlation coefficient across the entire period was smaller compared to the
correlation coefficients in separate years, apparently because of the varying
level of Giardia contamination of source water and the varying amount of
rainfall observed in different years, or other unknown factors. Pearson
correlation coefficients in the given years indicated significant negative
relationships between Giardia contamination of source water and
RR60DRA. The coefficients ranged from r=-0.43 (p-value<0.01) in 2008 (the
lowest correlation) to r=-0.64 (p-value<0.01) in 2004 (the strongest
correlation) (Table 5.1, Figure A-1 [Appendix]). The RR60DRA was
considered a good negative predictor of Giardia concentration at the
Glenmore WTP. Considering that run-off is a very complex process, the
associations appeared to be substantial for the understanding of Giardia

occurrence with respect to rain run-off for this location.
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Table 5.1 Relationshi

between Giardia concentration at the Glenmore WTP (Elbow River) and RR60DRA.

Period of monitoring

Aggregated
across all | 2003 2004 2005 2006 2007 | 2008 | 2009 2010
years

Pearson -0.46 -0.49 | -0.64 | -0.52 | -0.59 | -0.55 | -0.43 | -0.55 | -0.55
coefficient(r)
p-value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 | <0.01 | <0.01 <0.01
observations 362 42 38 41 41 43 41 43 73
Normalit}' +H+++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ +H+++
assumption
Linearity
assumption ++++ +++ +++ ++++ +++ ++ +++ ++ +H+++
Equal variance
assumption
(Breusch-Pagan /
Cook-Weisberg test 0.19 0.50 0.26 0.06 0.61 0.03 0.59 0.31 0.53

for
heteroskedasticity
p-value)
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5.2.3.2 Correlation between Giardia concentration at the
Glenmore WTP and snowmelt run-off

A positive relationship between snowmelt run-off 60 days
running average (SMR60DRA) and Giardia cysts concentration in
source water for the Glenmore WTP was observed. For the entire
period of monitoring, Pearson correlation coefficient was r=0.46 (p-
value <0.01) (Table 5.2; Figure A-2 [Appendix]). In given years, the
values of the Pearson correlation coefficient varied from r=0.36 in
2004 to the high of r=0.71 in 2006. The correlation coefficients were
statistically significant using 0.05 a level in 2004 and 2007 and very
highly statistically significant using 0.01 a level in the other given
years. The SMR60DRA was considered a positive predictor for Giardia
concentration for the Glenmore WTP.

The City of Calgary is located in the southern Alberta region
with winters being both long and cold. Occasionally, winds known as
‘chinooks’ bring masses of warm air to this region and snowmelt
occurs. During a particular winter, many such cycles of rapid air
temperature change can occur. Therefore, the City of Calgary is
located in a unique geographic region, where the rapid weather
change during winter/spring may explain the increased parasite

concentration in the surface waters during this time.
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Table 5.2 Relationship between Giardia concentration at the Glenmore WTP (Elbow River) and SMR60DRA.

Period of monitoring
Aggregated
across all 2003 2004 2005 2006 2007 2008 2009 2010
years

Pearson 0.46 0.53 0.39 0.53 0.71 0.36 0.61 0.69 0.58
coefficient(r)
p-value <0.01 <0.01 0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01
observations 362 42 38 41 41 43 41 43 73
Normality
assumption +H+++ ++++ ++++ ++++ ++++ ++++ +4++ +4++ +H+++
Linearity
assumption +H++ +++ +++ e+t +H++ ++ +H++ +H++ +H++
Equal
variance
assumption 0.45 0.34 0.28 0.95 0.07 <0.01 0.86 0.15 0.21
(p-value)
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5.2.3.3 Correlation between Giardia concentration at the
Glenmore WTP and source water temperature

Correlation analysis between Giardia cysts concentration in the
source water and water temperature at the Glenmore WTP
demonstrated a negative correlation. Increased concentrations of
parasite were observed during the periods when water temperature
was low. Pearson correlation coefficient was r=-0.51 for the entire
period of monitoring, and it was very highly statistically significant (p-
value <0.01) (Table 5.3; Figure A-3 [Appendix]|). Negative correlations
were observed in every given year. The lowest correlation occurred in
2005 (r=-0.49; p-value <0.01) and the highest correlation was in 2009
(r=-0.64; p-value <0.01). The monitoring for water temperature started
on October 29, 2003, which resulted in a small sample size for the
first year of monitoring, and the samples that were available for this
year mostly covered the cold-water season. This most likely explains
why the correlation coefficient at this particular year numerically was
higher than in other given years. The year 2010 was withdrawn from
the analysis because water temperature data was not provided after
October 30, 2010, thus data on water temperature was incomplete for
correlation analysis in this particular year. In each of the given years,
Pearson correlation coefficients were higher compared to the
coefficient in the entire period of monitoring, most likely due to year to
year variation in water temperature, changing parasite prevalence in
given years, and different mean parasite concentration in given years.
Therefore, adjusting of the data for the analysis by years had proven
useful for examining shorter periods for the purpose of a risk

assessment.
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Table 5.3 Relationship between Giardia concentration at the Glenmore WTP (Elbow River) and source water
temperature.

Period of monitoring
Allyears of | 5n43¢ | 2004 2005 2006 2007 2008 2009 | 2010+
monitoring
Pearson -0.51 -0.69 -0.60 -0.49 0.61 -0.59 -0.54 -0.64 -0.29
coefficient(r)
p-value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
observations 285 16 38 41 41 43 41 43 22
Normality +++++ + ++++ ++++ ++++ ++++ ++++ ++++ ++++
assumption
Linearity
assumption ++++ ++++ +++ ++++ ++++ ++++ ++++ ++++ +
Equal
variance 0.01 0.83 0.51 0.15 0.11 0.02 0.23 0.31 0.18
assumption
(p-value)

*- estimates are biased because of not complete data
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5.2.3.4 Correlation between Giardia concentration at the
Glenmore WTP and turbidity

Correlation between Giardia cysts concentration in source
water and source water turbidity revealed no relationship in the
aggregated data across all years and in most of the given years for the
Glenmore WTP. Only in 2010, the association considered moderate
(r=0.32) and highly statistically significant (p-value <0.01), but
appeared to represent an exception, because there was no
relationship observed in the other separate years or in the entire
period of monitoring campaign (Table 5.4; Figure A-4 [Appendix]).

Looking at Figure 5.9, the disconnectedness between source
water turbidity and Giardia occurrence becomes apparent. The period
of high turbidity was observed when water temperature was between
9 °C and 17 °C; this was usually during late spring and early summer.
Prevalence of the parasite appeared to be low at this period, and it
was repetitive in every given year.

It can be hypothesised that the chaotic turbulence in the water
flow during the high water discharge in the river produced high
turbidity due to the silt particles suspended in the water column. The
nature of suspended mineral particles and solution chemistry could
play a substantial role for parasites attaching to the mineral material,
and because of low buoyancy of the mineral material, parasites could
be trapped into sediments (Scholl et al., 1990; Atwill et al., 2002;
Davies et al., 2004), however, some parasites can be re-suspended
during next flush of run-off (Davies et al., 2004). Therefore, the highly
turbid water at those periods may have confounded the relationship of

Giardia concentration with SMR60DRA. At the same time, the high
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turbidity of the source water may have nothing in common with
parasite contamination sources, because turbidity could have been of

mineral origin.
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Table 5.4 Relationship between Giardia concentration at the Glenmore WTP (Elbow River) and source water

turbidity.
Period of monitoring
Aggregated
across all 2003 2004 2005 2006 2007 2008 2009 2010
years

Pearson -0.03 0.12 -0.05 -0.27 0.25 -0.22 -0.18 -0.21 0.32
coefficient(r)

p-value 0.57 0.47 0.78 0.10 0.11 0.15 0.26 0.18 <0.01
observations 351 38 37 37 40 43 40 43 73
Normality

assumption +++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++ +++++
Linearity

assumption _ _ ++ _ B B ++ ++ i+
Equal

variance

assumption 0.27 0.32 0.72 0.55 0.35 0.37 0.36 0.44 0.33
(p-value)
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Figure 5.9 Occurrence of Giardia and source water turbidity in relation to water temperature. Water temperature

was used for this graph as a factor of seasonality. Data is reflective of the sampling campaign 2003-2011 for the

Glenmore WTP.
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5.2.3.5 Correlation between Cryptosporidium concentration at
the Glenmore WTP and rain run-off

No correlation between Cryptosporidium concentration and
RR60DRA was observed at the Glenmore WTP during the entire period
of monitoring 2003-2011. Pearson correlation coefficient was low and
it was not statistically significant (r=0.05; p-value=0.33) (Table 5.5;
Figure A-5 [Appendix]). Pearson correlation coefficients were low and
not statistically significant in any of the given years also, and the
direction of correlations varied across years. The exception was only
the year 2008 when the relationship appeared to be positive (r=0.47),
and statistically significant (p-value<0.01).

Cryptosporidium was detected rarely in source water, and

when Cryptosporidium was detected the concentrations were low.
A 16 % prevalence of Cryptosporidium at the Glenmore WTP was
observed during 2003-2011(Table 3.1), and rare positive
concentrations in given years. No Cryptosporidium oocysts were

detected during the monitoring year 2006.
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Table 5.5 Relationship between Cryptosporidium concentration at the Glenmore WTP (Elbow River) and RR60DRA.

Period of monitoring
Aggregated
across all 2003 2004 2005 2006 2007 2008 2009 2010
years
Pearson 0.05 0.13 0.28 -0.24 0.17 0.47 -0.01 <0.01
coefficient(r)
p-value 0.33 0.42 0.12 0.14 0.27 <0.01 0.96 0.99
observations 332 39 32 37 34 41 37 39 73
Normality
assumption +4++ +++ +++ +++ ++++ +++ +++ +4+++
Linearity
assumption +4+++ +4+++ +++ ++++ 44+ +++ +4+++ +4+++
Equal
variance
assumption 0.04 0.96 <0.01 0.09 0.04 <0.01 0.69 0.72
(p-value)
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5.2.3.6 Correlation between Cryptosporidium concentration at
the Glenmore WTP and snowmelt run-off

Correlation analysis between the concentration of
Cryptosporidium oocysts in source water and SMR60DRA faced
similar difficulties as the correlation analysis of association of
Cryptosporidium concentration with RR60DRA, due to the rarity of
Cryptosporidium occurrence in source water. An analysis for the whole
period of monitoring and for the year 2004 showed weak negative
correlations r=-0.11 and r=-0.37, respectively. Pearson correlation
coefficients were statistically significant at a level 0.05 (p-value=0.04
and p-value=0.03, respectively) (Table 5.6; Figure A-6 [Appendix]).
Pearson correlation coefficients in 2003, 2007, 2008, and 2010
indicated negative correlation, but the Pearson coefficients were not

statistically significant.
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Table 5.6 Relationship between Cryptosporidium concentration at the Glenmore WTP (Elbow River) and SMR60DRA.

Period of monitoring

Aggregated
across all 2003 2004 2005 2006 2007 2008 2009 2010
years
Pearson -0.11 0.12 | -0.38 | 0.14 0.12 | -0.17 0.01 | -0.13
coefficient(r)
p-value 0.04 0.47 0.03 0.39 0.46 0.30 0.94 0.28
observations 332 39 32 37 34 41 37 39 73
Normality
assumption
++++ +++ +++ +++ +++ +++ +++ ++++
Linearity
assumption +++ ++ ++ ++ +++ +++ +++ +++
Equal
variance
assumption <0.01 0.55 <0.01 0.06 0.48 0.01 0.46 0.11
(p-value)
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5.2.3.7 Correlation between Cryptosporidium concentration at
the Glenmore WTP and source water temperature

Due to the high prevalence of non-detections for
Cryptosporidium (83 % of total number of samples through all years of
monitoring) and very low concentrations when oocysts were detected,
it was not feasible to determine if there was association between
Cryptosporidium concentration in the source water and source water
temperature in any given year in the Glenmore Reservoir. The
correlation for the whole period of monitoring was very weak and
statistically insignificant (r= -0.03; p-value=0.58) (Table 5.7; Figure A-
7 [Appendix]), and consequently source water temperature had no
predictive value for Cryptosporidium concentration in the Glenmore

Reservoir.
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Table 5.7 Relationship between Cryptosporidium concentration at the Glenmore WTP (Elbow River) and water
temperature.

