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ABSTRACT
DRINKING WATER QUALITY IN THE CIRCUMPOLAR NORTH: AN EXAMINATION OF
WATERBORNE GIARDIA AND CRYPTOSPORIDIUM IN IQALUIT AND RIGOLET, CANADA
Stephanie Masina
University of Guelph, 2018

Advisor:
Dr. Sherilee L. Harper

Drinking water challenges often exist in the Circumpolar North; therefore, this research
examined northern drinking water quality using three studies. First, a scoping review
summarized circumpolar drinking water quality and human health literature, identifying few
studies examining waterborne parasites. Second, Giardia and Cryptosporidium were examined in
surface water from Iqaluit, Nunavut. Using EcoHealth approaches, water samples (n=55) were
collected and tested for these parasites. 20.0% and 1.8% of samples tested positive for Giardia
and Cryptosporidium, respectively. The odds of detecting parasites were greater with lower air
and water temperatures compared to higher temperatures. Third, we explored waterborne
Giardia and Cryptosporidium in Rigolet, Labrador. Of the drinking water sources tested (n=4),
Giardia and Cryptosporidium were detected in tap water and the municipal water reservoir. This
community-based research contributes to the growing literature on northern drinking water
quality, and was intended to inform locally-specific and relevant water quality management in
northern communities.
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ᐅᖃᐅᔾᔨᒋᐊᕐᑎ:
ᓘᒃᑖᖅ ᓯᐅᕆᓖ ᓚ. ᕼᐊᕐᐳ

ᐃᒥᕐᑕᐅᖃᑦᑕᕐᑐᖅ ᐊᔪᕐᓇᐅᑕᐅᓂᖏᑦ ᐅᑭᐅᕐᑕᕐᑐᒥ; ᑕᐃᒪᐃᓐᓂᖓᓄᑦ, ᑕᓐᓇ ᖃᐅᔨᓴᕐᓂᖅ
ᑐᑭᓯᓇᓱᒃᑐᖅ ᐅᑭᐅᕐᑕᕐᑐᒥ ᐃᒥᕐᑕᐅᖃᑦᑕᕐᑐᖅ ᐱᐅᑎᒋᓂᖓᓂ ᐊᑐᕐᖢᑎᒃ ᐱᖓᓱᓂᒃ ᖃᐅᔨᓴᕈᑎᓂᒃ. ᓯᕗᓪᓕᖅ,
ᑕᑯᓇᒃᓗᒍ ᕿᒥᕈᓗᒍ ᓇᐃᓵᕐᓗᒍ ᐅᑭᐅᕐᑕᕐᑐᒥ ᐃᒥᐅᑦ ᐱᐅᑎᒋᓂᖓ ᐊᒻᒪᓗ ᐃᓄᑐᐃᓐᓇᐃᑦ ᖃᓄᐃᖏᑦᑎᐊᕐᓂᖏᑦ
ᑎᑎᕋᕐᑕᐅᓯᒪᔪᑦ, ᓇᓗᓇᐃᕐᓗᒋᑦ ᖃᐅᔨᓴᕐᑕᐅᓯᒪᔪᑦ ᑐᑭᓯᓇᓱᒃᑐᑦ ᐃᒥᕐᒥᖔᕐᑐᓂᒃ ᖃᓂᒻᒪᒃᓇᕐᑐᓂᒃ. ᑭᖑᓪᓕᖅ,
ᖃᓂᒻᒪᒃᓇᕐᑐᑦ Giardia ᐊᒻᒪᓗ Cryptosporidium ᑐᑭᓯᔭᐅᓇᓱᓚᐅᕐᑐᑦ ᐃᒥᐅᑦ ᖄᖓᓂᑦ ᐃᖃᓗᖕᓂ, ᓄᓇᕗᑦ.
ᐊᑐᕐᖢᑎᒃ EcoHealth ᐱᒋᐊᖁᑕᐅᓪᓗᓂ, ᐃᒥᕐᒥᒃ ᖃᐅᔨᓴᒐᒃᓴᒥᒃ ᐱᓪᓗᑎᒃ (n=55) ᖃᐅᔨᓴᕐᖢᑎᒃᓗ
ᖃᓂᒻᒪᒃᓇᕐᑐᖃᕐᒪᖔᑕ. 20.0% ᐊᒻᒪᓗ 1.8% ᖃᐅᔨᓴᕐᑕᐅᔪᑦ ᐱᑕᖃᕐᓂᕋᐃᓚᐅᕐᑐᑦ ᖃᓂᒻᒪᒃᓇᕐᑐᓂᒃ Giardia
ᐊᒻᒪᓗ Cryptosporidium, ᑭᖑᓕᕇᒃᖢᑎᒃ. ᐱᑕᖃᕐᓂᕐᓴᐅᑐᐃᓐᓇᕆᐊᖃᓚᐅᕐᑐᑦ ᖃᓂᒻᒪᒃᓇᕐᑐᑦ
ᓂᒃᓚᓱᒃᓂᕐᓴᐅᔪᒥ ᐊᓂᕐᑎᕆᔭᑦᑎᓐᓂ ᐃᒪᖓᓂᓗ ᑕᑯᓪᓗᒋᑦ ᐅᖁᓂᕐᓴᒦᑦᑐᑦ. ᐱᖓᔪᖓᑦ, ᑐᑭᓯᓇᓱᓚᐅᕐᑕᕗᑦ
ᖃᓂᒻᒪᒃᓇᕐᑐᑦ Giardia ᐊᒻᒪᓗ Cryptosporidium ᕆᖑᓕᑦ< ᓚᐸᑐᐊ. ᐃᒥᕐᑕᐅᖃᑦᑕᕐᑐᖅ ᖃᐅᔨᓴᕐᑕᐅᓪᓗᓂ
(n=4), Giardia ᐊᒻᒪᓗ Cryptosporidium ᖃᐅᔨᔭᐅᓚᐅᕐᑐᑦ ᑯᕕᔫᖓᓂᑦ ᐊᒻᒪᓗ ᓄᓇᓕᖓᑕ ᐃᒥᕐᑕᕐᕕᖓᓂᑦ.
ᑕᓐᓇ ᓄᓇᓕᒃᓂ ᐱᒋᐊᕐᑕᐅᓯᒪᔪᖅ ᖃᐅᔨᓴᕐᓂᖅ ᐃᑲᔫᑕᐅᓚᐅᕐᑐᖅ ᑎᑎᕋᕐᓯᒪᔪᒃᑯᑦ ᐅᑭᐅᕐᑕᕐᑐᒥ
ᐃᒥᕐᑕᐅᖃᑦᑕᕐᑐᓂᒃ ᐱᐅᑎᒋᓂᖓᓂᒃ, ᐊᒻᒪᓗ ᖃᐅᔨᑎᑦᑎᔾᔪᑕᐅᓚᐅᕐᑐᖅ ᓄᓇᓕᒃᓂ ᐊᒻᒪᓗ ᐊᐅᓚᑕᐅᓂᖏᓐᓂ
ᐃᒥᓕᕆᓂᖅ ᐱᐅᑎᒋᓂᖓᓂ ᐅᑭᐅᕐᑕᕐᑐᒥ ᓄᓇᓕᐅᔪᓄᑦ.

iv

ACKNOWLEDGEMENTS
This thesis could not have been completed without the incredible guidance and support of
my advisor and committee members. Sincerest thanks to my advisor, Dr. Sherilee Harper, for
giving me the opportunity be a part of some wonderfully meaningful work throughout the past
three years. Your constant support, creativity, and tireless efforts amazed and inspired me
throughout my Master’s degree. I truly appreciate all your knowledge and guidance during my
time in Iqaluit and Rigolet, as well as your motivation during the writing stages. Also, thank you
for creating a lab group that is so inclusive, supportive, and respectful; it has been a pleasure
working with this team. To my committee members, Drs. Jan Sargeant, Rebecca Guy, Ashlee
Cunsolo, and Scott Weese, I learned something unique from each of you, and I am incredibly
grateful for all your knowledge and expertise in each of my research projects.
I would like to thank our community partners from Iqaluit and Rigolet, without whom
these projects would not have been possible. From Iqaluit, thank you to everyone at the Nunavut
Research Institute: Jamal Shirley, Mary Ellen Thomas, Rick Armstrong, and Mosha Cote, for
your interest and partnership in the development of the surface water project. Special thanks to
Jamal for your wonderful leadership and support during my time in Iqaluit. From Rigolet, thank
you to the Rigolet Inuit Community Government for your partnership with the exploratory water
project. Specifically, Inez Shiwak and Charlie Flowers, thank you for welcoming me into your
community; this project could not have been done without your incredible knowledge of the land
and water quality expertise.
Many thanks go out to all the inspiring women involved in the data collection phases of
my work in Iqaluit. Jean Allen, I’m so happy to have met and gotten to know you, and I could

v
not have done any of my field work without your brilliance, kindness, and strength (physically
and mentally). Anna Manore and Danielle Julien, I couldn’t have chosen two partners better for
our travel adventures; I’m so thankful for your support and company while being away from our
homes and families. Anika Bychok, Enooyaq Sudlovenick, and Anna Bunce, thank you for
taking the time and energy to collect, carry, and process countless water samples with me, and
thank you to Victoria Watson and Joanna Petrasek-MacDonald for your friendship and support
in Iqaluit. Many thanks go to Kate Bishop-Williams, Jacqueline Middleton, and Carlee Wright
for your guidance during the analysis stages of my project. I’m so grateful to know you all and to
have worked alongside each one of you.
A huge thank you goes out to the Harper Lab, with and from whom I’ve learned so much.
From helping each other through our coursework, to travelling together to conferences, and
sharing knowledge and experiences from graduate school: thank you to Jacquie, Viv, Carlee,
Anna, Danielle, Kate BW, Kate P, LJ, Alex, Manpreet, Lindsay, David, Paola, Mark, Amy,
Steven, Nia, Julia, Isaac, and Jess. Every one of you has supported me in some way over the past
three years, and I couldn’t have asked for a better lab group for that.
Thank you to the multiple funding agencies that have supported this work. These include
ArcticNet, the Queen Elizabeth II Graduate Scholarship in Science and Technology, the Arthur
D. Latornell Graduate Scholarship, and the Arthur D. Latornell Travel Bursaries.
Finally, a heartfelt thank you goes out to my family and friends. To my parents and my
sister, thank you for always being there for me, and for your continuous encouragement that led
me to follow my passions. Last but definitely not least, Deron Caplan, I can’t thank you enough
for your love and support throughout this experience.

vi

STATEMENT OF WORK
The three studies presented in this thesis dissertation were designed and conducted by
collaborative teams of academic researchers, regional specialists, community members, and
government stakeholders. This framework was identified as an important approach to improving
the design and validity of these studies examining complex health challenges in the Circumpolar
North.1,2

Scoping literature review
The scoping review protocol (i.e., research question, search string, screening questions,
and data extraction questions) was developed in collaboration with my advisory committee (Drs.
Sherilee Harper, Jan Sargeant, Rebecca Guy, Scott Weese, Ashlee Cunsolo) and Jamal Shirley
from the Nunavut Research Institute (Iqaluit, NU). I conducted the two database searches and
imported all citations into Mendeley© reference manager and DistillerSR© systematic review
software. In the first screening level, I reviewed the titles and abstracts of all articles with Anna
Manore (MSc Student), Jessica Purbrick (BSc Student), and Isaac Bell (BSc Student). I
downloaded all full-text articles for the second screening level, and reviewed the full articles
with Anna Manore, Jessica Purbrick, and Isaac Bell. I also conducted the hand-search of articles
from two key journals. Following the identification of relevant literature, I extracted the data
from included articles with Jessica Purbrick and Isaac Bell. I then performed the data cleaning
(using Microsoft® Excel), analysis (using Stata® 13.1), and writing of the manuscript under the
supervision of Dr. Sherilee Harper. The manuscript was edited by my advisory committee (Drs.
Sherilee Harper, Jan Sargeant, Rebecca Guy, Scott Weese, Ashlee Cunsolo) and Jamal Shirley.
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Surface water quality in Iqaluit
This project stems from a larger, collaborative project: The People, Animals, Water, and
Sustenance (PAWS) Project, aiming to develop a participatory, community-based monitoring
system for environmental pathogens in Iqaluit, Nunavut. The PAWS Project was designed by
Drs. Sherilee Harper, Jan Sargeant, Scott Weese, and Ashlee Cunsolo, alongside community
partners. I assisted these team members with the design of the water portion of this project, in
collaboration with Jamal Shirley and Jean Allen from the Nunavut Research Institute. Dr.
Sherilee Harper, Anna Manore, and I wrote and submitted research licence applications for the
Nunavut Planning Commission and the Nunavut Research Institute. I examined water testing
options for procedures and supplies required, and ordered these supplies from various
manufacturers. We conducted teleconference calls with a variety of water quality specialists and
microbiologists to discuss optimal sampling procedures, and I developed a water sampling
protocol with specific aspects reflecting the remote nature of this community (e.g., field safety,
storage, shipment). This protocol was approved by Dr. Sherilee Harper, Dr. Rebecca Guy, Jamal
Shirley, and Jean Allen.
I travelled to Iqaluit to collect water samples and environmental data from June to
September 2016 with Jean Allen and Anika Bychok (BSc Student). For a portion of this time
(September 2016), I was accompanied by Anna Manore (MSc Student), Dr. Danielle Julien
(DVM, PhD Candidate), Enooyaq Sudlovenick (BSc Student), and Anna Bunce (Project
Manager). I conducted the initial laboratory work at the Nunavut Research Institute with Jean
Allen, Anika Bychok, Anna Manore, and Enooyaq Sudlovenick to concentrate water samples for
the testing of parasites, and to test samples for indicator bacteria. All data collection and
laboratory processing was supervised by Jamal Shirley. I co-ordinated the weekly shipment of
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samples to Medicine Hat (AB), where sample analyses were led by Dr. Peter Wallis at Hyperion
Research Ltd. Additionally, I co-ordinated the payment of shipment and laboratory invoices.
Data collected in 2016 were cleaned (using Microsoft® Excel) and analyzed (using Stata®
13.1) with guidance from Dr. Sherilee Harper, Dr. Jan Sargeant, Katherine Bishop-Williams
(PhD Candidate), Jacqueline Middleton (PhD Candidate), and Carlee Wright (Project Manager).
Data analysis was supervised by Dr. Sherilee Harper. I then prepared the manuscript with
support and editing from my advisory committee (Drs. Sherilee Harper, Jan Sargeant, Rebecca
Guy, Scott Weese, Ashlee Cunsolo), and other co-authors (Jamal Shirley, Jean Allen, Dr. Peter
Wallis, Anna Bunce). I created the tables and figures (using Microsoft® Excel) as well as the
map of Iqaluit (using ArcGIS®) included in the manuscript.
Integrated knowledge translation methods for the PAWS Project were developed in
collaboration with northern research partners at the Nunavut Research Institute. The resultssharing workshop was designed and implemented with Jamal Shirley, Jean Allen, Anna Manore,
Carlee Wright, Dr. Sherilee Harper, Dr. Jan Sargeant, Dr. Rebecca Guy, and Dr. Danielle Julien.
Anna Manore, Carlee Wright, and I developed the meeting agenda, created and printed handouts
and other supplies (e.g., name tags, evaluation forms, etc.), and co-ordinated the workshop
registration. Jean Allen and I co-presented the results of the water portion of the PAWS Project at
the workshop. I also presented this project as three oral presentations and seven poster
presentations at local conferences in Guelph (ON), as well as international conferences in
Winnipeg (MB) and Quebec City (QC).
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Drinking water quality in Rigolet
This exploratory research project was designed and implemented in collaboration with
the Rigolet Inuit Community Government (Rigolet, Nunatsiavut, NL). The study was designed
with Dr. Sherilee Harper, as well as Inez Shiwak and Charlie Flowers from the Rigolet Inuit
Community Government. In October 2016, I travelled to Rigolet to collect water samples and
environmental data with Inez Shiwak, and we performed laboratory processing to concentrate
water samples for the testing of parasites. I co-ordinated the shipment of samples, and the
laboratory analyses were led by Dr. Peter Wallis in Medicine Hat (AB).
I conducted the data cleaning (using Microsoft® Excel) and analyses (using Stata® 13.1)
from water and environmental data collected in 2016 under the supervision of Dr. Sherilee
Harper. Furthermore, I prepared the short communication manuscript with support and editing
from my advisory committee (Drs. Sherilee Harper, Jan Sargeant, Rebecca Guy, Scott Weese,
Ashlee Cunsolo), and other co-authors (Dr. Peter Wallis, Inez Shiwak, Charlie Flowers). I
created the tables and figures (using Microsoft® Excel) as well as the map of Rigolet (using
ArcGIS®) included in the manuscript.
Integrated knowledge translation was conducted through ongoing communication with
the Rigolet Inuit Community Government, the Nunatsiavut Government, and the Province of
Newfoundland and Labrador. Communication strategies were led by Dr. Sherilee Harper, Inez
Shiwak, and Charlie Flowers.
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CHAPTER ONE:
INTRODUCTION, STUDY RATIONALE, AND THESIS RESEARCH GOALS
Introduction
Drinking water challenges often exist in the Circumpolar North due to environmental
health issues associated with climate change, environmental contamination, and unique zoonotic
pathogen transmission pathways.1–5 These challenges can affect safe drinking water access,
specifically in small, remote communities in northern regions with limited resources and
infrastructure.2,3,6 For instance, studies from some northern communities have found high levels
of indicator bacteria (Escherichia coli and total coliforms) in untreated surface water often used
for drinking,3 stored household water containers,1,7 as well as trucked and tap water samples.8
These water challenges can have important implications for human health. Drinking
water sources can become contaminated by human and animal waste, which can contain enteric
pathogens, such as bacteria (e.g., E. coli, Campylobacter), viruses (e.g., norovirus), and parasites
(e.g., Giardia, Cryptosporidium).9 These pathogens can be transmitted indirectly to humans
through contaminated drinking water, which can lead to life-threatening waterborne diseases and
outbreaks.9 For instance, many of these pathogens can cause acute gastrointestinal illness (i.e.,
diarrhea and/or vomiting), which has been identified as an emerging health issue in northern
regions.10,11 One of the highest rates of self-reported acute gastrointestinal illness in the global
literature was reported in two communities in the Circumpolar North—Iqaluit, Nunavut, and
Rigolet, Nunatsiavut, Labrador—with drinking water identified as a risk factor.12 Thus, it is
important to understand the extent of pathogens present in drinking water sources to protect
human health in these communities and in the North.
1

