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Summary

Climate change is expected to result in fluctuations in water quantity, degraded water quality, increased

flood and drought risks, as well as a greater burden of climate-related water-borne disease. The impacts of
sea-level rise and loss of ice in Canada are likely to be significant. Not all Canadians will experience these
impacts equally. First Nations, Métis, and Inuit communities, many of which already face water insecurity, are
expected to be disproportionately affected, as are rural and remote communities that have only basic water
and sewage infrastructure.

The health impacts associated with climate change effects on water quality and quantity are not inevitable.
Through effective mitigation and adaptation, they can be reduced. Canadians can better adapt to these
anticipated impacts and protect health by assessing local climate risks and vulnerabilities, developing
adaptation plans, improving surveillance systems, building climate-resilient water systems, and promoting
intersectoral collaboration to protect water resources and address climate-related risks.

Key Messages

Changes in precipitation and temperature due to climate change will result in impacts on water
quality and quantity and disrupt both natural water systems (rivers, lakes, oceans) and human
drinking water and wastewater systems, thereby increasing risks to the health of Canadians. The
extent and intensity of these changes will vary by region and season.

Water-related health risks associated with climate change include threats to drinking water

and irrigation supplies; increases in water-borne diseases (e.g., cryptosporidiosis, giardiasis,
campylobacteriosis); physical injuries and mental health impacts from extreme weather events
such as floods and droughts; and threats to health and well-being due to the socio-economic and
environmental consequences of water insecurity.

Climate change-related water and food shortages, coupled with increasing population growth
in climate vulnerable regions of the world with fewer resources, could affect Canada through
regional and international migration.

Adaptation to the anticipated impacts of climate change on water resources and human health
can help protect Canadians from future risks. Adaptation will require broad multi-sectoral action
and coordination among, for example, public health practitioners and service providers, and water
and wastewater managers.

Indigenous Peoples are among those most affected by the degradation of water resources,

but they also possess countless generations of accumulated knowledge, which can be applied

to protect health. Partnerships among Indigenous communities, health authorities, and water
managers are needed to identify the population-specific health impacts of climate change
impacts on water resources and to implement effective adaptation options informed by traditional
knowledges and cultural needs.
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More information is required on the current burden of disease in Canada related to climate change
impacts on water resources and related hazards, and on the projected health risks from further
warming. Research is also needed on the most effective ways to adapt to increasing stresses on
drinking water systems and on needed public health interventions, including the communication of
risks to the public. Better models for regional drought and flood prediction are needed.

Health authorities can increase understanding of climate change impacts on water resources and
health, as well as potential adaptation options, by conducting local and regional vulnerability and
adaptation assessments related to climate change and health. By doing so, health authorities can
improve their preparedness, maximize the health benefits of cross-sector collaboration, and build
climate resilience within their communities.
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Examples of the direct and indirect ways climate change can alter water quality and quantity and affect health.
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Overview of the Health Impacts of Water Quality, Quantity, and

Security in the Context of Climate Change

HEALTH IMPACT OR
HAZARD CATEGORY

CLIMATE-RELATED CAUSES

POSSIBLE HEALTH EFFECTS

Water quality, quantity,
and security

Increased precipitation
and flooding causing
dangerous evacuations,
drinking water
shortages, disruptions

Increased drought
leading to regional water
shortages, diminished
food security, dust
storms and habitat loss

Increased permafrost
melt affecting water
accessibility

Increased salt-water
infiltration affecting
water accessibility

Increased frequency of
harmful algal blooms

Higher water
temperatures increasing
the prevelance of water-
borne pathogens

Water shortages causing
or contributing to
international conflict and
forced migration

Wildfire degrading
watersheds

Water-borne and food-borne
infections, illnesses and deaths

Water-borne infections and illnesses:
Acute gastrointestinal iliness
Infant mortality
Birth defects

Exacerbation of chronic
diseases

Skin diseases
Food-borne illnesses:

Food poisoning

Paralytic seafood poisoning
Kidney failure

Stress and other mental health
impacts

Respiratory illness
Liver failure

Injuries, iliness, and deaths from
flooding and extreme precipitation
events

Destruction or damage of health
infrastructure

Health and social services
disruptions

Disruptions to water systems and
water management resulting in
impacts such as degraded source
water quality

Failure of drinking water systems
during extreme weather events
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7.1 Introduction

Climate change will reduce the quantity and quality of water in all Canadian regions on a seasonal basis
(Andrey et al., 2014). The health of Canadians can be affected by climate change effects on water in a
number of ways: by an increasing frequency and severity of extreme weather events, such as floods and
droughts, as well as the degradation of drinking and recreational water quality due to longer-term warming.
These effects may arise because of shifts in ecological boundaries and changes to the cryosphere, and

to the freshwater—saltwater interface. Health may also suffer from climate change impacts on water that
affect food safety and security, for example, through the contamination of fish and shellfish (see Chapter 8:
Food Safety and Security). Both extreme events and longer-term warming can increase pressures on water
systems, which are integral to efforts to keep people healthy and safe.

Health outcomes can include both physical and mental health impacts, for example, in the aftermath of a
flood or during a drought. Such events can increase health impacts associated with chemical and biological
contamination of water supplies such as water-borne illnesses. Iliness caused by contamination may be
acute, infectious, and restricted to the gastrointestinal tract, or chronic and associated with multiple systemic
effects. Changes in water quality and quantity affect different exposure pathways that can interact with
multiple social and behavioural factors, leading to negative health outcomes (Trtanj et al., 2016). For example,
climate change effects on water can cause the loss of cultural and societal stabilizing factors that affect
various determinants of health (e.g., loss of employment in industries that rely on a predictable water supply),
which also have longer-term effects on mental health (see Chapter 4: Mental Health and Well-Being).

This chapter outlines the current and possible future health impacts of climate change in Canada related to
effects on freshwater, marine, and coastal systems, with a specific focus on the importance of drinking water,
wastewater, and stormwater infrastructure in reducing risks. It includes discussion of how climate change
affects the sources of contaminants and exposure pathways, including projections of increased health risks,
where data are available. Current evidence of climate impacts on fish and shellfish illnesses that affect
Canadians is reviewed, and broader climate change implications for water security are explored. The chapter
identifies adaptation options that public health authorities can take to protect health, in collaboration with
decision makers outside of the health sector. It also identfies important knowledge gaps that would benefit
from future research to support actions that help prepare for climate change.
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7.2 Methods and Approach

This chapter used a narrative scoping approach to identify information related to the current and projected
water-related health impacts of climate change and possible adaptations in Canada. Systematic searches
of the Agricola, Medline, and Embase databases were conducted for publications up to January 2019.
Systematic searches targeted seven subject areas to support the broader narrative review, including:

climate change and drinking water;

climate change, water, and adaptation;

climate change, water, and algal blooms;
climate change and water in Canada;

climate change, water, and extreme weather;
climate change, water, and the food system; and

climate change, water, and traditional indigenous uses.

A number of search terms were employed for each subject. Some common search terms included variations
of climate change; drinking water; water supply; human(s); health; public health; environmental exposure;
diseases; mental health; mortality; morbidity; flood; safety; adaptation; infection; bacteria; pathogen;
infectious; parasitic; water-borne; and others.

Additional peer-reviewed and grey literature was identified from the authors’ knowledge, reviewers’
comments, and targeted searches. Author knowledge and targeted searches were used to incorporate
relevant literature published after the completion of systematic searches. Estimates of future trends in
streamflow, surface water levels, soil moisture, and groundwater draw on Canada’s Changing Climate Report
(Bush & Lemmen, 2019).

Some degree of caution is warranted when interpreting studies on climate change and water-borne

disease. For example, publication bias may affect the evidence base (Levy et al., 2016). Additionally, due to
constraints associated with using secondary data sources, studies are often limited in what covariates can
be included, which may introduce uncertainty in the estimates. Moreover, pathogens can be transmitted by
multiple agents and via multiple pathways (Semenza et al.,, 2012), and some health outcomes, such as acute
gastrointestinal iliness (AGI), are known to be under-reported (Thomas et al., 2013).
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7.3 Climate Change, Water, and Health

Water quality and quantity are intricately linked and vary depending on geophysical, biological, and social
contexts. Water quantity refers to the abundance of water available in an ecosystem or community. Water
quality refers to the suitability of available water for a given task (e.g., drinking). Water security is a measure
of access to water of a sufficient quantity and quality to protect and promote health and well-being.
Hydrogeological factors, including soil, slope, and aquifer composition, as well as climatological factors, such
as temperature and precipitation, all influence water quality and quantity via complex and interconnected
pathways. Source water quality and quantity are the predominant factors that affect drinking water and drive
water treatment requirements (Boholm & Prutzer, 2017). The most significant determinant of water quality is
human activity (Trtanj et al., 2016). In most cases of water supply contamination, human activity is the source
of contamination, either directly, via human waste entering the water supply, or indirectly, through land-use
change, industry, or agriculture (Trtanj et al., 2016).

Climate change-related stressors, such as extreme rain events or rapid spring snowmelts, are increasing the
risks of water-borne disease. Generally, floods and high river flows dilute dissolved substances and transport
pathogens, while droughts and low river flows concentrate them (Delpla et al., 2009) with health implications
for populations using the water source. Healthy natural ecosystems are often able to filter biological and
chemical contaminants (e.g., through wetlands), highlighting the value of source water protection to drinking
water systems (DWSs) and health protection.

Climate change can affect water resources through multiple pathways, but water resources are principally
impacted by climate-driven changes to precipitation and temperature. In addition to an appropriate volume of
water, which may be affected by flood or droughts, many human health impacts are mediated by biological
or chemical agents in water that humans use, or come in contact with, through drinking water, bathing,
recreation, or ceremonial use. The primary implications for human health are illustrated in Figure 7.1. From a
Canadian perspective, the negative health effects associated with climate change impacts on water include
physical impacts (e.g., physical trauma) from floods, mental health impacts (e.g., due to exposure to extreme
weather events such as floods or droughts), and water-borne infectious diseases and other illnesses caused
by gradual warming and by chemical and biological contamination. Indirect impacts (e.g., to personal hygiene
or food security) are largely driven by limited access to water of a sufficient quantity or quality.
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Figure 7.1 Examples of the direct and indirect ways climate change can alter water quality and quantity and
affect health.
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7.3.1 Indigenous Peoples — Water is Life

First Nations, Inuit, and Métis peoples are diverse, with equally diverse beliefs, views, and experiences; however,
water is an area where views are widely shared (McGregor, 2012). Within many Indigenous teachings, water has

a variety of meanings, but underpinning all these is that “water is life” (AFN, 2013; Bharadwaj & Bradford, 2018).
Water is part of creation stories that many Indigenous Peoples’ identify with, and because water is considered “life”
itself, Indigenous Peoples often feel that they have a sacred connection to water and a responsibility to protect it,
now and for future generations (McGregor, 2012; Sanderson et al., 2015). The Assembly of First Nations speaks of
this responsibility as a never-ending circle from the “tiny droplets of water falling from the skies to the continuation
of its journey to the lakes and rivers and the ground where it is stored” (AFN, 2013, p. 1). Inuit Elders speak of the
healing quality of water gathered from the land when compared with municipally treated water, ‘| feel more alive
when I'm drinking river water. More alive. Active.” (Watson, 2017, p. 123).

To many Indigenous Peoples, water is sacred and has power, playing roles in their lives beyond hydration — for its
aesthetics; as medicine; as a symbol of fertility, purity, strength, and softness; as a home for living beings (some of
which are sources of traditional food); as a life-enriching cleansing agent; and an element of interconnectedness
(McGregor, 2012; Sanderson et al.,, 2015; Bharadwaj & Bradford, 2018). Water is not viewed as a discrete aspect

of the environment but as part of a holistic system. When considering the role of water, many Indigenous Peoples
account for its value beyond that for humans, for example, the plants that water nourishes, the fish that live in
water, the traditional medicines that grow in or around water, and the animals that drink water. Water is critical to
life and to the physical, emotional, mental, and spiritual well-being of many Indigenous Peoples (McGregor, 2012).
Climate-related changes in freshwater availability in the North has had impacts on subsistence food supplies and
connection to the land (Goldhar et al., 2013a).

To many Indigenous Peoples, water has a spirit and is to be respected as a living being. Water is considered by
many as a relative, or a participant in a caring and compassionate relationship. Many Indigenous Peoples view
various water bodies as having different personalities, and water is understood to have feelings and can be sad
and/or angry if it is not respected or treated properly. As with all relationships, there are responsibilities on both
sides, and water must be respected and allowed to perform its life-giving duties. Across Canada, there are local
protocols and ceremonies for giving thanks and for maintaining and establishing a spiritual connection to water
(McGregor, 2012).

Indigenous Peoples, along with all plants and animals, have the right to clean and healthy water and have the
responsibility to make informed decisions that affect the waters, planning at least seven generations ahead
(McGregor, 2012; Sanderson et al.,, 2015; CWB, 2018). Indigenous Peoples have sovereign, inherent, and treaty
rights over the land and waters in their traditional territories and continue to assert and exercise their rights and
responsibilities through ceremony and management practices, as traditional stewards of watersheds (AFN,
2013). The United Nations Declaration on the Rights of Indigenous Peoples, adopted by Canada, affirms the work
needed to achieve reconciliation, including in areas regarding water. Articles 25 and 32 of the declaration support

1 Theterm Indigenous is used in this chapter to refer collectively to the original inhabitants of Canada and their
descendants, including First Nations, Inuit, and Métis peoples, as defined under Section 35 of the Constitution Act,
1982. Wherever possible, clear distinctions are made between these three distinct, constitutionally recognized
groups. Indigenous Peoples outside of Canada are also referenced in some instances — particularly with respect to
international climate policy, processes, and rights — and are identified as such.
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the right of Indigenous Peoples to their special relationship with water and to act on their responsibilities to
future generations. The declaration calls for states to obtain free and informed consent before approving any
project affecting lands or territories and other resources, particularly in connection with the development, use, or
exploitation of mineral, water, or other resources (McGregor, 2012). This special relationship with water is important
context for considering the impacts of climate change on Indigenous Peoples for the rest of this chapter.

7.3.2 Water Quality

7.3.2.1 Drinking Water Systems and Health

Drinking water systems are designed to provide safe drinking water, and, by extension, to protect and promote
human health. Most of Canada’s population is serviced by large municipal DWSs, while approximately

15% of the population is serviced by smaller non-municipal systems (Pons et al., 2015). Some Canadians,
particularly those living in rural areas, access their drinking water through private water systems (i.e., privately
owned systems that provide drinking water to individuals and households that own the systems) such as
wells, springs, or surface water (Statistics Canada, 2011). In the Canadian context, there is no universally
agreed-upon definition of a small DWS, and there are important differences with regard to the definition

and regulation of small systems across provinces and territories (Charrois, 2010; Pons et al., 2015). For this
report, large DWSs are defined as those serving populations of 5000 or more, and small systems are those
serving populations of less than 5000 (Health Canada, 2005). Some DWS are supplied by surface water,

some by groundwater, and others use a mix of surface and groundwater sources. Approximately 10% of

the population relies on a groundwater source, and the majority of Canadians with private water supply use
groundwater sources (Statistics Canada, 2011; Murphy et al., 20716a).