Period of monitoring
Aggregated
across all 2003 2004 2005 2006 2007 2008 2009 2010
years
Pearson -0.03 -0.31 0.22 -0.29 . -0.15 0.32 -0.01 0.17
coefficient(r)
p-value 0.58 0.26 0.23 0.07 . 0.33 0.05 0.99 0.42
observations 258 15 32 37 34 41 37 39 23
Normality
assumption
+H+++ +++ +++ +++ +++ +++ +++ +H+++
Linearity
assumption ++++ + ++ ++++ ++++ ++ ++ ++
Equal
variance
assumption 0.79 0.12 <0.01 0.07 0.05 <0.01 0.73 <0.01
(p-value)
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5.2.3.8 Correlation between Cryptosporidium concentration at
the Glenmore WTP and turbidity

Correlation between Cryptosporidium oocysts concentration in
source water and turbidity was not attempted over individual years
given the low prevalence of the parasites in source water. For the
entire period of monitoring 2003-2011, the correlation analysis failed
to reject null hypothesis that such relationship did not exist (r= -0.03;
p-value=0.57) (Table 5.8; Figure A-8 [Appendix]).

The most turbid water in Glenmore Reservoir was observed
when water temperature was between 9 °C and 17 °C (Figure 5.10).
The changing of water temperature corresponded to the seasonal
changes, and water turbidity usually increased in periods of late May
to early July every year. Cryptosporidium oocyst concentration in

source water usually did not increase in these periods (Figure 5.10).
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Table 5.8 Relationship between Cryptosporidium concentration at the Glenmore WTP (Elbow River) and turbidity.

Period of monitoring

All years of | ;3 2004 2005 2006 2007 2008 2009 2010
monitoring
Pearson -0.03 -0.12 -0.07 -0.10 0.14 0.09 -0.09 0.03
coefficient(r)
p-value 0.57 0.48 0.72 0.55 0.39 0.60 0.60 0.82
observations 322 35 31 33 33 41 37 39 73
Normality
assumption
+++++ +++ +++ +++ +++ +++ +++ +4++++
Linearity
assumption + + + + + + + +
Equal
variance
assumption 0.42 0.38 0.14 0.44 0.23 0.20 0.23 0.54
(p-value)
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Figure 5.10 Occurrence of Cryptosporidium and turbidity in relation to water temperature. Water temperature was
used as a factor of seasonality for this graph. Data is reflective of the sampling campaign from 2003-2011 for the
Glenmore WTP.
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5.2.3.9 Correlation between Giardia concentration at the
Bearspaw WTP and rain run-off

Increasing run-off from rain (RR60DRA) tended to result in low
Giardia cyst concentration in source water. The relationship was not
stable in given years during the monitoring campaign. The
relationship was weak and statistically significant across the
aggregated dataset (i.e., 2003-2011 [r= -0.16; p-value <0.01]), and it
was moderate and statistically significant in 2005 (r=-0.45; p-value
<0.01). Weak correlations that were statistically insignificant
occurred throughout other given years of monitoring (Table 5.9;
Figure A-9 [Appendix]). Despite weak correlation in general, the
important outcome of the correlation analysis was that the
relationship was negative, and this was consistent with the direction
of the association between Giardia concentration and RR60DRA for
the Glenmore WTP.

The Glenmore WTP on the Elbow River and the Bearspaw WTP
on the Bow Rivers share many similarities, but the major difference is
that the Bearspaw WTP draws water directly from the Bow River,
whereas the Glenmore WTP draws water from a reservoir. The
absence of a water reservoir at the water intake at the Bearspaw WTP

makes source water subject to conditions that change quickly.
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Table 5.9 Relationship between Giardia concentration at the Bearspaw WTP (Bow River) with RR60DRA.

Period of monitoring

Aggregated
across all 2003 2004 2005 2006 2007 2008 2009 2010
years
Pearson -0.16 024 | -0.17 | -045 | -034 | -024 | -0.15 | -0.28 -0.05
coefficient(r)
p-value <0.01 0.12 0.29 <0.01 0.06 0.18 0.32 0.07 0.71
observations 334 42 38 38 30 33 46 41 66
Normality
assumption +H+++ ++++ ++++ ++++ +++ +++ ++++ ++++ ++++
Linearity
assumption +H++ +++ ++++ ++++ +++ +++ +++ +++ +++
Equal
variance
assumption 0.03 0.71 0.58 0.97 0.14 0.78 0.10 0.28 0.39
(p-value)
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5.2.3.10 Correlation between Giardia concentrations at the
Bearspaw WTP and snowmelt run-off

No correlation was observed between Giardia cyst
concentration and SMR60DRA for the entire period of monitoring
(r=0.09; p-value=0.08). A trend of moderate, positive, and highly
statistically significant correlations in 2004, 2005, and 2006, changed
to an increasing trend of very weak, negative, statistically insignificant
correlation in 2008 and 2009, and a statistically significant positive
relationship in 2010 (Table 5.10; Figure A-10 [Appendix]). Therefore,
the relationship reversed between the early years (prior to 2007) and

the latter years (after 2008) of monitoring.
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Table 5.10 Relationship between Giardia concentration at the Bearspaw WTP (Bow River) and SMR60DRA.

Period of monitoring
Aggregated
across all 2003 2004 2005 2006 2007 2008 2009 2010
years
Pearson 0.1 0.22 0.43 0.51 0.46 0.09 -0.02 | -0.04 -0.27
coefficient(r)
p-value 0.08 0.16 <0.01 <0.01 0.01 0.61 0.90 0.80 0.03
observations 334 42 38 38 30 33 46 41 66
Normality
assumption +++++ +++4 ++++ ++++ +++ +++ ++++ ++++ ++++
Linearity
assumption ++++ +++ +++ +++ ++++ + ++++ ++++ ++++
Equal
variance <0.01 0.34 0.45 0.10 0.02 0.71 0.14 0.70 0.22
assumption
(p-value)
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5.2.3.11 Correlation between Giardia concentration at the
Bearspaw WTP and source water temperature

Pearson correlation coefficient for the entire period of
monitoring indicated a weak negative correlation r= -0.14, and the
coefficient was statistically significant (p-value=0.02) (Table 5.11;
Figure A-11 [Appendix]). Correlations were negative also in the given
years. Correlation was moderate and Pearson correlation coefficients
were very statistically significant in 2005 and 2006, r=-0.44 (p-value
<0.01) and r=-0.48 (p-value <0.01), respectively. In 2007 and after
this year, the relationship was weak and statistically insignificant.
Water temperature data was lacking or incomplete in 2003, 2004, and
2010, therefore, these years were withdrawn from the analysis.

The observation of the negative correlation between water
temperature and Giardia concentration is interesting in light of the
correlation between Giardia concentration and snowmelt run-off, and
the subsequent shifts to the pattern of higher Giardia concentrations
observed in periods of warm water in the Bow River after 2007.
Giardia concentration associated positively with snowmelt run-off
before 2007, but after this year, the relationship changed to the
negative and Giardia concentration began to correlate with warm
water temperature. Remarkably, the patterns of association between
Giardia concentration and water temperature for the Bow River in
2005 and 2006 were similar to the observed pattern in the Elbow
River. Consequently, it would appear that this ‘correlative state’ in
both watersheds preceded an ‘environmental shift’ in the Bow River
with regards to new Giardia source contamination events or

mobilization patterns towards a spring/summer dominance.
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Table 5.11 Relationship between Giardia concentration at the Bearspaw WTP (Bow River) and water temperature.

Period of monitoring

Aggregated
across all 2003* 2004~ 2005 2006 2007 2008 2009 2010%**
years
Pearson -0.14 0.13 | -044 | -048 | -028 | -0.13 | -0.16 0.11
coefficient(r)
p-value 0.02 0.52 <0.01 <0.01 0.11 0.37 0.30 0.38
observations 279 0 25 38 30 33 46 41 66
Normality
assumption +H+++ ++ ++++ +++ +++ ++++ ++++ ++++
Linearity
assumption +H+++ ++++ +++ ++++ +++ ++++ +++ ++++
Equal
variance
assumption 0.04 0.76 0.91 0.04 0.91 0.07 0.46 0.24
(p-value)

*Monitoring of water temperature started 30/08 /2004

**The last day of water temperature monitoring 30/10/2010
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5.2.3.12 Correlation between Giardia concentration at the
Bearspaw WTP and turbidity

High turbidity in the Bow River was observed during periods of
water temperatures between 10 °C and 15 °C (Figure 5.11). There was
no correlation between Giardia cyst concentrations in source water
with turbidity. No trend for Pearson correlation coefficients was seen
across given years, and no statistical significance was observed, either
in the entire period of monitoring (2003-2011) nor in the separate
years except the year 2010, when a Pearson correlation coefficient was
0.24 and it was statistically significant at o 0.05 level (Table 5.12;
Figure A-12 [Appendix]). The moderate, statistically significant
relationship in the last monitoring year could have relevance to the
shift of Giardia occurrence in the Bow River to the spring/summer
pattern of occurrence after 2007. This statistically significant and
moderate relationship stands out from the commonly observed
pattern of no correlation between Giardia concentration and source
water turbidity in other years of monitoring in the Bow River at the
Bearspaw WTP. The lack of correlations in earlier years was
consistent with the results of correlation analysis between Giardia
concentration and source water turbidity for the Elbow River. The
consistency of the results was important to draw a conclusion that
turbidity was not a predictor for Giardia occurrence in the Elbow
River in the entire period of monitoring, and it was not a predictor for
Giardia in the Bow River before 2010, but an apparent environmental

shift may have had an effect on the relationship of Giardia
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concentration in source water and source water turbidity in the Bow

River at the Bearspaw WTP.
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Figure 5.11 Occurrence of Giardia in source water and source water turbidity in relation to water temperature.
Data is reflective of the entire sampling campaign 2003-2011 in the Bow River at the Bearspaw WTP.
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Table 5.12 Relationship between Giardia concentration at the Bearspaw WTP (Bow River) and source water
turbidity.

Period of monitoring
Aggregated
across all 2003 2004 2005 2006 2007 2008 2009 2010
years
Pearson -0.01 -0.01 0.17 0.15 | -0.24 0.16 | -0.17 -0.02 0.24
coefficient(r)
p-value 0.79 0.96 0.29 0.38 0.19 0.38 0.25 0.88 <0.05
observations 328 39 38 36 30 32 46 41 66
Normality
assumption +++++ ++++ ++++ ++++ +++ +++ +4++ ++++ ++++
Linearity
assumption + + + + + + + + +
Equal
variance
assumption <0.01 0.05 0.10 0.95 0.45 0.41 0.83 0.52 0.36
(p-value)
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5.2.3.13 Correlation between Cryptosporidium concentration at
the Bearspaw WTP and rain run-off

Cryptosporidium in the Bow River was rare during the nine
years of monitoring. More than 74 % of grab samples resulted in non-
detects in the entire period of monitoring 2003-2011 (see Chapter 3,
Table 3.2). The low prevalence of Cryptosporidium in given years made
it infeasible to determine correlation in given years. Nevertheless, the
analysis was possible for the entire period of monitoring and revealed
a weak positive statistically significant correlation between
Cryptosporidium and RR60DRA in this period (r=0.12) (p-value=0.03)

(Table 5.13; Figure A-13 [Appendix]).
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Table 5.13 Relationship between Cryptosporidium concentration at the Bearspaw WTP (Bow River) and RR60DRA.

Period of monitoring
Aggregated
across all 2003 2004 2005 2006 2007 2008 2009 2010
years
Pearson 0.12 -0.01 | -0.28 0.32 0.24 -0.03 0.22 -0.16 0.16
coefficient(r)
p-value 0.03 0.94 0.12 0.06 0.29 0.86 0.16 0.33 0.19
observations 316 41 32 35 22 34 43 37 72
Normality
assumption ++++ +++ +++ +++ ++ +++ +++ +++ ++++
Linearity
assumption ++++ +++ +++ +++ +++ +++ +++ +++ ++++
Equal
variance
assumption <0.01 0.92 0.23 <0.01 <0.01 0.57 <0.01 0.43 0.30
(p-value)
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5.2.3.14 Correlation between Cryptosporidium concentration at
the Bearspaw WTP and snowmelt run-off

Due to the low prevalence of Cryptosporidium oocysts in the
source water of the Bow River, no correlation between
Cryptosporidium concentration in source water and SMR60DRA in
given years was observed, except the year 2010. In 2010, the
prevalence of Cryptosporidium was higher than in any other given year
(51 %) (see Chapter 3, Table 3.2). The analysis for this year resulted in
the moderate negative correlation between Cryptosporidium and
SMR60DRA. The Pearson correlation coefficient (r=-0.35) was
statistically significant (p-value <0.01) (Table 5.14). For the whole
period of monitoring the Pearson correlation coefficient indicated a
weak negative statistically significant relationship between the
variables (r=-0.16; p-value <0.01) (Table 5.14; Figure A-14

[Appendix]).
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Table 5.14 Relationship between Cryptosporidium concentration at the Bearspaw WTP (Bow River) and SMR60DRA.

