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Key Messages

e Habitat suitability for the WNV vectors Cx. pipiens, Cx. restuans, Cx. tarsalis and Ae.
albopictus is predicted to expand under climate change in Canada.

e C(Climate-change-induced events like annual warming, extreme heat, and drought will likely
increase mosquito abundance and disease transmission by speeding up both mosquito
development and viral replication, among other reasons. Other events, like heavy rainfall,
will have variable impacts depending on the mosquito species and habitat.

e Reinforcing surveillance and proactive WNV control efforts will be critical to reducing risk,
both now and under future climate scenarios.

Introduction

West Nile Virus (WNV) is a mosquito-borne disease that spread to Canada in 2002. Since then, it has
become endemic in many parts of the country and is the most common mosquito-borne disease in
Canada. Human cases of the disease vary significantly from year to year, and typically occur in the
summer or early autumn.? While most people (70-80%) infected with WNV experience no symptoms,
others have symptoms that range from mild to severe, and in select cases, even result in death.? The
most common symptoms include fever, body aches, and fatigue, among others. In the case of severe
disease (also called neuro-invasive disease), symptoms may also include stiff neck, disorientation,
convulsions, and paralysis. While WNV affects only a small proportion of the human population in Canada
annually, cases are expected to increase given the impacts of climate change on mosquito vector
distribution and disease transmission dynamics.>3 Already, the effects of climate change on WNV are
reflected in newly established mosquito populations and disease patterns.’®!! As the planet continues to
warm, infections are expected to increase throughout the 21 century, with one study predicting a nearly
doubling of cases of WNV neuro-invasive disease in the US by the mid 215 century.? It is also likely that
new invasive species of WNV and other vector-borne diseases will continue to be introduced to Canada

as a result of both globalization and climate change.'?13

The virus is maintained in nature in a cycle between mosquitoes and avian hosts, and transmission of the
virus is heavily influenced by both abiotic (e.g., climate, water storage, urbanization, and land use) and
biotic factors (e.g., competitors, host availability, human movement) (Figure 1). Though the predominant
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host reservoir for WNV is birds, mosquitoes as vectors can also transmit the virus to humans and other
mammals, which are considered dead-end hosts as they are unable to transmit the virus themselves due
to insufficient viremia.

Figure 1. WNV transmission pathway and the influence of abiotic and biotic factors
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Over 65 mosquito species have been shown to be vectors of WNV globally;'* however, in Canada, the
predominant WNV vectors are Culex (Cx.) pipiens, Cx. restuans, and Cx. tarsalis.*"*4® These species have
historically played an important role in WNV transmission in Canada. Cx. pipiens and Cx. restuans are well
adapted to urban environments and are the predominant WNV vectors in Eastern Canada. Because they
are difficult to tell apart visually, they are often referred to together as Cx. pipiens-restuans. Conversely,
Cx. tarsalis prefer grassland and agricultural areas and are the predominant vector in the Prairies and
Western Canada. Another species—Aedes (Ae.) albopictus—is newly established in Canada, as of 2016.
So far, this species has only been found in southwestern Ontario; however, it is a competent vector of
WNV, among other pathogens, and is predicted to expand further into Canada due to climate change.?
Like Cx. pipiens-restuans, it prefers urban environments.

To date, many studies have investigated the association between climate variables with human cases of
WNV, mosquito infection prevalence, and vector abundance. These correlative studies have produced a
range of results, highlighting the complexity of virus-vector-host interactions, especially across different
mosquito species and regions of the world. Several species’ distributions models have also been used to
predict a climate-change—driven range expansion of the principal West Nile virus vectors.'”-?2 This review

@ Another possible competent WNV vector in Canada includes Ae. japonicus. This species is a competent vector of WNV in the
lab, and may contribute to WNV spread in the field, though investigations are ongoing.
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will summarize the current and projected distributions of Cx. pipiens, Cx. restuans, Cx. tarsalis, and Ae.
albopictus in Canada under a changing climate, and discuss how climate change may impact WNV
outbreaks in humans in the future. This review will also discuss considerations for municipal mosquito
control programs in response to these impacts, including in those regions where WNV is likely to become
endemic.