Study rationale and thesis research goals
Considering the challenges associated with drinking water quality in the Circumpolar
North, this research sought to provide a better understanding of drinking water challenges and
how they can affect human health in this region. Therefore, using an EcoHealth research
framework,13 with a collaborative team of academic researchers, regional specialists, government
stakeholders, and community members, the following goals and objectives were developed for
the three studies presented in this thesis:
1. Conduct a scoping review to examine the nature, range, and extent of published literature
on drinking water quality and human health outcomes in the Circumpolar North (Chapter
Two).
2. Examine the presence of Giardia and Cryptosporidium parasites in untreated surface
water used for drinking in Iqaluit, Nunavut, Canada (Chapter Three) by:
a. Estimating the prevalence and concentrations of Giardia cysts and
Cryptosporidium oocysts in local rivers over time;
b. Examining associations between indicator bacteria and parasites in these surface
waters; and
c. Identifying potential associations of parasites in surface water with weather
conditions and water quality parameters.
3. Explore the presence of Giardia and Cryptosporidium parasites in drinking water sources
in Rigolet, Nunatsiavut, Canada (Chapter Four).
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CHAPTER TWO:
DRINKING WATER QUALITY AND HUMAN HEALTH RESEARCH IN THE
CIRCUMPOLAR NORTH: A SCOPING REVIEW OF THE LITERATURE1

Abstract
Challenges in accessing safe drinking water in the Circumpolar North can have important
human health implications. A scoping review was conducted to examine the nature, range, and
extent of published literature on drinking water quality and human health outcomes in the
Circumpolar North. A search string was developed to search two electronic databases (PubMed®
and Web of Science™), and two journals were hand-searched for relevant literature. Citations
were screened by two independent reviewers and relevant articles were selected using eligibility
criteria. Study characteristics were extracted from these articles and summarized according to
population, exposure, and outcome categories. A total of 55 articles met eligibility criteria and
were included in this review. The number of publications per year increased over time from 2000
to 2016. Most studies took place in Finland and Canada, and few studies involved Indigenous
peoples. Most studies examined human health outcomes related to general acute gastrointestinal
illness, but few studies examined or differentiated between specific bacterial, viral, and parasitic
infections. This review identified a small but increasing number of articles examining drinking
water and human health outcomes in the Circumpolar North. Future research examining specific
waterborne pathogens in northern populations would be helpful to inform comprehensive public
health strategies that are relevant in the North.

1

Article authorship: Masina S, Sargeant JM, Shirley J, Weese JS, Guy RA, Cunsolo A, Harper SL. Formatted for
submission to Arctic.
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Introduction
Access to safe drinking water is a basic human right and a public health priority in the
Circumpolar North, as identified by the Arctic Council (Bressler and Hennessy 2017) and the
United Nations Goals for Sustainable Development (United Nations 2010). In the North, sources
of drinking water include surface water sources (e.g., lakes, rivers, meltwater from snow and ice)
and groundwater sources (e.g., wells) (Bressler and Hennessy 2017). Many communities in the
Circumpolar North have access to municipal systems that distribute treated water to households,
including above or below ground piped water, trucked water services, and decentralized systems
(e.g., potable water dispensing units) (Marino et al. 2009; Daley et al. 2015; Wright et al. 2018).
Compared to more southern regions, these distribution systems can be subjected to harsh weather
conditions and freezing bodies of water, which can cause physical infrastructure damage and
interruptions to water services (Marino et al. 2009; Daley et al. 2015; Hennessy and Bressler
2016). Furthermore, while most southern communities use combinations of filtration and
disinfection for drinking water treatment, smaller distribution systems in the North may have
more limited water treatment options, and some remote communities may not have any water
treatment available (Marino et al. 2009; Kot et al. 2015; Dudarev 2018). These water provision
challenges are often lost within national estimates for Circumpolar countries, where most of the
southern populations have access to adequate drinking water services (Hennessy and Bressler
2016).
In addition to municipally treated drinking water sources, many northern communities
use private sources of drinking water, including wells or the collection of untreated surface water
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(Bressler and Hennessy 2017; Wright et al. 2018). The choice of drinking water sources and
consumption patterns are commonly associated with community perceptions of quality and
aesthetic appeal of drinking water, as well as cultural practices and preferences in the
Circumpolar North (Goldhar et al. 2013; Wright et al. 2018). For instance, collecting untreated
surface water or meltwater in personal storage containers is an important cultural practice for
many Indigenous communities in the North (Marino et al. 2009; Harper et al. 2011; Daley et al.
2015; Wright et al. 2018). Moreover, some northern residents have reported concerns about tap
water quality (Garner et al. 2010), and therefore choose to drink alternative water sources, such
as bottled water and untreated surface water (Harper et al. 2011; Wright et al. 2018).
Drinking water sources can become contaminated by a variety of pathogens (e.g.,
bacteria, viruses, parasites) and other contaminants (e.g., metals, chemicals) from human
activities and animal waste in the environment (Berner et al. 2016). Limitations and failures in
water treatment infrastructure in some northern communities can challenge the ability of
municipalities to remove or destroy these contaminants (Kot et al. 2015; Daley et al. 2015).
Secondary contamination (i.e., drinking water re-contamination within a distribution system or a
household) also has been found to occur in household water tanks or personal storage containers
in some communities in the Circumpolar North (Martin et al. 2007; Wright et al. 2017). These
contamination challenges have implications for human health (Parkinson and Butler 2005;
Bradford et al. 2016). For instance, drinking water contamination can cause acute gastrointestinal
illness in humans (i.e., diarrhea and/or vomiting), which has been identified as an emerging
health issue in the North (Harper et al. 2015b; Hansdotter et al. 2015). Moreover, research
examining heavy metals in humans and environmental sources found that lead concentrations in
drinking water were higher in the North compared to southern regions (Fillion et al. 2014).
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However, the extent of pathogens and contaminants present in drinking water in the Circumpolar
North, as well as their related health implications, remain unclear.
Considering the diverse and unique challenges related to accessing safe drinking water
and their health implications in northern communities, scoping the existing literature on this
topic could chart our understanding of the public health implications of drinking water quality in
the Circumpolar North. Therefore, the purpose of this review was to examine the nature, range,
and extent of published literature on drinking water quality and human health outcomes in the
Circumpolar North.

Methods
A scoping review approach was followed and included four key stages: (i) identification
of the research question; (ii) systematic identification and selection of relevant articles; (iii)
information extraction and charting; and (iv) summarization, analysis, and reporting of results
(Arksey and O’Malley 2005; Levac et al. 2010).
Search strategy
A search string was developed in consultation with a research librarian, with terms for the
exposure (drinking water), outcome (human health), and population (the Circumpolar North)
(Table 2.1). The final search string was used to search PubMed® (via NCBI;
https://www.ncbi.nlm.nih.gov/pubmed/) and Web of Science™ (http://webofscience.com)
aggregator databases on 9 January 2017. The initial database search was not restricted by
language, but publication dates were restricted to the current century (1 January 2000 to 31
December 2016). In addition, article titles from two journals (Journal of Water and Health and
International Journal of Circumpolar Health) were hand-searched by one reviewer for relevant
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literature published in the current century. All citations from database searches were exported
into Mendeley® (Elsevier, Amsterdam, Netherlands) reference manager where duplicate citations
were removed. Citations were then exported into DistillerSR© (Evidence Partners, Ottawa,
Canada) systematic review software for screening, data extraction, and data charting.
Eligibility criteria
Primary research studies and formal literature reviews (i.e., reviews of primary research
using described and systematic methods; narrative reviews were excluded) available in English
and published in the current century were included in this review. Articles were included if they
referred to any source of fresh water used for drinking (e.g., treated tap water, untreated surface
water, untreated well water), were relevant to human health outcomes (e.g., physical, mental, or
social health), and took place in the Circumpolar North (Table 2.2). Countries in the Circumpolar
North were chosen according to the University of the Arctic (University of the Arctic 2017), and
specific locations (i.e., cities, regions, communities) within these countries were chosen
according to the Arctic or Subarctic Köppen-Geiger climate classification system (Climate Data,
2012). Broadly, locations included Alaska, USA; Greenland; Iceland; northern regions of
Norway, Sweden, Finland, and Russia; and Northern Canada, including three territories
(Nunavut, Northwest Territories, and Yukon) and settled Inuit land claim regions in Northern
Quebec (Nunavik), Northern Labrador (Nunatsiavut), and Northern Northwest Territories
(Inuvialuit) (Table 2.2) (Indigenous and Northern Affairs Canada 2017).
Study selection
A two-level screening process was conducted by two independent reviewers to identify
relevant articles based on the eligibility criteria. The first level of screening involved reviewing
the titles and abstracts of all unique citations retrieved from the database search, using a stacked
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screening form (Appendix A); titles and abstracts were screened by one reviewer, and a second
independent reviewer confirmed exclusion. Potentially relevant citations proceeded to the second
level of screening, which involved reviewing the full text of these articles by two independent
reviewers (Appendix A). Conflicts were discussed between reviewers; however, if conflicts were
not resolved, a third reviewer decided if the article was eligible. No formal pre-testing of the
screening process was conducted. The level of agreement was assessed between the two
reviewers using Cohen’s Kappa value after each level of screening (Cohen 1960).
Data extraction, charting, and analysis
After the selection of relevant articles, data extraction questions were developed, and
study characteristics were extracted from articles by two independent reviewers (Appendix B).
Formal literature review articles and primary research studies were analyzed separately. For the
formal literature reviews, only the research topics were recorded. For the primary research
studies, data were extracted and charted, including the publication year, author affiliations, type
of data collected, study locations, human study populations, drinking water sources and water
quality parameters tested, and health outcomes. This review included studies that collected water
quality data that were relevant to human health outcomes, so the number of studies that
specifically collected human health data in addition to water quality data were recorded. A
second stage of data extraction was conducted, where studies were categorized into one of five
main research topics: evaluating drinking water-related risk factors for disease; investigating
waterborne disease outbreaks; examining water quality parameters from drinking water sources;
exploring human perceptions of drinking water quality; and evaluating surveillance systems or
drinking water regulations (i.e., categories were mutually exclusive and selected based on the
primary area of focus in the article) (Appendix C). No formal pre-testing of the data extraction
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processes was conducted. These data were extracted in DistillerSR© (Evidence Partners, Ottawa,
Canada), exported into Microsoft® Excel 2016 (Microsoft Corporation, Redmond, WA, USA)
for data cleaning and graphics, and then exported into Stata® 13.1 (StataCorp, College Station,
TX, USA) for statistical analyses. Descriptive statistics were used to summarize study
characteristics. Unconditional linear regressions examined associations between the year of
publication and the number of articles published, as well as the number of studies that
specifically collected data on human health outcomes (i.e., compared to studies that only
collected water quality data that were relevant to human health).

Results
Overview of articles
The search strategy identified 6178 citations from PubMed® (n=3434) and Web of
Science™ (n=2744), resulting in a total of 55 articles that met the inclusion criteria and were
included in this review (Fig. 2.1). The Cohen’s Kappa degree of agreement was 0.85 for the first
screening level and 0.77 for the second screening level, indicating good agreement among
reviewers (Landis and Koch 1977).
Of the 55 articles examining drinking water and health outcomes in the Circumpolar
North, the number of publications increased significantly over time from 2000 to 2016 (coef. =
0.32, p < 0.001, 95% CI = 0.17 – 0.48). Few articles (n=4; 7.3%) were formal literature reviews.
These reviews were published between 2010 and 2016, and included topics examining drinking
water-related health outcomes in Indigenous communities in Canada (Bradford et al. 2016), the
presence of metals in Canadian drinking water (McGuigan et al. 2010), and the effects of
weather events and climatic factors on infectious diseases in Arctic and Subarctic regions,
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including Northern Canada, Alaska, Sweden, Finland, Norway, and Russia (Hedlund et al. 2014;
Guzman Herrador et al. 2015).
The number of primary research studies (n=51; 92.7%) published on drinking water
quality and human health outcomes in the Circumpolar North increased over time from 2000 to
2016 (Fig. 2.2). Most authors were affiliated with academic institutions (n=44; 86.3%), and most
studies collected quantitative data (n=43; 84.3%; Table 2.3). Studies were categorized into five
main research topics that we wished to explore: evaluating drinking water-related risk factors for
disease (n=19; 37.3%); investigating waterborne disease outbreaks (n=11; 21.6%); examining
water quality parameters from drinking water sources (n=9; 17.6%); exploring human
perceptions of drinking water quality (n=7; 13.7%); and evaluating surveillance systems or
drinking water regulations (n=5; 9.8%).
Study populations
Among the primary research studies (n=51), most took place in Finland (n=16; 31.4%)
and Canada (n=11; 21.6%) (Fig. 2.3). Within Canada (n=11), studies took place in Nunatsiavut
(n=4; 36.4%), Nunavut (n=3; 27.3%), Nunavik (n=3; 27.3%), Northwest Territories (n=2;
18.2%), and Inuvialuit (n=1; 9.1%). Studies were conducted in a variety of communities within
the Circumpolar North, differing in community size and remoteness (Table 2.4). Among articles
with human study subjects (n=40), most included adults (n=30; 75.0%), rather than seniors,
children, and/or infants (Table 2.4). Most articles did not specify how their results were
applicable to Indigenous peoples; however, some studies specifically focused on Inuit
populations in Canada (n=10; 19.6%), Alaska (n=3; 5.9%), and Greenland (n=1; 2.0%) (Table
2.4).
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Among articles with main topics exploring human perceptions of drinking water quality
(n=7), more studies were conducted in Alaska, USA (n=3; 42.9%) compared to other
Circumpolar countries; most study locations were remote (n=6; 85.7%) and rural communities
(n=6; 85.7%); and most studies involved Inuit populations (n=6; 85.7%). Among articles
investigating a waterborne disease outbreak (n=11), most studies were conducted in Finland
(n=8; 72.7%), and most communities involved were urban cluster populations (n=9; 81.8%).
These outbreaks included, but were not limited to, norovirus (n=10; 90.9%), campylobacteriosis
(n=5; 45.5%), E. coli infection (n=4; 36.4%), cryptosporidiosis (n=4; 36.4%), giardiasis (n=4;
36.4%), salmonellosis (n=4; 36.4%), and general acute gastrointestinal illness (n=9; 81.8%).
Compared to all other Circumpolar countries, more articles evaluated drinking water-related risk
factors for disease in Norway (n=7; 36.8%), more articles evaluated surveillance systems or
drinking water regulations in Iceland (n=3; 60.0%), and more articles examined water quality
parameters from drinking water sources in Alaska, USA (n=3; 33.3%) and Finland (n=3; 33.3%).
Drinking water exposures
Among primary research studies (n=51), both treated (n=27; 52.9%) and untreated (n=25;
49.0%) sources of water were examined, with many not specifying whether the water was treated
(n=20; 39.2%; Table 2.5). Most articles examined drinking water from taps (n=26; 51.0%) and
surface water sources (n=23; 45.1%), with few examining trucked water (n=4; 7.8%) and/or
meltwater (n=4; 7.8%), among other sources (Table 7). Some studies evaluated human
perceptions of water quality, or water-related risk factors (n=24; 47.1%), but most studies
involved the collection of specific water quality parameters (n=36; 70.6%; Table 7), including
metals (as well as metalloids and other elements), bacteria, viruses, parasites, and chemicals (Fig.
2.4).
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Human health outcomes
Most primary research studies in this review collected data on human health outcomes
(n=40; 78.4%), and the number of these articles increased significantly over time (coef. = 0.24, p
< 0.01, 95% CI = 0.09 – 0.38). Many articles collected data on general acute gastrointestinal
illness (including diarrhea, vomiting, and other gastrointestinal symptoms; n=19; 47.5%), and
few collected data on specific waterborne diseases, such as parasitic infections (n=9; 22.5%; Fig.
2.5). Other human health outcomes were studied, including, but not limited to, dental health
(n=3; 7.5%), mental health (n=1; 2.5%), metal intake (n=1; 2.5%), and nutritional health (n=1;
2.5%). These health data were collected through self-reporting (n=20; 50.0%), using laboratory
testing (n=18; 45.0%), from a database (n=12; 30.0%), or by clinical presentation to a healthcare
professional (n=4; 10.0%; Fig. 2.5).