Period of monitoring

Aggregated
across all 2003 2004 2005 2006 2007 2008 2009 2010
years
Pearson -0.16 0.06 0.32 -0.04 | -0.18 | -0.14 | -0.29 0.05 -0.35
coefficient(r)
p-value <0.01 0.71 0.07 0.81 0.43 0.44 0.06 0.76 <0.01
observations 316 41 32 35 22 34 43 37 72
Normality
assumption +H++ +++ +++ +++ ++ +++ +++ +++ ++++
Linearity
assumption ++++ ++ ++ ++ ++++ +++ ++ +++ ++++
Equal
variance
assumption <0.01 0.72 0.48 0.67 <0.01 0.35 <0.01 0.22 0.06
(p-value)
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5.2.3.15 Correlation between Cryptosporidium concentration at
the Bearspaw WTP and source water temperature

Water temperature data for the Bearspaw WTP was available
starting in September 2004 and ending in October 2010. Water
temperature data was not complete for both 2004 and 2010, and it
was missing for 2003. Correlation analysis was performed for the
years in which water temperature data was available. For the entire
period of monitoring and in any given year, water temperature had no
association with Cryptosporidium concentration in the Bow River at

the Bearspaw WTP (Table 5.15; Figure A-15 [Appendix]).
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Table 5.15 Relationship between Cryptosporidium concentration at the Bearspaw WTP (Bow River) and water

temperature.
Period of monitoring
Aggregated
across all 2003 2004 2005 2006 2007 2008 2009 2010
years
Pearson -0.05 -0.01 0.29 0.12 -0.05 0.22 -0.31 -0.17
coefficient(r)
p-value 0.38 0.95 0.08 0.58 0.79 0.16 0.06 0.14
observations 264 0 22 35 22 34 43 37 71
Normality
assumption ++++ ++ +++ ++ +++ +++ +++ ++++
Linearity
assumption ++++ +++ +H+++ ++++ +++ ++++ ++++ +++
Equal
variance
assumption 0.43 0.88 0.02 0.06 0.53 <0.01 0.04 0.21
(p-value)
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5.2.3.16 Correlation between Cryptosporidium concentration at
the Bearspaw WTP and turbidity

Correlation analysis of association between Cryptosporidium
oocysts concentration in source water and source water turbidity in
the Bow River at the Bearspaw WTP showed a weak positive
relationship between the variables (r=0.17) for the entire period of
monitoring (Table 5.16; Figure A-16 [Appendix]). A Pearson correlation
coefficient was very statistically significant (p-value <0.01). A Pearson
correlation coefficient for 2010 was the highest (r=0.28) among the
coefficients in other given years and the only one that was statistically
significant (p-value=0.02). Among the given years, only the data of
2010 had sufficient prevalence of Cryptosporidium in source water for
the Pearson correlation test.

Interestingly, the results of analysis of the associations between
Cryptosporidium and, separately, for Giardia concentrations in source
water with water turbidity at the Bearspaw WTP were similar in 2010
and in the entire period of monitoring. The associations with turbidity
were weak and statistically significant for both parasites. As it was
mentioned previously, a new source of parasite contamination of the
source water may have been introduced to the Bow River watershed,
and both parasite sources may be mutually related to turbidity.
Analysis of Giardia occurrence indicated that potentially a new source
of contamination was introduced in 2007-2008, and after this year

Giardia contamination in the river gradually increased.
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The U.S. EPA’s requirement for monitoring water turbidity
while controlling risk from parasites is focused on water treatment
performance (U.S. EPA, 20006); it does not imply an association of
source water turbidity with the parasite. Turbidity was noticed to be
correlative with parasites in environmental waters. LeChevallier &
Norton (1992) was able to demonstrate correlation of Cryptosporidium
with water turbidity at three different sites. Water turbidity is a very
general term of water quality. Water sources can be turbid for many
reasons; however, this does not imply that parasites are necessarily
present. For example, if water is turbid due to pollution from
livestock, then associations with parasites may be observed; however,
if the water is turbid because of suspended mineral matter or decay of
vegetation occurring in the water, this may not coincide with parasite
occurrence in the water. Therefore, water turbidity does not

necessarily have a universal relationship with parasite occurrence.
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Table 5.16 Relationship of Cryptosporidium concentration at the Bearspaw WTP (Bow River) and turbidity.

Period of monitoring
Aggregated
across all 2003 2004 2005 2006 2007 2008 2009 2010
years

Pearson 0.17 0.24 -0.19 0.30 -0.01 -0.14 -0.08 -0.26 0.28
coefficient(r)
p-value <0.01 0.14 0.29 0.08 0.96 0.44 0.59 0.12 0.02
observations 309 38 32 33 22 33 42 37 72

Normali.ty ++++ ++ +++ +++ ++ ++ +++ ++ ++++
assumption

Linearity
assumption +++ + + +++ + + + + ++++

Equal

variance
assumption <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02

(p-value)

161



5.2.4 Trend line analysis of parasite occurrence

During the correlation analysis, it was demonstrated that
Giardia concentrations correlated with SMR60DRA for the entire
monitoring period for the Glenmore WTP and until 2007 for the
Bearspaw WTP. The 60 days running average of snowmelt run-off was
the most suitable yardstick that revealed this association by
representing the mobilization of the parasite from land fields and the
following period of wash out in the river.

For the Glenmore WTP, a trend line analysis demonstrated
correspondence of the trend line of 60 days running average of
Giardia cysts concentration in the source water to snowmelt run-off
events that were depicted using the 60 days running average
snowmelt run-off trend line. The Giardia concentration trend line
ascended every time after snowmelt run-off was recorded (Figure
5.12).

For the Bearspaw WTP, the correspondence of the Giardia
concentration 60 days running average trend line to the snowmelt
run-off 60 days running average trend line was very similar to the
explained above for the Glenmore WTP. However, this pattern changed
after 2007. As it was pointed out in the Chapter 3, the increased cysts
concentrations were recorded for the Bearspaw WTP in the summer of
2008. This resulted in the disruption of the similarity of both trend
lines after 2007 (Figure 5.14). The disruption was observed until the
monitoring ended. Additionally, the parasite concentration trend line
exhibited the stable trend to the parasite concentration increase after

2008 for the Bearspaw WTP.

162



Analysing the effect of rain run-off on Giardia concentration, it
was noticeable that the peaks of both the 60 days running average
rain run-off trend line and the 60 days running average Giardia cysts
concentration trend line were out of synchronicity with each other in
every given year, and never had similar patterns at the Glenmore WTP
during the entire period of monitoring (Figure 5.13) and before the
summer of 2008 at the Bearspaw WTP (Figure 5.15). Repeatedly
before 2008, and at the beginning of the rain period in the late spring
in the given years, rain appeared to trigger a sharp decline in the
average trend line of Giardia concentration. However, after 2008, the
increasing concentrations of Giardia were recorded after rain run-off
events. Subsequent to 2008, the similarity of patterns of Giardia
concentration and the rain run-off 60 days running average, prevailed

(Figure 5.15).
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Figure 5.12 Examining correspondence of the trend line of Giardia cysts concentration 60 days running average to
the trend line of snowmelt run-off 60 days running average. Data is reflective the sampling campaign at the
Glenmore WTP (Elbow River) in 2003-2011. Concentrations of Giardia are unrecovered (upper panel) and recovered
(lower panel).
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Figure 5.13 Examining correspondence of the trend line of Giardia cysts concentration 60 days running average to
the trend line of rain run-off 60 days running average. Data is reflective the sampling campaign at the Glenmore
WTP (Elbow River) in 2003-2011. Concentrations of Giardia are unrecovered (upper panel) and recovered (lower
panel).

165



= Snow melt, cm (secondary axis) @ Giardia, cysts/100L ----60 days running average (Snow melt, cm) — 60 days running average (Giardia, cysts/100L)
100 5
-4
80 i f
® 3
60
®
@9 2
40 AT i i o @ —®
® b ® e ® o % 1
® @@ @ ® _d ‘
20 1‘ Ho I’L“Hf Fsherth i MR ||Tl ™ l|‘-| .. (N R ¢ - 1l | "“' T nl W
----- f S ’k--u-_--___ =T o PR ‘-—_--_—— - o 1 i -
@ @ @ = PO e ,‘__ > @ % @ un A @
Oy ﬁ‘?@sﬁw %o 0 o 0 ghe o THHs .
0 @ L 3 ] @ At S W@ @ — -1
05/05/2003 16/09/2004 29/01/2006 13/06/2007 25/10/2008 09/03/2010 22/07/2011
mm Snow melt, cm (secondary axis) @ Giardia, cysts/100L ----60 days running average (Snow melt, cm) — 60 days running average (Giardia, cysts/100L)
5
® @
200
a
@
@ @ @@
@
150 - ‘ - - @3
@ @
° L,
® E &2
100 5 1 ® ©_lo i ‘ | I . ke ¢
) ® Py
@ ® @@ ® ® @ e e
® ol ® @ -l i ® 1
L $® ® .
s | 4 QU R Ny e |®
___J__P TN e YL A I e |_ = iR i ) P g ‘ b _ Q__? it 8 ':‘__ - |
@ gl I e © B r'1 @9 @ @ | a"‘ 11 ) ) @& Feva fea? ) =1 o
@ ¥ oao d * @ °leeak ; @ V ® o &Hr°e ° @ T o Flf @
L %% @@ D> oD o Aras™ % P P @ °® %CD@ ®§®® @ o ®
@ ‘E,@ P ) ® P ) n® o ® P ° @ @ ®
0 % & A - R oo & o @aD @ © & o IEDo® 0@ © @ |
05.05.2003 16.09.2004 29.01.2006 13.06.2007 25.10.2008 09.03.2010 22.07.2011

Figure 5.14 Examining correspondence of the trend line of Giardia cysts concentration 60 days running average to
the trend line of snowmelt run-off 60 days running average. Data is reflective the sampling campaign at the

Bearspaw WTP (Bow River) in 2003-2011. Concentrations of Giardia are unrecovered (upper panel) and recovered
(lower panel).
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Figure 5.15 Examining correspondence of the trend line of Giardia cysts concentration 60 days running average to
the trend line of rain run-off 60 days running average. Data is reflective the sampling campaign at the Bearspaw
WTP (Bow River) in 2003-2011. Concentrations of Giardia are unrecovered (upper panel) and recovered (lower

panel).
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5.2.5 Predicting of Giardia concentration in the source water for
the Glenmore WTP

The SMR60DRA and RA60DRA were used for predicting Giardia
concentration in source water through using multiple linear
regression analysis. The combined predictive potential was marginal
(R?=0.27, p-value <0.0001) (Table 5.17). Regression coefficients of
both predictors RR60DRA and SMR60DRA were statistically
significant. The large sample size supported a normality assumption.
The linearity and homoscedasticity assumptions were not violated,
based on a scattergram assessment (Figure 5.16) and a
heteroscedasticity check by using the Breusch-Pagan / Cook-
Weisberg test indicated that the null hypothesis of homoscedasticity
was not rejected (p-value = 0.76). The lowess line did not deviate
strongly from a zero line, which supported the validity of the linearity

assumption (Figure 5.16).
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Table 5.17 Multiple linear regression model output between concentration of Giardia cysts /100 L and the
predictors of RR60DRA and SMR60DRA ***,

95 % Conf.