Methodology

Literature search

We searched the scholarly and grey literature for information on the four confirmed WNV vectors (Cx.
pipiens, Cx. restuans, Cx. tarsalis, and Ae. albopictus), West Nile Virus, and the impacts of climate change
using the EBSCOhost databases (includes Medline, CINAHL, Academic Search Complete, and Eric), Google
Scholar and Google. No limitations were placed on date of publication. All relevant English-language
results were collated and additional documents identified through forward and reverse citation chaining,
as well as through expert consultation. Complete search terms and the full list of results are available
upon request.

Studies were selected for review if they reported on

i. the current distribution in Canada of one or more of the four mosquitoes being discussed in this
paper;
ii. the projected distribution due to climate change in Canada of one or more of the four mosquitoes
being investigated; and
iii. theimpacts of climate change (warmer temperatures, increased/decreased precipitation, and
extreme weather events) on human cases of WNV (in Canada or otherwise).

One review article from 2015 looked extensively at the impacts of climate change on WNV transmission
in a global context,! and another two reviews examined environmental determinants and risk factors for
avian-associated mosquito-borne diseases in Canada.*?3 Accordingly, the objective of this review was to
focus specifically on WNV in the Canadian context, with a focus on synthesizing projected distributions of
predominant WNV mosquito vectors and bringing up to date previous syntheses of climate-change-
driven impacts.
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A single reviewer assessed the studies and the results were synthesized narratively. The synthesis was
subject to internal and external review.

Findings

What is the current distribution of Cx. pipiens, Cx. restuans, Cx.
tarsalis and Ae. albopictus in Canada?

Mosquito vectors of WNV are limited to latitudes and altitudes where winters are short enough for them
to survive.?* Until recently, available mosquito distribution maps at the national level were dated, of low
resolution, and based on published occurrence records dating back to the 1950s.2426 Maps by Darsie and
Ward (2005) show the estimated distribution of Cx. pipiens, Cx. restuans, and Cx. tarsalis (Figure 2).
Darsie and Ward do not mention Ae. albopictus in their compendium. The species spread to North
America in 1985 and was first detected in Canada in 2002, although it was not confirmed to have been
established until more recently.©

Figure 2. Map of estimated distribution of Cx. pipiens, Cx. restuans, and Cx. tarsalis

Cx. tarsalis

Adapted from Darsie and Ward (2005)*

More recent efforts have been made to update this information using developments in mathematical
ecology, which offer statistical methods to model the habitat suitability of mosquitoes when presence
records are available. These models use a variety of methods, but typically rely on mosquito surveillance
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data and remotely sensed environmental covariates, allowing for a more practical way to estimate
species distribution without having to systematically sample large areas for species presence.

For Cx. tarsalis, two habitat suitability models have been developed by Chen et al. (2013) and Gorris et al.
(2021).17? These studies indicate habitat suitability in similar areas to the range proposed by Darsie and
Ward for Alberta and Saskatchewan. However, in Manitoba, both studies suggest habitat suitability is
restricted to the southwest of the province because of a lack of suitable grassland habitat elsewhere.
Records of Cx. tarsalis have also been found in the Northwest Territories, and for the first time in the
Yukon.?2°

For Cx. pipiens, two habitat suitability models have been developed by Hongoh et al. (2012) and Gorris et
al. (2021).1827 These studies show habitat suitability consistent with Darsie and Ward’s proposed
distribution but identify additional suitable habitat for Cx. pipiens in northern Ontario (along the
Manitoba border), as well as southern Alberta and Saskatchewan. Hongoh et al. (2012), however,
determine habitat suitability in Alberta and Saskatchewan somewhat more conservatively than Gorris et
al. (2021). Gorris et al. (2021) further identify southern Manitoba as having suitable Cx. pipiens habitat,
while Hongoh et al. (2012) do not.?” Records of Cx. pipiens have also been reported in Winnipeg,
Manitoba,® and northern BC in Valemount and Prince George.3° These records are much further north
than expected; however, it is suspected that these mosquitoes are able to either overwinter in heated
man-made structures or animal-made structures (e.g., animal burrows), thus allowing their survival.

For Cx. restuans, only one habitat suitability model has been developed.?’ Gorris et al (2021) identify high
habitat suitability in southern Ontario and Quebec—consistent with the range proposed by Darsie and
Ward— but, much lower habitat suitability in the Prairie provinces. While this remains consistent with
what has been proposed by Darsie and Ward, it should be noted that habitat suitability in this area
remains comparatively low. More research is needed to confirm habitat suitability for this species.