The most studied health outcomes related to drinking water are AGI and other water-borne diseases. Small
and private DWSs across Canada are more vulnerable to contamination and AGI outbreaks than larger
municipally managed systems (Hrudey & Hrudey, 2004; Schuster et al., 2005; Uhlmann et al., 2009; Wilson
et al., 2009; Charrois, 2010). Investigations of past water-borne disease outbreaks in Canadian DWSs have
shown that a high proportion of outbreaks occurred in small DWSs (Moffatt & Struck, 2011), and are most
often the result of multiple risk factors such as system failures, lack of treatment, limited monitoring,
resource constraints, operator knowledge, or poor-quality source waters (Schuster et al., 2005; Wilson et
al., 2009). Private DWSs are commonly untreated and vulnerable to contamination (Schuster et al., 2005),
particularly surface water and groundwater under the direct influence of surface water sources (Murphy

et al, 2016b). Nevertheless, water-borne disease has been associated with DWSs of all sizes and sources,
including the largest recorded outbreak in the United States in Milwaukee, Wisconsin, in 1993 with 403,000
AGI cases (Corso et al.,, 2003). Although large municipal systems have multiple barriers in place to prevent
contamination and reduce the risk of both sporadic and outbreak-related iliness, a range of pressures,
such as population growth, aging infrastructure, resource constraints, and climate change, are placing
unprecedented pressures on these systems (Sharma et al,, 2010). Due to these pressures, there is a growing
risk that it may become more difficult for large municipal DWSs to reliably provide clean and dependable
drinking water supplies to Canadians (Shuster-Wallace et al., 2019; Shuster-Wallace et al., 2020).
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Although much of Canada benefits from reliable access to quality drinking water, many Indigenous
communities face long-standing challenges to accessing safe drinking water, including long-term drinking
water advisories and limited access to quality water or safe DWSs. In Canada’s North, Inuit and other
northerners often rely on trucked water systems, where water is delivered to individual homes or distribution
centres and stored in tanks until it is used (Daley et al., 2018). This system can adversely affect health due
to inadequate supply (e.g., tanks do not hold enough water to meet household needs) and quality (e.g.,
water may be contaminated during storage) (Daley et al., 2014). Water management issues in Indigenous
communities are discussed further in section 7.3.4.2 Impacts on Infrastructure.

Contamination of water destined for human consumption (e.g., drinking, cooking, and washing) or recreation
(e.g., swimming in open waters) is typically categorized as biological, chemical, or radioactive. Biological
contamination is microbial, from either bacteria, protozoa, viruses, or algae, and is usually managed by
municipal systems that combine filtration and disinfection (Ashbolt, 2015). Chemical contamination threats
are varied and include arsenic, lead, microplastics, and pharmaceuticals (i.e., synthetic hormones) (Kleywegt
etal, 2011; Uslu et al,, 2013). Many of these contaminants require sophisticated treatment (Kim et al.,
2018), which is a challenge for many of Canada’s DWSs. Radioactive contamination (e.g., isotopes of radium,
uranium, and radon) must be removed by filtration.

Many Canadian DWSs continue to face challenges with their drinking water. For example, between 2011
and 2017, on average, 10% of Canadian households on a municipal DWS reported being subject to a boil
water advisory at some point over the past year (Statistics Canada, 2021). A significant proportion (close
to 50%) of boil water advisories are issued as a result of drinking water distribution system problems such
as line breaks, pressure losses, or planned maintenance work. Most of these boil water advisories were
precautionary, and were rescinded when repairs or maintenance was completed (Health Canada, 2015).

Climate change can increase challenges to DWSs, through gradual warming, extreme weather events (e.g., floods,
droughts, wildfires), and saltwater intrusion, all of which can increase contamination of waters and the need for
treatment. The application of a risk-based approach to monitoring for potential contamination will be necessary as
climate change exacerbates current risks to water quality and creates unfamiliar risks in the future.

7.3.2.1.1 Mechanisms Through Which Climate Change Impacts Water Quality

There is a well-documented seasonality to many infectious diseases, including sporadic cases (Lake et al,,
2005; Britton et al,, 2010; Lal et al., 2013) and outbreaks of water-borne AGI. Outbreaks are considered to
occur if two or more epidemiologically linked people have a similar illness after exposure to the same water
source (Curriero et al., 2001; Auld et al., 2004). The level of exposure required to experience health impacts
differs according to the pathogen and, in many cases, the individual (e.g., less exposure may be required

in children than in adults). An overview of climate-sensitive biological agents of water-related illnesses is
provided in Table 7.1.
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Table 7.1 Climate-sensitive biological agents of water-related illness

PATHOGEN OR TOXIN
PRODUCER

EXPOSURE PATHWAY

SELECTED HEALTH
OUTCOMES AND
SYMPTOMS

MAJOR CLIMATE
CORRELATION OR
DRIVER (STRONGEST
DRIVER(S)
LISTED FIRST)

Algae: Toxigenic
marine species of
Alexandrium, Pseudo-
nitzschia, Dinophysis,
Gambierdiscus; and
Karenia brevis

Shellfish and fish
consumption

Recreational waters
(including aerosolized
toxins)

Drinking water

Gastrointestinal and
neurological illness
caused by shellfish
poisoning (paralytic,
amnesic, diarrhetic,
neurotoxic) or fish
poisoning (ciguatera)

Asthma exacerbations,
eye irritations caused by
contact with aerosolized
toxins (K. brevis)

Increased water
temperature, ocean
surface currents, ocean
acidification, hurricanes
(Gambierdiscus spp. and
K. brevis)

Cyanobacteria (multiple
freshwater species
producing toxins,
including microcystin)

Drinking water

Recreational waters

Liver and kidney
damage, gastroenteritis
(diarrhea and vomiting),
neurological disorders,
and respiratory arrest

Increased water
temperature,
precipitation patterns

Enteric bacteria and
protozoan parasites,
including Salmonella
enterica, Campylobacter
spp., toxigenic
Escherichia coli,
Cryptosporidium, Giardia

Drinking water
Recreational waters

Shellfish consumption

Enteric pathogens
generally cause
gastroenteritis; some
cases may be severe
and may be associated
with long-term and
recurring effects

Changes in air and water
temperature, heavy
precipitation (especially
when preceded by a dry
period), and flooding

Enteric viruses,
including enteroviruses,
rotaviruses, noroviruses,
hepatitis Aand E

Drinking water
Recreational waters

Shellfish consumption

Most cases result in
gastrointestinal illness;
severe outcomes may
include paralysis and
infection of the heart or
other organs

Heavy precipitation,
flooding, and changes
in air and water
temperature
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PATHOGEN OR TOXIN
PRODUCER

EXPOSURE PATHWAY

SELECTED HEALTH
OUTCOMES AND
SYMPTOMS

MAJOR CLIMATE
CORRELATION OR
DRIVER (STRONGEST
DRIVER(S)
LISTED FIRST)

Leptospira and
Leptonema bacteria

Recreational waters

Indoor cooling systems
that use water

Mild to severe influenza-
like illness (with or
without fever) to severe
cases of meningitis,
kidney, and liver failure

Flooding, increased
water temperature,
heavy precipitation

Vibrio bacteria species

Recreational waters

Shellfish consumption

Varies by species but
includes gastroenteritis
(V. parahaemolyticus, V.
cholerae), septicemia
(bloodstream
infection) through
ingestion or wounds

(V. vulnificus), skin, eye,
and ear infections (V.
alginolyticus)

Increased water
temperature, sea-

level rise, precipitation
patterns (as they affect
coastal salinity)

Legionella bacteria
species, non-tuberculous
mycobacteria
(suggestive evidence)

Indoor cooling systems
that use water

Pneumonia

Air temperature,
extreme weather events,
proliferation of air
conditioning use

Source: Trtanj et al.,, 2016

Distinct seasonality of water-borne diseases across different hydroclimatic systems has been observed, both
in Canada and elsewhere (Bertuzzo et al., 2012; Galway et al., 2074). A number of epidemiological studies
have observed a positive association of AGI with ambient air temperature, as well as with flooding and
heavy rainfall events, explaining part of these seasonal patterns (Levy et al.,, 2016). For example, AGI rates
in selected watersheds in British Columbia (bacterial and protozoan combined) peak in the early summer
among snow-dominated watersheds and in the fall for rain-dominated ones, which roughly corresponds
to when each of the two different hydroclimatic regimes experience most surface runoff and groundwater
recharge (Galway et al., 2014). Extreme rain events increase this discharge, often measured as turbidity in
source water, particularly after a dry period (Chhetri et al., 2017). By understanding hydroclimatic factors,
including seasonal changes related to climate change and underlying seasonal AGI trends, DWS designers
and operators can take measures to improve filtration and treatment efficiency and reduce contamination
and risks of AGI during expected seasonal peaks in disease (Galway et al., 2014).
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Box 7.1 Water, watersheds, and health

The watershed represents more than just a drainage basin; it describes a complex socio-ecological system,
evolved over millennia, that is connected by water, which all life depends on (Parkes et al,, 2010). Watersheds
encompass the land contained within the drainage basin and are linked systems, with small streams forming
their own watersheds nested within ever-larger catchment areas, up to the global scale (e.g., the Ottawa River
is itself a large watershed, which is part of the even larger St. Lawrence River watershed). Watersheds can be
described physically as a basin, in which gravity acts upon the water, that enables downstream exposures to
upstream pathogen sources.

Increasingly, water management and other natural resources and ecosystem management initiatives are
being undertaken at the watershed scale, such as by Ontario’s conservation authorities (Conservation Ontario,
n.d.). Nationally, watershed-based approaches to ecosystem management have emerged as galvanizing
forces for participatory or community-driven action (Bakker & Cook, 2011; Guehlstorf & Hallstrom, 2012;
Morris & Brandes, 2013; Gérin-Lajoie et al., 2018). British Columbia alone has more than 230 community-
based groups working to protect water quality, many of which are volunteer-driven.

This growing interest in water resources management and environmental protection at the watershed scale
creates opportunity for citizen-led efforts to monitor, report on, and respond to health-relevant climate change
impacts on water resources. For example, many Indigenous communities have been developing watershed
strategies as a means of governance over their resources. Engagement of youth has been pursued by many
to create the next generation of “watershed warriors” (AFN, 2013). Numerous First Nations communities in
the Prairies have completed source water protection plans (Patrick, 2018) that will benefit human health.
Indigenous Peoples are faced with long-standing issues and challenges in reacting or responding to the many
competing pressures to protect their watersheds (AFN, 2013; Goldhar et al., 2013a). Organizations focused

on governance and management at the watershed scale are critical components of protecting watersheds as
social-ecological systems (Canadian Council of Ministers for the Environment, 2016; Picketts et al., 2017).

The patterns, frequency, and intensity of precipitation may influence water-borne AGI through several
mechanisms. Precipitation patterns can influence overland flow, runoff, and erosion, and lead to re-
suspension of particles and pathogens, increasing the potential for surface and groundwater contamination
by pathogens and affecting the effectiveness of DWSs (Semenza et al., 2012). Some research indicates that
heavy rain following a period of drought can lead to overland flow events with particularly high pathogen
loads and increased risk of surface water contamination (Levy et al.,, 2016). Additionally, extreme rainfall
events may increase microbial concentrations in drinking water supplies due, in part, to increased particulate
matter following surface runoff and re-suspension of river bottom sediment by increasing turbidity (Mann

et al., 2007; De Roos et al.,, 2017). Turbidity refers to the cloudiness of water or undissolved solids and is a
proxy indicator of water quality. High turbidity has been shown to reduce the effectiveness of water treatment
in DWSs and may also provide a medium for microbial growth in source waters (Mann et al., 2007). The
influence of snow-related precipitation (e.g., rain-on-snow events, snowmelt, or spring thaws) could also
affect the risk of AGI but remains largely unstudied (Jagai et al., 2012).
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Nearly 70% of all water-borne disease outbreaks in the United States from 1948 to 1994 occurred after

a heavy rain event (Curriero et al., 20071). Heavy rain has also been identified as a contributing factor in
Canada’s Walkerton, Ontario, tragedy (Auld et al., 2004) and the largest outbreak of AGI in the United States
in Milwaukee in 1993. In Milwaukee, a heavy precipitation event quickly saturated the soil, causing surface
runoff and associated turbidity, resulting in a compromised water treatment process (Curriero et al., 2007).
Unlike the Milwaukee event that was associated with a single large rain event, the Walkerton event followed
multiple days of heavy rain that saturated the soil, leading to the contamination of a drinking water production
well. The water supply was contaminated with multiple pathogens (Auld et al., 2004) reaching consumers
after additional failures in the water treatment process (Hrudey et al., 2003). These examples highlight some
of the similarities and differences among DWSs concerning how extreme precipitation can affect water
quality under various hydrological conditions and possible implications of future climate change.

In Canada, sporadic AGI cases are likely responsible for a greater burden of illness than AGI outbreaks, but
are more challenging to study. Two relatively large 10-year studies in British Columbia recorded an average
19 cases/100,000 and 26.9 cases/100,000, respectively. There were no outbreaks during the two study
periods (Uhlmann et al., 2009; Chhetri et al., 2017). Identifying transmission pathways and under-reporting,
including the possibility of unreported outbreaks, presents challenges (Hunter & Thompson, 2005). However,
emerging evidence suggests that heavy precipitation events can be associated with increases in sporadic
AGI in municipal DWSs (Chhetri et al.,, 2017). While the risk to specific indviduals is small, due to the large
populations exposed, the number of cases or population attributable risk is significant. Considering that
most AGI cases go unreported, AGI estimates are likely to be quite conservative. In a representative survey in
British Columbia, it was estimated that only once in 48.5 cases of cryptosporidiosis and once in 40.7 cases of
giardiasis are reported (MacDougall et al., 2008).