Breusch-Pagan /
Cook-Weisberg test

Predictor R? p-value t-value Coefficient for
Interval -
heteroskedasticity
p-value
-0.149 to -
Water T 0.26 <0.0001 -9.88 -0.125 0.099 >0.01
RR60DRA 0.22 <0.0001 -10.00 -0.666 ’0'792 ;‘;5 0.19
SMR60DRA 0.21 <0.0001 9.8 ssig| 4O 19 0.59
<0.001 540 -0.429 | -0.586to -
RR60DRA & 0,07 ' 0.273 0.76
SMR60DRA * ’ <0.001 3.394 2.076 to ’
5.06 4.712

* RR6ODRA and SMR60DRA are used together predictors in multiple linear regression

** Adjusted R?

***The applied data reflected sampling campaign 2003-2011 years at the Glenmore Reservoir (Elbow River).
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Linear prediction

L Studentized residuals Fitted values

lowess residual y_hat

Figure 5.16 Scatter plot for linearity and homoscedasticity check. The
lowess (green line) does not deviate from a zero line. Studentized

residuals are scattered almost equally. Equal varience is influenced by
zero concentration values, the studentized residuals of which are lined

up.
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Concentrations of Giardia cysts were predicted in source water
at the Glenmore WTP at any day using the following multiple linear
regression model:

cysts
100 L

Giardia ( ) =2 718(2.209—0.4-295*Rain+3.394*Sn0WMelt)—1

Where:

e Rain represents the RR60DRA (mm), and

e Snowmelt represents the SMR60DRA (cm).
The average estimated concentration of Giardia cysts were predicted
in source water at the Glenmore WTP at any day, given the RR6ODRA
and SMR60DRA for this day. The upper and the lower bound
estimates of a predicted concentration of Giardia in source water can
be calculated by plugging estimates of RR6ODRA and SMR60DRA at a

particular day into the following equations, respectively:

Lower bound = 2 718(2.209—0.586*Rain+2.076*SnowMelt)—1

Upper bound = 2 718(2.209—0.273*Rain+4—.712*SnOWMelt)—1

When the predicted concentrations of Giardia were plotted
against actual data points the model accurately predicted the cyclic
nature of occurrence of Giardia (Figure 5.17). Both, the 24-month
arithmetic mean and an annual running average were unable to
demonstrate the cyclic nature of Giardia occurrence (Figures 3.6 and
3.8). However, both the 60 days running average of Giardia
occurrence (Figure 5.12) and the predictive model resolved the cyclic
periodicity of risk. For example, when using Health Canada’s

methodology for estimating annual parasite occurrence in any given
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year (e.g., 20 cysts/ 100 L in 2004) concentrations estimates from the
predictive model were in the range from 15 to 25 cysts/100 L for this
time period. However, during the following summer, the predictive
model would not be prone to overestimate concentration of parasite
(i.e.: when data point concentrations were low) when compared to
using annual arithmetic mean that Health Canada recommends.

The predictive model was able to discern periods of peak risk
addressing variations in parasite concentrations over time. For
example, consider the period of high Giardia concentrations starting
from November 2005 to the end of March 2006. The arithmetic mean
for this period was 20 cysts/ 100 L (STD=24), and the range of
parasite concentrations was from O to 79 cysts/100 L. The annual
arithmetic mean from May 2005 to May 2006 (encompassing the 6
month time frame noted above) was 12 cysts/100 L (STD=18) using
the Health Canada QMRA model approach for estimating
concentration. The predictive model provides concentration estimates
daily in a range from 5 to 26 cysts/100 L. The arithmetic mean of the
predicted estimates was 12 cysts/100 L (STD=5). When examining a
shorter period (i.e., one month [March 2006]) in which only three
samples can be used to derive a mean (i.e., 42 cysts/100 L [STD=19]),
Health Canada’s approach recommends that one still use the annual
arithmetic mean of 12 cysts/100 L (STD=18) for evaluating risk. The
predictive model proposes to use a range of concentration estimates
from 13 to 26 cysts/100 L and with a mean of 20 cysts/100 L
(STD=4). The predictive model is able to better address risk associated
with peak parasite occurrence by providing estimates of parasite

concentration that are approximately double the annual arithmetic
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mean, while adhering to the principles of biological plausibility.
Similarly, the predictive model offers lower concentration estimates of
parasite occurrence compared to an annual mean, with short periods
of low risk associated with environmental conditions that negatively
affect Giardia concentrations in source water. The validity of the
relationship of the actual peak periods of Giardia occurrence (data
points) to the predicted periods of peak concentration is supported by
the fit of the model. Compared to other options discussed here, the
predicted concentrations of Giardia can be used as input values of
Giardia concentration for the Health Canada QMRA model for

estimating health risk from Giardia daily for the Glenmore WTP.
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Figure 5.17 Forecasting of Giardia cysts concentration/100 L (red line) using predictors RR60DRA and

SMR60DRA. Giardia point concentrations (blue bars) were recorded during sampling campaign 2003-2011 at the
Glenmore WTP (Elbow River).
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Giardia concentration correlated not only with RR60DRA and
SMRO60ODRA but also with source water temperature in the Glenmore
Reservoir at the Glenmore WTP. Both rain and snowmelt run-off can
mobilize Giardia cysts to surface waters (Atherholt et al., 1998;
Ferguson et al., 2005; 2007; Davies et al., 2004). In addition, Giardia
is able to survive better in cold water (Cole et al., 1989; Bingham et
al., 1979; Wickramanayake et al., 1985). When the Giardia
concentration was regressed against water temperature, this resulted
in a larger portion of variation of Giardia concentration that was
explained by the model, compared with the portion of variation when
the Giardia concentration was regressed against either RR60DRA or
SMR60DRA separate (Table 5.17). Water temperature would only be
important for Giardia survival if it was assumed that Giardia was
mobilized by snowmelt run-off to surface water previously.
Mobilization of Giardia by SMR60DRA would have a greater predictive
importance than water temperature, despite that the SMR60DRA as a
predictor had a smaller R? compared with the R? of water temperature
as a predictor (Table 5.17). The R? did not increase and regression
coefficient of water temperature was not significant when water
temperature was included in the model together with SMR60DRA and
RR60DRA.

It is also important to consider the uncertainty derived from
distal (i.e., snowmelt run-off) compared to proximate variables (i.e.,
water temperature data). The latter was measured at the WTP, and

thus can be considered a more proximate variable for Giardia
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occurrence within any given sample. Data on snowmelt can be
considered a distal variable due to collection of this data at a site
remote from the WTP location (i.e., Calgary’s International Airport).
Improved certainty of environmental data would almost certainly
improve the model fit and the accuracy of predicted parasite
concentrations.

The R? =0.27 value observed for the regression relationship
between RR60DRA and SMR60DRA and Giardia occurrence was not
high; however, RR6ODRA and SMR60DRA are not the only risk factors
that would explain variation of Giardia concentration in the Elbow
River. A great complexity of factors can influence parasite occurrence.
Prevalence of host species for the parasite in the watershed, temporal
immune status of individuals in the host population, environmental
factors facilitating parasite degradation in the environment such as
freezing (Peng et al., 2008), predation, and desiccation (King & Monis,
2007), as well as exposure to UV radiation (Hijnen et al., 2006), and
biodegradation (Peng et al., 2008; Jakubowski, 1990) represent some
of the most likely parameters affecting Giardia occurrence. Data about
direct drainage of human sewage into the source water and/or a
prevalence of animals and waterfowl living in the watershed can also

be considered for improving model estimates.
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Chapter 6:

General Discussion of Results

6.1. Most Significant Findings

The most significant findings of this thesis were:

L.

II.

II1.

IV.

VI.

The Bearspaw and Glenmore WTPs were able to
sufficiently reduce risks associated with both Giardia and
Cryptosporidium as evaluated through AESRD, U.S. EPA,
and Health Canada’s risk assessment frameworks.

A major discrepancy in Giardia risks was observed when
comparing AESRD and Health Canada frameworks.
Health risk estimates are very dependent on underlying
assumptions incorporated into risk assessment
frameworks.

Peak periods of risk were observed for Giardia and were
associated with rain run-off, snowmelt run-off, and water
temperature.

Temporal variations in peak risk from Giardia were
observed in the Elbow and Bow Rivers, but patterns were
different.

Modelling of Giardia occurrence can add predictability for
controlling risk, and can be integrated into a QMRA
framework to identify critical concentrations requiring

management action.

A detailed discussion on the importance of each of these

findings is provided below. Recommendations and limitations of the

study are also discussed at the end of this chapter.
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6.1.1 The Bearspaw and Glenmore WTPs were able to sufficiently
deal with both Giardia and Cryptosporidium attributed risks in
the source water based on AESRD, U.S. EPA, and Health Canada
current risk assessment frameworks

The water treatment process at both the Glenmore and
Bearspaw WTPs relies on conventional filtration and disinfection by
chlorine. Prior to the commencement of this thesis the primary
concern related to risk associated with Giardia, based on the City’s
current operating approval requirements as determined by AESRD.
The City of Calgary was considering the need for additional treatment
barriers (i.e., UV inactivation) to control parasite risks, particularly
during cold weather conditions.

Parasite monitoring showed that Cryptosporidium in the source
waters of the Elbow and Bow Rivers was rare. Prevalence of
Cryptosporidium oocysts in source water was 16 % for the Elbow River
and 25 % for the Bow River. Prevalence of Giardia cysts in source
water was 71 % and 85 % for the Elbow and Bow Rivers, respectively.
Mean concentration estimates for Giardia were much higher than for
Cryptosporidium in source water of both rivers. Giardia’s mean
concentration was 24 (STD=37) cysts/100 L compared to the mean of
1.1 (STD=3.7) oocysts/ 100 L for Cryptosporidium for the Glenmore
WTP, and the Giardia’s mean concentration was 32 (STD=40)
cysts/ 100 L compared to the mean of 2.2 (STD=6.9) oocysts/100 L for
the Bearspaw WTP, respectively.

Risk assessment using AESRD’s regulatory approach indicated
that 5-log;, reduction was required against Giardia at certain periods

for both WTPs, and 3-log;, reduction was necessary against
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Cryptosporidium. Application of the U.S. EPA’s LT2 Rule (U.S. EPA,
20006) risk assessment framework to parasite monitoring data
supported the conclusion that a 3-log;, reduction was sufficient
against controlling risks associated with Cryptosporidium for both
WTPs.

Risk assessment of the drinking water produced by the
Glenmore and Bearspaw WTPs, using the Health Canada QMRA
model, validated capability of the facilities to reduce risk from both
parasites to below of the Health Canada health risk target 107 DALY
per person per year. For the Glenmore WTP, the health risk estimates
for Giardia were below 10~° DALY per person per year (according to
version 1.0 of HC QMRA model) in the given years of 2003 to 2011,
and health risk estimates for Cryptosporidium were below 10”7 DALY
per person per year in these same years (version 2.0 of HC QMRA
model). For the Bearspaw WTP, health risk estimates for Giardia were
below 1078 DALY per person per year in given years 2003 to 2011
(version 1.0 HC QMRA model), and the health risk estimates for
Cryptosporidium were below 1078 DALY per person per year in same
years (version 2.0 HC QMRA model). Overall, the estimates of health
risk were well below Health Canada’s target of 107 DALY per person
per year. It was assumed that the Glenmore WTP, and in context of
using HC QMRA model (version 2.0), was able to remove, on average,
4.3-log,( of Cryptosporidium oocysts using full-scale conventional
filtration process (Hijnen & Medema, 2007), and remove and
inactivate
6.5-log;( of Giardia cysts from the source water (HC QMRA model

[version 1.0]). The Bearspaw WTP was able to remove 4.3-log;, of
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Cryptosporidium oocysts, and remove and inactivate 6.1 - 6.4-log;, of
Giardia cysts in the source water using the version 1.0 HC QMRA
Model.

Overall, the risk assessment demonstrated that the applied
water treatment technology is capable of providing effective reduction
for both parasites from the assessed water sources, if no treatment
failures ensued. Incorporation of a reverse QMRA for both the
Glenmore and Bearspaw WTPs demonstrated that both plants were
capable of handling up to 45,500 cysts/ 100 L concentration of
Giardia in the source water if both the conventional filtration and the
chlorination barriers were operated reliably. This value was based on
conservative HC QMRA model assumptions. Similarly, the plants
would be capable of handling Cryptosporidium concentrations in the
source water of up to 13 oocysts/ 100 L.