Discussion
Across the Circumpolar North, we identified an increasing number of articles published
on drinking water quality and human health outcomes, as well as an increasing number of studies
that specifically collected data on human health outcomes from 2000 to 2016. This trend may be
due to the increased need for water and health research in the Circumpolar North, especially
considering the disproportionate effects of climate change and infrastructure challenges in the
region (Martin et al. 2007; Marino et al. 2009; Harper et al. 2011; Daley et al. 2015; Berner et al.
2016). However, this increasing trend likely also reflects the general increase in the number of
peer-reviewed publications over time (Jinha 2010).
This research is important to improving drinking water quality management and
informing public health strategies that are relevant and specific to northern communities. For
instance, one study examined groundwater contamination in Finland, and recommended the
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implementation of a systematic risk management strategy for small drinking water systems in the
region, involving site-specific hazard identification in community water supplies (Pitkanen et al.
2011). In addition to the primary research studies included in this review, several formal
literature reviews were identified. These reviews covered important topics about drinking water
quality in northern countries; however, future systematic literature reviews and meta-analyses
should be conducted to evaluate specific risk factors for waterborne diseases through drinking
water in the Circumpolar North to gain a deeper understanding of environmental public health
risks in this region.
A variety of research topics were identified among primary research studies included in
this review; however, relatively few studies explored human perceptions of drinking water
quality. Among these studies, most were conducted in rural and remote Inuit communities, and
every study collected qualitative or mixed quantitative and qualitative data. For instance,
research in a remote, Inuit community in Northern Canada used mixed study methods to
investigate community perceptions of health risks, identifying drinking water-related risk factors
for acute gastrointestinal illness (Harper et al. 2015b). Other studies included in this review
primarily collected quantitative data on water quality and/or health outcomes, which is common
in most water quality research (OECD and WHO 2003). For instance, outbreak studies from this
review collected only quantitative data on drinking water quality parameters and health
outcomes. Future research involving qualitative and/or mixed study methods would provide a
more comprehensive understanding of drinking water challenges in the North, particularly in
remote, Indigenous communities, where qualitative study methods can provide an in-depth
understanding of water-related phenomena, capture water-related Indigenous knowledge, and
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inform locally relevant and culturally appropriate water-related interventions (Goldhar et al.
2014; Harper et al. 2015b).
Many studies included in this review investigated microbial pathogens (i.e., bacteria,
viruses, parasites) in drinking water, which is consistent with other research from Indigenous
communities in Canada (Bradford et al. 2016). While it was common for many studies to
examine microbial indicator bacteria (e.g., E. coli and total coliforms) in northern drinking water
(Martin et al. 2007; Harper et al. 2011; Daley et al. 2017; Wright et al. 2017), fewer studies from
this review examined waterborne parasites and viruses, which is consistent with global water
research (Cabral 2010). Indicator bacteria are often used to assess general water quality in many
countries (OECD and WHO 2003) due to the availability and low cost of testing for these
bacteria compared to other pathogens (Edberg et al. 2000). However, research suggests that E.
coli and total coliforms may not be appropriate indicators for certain waterborne pathogens, due
to differences in survival conditions, transport characteristics, and resistance to water treatment
of these bacteria compared to other pathogens (Wu et al. 2011). Considering the increasing
effects of climate change leading to warmer temperatures, increased precipitation, flooding, and
runoff, as well as changes in wildlife distribution in the North (Hinzman et al. 2005), drinking
water sources are at an increased risk of contamination by various pathogens (Parkinson and
Butler 2005; Hueffer et al. 2013; Parkinson et al. 2014; Dudley et al. 2015). Therefore, in order
to inform more targeted water quality and public health surveillance methods, future research is
warranted to monitor specific pathogens in addition to indicator bacteria in the Circumpolar
North, including waterborne parasites and viruses (Parkinson and Butler 2005; Davidson et al.
2011; Dupouy-Camet 2016).
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Most drinking water sources examined in these articles included tap water rather than
water from wells, tanks, and trucks, which is common in other global water research (OECD and
WHO 2003) because tap water is the most common source of drinking water (World Health
Organization 2014). Alternative drinking water sources (i.e., surface water, trucked water,
meltwater) are often used in the Circumpolar North, particularly in Indigenous communities
(Harper et al. 2011). For instance, some Inuit communities in Northern Canada receive trucked
water services, where drinking water is delivered to household storage tanks (Daley et al. 2015).
In several remote, Inuit communities in Northern Canada, high levels of enteric bacteria were
found in household storage tanks used for drinking (Martin et al. 2007). Some Inuit prefer to
drink surface or bottled water rather than tap water (Harper et al. 2011; Wright et al. 2018),
although some studies found high levels of enteric bacteria in untreated surface water used for
drinking in Northern Canada (Martin et al. 2007; Harper et al. 2011). Considering that tap water
is usually safe and accessible in these high-income countries, the use of alternative drinking
water sources is unique in the northern regions of these countries; therefore, further research
should examine and compare tap water sources to alternative drinking water sources in northern
communities.
Most studies included in this review collected health data on acute gastrointestinal illness
(Melby et al. 2000; Kuusi et al. 2004, 2005, 2003; Martin et al. 2007; Maunula et al. 2009;
Rimhanen-Finne et al. 2010; Harper et al. 2011, 2015b, 2015c, 2015a; Laine et al. 2011;
Gunnarsdottir et al. 2012, 2013; Jalava et al. 2014; Andersson et al. 2014; Widerstrom et al.
2014; Ritter et al. 2014; Breckan et al. 2016) rather than specific enteric illnesses, such as viral
(Kuusi et al. 2004, 2005, Maunula et al. 2005, 2009; Rimhanen-Finne et al. 2010; Lienemann et
al. 2011; Laine et al. 2011; Gunnarsdottir et al. 2013; Jalava et al. 2014; Widerstrom et al. 2014)
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or parasitic infections (Kuusi et al. 2005; Messier et al. 2009, 2012; Rimhanen-Finne et al. 2010;
Laine et al. 2011; Jalava et al. 2014; Andersson et al. 2014; Widerstrom et al. 2014). For
instance, several studies from Northern Canada and Norway examined the incidence of selfreported acute gastrointestinal illness (or gastroenteritis) without examining specific pathogens
that may be causing the illness (Kuusi et al. 2003; Harper et al. 2015c); however, these studies
provide important information about the burden of acute gastrointestinal illness to compare
incidence rates to other countries, and to evaluate risk factors for the illness. Studies often collect
acute gastrointestinal illness data through self-reported questionnaires (Roy et al. 2006), which is
a relatively simple data collection method compared to performing specific clinical or laboratory
analyses. Self-reporting can be a useful tool for evaluating health outcomes, particularly in
remote, northern communities, where there may not be a hospital or healthcare facility nearby
(Harper et al. 2015b). However, self-reporting can result in information bias, and furthermore,
specific pathogens causing gastrointestinal symptoms may not be captured with this data
collection method. For example, one study found the highest incidence rates of self-reported
acute gastrointestinal illness in two northern communities in Canada, but the specific pathogens
causing the illness was unknown (Harper et al. 2015c). Considering that acute gastrointestinal
illness has been identified as an emerging health issue in several northern communities (Harper
et al. 2015c; Hansdotter et al. 2015), future research is warranted to examine specific waterborne
infections using clinical or laboratory methods to better understand the transmission pathways of
bacteria, viruses, and parasites in the Circumpolar North.
While this review used systematic and transparent methods to examine published
literature on drinking water quality and human health outcomes in the Circumpolar North,
several limitations were considered. First, only English articles that were primary research
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studies or reviews of primary research were included; we did not include articles published in
non-English languages, or unpublished reports, academic theses, or grey literature. As such, we
may have missed important health-related water research that would have further enhanced our
understanding of drinking water and health-related research in northern regions, particularly in
Europe and Russia where English may not be the primary language. Second, scoping literature
reviews generally do not investigate the quality or risk of bias in studies (Arksey and O’Malley
2005; Levac et al. 2010), so we did not evaluate the strength of evidence on health risks
associated with drinking water quality in the Circumpolar North. However, this scoping review
described and charted drinking water-related health studies in this region and identified gaps in
the literature, thus providing potential directions for future research.

Conclusion
This study used a scoping review approach to examine the nature, range, and extent of
published literature on drinking water quality and human health outcomes in the Circumpolar
North. It was found that most studies evaluated drinking water-related risk factors for disease
and few explored human perceptions of drinking water quality. Certain populations were not
often included in these studies, including Indigenous peoples. Many pathogens examined in both
drinking water and human study participants included bacteria rather than viruses or parasites.
Future research using transparent and replicable study methods is warranted to address the gaps
identified in this body of literature. This scoping review provides a broad and valuable
understanding of research trends in drinking water and health outcomes in the Circumpolar
North.
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Tables
Table 2.1 Search string used in PubMed® and Web of Science™ databases for literature on
drinking water quality and human health outcomes in the Circumpolar North between 1 January
2000 and 31 December 2016.
Category
Exposure

Terms
water OR waters OR freshwater OR waterborne

Outcome

health OR healthy OR disease OR disorder OR illness OR wellness OR “well
being” OR wellbeing OR mental OR social OR morbidity OR mortality

Population

Circumpolar OR Alaska OR Denmark OR Greenland OR Iceland OR Norway
OR Sweden OR Finland OR Scandinavia OR Russia OR Inuvialuit OR Yukon
OR "Northwest Territories" OR NWT OR Nunavut OR Nunavik OR Quebec
OR Nunatsiavut OR Labrador OR Arctic OR Subarctic
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Table 2.2 Inclusion criteria used for screening literature on drinking water quality and human
health outcomes in the Circumpolar North published from 2000 to 2016.
Inclusion criteria:
Article available in English only.
Primary research study or review of primary research.
Exposure: Must refer to any source of fresh water used for drinking (e.g., drinking water, tap
water, fresh water, surface water, well water, or recreational water).
Outcome: Must be relevant to human health outcomes (e.g., physical, mental, emotional, or
social health). This includes articles on bacteria (including indicator bacteria E. coli, coliforms,
and total solids), viruses, parasites, and contaminants.
Population: Region of interest is the Circumpolar North, including countries and regions
above approximately 60°N latitude. Regions include Northern Canada (i.e., referring to the
Canadian territories or Inuit Land Claims regions), Alaska (USA), Greenland, Iceland,
Northern Scandinavia (Norway, Sweden, Finland), and Northern Russia (i.e., Arkhangelsk
Oblast, Chukotka Autonomous Okrug, Diomede Islands, Franz Josef Land, Krasnoyarsk Krai,
Murmansk Oblast, Nenets Autonomous Okrug, New Siberian Islands, Novaya Zemlya,
Russian Arctic islands, Sápmi, Sakha Republic (Yakutia), Severnaya Zemlya, Siberia,
Yamalo-Nenets Autonomous Okrug, and Wrangel Island)). Specific locations are based on the
Arctic or Subarctic Koppen-Geiger climate classification system (i.e., tundra climate (ET), or
subarctic climate (Dfc/Dsc)) (Climate Data 2012).
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Table 2.3 Study characteristics of 51 primary research studies on drinking water quality and
human health outcomes in the Circumpolar North published from 2000 to 2016.
Characteristics
Publication year:
2000-2005
2006-2010
2011-2015
>2015
Author affiliations:a
Academia
Government
Private sector
NGO
Type of data collected:
Quantitative
Qualitative
Mixed quantitative and qualitative
Community-based and/or participatory
research conducted:
No
Yes
a
Categories are not mutually exclusive.

n

Proportion

10
13
25
3

19.6%
25.5%
49.0%
5.9%

44
37
10
2

86.3%
72.6%
19.6%
3.9%

43
4
4

84.3%
7.8%
7.8%

47
4

92.2%
7.8%
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Table 2.4 Study populations from primary research studies on drinking water quality and human
health outcomes in the Circumpolar North published from 2000 to 2016.
Study population
Community size:a
Urban cluster (population of 2,500-50,000)
Rural (population under 2,500)
Urban city (population over 50,000)
Not specified
Remoteness:a
Not remote (accessible by road)
Remote (not accessible by road)
Not specified
Articles with human study subjects:a
Adults (ages 18-64)
Seniors (ages 65 and over)
Children (ages 5-17)
Infants (ages under 5)
Age not specified
Indigenous populations:
Inuit
Indigenous populations not specified
a
Categories are not mutually exclusive.
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n

Proportion

19
18
8
18

37.3%
35.3%
15.7%
35.3%

16
14
25
40
30
23
18
14
9

31.4%
27.5%
49.0%
78.4%
75.0%
57.5%
45.0%
35.0%
22.5%

14
37

27.5%
72.5%

Table 2.5 Drinking water exposures from primary research studies on drinking water quality and
human health outcomes in the Circumpolar North published from 2000 to 2016.
Drinking water characteristics
n
Proportion
a
Treatment:
Treated
27
52.9%
Untreated
25
49.0%
Not specified
20
39.2%
a
Water source:
Tap water
26
51.0%
Surface water
23
45.1%
Town (municipal) water
15
29.4%
Well water
13
25.5%
Bottled water
8
15.7%
Tank (stored) water
7
13.7%
Water treatment facility
7
13.7%
Source water (pre-treatment) intake
7
13.7%
Trucked water
4
7.8%
Meltwater
4
7.8%
Not specified
3
5.9%
a
Water data collection:
Specific biological or chemical water quality
36
70.6%
parameters collected (i.e., from water sampling or
databases)
Human perceptions of water quality and/or risk
24
47.1%
a
One cross-sectional sample taken:
Yes
11
21.6%
No
16
31.4%
Not specified/not applicable
15
29.4%
a
Categories are not mutually exclusive; articles may have covered more than one topic.
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Figures
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4551 articles
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2 articles
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hand search
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review
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76: not in English
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Circumpolar North

Figure 2.1 Flow chart of the selection of articles examining drinking water quality and human
health outcomes in the Circumpolar North from 2000 to 2016.
a

Criteria are not mutually exclusive.
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Figure 2.2 Primary research studies published by country on drinking water quality and human
health outcomes in the Circumpolar North from 2000 to 2016.
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Figure 2.3 Number of articles published by country on drinking water quality and human health
outcomes in the Circumpolar North from 2000 to 2016.
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Figure 2.4 Water quality data collected by country in selected articles on drinking water quality
and human health outcomes in the Circumpolar North from 2000 to 2016. Categories are not
mutually exclusive.
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Figure 2.5 Human health outcomes studied by data collection method in selected articles on
drinking water quality and human health outcomes in the Circumpolar North from 2000 to 2016.
Categories are not mutually exclusive.
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CHAPTER THREE:
WEATHER, ENVIRONMENTAL CONDITIONS, AND WATERBORNE PARASITES
IN THE ARCTIC: EXAMINING GIARDIA AND CRYPTOSPORIDIUM IN
UNTREATED SURFACE WATER USED FOR DRINKING2

Abstract
Indigenous communities in the Arctic often face substantial drinking water quality
challenges; however, limited research exists on waterborne parasites in these communities. This
study examined Giardia and Cryptosporidium in untreated surface water used for drinking in
Iqaluit, Canada. Water samples (n=55) were collected weekly from June to September 2016 and
tested for the presence of Giardia and Cryptosporidium using microscopy and polymerase chain
reaction (PCR). Exact logistic regressions were used to examine associations between parasite
presence and environmental exposure variables. Using microscopy, 20.0% of samples tested
positive for Giardia (n=11) and 1.8% of samples tested positive for Cryptosporidium (n=1).
Parasites were not detected in the water samples using PCR. Low water temperatures (1.1 to
6.7°C) and low air temperatures (-0.1 to 4.5°C) were significantly associated with an increased
odds of parasite presence (ORlow water temperature = 4.07, p = 0.047, 95% CI = 0.89 – 22.11; ORlow air
temperature =

4.43, p = 0.041; 95% CI = 0.93 – 25.13). These results suggest that surface water

contamination with Giardia and Cryptosporidium may be lower in Iqaluit than in other Canadian
regions; however, further research should examine the molecular characterization of waterborne
parasites to evaluate the potential human health implications in Northern Canada.