Before a membrane-filtration drinking water treatment plant was installed for much of Metro Vancouver in
2010, a significant increase in water-borne disease two to four weeks after heavy rain events (defined as
above the 90th percentile) was observed (Chhetri et al,, 2017). Using identical methods, another study by the
International Joint Commission found similar associations in three municipal DWSs sourcing water from the
Great Lakes region (Mezzacapo et al,, 2018). In both studies, a dry period, defined as at least 30 days of the
previous 60 without precipitation, was a significant mediating factor increasing risk. A preceding dry period of
some length has also been observed in other studies (Levy et al., 2016). It is hypothesized that a dry period,
or drought, allows for accumulation of pathogens in the environment and source waters, increasing the

risk of drinking water contamination (Levy et al., 2016). While these studies cannot be extrapolated to other
watersheds across Canada, they do highlight the vulnerability to sporadic illness due to heavy rain events in
some municipal systems, independent of outbreaks due to DWS failures. For many regions in Canada, climate
change is expected to increase extreme rain events (Chhetri et al., 2017; Bush & Lemmen, 2019). More
studies are needed to examine the effects of extreme rain following dry periods on the various types of water
treatment available and how each performs in the many types of watershed-level hydroclimatic systems
across Canada.
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7.3.2.2 Saltwater Intrusion

In coastal regions of Canada, the intrusion of saltwater from the ocean into coastal aquifers is a growing
concern, as the saltwater can contaminate the groundwater, making it unusable for drinking or irrigation.
Population increases, accompanied by increased groundwater demands, as well as rising sea levels and
storm surges, are all driving factors of this phenomenon (Klassen & Allen, 2017). The complex interactions
between fresh and saline coastal aquifers make it difficult to study these changes. As saltwater intrusions
may last years and even decades, their impacts on water and food security, and implications for human
health, can be long-lasting and severe (Luh et al., 2017). Contamination of groundwater by ocean water leads
to increased demand on surface water sources and uncontaminated groundwater sources. Small islands
with growing populations, such as British Columbia’s Gulf Islands, are particularly vulnerable. The increased
density of coastal wells on some Gulf Islands has resulted in a depressed water table, resulting in saltwater
intrusion and possible contamination of wells located nearest to the coast (Klassen & Allen, 2017). Saltwater
intrusion events have also occurred in the Canadian Arctic and Atlantic Canada (Somers & Nishimura, 2012;
Thienpont et al., 2012).

7.3.2.3 Pathogens in Sewage Found in Ocean Water

Pathogens found in sewage can end up in ocean water and bioaccumulate in shellfish, particularly filter-
feeding bivalves such as oysters, mussels, and clams (Le Guyader et al., 2000), which, when consumed raw or
undercooked, can cause sporadic iliness and disease outbreaks (Bellou et al.,, 2013). The pathogens of main
concern include norovirus and hepatitis A, both viruses. Norovirus is a very common cause of gastroenteritis,
causing symptoms such as nausea, vomiting, diarrhea, and low-grade fever, lasting one to three days. It
occurs primarily in the winter months and causes numerous community and facility disease outbreaks. It is
usually self-limiting; a small proportion of patients require hospitalization for dehydration (Heymann, 2015).
Hepatitis A causes liver infection and manifests as fever, nausea, abdominal pain, and jaundice. Most people
recover without treatment, but adults can experience a more serious course with chronic liver disease, and
1% to 2% of cases are fatal (Heymann, 2015). These pathogens can contaminate food through contact with
an infected food handler or from direct contact with human sewage.

Vibrio spp. are the most common form of bacteria to affect human health in Canada following the
consumption of fish and shellfish (see section 7.3.4 Water Security and Society). However, bacteria other
than Vibrio spp. are occasionally found in fish and shellfish and have caused outbreaks (Burkhardt & Calci,
2000; Feldhusen, 2000: DePaola et al., 2010). Salmonella is the most common cause of such bacterial
contamination in Canada, although, on occasion, Escherichia coli, Campylobacter, and Shigella have
contaminated fish or shellfish. These bacteria are introduced into the marine environment from animal or
human feces or during processing. Agricultural runoff is another possible source of marine contamination
and disease outbreaks, although it is uncommon. Although V. cholerae are naturally occurring marine bacteria,
illness risk is amplified in areas where sewage is not controlled.

Direct contact with human sewage is commonly how shellfish become contaminated (Campos & Lees, 2014).
Climatically driven increases in extreme precipitation events may result in an increased number of sewage
water releases, particularly in combined stormwater and sewage water systems. Overflows occur when
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raw sewage enters the environment via accidental or planned discharges from municipal sewer systems,
storm drains, or septic systems, or seepage from damaged sewage pipes (Cook et al., 2009; Miller et al.,
2018). Numerous shellfish-related disease outbreaks have been reported in association with overflow events
(Maalouf et al., 2010). Some studies have linked heavy rainfall to overflows, oyster contamination, and
norovirus outbreaks in Canada (Doyle et al., 2004; CBC, 2012). Extreme rainfall also reduces marine water
salinity, which enhances norovirus survival (Wang & Deng, 2016).

7.3.2.4 Phytoplankton and Algal Blooms

Phytoplankton are microscopic organisms found in both fresh and marine waters and are sensitive to
climate. Two common forms include algae and cyanobacteria (Zimmerman, 2015). Phytoplankton growth is
determined by temperature, light, freshwater discharge, salinity, upwelling, and the availability of nutrients
(Moore et al., 2008; Finnis et al., 2017; Vandersea et al., 2018). Climate change is providing favourable
conditions for algae and cyanobacteria in ocean and freshwaters globally. Reports of blooms are becoming
increasingly common in lakes across Canada (Pick, 2016). Some species of freshwater cyanobacteria
produce toxins (cyanotoxins) that are harmful to human health when ingested, leading to liver, skin, and
nervous system toxicity (Hilborn & Beasley, 2015). Cyanobacteria should not be confused with the toxic
marine algae that contaminate shellfish and cause gastrointestinal neurological disease; however, together
they are commonly known as "harmful algal blooms” (Carmichael & Boyer, 2016).

Marine biotoxins are produced by phytoplankton found in ocean waters. They accumulate in shellfish or fish
and can cause human iliness when ingested raw or cooked. Three toxin groups of concern have been found
off both the Pacific and Atlantic coasts of Canada and can accumulate in bivalve and invertebrate shellfish.
Other marine biotoxins, such as ciguatoxin, occur in tropical waters and can be found in fish imported to
Canada (Visciano et al,, 2016).

Diarrhetic shellfish poisoning (DSP), characterized by nausea, vomiting, and diarrhea, can last one to three
days and is caused by okadaic acid group and dinophysis toxins produced by several species of Dinophysis
and Prorocentrum (Taylor et al., 2013a). Saxitoxin describes a group of more than 30 toxins and derivatives
produced mainly by Alexandrium ssp., causing paralytic shellfish poisoning. This illness is characterized by
diarrhea, numbness, tingling, paralysis of the mouth and extremities, headache, and difficulty walking and
swallowing, and it can also be fatal (Alexander et al., 2009; Etheridge, 2010). Domoic acid (DA), produced

by diatoms called Pseudo-nitzschia, causes amnesic shellfish poisoning (ASP), characterized by diarrhea,
headache, dizziness, confusion, permanent or short-term memory loss, and seizures. It can also be fatal (Perl
et al., 1990; Grattan et al., 2018).

The first reported ASP outbreak was associated with mussels from North American Atlantic waters in 1987
(Perl et al., 1990). In 2011, an outbreak of DSP was associated with the consumption of mussels from British
Columbia (Taylor et al., 2013a). Paralytic shellfish poisoning cases are routinely reported in British Columbia
and the Atlantic provinces (Prakash et al,, 1977; Finnis et al., 2017). On the Pacific Coast of the United States,
DA has been found in traditional marine foods, such as razor clams (Grattan et al., 2018). The US Food and
Drug Administration has established a regulatory safety level of 20 parts per million of DA for human shellfish
consumption. However, a study with coastal Indigenous Peoples who consumed clams from Washington
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State showed deficits in memory and recall capacity with repeated DA exposures below this level (Grattan
et al, 2018). Health Canada has also established regulatory safety levels for various contaminants, some of
which are currently under review. Currently, Health Canada (2020) has established a limit of:

20 mg/kg of DA for human shellfish consumption;
0.2 mg/kg of DSP toxins in edible shellfish tissue for human consumption; and

0.8 mg/kg of paralytic shellfish poisoning toxins in edible shellfish tissue for human consumption.

Temperature and nutrient loading are major determinants of harmful algal blooms and are influenced by
temperature and extreme precipitation in both freshwater (IJC, 2017) and oceans, although few studies have
directly assessed the link between climate change and marine biotoxins. Gobler et al. (2017) showed that,
from 1982 to 2016, increasing ocean temperatures led to an increase in Alexandrium and Dinophysis bloom
season duration and growth rates. Other researchers projected an increase in algal blooms in response to
climate change—driven changes to marine ecosystems, particularly warming ocean temperatures in Canada
(Glibert et al., 2014; Moore et al., 2015; DFO, 2020).

An increasing number of marine harmful algal blooms and biotoxin outbreaks are being reported worldwide.
This is likely due to a combination of climate change, increased nutrient load in coastal waters, heightened
awareness, and improved diagnostic capacity (Botana, 2016; Gobler et al,, 2017). Harmful algal blooms and
disease outbreaks are being reported from new or expanding geographical areas. DSP outbreaks are being
reported in new areas of North America and Europe, and cases have been reported in British Columbia, Nova
Scotia, and Newfoundland (Todd, 1997; Deeds et al.,, 2010; Taylor et al., 2013a; Gobler et al., 2017). Paralytic
shellfish poisoning has appeared in new areas, such as Iceland (Gobler et al., 2017), and saxitoxin-producing
planktons are expanding in other Arctic regions, such as Alaska (Anderson et al., 2019). Ciguatoxins are spreading
northward and southward and have now been found in the Canary Islands, Crete, Madeira, and Southern Australia
(Botana, 2016).

Harmful algal blooms and disease outbreaks usually occur during summer months, when the temperature
is higher and more light is available (Moore et al., 2008). Climate change is increasing both ocean and
freshwater temperatures, and this could increase the range, growing season, and growth rate of certain
phytoplankton (Moore et al., 2008; Gobler et al., 2017). While some harmful algal blooms occur without
anthropogenic inputs, others are caused by large external inputs of nitrogen and phosphorus (e.g., from
chemical or manure-based agricultural fertilizers). These nutrients end up in the waterways adjacent to
agricultural land, resulting in explosive growth, particularly following a dry spring coupled with an extended
warm period (Pick, 2016). This has been observed, for example, in British Columbia freshwater, with the first
heavy rains of the fall (Galanis et al., 2014). Cyanobacterial blooms most often occur in warm, nutrient-rich
waters with low amounts of mixing among its layers (Hilborn & Beasley, 2015). In addition to more favourable
conditions with warming waters, the increased surface runoff associated with extreme precipitation

events can transport biological pathogens, as outlined above, and also transfer nutrients into source

water, promoting algal growth (Delpla et al., 2009). Lake Erie, the shallowest of the Great Lakes, frequently
experiences cyanobacteria blooms, while blooms in the other Great Lakes occur much less frequently
(Carmichael & Boyer, 2016). Harmful algal blooms have increased across Canada over the past few decades
(DFO, 2020).
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The efficacy of water treatment for cyanotoxins ranges from 60% to 99.9% (Zamyadi et al., 2013). Efficacy

of treatment varies because each species of cyanobacteria responds to treatment options differently.
Monitoring and correctly identifying the species is an important component of treatment; however, this often
requires time-consuming analysis by highly qualified personnel. Next-generation gene sequencing is currently
being explored as an alternative approach to cyanobacteria identification and screening (Zamyadi et al.,
2019), which may reduce barriers to enhanced monitoring. In regions where lake and streamflow rates are
projected to decrease in the summer months, the nutrients may become more concentrated. The increased
water temperatures that result from this low flow will further promote growth.

Warming may also lead to growth of toxigenic plankton able to survive in low-nutrient conditions, leading to
greater risk of ASP in warmer waters (McCabe et al., 2016). Areas of a watershed that have been recently burned
by wildfire can cause an increased nutrient load into a water source through depositions of ash (Emelko et

al., 2011; Emelko et al., 2016) and may increase the risk of such blooms, at least in freshwater (Martin, 2016).
Whether wildfire-derived nutrient loads have an impact in coastal waters is unknown. However, given that nutrient
availability is a key determinant of phytoplankton growth, this is a realistic scenario (Sundarambal et al., 2010;
Morrison & Kolden, 2015). The number of wildfires in Canada is increasing, highlighting the importance of this
nutrient source (Wang et al., 2015). The relationships between wildfires, nutrient loading, algal blooms, and human
health warrants further study (Wang et al., 2015; Wotton et al,, 2017; Hallema et al., 2018).

7.3.3 Water Quantity

While the demand for water in many Canadian communities is increasing due to growing populations, industry,
and agricultural needs, climate change has reduced the availability of water in some locations, with the greatest
vulnerability being in Southern Ontario, the Southern Prairies, and the Southern Interior of British Columbia (Andrey
et al, 2074). Climate change will continue to cause fluctuations in water quantity across Canada; some locations
may experience both reductions and increases, but at different times (Bush & Lemmen, 2019). Indigenous
communities, often located in low-lying and flood-prone areas, are particularly vulnerable to these fluctuations
(ISC, 2020b; Thistlethwaite et al., 2020). In Canada, mean annual precipitation has increased, on average, with

the greatest percentage increases occurring at more northern latitudes (Bush & Lemmen, 2019). Normalized
precipitation (precipitation expressed as a percentage) has, on average, increased by 20% across Canada from
1948 t0 2012 (Vincent et al,, 2015). Despite absolute precipitation typically being lower in Canada’s North, from
1948 to 2012, precipitation in that region increased by 30% (Vincent et al., 2015). However, due to a low density

of meteorological stations and the associated paucity of data, there is low confidence in this estimate. Smaller
increases in normalized precipitation have been observed in some regions of Southern Canada. Additionally, some
seasonal differences have been observed. For instance, precipitation has increased in all four seasons in Northern
Canada, while in Southern Canada, although it has increased in most seasons, these increases were rarely
statistically significant (Bush & Lemmen, 2019).