The designation of a tolerable level of health risk from microbial
hazards in drinking water is still a subject of discussions among
scientists. Mara (2011) has argued that the regulatory administering
of the health risk target of 107 DALY is excessively over protective for
developing counties, and imposing it toward drinking water
production elicits excessive expenditures and greatly impairs cost-
effectiveness. Health Canada adopted the health-based target of
107% DALY per person per year from the WHO. The WHO (2006) set
the annual reference level of DALYs per person per year at 107 for
pathogen exposures from drinking and reuse waters, but are currently
questioning whether to revise it to 107> or even 10~* DALYs per person
per year as a part of the rolling revision of its drinking water

guidelines (WHO, 2008). The WHO'’s argument has been that the
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reference level of a tolerable disease burden of 10"®DALY per person
per year may not be achievable or realistic in some locations and
circumstances; and leave it open to the regulated community to set
their preferred target. Where the overall burden of disease from
microbial exposures through a combination of exposure routes (water,
direct personal contact, food, recreational activities, etc.) is very high,
setting an annual 107® DALY per person per year health target against
waterborne exposure alone would likely make little difference on the
overall disease burden. Reducing the overall level of risk from multiple
exposure sources, so call harmonization across risk pathways, should
be the public health objective (Pruss et al., 2002; Priiss & Corvalan,
20006). Setting a less stringent level of acceptable risk, such as an
annual 107° or 10™* DALY per person per year from drinking water
exposure may be more realistic, and still sufficient in terms of high
standards of drinking water safety, particularly given that recreational
water exposures are considered acceptable at much high risk levels
(>1 %) (WHO, 2003; U.S. EPA 2012). Also, other yet to be assessed
environmental pathogens, such as Legionella and non-tuberculous
mycobacteria may represent much higher health burdens (Collier et
al., 2012) and should possibly be the target of future expenditures
associated with drinking water use. However, it would be good
practice to use the one common health target across all exposure

pathways from a community’s prioritization perspective.

6.1.2 A major discrepancy in Giardia risks was observed when
comparing AESRD and Health Canada frameworks

A discrepancy was noticed between the AESRD regulation and
the HC QMRA model with respect to Giardia. According to AESRD
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requirements, parasite data suggested that Giardia was viewed as a
primary hazard for both WTPs; however, the analysis using HC QMRA
model demonstrated the opposite results. The attributed health risk
from Cryptosporidium was larger than the attributed risk from Giardia
by orders of magnitude according to HC QMRA model. Additionally, a
review of the scientific literature failed to find any data that would
support the AESRD’s provision of less tolerance toward Giardia than
toward Cryptosporidium in source water.

The health risk from Cryptosporidium was similar in all
corresponding periods based on AESRD and U.S. EPA regulations,
and with no critical difference with the Health Canada QMRA model.
Therefore, consistency in estimating health risk from Cryptosporidium
was similar using all three mentioned risk assessment frameworks.
The U.S. EPA excluded monitoring for Giardia in the LT2 Rule,
arguing that controlling for Cryptosporidium would assure control of
other waterborne pathogenic protozoa (U.S. EPA, 2006). The U.S. EPA
implies that Cryptosporidium is a waterborne pathogen of greater
public health significance compared to Giardia in terms of
pathogenicity, resistance to water treatment, and widespread
occurrence in surface waters. Conversely, AESRD incorporates
Giardia monitoring and treatment requirements in regulatory
approvals for the City of Calgary, with a predominance of Giardia
occurrence in these river systems as a driver of risk for both WTPs.
Consequently, both WTPs require a 5-log,, treatment reduction when

concentrations of Giardia in source water are between 10 to
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100 cysts/ 100 L based on running annual average concentration over
a two-year period. The same 5-log;,level reduction corresponds to the
Cryptosporidium removal requirement in a range of 100 to

300 oocysts/ 100 L according to the AESRD and U.S. EPA regulations.
By comparison, and applying a reverse QMRA approach to the Health
Canada QMRA model (version 1.0), the data suggests that the
Glenmore WTP can handle 114,000 Giardia cysts/100 L and the
Bearspaw WTP can handle 45,500 cysts/ 100 L under conservative
assumptions and when employing a 5-log;, treatment reduction
scheme. Reverse QMRA also demonstrated that both plants can
handle only 13 Cryptosporidium oocysts/100 L (Table 3.3). This large
discrepancy in the tolerable levels of Giardia cysts in source water
between AESRD’s current operating approval requirements and HC
QMRA models raises concerns with respect to which model is correct
and should be used for regulatory compliance purposes. In the
context of providing an additional barrier to control parasite risk,
AESRD’s requirements may be overprotective and lead to excessive
expenditures (i.e., several millions of dollars to install UV) with no
appreciable health benefit. On the other hand, the observation that
the Glenmore WTP can handle an annual running average of 114,000
Giardia cysts/100 L based on reverse QMRA (and while ensuring all
operations are meeting treatment targets [i.e., chlorine CT residuals])
suggest that relatively poor source water quality may be used without
breaching tolerable /acceptable Giardia risks. For example,
concentrations of 5,000 to 50,000 Giardia cysts/100 L are often
observed in secondary treated domestic wastewater (Medema et al.,

2003). The fact that the risks are exceptionally low for Giardia based
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on the HC QMRA model aligns with the U.S. EPA’s current stance that
Giardia risk are effectively managed through managing
Cryptosporidium risks. AESRD’s claim to treat water against Giardia
at the source water concentrations observed at the City of Calgary’s
WTPs is evidently lacking support. It is recommended that AESRD
consider revising Giardia treatment requirements in Alberta or provide
a rational for retaining the existing standards.
6.1.3 Health risk estimates are dependent on underlying
assumptions incorporated into risk assessment frameworks

In Chapter 4 it was shown that the underlying assumptions
(arbitrary value for non-detects, fraction of human infectious
(oo)cysts, method of derivation of concentration estimates) have
profound influence on output of the HC QMRA model. The underlying
assumptions are largely the source for systematic error in the risk
assessment process; the type of uncertainty that is difficult to amend
using statistical methods, however, the uncertainty can be estimated.
Consequently, wrongly addressing or failing to address uncertainty
can bias a decision maker to make the decisions that would not be
the best solutions in an actual setting. For example, assuming a
matrix spike recovery of 15 % for Cryptosporidium, correcting the non-
detects with 0.5 value would result in a concentration of
3.3 oocysts/ 100 L for that sample, a concentration which itself is a
quarter of the upper limit of the concentration when a 3-logy,
treatment reduction would be required under the Health Canada
version 1.0 QMRA model. Aggregating these corrected data points with
other data points over a particular period to receive an average

concentration estimate, can inflate risk. This can result in
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misguidance for managers to take actions and result in unnecessary
expenditure.

Only a fraction of parasites found in water will contain
infectious and viable (oo)cysts. A study of tracking sources of
Cryptosporidium in the Bow River demonstrated that most oocysts
were not infectious for humans (unpublished data). Acknowledging
this finding, the risk estimate would drop dramatically. For example,
if the fraction of infectious oocysts is 10 %, it would elicit a drop in
health risk for an entire log,;, compared to a health risk from the
same concentration of Cryptosporidium when all oocysts are
considered infectious.

The Health Canada QMRA model (version 2.0) assumes that the
parasites are distributed log-normally in source water, however, it
may not be the case for every source water. Fitting and choosing a
probability distribution with the actual parasite monitoring data
would be preferable. Englehardt et al. (2012) pointed out that
pathogens in source waters can have discrete Weibull or closely
related discrete growth distributions, which are highly skewed.
However, such option of choosing a distribution is lacking in the
Health Canada QMRA model. Assuming that the parasites are log-
normally distributed in water when they are not can result in an
incorrect range of health risk estimates.

Analysis of data in this thesis demonstrated that the health
risk estimates were very dependent on the assumption of the log;,
removal that conventional filtration can provide. The underlying
estimates of the efficiency of conventional filtration against

Cryptosporidium used for version 1.0 and version 2.0 HC QMRA model
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were 3-log;, and 4.3-log,, removal, respectively. These log,, removals
can be translated into the capability to remove 13 and

256 oocyst/ 100 L, respectively. Removal efficiency of a full-scale
conventional filtration process can vary from 0.8 to 5.5 log;, (Hijnen &
Medema, 2007). The technologies that are used in the conventional
filtration process should be applied and maintained properly and the
process itself has to be operated in respect to the highest standards.
Control measures and documenting should be established also. In
some cases, in addition to monitoring source water concentration of
pathogens, WTP designs need to be considered in the risk assessment
process. For example, recycling water after filter backwash onto the
filter beds may increase risks associated with both parasites due to
accumulation of parasites within the filter bed. In the study of States
et al. (1997), recycling of backwash water was considered a potential
factor for treatment failure. In a more recent study Cornwell et al.,
(2003) concluded that conventional filtration can successfully treat
spent filter backwash water for Cryptosporidium when backwash
water is recycled continuously or intermittently even without
additional treatment before recycling. It should be stated clearly that
recycling of backwash water without posing an additional risk
strongly depends on the overall reliability, degeneracy, and even
redundancy of the water treatment process, and especially on how
conventional filtration steps are attuned to remove these parasites.
There is no guarantee that conventional filtration at a specific location
can achieve the log;, removals in the higher range of its estimates
until it is validated by a treatment performance study. Improvements

in operating conventional filtration process could increase efficiency of
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water treatment through achieving higher estimates of parasite
removal. For example, Edzwald et al. (2000) was able to demonstrate
that electropositive coating of particles of filtration media for changing
zeta potential improved removal of Cryptosporidium by 2.9 fold.
Dissolved air flotation (DAF) can increase oocysts removal one or two
orders of magnitude compared to sedimentation under a variety of
conditions (Plummer et al., 1995). Optimal and enhanced coagulation
improve removal of Cryptosporidium by 1.5-log;, on average compared
to suboptimal coagulation (Dugan et al.,, 2001). Optimization of
conventional filtration is the most sensitive factor for reducing health
risk due to Cryptosporidium.

During 2006 at the Glenmore WTP, all 34 samples returned no
detection of Cryptosporidium, and 41 samples revealed that Giardia
prevalence was 51 % with a mean concentration at 11 (STD=16)
cysts/ 100 L. The estimated attributed health risk from
Cryptosporidium was more than an entire log;, higher than the
estimated attributed health risk from Giardia in this year. The non-
detection of Cryptosporidium versus the detection of Giardia resulted
in the higher health risk estimates for the non-detected organism.
This discrepancy arose because of using an arbitrary value of
0.5 (0o)cysts/ 100 L instead of zeros. This is an example of enacting
the precautionary principle in a health risk assessment. This
indicates that a large portion of uncertainty exists in health risk
assessment of exposure to Cryptosporidium, and in particular, how
non-detects are handled.

Commonly used parasite monitoring methods lack resolution in

tracking temporal variation of parasite concentrations. As a result, the
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ability of parasite monitoring to inform WTP personal about periods of
peak risk, and consequently enabling additional protective measures,
is questionable (Signor & Ashbolt, 2006). Similarly, risk can be
overestimated when the risk is truly low. The shortcomings of
available analytical methods of detection cannot be corrected
currently. Because of this, results of parasite monitoring include a
large portion of uncertainty. Tracking temporal variation of parasite
concentration is a particular challenge. It is dubious whether
statistical methods can reliably resolve the problems inherent to
monitoring challenges. Statistical methods are applicable to analyse a
population of interest given population parameters. In the real
environmental settings, risk assessors have to deal with an unknown
number of parasite populations. A parasite population should be
defined with respect to a route of dissemination in the environment
(i.e., mobilization by rain run-off or direct wastewater discharge), by
which the contaminant enters to source water. The currently applied
parasite monitoring frameworks view a parasite population based on a
set of samples taken directly from source water, which might
represent a single source population or even a mix of populations
from multiple sources on a smaller scale. Currently, differences in
parasite concentrations of samples taken during monitoring campaign
represent spatial and temporal variability of parasite concentration,
which implies dealing with only one population. This spatial and
temporal variability of concentration may actually represent a
difference among concentrations of parasite from distinct source
populations. There is no confidence that a subsequent sample during

a monitoring campaign can represent the same population of parasite
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that was observed previously. Using data from different populations
assuming that this is one population violates the basic principles of
statistical analysis; therefore, it generates conceptual uncertainty.
The theory behind current methods of averaging parasite
concentrations assumes that temporal variability of parasite
concentrations in environmental waters occurs in a continual
succession. This means that a concentration of parasite in water on
one particular day depends on the concentration of parasites in water
in the same water body in previous time of sampling. However, a
previous state of an environmental system is not a prerequisite for its
next state. Measures of central tendency are applicable in systems
that have a single stability domain and are relatively homeostatic
(Green, 2003). Some environmental systems, alternatively, can be
seen as complex, nonlinear, and chaotic in nature. These systems
experience sudden transitions from one state to another, a behaviour
sometimes characterised in terms of chaos theory (Stewart, 1990).
Concentrations of parasite, inferred based on grab sampling during
monitoring, do not follow the property to be pooled toward a central
tendency. Additionally, extreme observations of parasite concentration
in a monitoring dataset can be seen as outliers or potentially as
representing true periods of peak parasite concentration. For example,
the Netherland’s QMRAspot model defines peak events as when the
concentration of parasite is above the 95th percentile (Schijven et al.,
2011). Distinct periods of peak parasite occurrence have to be
addressed independently from other periods and should not be
grouped together with other periods using measures of central

tendency.
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Certain processes during environmental events in a system can
be seen as the drivers of parasite occurrence. Sometimes, this implies
possibility of a relationship rather than a relationship. Therefore,
prediction of parasite concentration in surface water may be described
better by environmental events and their processes, rather than by
routine parasite monitoring. Monitoring programs may be prone to
miss peak events by chance, but long-term continuous monitoring
program may provide sufficient information about pathogen

occurrence patterns (Kistemann et al., 2002; Kay et al., 2007).