Finally, habitat suitability models have also been developed for Ae. albopictus.’®223132 Habitat suitability
is consistently suggested along the BC coastline, including Vancouver Island,'®?2 southwestern

Ontario, 1920223132 sgythern Quebec,®2132 and southern New Brunswick.1%21.2232 A few studies have also
suggested suitability in Nova Scotia,?! Newfoundland and southern Labrador,?! southeastern Ontario,%32
and southwestern Alberta.?? To date, records of Ae. albopictus have only been found in southwestern

® Email communication with A. Sarkar, PhD, Memorial University, St. John’s, NL, Oct 4, 2022.
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Ontario; however, the species has also been reported in Seattle, which is approximately 150 km from the
Canadian border, suggesting risk is not limited to southwestern Ontario.!°

What are the impacts of Canada’s changing climate on the future
distribution of Cx. pipiens, Cx. restuans, Cx. tarsalis and Ae.
albopictus?

According to multiple lines of evidence, it is virtually certain that Canada’s climate has warmed and will
continue to warm into the future if global greenhouse gas emissions continue unabated.333* Climate
models project annual and seasonal mean temperature increases across Canada, with pronounced
change occurring in northern Canada, particularly during winter months.3® The annual number of hot
days is projected to increase, with Ontario seeing the largest increase in the number of hot days overall.
As temperatures become warmer, precipitation will continue to shift from snow to rain in the spring and
fall seasons. There is medium confidence that annual and winter precipitation is projected to increase
across Canada, with the largest changes to be experienced in northern Canada.3? Daily extreme
precipitation is also expected to increase. Nonetheless, summer precipitation is projected to decrease
across much of southern Canada, though confidence in this projection is not as high as for annual mean
precipitation. While the intensity and frequency of one-day heavy precipitation events have very likely
increased since the mid-20th century across most of the US, no detectable trend has been observed for
Canada.® However, recent flooding events along the Pacific Coast have been linked to increasingly
intense atmospheric river events.

For Cx. pipiens, Cx. restuans, Cx. tarsalis and Ae. albopictus, these temperature and precipitation shifts
are important predictors of their distribution.?83233 There is already evidence that the range distribution
of these species has begun to shift, increasing the risk of WNV becoming established in new places.
Warmer annual and seasonal temperatures have and will continue to increase the geographic spread of
where mosquitoes can survive and breed.>3> The role of precipitation is less straightforward and more
species-specific. While increased rainfall increases the amount of standing water necessary for breeding,
heavy rainfall can also dilute nutrients in the standing water required for larval survival or flush out
ditches and drainage channels that had served as breeding grounds.3®3” In times of decreased
precipitation or drought, standing water conditions can become richer in organic material needed for
larval survival, and have been observed to lead to population outbreaks of some species of mosquito,
such as Cx. pipiens, in the following year.383°

To forecast where these four mosquito species are likely to expand to in the future, models that account
for the impacts of climate change on future habitat suitability have been helpful. However, research in
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this area remains sparse, and only a handful of studies have examined climate change impacts on WNV
vectors in Canada.'’"?? For both Cx. tarsalis and Cx. pipiens, there is only one predictive model each of
future habitat suitability in Canada. For Ae. albopictus, there are four predictive models, two of which
examine habitat suitability globally; the remaining two studies examine habitat suitability for the US and
Canada specifically. These six models have been developed using a wide range of methods. The more
recent studies have used Representative Concentration Pathways (RCPs) from the Intergovernmental
Panel on Climate Change’s (IPCC) fifth assessment report, while older studies used emission scenarios
from IPCC’s third and fourth assessment reports (Appendix A). A variety of general circulation models
(GCMs) and regional circulation models (RCMs) have been used to construct these scenarios (Table Al).
No studies have investigated the impacts of climate change on future habitat suitability for Cx. restuans.