Due to limited data availability, long-term precipitation trends (greater than 100 years) are available only for
Southern Canada. Since 1900, a 5% increase in precipitation has been observed in Southern Canada, while the
ratio of snowfall to total precipitation has decreased; this pattern is most pronounced in spring and autumn
(Vincent et al., 2015). These shifts toward precipitation falling as rain instead of snow have led to earlier
spring melts and increased streamflow in many areas (Vincent et al., 2015).
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Table 7.2 Health impacts of drought

PRIMARY IMPACTS

Impact Cause

Reduced water availability concentrates pathogens, and associated

Water- and food-borne warmer temperatures may contribute to pathogen prevalence

diseases Greater erosion and compacting of soil so that rainfall events lead to

increased runoff and associated point and/or non-point sources of pollution

In coastal communities, groundwater sources may become infiltrated by
saltwater in drought or water-scarce conditions, causing hypertension
(Naser et al,, 2019) and reducing available water for drinking and washing

Increase in harmful algal blooms and iliness related to harmful algal
bloom toxins

Water-related illness Inadequate access to water supplies affect hygiene, increasing
susceptibility to disease

Reduced access to potable water may lead to dehydration and failure

of liver, kidney, and other organs after a matter of a few days, or
approximately 10% body loss; in the presence of AGI with severe diarrhea,
the margin of time to more severe illness or death without water can be
only hours

Increased abundance of disease-carrying vectors (e.g., mosquitos) due to
changes in reservoir species behaviour, impacts on mosquito predators,
and reduced flushing of mosquito larvae in urban and suburban

Infectious diseases environments (see Chapter 6: Infectious Diseases)

Increased growth of harmful fungi which may be of increasing
importance due to emerging anti-fungicidal resistance (see Chapter 6:
Infectious Diseases)

Increased dust storms and an increased concentration of fine particulate

Respiratory impairments . .
P yimp matter in the air
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SECONDARY IMPACTS

Impact Cause

Reduced agricultural outputs and/or negative economic impacts,
reducing the ability of Canadians, particularly those with low incomes, to
purchase nutritious foods (see Chapter 8: Food Safety and Security)

Malnutrition and food
security

Impacts on Indigenous Peoples who depend upon sometimes transient
water sources that sustain them physically, culturally, and spiritually,
Mental health along with agricultural workers whose families and livelihoods may be
threatened (see Chapter 2: Climate Change and Indigenous Peoples’
Health in Canada and Chapter 4: Mental Health and Well-Being)

Increased recreational water use during warm and dry weather heightens
exposure to increased concentration of pathogens in the available water,

Recreational exposure and leading to more iliness (e.g., leptospirosis, AGI)
injury
Low water levels may increase the likelihood of recreational injuries (e.g.,

spinal injuries resulting from diving or jJumping into bodies of water)

Increased concentration of particulate matter and allergens in the air;
Respiratory impairments smoke from wildfires, in part driven by drought conditions, reduces air
quality (see Chapter 5: Air Quality)

Source: Adapted from Yusa et al,, 2015

7.3.3.1 Drought

Drought is “a prolonged period of abnormally dry weather that depletes water resources for human and
environmental needs” (Yusa et al., 2015, p. 8360). Water scarcity associated with drought is linked to
hydrometeorological conditions; other factors, such as human impacts on water resources and increased
demand, can exacerbate the effects of drought (Yusa et al., 2015; Cook et al,, 2017). The most immediate
impact of drought is on availability of water for both humans and the environment, but quantity concerns
will progress to quality concerns as drought persists. Lower river flows mean that point sources of pollution
could have a higher impact on ecological systems, communities, and health. Drought periods followed by
precipitation increase the risk of water-borne disease (Whitehead et al., 2009; Chhetri et al., 2017) (see
Chapter 3: Natural Hazards). During drought, pathogens may accumulate in the environment (e.g., in riparian
zones); when precipitation returns, heavy loads of contamination are flushed from the landscape into water
sources (Whitehead et al.,, 2009). A Canadian study examining the risk of cryptosporidiosis and giardiasis
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found risk increased after extreme rain events — events in which rainfalls exceeded the 90th percentile of
weekly average precipitation — and that this risk further increased if 30 of the previous 60 days had had

no precipitation (Chhetri et al., 2017). Additionally, increased temperatures associated with drought may
increase the speed of many chemical processes, lower the amount of dissolved oxygen available for aquatic
fauna, and affect growth of micro-organisms (Cook et al., 2017). All of these factors put increased treatment
demand on municipal water supply systems and could have implications for human health.

The possible health impacts of drought are presented in Table 7.2. The impacts of drought can be far-
reaching and include, for example, the mental health impacts of coping with drought while depending upon
non-irrigated agriculture (Edwards et al., 2015).

Concerns about the effects of drought on water security are increasing around the world and across Canada.
Extreme temperatures associated with climate change are expected to increase drought risk in Canada at the
end of the century under a high emissions scenario, particularly in the southern Canadian Prairies and British
Columbia interior (Bush & Lemmen, 2019). Some Canadian cities have had to develop drought preparedness
plans, including Tofino, British Columbia, a small coastal tourist town that sources water from a nearby lake
(Lloyd, 2017). Tofino's watershed experiences no snowpack, making it entirely dependent on rain that falls
during the rainy season to last through the summer months (Lloyd, 2017). In the summer of 2006, Tofino was
forced to implement severe water restrictions and rely on imported potable water and a backup unpotable
source to allow local businesses to continue to operate (Lloyd, 2017). While smaller island watersheds are
notably at a higher drought risk, aquifer-dependent communities can also be at risk. Such is the case with
Merritt, British Columbia, a hot and arid inland community that is solely dependent on an aquifer that is slowly
depleting (Lloyd, 2017). These realities are leading some regions to weigh the costs of using alternative water
sources, such as desalinated sea water, recycled potable water, inter-basin water transfers, and decentralized
water sources (Lam et al., 2017).

7.3.3.2 Streamflow and Showmelt

Streamflow has been correlated with pathogenic contamination of source waters and with turbidity and may
therefore influence drinking water contamination and AGI risk (Lake et al., 2005; Jagai et al., 2012). Both high
and low flows have been identified as risk factors for degraded water quality (Jalliffier-Verne et al., 2015). As
average temperatures rise as a result of climate change, spring snowmelts are projected to occur earlier in
many locations throughout Canada, resulting in increased spring flows that may be followed by decreased
flows throughout the summer (Bush & Lemmen, 2019). Snowmelt can act on AGI transmission pathways in
similar ways to rain events (Jagai et al., 2012), for example, by driving increased contamination of source water,
contributing to flood risk, and potentially overwhelming water treatment measures (Chhetri et al., 2017).

7.3.3.3 Extreme Precipitation

Changes in extreme precipitation (measured by a period of a day or less) due to warming have not yet been
observed at Canadian weather stations at a national scale but have been observed on much larger scales
globally, where more data are available (Westra et al., 2013). Extreme precipitation trends are difficult to
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observe on a smaller scale because of natural variability. However, Environment and Climate Change Canada
projects with high confidence that daily extreme precipitation will increase in Canada, with the return periods
— the time between events — projected to decrease (Bush & Lemmen, 2019). Globally, the median increase

in extreme precipitation is approximately 7% per 1°C increase in global mean temperature (Westra et al,, 2013).
Extreme precipitation can affect human health by driving flood events, contributing to source water contamination
through runoff, stressing the capacity of DWSs, and other impacts (see Chapter 3: Natural Hazards).

7.3.3.4 Flooding

Flooding is the most frequent and costly natural hazard globally (CRED & UNISDR, 2015; Henstra &
Thistlethwaite, 2017) and in Canada (Kovacs & Sandink, 2013). Climate change is anticipated to contribute
to an increase in flood events worldwide (IPCC, 2014). In Canada more precipitation will fall as rain rather
than snow in the coming decades (Bush & Lemmen, 2019), and regional climate models have projected an
increase in rain-on-snow events across North America (Il Jeong & Sushama, 2018). It is unclear what the
combined impacts of warm temperatures and reduced snowpack will have on snowmelt-related flooding
events (Bush & Lemmen, 2019). Streamflow-related flooding events are also complex, making it difficult to
project changes in flood frequency and intensity (Bush & Lemmen, 2019).

Although climate change may not increase flooding in all areas of Canada, a general increase in flood risk is
likely in urban areas, where land-use patterns may exacerbate flooding, and in coastal areas where flooding

is driven by sea-level rise (Bush & Lemmen, 2019). Many Canadian dams and dikes are vulnerable to failure,
and these risks will rise as extreme rain events and flooding increase with climate change (McClearn, 2020).
Record-keeping is often sparse and poorly regulated for the country’s 14,000 dams (McClearn, 2020). A report
issued following the 2017 failure of the Gorie Dam on the North Maitland River in Southwestern Ontario due
to heavy rains, noted that, in Ontario, many dams and weirs “are approaching or have exceeded their normal
life expectancy” (Greck and Associates Limited, 2018, p. 5).

In Canada, floods are often caused by heavy rain and/or the fast melting of snow and ice due to rapidly
rising temperatures in the spring. During these conditions, overland flow of water can transport biological
and chemical contaminants from surrounding areas into adjacent surface water bodies or unprotected

wells. Abandoned wells can provide a conduit for contaminants to enter an aquifer used by other adjacent,
properly sealed wells. Common contaminants are bacteria, viruses, and parasites, or chemical pollution

from industrial, agricultural, or residential waste systems. Inundation and increased turbidity can overwhelm
drinking water and wastewater treatment systems and are a significant health risk during these events
(Hrudey et al., 2003). Globally, floods in coastal areas and riverine estuaries are increasing due to sea-

level rise and storm surge from extreme weather events (IPCC, 2014; Kinney et al., 2015). Health risks

from flooding can include mortality directly associated with flooding, such as drowning (Lowe et al., 2013);
hypothermia (Lowe et al., 2013); injuries, such as broken bones (Doocy et al,, 2013); gastrointestinal illness
(Vollaard et al., 2004); zoonotic diseases such as hookworm (Kovats & Akhtar, 2008); vector-borne illnesses
(Ahern et al., 2005); respiratory issues from exposure to bio-contaminants following a flood (Hulin et al., 2012)
(see Chapter 5: Air Quality); mental health impacts (Azuma et al.,, 2014); and pediatric conditions, such as
childhood obesity (Dancause et al.,, 2013). Health risks from flooding are also discussed in Chapter 3: Natural
Hazards, Chapter 4: Mental Health and Well-Being, and Chapter 6: Infectious Diseases. Table 7.3 provides
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information on the primary and secondary health impacts of floods. Many impacts can be addressed or

reduced with adequate warning and preparation, along with adherence to basic safety precautions related to
the operation of motor vehicles, the use of combustible fuels in closed spaces, the use and management of

electrical infrastructure and equipment, and the proper management and oversight of drinking water supply

and treatment systems.

Table 7.3 Health impacts of floods

PRIMARY IMPACTS

Impact Cause
Drowning or acute trauma (e.g., from debris or building collapse) usually
Mortality attributable to motor vehicle accidents or high-risk behaviours in flooded

areas (e.g., swimming, wading through flood waters, etc.)

Hypothermia

Exposure to floodwater causing a drop in core body temperature

Cardiovascular stress

Exertion and stress related to the event, leading to high blood pressure,
heart attacks, and strokes

Physical injuries

Direct contact with floodwater, causing lacerations, skin irritations,
bruises, and wound infections

Mental health

Adverse psychological responses to flood events, associated damage,
and emergency situations, such as depression, anxiety, and post-
traumatic stress disorder; these impacts may be particularly severe for
those who face evacuations due to flood events — these impacts may be
both a primary and seconday effect of flooding

Infection

Aspiration of water into the lungs, causing pulmonary swelling, lung
irritation, and fungal infection

Orthopedic injuries

Contact with water-borne debris, attempts to escape from collapsed
structures, falls from ladders, and attempts to rescue people or
pOoSsessions can cause sprains, strains, and other orthopedic injuries
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SECONDARY IMPACTS

Impact

Cause

Electrocution

Contact with downed power cables/lines, circuits, and electrical
equipment in contact with standing water

Burns and explosion-related
injuries

Disturbed propane and natural gas lines, tanks, power lines, and chemical
storage tanks; toxic gas emissions; rescue boats coming into contact
with power lines, leading to fire, chemical, or explosion-related burns

Vector-borne illness

The creation of pools of stagnant water may result in increased mosquito
breeding and an associated increase in mosquito-borne ilinesses

Impacts to the health system

Disruption or decreased availability of emergency and ongoing health
services, because of damage to health infrastructure; decreased ability

to provide/access care; displacement of patients and staff; impaired
surveillance of illness, injury, or toxic exposure to health care staff; loss of
medical records; and loss/impairment of medication and medical devices

Mental health

Adverse psychological responses to flood events, associated damage,
and emergency situations, such as depression, anxiety, and post-
traumatic stress disorder; these impacts may be particularly severe for
those who face evacuations due to flood events — these impacts may be
both a primary and seconday effect of flooding

Carbon monoxide poisoning

Health impacts associated with inappropriate use of unventilated cooking
tanks (e.g., barbeques), pressure washers, and gas-powered generators

Burns/smoke inhalation

House fires started by candles used during power outages that can be
associated with flood events

Dehydration and
environmental exposure

Exposure of vulnerable populations to environmental stresses in days
following the event, leading to heat exhaustion, heat stroke, heart attack,
and stroke
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SECONDARY IMPACTS

Contaminated food and water from sewage overflows; flooding of
agricultural areas; transport of sediment, fertilizers, and pesticides into
waterways; damage and disruption of drinking water system operations;
leakage of toxic materials from industrial sites into waterways

Water- and food-borne
diseases

Health risks include gastrointestinal issues, infectious diseases such as
Legionella pneumophila, norovirus, rotavirus, and hepatitis A and C

Respiratory contaminants from mould, bacterial, and other fungal growth

Respiratory issues
on damp structures

Source: Adapted from Berry et al., 2014a

7.3.3.5 Projected Sea-Level Rise

Sea-level rise contributes to flooding and coastal erosion and is important to consider during infrastructure
planning and maintenance, as well as for the protection of human and ecosystem health (see Chapter 3: Natural
Hazards). Warm water expands; therefore, as oceans absorb heat from the atmosphere, sea-level will rise. Global
sea levels may rise by up to T metre by 2100 (Bush & Lemmen, 2019). However, because landmasses are slowly
moving vertically through uplift and subsidence, the relative sea-level rise experienced on land is variable. In
Canada, sea-level change by 2100 will range from -0.9 metre to 1 metre (Bush & Lemmen, 2019). Larger storm
surges are projected for Canada'’s Arctic and Atlantic coasts, which will cause additional coastal flooding in

some regions. Storm surges and rising sea levels could place additional pressures on water and wastewater
infrastructure located along the coast, in addition to contributing to saltwater intrusion of coastal aquifers, which is
already occurring in some regions of Canada, such as the Gulf Islands in British Columbia (Klassen & Allen, 2017).

7.3.3.6 Projected Precipitation

Mean precipitation in Canada is projected to increase or decrease, depending on season and location (Figure
7.2). By mid-century, depending on the emissions scenario used, Canada is projected to experience an
increase of around 5.5% to 7% mean precipitation in all seasons nationally. Under a high emissions scenario
(Representative Concentration Pathway [RCP]8.5), by the year 2100, this projected increase reaches 24%, with
some Arctic regions increasing by more than 30%. Under a low emissions scenario (RCP2.6), a 7% increase is
projected nationally (Zhang et al., 2019).

However, under a high emissions scenario (RCP8.5), precipitation is projected to decrease in some regions
of Southern Canada during summer months, with much smaller summer decreases projected under a low
emissions scenario (RCP2.6). Decreases of mean precipitation of around 30% are projected for Southwestern
British Columbia during summer, under a high emissions scenario (Zhang et al., 2019).
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C) Precipitation change RCP2.6 (2031-2050) Precipitation change RCP8.5 (2031-2050)

Annual Annual

Precipitation change RCP2.6 (2081-2100) Precipitation change RCP8.5 (2081-2100)
Annual Annual

Figure 7.2 Projected precipitation changes for summer (A), winter (B), and annually (C) for two emissions
scenarios (RCP2.6 and RCP8.5) by mid and late 21st century. Source: Zhang et al., 2019.