6.1.4 Peak periods of risk were observed for Giardia and were
associated with rain run-off, snowmelt run-off, and water
temperature

A negative and statistically significant association was observed
between rain run-off and Giardia concentration at the Glenmore WTP
during the entire period of monitoring and in any given years as well.
For the Bearspaw WTP, the negative association between rain run-off
and Giardia concentration was weak and statistically significant in the
aggregate dataset as well as in the year 2005. The association was
weak and statistically insignificant in other given years. In addition, a
positive and significant association between Giardia occurrence and
snowmelt was observed in 2004, 2005 (r=0.43, 0.51; p<0.01,
respectively), and 2006 (r=0.46; p=0.01) for the Bearspaw WTP, but
not for the aggregated dataset for the entire period 2003-2011 at the
Bearspaw WTP. It can be hypothesised that an ecological disturbance
took place in the watershed of the Bow River in 2006-2008 and
distorted the relationship between snow run-off and Giardia observed

prior to this date. The characteristic of rapid water flow in the Bow
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River could obscure this association for the Bearspaw WTP.
Cryptosporidium weakly and statistically significantly associated with
rain run-off in the entire period of monitoring for the Bearspaw WTP,
but not for the Glenmore WTP.

It is commonly acknowledged that rainfall events can result in
an increase of parasite concentration in surface waters (Atherholt et
al., 1998; Ferguson et al., 2005; 2007; Davies et al., 2004). Bare land
surface (Ferguson et al., 2007) and slope (Tale et al., 2000) are the
exacerbating factors for parasite mobilisation during rainfall. Atwill et
al. (2002) suggested that soils with higher bulk densities are less
effective at removing Cryptosporidium oocysts than the soils with
lower bulk densities. Davies et al. (2004) concluded that maintaining
a vegetative cover, particularly riparian buffers, is of critical
importance for managing transport of Cryptosporidium.

Very surprising was that rain run-off negatively correlated with
Giardia at the Glenmore WTP, given that rain run-off could mobilize
Giardia. It is possible that the interaction of Giardia cysts with certain
soil properties was detrimental for cyst transport. A similar process of
Giardia sedimentation during rain run-off could have been important
for the Bearspaw WTP. However, the associations were weaker and
less consistent in different years compared to the Glenmore WTP.

The retention time of a contaminant in water in a river can be
dependent on velocity of water in the river. As river flow volumes and
velocity increase there is greater possibility that a volume of water
that has high concentration of parasite descends downstream quicker
and water with less concentration of parasite will replace the highly

contaminated water in a section of interest in the river. More frequent
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sampling may assist in tracking the occurrence of parasites in fast
flowing rivers.

Association of Giardia with snowmelt run-off was positive and
statistically significant for the Glenmore WTP (r=0.46; p<0.01). In
addition, the association was positive and statistically significant in
2004, 2005 (r=0.43, 0.51; p<0.01, respectively), and 2006 (r=0.46;
p=0.01) for the Bearspaw WTP, but not for the aggregated dataset for
the entire period 2003-2011 at the Bearspaw WTP. In 2010, the
association become negative and statistically significant. The data
suggests that a disturbance of the ecosystem may have distorted the
association after 2008. Although Cryptosporidium was weakly,
negatively, significantly correlated with snowmelt run-off, in the
aggregated dataset the validity of the relationship is questionable
given the predominance of non-detects observed throughout the
dataset of any given year. An absence in a measurable presence of one
variable makes it difficult to compare to another measured variable or
the relationship between those two.

Possible other sources of contamination of surface water could
confound the association between Giardia with rain or snowmelt run-
off such as contamination of source water by leaking sewage into
source water (irrespective of rain), and/or contamination by animals
and birds defecating directly to the source water. However, adjusting
for these variables was not feasible in this study. Monitoring for these
important factors should be included in a watershed control program
and become a part of WSPs recommended by AESRD.

Cold water associated with Giardia for both WTPs. This

observation was consistent with findings of other researchers that
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indicated that temperature above 10 °C increases rates of cysts die off
(Cole et al., 1989; Bingham et al., 1979; Wickramanayake et al.,
1985), and high temperature detrimental for cysts infectivity
(Labatiuk et al., 1992). Bingham et al. (1979) found that freezing and
thawing resulted in great loss of cysts viability, although a small
portion (~1 %) remained viable. The hypothesised ecological
disturbance may have confounded a relationship of Giardia
concentration and water temperature for the Bearspaw WTP by
decreasing and distorting the estimates of the relationship.

The data also showed that Cryptosporidium occurrence was
irrespective of source water temperature at both WTPs. It is well
known that the increased temperature is detrimental for oocysts
survival (Medema et al., 1997; Robertson et al., 1992) and infectivity
(Fayer, 1994; King et al., 2005) due to fast depletion of amylopectin
reserves (Fayer et al.,, 1998). Freezing significantly decreases oocysts
survival, especially because of thaw-freeze cycles (Walker et al., 2001).
However, Fayer and Nerad (1996) found that oocysts may survive for
weeks or month at surface soil temperature just below freezing and
insulated by a cover of snow. Robertson et al. (1992) concluded that it
might be unwise to assume that oocysts that have been frozen are
incapable to start infection. The same could be true for Giardia
infectivity after exposure to the temperature below zero in the
environment (Fayer & Nerad, 1996).

Source water turbidity weakly and statistically significantly
associated with Cryptosporidium for the Bearspaw WTP in the entire
period of monitoring and in 2010, and turbidity association with

Giardia was observed only in 2010. For the Glenmore WTP,
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association of Giardia with source water turbidity was recorded only
in 2010, but no association was observed between Cryptosporidium
and source water turbidity. Interestingly, Giardia associated with
turbidity at both WTPs only in 2010, which could suggest a common
nonpoint source of parasite pollution in this year in both watersheds.

Relationship between parasites and water turbidity is a
contradictory subject in the literature. Some authors observed a
relationship (Selvakumar & Borst, 2006; Ryu et al., 2005), while
others did not (Horman et al.,, 2004). The data presented in this thesis
demonstrated that the association of Giardia concentration and water
turbidity was weak, positive, and statistically significant at both WTPs
in 2010. Cryptosporidium concentration weakly associated with water
turbidity in 2010 and in the entire period at the Bearspaw WTP, but
no statistically significant association was observed for the Glenmore
WTP. The long-term dataset provided by the City of Calgary sheds
some light on this contradictory relationship. The data suggests that
relationships between turbidity and parasite occurrence may exist in
one year but not others, challenging an assumption that turbidity can
be used as a proxy for event-based monitoring (i.e., remote sensing).
Peak period parasite challenges for WTPs can occur when turbidity is
low.

The correlation observed between Giardia concentration with
snowmelt run-off may be under estimated due to uncertainty in
measurement methods. The goal of the correlation analysis was to
explore the effect of snowmelt on Giardia concentration and to
accommodate the event base principle of snowmelt run-off effect for

Giardia occurrence. Accounting for snowmelt is very complicated,
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thus a very simplistic way of calculating this value was used in the
thesis. Undoubtedly, if precision and accuracy of snowmelt estimates
were improved (i.e., watershed measurements instead of closest
meteorological station [i.e., Calgary airport]), the estimates of the
association may be stronger and statistical significance would likely
be improved also.

The opposing directions between correlations for rain (i.e.,
negative) and snowmelt run-off (i.e., positive) with concentration of
Giardia cysts in source water for the Glenmore WTP may be explained
by noting the fundamental difference in these processes. Run-off over
frozen surfaces may be effective for mobilising Giardia cysts but not
particulates, compared to rain run-off when cysts have a greater
chance to be attached to inorganic particles and because of lesser
buoyancy of these particles. In some cases, Giardia cysts can be
trapped. Ferguson et al., (2007) found that efficiency of mobilisation of
Cryptosporidium due to rain run-off decreased significantly over a
distance of soil surface, possibly, because of a larger size of the
parasite comparing to bacteria and viruses, which were prone to travel
easier. The same principle can be extrapolated for Giardia as well.
Ferguson et al. (2007) identified that soil matrix plays a substantial
role for impeding a distance for oocysts travel during run-off. In
addition, rain usually occurs during warmer seasons when faeces are
prone to desiccation and biodegradation (by bacteria thriving in warm
environments). A number of faecal bacteria have been shown to
replicate in first few days after faecal pats are deposited (Wang et al.,
2004). Desiccation and temperature above 20 °C is known to be

detrimental for cysts survival (Bingham et al., 1979). During a cold
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season, conditions are different; cold water between 4 °C to 8 °C is
optimal for cysts survival (Jakubowski, 1990), cysts are less exposed
to sun light during short winter days, fewer bacteria, and less
desiccation. Muirhead at al., (2006) found a significant decrease in
the number of E. coli in faeces and in run-off during winter.

It is important to distinguish between the differences of how
cold water may play a role in increasing cyst occurrence compared to
rain and snowmelt run-off. Snowmelt and rain run-off act as
mobilisation factors that move parasite to waterways (Atherholt et al.,
1998), whereas cold water can subsequently enhance the preservation
of these cysts once they get into the source water. Warm water
conditions may facilitate a decrease in cyst occurrence. It is unknown
whether rain run-off actually impairs Giardia cyst occurrence during
warm times of the year (i.e., increased sedimentation as described
above), or whether warm environments facilitate cyst degradation
(e.g., cyst desiccation) (Bingham et al., 1979), UV damage (Hijnen,
Beerendonk, & Medema, 2006), or biodegradation (Jakubowski,
1990). In addition, all these factors may work together to create a
highly dynamic effect on parasite mobilization and survival. The shift
in parasite occurrence towards warmer seasons, observed in the data
collected from the Bearspaw WTP after 2007, suggests that
environmental sources and the burden of parasites in these sources
may also affect relationships with environmental factors.

The correlation analysis was performed using the large sample
size for the aggregated data across years and log-transformed parasite
concentrations. These measures were necessary to meet assumptions

for the validity of correlation analysis. In some instances, correlation
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assumptions in the given years were not met or were marginal as this
was indicated in the relevant tables. In those cases, the results can be
considered with skepticism, especially if the linearity assumption was
affected. Although for this dissertation a large sample size was used
for the analysis and improves normality of the data, other researchers
may choose to rely on non-parametric statistical methods for small
sample sizes.

Land use practices, such as agricultural development can affect
parasite occurrence in water by altering wildlife diversity (i.e., parasite
hosts), overgrazing of land fields leading to erosion, direct access of
domestic animals to water sources, and saturation of the area with
manure that can contain abundant levels of parasites (LeChevallier et
al., 1991; Slifko et al., 2000). For example, Wilkes et al. (2013) was
able to demonstrate increasing relative risk from Giardia moving from
restricted cattle access pasture to unrestricted cattle access pasture
in a riparian zone of a creek. Fencing provided improved risk
protection against Giardia. Similarly, in this study, increasing relative
risk was observed from Cryptosporidium due to unrestricted cattle
access pasture in a riparian zone of a creek (especially
Cryptosporidium parvum which is normally associated with cattle and

potentially zoonotic).