For Cx. tarsalis, Chen et al. (2013) modelled habitat suitability in the Prairie provinces using future climate
conditions that were either: 1) cool and wet, 2) median, or 3) warm and dry.!” Three time slices were
modelled: the 2020s (2010-2039), the 2050s (2040-2069), and the 2080s (2070-2099). Except for the
cool and wet scenario in the 2020s, Cx. tarsalis is predicted to expand northward under all future
scenarios and time slices. Under the median scenario, this amounts to a 1.3-fold increase in geographical
range for the 2020s, a 1.6-fold increase for the 2050s, and a 1.9-fold increase for the 2080s. While
climate conditions in the northern parts of the Prairies (up to 60° N latitude) were found to be
increasingly suitable under future climate scenarios, Cx. tarsalis range expansion will be primarily
restricted by the absence of suitable grassland habitat.

For Cx. pipiens, Hongoh et al. model habitat suitability across Canada (excluding BC and the Territories)
under a moderate (1.0-2.2° C) and more extreme warming (2.0-5.4° C) scenario for the 2020s (2011-
2040), 2050s (2041-2070) and 2080s (2071-2100).8 Under the moderate scenario, the increase of
suitable habitat range is initially concentrated in southern Ontario, parts of southern Quebec, and parts
of the Maritime provinces (New Brunswick, Nova Scotia, and Prince Edward Island) as well as
Newfoundland and Labrador. Suitable habitat range expansion continues further northward and
westward into central Ontario, southern Quebec, and a larger region of New Brunswick and
Newfoundland by the 2050s. By the 2080s, increasing parts of central Ontario, most of southern Quebec,
and nearly 100% of the Maritimes, with the exception of Labrador, are predicted to be suitable habitat
for Cx. pipiens. This amounts to a 1.5-fold increase in habitat suitability in the 2020s over currently
predicted distributions, and a 2.5- and 5-fold increase in the 2050s and 2080s respectively. Under the
more extreme scenario in the 2020s, projected range expansion is initially concentrated in the Maritime
provinces and Newfoundland and Labrador as well as southern parts of Alberta. Expansion continues in
these areas for the 2050s and 2080s but at a much slower rate than the moderate scenario predicted.

For Ae. albopictus, two out of the four studies that have modelled habitat suitability under future climate
scenarios do so on a global scale.?222 At this scale, it is difficult to obtain a detailed picture of distribution
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changes in Canada given the low resolution of the maps; but in general, both studies indicate potential
continued expansion into western BC and southern Ontario, and new expansion into southern Alberta,
southern Quebec, New Brunswick, Nova Scotia, Newfoundland, and southern Labrador.

A closer examination of Ae. albopictus range expansion can be found in two studies that model
projections for the US and Canada specifically. Ogden et al. (2014) model habitat suitability for the 2050s
and 2080s under moderate warming and extreme warming using three climactic indicators of Ae.
albopictus survival: 1) overwintering conditions; 2) overwintering conditions combined with annual air
temperature; and 3) an index of precipitation and air temperature suitability.'® Using either
overwintering indicator, modest (~500 km) northward range expansion is projected along the BC coast by
the 2050s under both the moderate and high emissions scenario. Using the precipitation and
temperature index, greater northward range expansion (~*600—-1000 km) is projected along the BC coast
and in the southern parts of eastern Canada by the 2050s under moderate warming. Range is also
expected to expand into some northern parts of the Prairies and in the eastern foothills of the southern
Rocky Mountains by the 2050s under extreme warming. Khan et al. (2020) also model Ae. albopictus
habitat suitability under both a moderate and extreme warming scenario, extending predictions to the
year 2100.%2° They do not assess specific climactic indicators in their study, but similarly predict expansion
of suitable habitat into southern parts of eastern Canada (under moderate warming) and coastal BC
(under extreme warming).

Although each of these six studies demonstrates the impact of climate change on the distribution of
these three mosquito vectors, a number of gaps remain in predicting future distribution. These include
factors such as how climate change will affect host-vector interactions, predation by other species,
competition with other species, and the potential adaptive capacity of the species itself, among other
factors. Future models addressing how these factors will affect the ecology of WNV and distribution of
vector species are needed.

How will Canada’s changing climate impact outbreaks of WNV in
Canada?

Aside from geographic spread, climate-change-driven trends or events can impact WNV transmission
through complex interactions between mosquitoes, viruses, and hosts. While these pathways have been
widely studied, they vary by mosquito species (and life cycle) and can be influenced by a wide variety of
environmental factors, such as land use, microclimates, topography, soils, infrastructure, and human
population density. Consequently, results have often differed from study to study on the impact of
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temperature, precipitation, or relative humidity. This section summarizes the evidence on the impact of
annual and seasonal warming, extreme heat, drought, and heavy precipitation on human cases of WNV.