7.3.3.7 Projected Extreme Precipitation

Overall, Canada is expected to experience an increase in precipitation over the next 80 years, with greater
intensity in the fall, winter, and spring. The frequency of extreme precipitation events is likely to increase
across Canada, and their magnitude is projected to increase in proportion to the amount of warming. For
example, under a high emissions scenario (RCP8.5) and averaged across Canada, a rare once in 20-year one-
day precipitation event is projected to occur once in 10 years by 2031 to 2050, and once in five years by 2100
(i.e., a four-fold increase in frequency) (Zhang et al., 2019). Under a low emissions scenario (RCP2.6), once in
20-year one-day events are projected to become once in 15-year events by 2031 to 2050, with little additional
increase in frequency beyond mid-century. Importantly, larger changes in the frequency of even rarer events
is projected. For example, a once in 50-year one-day event is projected to become a once in 10-year event by
2031 to 2050 and a once in five-year event by 2100 under a high emissions scenario (i.e., a five-fold increase
in frequency) (Zhang et al.,, 2019).
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7.3.3.8 Projected Freshwater Availability and Scarcity

Canada's Changing Climate Report assessed available literature on observed and projected changes in
Canada’s cryosphere (snow, ice, and permafrost) (Derksen et al., 2019), including resulting impacts on
freshwater availability (Bonsal et al., 2019). Climate-driven changes to streamflow seasonality have already
been observed in Canada: for example, earlier spring freshet due to earlier spring snowmelt, higher winter
streamflows, and, for many regions, reduced summer flows (Bonsal et al., 2019). A lack of observations
(especially in Northern Canada) limits the confidence in trend detection for many freshwater-related variables,
but the available measurements indicate that annual streamflow magnitude, surface water, and shallow
groundwater levels, droughts, and soil moisture have been highly variable over the past 30 to 100 years and
have not exhibited increasing or decreasing trends connected to climate change (Bonsal et al., 2019).

Warming temperatures are expected to decrease the proportion of total precipitation falling as snow, with
a shift to increased rain, especially in spring and autumn (Zhang et al., 2019). This will have direct impacts
on the flow regime for many streams across the country. For example, Canada’s largest Pacific watershed,
the Fraser River Basin, is projected to shift from a watershed where peak streamflow is generated by spring
snowmelt (nival regime) to a watershed where peak flow will instead be dominated by rainfall-generated
flows (pluvial regime) (Curry et al., 2019). Understanding how such changes will influence fisheries and
other human uses of the watershed, including those that impact health (e.g., drinking water infrastructure,
freshwater quantity, and quality), requires further study.

Ongoing changes to snow cover across Canada driven by a warming climate (Mudryk et al., 2018; Derksen
et al., 2019) will contribute to changes in streamflow magnitude, seasonality, and corresponding freshwater
availability. Observed declines in mountain glacier mass have, to date, had a limited impact on freshwater
availability. However, climate models project that glacier mass could shrink by 85% across western Canada
by 2100 under a medium emissions scenario (Derksen et al., 2019). In coming decades, glacier-fed rivers will
experience periods of increased summer discharge due to greater meltwater contributions from enhanced
glacier melt, but this is a short-term response to melting ice and is unsustainable once ice mass declines
past a critical level. The rate and timing of this transition will have important consequences for stream and
river water quality and temperature, and for the availability of water for human uses, such as hydroelectricity
generation and agriculture (Derksen et al., 2019). Permafrost warming and thaw will result in changes to
surface hydrology, which are not yet fully understood, including regionally variable wetting or drying of the
landscape, changes to freshwater quantity and quality, and landscape changes due to subsidence and
thermokarst events. As a result of increased temperature and evaporation, lower surface water levels of
wetlands and lakes are projected in many regions toward the end of the century under a high emissions
scenario. It is uncertain to what degree increases in precipitation will offset lower surface water levels
(Bonsal et al., 2019).

Annual streamflow is projected to decrease in some southern interior regions in Canada, while increasing in
others (mostly northern regions). In some areas where increased evapotranspiration is expected to outweigh
increases in precipitation, there is an increased risk of drought and decreased soil moisture (such as in the
Southern Prairies and British Columbia Interior). This risk is greater under higher levels of climate warming
(Bonsal et al., 2019).
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Due to the close link between surface temperature and groundwater recharge, projected changes to
temperature and precipitation are expected to influence future groundwater levels. However, given the
complexity of groundwater systems and a lack of information, the magnitude and even direction of change

is not clear (Bonsal et al., 2019). For example, a major challenge when researching climate change impacts
on groundwater is distinguishing effects of climate change from those due to land-use change, such as
agriculture. Agricultural irrigation from groundwater sources has the potential to deplete aquifers, particularly
in arid environments (Taylor et al., 2013b). More research is needed on groundwater trends and potential
impacts due to climate change, particularly in areas that rely on groundwater for drinking water and irrigation.

Soil moisture refers to the water stored in the unsaturated upper layer of soil, and it is an important
component of the land energy and water balances that affect agricultural production. Soil moisture is
involved in complex feedbacks with both temperature and precipitation. It has a direct impact on plants’
transpiration, which is the largest component of total land evapotranspiration (Seneviratne et al., 2010).
Therefore, in certain regions where soil moisture becomes limited, evapotranspiration can decrease and may
lead to reduced precipitation (Seneviratne et al., 2010). Reduced soil moisture can also increase near-surface
air temperature by limiting the amount of energy used by latent heat flux, a process that has been identified
as a contributing factor for extreme heat events (Seneviratne et al., 2010), which have substantial impacts on
human health (see Chapter 3: Natural Hazards).

Indigenous communities are among those disproportionately affected by decreased precipitation and related
effects on water sources. For example, communities along the Yukon River reported changes to traditional
drinking water resources, with impacts on their subsistence activities as well. In Pond Inlet, Nunavut,
community members reported concerns about water quality due to observed changes in water taste and
colour during the summer (ISC, 2019).

In the Fraser River Basin in Northern British Columbia, the snow-dominated system is shifting to a rain-
dominated one (Kang et al., 2014; Picketts et al., 2017). In some parts of the basin, such as its tributary

the Nechako River, there are projected changes to annual discharge, with earlier peak flows and lower low
flows in late summer. Climate change projections indicate that the spring freshet will arrive earlier, and
summer flows may decrease (Kang et al., 2014; Picketts et al., 2017). Decreases in snow accumulations

will alter water quality, and decreases in flow can have major negative effects on migrating salmon, which
have cultural significance for many First Nations Peoples. These changes will affect First Nations and their
cultural relationship to water, food security, and the state of drinking water on many reserves, with concurrent
implications for health. In many cases, these health impacts may be compounded by a variety of challenges
unrelated to climate change (e.g., social issues rooted in colonization) (Berner et al., 2016).

7.3.4 Water Security and Society

Water security has direct implications for drinking water and water systems, food and food systems, cultural
and spiritual practices, and recreation. Access to drinking water of a suitable quality and in sufficient supply
to sustain health and well-being is a core component of water security. Similarly, water is fundamental

to both food production (e.g., crop irrigation, maintaining healthy fish stocks, etc.) and food processing

(e.g., manufacturing processed foods, cleaning vegetables before distribution for sale, cooking, etc.). Air
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temperature, water temperature, and precipitation are the most important climatic variables influencing the
occurrence of food-borne disease (Smith & Fazil, 2019) (see Chapter 8: Food Safety and Security). Of the 11
key food-borne pathogens identified by Smith and Fazil (2019) to examine in the context of climate change in
Canada, six are influenced, in part, by precipitation, drought, and/or water temperature.

Parts of Canada already face periods of water insecurity, due to impacts on water quality and shortages in
water supply. For example, in 2019, Igaluit, Nunavut, faced an unprecedented shortage of source water after
a summer of historically low precipitation (Bell, 2019). As the climate continues to warm, and in the absence
of effective adaptation measures, concerns related to water security and human health may increase. Public
health and water management practitioners, researchers, and decision makers all have a role to play in
protecting and promoting health by working to attain and/or maintain water security.

7.3.4.1 Water and the Food System

Water, in a sufficient supply and of a sufficient quality, is critical to food production and is also used for
cleaning, sanitation, and manufacturing activities in the food system (Kirby et al., 2003). Food processing
operations require very large amounts of water (Compton et al., 2018). Variability in water supply could
disrupt food-processing activities, with long-term disruptions affecting food security. Water may also serve
as a vehicle for transmission of chemical and/or microbial contamination of foods during processing (Kirby
et al,, 2003). Key pathways by which climate change can affect food processing via water impacts include
increasing frequency and length of drought periods, which may result in reduced access to water required for
processing activities; flooding agricultural fields with contaminated water; and contaminating water used in
food processing, such as through floodwater washing contaminants into water sources (Delpla et al., 2009;
Schnitter & Berry, 2019). Impacts through any of these routes would necessitate alterations to current Hazard
Analysis Critical Control Point (HACCP) steps used to prevent food-borne iliness in Canada (CFIA, 2012). Food
businesses in Canada are required to have a food safety plan, and the HACCP is a key tool for developing
one. In the HACCP approach, water is used for food processing and cleaning, and removing chemical and
microbial contaminants on meat, produce, or other raw ingredients.

Water serves as a potential vehicle for the direct transmission of chemical and microbial contaminants

to foods during processing. Chemical contaminants can include heavy metals, household and industrial
pollutants, pesticides, and nitrates. Microbial contaminants can include pathogenic bacteria, such as
verotoxigenic Escherichia coli, parasites such as Toxoplasma gondii, protozoa such as Cryptosporidium, and
viruses such as norovirus. As noted in previous sections, extreme weather events associated with climate
change can promote the movement of chemicals and pathogens from the surrounding environment into
source water at higher levels than usual, potentially overwhelming existing treatment methods.

Both municipally treated and privately sourced water are used in food processing. Such water sources are
generally treated for selected chemical and microbial hazards but are not risk-free (Kirby et al., 2003). Water
that is untreated or ineffectively treated before use in food processing can transmit contaminants directly
to foods. Food-borne disease outbreaks have been traced back to use of contaminated water during food
processing (Kirby et al., 2003). Even water containing extremely low levels of a pathogen could result in
hazardous exposures to humans via food. Given optimal conditions, transfer of just one pathogen cell to
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food could result in an infectious dose reaching the consumer, as the pathogen can grow from the period

of food processing through distribution, retail, and storage to consumption (see Chapter 8: Food Safety and
Security). Using common food processing methods, it is very difficult to completely inactivate all possible
pathogens. Some food products, such as leafy greens, are more likely to cause iliness, because of the
minimal processing involved and the increased likelihood that they will be eaten raw (Jung et al., 2014). Given
that small and private DWSs are already associated with water-borne disease outbreaks to a greater extent
than larger systems, food processors serviced by such systems are at greater risk (Moffatt & Struck, 2011).

In addition to food contamination from use of water containing harmful pathogens, water shortages may also
affect the processing of foods such as meat and produce, both of which have been linked to microbial food-
borne disease outbreaks in Canada (Ravel et al., 2009). Water shortages can affect human health through
compromised ability to remove contaminants from food; for example, limitations to the use of water for
cleaning and sanitizing could result in less efficient removal of contaminants. During periods of low water
availability, if alternative interventions or procedures to process foods are unavailable, reduced access to
safe, nutritious food could compromise food security and affect human health.

The risk to food processing from water shortages has a seasonal component and is highest during the
summer, when water demand for all purposes is greatest (Wiener et al., 2016). This time of year is also
optimal for survival of many pathogens in the environment, as higher temperatures support and encourage
growth (Smith & Fazil, 2019). While risks to food processing are highest in Southern Canada, depending on
food exportation and supply chains, local or regional impacts on food processing from water shortages may
be felt nationally.

Nearly 30% of food consumed in Canada is imported from other countries, with the majority of imported food
coming from the United States (Statistics Canada, 2009). Climate change impacts on water availability and
quality can also affect processing of foods in other countries that export food to Canada. These impacts are
specific to the region, commodity, and possible contaminants and could ultimately have an impact on public
health in Canada.

7.3.4.1.1 Fishing and Seafood

Climate change is expected to affect marine food sources, through temperature effects on marine
ecosystems (e.g., changes in micro-biota and other species higher in the food web), ocean acidification,
extreme precipitation events, and subsequent agricultural runoff linked to nutrient loading. The consumption
of contaminated raw or undercooked fish and shellfish carries the risk of infection from viruses, bacteria,
parasites, and toxins.

Vibrio species are naturally occurring bacteria found in ocean water worldwide, including Canada’s Pacific and
Atlantic coastal waters. Common species on the Pacific and Atlantic coasts include V. parahaemolyticus (Vp),
V. vulnificus, V. fluvialis, V. alginolyticus and non-toxigenic V. cholerae (Banerjee et al.,, 2018). Vp is the most
common species linked to shellfish-related iliness in Canada. If ingested, Vp can lead to diarrhea, vomiting,
nausea, and fever lasting one to seven days, and, in rare cases, to death (BC CDC, 2020). The majority of

Vp infections are caused by the consumption of raw oysters obtained from commercial fisheries or self-
harvested. Other routes of exposure include inadvertently or submerging wounds or ears in contaminated
ocean water or swallowing it.
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Vp and other Vibrio species in bivalve shellfish on the Pacific and Atlantic coasts of Canada increased
between 2006 to 2009 and 2010 to 2013 (Banerjee et al., 2018). Every year, 30 to 70 human infections are
reported in British Columbia, as are a small number from other parts of the country (BC CDC, 2020). For every
case of Vp reported in Canada, 92 additional cases are believed to have occurred in the affected community
(Thomas et al., 2013). V. fluvialis and V. alginolyticus each result in zero to four locally acquired cases per year
in British Columbia (Khaira & Galanis, 2007; BC CDC, 2020) which typically present as acute gastrointestinal
illness. V. vulnificus can cause severe infection, including primary septicemia and necrotizing soft-tissue
infections. Locally acquired V. vulnificus infection is extremely rare in Canada; only five case reports have
been published (Abbott, 1986; Kelly, 1991; Vinh et al., 2006; Bigham et al., 2008).

Large Vp outbreaks in British Columbia have led to closures of shellfish harvest areas and bans on the sale
of raw oysters in restaurants. These measures can threaten both the economic viability of the shellfish
harvesting industry and the continued use of the food source (Fyfe et al., 1997; Taylor et al., 2018). Other
Vibrio species are pathogenic to shellfish and fish and can also cause major economic impacts (Paillard et
al,, 2004).