6.1.5 Temporal variations in peak risk from Giardia were
observed in the Elbow and Bow Rivers, but patterns were
different

An important finding of this study was the observation that
Giardia contamination was cyclic in nature, a phenomenon supported

by correlation analysis and biological plausibility, and suggesting that
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parasite risks are not homogeneous throughout the year in these
watershed. Given rain and snowmelt run-off (the predictors of Giardia
in Elbow River), concentrations were changing from year to year and
even during given years in response to a change of the predictors.

Risk analysis using AESRD and Health Canada frameworks
were insensitive for discerning a change of risk from Giardia over
time. Both methodologies were bias in portraying the risk as
homogeneous. A discrepancy in health risk assessments between
AESRD and Health Canada approaches in context of the level of
treatment necessary to achieve acceptable levels of risk for Giardia
(and Cryptosporidium for that matter) is further complicated by their
approaches in assuming parasite occurrence as homogeneous across
time (i.e., of averaging concentration across a long period).

The rational of unilaterally using Cryptosporidium as a
reference protozoa and ignoring Giardia as a reference protozoa can be
questioned with respect to watersheds where Cryptosporidium is rare
but Giardia is prevalent, and where chlorine may not be used for
water disinfection. The monitoring of parasites in the Elbow and Bow
Rivers demonstrated that in many instances, while Cryptosporidium
was rare, health risk from Giardia could have been missed if
Cryptosporidium was the only parasite being monitored. For improving
our understanding of risk, Signor & Ashbolt (2009) suggest targeting
daily risks rather than annualized, arguing that, for example, the
target 107° daily infections per person per year would be similar to
10~* annual infections per person per year, and would cover the
extent of short-term risk fluctuations. Furthermore, the authors

suggest using risk management that is directed to pre-identifying
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condition-based hazardous event scenarios for emphasizing a daily
risk target.

For recommendations, chlorination can be enhanced during
periods of cold water, particularly, against Giardia. An increase of the
parasite concentration can be unexpected during a cold season, when
low source water turbidity usually is observed (Figures 5.5; 5.6; 5.7;
5.8; 5.9), which is commonly being perceived as a period of good
source water quality. Also, Hipsey and Brookes (2013) suggest that
WTP personnel armed with knowledge about peak periods related to
hazardous environmental events can respond with decisions on the
operational regimen that target attenuation of inflows. In particular,
the authors recommend that manipulation of the offtake depth may
allow for selectively choosing source water of the best quality in
reservoirs due to spatial variability in which stratification may occur
during inflow after snowmelt or rain run-off events. Simply knowing at
which depth inflow water may be more contaminated with parasites
allows for powerful risk management and mitigation strategies to be
used (Hipsey and Brookes, 2013).

6.1.6 Modelling of Giardia occurrence can add predictability for
controlling risk, and can be integrated into QMRA models

It is generally assumed that the presence of E. coli in water
indicates faecal contamination and poor water quality. However, a
growing body of literature suggests that the relationship of indicator
bacteria with parasites is obscure. Several studies have failed to
demonstrate the relationship of indicator bacteria and parasite
occurrence (Lemarchand & Lebaron, 2003; Harwood et al., 2005;

Medema et al., 2006; Horman et al., 2004). The group of bacteria
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known as total coliforms, once thought to be restricted to fecal origin,
are now known to be composed of diverse bacterial genera and
species, many of which are naturally found in the environments
(Toranzos et al., 2007; Bonadonna et al., 2002; U.S. EPA, 1986; Myers
et al., 2003; Gilliom et al., 2002; Wade et al., 2003). Similarly, E. coli
was once thought to be highly specific to growth and survival in the
gastrointestinal system of warm-blooded animals, now appears to
be capable of replicating in the natural environments under certain
conditions (Osborn et al., 2004). Escherichia coli has been shown to
replicate in natural water sources and soils in tropical areas
(Byappanahalli & Fujioka, 1998; Carrillo et al., 1985). This finding
challenges the validity of the universally applied E.coli-based water
quality standards (Domingo & Ashbolt, 2012; U.S. EPA, 2007).
Analyses of waterborne outbreaks caused by parasites have shown
that in 50 % of water samples taken during outbreaks, total coliforms
were not detected (Craun & Frost, 2002). Atherholt et al., (1998) found
that faecal bacteria die off sooner than encysted Giardia or
Cryptosporidium in environmental waters. Therefore, testing for
indicator bacteria is useful but cannot fully characterize microbial
hazards in water.

A large number of fresh surface water sources have
increasingly become polluted (Hranova, 20006), requiring a systematic
approach to monitor microbial water safety with an improved
resolution. Testing for all pathogens is not a solution at the present
time. Giardia and Cryptosporidium can be used as reference
organisms; however, their usefulness is flawed by expensive testing

and the inherent uncertainty in the Method1623 test (Higgins et al.,
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2003; McCuin & Clancy, 2003; Simmons et al., 2001). Current
research calls for developing a better understanding of using
environmental factors as predictors of parasite contamination of
source waters. Knowing how the environment can influence a
parasite’s survival and better understanding routes of mobilisation
would help improve forecasting of parasite occurrence in
environmental waters.

The research presented in this thesis, to some extent,
succeeded to demonstrate the possibility for accommodating
environmental factors for forecasting of Giardia occurrence. It is
important to note that much of the environmental data collected for
this project was not originally tailored for the purpose of predictive
modeling and, thus, inherited additional uncertainty compared to if
the data was collected for the specific purpose. Nevertheless, it was
demonstrated that rain and snowmelt run-off could be used to predict
concentration of Giardia for the Glenmore WTP. Implementation of a
watershed safety program, inclusive of parasite monitoring, would be
valuable in the context of detecting changes in patterns of parasite
occurrence associated with ecosystem disturbances and estimating
risks associated with water treatment purposes.

6.2 Summary and additional considerations

The current research has identified a set of challenges and
caveats related to production of safe drinking water in respect to
waterborne pathogenic protozoa. As outlined previously for the case of
waterborne disease outbreaks, monitoring for bacterial indicators of
water quality is a poor predictor of waterborne Giardiasis and

cryptosporidiosis (Craun, 2012). Although indicator bacteria testing is
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still valuable it is also is considered out-dated in view of the
awareness that some pathogenic protozoa, as well as some viruses,
can survive much better through water treatment processes than
indicator bacteria. Sufficient treatment-based reduction of Giardia
and Cryptosporidium was historically believed to be the best approach
to managing risks and is also likely to be effective against all other
waterborne pathogenic protozoa (Health Canada, 2012). However, it
was noted in the research that AESRD treatment standards may be
excessively stringent against Giardia, and, thus, these standards do
not address treatment requirements against Giardia proportionally to
the risk from this pathogen. U.S. EPA’s LT2 Rule specifies using
Cryptosporidium as the reference protozoa in an exclusive manner,
and does not account for varied infectivity and viability of
Cryptosporidium (U.S. EPA, 2006). The Health Canada QMRA model
may provide better options for harmonizing risk to treatment
requirements against both pathogens, but this model has caveats
also.

A major limitation to all approaches is that they are biased to
viewing risk as homogeneous (i.e., arithmetic mean over a long
period). Risks in well-engineered drinking water systems nearly
always results from periods of high pathogen challenge, along with
sub-optimal treatment performance. Therefore while it is important
that annual risks are acceptable, models that only report on annual
risk really miss the critical point of risk management (Signor &
Ashbolt, 2006). Health Canada provides a reasonably good health risk
assessment framework, but only after the point at which a

concentration of parasite is estimated and is ready for the input. The
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potential of environmental factors to predict parasite concentration in
surface waters could be accommodated into the Health Canada QMRA
model. In Chapter 5, it was demonstrated that by regressing Giardia
concentration data against rain and snowmelt run-off 60-days
running averages, it was possible to develop a model that can provide
near real time concentration estimates for Giardia and that can be
used as inputs for probabilistic models for estimating daily risks.

An advantage of using the Health Canada QMRA model is in
the use of a DALY as a quantification metric of health risk.
Internationally two alternatives have been established for
quantitatively defining microbial safety. The U.S. EPA uses
performance targets set in drinking water standards that are
referenced to an upper limit of one infection or illness per 10,000
population per year (U.S. EPA, 1989b, 2002, 2006). The WHO has
adopted the metric of DALYs and defined tolerable health risk target
as being < 1 x 10-6¢ DALYs per person per year (WHO, 2004; 2006;
2008; 2010; 2011). As noted by the American Academy of
Microbiology (2006), while benchmarks based on infection or illness
rates currently employed by U.S. EPA are useful as a more descriptive
endpoint of disease, taking into account severity of an infection, may
be more advantageous. The difference between the two metrics is that
application of DALYs includes an additional step. After calculating the
likelihood of infection, the additional step is to consider a likelihood
and severity of a resulting disease. In this way, DALYs recognise that
not all pathogens cause the same level of disease severity. The DALY
has the distinct advantage as being a common ‘currency’ for many

public health issues, allowing for comparative assessments of health
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outcomes. Consequently, the DALY can also be used to account for
investment that has been made into prevention of disease prevalence
and mitigating burden of disease across different public health issues
(Bichai & Smeets, 2013; Murray & Lopez, 1996). Even in the context
of drinking water the DALY approach can be used for comparing
between burdens of illness associated with disinfection by-products
versus pathogens (Havelaar et al., 2000).

Source water usually contains a “cocktail” of parasites. Giardia
and Cryptosporidium are a very diverse group of parasites that include
many species and genotypes (Xiao et al., 2008). Although, they appear
to display some host specificity, this is a relative term that implies
that a particular type of parasite predominantly infects a major host
species, but may infect a minor host species as well (Fadyen, 2008). In
addition, infectivity of certain strains vary accordingly. The IDs, of
Cryptosporidium parvum isolates TAMU, UCP and Iowa were estimated
at 12.1, 2066 and 132 oocysts, respectively (Messner et al., 2001),
hence the uncertainties associated with just the dose-response
aspects of a QMRA model are large, but probably less than the
uncertainties associated with treatment (Hijnen & Medema, 2007).
Therefore, QMRA frameworks should utilize not only hazard variability
but also the uncertainties in estimating a hazard. The Health Canada
QMRA model (version 2.0) accommodates an option of choosing a
fraction of infectious (oo)cysts in source water. However, it is a
simplistic way to address varied infectivity and its uncertainties,
because it is user-predetermined, and dealing with varied infectivity
(and all other key parameters) stochastically might be a better

solution.
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Another problem inherent to the practice of estimating burden
of enteric disease in a population when considering a specific route of
exposure, is that the etiological agent can actually transmit through
multiple routes. In particular, the potential reductions in health
burden available by improving drinking water quality may not be a
good representation for making a difference in the overall disease
burden (Hunter & Fewtrell, 2001). For a disease, exposure to which is
almost universal across different routes, such as cryptosporidiosis
and Giardiasis, reducing the disease burden targeting one particular
route may have a little impact on the overall burden seen in society.
Giardia and Cryptosporidium are not purely waterborne infections;
other important routes of exposure to the parasites exist also. People
who have not been exposed to infection (and hence degree of
immunity) from drinking water may acquire their infection through
other routes, such as daycare, swimming in public pools, recreational
swimming in fresh water lakes and rivers and from which a greater
contribution to disease burden may exist compared to exposure from
drinking water (Pintar et. al., 2011). Exposure by means of these
routes is associated with mostly human infectious species of
Cryptosporidium and Giardia, because these routes of exposure are
linked to sources such as humans (i.e., C. hominis in swimming pools)
and farm animals (i.e., C. parvum in agriculturally-impacted
recreational water [beaches]). Additionally, tracking actual disease
burden attributable to a particular route of exposure for a particular
pathogen is impractical. For example, prevalence of cryptosporidiosis
is likely to be underestimated due to underreporting (Perz et al.,

1998). Accordingly, detection of outbreaks is limited also. In the US, it
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is estimated that only 10-33 % of all outbreaks are detected (Frost et
al., 1996). The large Milwaukee drinking water outbreak was initially
detected by increased sales of anti-diarrhoeal medication rather than
disease reporting due to under-notification and infrequent testing
(MacKenzie et al., 1994).