2

Article authorship: Masina S, Shirley J, Allen J, Sargeant JM, Guy RA, Wallis PM, Weese JS, Cunsolo A, Bunce
A, Harper SL. Formatted for submission to the Journal of Water and Health.
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Introduction
In the Arctic, many Indigenous communities experience inequitable challenges in
accessing safe drinking water (Marino et al. 2009; Harper et al. 2011; Goldhar et al. 2014; Daley
et al. 2015; Bradford et al. 2016). Both water quantity and quality in these remote communities
are often challenged by inadequate infrastructure, limited resources, environmental
contamination, and climate change (Martin et al. 2007; Harper et al. 2011; Daley et al. 2015;
Harper et al. 2015b), which can result in frequent disruptions to drinking water services (Goldhar
et al. 2013; Daley et al. 2014). Northern residents are concerned about these drinking water
challenges (Garner et al. 2010; Wright et al. 2018); for instance, a survey found that 35.9% of all
Inuit adults in Canada felt their drinking water was contaminated at certain times of the year, and
15.0% felt their drinking water at home was not safe for consumption (Garner et al. 2010).
Empirical evidence from Inuit communities in Canada supports these concerns, with research
documenting high levels of Escherichia coli and total coliforms in untreated surface water that is
commonly used for drinking (Harper et al. 2011), stored household water containers (Martin et
al. 2007; Wright et al. 2017), as well as truck and tap water samples (Daley et al. 2017).
These water challenges have important implications for human health. For instance, one
of the highest rates of self-reported acute gastrointestinal illness in the global literature was
reported in Northern Canada, with drinking water associated with higher odds of acute
gastrointestinal illness (Harper et al. 2015a). Additional research found that Giardia was one of
the most common pathogens causing gastrointestinal illness in the Northwest Territories
(Pardhan-Ali et al. 2012), with risk factors including the consumption of untreated water
(Pardhan-Ali et al. 2013). In Nunavut, Cryptosporidium was the most commonly identified
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pathogen among diarrheic patients (Goldfarb et al. 2013). Originating from human or animal
feces, Giardia and Cryptosporidium are enteric parasites that are common causes of waterborne
diseases in Canada (Schuster et al. 2005). Theoretically, one Giardia cyst or Cryptosporidium
oocyst can cause infection when ingested by humans (Health Canada 2012); however, research
suggests that the minimum infectious dose is 9 – 10 (oo)cysts (Smith et al. 2006). Thus, it is
important to understand and monitor the frequency, concentration, and distribution of these
parasites in drinking water sources to protect human health in northern communities, particularly
considering the differences in sources of contamination compared to southern communities (e.g.,
agriculture, sewage, wildlife reservoirs).
Despite the high rates of parasitic infection in humans in Northern Canada (Pardhan-Ali
et al. 2012; Goldfarb et al. 2013), most drinking water research in this region has focused on
indicator bacteria, such as E. coli and coliforms (Martin et al. 2007; Harper et al. 2011; Wright et
al. 2017; Daley et al. 2017). The presence of these bacteria are typically used to indicate fecal
contamination and assess general microbiological quality of water around the world (WHO
2001), due to the availability, lower cost, and usability of onsite testing for these bacteria
(Edberg et al. 2000). However, E. coli and coliforms may not be accurate indicators of all types
of pathogen contamination in water due to differences in sources, transport characteristics,
survival in the environment, and resistance to water treatment of these bacteria compared to
other pathogens (Wu et al. 2011). For instance, studies found poor correlations between indicator
bacteria and waterborne parasites because, compared to parasites, indicator bacteria are often not
as stable in the environment and are more susceptible to drinking water treatment; therefore, the
absence of indicator bacteria may not indicate the absence of parasites (Edberg et al. 2000;
Health Canada 2012).
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Limited research exists on the presence of waterborne parasites in Northern Canada;
therefore, the goal of this study was to investigate the presence of Giardia and Cryptosporidium
in untreated surface water in Iqaluit, Nunavut, Canada. Specific objectives were to: (i) estimate
the prevalence and concentrations of Giardia cysts and Cryptosporidium oocysts in local rivers
over time; (ii) examine associations between indicator bacteria and parasites in these surface
waters; and (iii) identify potential associations of parasites in surface water with meteorological
conditions and water quality parameters.

Methods
Study location
Nunavut is Canada’s newest and largest territory, with approximately 36,000 residents
living in 26 communities (Statistics Canada 2017b). Iqaluit (64°N, 69°W) is the capital city of
Nunavut (Figure 3.1), with a population of 7,740 residents, 83.8% of whom identify as Inuit
(Statistics Canada 2017a). A mixed economy of wage-based employment and subsistence
activities exists in Iqaluit, where many residents participate in subsistence hunting, trapping,
foraging, and gathering of water as part of daily life (Harder & Wenzel 2012; Daley et al. 2015).
Treated piped or trucked water is available to all residents in Iqaluit, but some prefer to collect
untreated surface water in small personal storage containers to use for drinking (Martin et al.
2007; Harper et al. 2011; Daley et al. 2015). Collecting, consuming, and sharing drinking water
from traditional sources remain integral cultural practices for many Inuit in Canada that
contribute to physical, social and spiritual wellbeing; many Inuit still identify traditional raw
water sources as their preferred drinking water sources (Martin et al. 2007; Goldhar et al. 2013).
These water sources are often perceived to be superior in quality to chlorinated tap water as they
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are believed to be cleaner, better tasting, and more nourishing (Marino et al. 2009; Goldhar et al.
2013).
Research approach
This study was guided by an EcoHealth approach, implementing systems thinking,
transdisciplinary, community-based, and knowledge-to-action research methods (Charron 2012).
The research question, study design, data collection, interpretation, and knowledge mobilization
were conducted by a collaborative team of Indigenous and non-Indigenous researchers, regional
specialists, community members, and government stakeholders. In particular, this study was coled by the Nunavut Research Institute (NRI; http://www.nri.nu.ca/) in Iqaluit. The NRI runs a
community-based microbial monitoring program in Iqaluit, testing river water for indicator E.
coli and coliform bacteria (NRI 2015). In this study, we worked with the NRI to investigate the
presence of Giardia and Cryptosporidium within their existing water monitoring program in
three local rivers (Figure 3.1).
Data collection and analysis
Water data
Government, non-government, and NRI partners selected Sylvia Grinnell and Apex
Rivers as study locations because they have been used for decades by community members as
culturally important sources for untreated drinking water, while Carney Creek, a waterbody that
flows through a heavily industrialized part of the city, was selected to examine the quality of
surface water within Iqaluit. Local personnel were hired and trained by NRI and University of
Guelph researchers to collect water samples and perform initial laboratory analyses (Appendix
D). Based on the schedule and laboratory capacity at the NRI, water samples (n=55) were
collected twice per week from 29 June 2016 to 28 September 2016 at Sylvia Grinnell River
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(63.76496°N, 68.58106°W), Apex River (63.73192°N, 68.44973°W), and Carney Creek
(63.74903°N, 68.53231°W) (Figure 3.1). Water samples from each site were collected and tested
for (a) selected parasites and (b) indicator bacteria.
(a) Parasites: Water samples were collected in 10 L collapsible low-density polyethylene
carboys (Cole-Parmer®, Vernon Hills, IL, USA) by holding the carboys approximately 10 cm
below the surface of the water. Samples were transported immediately to the NRI laboratory and
processed within one hour of sample collection. Water samples were processed at the NRI for
Giardia and Cryptosporidium isolation using the IDEXX Filta-Max® system (IDEXX
Laboratories Inc. 2002), following the United States Environmental Protection Agency (EPA)
Method 1623 (EPA 2005) (Appendix D). Specifically, 5 – 10 L of sample water was used to
flush the Filta-Max® system without the filter, and an average of 92.3 L (6.75 – 121.3 L) of
sample water was then filtered through a 1.0 µm Filta-Max® filter cartridge (IDEXX
Laboratories Inc., Westbrook, ME, USA) at a flow rate of 1 – 5 L/min. Water volumes were
measured by collecting filtered sample water in a graduated container. Lower water volumes and
flow rates were obtained with some highly turbid samples, but only one filter was used for each
sample. After removal of the filter, the Filta-Max® system was flushed with 10 L of tap water
and the carboys were washed with laboratory detergent and rinsed with tap water, according to
Method 1623 (EPA 2005). The filters were refrigerated (4°C) until shipment to Hyperion
Research Ltd. in Medicine Hat, Alberta (http://www.hyperionlab.ca), a laboratory accredited by
the Canadian Association for Laboratory Accreditation for the detection of Giardia and
Cryptosporidium in water. Every effort was made to get the samples to the laboratory within the
96-hour window specified by Method 1623 (EPA 2005), but this was not always possible
because of airline schedules and weather delays, which was consistent with other research from
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Northern Canada (Wallis et al. 1996). One study found that sample holding times of up to two
weeks had no significant effect on the identification of Giardia and Cryptosporidium parasites
from surface water samples (Robertson & Gjerde 2000), so with appropriate packaging and
refrigeration of samples, a two-week holding time was deemed suitable for this study. All
samples were shipped by air in StyrofoamTM coolers with ice packs and arrived at the laboratory
well below the temperature limit (< 20ºC). To evaluate the effect of delays in sample processing,
a trip control was prepared by spiking duplicate filters with 224 Giardia cysts (obtained from
Mongolian gerbil feces infected with G. lamblia WB trophozoites) and 148 Cryptosporidium
oocysts (obtained from C57BL6/6N mice infected with C. parvum AZ-1) at Hyperion Research
Ltd. on 29 September 2016. One filter was stored at 5ºC for 5 days and then processed, while the
second filter was shipped to Iqaluit and received back 33 days later and processed on 31 October
2016. Giardia cysts and Cryptosporidium oocysts from the control samples and study samples
were isolated from water according to Method 1623: (i) elution of (oo)cysts from filters, (ii)
concentration of sample material, and (iii) immunomagnetic separation (EPA 2005). Samples
were then examined by immunofluorescence (WaterborneTM Inc., New Orleans, LA, USA) and
microscopy for enumeration of (oo)cysts, with a detection limit of 1.0 (oo)cysts/volume filtered
(average 90 L) (EPA 2005). (Oo)cyst recoveries (%) from filters during sample processing were
determined through parallel evaluation of filters inoculated with known parasite concentrations,
using the same sources and concentrations of parasites as the trip control samples. For
genotyping, sample material was scraped from microscope slides and slide surfaces were
swabbed to recover sample material, as described by Ruecker et al. (2005). Samples were
subjected to five cycles of freeze-thaw (liquid nitrogen/65°C) to break down (oo)cyst cell walls,
followed by digestion with proteinase K (Thermo Fisher Scientific©, Waltham, MA, USA) and
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detergents (ATL lysis buffer, Thermo Fisher Scientific©, Waltham, MA, USA; Sodium dodecyl
sulphate, Honeywell Riedel-de HaënTM, Germany). DNA was isolated by capture on spin
columns (Qiagen©, Hilden, Germany) and eluted with 10 mM Tris buffer. For DNA
amplification, nested polymerase chain reaction (PCR) assays were used to target the triose
phosphate isomerase and glutamate dehydrogenase genes for Giardia (Sulaiman et al. 2003;
Read et al. 2004) and the 18S rRNA gene for Cryptosporidium (Xiao et al. 1999; Ruecker et al.
2005), with positive and negative controls included. Agarose gel electrophoresis (1.5%) was
used to analyze PCR products. All DNA extractions and PCR assays were conducted by
Hyperion Research Ltd.
(b) Indicator bacteria: Water from each site was tested at the NRI in Iqaluit for the
quantification of indicator bacteria using the EPA-approved Colilert® system (IDEXX
Laboratories Inc., Westbrook, ME, USA) (IDEXX Laboratories Inc. 2005). Specifically, on each
sampling day, two raw water samples were collected from each site in sterile 100 mL containers,
and tested at the NRI on the same day to detect the most probable number (MPN) of E. coli and
total coliforms per 100 mL of water.
Environmental and meteorological data
Water quality parameters were measured and recorded; a field probe (Orion 3 Star,
Thermo Fisher Scientific©, Waltham, MA, USA) was used to measure the water temperature
(°C) and electrical conductivity (µS/cm) of the surface water on each sampling day, while a
laboratory probe (Orion Star A215, Thermo Fisher Scientific©, Waltham, MA, USA) measured
pH, and a turbidity metre (2100Q Turbidimeter, Hach©, Loveland, CO, USA) measured turbidity
(Nephelometric Turbidity Unit; NTU) of each sample in the laboratory. For Sylvia Grinnell and
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Apex Rivers, water level (m) data were collected from Environment Canada for each sampling
day and the three days prior to sampling (Environment Canada 2016).
Meteorological data in Iqaluit were collected from Environment Canada for each
sampling day and the three days prior to sampling, including air temperature (daily mean,
minimum, maximum; °C) and daily total precipitation (mm) (Government of Canada 2017).
Statistical analyses
All statistical analyses were conducted using Stata 13.1 (College Station, TX, USA).
Unless otherwise noted, the significance level of statistical tests was α < 0.05.
Parasite prevalence and concentrations: Descriptive statistics were used to determine the
prevalence and mean concentrations of Giardia and Cryptosporidium from Sylvia Grinnell River
(n=24), Apex River (n=26), and Carney Creek (n=5).
Indicator bacteria and parasites: Indicator bacteria concentrations from each site were
summarized using descriptive statistics. The prevalence of positive E. coli samples (%) as well as
the concentrations of E. coli and total coliforms (MPN/100 mL water) detected in each sample
were described for Sylvia Grinnell River (n=24), Apex River (n=26), and Carney Creek (n=5).
Linear regression was used to examine the unconditional association between E. coli and total
coliform concentrations, and logistic regressions were used to examine unconditional
associations between the presence/absence of parasites (i.e., Giardia and/or Cryptosporidium)
and each indicator bacteria separately (i.e., E. coli and total coliform concentrations).
Environmental conditions and parasites: Descriptive statistics were used to summarize
water quality parameters and meteorological conditions. Exact logistic regressions were used to
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explore associations between the presence/absence of parasites (i.e., Giardia and/or
Cryptosporidium) and environmental exposure variables that were selected a priori (Table 3.1).
Five water quality parameters and meteorological variables were chosen (three variables
including three-day lag periods) based on a previous meta-analysis (Young et al. 2015), resulting
in 14 environmental exposure variables that were tested (Table 3.1). Specifically, we explored
the unconditional association of parasite presence/absence with air temperature and cumulative
precipitation (each with three-day lag periods). We also explored the association of parasite
presence/absence with water temperature, turbidity, and water level (with a three-day lag period),
while controlling for the sampling location as a fixed effect. Observations from Carney Creek
were excluded from regression analyses due to a low water sample size (n=5), and multivariable
regression analyses from all sites were precluded due to a limited number of observations from
all sample sites.

Results
Parasite prevalence and concentrations
Using microscopy, 20.0% (n=11/55) of samples tested positive for Giardia and 1.8%
(n=1/55) of samples tested positive for Cryptosporidium from all sample locations (Table 3.2).
However, at drinking water collection sites (i.e., Sylvia Grinnell and Apex Rivers), 22.0%
(n=11/50) of samples tested positive for Giardia and 2.0% (n=1/50) of samples tested positive
for Cryptosporidium. There was a higher number of positive samples found at Sylvia Grinnell
River (n=7) and Apex River (n=5) compared to Carney Creek (n=0). Among positive results, the
average concentration of Giardia was 1.57 cysts/100 L at Sylvia Grinnell River (n=7) and 0.88
cysts/100 L at Apex River (n=4), while the average concentration of Cryptosporidium was 0.90
oocysts/100 L at Apex River (n=1) (Figure 3.2). Using microscopy, parasites were detected in
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water samples throughout the summer, but a higher number of positive samples was detected in
the late summer and early fall (Figure 3.2). Using PCR, Giardia and Cryptosporidium were not
detected in the water samples (n=55); therefore, it was not possible to determine the species or
genotypes of parasites that were present.
Evaluation of control samples (i.e., of known concentrations) revealed that (oo)cyst
recoveries ranged from 40.0% to 92.0% for Giardia cysts and 25.9% to 53.0% for
Cryptosporidium oocysts in the laboratory during the study period. The trip control samples
(n=2) resulted in recoveries of 71.0% for Giardia cysts and 47.0% for Cryptosporidium oocysts
after five days of storage in the lab, and recoveries of 55.0% for Giardia cysts and 28.0% for
Cryptosporidium oocysts after 33 days in transit.
Indicator bacteria
A statistically significant, positive association was confirmed between E. coli and total
coliforms (Coef. = 0.77; p < 0.001; 95% CI = 0.70 – 0.84). While 30.9% (n=17/55) of samples
tested positive for E. coli (Table 3.2), only four of these positive samples were found at parasitepositive sites (Figure 3.2). No statistically significant associations were found between E. coli
and the presence of parasites (OR = 0.68; p = 0.383; 95% CI = 0.28 – 1.63), or between total
coliforms and the presence of parasites (OR = 0.99; p = 0.222; 95% CI = 0.97 – 1.00).
Environmental conditions
On sample collection days, water sample temperature ranged from 1.1 to 16.3°C and
turbidity ranged from 0.1 to 274.7 NTU (Table 3.3). The mean air temperature and precipitation
on the day of water collection were 6.7°C and 4.5 mm, respectively, and the daily water level
generally decreased over time from June to September 2016 (Figure 3.3).
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At Sylvia Grinnell and Apex Rivers, low water temperature (≤35th percentile; 1.1 to
6.7°C) at the time of sampling was significantly associated with an increased odds of parasite
presence, while controlling for sampling location (Table 3.4). Low mean air temperature (≤35th
percentile; -0.1 to 4.5°C) three days prior to sampling was also significantly associated with the
increased odds of parasite presence (Table 3.4). Cumulative precipitation, water level, and
turbidity were not associated with the presence/absence of parasites.