Vibrio species are thermophilic, meaning they prefer higher temperatures; therefore, sea surface temperature
(SST) is the most important environmental predictor of Vibrio concentrations. Higher temperatures lead

to higher Vibrio concentrations in ocean water and oysters, and, by extension, increased rates of human
illness (Cook et al.,, 2002; Parveen et al.,, 2008; Haley et al., 2014; Konrad et al., 2017). The SST threshold for
Vp growth is approximately 15°C (Khaira & Galanis, 2007; Konrad et al., 2017), which means the majority of
locally acquired Vibrio infections in Canada occur during the summer months.

Although the biologic cycle of Vibrio species, with the exception of toxigenic cholera, is not well understood,
it is known that Vibrio species attach to chitin-containing organisms, particularly zooplanktons, which are
considered their natural reservoir (Vezulli et al., 2010). The seasonal variation in Vibrio concentrations
depends on both SST and the composition of the plankton reservoir (Turner et al., 2009). Vibrio concentration
is directly related to certain growth stages of zooplankton following phytoplankton blooms, which occur in
warmer temperatures (Turner et al., 2009).

The ongoing warming of ocean temperatures and associated extension of summer conditions, driven

by climate change, increases the risk of Vibrio proliferation in ocean waters. This can result in increased
accumulation in bivalve shellfish and, subsequent increased risk to humans. The rate of Vp illness has
increased over many years, in association with slowly increasing SST; there have also been large outbreaks
that occur over a few months following short-term anomalies in SST (Martinez-Urtaza et al., 2010). In the
North Atlantic Ocean, both the warming of the Northern Hemisphere and the Atlantic Multidecadal Oscillation
are associated with increasing Vibrio presence in the water over the last 50 years (Vezzulli et al., 2016). A
more rapid increase in Vibrio incidence has been observed at higher latitudes (Logar-Henderson et al., 2019).
This may be due to ballast water discharge during a period of warmer-than-usual weather (McLaughlin et
al., 2005) or the introduction of new strains of Vp in warm water transported from other regions during large
climatic events such as El Nifio (Martinez-Urtaza et al., 2010).

Non-toxigenic V. cholerae is emerging in Canada in bivalve shellfish. On the Atlantic coast, it was found in
1% of samples taken between 2006 and 2013 and in 20% of samples taken between 2014 and 2016; on the
Pacific coast, it increased from 1% in 2006 to 2009 to 5% in 2010 to 2013 (Banerjee et al., 2018). Human
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illness caused by locally acquired non-toxigenic V. cholerae is rare: in 2018, three confirmed cases were
reported on Vancouver Island (CBC, 2019). Increasing incidence of Vibrio-related iliness has also been noted
in Europe and the United States (Newton et al., 2012; Baker-Austin et al., 2013). It is possible that, with
increased warming, the incidence of Vibrio-related iliness will continue to increase (see Chapter 8: Food
Safety and Security).

7.3.4.2 Impacts on Infrastructure

The reliable operation of water infrastructure is critical to health. Drinking water, wastewater, and stormwater
systems are interdependent and can be affected by climate change impacts, with cascading effects from
one to the other. For the purposes of this chapter, DWSs include drinking and wastewater treatment facilities
and the infrastructure required to transport water from source, to treatment, to users, to waste treatment,
and to discharge point. If DWSs are rendered inoperable or ineffective, water security, and by extension
human health, can suffer. Contaminated drinking water or ineffective water systems increase the risk of
communicable diseases (Alderman et al., 2012). For example, extreme rainfall events may affect the ability
of water system operators to reduce turbidity, which has been associated with health impacts, such as non-
specific gastroenteritis (Aramini et al., 2000; Schwartz et al., 2000; Charron et al., 2004). DWSs are therefore a
primary defence against water insecurity and associated health outcomes.

The Canadian Infrastructure Report Card 2019 found that, overall in Canada, approximately 70% of potable
water infrastructure (i.e., local water and transmission pipes, water treatment facilities, water pumping
stations, water reservoirs) is in very good (30%) or good (40%) condition, and 25% is in fair, poor, or very

poor condition. In addition, approximately 55% to 65% of wastewater infrastructure is in very good or good
condition. For approximately 15% of linear wastewater assets (i.e., sewer pipes and sanitary force mains)

the condition is unknown, as they are underground. Regarding stormwater infrastructure, it is estimated that
approximately 40% to 60% is in good or very good condition, but large data gaps exist because of limited data
collection about condition (BluePlan Engineering, 2019).

DWSs across Canada were not designed with the impacts of climate change in mind and are considered
among the infrastructure most vulnerable to climate hazards such as extreme events (flooding, droughts,
and storms), permafrost degradation in northern regions, and lower water levels in many parts of the country
associated with higher temperatures and saltwater intrusion (Lemmen & Warren, 2004; Moffat & Struck,
2011; Luh et al,, 2017). A 2012 survey of 53 Canadian water utilities, conducted by the Canadian Water and
Wastewater Association, found that only 30% of respondents were aware of the potential impacts of climate
change, and over half (56%) did not have operational plans to address the impacts of climate change (Brettle
etal, 2015).

Drinking water infrastructure can be affected, or overwhelmed, by climate change hazards in many ways.
For example, the quality of water entering a water treatment system can be affected by a flood (e.g.,
contaminants from rural or urban areas) or by a wildfire (e.g., organic carbon and nitrogen runoff); these
events could directly affect the physical infrastructure itself. If water treatment and infrastructure upgrades
are required (e.g., use of more chemicals like chlorine), costs will increase for municipalities (Andrey et al.,
2014). Case studies in Manitoba (Genivar, 2007) and Newfoundland (CCPE, 2008) identified potential risks to
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water treatment system functions (pre-treatment, softening and clarification, disinfection, storage, chemical
storage, and valves and pipes) from climate hazards such as flooding, high temperatures, intense rain,
drought, ice storms, and intense wind.

Many older cities still use a “combined sewer overflow” design that integrates stormwater and sanitary
sewage systems. An increase in heavy precipitation events and/or rain-on-snow or frozen ground events
will increase risks of stormwater impacts on sanitary systems, potentially overwhelming systems (Andrey
et al., 2074) and heightening the risk of untreated sewage being discharged into adjacent streams and
lakes (Madoux-Humery et al., 2016). This can cause contamination of the municipal DWS itself, if an intake
is located nearby, and it can also lead to contamination of water bodies used for recreational activities.

In Montréal, Quebec, a 10-year study found that 80% of all peak E. coli measurements at two municipal
drinking water intakes along the St. Lawrence River were linked to combined sewer overflow events that were
driven by either 10 mm of rain or snowmelt (Madoux-Humery et al., 2016). The investigators were able to
demonstrate a human origin of the fecal contamination. Modern-day sewer designs segregate stormwater
from the sanitary sewage in order to avoid this issue, but, even so, stormwater alone can be a source of
pathogens due to pathogen reservoirs that exist in the built environment (Turgeon et al., 2011).

Rising sea levels associated with climate change have also been observed to alter groundwater flows in
coastal cities in the United States, resulting in an increased likelihood of sewer overflow events as rising
groundwater enters aging sewer infrastructure or builds up in areas of high permeability (e.g., in fill materials
used during construction) (Rossi & Toran, 2019). In addition to rain events, combined sewer overflows are
also affected by land-use change and by changes to local hydrology due to urban growth (Jalliffier-Verne et
al., 2015). Opportunities to reduce the likelihood of overflow events include city planning that decreases the
area of impervious surfaces and overall demands on aging stormwater systems by reducing the amount of
water they need to transport to river systems. This practice would help all cities, with or without combined
sewer overflows, to reduce the transfer of biological and chemical contaminants from the city into adjacent
waterways, as well as to increase groundwater recharge.

Even after water has been treated to drinking water standards, it may still become contaminated after it
leaves the treatment facility and travels through the system. In large systems, this risk is commonly reduced
by post-treatment disinfection. Low water pressure events have been associated with elevated AGI in older
DWSs that contain cracked and damaged water lines, which may travel adjacent to sewage lines (Gargano
et al, 2015). In places where sewage lines run alongside water lines, if leaks form on both lines, the only
barrier of protection is to maintain high pressure in the water line relative to that of the sewage line. Heavy
precipitation associated with climate change may place added stress on aging infrastructure and make it
more prone to failure, thereby increasing the likelihood of these low pressure events (Luh et al., 2017). DWSs
generally alleviate some pressures associated with drought, decreased streamflow, and aquifer depletion

by making better use of available water sources (e.g., water conservation). Broader source water protection
initiatives for both surface and groundwater support such efforts.

Small communities may be more vulnerable to impacts on water security from climate change because

of deficits in water system infrastructure, as well as fewer technological, training, and financial resources
(Moffat & Struck, 2011). Exacerbating the water security implications of climate change, 8.7% of DWSs,
serving in total approximately 4 million Canadians, employed no treatment at all (as of 2006-2007), relying
primarily on groundwater (Statistics Canada, 2013). This reliance on groundwater sources may put increased
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pressure on these systems during times of prolonged water scarcity and, particularly for systems that rely on
single sources, increases the urgency for source water protection. Many of these DWSs serve small communities.

7.3.4.2.1 Water Systems in Indigenous Communities

Access to safe drinking water is a challenge for many Indigenous communities in Canada. For example, as of
February 15, 2020, 61 First Nations communities were under long-term (greater than one-year) drinking water
advisories (ISC, 2020a). The Multi-Barrier Approach to Safe Drinking Water is designed for municipal water
service systems with a central water treatment plant, piped distribution system, and coordinated monitoring
oversight. In many Indigenous communities, particularly those that are small, remote, and isolated, the

water distribution system is unlike traditional municipal water service systems, and often features a mix of
private wells, trucked water, piped water, and few or no household water services (Daley et al., 2014; Patrick,
2018). Many Indigenous communities face challenges, including poor source water quality, insufficient

water treatment technology, inadequate water distribution systems, as well as local and regional water
contamination caused by local industry. Institutional disadvantages, such as inadequate design standards
for wastewater disposal, difficulty retaining qualified water treatment plant operators, insufficient funding

for water system upgrades, and limits on the capacity of trucked systems to deliver water in the quantity
residents require it, also contribute to these challenges (Daley et al., 2014; Patrick, 2018). For some people,

a lack of trust in water systems, existence of chemical and biological hazards, cultural preference, taste, or
other reasons, lead them to, at times, rely on water gathered from the land (Harper et al. 2011; Goldhar et al.,
2013b). This gathered and untreated water may be at increased risk of contamination, including as a result
of risks from climate change. Any pathogen found in the water (e.g., vector-borne infectious agents, chemical
contamination from nearby pollution sources, or pathogens associated with faulty treatment) may be directly
consumed by water users (Martin et al., 2007; Harper et al., 2011), causing negative health outcomes.

Climate change is exacerbating the current water challenges facing Indigenous communities (Ford et

al., 2010; Andrey et al., 2014; Patrick, 2018; ISC, 2019). Changing temperatures can directly affect water

and sewage treatment facilities, as well as food and drinking water security. Small, rural, and circumpolar
communities are particularly vulnerable, having to navigate multiple interacting risks (Berner et al., 2016).
Many Indigenous communities have recognized this risk; are concerned about climate change impacts on
their water quality, quantity, and security (Picketts et al.,, 2017; ISC, 2019); and recognize the need for action.
For example, the Inuit Tapiriit Kanatami's National Inuit Climate Change Strategy (2019) identified the need to
adapt to climate change—driven impacts on health, including those related to water, as a priority for climate
action. Information on how Indigenous Peoples are adapting to climatic impacts on water quality, quantity,
and security is provided in section 7.5 Adaptation to Reduce Risks as well as in Chapter 2: Climate Change
and Indigenous Peoples’ Health in Canada.

7.3.4.3 Cryosphere

The cryosphere includes all places where water is frozen, including snow, ice, permafrost, and seasonally
frozen ground. At lower latitudes and elevations in Canada, this state exists for part of the year, and at higher
latitudes and elevations, it lasts year-round (Bush & Lemmen, 2019). The cryosphere, and Arctic regions in
particular, are dramatically affected by changes in temperature and precipitation driven by climate change
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(Overland et al., 2018). The timing, duration, and intensity of melt periods, as well as the likelihood of
precipitation being rain or snow, are all affected by temperature. Snow reflects a large amount of incoming
solar radiation back into the atmosphere, and changes in snow depth have impacts on ground temperature
and lake and sea ice thickness (Bush & Lemmen, 2019). In Canada, it appears that the length of the year with
snow cover declined across the majority of the country, and seasonal snow accumulation has likely declined
by 5% to 10% since 1981. Climate models project that snow cover duration will continue to decrease across
Canada by mid-century, regardless of the emissions scenario (Bush & Lemmen, 2019).

Changes in the cryosphere are likely to affect the health and well-being of Canadians, particularly those in
Northern and Arctic regions, in several ways, including impacts on food security, damage to infrastructure,
release of legacy pollutants, impacts on transportation networks, and others (Hovelsrud et al., 2011; AMAP,
2015). Although the processes behind these impacts are complex, in Northern Canada, they can generally be
linked to two primary issues: changes in ice conditions and changes to permafrost.

Changes in the quantity and quality of sea ice have wide-ranging impacts on Arctic food systems and
navigation (Ford et al., 2009). Reduced sea ice quantity and quality impacts the variety of sea life and their
migratory patterns, as well as the overall biodiversity of the region (AMAP, 2017). These changes may, in turn,
affect access to traditional food sources for Northern communities (see Chapter 8: Food Safety and Security).
In addition to impacts on sea life, changes in the quantity and quality of sea ice also affect the ability of Inuit
and other Northern hunters to harvest food, because of reduced ability to travel safely on the ice. Less access
to the land also inhibits the ability to pass on traditional knowledge to future generations (ISC, 2019).

The annual development of ice roads relies upon sea ice and ice on rivers and lakes. The use of these roads
dramatically reduces shipping costs and transportation time, and they are central to sustaining Northern
communities. Climate change is affecting the use of these roads, for example, in Ontario’s Far North (Hori et
al,, 2018), and continued warming will have wide-ranging ramifications for daily life in Northern communities,
including by affecting health facility supply chains and access to market foods.

Changes to the natural environment also have direct impacts on other types of built infrastructure across the
Arctic. Much existing infrastructure has been built with the expectation of continual permafrost. Changes to
permafrost threaten the structural integrity of buildings and roads, including health facilities, and water and
wastewater treatment facilities. The degradation of permafrost has resulted in impacts on some DWSs by
breaking both drinking water and sewage pipes, which could allow potential contaminants to enter drinking
water (Lemmen & Warren, 2004). For example, the City of Igaluit, Nunavut, has been affected by climate
change-related permafrost thaw causing extensive damage to municipal water and wastewater pipes
(George, 2019). In addition to risks to infrastructure, legacy contaminants currently stored in the permafrost
may be released during permafrost melt (AMAP, 2015) (see Chapter 3: Natural Hazards). Warmer water in
freshwater lakes, tundra ponds, and streams may also result in greater bacterial methylation of mercury and
increased release of mercury from thawing permafrost (Berner et al., 2016), with potential implications for
human health.
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1.4 Projected Health Security Risks and Impacts

Projecting future impacts of water scarcity and flooding on global health security is challenging because

of our limited ability to model events and responses that are subject to current and future adaptation and
greenhouse gas (GHG) mitigation policies, which can change. Although significant progress has been made
toward understanding the health impacts of climate change and identifying ways to adapt to them, the
complexity of the relationships among water, food, and other social and environmental determinants of health
requires a broader understanding of compounding and cascading climatic impacts that can amplify harm
(Pescaroli & Alexander, 2018).