Annual and seasonal warming

While the intensity of WNV transmission is typically kept in check at the confines of northern latitudes by
cooler temperatures, there is ample evidence that above-average annual and seasonal temperatures in
these regions is leading to sizeable changes in seasonal vector abundance, shifting transmission of these
diseases further north.4%4* WNV transmission season in Canada is typically considered to be May through
September. However, seasonal warming outside of this period is allowing mosquito populations and
pathogen levels to develop earlier in the year, and extend the transmission season later into the fall. For
example, warmer and shorter winters allow for greater survival of overwintering mosquitoes,*>*3 while
warmer spring weather allows mosquito populations and pathogen levels to develop more quickly and
become more prevalent.*4® Both warmer than average winters and springs have been associated with
increased WNV incidence in humans in the contiguous US and Europe, as well as on more local scales, in
New York, Connecticut, and Ontario.134347-50 Warmer than average winter temperatures can also impact
bird migration, breeding, and overall mortality,>>>? which could impact the WNV disease transmission
cycle.

During the summer season, above-average seasonal temperatures have been linked to WNV epidemics in
2002-2004, and minimum summer temperatures have been found to predict human cases of the
disease.?®47>3 While some studies have suggested that too-high summer temperatures have resulted in
mosquito mortality, and thus represent a “natural check on viral amplification,” Chen et al. find that
mean monthly summer temperatures in the Canadian Prairies are not likely to exceed the upper
threshold of mosquito survival; as a result, increased summer temperatures will likely lead to greater
vector development rates without a compensatory increase in mosquito mortality.’

Finally, for the fall, Hahn et al. (2015) found a small but significant increase in WNV incidence for the US
nationally for each standard deviation increase in autumn temperature, suggesting an extension of the
WNV transmission season. In the Upper Midwest and Northern Rockies/Plains region in particular, the
odds of WNV incidence approximately doubled between October through to December.>* However, a
study by Shocket et al. (2020) suggests that human behaviour may partially compensate for the expected
effects of increased temperature on mosquitoes and hosts.*? For instance, mosquitoes may have less
opportunity to bite humans as people tend to expose less skin and spend less time outdoors with the
start of the school season and reduced daylight hours.*°
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Extreme heat

Definitions of extreme heat vary by region, but it is generally defined as summertime temperatures that
are much hotter or more humid than average. There are several biological mechanisms that contribute to
the association between extreme heat and increased WNV incidence. For both Culex and Aedes spp., high
temperatures help increase mosquito abundance and accelerate mosquito development, but they also
help to rapidly amplify viral replication in mosquitoes.*®>> Together, these changes directly affect the
likelihood of the mosquito reaching maturity and increase their competence for infecting other hosts,
thereby heightening the risk of disease spread.”®° However, a too-high temperature (> 35°C) can have
detrimental effects, greatly inhibiting mosquito development and decreasing mosquito survival,
especially if such temperatures persist over several days.?! This inhibitive effect may, however, be
mediated by the onset of the heat wave. As Jia et al. (2019) found, heat events emerging in late July did
not influence the mosquito population as much as events earlier or later in the summer, suggesting the
ability of mosquitoes to naturally adapt to more intense summer heat over the course of the season.!

Extreme heat events have also been linked to WNV outbreaks globally.>®62-%4 The timing of WNV
outbreaks following an extreme heat event appears to follow a geographic latitudinal gradient. That is,
southern countries, which tend to have warmer climates, typically exhibit a more immediate increase in
WNV cases following an extreme heat event, while northern countries, with colder climates, experience a
lag effect, with cases increasing ~4 weeks following an extreme heat event.®? This lag effect is supported
across numerous studies from North America.*®%>-%7 For example, in the US, Soverow et al. (2009) found
mean weekly maximum temperatures to be positively and significantly associated with human WNV
incidence during the same week and in the subsequent three weeks.?® Furthermore, mean weekly
temperature increases of 5°C were associated with a 32-50% higher incidence of reported WNV cases.%8
In Canada, Chen et al. (2013) showed that above-average mean monthly temperatures for June, July, and
August were positively and significantly associated with human WNV incidence one month later.’