Discussion
In Iqaluit, Giardia and Cryptosporidium prevalence in untreated surface water appeared
to be relatively low, which could be explained by watershed characteristics, environmental
conditions, and sources of contamination (LeChevallier et al. 1991). For instance, surface waters
in Iqaluit may be at a low risk of Giardia and Cryptosporidium contamination due to a lack of
sewage contamination and agricultural runoff as well as differences in wildlife reservoirs
compared to southern Canadian regions (Wilkes et al. 2011; Ruecker et al. 2012; Jenkins et al.
2013). Although it is difficult to compare these results to studies using different sampling
methodologies, the prevalence of Giardia and Cryptosporidium in Iqaluit appeared to be lower
than in the Yukon Territory (Roach et al. 1993), British Columbia (Prystajecky et al. 2014),
Alberta (LeChevallier et al. 1991), and Ontario (Edge et al. 2013). These results may indicate
that the risk of surface water contamination by Giardia and Cryptosporidium in Iqaluit may be
lower than in other regions of Canada, including other northern communities.
Although the prevalence of Giardia and Cryptosporidium in Iqaluit’s surface waters
appeared to be lower than in other regions of Canada, differences between the use and treatment
of drinking water sources between Northern and Southern Canadian communities should be
considered (Martin et al. 2007; Harper et al. 2011; Daley et al. 2015). Community members in
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Iqaluit who drink untreated surface water might be at an increased risk of exposure to these
parasites compared to those who drink treated water; however, these health implications are
unclear. Since all water samples tested negative for Giardia and Cryptosporidium using PCR,
genetic characterization was not possible, which is relevant because of differing human health
risks from different species and types of these parasites (Ryan et al. 2014; Heyworth 2016). An
inability to determine if the parasites found in Iqaluit were Giardia duodenalis (assemblages A
or B) or Cryptosporidium species that cause disease in humans (e.g., C. parvum and C. hominis)
hampers determination of the clinical relevance of these results. Since the parasites found by
microscopy were low in concentration and mostly in poor condition, with many (oo)cysts not
containing cytoplasm, there was insufficient DNA to be amplified by PCR for detection
(Appendix E).
To our knowledge, no published research exists on the genetic characterization of
Giardia and Cryptosporidium from surface water in Northern Canada. However, studies in this
region have found zoonotic genotypes of Giardia duodenalis (assemblages A and B) in humans
(Iqbal et al. 2015), dogs (Salb et al. 2008), as well as terrestrial (Kutz et al. 2008) and marine
wildlife (Dixon et al. 2008; Levesque et al. 2010). As such, our results suggest that water could
be contaminated by, or be a source of Giardia infection for humans, dogs, and wildlife. Fewer
studies exist on Cryptosporidium in Northern Canada, but it is suspected that some zoonotic
Cryptosporidium species may also be transmitted indirectly through contaminated water in this
region (Jenkins et al. 2013). For instance, some research in Northern Canada found zoonotic
species Cryptosporidium parvum among diarrheic patients in Nunavut (Iqbal et al. 2015) and
Cryptosporidium hominis in human stool samples in Nunavik (Thivierge et al. 2016).
Considering the limited research on the species and genotypes of these parasites in water in the
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North as well as their potential public health impact (Jenkins et al. 2013), future research is
warranted to investigate the genetic diversity and source attribution of Giardia and
Cryptosporidium in Northern Canada to further understand transmission sources and pathways.
No significant associations were found between indicator bacteria and parasites, which is
consistent with research in other locations (Harwood et al. 2005). For instance, a literature
review from 40 years of published research found that indicator organisms (e.g., E. coli and
coliforms) were not significantly associated with pathogen presence (e.g., Giardia and
Cryptosporidium) in water (Wu et al. 2011). However, indicator organisms were associated with
parasite presence in studies with higher sample sizes (i.e., over 30 water samples) (Wu et al.
2011). Although the sample size in this study was still relatively small (n=55), our study results
suggest that E. coli and coliform bacteria may not be accurate indicators for Giardia and
Cryptosporidium in Iqaluit’s surface waters.
Water and air temperatures were negatively associated with parasites, which is consistent
with research suggesting that Giardia and Cryptosporidium survival increases with lower water
temperatures (i.e., 0 to 10°C) compared to many other waterborne pathogens (DeRegnier et al.
1989). These results are also consistent with research from Northern Canada documenting higher
rates of gastrointestinal illness in the late summer and fall, when air temperatures ranged from
approximately -5 to 12°C (Harper et al. 2011). Similarly, studies from Ontario found higher rates
of giardiasis (Greig et al. 2001) and cryptosporidiosis (Majowicz et al. 2001) in the late summer
and fall months. Therefore, it is possible that human exposure to Giardia and Cryptosporidium
through untreated surface waters may increase in the cooler fall months, when the atmospheric
and water temperatures are lower than in the summer months.
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Although the sample size in this study was relatively low, the association between
parasite presence and temperature found in this study and in previous research (DeRegnier et al.
1989) may have important implications in the context of climate change. Temperatures have
increased in the Arctic and are projected to rise more rapidly in this region compared to the
global mean (IPCC 2014). In Iqaluit, median annual temperatures are expected to rise 1.3 –
2.4°C over the next 20 years, with the greatest seasonal increase expected in the winter (Lewis &
Miller 2010). Given that parasite presence was associated with air temperatures of -0.1 to 4.5°C
and water temperatures of 1.1 to 6.7°C in Iqaluit, climate change could have implications for
parasite occurrence in northern surface waters if spring ice break-up occurs earlier and fall ice
freeze-up occurs later due to increasing winter temperatures, resulting in extended periods of
cooler water temperatures. Furthermore, while Giardia and Cryptosporidium survive longer in
cooler temperatures, they often become inactivated with freezing (Robertson et al. 1992; Health
Canada 2012). However, with warmer winter temperatures in Iqaluit and the Arctic, the risk of
water contamination with these parasites may increase in the winter months, particularly with
lower levels of freezing during this time. Further research examining parasite associations with
seasonality and long-term weather trends is needed to further develop and test these hypotheses.
Extreme meteorological events (i.e., high-level water level and high-level cumulative
precipitation) were not associated with parasite presence in Iqaluit. These results are not
consistent with other research documenting associations between heavy precipitation and
increased risk of water contamination and waterborne infections in southern Canada (Charron et
al. 2004; Parkinson & Butler 2005; Thomas et al. 2006). Our findings could be explained by the
lack of agricultural activity in Iqaluit, or differences in wildlife populations and human
population densities between Northern and Southern Canada (Jenkins et al. 2013; Statistics
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Canada 2017c). With possibly fewer sources of these parasites in Iqaluit, heavy precipitation and
runoff may not increase the risk of surface water contamination to the same magnitude as in
southern locations. Future studies should continue to monitor the impacts of extreme
meteorological events on parasite presence in Iqaluit’s surface waters, particularly as the local
population continues to increase (Statistics Canada 2017a), and residents continue to use the
study sites as sources of raw, untreated drinking water.
Several limitations were identified in this study. First, this study was limited by a
relatively small sample size (n=55), which may have impacted our statistical power to detect
significant associations between parasites and environmental conditions. Limited sample sizes
are common in studies examining parasites in water (Wu et al. 2011; Young et al. 2015), which
may be due to the complex procedures involved (Health Canada 2012). Second, the EPA Method
1623 often results in a wide range of (oo)cyst recovery due to significant losses of sample
material during the processing of water samples, which can restrict the accuracy of the results
(Smith & Nichols 2010; Health Canada 2012). Recoveries in this study varied from 25.9 to
92.0%, which may have caused an underrepresentation (i.e., misclassification bias) of the
prevalence and/or concentrations of parasites in Iqaluit’s surface waters; however, recoveries
were acceptable according to the EPA criteria of 24 – 100% (EPA 2005). Furthermore, the EPA
suggests water samples should be processed and analyzed within 96 hours of sample collection
(EPA 2005). Similar to other studies in remote communities (Wallis et al. 1996), our samples
were processed an average of 10 days after collection due to challenges with airline schedules
and weather delays. The trip control showed that (oo)cyst recovery was reduced by
approximately 18.0% after 33 days of transit. Therefore, the reduction in (oo)cyst recovery over
longer transit times may have further underrepresented parasite presence in Iqaluit. Indeed, the
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effect of extended holding times was less than the Residual Standard Deviation normally found
with Filta-Max® filters using lab Ongoing Precision and Recovery data. Finally, the number of
environmental exposure variables tested in this study (n=14) may have led us to detect
significant associations by chance (i.e., type I error). However, these water quality and
meteorological variables are typically tested in research examining Giardia and Cryptosporidium
in water (Wilkes et al. 2011; Young et al. 2015), so it was important to consider these variables
in our statistical analyses.

Conclusion
This study estimated the prevalence and concentrations of Giardia and Cryptosporidium,
as well as environmental temperatures associated with these parasites in untreated surface water
used for drinking in Iqaluit, Nunavut. The prevalence of Giardia and Cryptosporidium appeared
lower than in other regions of Canada. Considering that local untreated surface waters remain a
highly valued drinking water resource for many Inuit residents of Iqaluit, the current study
results may have important value in informing efforts to identify, monitor, and mitigate
waterborne pathogen exposure risks to community members. This study contributes to the
limited research on waterborne parasites in this region, and ultimately, provides a more thorough
understanding of water quality in Northern Canada.
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Tables
Table 3.1 Water quality parameters and meteorological conditions chosen as environmental exposure variables to evaluate associations
with the presence/absence of waterborne parasites (i.e., Giardia and Cryptosporidium) in Iqaluit, Nunavut in 2016.
Environmental exposure Explanation
variables
Water quality parameters:

Justification

References

Temperature

Negative association found between water
temperature and Giardia.
Positive association found between water
turbidity and Giardia and Cryptosporidium.
Positive association found between extreme
weather events (including water depth) and
Giardia and Cryptosporidium.

(Young et al.
2015)
(Young et al.
2015)
(Wilkes et al.
2011; Young
et al. 2015)

Low mean air temperature (°C) on the
Positive association found between low
day the sample was collected and the
mean air temperature and Giardia and
three days prior to sampling.a
Cryptosporidium.
Cumulative
Extreme cumulative precipitation (mm) Positive association found between extreme
precipitation
on the day the sample was collected and weather events (including precipitation) and
the three days prior to sampling.c
Giardia and Cryptosporidium.
a
Low-level variables: 1 = at or below the 35th percentile; 0 = above the 35th percentile (Wilkes et al. 2011).

(Wilkes et al.
2011)

Turbidity
Level

Low water temperature (°C) on the day
the sample was collected.a
Turbidity (NTU) of water on the day the
sample was collected.b
Extreme maximum water level (m) on
the day the sample was collected and the
three days prior to sampling.c

Meteorological conditions:
Air temperature

b
c

Turbidity: 1 = at or above 1.0 NTU; 0 = below 1.0 NTU (Health Canada 2017).

Extreme-level variables: 1 = at or above the 90th percentile; 0 = below the 90th percentile (Curriero et al. 2001).
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(Wilkes et al.
2011; Young
et al. 2015)

Table 3.2 Parasite and indicator bacteria prevalence in surface water in Iqaluit, Nunavut from June to September 2016.
Sample
location

N

Giardia-positive samples
Percentage
29.2%

Sylvia
24
Grinnell
River
Apex River 26 15.4%
Carney
5
0.0%
Creek
TOTAL:
55 20.0%
CI, confidence interval

95% CI
13.7 – 51.5%

Cryptosporidium-positive
samples
Percentage 95% CI
0.0%
–

5.5 – 36.3%
–

3.8%
0.0%

11.2 – 33.1%

1.8%

Percentage
25.0%

95% CI
11.0 – 47.4%

Total coliformpositive samples
Percentage 95% CI
100%
–

0.5 – 25.4%
–

23.1%
100%

10.1 – 44.4%
–

100%
100%

–
–

0.2 – 12.5%

30.9%

19.9 – 44.7%

100%

–
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E. coli-positive samples

Table 3.3 Water quality parameters from each sample location in Iqaluit, Nunavut from June to September 2016.
Sample location

N

Water temperature (°C) Conductivity (µS/cm)

pH

Turbidity (NTU)

Mean

Range

Mean

Range

Mean

Range

Mean

Range

Sylvia Grinnell River

24

8.0

2.3 – 13.7

40.3

25.7 – 49.9

7.2

6.9 – 7.7

0.5

0.2 – 3.2

Apex River

26

7.9

1.1 – 15.1

55.5

26.9 – 76.2

7.3

6.9 – 7.6

3.4

0.1 – 31.2

Carney Creek

5

10.5

5.6 – 16.3

177.3

123.4 – 218.1

7.9

7.7 – 8.2

56.1

0.9 – 274.7

62

Table 3.4 Significant univariable exact logistic regression models for environmental exposure
variables in association with the presence/absence of Giardia and/or Cryptosporidium parasites
at Sylvia Grinnell and Apex Rivers in Iqaluit, Nunavut from June to September 2016.
Variable
Water temperature (at collection)a
High temperature (>35th percentile; 6.8 to 15.1°C)
Low temperature (≤35th percentile; 1.1 to 6.7°C)
Mean air temperature (3 days prior to sampling)
High temperature (>35th percentile; 4.7 to 12.5°C)
Low temperature (≤35th percentile; -0.1 to 4.5°C)
OR, odds ratio; CI, confidence interval
a

Models controlling for sampling location as a fixed effect.
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OR

p

95% CI

Ref.
4.07

–
0.047

–
0.89 – 22.11

Ref.
4.43

–
0.041

–
0.93 – 25.13

Figures

Figure 3.1 Location of water sampling sites (Sylvia Grinnell River, Carney Creek, and Apex
River) from June to September 2016 in Iqaluit, Nunavut, Canada.
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(B) Giardia cysts and Cryptosporidium oocysts at Apex River.
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(A) Giardia cysts and Cryptosporidium oocysts at Sylvia Grinnell River.
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Figure 3.2 Concentrations of parasites (Giardia and Cryptosporidium) and indicator bacteria (E. coli and total coliforms) in Iqaluit,
Nunavut from June 29 to September 28, 2016.
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Figure 3.3 Meteorological data in Iqaluit and water level data from Apex and Sylvia Grinnell
rivers, Nunavut from June 29 to September 28, 2016.
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CHAPTER FOUR:
GIARDIA AND CRYPTOSPORIDIUM IN DRINKING WATER IN NORTHERN
CANADA: AN EXPLORATORY STUDY3

Abstract
Despite drinking water quality challenges in the Arctic, limited research exists on parasite
contamination in drinking water in Inuit communities. We explored the presence of Giardia and
Cryptosporidium in drinking water sources in Rigolet, Canada. Single water samples were
collected from four drinking water sources and tested using microscopy and polymerase chain
reaction (PCR). We detected Giardia in tap water (2.5 cysts/100 L) and Cryptosporidium in the
municipal water reservoir (1.3 oocysts/100 L) by microscopy. Parasites were not detected by
PCR. Considering these exploratory results, further in-depth research should examine the
epidemiology of Giardia and Cryptosporidium in Rigolet.
Keywords: drinking water, waterborne disease, Giardia, Cryptosporidium, parasites, Inuit
health, Nunatsiavut, Arctic

Introduction
One of the highest rates of self-reported acute gastrointestinal illness in the global
literature was found in the remote Inuit community of Rigolet, Labrador, Canada, with the
consumption of untreated drinking water significantly associated with acute gastrointestinal
illness in the community (Harper et al. 2015b; Harper et al. 2015c). Similar to other Inuit
communities across the Circumpolar North (Martin et al. 2007; Daley et al. 2015), the provision

3

Article authorship: Masina S, Sargeant JM, Guy RA, Weese JS, Wallis PM, Cunsolo A, Shiwak I, Flowers C,
Rigolet Inuit Community Government. Formatted and submitted to EcoHealth.
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of safe drinking water in Rigolet is challenged by infrastructure, availability of resources, and
climate change (Harper et al. 2011; Goldhar et al. 2013; Gordon 2014; Harper et al. 2015a),
resulting in frequent boil water advisories and disruptions to drinking water services (Goldhar et
al. 2013; Government of Newfoundland and Labrador 2017a).
Past studies in Rigolet found high levels of E. coli and coliform bacteria in untreated
surface water used for drinking (Harper et al. 2011), and 25% of household water storage
containers had coliforms present (Wright et al. 2017). In Canada, the presence of E. coli and
coliform bacteria in water are often used to indicate fecal contamination and assess general water
quality (Health Canada 2012); however, research examining the presence of other enteric
pathogens in drinking water is rare in the Circumpolar North. For instance, enteric parasites,
Giardia and Cryptosporidium, originate from human or animal feces and are common causes of
waterborne disease, with Giardia being the most commonly diagnosed cause of waterborne
disease in Canada (Schuster et al. 2005), and a reported concern of some Rigolet residents
(Harper et al. 2015a). However, limited research has been conducted in Northern Canada and
elsewhere in the Arctic to examine the presence of parasites in drinking water (Davidson et al.
2011; Jenkins et al. 2013).
Considering the high incidence of self-reported acute gastrointestinal illness and the
water quality challenges in Rigolet, as well as the limited research on waterborne parasites in
Northern Canadian communities, this exploratory study examined the presence of Giardia and
Cryptosporidium in drinking water sources in Rigolet, Canada.
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Study location & methods
Rigolet (54°N, 58°W) is located in the Labrador Inuit Land Claim Area (hereafter
referred to as Nunatsiavut; Figure 4.1), with a population of 305, 85.2% of whom identify as
Inuit (Statistics Canada 2013). Rigolet is a remote community, being only accessible by airline or
seasonal ferry services. Reflecting Inuit cultural values and practices, Rigolet residents have a
strong connection to the surrounding environment for food, water, health, and wellbeing
(Sawatzky et al. in press; Cunsolo Willox et al. 2012; Cunsolo Willox et al. 2013; Harper et al.
2015a).
An EcoHealth framework was implemented in this study, following principles of
transdisciplinarity, community participation, knowledge-to-action, and social equity to guide the
research approach (Charron 2012). During the study period, Rigolet community members had
access to four different drinking water sources (Table 4.1). The Rigolet Inuit Community
Government conducted the water sampling procedures. One water sample was collected from
each of four sites in Rigolet from October 26 – 27, 2016 (Figure 4.2): treated tap water inside a
municipal building (n=1); the potable water dispensing unit (PWDU) (n=1); raw surface water
from a local brook where residents commonly collect untreated drinking water (n=1); and the
source water reservoir used as the municipal tap water supply (n=1). Water samples (80 L per
sample) were collected and processed using the United States Environmental Protection Agency
(EPA) Method 1623 (EPA 2005). Samples were filtered using the IDEXX Filta-Max® system
according to the manufacturer’s instructions (IDEXX Laboratories Inc. 2002). The filters were
refrigerated at 4°C until they were shipped on ice through the best available courier to Hyperion
Research Ltd. in Medicine Hat, Alberta (http://www.hyperionlab.ca), a laboratory accredited by
the Canadian Association for Laboratory Accreditation for the detection of Giardia and
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Cryptosporidium in water. Hyperion Research Ltd. conducted sample concentration,
immunomagnetic separation, and microscopy to determine concentrations of Giardia cysts and
Cryptosporidium oocysts as per the EPA Method 1623 (EPA 2005). For genotyping, DNA was
extracted from microscope slides and subjected to 5 cycles of freeze-thaw (liquid nitrogen/65°C)
prior to DNA purification, as described in Ruecker et al. (2005). DNA was amplified using
nested polymerase chain reaction (PCR) assays targeting the 18S rRNA genes of Giardia
(Sulaiman et al. 2003; Read et al. 2004) and Cryptosporidium (Xiao et al. 1999; Ruecker et al.
2005), with the inclusion of positive and negative controls. PCR products were analyzed by
agarose gel electrophoresis.
Water temperature (°C) and turbidity (NTU) of each sample were recorded. Mean air
temperature (°C) and precipitation (mm) data were collected for each sampling day from
Rigolet’s local meteorological station (https://datagarrison.com). Water quality parameters,
weather conditions, and concentrations of Giardia and Cryptosporidium were summarized using
Stata 13.1 (College Station, Texas, USA).