Local and regional conflicts in other parts of the world, driven by or exacerbated by water insecurity, may
have implications for Canadians and Canadian interests. Water has been a source of conflict throughout
history, and many scholars consider this risk to be increasing with population growth, rapid economic
development, and climate-induced changes in the hydrologic cycle (Levy & Sidel, 2011; Gleick et al., 2020).
The risk of forced migration as a result of climate change may also be increasing, particularly for less
developed countries (Rigaud et al., 2018). Water-related impacts that contribute to migration pressure and
population displacement include rising sea levels, desertification, floods, monsoons, hurricanes, and cyclones
(Dickson et al.,, 2014; McLeman, 2019).

Future scenarios that could spark international conflict affecting Canada include drought-driven reversal of
peace-building efforts in Africa, international conflict over the Indus River, and further instability in the Middle
East (McLeman, 2011; McLeman, 2019). Refugee surges and maintenance of refugee camps along borders
can provide cover for insurgent groups, and reductions in water security can lead to internal conflicts, both
of which destabilize governments and can lead to deployment of Canadian peacekeeping forces (Canadian
Parliament Standing Committee on National Defence, 2019; Gleick et al., 2020).

Domestically, increasing water temperatures, driven by climate change, may allow for the successful northern
expansion of novel contaminants, such as Naegleria fowleri. This pathogen can cause primary amebic
meningitis, a very rare but almost always fatal disease of the central nervous system (Health Canada, 2012).
No cases of illness associated with N. fowleri have yet been reported in Canada. The most northerly known
case to date was reported in Minnesota (Gompf & Garcia, 2019).

Climate change is anticipated to increase the frequency and severity of wildfires, primarily due to changes in
temperature and precipitation, causing decreases of precipitation in some areas and insufficient increases of
precipitation in others to offset the effects of rising temperatures (Wotton et al., 2017). Hot, dry, and strong
winds are conditions that produce high risk of extreme wildfire (Bush & Lemmen, 2019). Risk of extreme fire
conditions, an increase in fire-spread days, and a lengthened fire season are projected for Canada as a whole,
and the Western Prairies in particular (Wang et al., 2015).

In addition to the more commonly discussed health impacts of wildfires (e.g., burns, respiratory effects,
mental health impacts), watersheds may be severely affected through effects on water flows and water
quality. Long-term (multi-year) effects of wildfires include increased stormwater runoff, increased nutrient
(mainly nitrogen and phosphorus) and contaminant loads, increased organic carbon, elevated risks of
algal and cyanobacterial blooms, elevated microbial activity, dissolved organic carbon transformation, and
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presence of fire-fighting chemicals (Khan et al., 2015; Harper et al., 2018; Robinne et al., 2019) (see Chapter 3:

Natural Hazards), with implications for human health. Water flows may be affected by changes to vegetation,
as well as topographic changes caused by flash floods and landslides associated with wildfires. Changes

in water flows may affect the reliability of inflow forecasting methods used by drinking water managers to
project the quantity of available water for treatment.

Although municipal DWSs may remain capable of adequately treating source water in environments recently
affected by wildfire, the added stress of increased wildfire activity may increase operating costs and strain
treatment capacity (Robinne et al., 2019). For example, in the aftermath of the 2016 Fort McMurray wildfire,
out of an abundance of caution, the water utility chose to issue a precautionary boil water advisory for three
months and saw its annual costs for treatment chemicals increase by 50% (Curtis & Gillis, 2016; Thurton,
2017; Robinne et al.,, 2019). Recent research has identified communities in Alberta whose source water may
be at risk due to wildfires (see Figure 7.3) (Robinne et al., 2019), a situation that will likely worsen due to
climate change. To prepare communities and drinking water providers for the impacts of climate change,
increased research into the impacts of wildfires on water quality is needed.

a)

SEI

(Unitless)
100

Figure 7.3 Source Exposure Index (SEl) for Alberta and wildfire exposure index for forested watersheds. This
figure shows Robinne et al’s (2019) Source Exposure Index (SEl) for Alberta (a) and wildfire exposure index for
forested watersheds (b). In both figures, a higher value indicates higher exposure. The SEl is a spatial index that
assesses source exposure based on the availability and demand for water in a watershed, the watershed’s forest
cover, and the danger of a fire occurring in that area.

510



HEALTH OF CANADIANS IN A CHANGING CLIMATE

1.5 Adaptation to Reduce Risks

To reduce the health impacts of climate change, reducing GHGs is the most important preventative measure.
However, regardless of near-term GHG emissions reductions, climate change will continue to pose risks to
water quality, quantity, and security in Canada for the foreseeable future. Therefore, there is a pressing need
to identify further adaptive actions to reduce or eliminate the anticipated health impacts of climate change.
Adapting to the health impacts of climate change involves actions taken by health officials, in collaboration
with those in other fields, to understand, assess, prepare for, and help prevent the health impacts of

climate change. Adaptive actions often emphasis supporting those most at-risk in society (see Chapter 10:
Adaptation and Health System Resilience). It includes the design, implementation, monitoring, and evaluation
of specific measures, for example, health and health supporting infrastructures, to reduce health risks. The
responsibility for adapting to climate change impacts on water and health is diffuse. Many important health-
related adaptation options (e.g., upgrading or replacing water and wastewater systems, flood and drought
risk reduction, adaptive agricultural practices, and water storage) are under the purview of decision makers
outside of the health sector (e.g., drinking water management, public works and infrastructure, emergency
management, civil society) and at different levels of government (municipal, Indigenous, regional, provincial/
territorial, or federal).

The federal government has varying levels of responsibility for water governance and management, related to
fish habitat, navigation, transboundary waters, water monitoring, and water on federal lands (Zubrycki et al.,
2011). To support the reduction of health risks related to water, the federal role is often centred on research,
coordination, facilitation of inter-jurisdictional collaboration, education, and outreach. In collaboration with
key provincial/territorial, Indigenous, and academic stakeholders, the federal government develops water
quality guidance for drinking water (Health Canada, 2019a) and recreational waters (Health Canada, 2012).

In Indigenous communities, the federal government generally plays a larger role, due to its responsibility for
federal lands (Zubrycki et al., 2011).

Primary responsibility for water governance and management in Canada lies with provincial/territorial
governments, with municipalities (ECCC, 2016; Health Canada, 2019b), or with municipal/provincial agencies
and corporations, which often take the lead on drinking and wastewater treatment operations. This shared
jurisdictional responsibility for water issues, and hence climate change adaptation, is also characterized by
participation by a multitude of disciplines and sectors (e.g., DWSs, urban design, agriculture, health, energy),
involving diverse risk management methods and terminologies.

Although progress has been made toward improving the uptake of integrated, multisectoral approaches

to water management, challenges remain (Shrubsole et al., 2017). Despite human health being a central
consideration in almost all water management and governance frameworks, the role of health decision
makers is often not explicitly articulated in water management planning and, in practice, is often focused on
developing guidelines or standards, monitoring and surveillance, and health communications and response.
Through collaboration with health sector officials, decision makers in other sectors have a significant
opportunity to reduce health risks from climate change impacts on water through adaptation. Successful
health adaptation will require significant intersectoral and intergovernmental coordination. Although not
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exhaustive, the following section identifies possible adaptive approaches that can reduce the human health
consequences of climate change impacts on water quality, quantity, and security.

7.5.1 Climate-Resilient Water Systems

Water systems and water management practices have traditionally been developed with the understanding
that past experience was the best indicator of future conditions for the delivery of services. Climate change
upends this notion; design parameters of systems built to withstand past climate conditions may not meet
future needs (Milly et al., 2008). Past approaches to water management and governance have not adequately
incorporated either novel or existing pressures likely to be introduced or exacerbated by climate change. A
national survey conducted in 2017 of officials responsible for municipal asset management revealed that
information and data about climate change impacts are either unavailable, or poorly integrated into local
infrastructure (e.g., water infrastructure) decision making (PSD et al.,, 2019). Water management planning and
water system design should incorporate climate change information (Milly et al., 2008), and water managers,
health authorities, and allied professions and sectors should work collaboratively to advance progress toward
climate-resilient water systems (Smith et al., 2019).

Resilience is the ability of a system to cope with, respond to, and recover from a shock or stressor in order to
continue providing key functions (e.g., a water system can withstand a climate-driven shock without failing
to adequately treat water). Climate-resilient water management identifies and implements flexible actions
that reduce risks to water quality, quantity, and security in a range of possible future climates to a variety of
potential climate shocks and stressors (Smith et al., 2019). Efforts to build climate-resilient water systems
have been ongoing since 2007 in Canada. Examples of initiatives to develop new information and tools to
support climate-resilient water management to support health include the following:

The Northwest Territories Water Stewardship Strategy: A Plan for Action 2076-2020 builds on the
momentum of the Northwest Territories Water Stewardship: A Plan for Action 2077-2075 and aims to
ensure the maintenance of the quantity and quality of water resources in the Northwest Territories,
secure water supply, and ensure the resilience of freshwater ecosystems (GNWT, 2016).

The Saskatchewan Water Security Agency is undertaking the project Building Capacity for
Community Hydrologic Drought Response, which will increase the ability of municipalities in
Saskatchewan to reduce the impacts of drought exacerbated by climate change, including
impacts on water supply and quality (NRCan, 2021).

The Atlantic Canada Water and Wastewater Association is undertaking a project called
Incorporating Climate Resilience for Municipal Infrastructure into the Updates of Existing Atlantic
Canada Water and Wastewater Design Guidelines (NRCan, 2021).

The Government of Manitoba, through the project Climate Resiliency: Capacity Building for
Manitoba Decision Makers, is increasing the capacity and expertise of professionals (including
engineers and planners), the business community in Northern Manitoba, and Indigenous
organizations and communities, to reduce climate change impacts, including through adaptations
related to land use, water management, and infrastructure (NRCan, 2021).
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The Federation of Canadian Municipalities has developed guides and disseminated information
through webinars and networks to support municipalities in efforts to integrate climate change
considerations into asset management programs, including those related to water. Key grant
programs include the Municipal Asset Management Program, Municipalities for Climate
Innovation Program, and Climate and Asset Management Network (PSD et al,, 2019).

Many opportunities exist to further integrate climate resilience into water management activities (Smith et
al., 2019). The World Health Organization has developed guidance for climate-resilient water safety planning
to aid water system decision makers and health authorities in building climate change resilience in water
systems and reducing health risks associated with climatic impacts on water resources. This process builds
on and leverages the success of existing approaches to water resources management, such as integrated
water risk management and climate change adaptation, to ensure that health and climate considerations are
adequately captured in water management (WHO, 2017).

Across Canada and internationally, health authorities are increasingly recognizing the need to assess their
vulnerability and identify adaptations to reduce the health impacts of climate change, including those related
to water issues (Berry et al., 2018) (see Chapter 10: Adaptation and Health System Resilience). Guidance
documents and toolkits have been developed to facilitate the completion of vulnerability and adaptation
assessments (V&ASs) related to climate change and health (WHO, 2013; Ebi et al., 2016).

The opportunity exists to increase the understanding of climate change impacts on health through effects
on water quality, quantity, and security by conducting V&As at local to regional levels in Canada. A number of
previous assessments conducted by health authorities in Canada (Berry et al., 2014b; Grey Bruce Health Unit,
2017; Levison et al., 2017) have included examination of water issues, and many of the 10 projects funded
through Health Canada's HealthADAPT initiative also address these issues (Government of Canada, 2020).
The participation of health sector officials in broader climate change impact and adaptation assessments,
which are often led by the environment department or ministry of the government involved, is also important for
increasing understanding of existing and projected impacts of climate change and options for reducing risks to
Canadians and for facilitating needed intersectoral collaboration, to make progress in building resilience.

Climate change adaptation actions to reduce risks from impacts related to water often require collaboration
with decision makers in other health-relevant sectors. For example, a V&A conducted by the Middlesex-
London Public Health Unit in Ontario identified enhanced source water protection as a potential climate
change adaptation (Berry et al., 2014b). By working with other sectors to integrate V&A findings into water
management processes, the health sector can help to address key upstream determinants of health that help
prevent dangerous exposures before illness and injury can affect populations.
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Box 7.2 Indigenous water co-governance as a way to address
climate change

In the Cowichan Valley, British Columbia, the Cowichan Watershed Board (CWB) undertakes governance
and management activities at the watershed scale. The CWB was created after a severe summer drought
in 2007 amid stakeholder recognition that a more formal and proactive approach to water management
was needed in the face of continued population growth, climate change, and the cumulative impacts of
past uncoordinated decision making in the Cowichan-Koksilah watershed. The CWB draws its strength
from its governance model, with officials from Cowichan Tribes and the Cowichan Valley Regional District
participating as equal partners and co-chairs steering the Board. This partnership, to advance whole-of-
watershed health, supports the local recognition of Indigenous rights and is also a deep commitment to
moving down the path of reconciliation (CWB, 2018).

Effective water management in watersheds such as the Cowichan-Koksilah watershed has been hampered
because the legislative authority and responsibility for water is complex and spread among federal, provincial,
and local governments and agencies and because of unextinguished Indigenous rights. Leadership and
coordinated decision making are central to the CWB's purpose and structure. The CWB currently does not
hold any statutory decision-making powers, although it is anticipated that the CWB may evolve to acquire
some form of delegated authority to make local water management decisions. In the meantime, the CWB
has endorsed “watershed targets,” including ensuring sustainable fish populations, ensuring clean water
and adequate summer flow, protecting and preserving riparian and estuarine habitats, conserving water,
and increasing local residents’ “watershed 1Q." To attain these targets, it is necessary to follow the ancient
Cowichan Tribes principle, adopted by the CWB, of “Nutsumaat kws yaay’us tthga” — coming together as a
whole to work together to be stronger as partners for the watershed (CWB, 2018).