The DALY approach also allows for a balanced approach to
managing health risks from different factors in drinking water (i.e.,
disinfection by products [DBP] compared to pathogens). Although
DBPs are formed during water disinfection using chemicals such as
chlorine, chloramine, ozone, or chloride dioxide, it is the addition of
these chemicals that is critical for pathogen control. These chemicals
react with natural organic and inorganic matter in water. The
trihalomethanes (THMs) are a prominent group of disinfection by-
products, including chloroform, bromoform, bromodichloromethane,
and chlorodibromomethane. Health Canada (1996) estimates that
THMs comprise up to 50 % by weight of all disinfection by-products in
drinking water. Among the trihalomethanes, the most common, based
on frequency of detection and concentration in drinking water, is
chloroform, followed by bromodichloromethane, then
chlorodibromomethane, and bromoform (WHO, 1994; U.S. EPA,
1998b; Health Canada, 2006). Chloroform is a well-studied THM
because it occurs in high levels in drinking water and because
administration of chloroform results in statistically significant
increases in tumors in rodents (Howd & Fan, 2008). In addition to
cancer, toxic effects have been observed in the liver and kidney of
exposed animals (ATSDR, 1997). EPA proposed a MCLG for

chloroform of 0.07 mg/L based on a cancer reference dose (RfD),
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assuming that a person drinks 2 liters of water per day (the 90th
percentile of intake rate for the U.S. population) and a relative source
contribution of 20 percent (Howd & Fan, 2008). Another important
class of disinfection by-products are the haloacetic acids, which
include dichloroacetic acid and dichloroacetate. Recently, it has been
reported that the disinfection using ozone, chloride dioxide, two or
more disinfectants can produce mixes of DBPs including iodo- and
brome-containing chemicals that induce greater health risk than the
currently regulated THMs and haloacetic acids (Richardson et al.,
2007). Source water rich with brome-containing substances is a risk
factor for high concentrations of brome containing DBPs in produced
water (Richardson et al., 2003). Therefore, drinking water disinfection
targeting pathogens must be balanced against DBP risks to prevent
unnecessary exposure of consumers to DBPs.
6.3 Recommendations

It is recommended that the recent and noticeable increase of
Giardia contamination in the Bow River be investigated more
thoroughly, in addition to developing a better understanding of peak
levels of parasite occurrence in the Elbow River. Although an
apparently large margin of safety appears to exist in terms of risks
associated with Giardia at both the Glenmore and Bearspaw WTPs,
the non-homogeneous occurrence of the parasites (i.e., the potential
for higher parasite numbers to exist during certain periods of time
such as rain run-off and snowmelt run-off) warrants that a synoptic
approach to monitoring and water sampling be considered. The data
in this thesis helps identify conditions under which parasite levels are

likely to be high. Increased sampling during these periods may help
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identify how high parasite concentrations may reach during
environmental conditions that mobilize parasites. The fact that the
patterns of occurrence of Giardia at the Glenmore WTP during the
entire period, and at the Bearspaw WTP before 2007, were similar,
suggests some consistency in parasite mobilization processes across
the watersheds, and that potentially this may represent a natural
state of parasite occurrence in western North American rivers located
at a similar latitude. Moreover, long term monitoring can also assist in
identifying new threats to water safety. For example, the pattern of
Giardia occurrence at the Bearspaw WTP manifested after 2007
suggest that contamination patterns can suddenly change, likely due
to disturbance in the ecosystem, possibly, of anthropogenic origin.
This is important, because the shift results in increasing uncertainty
due to unpredictability of occurrence of Giardia. The data shows that
although the health risk attributed to Giardia was low, recent changes
in the Bow River ecosystem (and future development in this watershed
for that matter) may affect overall levels and spatiotemporal patterns
of parasite occurrence, ushering the need for deploying potential
watershed control programs as soon as possible.

Microbial communities are the most sensitive part of
ecosystems. Microbial composition in the environment changes prior
to an environmental impact becoming clearly visible (Steinweg, 2011).
The QMRA framework can be used for comparing health risks from
presumed hazards before and after foreseen disturbances in
ecosystems occur. For example, urban development is an important
source of parasite burdens in the environment. However, concerns

about source water pollution associated with this types of
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development are usually raised only after an estimation of the extent
of pollution is observed, but the overall effect is often obscured by the
lack of evidence about background pollution in the environment
before the disturbance.

A different pattern of parasite occurrence likely implies different
sources, and consequently, pathogenicity of parasites from new
sources is unknown. Genotyping of both Cryptosporidium and Giardia
may assist in identifying potential host sources of parasites and
assess whether human infectious species may be present or not. In
addition, particular species of parasites can be more prevalent at
different periods of a year, depending on their sources.

The quality of water and associated health risk from source
water within the catchment will reflect land-use practices and their
spatial locations within the watershed (Hipsey & Brookes, 2013). To
effectively cope with health risk from parasites, source water
protection should be considered a top priority for risk reduction, since
reducing the burden of parasites in the environment can help manage
overall levels of occurrence, including during peak contamination
events. Understanding sources of parasites in the environment and
how they are mobilized into water sources will greatly assist in
reducing risks associated with Cryptosporidium and Giardia to

drinking water supplies.
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Figure A-1 Relationship between ln (Giardia cysts/100 L) concentration in source water and Rain run-off
(mm) during 2003, 2004, and 2005 years (A), 2006, 2007, and 2008 years (B), 2009 and 2010 years (C),
the entire period of monitoring 2003-2011 years (D). Data reflects the sampling campaign for the Glenmore

WTP (Elbow River).
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Figure A-2 Relationships between In (Giardia cysts/100 L) concentration in source water and snowmelt run-off
during 2003, 2004, and 2005 years (A), 2006, 2007, and 2008 years (B), 2009 and 2010 years (C), the entire period
of monitoring 2003-2011 years (D). Data reflects the sampling campaign at the Glenmore WTP (Elbow River).
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Figure A-3 Relationships between In (Giardia cysts/100 L) concentration in source water and water temperature

during 2003, 2004, and 2005 years (A), 2006, 2007, and 2008 years (B), 2009 and 2010 years (C), the entire period
of monitoring 2003-2011 years (D). Data reflects the sampling campaign for the Glenmore WTP (Elbow River). Water
temperature monitoring started on 20 Oct 2003 and ended on 30 Oct 2010.
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Figure A-4 Relationships between_In (Giardia cysts/100 L) concentration in source water and source water turbidity

(NTU) during 2003, 2004, and 2005 (A), 2006, 2007, and 2008 (B), 2009 and 2010 (C), the entire period 2003-2011

(D). Data reflects the sampling campaign at the Glenmore WTP (Elbow River).
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Figure A-5 Relationships between_In (Cryptosporidium oocyst/100 L) concentration in source water and rain run-off

during 2003, 2004, and 2005 (A), 2006, 2007, and 2008 years (B), 2009 and 2010 (C), the entire period 2003-2011

(D). Data reflects the sampling campaign at the Glenmore WTP (Elbow River).
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Figure A-6 Relationships between_ln (Cryptosporidium oocyst/100 L) concentration in source water and snowmelt

run-off during 2003, 2004, and 2005 (A), 2006, 2007, and 2008 (B), 2009 and 2010 (C), the entire period 2003-
2011 (D). Data reflects the sampling campaign for the Glenmore WTP (Elbow River).
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Figure A-7 Relationships between In (Cryptosporidium oocyst/100 L) concentration in source water and source

water temperature during 2003, 2004, and 2005 (A), 2006, 2007, and 2008 (B), 2009 and 2010 (C), the entire
period 2003-2011 (D). Data reflects the sampling campaign for the Glenmore WTP (Elbow River).
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Figure A-8 Relationships between In (Cryptosporidium oocyst/100 L) concentration in source water and source
water turbidity during 2003, 2004, and 2005 (A), 2006, 2007, and 2008 (B), 2009 and 2010 (C), the entire period
2003-2011 (D). Data reflects the sampling campaign for the Glenmore WTP (Elbow River).
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Figure A-9 Relationships between_In (Giardia cysts/100 L) concentration in source water and rain run-off during

2003, 2004, and 2005 (A), 2006, 2007, and 2008 (B), 2009 and 2010 (C), the entire period 2003-2011 (D). Data
reflects the sampling campaign for the Bearspaw WTP (Bow River).
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Figure A-10 Relationships between In (Giardia cysts/100 L) concentration in source water and snowmelt run-off

during 2003, 2004, and 2005 (A), 2006, 2007, and 2008 (B), 2009 and 2010 (C), the entire period 2003-2011 years
(D). Data reflects the sampling campaign at the Bearspaw WTP (Bow River).

245



5 6
QR e
° °
a 4 ) @ ® - S
= o o . ° ) o o ©2006
<) ® o ° e2004| S ° o & @
- oF 4 ee e
< %00 R*=0.0173 © = e #2007
a3 . <] %e 2 s ° ] © @
2 ¢ . ° . ° 3 E%O ° ° ° %o °
y . . ° ° @ ©2005 &3 2 o o8 e ©2008
3 e & . ® R2=0.018
=2 = ) T o (o]
E ® ° e o 52 %go0° . .
d R* = 0.1964 .
] o oee ° §, 0 ©® R*=0.234
D1
2 R
R? = 0.0771
0 ® ° ° o o oo ® [ R 0000 e @ @ G0 e OB © O O
o 5 10 15 20 0 5 10 15 20 25
Water Temperature (°C) Water Temperature (°C)
6 6
° ° ° oo
5 e ® 0 a5 [}
°
8 ° N * e ©2009 | © 9o ° o ©
© ® R* = 0.0103 S e 4 © © °
LA e o° S— o A o ®% o, ©o ° o % %° ®
°
2 a— e ° ° Ll ‘- e2010| 3 a e °o ® o0 ° % o oAl
+ an o ° 7] [<5) ® @ (] ) o o]
3 8 * fe L] > &® ¢fo oo @ ° d 553@ [} Years
& o o ) o °
3 ® (o] @ 0 3 @ s ® o} < oO e
C e ¢ ¢ _°® Re-o0.0268 & o _o° ° o R® = 0.005
i, ° e i, % : s
0, g0 © © °
52 ° g 2 0 8 o ° o
5 ° 5 ®oo ° e o o
o o o
=) =] o coo 5]
S S
- =1
0 0 @oom © ©  ©0O0 G G GY D GO 00 WO OS O O
o 5 10 15 20 25 5 10 15 20 25
Water Temperature (°C) Water Temperature (°C)

Figure A-11 Relationships between In (Giardia cysts/100 L) concentration in source water and source water

temperature in 2003, 2004, and 2005 (A), 2006, 2007, and 2008 (B), 2009 and 2010 (C), and the entire period of
monitoring 2003-2011 (D). Data reflects the sampling campaign at the Bearspaw WTP (Bow River).
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Figure A-12 Relationships between In Giardia cysts/100 L concentration in source water and source water
turbidity during 2003, 2004, and 2005 (A), 2006, 2007, and 2008 (B), 2009 and 2010 (C), the entire period 2003-
2011 (D). Data reflects the sampling campaign at the Bearspaw WTP (Bow River).
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Figure A-13 Relationships between In Cryptosporidium oocyst/100 L concentration in source water and rain run-off
in 2003, 2004, and 2005 (A), 2006, 2007, and 2008 (B), 2009 and 2010 (C), the entire period 2003-2011 (D). Data
reflects the sampling campaign at the Bearspaw WTP (Bow River).
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Figure A-14 Relationships between In (Cryptosporidium oocyst/100 L) concentration in source water and snowmelt
run-off during 2003, 2004, and 2005 (A), 2006, 2007, and 2008 (B), 2009 and 2010 (C), the entire period of
monitoring 2003-2011 (D). Data reflects the sampling campaign at the Bearspaw WTP (Bow River).
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Figure A-15 Relationships between In (Cryptosporidium oocyst/100 L) concentration in source water and source

water temperature during 2003, 2004, and 2005 (A), 2006, 2007, and 2008 (B), 2009 and 2010 (C), the entire
period of monitoring 2003-2011 (D). Data reflects the sampling campaign at the Bearspaw WTP (Bow River). Water
temperature monitoring ended on 25 October 2010.
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Figure A-16 Relationships between In (Cryptosporidium oocyst/100 L) concentration in source water and source
water turbidity during 2003, 2004, and 2005 (A), 2006, 2007, and 2008 (B), 2009 and 2010 (C), the entire period
2003-2011 (D). Data reflects the sampling campaign at the Bearspaw WTP (Bow River).
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