Results
Using microscopy, Giardia was detected in the tap water sample and Cryptosporidium
was detected in the municipal water reservoir sample (Table 4.2). No parasites were detected in
the PWDU or brook water samples using microscopy. PCR assays did not detect the presence of
Giardia or Cryptosporidium in the water samples, thus we were unable to determine the species
or genotypes of Giardia and Cryptosporidium that were present. Water temperature and turbidity
are summarized in Table 4.2. The mean air temperatures on the first and second days of sampling
were -2.2°C and -4.1°C, respectively. There was no precipitation on either sampling day, and
there was 1.0 mm of precipitation on the day prior to sampling.
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Discussion
The concentrations of Giardia cysts in the treated tap water and Cryptosporidium oocysts
in the municipal surface water reservoir in Rigolet appeared to be higher than those found in tap
and surface water in Northern Canadian communities in the Yukon (Roach et al. 1993). Since
Giardia and Cryptosporidium were not detected by PCR, we were unable to use genetic
characterization to identify if the parasites found in Rigolet’s drinking water were species that
are typically pathogenic to humans (e.g., Giardia duodenalis [assemblages A and B],
Cryptosporidium parvum, and Cryptosporidium hominis); thus, the risk to human health is
unclear. Furthermore, this exploratory study was temporally limited; as such, the prevalence of
waterborne parasites over time is unclear. It was not possible to determine whether these
parasites persist in drinking water over time, or whether this was a rare contamination event. For
instance, our water samples were collected after low levels of precipitation, and past research has
found positive associations of Giardia and Cryptosporidium levels with precipitation in water
(Young et al. 2015).
To examine whether there is a potential health risk to humans in Rigolet, further research
is warranted to identify the species and genotypes of Giardia and Cryptosporidium in the
community, and to determine temporal trends in parasite prevalence. This additional research is
particularly important because Giardia and Cryptosporidium are environmentally stable parasites
that are resistant to chlorination (Health Canada 2012), and since Rigolet’s tap water is not
filtered, the system relies solely on chlorination, which could present a health risk.
Without genetic characterization of Giardia and Cryptosporidium found in Rigolet’s
drinking water, the source of contamination is also unclear. Past studies in the Circumpolar
North have detected Giardia duodenalis in dogs, seals, and humans (Jenkins et al. 2013), which
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could contaminate drinking water sources. Moreover, studies have found Cryptosporidium
parvum to be the most common pathogen among diarrheic patients in Nunavut (Goldfarb et al.
2013; Iqbal et al. 2015); however, few studies have found Cryptosporidium in northern wildlife
(Jenkins et al. 2013). Therefore, further research that genetically characterizes waterborne
pathogens in Rigolet’s drinking water would also explore sources of contamination.
Several limitations should be considered in this study. Firstly, the water sample size was
small (n=4), resulting in a loss of statistical power that reduces the internal and external validity
of the results. However, this was an exploratory study and the results do not infer any
conclusions about the drinking water quality in Rigolet, but merely generate hypotheses worthy
of further investigation. Secondly, given this study’s cross-sectional design (October 2016) and
the seasonal fluctuations of waterborne Giardia and Cryptosporidium (Thomas et al. 2016), our
results may have misrepresented the presence of these parasites in Rigolet. Finally, while
Giardia cysts and Cryptosporidium oocysts were detected using microscopy, none were detected
using PCR assays. This was not unexpected, as discordance between microscopy and PCR is
common (Toze 1999). However, the negative PCR results precluded genetic characterization of
samples, making it impossible to determine whether parasite species and genotypes were
infectious to humans. Due to these limitations, it is unclear whether drinking water sources are
associated with health risks in Rigolet.

Conclusion
This exploratory study identified the presence of Giardia and Cryptosporidium in two
sources of drinking water in Rigolet. Considering these results, as well as the limited
epidemiological and pathobiological understanding of waterborne disease in the Circumpolar
North, we strongly call for longitudinal research to estimate the prevalence, identify risk factors,
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and examine genetic characterization of Giardia and Cryptosporidium in drinking water in
Northern Canada.
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Tables
Table 4.1 Summary of the four available sources of drinking water in Rigolet, Labrador in 2016.
Water source

Private or
public source

Description

References

1. Tap water Tap water is
supplied and
maintained by
the municipality.

• Chlorinated, unfiltered tap
water is provided to all
households via
underground pipes.
• During the study period,
Rigolet’s municipal tap
water was under a boil
water advisory due to the
detection of coliform
bacteria, which began in
August 2015.

Wright et al. 2017;
Harper et al. 2011;
Goldhar et al. 2013;
Government of
Newfoundland and
Labrador 2017a;
Wright et al. 2018

2. Potable
water
dispensing
unit
(PWDU)
water

PWDU water is
supplied and
maintained by
the municipality.

• Filtered water can be
collected in personal
storage containers from the
municipal PWDU in town.
• During the study period, the
PWDU water was not under
a boil water advisory.

Wright et al. 2017;
Wright et al. 2018;
Government of
Newfoundland and
Labrador 2017b

3. Bottled
water

Available for
private purchase.

• Bottled water is available
for purchase at the local
retail store.

Wright et al. 2017;
Goldhar et al. 2013;
Wright et al. 2018

4. Brook
water

Available for
private
collection.

• Raw, untreated surface
water is often collected in
personal storage containers
and consumed by residents
on the land and in town.

Wright et al. 2017;
Harper et al. 2011;
Goldhar et al. 2013;
Wright et al. 2018
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Table 4.2 Summary of water quality parameters and concentrations of Giardia and
Cryptosporidium for each sample location in Rigolet, Labrador in October 2016.

a

Sample location

Water
temperature
(°C)

Turbidity
(NTU)

Giardia
concentration
(cysts/100 L)a

Cryptosporidium
concentration
(oocysts/100 L)a

Tap water (n=1)

4.8

0.6

2.5

0.0

PWDU (n=1)

14.0

0.1

0.0

0.0

Brook water (n=1)

1.8

0.3

0.0

0.0

Reservoir (n=1)

2.4

2.8

0.0

1.3

Limit of detection for EPA Method 1623 = 1.0 (oo)cysts/100 L
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Figures

Figure 4.1 Map of the Labrador Inuit Land Claim Area (dark orange) in Labrador (light orange),
highlighting Rigolet, Nunatsiavut, Labrador, Canada.
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a

b

c

d

Figure 4.2 Sample water sources in Rigolet, Labrador in 2016: (a) Tap water; (b) potable water
dispensing unit (PWDU); (c) raw brook water; (d) municipal water reservoir used as the tap
water supply.
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CHAPTER FIVE:
SUMMARY OF RESEARCH FINDINGS, RECOMMENDATIONS,
AND CONCLUSION

Summary of research findings
Challenges often exist in accessing safe drinking water in the Circumpolar North due to
emerging environmental health issues associated with climate change, environmental
contamination, inadequate infrastructure, and unique transmission pathways for zoonotic
diseases in this region.1 Therefore, this thesis examined drinking water quality in the North using
three research studies. Specifically, these studies synthesized and summarized published
literature on drinking water quality and human health outcomes in the Circumpolar North
(Chapter Two), and examined the presence of Giardia and Cryptosporidium in untreated surface
water commonly used for drinking in Iqaluit, Nunavut (Chapter Three), and in both treated and
untreated sources of drinking water in Rigolet, Nunatsiavut, Labrador (Chapter Four).
Drinking water quality in the Circumpolar North
Considering that drinking water challenges are common in some northern communities,2–
5

a scoping review was conducted to examine the nature, range, and extent of published literature

on drinking water quality and human health outcomes in the Circumpolar North (Chapter Two).
Two electronic databases were systematically searched and two journals were hand-searched,
resulting in 55 articles that met eligibility criteria. The number of published articles on this topic
increased from 2000 to 2016, and few studies focused on Indigenous peoples. Many studies
examined bacteria in drinking water, rather than viruses and parasites. Furthermore, most studies
examined human health outcomes related to acute gastrointestinal illness, while fewer studies
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examined specific bacterial, viral, and parasitic infections. Therefore, this review identified gaps
in the literature and, thus, areas for future research. For instance, future observational studies
could examine waterborne parasites in both drinking water sources and human stool samples, as
well as conduct health-related risk assessments of drinking water sources, with a focus on
Indigenous populations in the Circumpolar North.
Due to the limited research on waterborne parasites in the Circumpolar North6 (Chapter
Two), and the high incidence rates of self-reported acute gastrointestinal illness in Northern
Canada,7 we tested several drinking water sources in two Inuit communities in Northern Canada
for the presence of enteric parasites, Giardia and Cryptosporidium. In Chapter Three, water
samples and environmental data were collected from June to September 2016 in Iqaluit,
Nunavut. Giardia and Cryptosporidium were detected in untreated surface water that community
members often collect for drinking; however, the prevalence of these parasites in Iqaluit’s
surface waters appeared to be lower than other Canadian regions.8–11 Indicator bacteria (E. coli
and total coliforms) were detected in surface water sources; however, the presence of these
bacteria was not statistically associated with the presence of Giardia and/or Cryptosporidium.
These results suggested that E. coli and total coliforms may not be appropriate indicators for
Giardia and Cryptosporidium in Iqaluit’s surface waters. Between June and September 2016, the
odds of detecting waterborne Giardia and/or Cryptosporidium in Iqaluit’s surface waters were
greater with air temperatures between -0.1 and 4.5°C, and water temperatures between 1.1 and
6.7°C, compared to higher temperatures, which was consistent with other research suggesting
that Giardia and Cryptosporidium survival increases with temperatures at approximately 0 –
10°C.12–14 Therefore, there may be an increased risk of water contamination by these parasites
during the spring and fall months in Iqaluit (Figure 5.1), and potentially an increased risk of
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exposure to these pathogens during this time for community members who collect untreated
drinking water from these sites.
Following the same data collection methods, we explored the presence of Giardia and
Cryptosporidium in drinking water in Rigolet, Nunatsiavut, Labrador in October 2016 (Chapter
Four). Single water samples were collected from four drinking water sources, where Giardia was
detected in the chlorinated, unfiltered tap water, and Cryptosporidium was detected in the
municipal water reservoir, which is used as the community’s tap water supply. Concentrations of
these parasites appeared to be higher than those found in drinking water in the Yukon,9 and
higher than those found in Iqaluit’s surface drinking waters (Chapter Three); however,
considering the low sample size in this study, and the cross-sectional study design, the results
from this exploratory study warrant further research examining the prevalence and
concentrations of Giardia and Cryptosporidium in Rigolet’s drinking water over time. For
instance, considering that the tap water in Rigolet is chlorinated and unfiltered, there is a
potential risk of exposure to parasites in this drinking water source, which may be contributing to
the high rates of acute gastrointestinal illness in the community.7 With further investigation, we
can gain a better understanding of the burden of waterborne Giardia and Cryptosporidium in
remote, Inuit communities in Canada.
In both studies from Iqaluit and Rigolet, Giardia and Cryptosporidium were not detected
in any of the water samples using polymerase chain reaction (PCR), so we were unable to use
molecular characterization to identify whether the parasites detected using microscopy were
species that are typically infectious to humans (e.g., Giardia duodenalis [assemblages A and B],
Cryptosporidium parvum, Cryptosporidium hominis). Thus, based on the results from these two
studies, the risk to human health as well as the sources of contamination in both communities are
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unclear. It is possible that with further research examining more water samples and higher
volumes of water per sample, more (oo)cysts could be detected, which could result in a higher
chance of successful PCR and molecular characterization. This future research would increase
our understanding of Giardia and Cryptosporidium, including their transmission pathways and
risk to human health in these communities, which is particularly important in the context of
climate change. Studies have found that climate change may be associated with an increasing
risk of water contamination,4,15 particularly in the North, where rising temperatures and
precipitation are causing increases in runoff.16 Considering that increasing temperatures,
precipitation, and runoff events associated with climate change can transport pathogens and
contaminate drinking water sources,4,17 climate change could lead to an increased risk of human
exposure to waterborne pathogens in northern communities,15,18 such as Iqaluit and Rigolet.
Research results sharing and knowledge mobilization
An EcoHealth framework was followed in the two water research projects in Iqaluit and
Rigolet, using principles of transdisciplinarity, community participation, social equity, and
knowledge-to-action to guide the research approach.19 Considering the history of colonialization
and marginalization of Indigenous communities in Canada,20 it was particularly important that
these studies were conducted using community-based, participatory approaches with
collaborative teams of academic researchers, regional specialists, community members, and
government stakeholders. This EcoHealth framework has been identified as an important
approach to improving the design and validity of studies examining complex health challenges,
while ensuring cultural sensitivity and respect in Inuit communities in Canada.4,21,22
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In Iqaluit and Rigolet, we mobilized “integrated knowledge translation,” which “applies
the principles of knowledge translation to the entire research process.”23 Research suggests this
type of engagement throughout the research process contributes considerably to successful
mobilization of health research in Inuit communities;24 as such, integrated knowledge translation
strategies in Iqaluit and Rigolet were crucial to this thesis research. Throughout these projects,
we co-developed research questions and study designs, collected data, and shared laboratory
results with our northern partners. At the end of the study, strategies were developed to
disseminate results and exchange knowledge between university researchers and the
communities of Iqaluit and Rigolet, in collaboration with the Nunavut Research Institute (NRI)
and the Rigolet Inuit Community Government (RICG). In Iqaluit, a results-sharing workshop
was hosted by the NRI, which included presentations and discussion sessions with various
government and non-governmental organizations (Figure 5.2). Infographic, plain-language
handouts were created to summarize our research results on the presence of Giardia and
Cryptosporidium in the community’s surface waters (Figure 5.3). Presentations involved
disseminating the details of the project rationale, methods, and results, while discussion sessions
focused on the interpretation and implications of these results to the community and to the
residents of Iqaluit, as well as areas for future work. Strategies were discussed to disseminate the
research results to the broader community of Iqaluit in collaboration with government
stakeholders; these strategies could include information pamphlets, news articles, and activity
booklets. In Rigolet, we engaged in ongoing communication with the RICG, the Nunatsiavut
Government, and the Province of Newfoundland and Labrador throughout the research process
to ensure this exploratory project was relevant and beneficial to the community. Drinking water
results were shared with the government partners, including those that are responsible for the
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provision of safe drinking water in the province.25 These community, regional, and provincial
governments are interested in further research to examine the potential health risks related to
Giardia and Cryptosporidium in drinking water in Rigolet, and our research team is currently
planning further investigation in collaboration and consultation with these stakeholders. This
future research may include testing more water samples in Rigolet for the presence of Giardia
and Cryptosporidium over time to gain a better understanding of the burden of these waterborne
parasites in the community.
Thesis limitations
Several limitations were identified in this thesis. First, scoping literature reviews (Chapter
Two) generally do not investigate the quality or risk of bias in studies,26,27 so we did not evaluate
the strength of evidence on health risks associated with drinking water quality in the Circumpolar
North. However, this review described and charted drinking water-related health studies in this
region and identified gaps in the literature, thus providing potential directions for future research.
Second, in the drinking water studies from Iqaluit and Rigolet (Chapters Three and Four),
Giardia cysts and Cryptosporidium oocysts were detected using microscopy, but none were
detected using PCR assays. This was not unexpected, as discordance between microscopy and
PCR is common, particularly with low concentrations of (oo)cysts detected in the water
samples.28 The negative PCR results precluded genetic characterization of positive samples,
resulting in the inability to determine whether parasite species and genotypes were infectious to
humans. Despite these limitations, it was possible to conclude that compared to other Canadian
regions, the prevalence of Giardia and Cryptosporidium appeared to be lower in Iqaluit, and the
concentrations of these parasites appeared to be higher in Rigolet;9 however, it is unclear
whether these parasites were associated with human health risks in these communities. Finally,
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due to the exploratory nature of the drinking water study from Rigolet (Chapter Four), this study
was limited by a low sample size (n=4), which precluded statistical investigation. Therefore, we
do not infer any conclusions about the drinking water quality in Rigolet; however, this
exploratory study generated hypotheses to test in future research.