Finally, it is important to recognize differences between urban and rural areas with regard to extreme
heat and WNV incidence. Dense, urbanized areas are particularly favourable WNV hotspots, made even
more favourable given the additive impact of urban heat island effects on temperature.®® As a result,
many outbreaks of WNV globally have and will continue to occur in urban areas without action to address
urban heat islands.

Drought

Droughts have been linked with increased WNV incidence in numerous studies globally.>666%77 |n the US,
a large national study determined drought to be the primary climatic driver of increased WNV epidemics,
rather than within-season or winter temperatures.> However, association between drought and WNV
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depends largely on the vector species affected, land cover composition, and the particular sequence of
drought and precipitation that precedes WNV transmission season.”®7°

For example, Cx. pipiens-restuans, the primary WNV vector in the eastern US and Canada (north of 36
degrees latitude), thrive in drought conditions, which helps to create breeding grounds high in organic
matter (a result of drying content).”* Heavy rainfall events can negatively impact this species by flushing
catch basins that are typically used by Cx. pipiens-restuans for egg-laying and diluting the organic content
in other potential breeding sites.3®8%81 Moreover, it has been shown that Cx. pipiens-restuans can retain
their eggs during a drought, allowing them time to locate the remaining water sources necessary for egg-
laying, and which are often associated with human populations and WNV-competent bird species (e.g.,
bird baths, backyard ponds, etc.).82 In contrast, Cx. tarsalis, the primary WNV vector in the Western US
and Canada, prefers water with lower organic content for breeding.”* Consequently, its population size is
decreased during drought conditions, as a result of reduced availability of breeding habitats.5*23 Ae.
albopictus differs from both Cx. pipiens-restuans and Cx. tarsalis in that its larval populations can flourish
in very small pockets of water in either natural or human-made containers (e.g., discarded plastic
containers). Unlike Cx. tarsalis, droughts do not have an outsized effect on Ae. albopictus because
container-water sources are widespread, especially in urban areas. Moreover, eggs of container-breeding
mosquitoes, like Ae. albopictus, are able to withstand drought conditions as an egg, and hatch when later
submerged.?4#

While these divergent responses to drought across mosquito species may increase or decrease mosquito
abundance, this does not always translate to a respective increase or decrease in human WNV incidence.
Several other environmental factors can alter this association. Two such examples are mosquito predator
and competitor species and associated land cover. In a study of natural wetlands in north-west
Pennsylvania, researchers found that in wetlands that never dry (permanent wetland), predators will
limit mosquito populations, whereas in wetlands that dry yearly (temporary wetland), competitors have
adapted to this predictable drying and will similarly limit mosquito populations.3® However, in wetlands
that dry during drought years only (semi-permanent wetland), mosquito predators and competitors are
eliminated and the population of wetland mosquitoes can increase unchecked. Another study in the
northeast and mid-western US supports this finding: in counties with a high proportional area of semi-
permanent wetland, drought conditions resulted in an over 300% higher annual WNV incidence than in
counties with a lower proportional area of semi-permanent wetland.”®

Droughts can also cause changes to avian host abundance and habitat. For some species of wild birds,
droughts have been shown to reduce populations, thereby increasing the likelihood of virus amplification
in the remaining population.®® Water scarcity has also been shown to bring avian hosts and mosquitoes
into closer contact through congregation near remaining water sources, increasing the cycling of the virus
between mosquito and bird.?” Finally, the sequence of drought and precipitation can also impact human
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WNV incidence. In the above example, rainfall after a prolonged drought would likely result in the
dispersal of avian hosts further from the water source, leading to greater risk of uninfected mosquitoes
acquiring the virus.?” Rainfall events after drought further allow mosquitoes to lay their eggs and
synchronize a cohort of host-seeking mosquitoes, allowing potentially WNV-infected mosquitoes to
spread the virus to humans.®

Heavy rainfall

Heavy rainfall refers to instances during which the amount of rain in a location significantly exceeds what
is normal for the area and time of year. In general, rainfall has two primary influences on the mosquito
life cycle for Culex and Aedes spp. First, the increased humidity associated with rainfall enhances
mosquito flight activity and host-seeking behavior. Secondly, increased rainfall can alter the quantity and
type of aquatic habitat (nutrient-rich vs. nutrient-poor) available for breeding and larvae
development.?9°0 Depending on the mosquito species, this latter influence may increase mosquito
abundance (e.g., Cx. tarsalis) or decrease mosquito abundance (Cx. pipiens),®*3 though a few studies
have found precipitation to be unrelated to subsequent mosquito abundance in certain regions.?>°*
Habitat type also likely plays a mediating role. In urban areas, which often have more impervious
surfaces, heavy rainfall can wash out larvae from breeding sites; in contrast, heavy rainfall in rural areas,
which have more permeable surfaces, can provide the moisture necessary for the development of
breeding sites.??