7.5.2 Adaptation Options to Protect Water Quality, Quantity, and Security

A number of adaptation measures, including new or enhanced policies and programs, are available to reduce
health risks from climate change impacts on water quality, quantity, and security (Table 7.4). Many of these
actions are most effective when they are tailored to the local or regional context, based on information about
climate change impacts gathered through V&As.
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Table 7.4 Example adaptations to reduce health risks from climate
change impacts on water quality, quantity, and security

Municipal Improved or expanded activities related to the safety of municipal water supplies,
including water testing (drinking and recreational), water treatment, water delivery,
and stormwater management
» Integrate climate change considerations into drinking water quality standards

and objectives
» Publish educational and advisory information on water quality
» Advise on issuing boil water advisories
Community-based water monitoring programs
Climate and demographic projections integrated into floodplain mapping and land-
use decision making
Vulnerability assessment of water system infrastructure (e.g., vulnerability
mapping)
Redundancy in DWSs (e.g., more than one water source)
Mental health support and mental illness prevention and awareness initiatives
targeted for those whose livelihoods depend on water (e.g., agriculturally
dependent communities)
Water conservation, reuse, and capture-and-storage techniques to reduce climate
change impacts
Protocols and procedures for chemical and contaminant risk management during
emergencies
Expanding water reuse systems to offset reduced supply, increased demand, or both

Provincial/ Enhanced or revised legislation governing municipal and public water supplies,

territorial including their construction and operation

» Enhance or revise policies, regulations, and protocols regarding water quality
inspections

» Conduct inspections of municipal drinking water systems and laboratories that
test drinking water

» Operate water quality testing laboratories
» Draft emergency response planning regarding water supplies

» Enhance or revise water quality standards and watershed management
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Provincial/ » Approve designated areas for water treatment plants based on climate risk

territorial » Enhance well-water safety
(continued) » Implement national guidelines for drinking water safety

Mental health support and mental illness prevention and awareness initiatives
targeted to those whose livelihoods depend on water (e.g., agriculturally dependent
communities)

Protocols and procedures for chemical and contaminant risk management during
emergencies

Monitoring of harmful algal bloom outbreaks

Federal + Research on threats to drinking water in the context of climate change

Development of a recommended set of national guidelines for drinking water
safety that integrate information on climate change risks

Nationally integrated approach to monitoring and surveillance for water-borne
diseases

Cross-cutting - Nature-based solutions (e.g., wetlands for agricultural wastewater treatment,
buffer zone parks for flood control, etc.)

Climate change and health considerations and climate projections integrated into
water resource management activities

Enhanced health risk communications practices to prepare for likely climate
change impacts (e.g., advising consumers to avoid produce that may have been in
contact with floodwater)

Exploration of equitable economic transition support for communities whose
livelihoods are affected by water scarcity

Health education and outreach initiatives for users of gathered water

Decommissioning or renovation of water infrastructure at risk

Source: Adapted from Séguin, 2008; Berry et al., 2014a

For many water-related climate change impacts (e.g., flooding, drought, runoff-driven contamination) and
land-use changes, DWS designs informed by watershed scale management can reduce dangerous exposures
and risks to health. Adaptation actions can achieve significant health co-benefits as resilience is built; for
example, improving community access to water (e.g., beaches, rivers, lakes) can benefit fitness by increasing
recreational space, improving residents’ sense of connection to the natural environment, and improving
overall mental wellness (Gascon et al,, 2017).
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Nature-based solutions provide important opportunities for communities seeking to reduce land-use based
exposures and vulnerabilities. Nature-based solutions are “actions that work with and enhance nature to
support biodiversity and help address societal challenges” (Kapos et al., 2019, p. 16). Actions that adopt

the design of natural systems or mimic them, as well as efforts to encourage a previously existing natural
process (e.g., a wetland), all characterize a nature-based approach to climate adaptation. Nature-based
solutions to reduce runoff and stormwater overflow, such as rain gardens (Autixier et al., 2074) and grassed
swales (Backstrom, 2003), have been explored as a means of holding back water and allowing for the settling
of particulates. These interventions remove contamination from water systems by increasing the hydraulic
detention time (Li et al., 2016). Nature-based solutions can also help address both GHG mitigation (e.g.,
carbon sequestration by protecting existing or creating new green spaces) and adaptation objectives (e.g.,
improving water quality and reducing flood risk through the development of natural areas that can capture
or control water, sometimes known as “blue spaces”). Many such actions offer greater cost savings than
traditional grey infrastructure-based approaches, while providing additional co-benefits, including for health.
For example, a park designed for flood defence, such as Toronto’'s Corktown Common Park (Waterfront
Toronto, 2020), may also create recreational spaces and allow for the development of active transport
infrastructure (e.g., bicycle and walking paths). Green spaces may also have health benefits for those who
suffer from some forms of mental iliness and generally may help improve quality of life for those who live or
work nearby (Raymond et al., 2017).

Across Canada, various levels of government have experimented with financial incentives to drive land-use
change. For example, following widespread flooding, New Brunswick’s provincial government launched a buy-
out program for homeowners most at risk of flooding (New Brunswick, 2019). Other regions have provided
financial incentives to landowners who take action to protect water quality, such as to farmers who refrain
from cultivating directly beside waterways (Clean Water Program, 2020).

Protecting health from water-related risks through an approach involving standards and guidelines, which

is informed by familiar threats and past experience, may not increase resilience in the face of unknown or
unexpected health risks, unless new knowledge of climate change risks is integrated into these activities.

By working with stakeholders to apply a climate lens to guideline development, existing vulnerabilities may

be reduced and resilience to future impacts increased. Risks from new pathogens and viruses to the health of
Canadians from climate change impacts on water may require improved water quality monitoring and surveillance,
as well as early warning capabilities to inform the actions of system operators. The water and public health
sectors will need to approach this problem collaboratively and partner with all levels of government.

Leveraging community interest in water quality protection to help inform monitoring efforts may help

improve resilience. For example, Indigenous communities across Canada face multi-faceted water system
vulnerabilities. Communities in the North face challenges, such as the loss of permafrost, the contamination
of tundra pond water sources, and the vulnerability of village sewage lagoons to climate hazards (Berner et
al., 2016; McKnight, 2017). Communities recognize that these climate impacts on already stressed DWSs may
increase the risk of water-borne disease in the future. Recognizing the growing burden of gastrointestinal
illness on their community, a group of Inuit youth in Mittimatalik (Pond Inlet), with the support of Elders and
research bodies, are working to apply both Inuit and scientific knowledge to assess the impact of climate
change on local water quality and human health (Inuit Tapiriit Kanatami, 2019). Such community-led water
monitoring programs have the potential to help inform climate-resilient planning for water systems across
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Canada and, in some cases, may incentivize increased community stewardship of water resources. In
addition, the Circuit Rider Training Program is a long-term capacity-building program that provides training
and mentoring services to operators of First Nations DWSs and wastewater systems (ISC, 2015).

Currently, most municipal DWSs are centralized and often extract large volumes of water from a single source
located a great distance from the population it serves. Reliance on a single source is risky, because a serious
failure related to that source can have disastrous consequences (Boholm & Prutzer, 2017). In addition,
centralized DWSs require large amounts of chemicals for treatment and energy to transport water, as well

as a vast infrastructure (Speight, 2018), and can therefore have impacts on the environment. Shifting to
less-centralized systems that incorporate multiple water sources (e.g., rainwater, greywater, multiple smaller
groundwater supplies) and additional water protection areas can result in more resilient systems that could
help mitigate the risks associated with climate change impacts on aging infrastructure (Boholm & Prutzer,
2017). This would also alleviate pressures associated with drought, decreased streamflow, and aquifer depletion
by making better use of available water sources. Promoting water-saving practices, such as the use of low-flow
showers and toilets and the use of greywater and rainwater, can also help to reduce water consumption.

In some cases, there will be limits to the effectiveness of large land-use changes, new protective
infrastructure (either nature-based or traditional), and updates to DWSs or DWS operations, and the extent
to which they can be adopted. In these cases, the development, promotion, and adoption of early warning
systems with associated risk communications may play an important role in addressing and reducing
health impacts from climate change (Wu et al., 2016). Early warning systems have been used with success
to reduce the impacts of floods (Alfieri et al., 2012), infectious diseases (Ogden et al., 2019), extreme heat
(see Chapter 10: Adaptation and Health System Resilience), and other health hazards by providing sufficient
lead time for officials to respond to impending threats. Progress has been made toward integrating climate
and weather data into warning systems for some climate-related impacts (e.g., Ogden et al,, 2019), in order
to better prepare both health officials and citizens. The opportunity exists to expand efforts to reduce risks
of climate-related water-borne diseases, for example, by monitoring the human—wildlife interface, such as
through the use of bio-sentinels that act as a proxy for human health impacts/risks (e.g., monitoring the
health of a particular fish species) (Stephen & Duncan, 2017). This may prove particularly useful for impacts
on water quality, such as harmful algal blooms.

Early warning systems can benefit from tools that present the spatial distribution of climate-related hazard
exposures, vulnerability factors, and impacts on health in a visual format. The Federal Flood Mapping
Framework (NRCan, 2018) has resulted in renewed emphasis on flood inundation mapping across Canada.
At the local and regional levels, various groups have made efforts to apply innovative approaches to

better understand the variation in impacts of floods across geographic regions. For example, in Quebec,

a partnership between Laval University, Ouranos, and the Institut national de santé publique du Québec
has integrated vulnerability indicators into flood mapping, providing valuable information for health and
emergency management authorities to plan emergency response measures (Ouranos, 2018).
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7.6 Knowledge Gaps

Climate change impacts on water quality, quantity, and security are complex, and many knowledge gaps exist.
The ability to measure and monitor climate change impacts on water resources across Canada'’s diverse
ecosystems and socio-cultural environments, in addition to resulting health outcomes, are basic requirements
to address key knowledge gaps (Table 7.5). This work is crucial to developing effective interventions that can
build resilience and reduce climate change-related health impacts.

Integrating Indigenous knowledge into efforts to prepare for and respond to climate-driven stressors on water
quality, quantity, and security is a key component of research needed to protect health in a changing climate.
Research from First Nations, Inuit, and Métis perspectives is lacking and requires attention. Research led by,
or in partnership with, Métis communities is a notable gap to date. Climate change impacts and adaptation
assessments, and adaptation policies and programs, are well-served when a broad evidence base, informed
by different perspectives, communities, and knowledge systems, can be drawn from. Increasing climate
research led by First Nations, Inuit, and Métis researchers will benefit all Canadians.

Table 7.5 Key research needs related to the health effects of climate
change impacts on water quality, quantity, and security

CLIMATE CHANGE IMPACTS ON WATER RESOURCES AND IMPLICATIONS FOR HUMAN HEALTH

Relationships between temperature and precipitation on the diverse Canadian flow regimes (e.g.,
switch in river basins from snow-dominated to rain-dominated regimes)

Impacts of changes in the cryosphere on water resources (e.g., effects of changes in albedo on
permafrost and downstream water quality and quantity)

Effects of changes in the cryosphere on releases of chemical contaminant burdens (e.g., persistent
organic pollutants and heavy metals) and subsequent impacts on food and water supplies

Impacts of wildfires on source water quality and availability, and how they vary across forest
ecosystems

Effects of ocean and freshwater acidification and nutrient runoff from land in the context of climate
change (e.g., adaptation in the agricultural sector) on harmful algal blooms
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WATER RESOURCE MANAGEMENT AND SOURCE WATER PROTECTION

Effects of climate change and land-use change on groundwater recharge over short and long
timescales

Effective measures for protecting DWSs from increased flooding-related health concerns (e.g.,
increases in bacterial contamination)

Impacts of projected drought extremes on water resources and the most effective adaptations to
protect health (e.g., individual storage capacity; water sharing across multiple jurisdictions)

Effective government, management, and partnership models, including those with First Nations, Inuit,
and Métis communities

DRINKING WATER AND DRINKING WATER SYSTEMS

Factors that make water systems vulnerable to extreme rain events, and effective adaptation measures

Health ramifications and possible DWS stresses from wildfire impacts on source water, particularly for
untreated drinking water sources (e.g., “gathered water”)

Cost-effective adaptations for DWSs to address emerging contaminants (e.g., harmful algal blooms),
which are expected to increase under climate change

PUBLIC HEALTH AND HEALTH CARE

Health risks associated with water contaminated by residue from burned residential, industrial, and
commercial materials as a result of wildfires

Health risks of harmful algal blooms, and how they might increase with climate change

Emerging new or previously rare water-borne pathogens (e.g., northward-moving Naegleria fowleri) and
effective measures to protect health

Impacts of changes in animal (e.g., waterfowl) and other vector populations on the distribution and
transmission of water-borne diseases as the climate continues to change

Health risks associated with water reuse and effective measures to protect health

Effective technologies for producing potable water in future water-stress scenarios
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7.7 Conclusion

The quality, quantity, and security of Canada’s water resources are being affected by climate change,
increasing risks to human health. Expected increases in both average temperatures and temperature
extremes, along with heavy precipitation events, droughts, and wildfires in many regions of Canada, will
place increased stress on water resources in freshwater, marine, and coastal systems, thereby creating
greater risks to human health. A range of climate-sensitive pathogens or toxins currently affect the health
of Canadians; these include algae, cyanobacteria, enteric viruses, and Leptospira, Leptonema, Vibrio, and
Legionella bacteria. In addition, gradual warming and an increase in extreme events will continue to place
stress on DWSs, potentially leading to the presence of biological or chemical agents in water, which could
further lead to human exposure through drinking water, bathing, recreation, or ceremonial use. Climate change
will pose even greater challenges for small and rural systems. The future health impacts due to climate change
are uncertain because of a lack of projections for many of these health outcomes and because of the complex
pathways through which people are affected, which involve social and behavioural factors.

Similar to other health concerns associated with climate change, evidence suggests that specific populations
are at higher risk of these effects, including children, seniors, and people with chronic diseases. The health
and well-being of many Indigenous Peoples and communities is disproportionately affected by challenges to
water resources, which can arise from a variety of factors, such as insufficient water treatment technology,
distribution systems and upgrades, water contamination caused by local industry, and difficulty retaining
qualified water treatment plant operators. Climate change impacts on source water will exacerbate the
effects of these challenges if further adaptations are not implemented to safeguard water resources

and protect health in these communities. First Nations, Inuit, and Métis communities possess countless
generations of accumulated knowledge which, through equitable partnerships, could be applied to protect health.
Increased partnerships among First Nations, Inuit, and Métis peoples, health authorities, and water managers are
needed to identify and address the health impacts specific to Indigenous populations of climate-driven changes to
water resources and to implement effective options for community-level adaptation.

In the absence of enhanced efforts to adapt, the health of Canadians will increasingly be affected as the
climate continues to change. By working to identify both vulnerabilities to public health and adaptation
options, health authorities can reduce and adapt to these impacts and build the climate resilience of water
systems. Although some adaptation options exist today, increased research is needed to understand the
scope of both current and future impacts and the effectiveness of adaptation strategies and technologies.
To evaluate the effectiveness of adaptation options, research is needed to identify the most effective means
of monitoring water-related health hazards. Additionally, projections of possible future health impacts and
proactive measures for communicating risks to the public, for example, through early warning systems,
should be explored.
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