Recommendations
This thesis identified gaps in the literature on drinking water quality and human health
outcomes in the Circumpolar North (Chapter Two), and identified the presence of enteric
parasites in drinking water sources from two Inuit communities in Northern Canada (Chapters
Three and Four). Based on the results of these three studies, we have made several research and
policy recommendations.
Research recommendations
•

Conduct molecular characterization: Although research on waterborne parasites is
limited in the Arctic,6 studies in Northern Canada have found zoonotic genotypes of
Cryptosporidium spp. and Giardia duodenalis (assemblages A and B) in humans29 and
animals.30–33 Therefore, the molecular characterization of Giardia and Cryptosporidium
should be examined in drinking water sources in Iqaluit and Rigolet to determine whether
these infectious species and genotypes are also present in water. Specifically, further
research should examine more water samples over a longer time period. Since Giardia
and Cryptosporidium were detected in relatively low concentrations in these studies, it is
possible that PCR and molecular characterization would be more successful with a
greater number of (oo)cysts detected. Additionally, it may be beneficial to examine fecal
samples from wildlife (e.g., birds, beavers, seals) in these communities to identify
potential sources of water contamination. These investigations may help to further our
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understanding of Giardia and Cryptosporidium and their transmission pathways in the
North.
•

Examine other waterborne pathogens: Acute gastrointestinal illness can be caused by a
variety of enteric pathogens, including parasites, bacteria, and viruses.34 Considering the
high incidence rates of self-reported acute gastrointestinal illness in Iqaluit and Rigolet,7
other waterborne pathogens should be studied to further explore potential associations
between drinking water and acute gastrointestinal illness in these communities. Other
waterborne pathogens identified in the Circumpolar North could be investigated in Iqaluit
and Rigolet, such as Campylobacter spp., Salmonella spp., and norovirus in various
drinking water sources, including treatment facilities, trucked water, and storage tanks
(Chapter Two).

•

Use EcoHealth research methods: We recommend engaging in EcoHealth-based
principles throughout the research process, resulting in better informed study goals,
locally-specific methods and study designs, higher quality of data collected, mutually
beneficial research results, and culturally relevant knowledge sharing activities in Inuit
communities in Canada. These strategies are important to foster meaningful relationships,
and strive to work towards reconciliation and decolonizing methodologies among
Indigenous communities in Canada and around the world.35

Environmental and public health policy recommendations
•

Conduct targeted surveillance: Since E. coli and total coliforms may not be appropriate
bacterial indicators for waterborne parasites in Iqaluit based on the results in Chapter
Three and other studies,36 we suggest that, in addition to fecal indicator bacteria, other
methods of water quality protection and surveillance are explored in Northern Canada.
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This could include surveillance of enteric protozoa and viruses, chemicals, and
heterotrophic plate count (HPC), as suggested by Health Canada.37 Furthermore, this
surveillance should be conducted in various drinking water sources, including untreated
surface water that is commonly collected for drinking in some northern communities.
•

Enhance water quality management: The results of Chapters Three and Four contribute
to the growing body of literature on the challenges associated with drinking water quality
in Indigenous communities in Canada.38 Considering these challenges that stem from
irregular funding, remote locations, and cultural differences between Indigenous and nonIndigenous peoples,38 locally-specific and relevant water quality management priorities
should be developed in and by Indigenous communities in Canada, informed by
community-based knowledge and expertise. As demonstrated by this research,
community-based approaches to water quality management would contribute to
meaningful and locally-relevant changes in these communities. For instance, various
drinking water sources should be regularly monitored, including alternative sources, such
as untreated surface water and personal storage containers.

Conclusion
This thesis contributed to the growing research on drinking water quality in the
Circumpolar North, particularly among Inuit communities in Canada. The scoping review
(Chapter Two) found that gaps in the literature include examining waterborne parasites and
specific waterborne infectious in the Circumpolar North, particularly related to Indigenous
populations. The following two studies (Chapters Three and Four) filled some of these research
gaps by examining enteric parasites in drinking water sources in two Inuit communities in
Northern Canada. Although the human health implications are unclear, Giardia and
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Cryptosporidium were detected in treated and untreated drinking water sources from Iqaluit and
Rigolet, warranting further investigation. These studies demonstrate how community-based,
participatory approaches can contribute to meaningful and mutually beneficial research on
drinking water quality in Northern Canada.

90

References
1.

Berner J, Brubaker M, Revitch B, et al. Adaptation in Arctic circumpolar communities:
Food and water security in a changing climate. Int J Cir. 2016;75:33820.

2.

Martin D, Belanger D, Gosselin P, Brazeau J, Furgal C, Dery S. Drinking water and
potential threats to human health in Nunavik: Adaptation strategies under climate change
conditions. Arctic. 2007;60(2):195-202.

3.

Marino E, White D, Schweitzer P, Chambers M, Wisniewsk J. Drinking water in
Northwestern Alaska: Using or not using centralized water systems in two rural
communities. Arctic. 2009;62(1):75-82.

4.

Harper SL, Edge VL, Schuster-Wallace CJ, Berke O, McEwen SA. Weather, water quality
and infectious gastrointestinal illness in two Inuit communities in Nunatsiavut, Canada:
Potential implications for climate change. Ecohealth. 2011;8(1):93-108.

5.

Daley K, Castleden H, Jamieson R, Furgal C, Ell L. Water systems, sanitation, and public
health risks in remote communities: Inuit resident perspectives from the Canadian Arctic.
Soc Sci Med. 2015;135:124-132.

6.

Jenkins EJ, Castrodale LJ, de Rosemond SJC, et al. Tradition and transition: Parasitic
zoonoses of people and animals in Alaska, northern Canada, and Greenland. Adv
Parasitol. 2013;82:33-204.

7.

Harper SL, Edge VL, Ford J, et al. Acute gastrointestinal illness in two Inuit communities:
Burden of illness in Rigolet and Iqaluit, Canada. Epidemiol Infect. 2015;143(14):30483063.

8.

Edge TA, Khan IUH, Bouchard R, et al. Occurrence of waterborne pathogens and
Escherichia coli at offshore drinking water intakes in Lake Ontario. Appl Environ
Microbiol. 2013;79(19):5799-5813.

9.

Roach PD, Olson ME, Whitley G, Wallis PM. Waterborne Giardia cysts and
Cryptosporidium oocysts in the Yukon, Canada. Appl Environ Microbiol. 1993;59(1):6773.

10.

Prystajecky N, Huck PM, Schreier H, Isaac-Renton JL. Assessment of Giardia and
Cryptosporidium spp. as a microbial source tracking tool for surface water: Application in
a mixed-use watershed. Appl Environ Microbiol. 2014;80(8):2328-2336.

11.

LeChevallier MW, Norton WD, Lee RG. Occurrence of Giardia and Cryptosporidium
spp. in surface water supplies. Appl Environ Microbiol. 1991;57(9):2610-2616.

12.

King BJ, Keegan AR, Monis PT, Saint CP. Environmental temperature controls
Cryptosporidium oocyst metabolic rate and associated retention of infectivity. Appl
Environ Microbiol. 2005;71(7):3848-3857.

13.

Wickramanayake GB, Rubin AJ, Sproul OJ. Effects of ozone and storage temperature on
Giardia cysts. J Am Water Work Assoc. 1985;77(8):74-77.

14.

DeRegnier DP, Cole L, Schupp DG, Erlandsen SL. Viability of Giardia cysts suspended
91

in lake, river, and tap water. Appl Environ Microbiol. 1989;55(5):1223-1229.
15.

Charron D, Thomas MK, Waltner-Toews D, et al. Vulnerability of waterborne diseases to
climate change in Canada: A review. J Toxicol Environ Heal. 2004;67:1667-1677.

16.

Hinzman LD, Bettez ND, Bolton WR, et al. Evidence and implications of recent climate
change in northern Alaska and other Arctic regions. Clim Change. 2005;72(3):251-298.

17.

Curriero F, Patz J, Rose J, Lele S. The association between extreme precipitation and
waterborne disease outbreaks in the United States, 1948-1994. Am J Public Health.
2001;91(8):1194-1199.

18.

Parkinson AJ, Butler JC. Potential impacts of climate change on infectious diseases in the
Arctic. Int J Circumpolar Health. 2005;64(5):478-486.

19.

Charron DF. Ecohealth Research in Practice. Ottawa, ON: International Development
Research Centre; 2012. http://www.springer.com/series/8850. Accessed March 22, 2016.

20.

Truth and Reconciliation Commission of Canada. Honouring the Truth, Reconciling for
the Future; 2015.

21.

Harper SL, Edge VL, Cunsolo Willox A, Rigolet Inuit Community Government.
“Changing climate, changing health, changing stories” profile: Using an EcoHealth
approach to explore impacts of climate change on Inuit health. Ecohealth. 2012;9(1):89101.

22.

Wesche SD, Chan HM. Adapting to the impacts of climate change on food security among
inuit in the Western Canadian Arctic. Ecohealth. 2010;7:361-373.

23.

Canadian Institutes of Health Research. Guide to Knowledge Translation Planning at
CIHR: Integrated and End-of-Grant Approaches. Ottawa, ON; 2012.

24.

McDonald ME, Papadopoulos A, Edge VL, et al. What do we know about health-related
knowledge translation in the Circumpolar North? Results from a scoping review. Int J
Circumpolar Health. 2016;75.

25.

Government of Newfoundland and Labrador. Municipal Affairs and Environment:
Drinking Water Safety Initiative.
http://www.mae.gov.nl.ca/capital_works/drinkingwater.html. Published 2017. Accessed
September 2, 2017.

26.

Arksey H, O’Malley L. Scoping studies: Towards a methodological framework. Int J Soc
Res Methodol. 2005;8(1):19-32.

27.

Levac D, Colquhoun H, O’Brien KK. Scoping studies: Advancing the methodology.
Implement Sci. 2010;5(69):1-9.

28.

Toze S. PCR and the detection of microbial pathogens in water and wastewater. Water
Res. 1999;33(17):3545-3556.

29.

Iqbal A, Goldfarb DM, Slinger R, Dixon BR. Prevalence and molecular characterization
of Cryptosporidium spp. and Giardia duodenalis in diarrhoeic patients in the Qikiqtani
Region, Nunavut, Canada. Int J Circumpolar Health. 2015;74(2):1-9.
92

30.

Salb AL, Barkema HW, Elkin BT, et al. Dogs as sources and sentinels of parasites in
humans and wildlife, Northern Canada. Emerg Infect Dis. 2008;14(1):60-63.

31.

Kutz SJ, Thompson RA, Polley L, et al. Giardia assemblage A: Human genotype in
muskoxen in the Canadian Arctic. Parasit Vectors. 2008;1(1):32.

32.

Dixon B, Parrington L, Parenteau M, Leclair D, Santin M, Fayer R. Giardia duodenalis
and Cryptosporidium spp. in the intestinal contents of ringed seals (Phoca hispida) and
bearded seals (Erignathus barbatus) in Nunavik, Quebec, Canada. J Parasitol.
2008;94:1161–1163.

33.

Levesque B, Barthe C, Dixon BR, et al. Microbiological quality of blue mussels (Mytilus
edulis) in Nunavik, Quebec: A pilot study. Can J Microbiol. 2010;56(11):968-977.

34.

Roy SL, Scallan E, Beach MJ. The rate of acute gastrointestinal illness in developed
countries. J Water Health. 2006;4:31-70.

35.

Tuhiwai Smith L. Decolonizing Methodologies. London, UK; New York, USA; Dunedin,
New Zealand: Zed Books Ltd. and University of Otago Press; 1999.

36.

Wu J, Long SC, Das D, Dorner SM. Are microbial indicators and pathogens correlated? A
statistical analysis of 40 years of research. J Water Health. 2011;9(2):265-278.

37.

Health Canada. Guidelines for Canadian Drinking Water Quality - Summary Table.
Ottawa, ON; 2017.

38.

Bradford LEA, Okpalauwaekwe U, Waldner CL, Bharadwaj LA. Drinking water quality
in Indigenous communities in Canada and health outcomes: A scoping review. Int J
Circumpolar Health. 2016;75:32336.

39.

Government of Canada. Iqaluit, NU - Environment Canada.
https://weather.gc.ca/city/pages/nu-21_metric_e.html. Published 2017. Accessed January
31, 2017.

93

Figures

Daily mean air temperature (°C)

20
10
0
-10
-20
-30
-40

-50

Figure 5.1 Daily mean air temperatures (°C) in Iqaluit, Nunavut from 2013 to 2017.39 The grey
bar displays the air temperatures (-0.1 to 4.5°C) that were associated with a higher odds of
Giardia and/or Cryptosporidium in water samples from Iqaluit (Chapter Three).
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Figure 5.2 Research team members at the results-sharing workshop in Iqaluit, Nunavut in
November 2017.
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Figure 5.3 Infographic handout with research findings on surface water quality for the resultssharing workshop in Iqaluit, Nunavut in November 2017.
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APPENDICES
Appendix A: Screening questions used in Chapter Two
Level 1 screening questions:
i.

Does the title/abstract refer to a source of drinking water?

ii.

Is the title/abstract relevant to human health outcomes?

iii.

Does the study take place in the Circumpolar North?

Level 2 screening questions:
i.

Is the article available in English?

ii.

Was the article published in or after 2000?

iii.

Is the article a primary research study or a review of primary research (i.e., using
systematic review methods)?

iv.

Does the article refer to the quality of water that is used for drinking? (i.e., data was
collected on drinking water quality in this study)

v.

Does the article refer to water quality that is relevant to human health outcomes?

vi.

Does the drinking water-related part of the study take place in the Circumpolar North?
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Appendix B: Data extraction questions (stage 1) used in Chapter Two
Study characteristics:
1. What was the research design in this study? (select one answer)
a. Primary research study (*all other questions appear if this answer is selected)
b. Review study (i.e., using systematic review methods4)
2. What types of institutions were involved in this study, based on the author affiliations?
(select all that apply)
a. Academia
b. Government
c. Private sector5
d. NGO6
e. Other (specify)
Data collection:
3. What was the type of data collected? (select one answer)
a. Quantitative data
b. Qualitative data
c. Mixed qualitative and quantitative data
d. Other (specify)
4. Did the researchers describe this study as “participatory”, "community-based",
"community-led", “community-based participatory research (CBPR)”, or equivalent?
(yes/no)
Population:
5. In which country/countries were water and/or health data collected? (select all that apply)
a. Canada
b. USA
c. Norway
d. Sweden
e. Finland
f. Iceland
g. Greenland (Denmark)
h. Russia
6. If yes to question 5a or 5b, specify the regions in Canada or the USA where water and/or
health data were collected. (select all that apply)
a. Nunavut
b. Northwest Territories
4

Must have a methods section, outlining the search terms and database(s) used.
The private sector is the part of a country's economy which consists of industries and commercial companies that
are not owned or controlled by the government ( https://www.collinsdictionary.com/dictionary/english/private-sector). This
includes community members not affiliated with the government.
6
A non-governmental organization (NGO) is any non-profit, voluntary citizens’ group which is organized on a
local, national, or international level (www.ngo.org/ngoinfo/define.html).
5
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c. Yukon
d. Labrador/Nunatsiavut
e. Quebec/Nunavik
f. Inuvialuit
g. Alaska
h. Other (specify)
7. Where was water quality data collected in this study7,8? (select all that apply)
a. Urban area (population of more than 50,000)
b. Urban cluster (population between 2,500 and 50,000)
c. Rural (population under 2,500)
d. Not specified/unclear
e. Not applicable (i.e., study not conducted in a community)
f. Other (specify)
8. Did the study take place in a “remote” community? i.e., A community without year-round
road access or which rely on a third party (e.g., train, airplane, ferry) for transportation to
a larger center9. (select all that apply)
a. Yes
b. No
c. Not specified/unclear
d. Not applicable (i.e., study not conducted in a community)
e. Other (specify)
9. What was the study population? i.e., Data were collected from these populations. (select
all that apply)
a. Adults (age 18-64)
b. Seniors (age 65 or over)
c. Children (age 5-17)
d. Infants (age under 5)
e. Not specified
f. Not applicable
g. Other (specify)
10. Which Indigenous peoples were relevant in this study, as identified by the article? (select
all that apply)
a. Inuit (including Inupiat and Kalaallit Inuit of Alaska and Greenland, respectively)
b. Metis
c. First Nations
d. Saami
e. Nenets
f. Khanty
g. Evenk
h. Chukchi
i. Aleut
j. Yupik
k. Not specified
7

From US Census Bureau (https://www.census.gov/geo/reference/urban-rural.html)
Can look up from governmental statistics website or http://www.worldatlas.com/
9
Remote definition from http://rnao.ca/sites/rnao-ca/files/RR_May8.pdf
8
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l. Not applicable
m. Other (specify)
Water data:
11. What source of drinking water was examined in this study? (select all that apply)
a. Tap/piped water (i.e., household water)
b. Well water (or borehole water)
c. Surface water (e.g., river, stream, brook, lake)
d. Treatment facility
e. Source water intake (i.e., pre-treatment)
f. Storage tanks (i.e., including household containers)
g. Trucked water
h. Town water (i.e., municipal water supply, water reservoir, water utility)
i. Bottled water
j. Meltwater (e.g., ice, snow)
k. Not specified
l. Not applicable
m. Other (specify)
12. Was the water that was examined in this study treated or untreated? (select all that apply)
a. Treated (i.e., any process that changes water quality to make it more acceptable
for the end-user, such as filtration or chlorination)
b. Untreated
c. Not specified
d. Not applicable
13. Did the study evaluate human perceptions of water quality, or water-related risk factors?
(e.g., via survey, in-depth interviews) (yes/no)
14. Did the study collect data on specific water quality parameters? (e.g., from water
sampling or government records)? (yes/no)
15. If yes to question 14, was the water sampled at one point in time (e.g., a “grab” sample)?
(select all that apply)
a. Yes (i.e., water samples were collected from one or more site(s) at one point in
time, not over time)
b. No (i.e., water samples were collected from one or more site(s) over time, not
only at one point in time)
c. Not specified
d. Not applicable (i.e., water was not physically sampled in this study)
e. Other (specify)
16. Which water quality parameter collected for this study was relevant to human health?
(select all that apply) (*specific bacteria, viruses, etc. appear as separate questions)
a. Infectious agents (not specified)
b. Bacteria
i. Aeromonas hydrophila
ii. Campylobacter
iii. Coliforms/total coliforms
iv. Cyanobacteria
v. E. coli (commensal: used as an indicator organism)
100

c.

d.

e.

f.

vi. E. coli (pathogenic: verotoxigenic E. coli (VTEC), shigatoxigenic E. coli
(STEC), e.g., E. coli 0157:H7)
vii. Helicobacter pylori (H. pylori)
viii. Heterotrophic plate counts
ix. Legionella
x. Leptospira
xi. Plesiomonas shigelloides
xii. Pseudomonas
xiii. Salmonella
xiv. Shigella
xv. Vibrio cholera
xvi. Not specified
xvii. Other (specify)
Viruses
i. Adenovirus
ii. Enterovirus
iii. Hepatitis A
iv. Hepatitis E
v. Norovirus
vi. Rotavirus
vii. Not specified
viii. Other (specify)
Parasites
i. Cryptosporidium
ii. Cyclospora
iii. Entamoeba histolytica
iv. Fasciola spp.
v. Fasciolopsis buski
vi. Giardia
vii. Microsporidia
viii. Schistosomatidae (or Schistosoma)
ix. Toxoplasma gondii
x. Trichinella
xi. Not specified
xii. Other (specify)
Amoeba
i. Balamuthia mandrillaris
ii. Not specified
iii. Other (specify)
Metals, metalloids, and other elements
i. Aluminum
ii. Ammonium
iii. Antimony
iv. Arsenic
v. Barium
vi. Beryllium
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g.

h.

i.
j.

10

vii. Boron
viii. Cadmium
ix. Calcium
x. Chlorine/chloride
xi. Chromium
xii. Copper
xiii. Fluoride
xiv. Iodine
xv. Iron
xvi. Lead
xvii. Lithium
xviii. Magnesium
xix. Manganese
xx. Mercury
xxi. Molybdenum
xxii. Nickel
xxiii. Nitrate
xxiv. Nitrite
xxv. Phosphorus
xxvi. Potassium
xxvii. Radium
xxviii. Radon
xxix. Selenium
xxx. Sodium
xxxi. Thallium
xxxii. Uranium
xxxiii. Zinc
xxxiv. Not specified
xxxv. Other (specify)
Chemicals
i. Benzene
ii. Ethylbenzene
iii. Pesticides (e.g., atrazine)
iv. Polychlorinated biphenyls (PCBs)
v. Tetrachloroethylene
vi. Not specified
vii. Other (specify)
Other
i. Algal blooms
ii. Chlorination by-products (e.g., trihalomethanes10)
Not applicable (i.e., specific water quality parameters not measured)
Other (specify)

King & Marrett, 1996
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Health data:
17. Did the study collect data on human health? (yes/no) (*if yes, rest of questions appear)
18. Did the study evaluate human perceptions of water-related illness? (yes/no)
19. Was this study about a waterborne disease outbreak, as stated by the authors? (yes/no)
20. How was the human health outcome measured? (select all that apply)
a. Self-reported (e.g., survey, interview)
b. Clinical presentation to a health care provider
c. Laboratory testing
d. Database (e.g., hospital records)
e. Not specified
f. Other (specify)
21. What was the human health outcome11? (select all that apply)
a. Acute gastrointestinal illness/gastroenteritis (i.e., including AGI-related
symptoms such as diarrhea, vomiting, nausea, abdominal cramps)
b. Adenovirus
c. Amebiasis
d. Campylobacteriosis
e. Cancer
f. Chemical exposure (e.g., pesticides, benzene)
g. Cholera
h. Chronic gastrointestinal disease (e.g., Crohn’s Disease, colitis, irritable bowel
syndrome)
i. Cryptosporidiosis
j. Cyclosporiasis
k. Dental caries/oral health
l. Dermatitis
m. Enterovirus
n. Escherichia coli (E. coli) infection (i.e., including VTEC, EHEC, EPEC, ETEC,
EIEC, EAEC)
o. Faciolopsiasis
p. Fascioliasis
q. Fluorosis
r. Giardiasis
s. Granulomatous Amebic Encephalitis
t. H. pylori infection (or H. pylori-caused illnesses)
u. Hepatitis A
v. Hepatitis E
w. Hip fractures
x. Legionnaires’ disease (or legionellosis/Pontiac fever)
y. Leptospirosis
z. Meningitis
aa. Mental health implications
bb. Metal intake
cc. Methaemoglobinemia
11

List adapted from CDC, 2016 (https://www.cdc.gov/healthywater/disease/az.html).
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dd. Microsporidiosis
ee. Nutritional information (e.g., mineral intake/deficiencies)
ff. Norovirus
gg. Rotavirus
hh. Salmonellosis
ii. Schistosomiasis (or bilharzia)
jj. Shigellosis
kk. Toxoplasmosis
ll. Trichinellosis
mm.
Typhoid fever
nn. Vibriosis
oo. Waterborne disease (not specified)
pp. Other (Specify)
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Appendix C: Data extraction questions (stage 2) used in Chapter Two
1. What was the article’s main research topic (i.e., primary area of focus in the article)?
(select one answer)
a. Evaluation of drinking water-related risk factors for disease (e.g., quantitative
questionnaire on drinking water habits).
b. Investigation of a waterborne disease outbreak.
c. Examination of water quality parameters from drinking water sources (i.e., no human
populations studied).
d. Exploration of human perceptions of drinking water quality (e.g., qualitative
interviews).
e. Evaluation of surveillance systems and/or drinking water regulations.
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Appendix D: Water sampling procedures used in Chapters Three and Four
*Adapted from EPA Method 1623 (2005), IDEXX Filta -Max Operator’s Guide (2002),
IDEXX Filta-Max Field Filtration for Cryptosporidium (2006), and Environment Agency
methods (2010).

1.0 Summary
Water samples are filtered through the IDEXX Filta-Max system, where Giardia cysts
and Cryptosporidium oocysts are retained on the filter. Water is collected from the field,
and laboratory-filtration of water samples is performed, although field-filtration also may
be performed. Filters are stored on ice and shipped to Hyperion Research Ltd. in
Medicine Hat, Alberta for analysis within 96 hours of filtration, if possible.
2.0 Safety
A biohazard and risk of infection is associated with the handling of live pathogenic
organisms in this context. Field and laboratory staff must know and observe safety
procedures while preparing, using, and disposing of samples, and while decontaminating
equipment. Samples and materials containing (oo)cysts must be handled with gloves.
Gloves must be changed after handling filters and other contaminant-prone material
before touching any other laboratory surfaces or equipment.
3.0 Equipment and supplies
3.1 Personal protective equipment (PPE)
3.1.1 Rubber boots or hip waders
3.1.2 Personal flotation device (PFD)
3.1.3 Long rubber gloves for water collection
3.1.4 Rain gear (i.e., raincoat and rain pants)
3.1.5 Warm clothes (i.e., layers, scarf, gloves, toque)
3.1.6 Sun gear (i.e., hat, sunglasses)
3.1.7 Sunscreen and/or bug net (note: no bug spray while water sampling)
3.1.8 Drinking water and snacks
3.1.9 First aid kit
3.1.10 Mobile phone or radio
3.1.11 Powder-free latex gloves for lab work
3.1.12 Lab coat
3.1.13 Eye goggles
3.1.14 Closed-toe shoes
3.2 IDEXX system
3.2.1 Filta-Max filter modules
3.2.2 Filta-Max filter housing
3.2.3 Green housing tools (optional)
3.3 Pump system
3.3.1 Electric pump (if sample is not from a pressurized source (i.e., tap))
3.3.2 Power source (i.e., generator or battery if in field)
3.3.3 Tubing or hoses
3.3.4 Fittings
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3.3.5 Magnetic stir plate and stir bar (optional)
3.4 Sample collection and filtration
3.4.1 Polyethylene carboys
3.4.2 Graduated container
3.4.3 Thermometer
3.4.4 Conductivity meter
3.4.5 pH probe/strips
3.4.6 Turbidity meter
3.4.7 Stopwatch
3.4.8 Camera
3.4.9 Wrist watch or phone with time
3.4.10 GPS
3.4.11 Field notebook or data sheets (note: use pencil with waterproof notebook)
3.4.12 Labels
3.4.13 Permanent marker/pen
3.5 Sample storage and shipment
3.5.1 Sealable (e.g., Ziploc) bags
3.5.2 Ice packs
3.5.3 Coolers
3.5.4 Bubble wrap/plastic bags or packing material
3.5.5 Lab submission form
3.6 Cleaning/decontaminating
3.6.1 Ethanol
3.6.2 Laboratory detergent
3.6.3 Distilled water
4.0 Preparation
4.1 Ensure you have all listed materials above and all are in working condition.
4.2 Check expiry date of Filta-Max filters. They expire one year after the manufacture
date.
4.3 Select appropriate polyethylene carboys/containers (i.e., 10L, 25L).
4.4 Label carboys with site name. Ensure different carboys are used for each sampling
site, if possible.
4.5 Label sample Ziploc bags with sample ID and date of water collection/filtration.
5.0 Sample collection
5.1 Drive to site with minimum 2 field personnel and sample collection equipment.
5.2 Record sample location, sample ID, date and time of sample collection, weather
conditions, site conditions, and names of sampling personnel on data sheet.
5.3 Take 3 pictures of sample site (i.e., sample site, upstream, downstream).
5.4 Put on appropriate PPE (i.e., rubber boots or waders, rubber gloves, PFD).
5.5 If it is safe to do so, walk into the river away from the river bank.
5.6 Record water temperature and conductivity of surface water on data sheet.
5.7 Triple-rinse the carboy with source water.
5.8 Place the carboy into the water neck-downwards (approximately 10 cm if possible),
away from suspended sediment and the bank of the river.
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5.9 Turn the carboy until its neck points slightly upward toward the current and allow it
to fill.
5.10 While keeping the carboy completely submerged under water, replace the cap
carefully to avoid contamination within the bottle (ensure that fingers do not touch
the inside of the cap or carboy).
5.11 Repeat steps 5.5-5.10 for each carboy,
5.12 Collect 25-110 L of sample water in carboys. Volume may be modified based on
lab and field capacity.
5.12.1 5-10 L for flushing and 20-100 L for filtration (min. 50 L is EPA
validated).
5.13 Store carboys on ice for transportation to the Nunavut Research Institute.
6.0 Sample filtration
6.1 Store carboys in the refrigerator until sample filtration is ready.
6.2 Put on appropriate PPE (i.e., lab coat, goggles, gloves, closed-toe shoes).
6.3 Clean bench surface with ethanol.
6.4 Set aside 250 mL of source water for turbidity and pH measurements.
6.5 Set up IDEXX Filta-Max system without filter in the following order (see Figure 1):
6.5.1 Influent tubing, pump, inlet tubing (optional), Filta-Max filter housing
(direction of flow from lid to base of housing), outlet tubing, flow rate
metre or flow control valve (optional), flow totalizer (optional), effluent
tubing into a drain or graduated container.

Figure 1: Sample system setup for collecting Giardia/Crypto samples from an unpressurized
source.
6.6 Prime pump by pouring sample water into the pump tank from the priming plug. Pour
sample water into the influent hose.
6.7 Place carboy on magnetic stir plate and insert clean magnetic stir rod inside the
carboy. Alternatively, the carboy can be shaken manually while water is pumped.
6.8 Place end of influent tubing in sample source, away from walls of the carboy.
6.9 Turn on pump, ensure flow rate is 1-4 L/minute, and allow 5-10 L to flush system.
6.9.1 Collect effluent water in an empty graduated container to ensure the
correct volume has passed through.
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6.9.2

Turn off pump before water has emptied to ensure air does not pass
through the pump. Remove the influent hose and keep held upright.
6.10 Place filter into filter housing bolt head down and secure lid, hand tighten
housings with the green housing tools, apply gentle pressure to create the seal
between the module and the ‘O’ rings in the base and the lid of the housing. Do not
over-tighten housing, ensuring lid and base holes align. See Figures 2 and 3.

Figure 2: Filta-Max (a) filters and (b) filter housing with connectors and tightening tools.

Figure 3: Filter and housing orientation.
6.11 Install the filter housing in the line, securing the inlet and outlet ends with the
appropriate clamps/fittings. Verify that the filter housing is installed so that the end
closest to the screw top cap is the inlet and the opposite end is the outlet.
6.12 Place end of influent tubing in sample source, away from walls of the carboy.
6.13 Place end of effluent tubing in empty graduated container.
6.14 Turn on the magnetic stir plate to mix the sample at 200 rpm, or shake the carboy
manually.
6.15 Turn on pump and verify the flow rate is between 1-4 L/min.
6.16 Filter 20-100 L of sample water though the system. Turn off pump when
complete. Allow the pressure to decrease until flow stops.
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6.17 Record date, sample number, filter number, start and end times, name of analyst
filtering the sample, and volume filtered from graduated container on data sheet.
6.18 Disconnect the inlet end of the filter housing assembly while maintaining the level
of the inlet fitting above the level of the outlet fitting to prevent backwashing and the
loss of oocysts and cysts from the filter.
6.18.1 Keep all hose ends in the sink when disconnecting any equipment to avoid
spilling water.
7.0 Sample storage and shipment
7.1 Remove filter housing from the sump system.
7.2 Open housing carefully to dump filter and remaining water from housing in Ziploc
bag. Place bag in second Ziploc bag.
7.3 Label this bag with sample ID and date of sample collection/filtration.
7.4 Store filter in refrigerator before shipping.
7.5 Insert packing material or newspaper into the shipping cooler for padding. Insert 2-3
packs of ice in Ziploc bags to prevent leakage.
7.6 Wrap filter bag in bubble wrap or inflated, empty sample bags to prevent sample from
freezing.
7.7 Fill out lab submission form(s), and place in Ziploc bag to be sent inside the cooler.
7.8 Close cooler and tape shut with packing tape or duct tape.
7.9 Fill out cargo waybill and bring to cargo office to be shipped.
7.10 Ship filters on the same week of collection, if possible, to be processed within 96
hours. Ensure filter temperatures remain between 0-20 degrees Celsius. See Figure 4.

Figure 4: Sample holding times.

8.0 Cleaning/decontaminating
8.1 Insert filter housing back into the system line without the filter.
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8.2 Triple rinse all carboys with tap water, and fill one with tap water for flushing.
8.3 Prime pump with tap water.
8.4 Flush 5-10 L of tap water through the system for flushing.
8.5 Disconnect hoses and empty water into the drain.
8.6 Store hoses hanging up to dry.
8.7 Scrub filter housing with laboratory detergent and rinse with distilled water.
8.8 Clean any spilled water and clean bench surface with ethanol.
8.9 Let all equipment air dry before the next sampling day.
9.0 Turbidity measurement
9.1 Follow the manual for the 2100Q Turbidimeter to calibrate the instrument.
9.2 Using the extra sample water collected before filtration, shake water bottle and pour
water into 3 sample cells.
9.3 Wipe the cell with a Kimwipe or cloth to remove water and fingerprints.
9.4 Apply a thin layer of silicone oil on the sample cells to hide scratches or markings.
9.5 Insert each sample cell into the cell compartment so the diamond faces forward.
9.6 Push Read on the display and record the turbidity in NTU.
9.7 Empty the sample cells, triple rinse with distilled water, and store cells filled with
distilled water.
10.0

pH measurement
10.1 Ensure the sample water is at room temperature.
10.2 Calibrate the pH/conductivity meter.
10.3 Pour 15 mL of sample water into a graduated container.
10.4 Pipette 150 L of pHISA solution into the container with the sample water and
shake the container.
10.5 Lower the pH probe into the solution, push Measure, and wait for the
measurement to stabilize.
10.6 Record the pH and temperature.
10.7 Switch the pH probe to the conductivity probe on the meter.
10.8 Place the conductivity probe in the sample water without the pHISA solution,
push Measure, and wait for the measurement to stabilize.
10.9 Record the conductivity.
10.10 Rinse the probes with distilled water between each sample and when
measurements are completed.

11.0

Data entry
11.1 Enter all collected data into field date sheets and into spreadsheet for PAWS
water project.
11.2 Enter weather data into field sheet and PAWS spreadsheet from Environment
Canada (https://weather.gc.ca/city/pages/nu-21_metric_e.html).
11.3 Enter Filta-Max and Colilert results into PAWS spreadsheet once received.
11.4 Enter any notes or comments from the field or lab.
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Appendix E: Giardia cysts from Chapter Three

Figure 1: Fresh, viable Giardia cyst (A) compared with two cysts recovered from the Sylvia
Grinnell River in September 2016 (B and C). The cysts are shown stained with DAPI and CY3
and using Hoffman Modulation optics to reveal different features. The general shape and
cytoplasm in the Panel B cyst are shrunken and distorted, while the cyst in Panel C is empty and
presumably dead.
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Appendix F: Presentation materials from Chapter Three

Figure 1: Poster presented at the International Arctic Change Conference 2017.
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Figure 2: Interactive poster presented at the Centre for Public Health and Zoonoses Scientific
Symposium 2017.
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