Despite these general patterns, discerning the impact of heavy rainfall on WNV disease risk from existing
studies is difficult. One reason for this difficulty is the differences among vector species and their
preferred habitats and land use, as mentioned above.?®8%92 Other reasons include the differences in the
spatial and temporal scales of published studies,® and the variable effects of frequency, strength, and
timing of rainfall events.®® For example, studies examining the impact of heavy precipitation on WNV
cases in the US report diverging results. In a US study of meteorological conditions associated with
reported human WNV cases, one or more days per week of heavy precipitation (defined as >50 mm in a
single day) was associated with a 33% increased incidence of cases during the same week, with an
elevated incidence in the subsequent two weeks.®® Precipitation of less than 40 mm in a single day
progressively weakened the association, indicating that strength of rainfall is an important factor
influencing WNV disease risk. Studies conducted at smaller spatial scales, however, indicate varying
results. For example, in a study of the 2016 WNV season in South Dakota, Davis et al. (2017) found a
negative association between total daily precipitation and WNV cases in the following week, but found
positive effects for WNV cases after two months. A study by Chen et al. (2013) in the Canadian Prairie
provinces found increasing precipitation associated with a lower WNV infection rate,!” despite increasing
Cx. tarsalis abundance, while a separate study in the same region found increasing average precipitation
decreased the Cx. tarsalis infection rate two to six weeks later.®
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These differences in findings may partly be explained by the geographic range of different mosquito
vectors. Hahn et al. (2015) illustrate the opposing effect of increased total annual precipitation (> 100
mm above average) between the eastern US and the western US. With the exception of the Northern
Rockies and Plains, all western regions that experienced an increased total annual precipitation were
associated with an increased WNV disease incidence.*® A similar study accounting for geographic
differences found that human outbreaks of WNV are preceded by above-average rainfall in the eastern
United States and below-average rainfall in the western United States in the year prior, the inverse of the
relationship Hahn et al. (2015) observed for rainfall measured annually for the study year.”® The results of
both studies reflect the geographical distribution of the primary WNV vectors in the US, where Cx.
pipiens-restuans is predominant in the northern US, Cx. quinquefasciatus in the southern states, and Cx.
tarsalis in the plains and western US. In areas where multiple mosquito vectors are present, precipitation
anomalies in either direction may provide the ideal breeding sites for one of the vectors, which may
explain the divergent results of studies conducted at smaller spatial scales.*® With regard to the different
relationships between increased average rainfall in the year prior compared to the year of, the most
plausible explanation seems to point to the long-term effects of precipitation on mosquito population
dynamics vs. the short-term effects of precipitation on mosquito activity.”®

More research is necessary at a variety of temporal and spatial scales to discern the impact of heavy
rainfall on WNV across Canada, as well as the influence of increased precipitation on specific mosquito
vectors and subsequently, human WNV.

What steps might municipal mosquito control programs consider in
response to these changes?

Despite what is known about the geographical spread of vector mosquitoes and how climate-change-
induced events may affect their abundance and infectivity, it remains challenging to predict the timing
and scale of human outbreaks of WNV in both endemic and new regions. Strengthening public health
preparedness for WNV outbreaks is therefore critical, as is reinforcing proactive WNV control efforts
under both the current and future impacts of climate change. With regard to control efforts, Integrated
Mosquito Management (IMM) programs are widely considered the gold standard.®® IMM is an evidence-
based strategy composed of five core components, all of which play a critical role in effective
management. They include: 1) surveillance, mapping, and evidence-based determination of action
thresholds for mosquito control; 2) physical control of mosquito habitats through manipulation; 3) source
reduction, biological control, and the application of targeted insecticides; 4) monitoring insecticide
efficacy and resistance; and 5) regularly engaging the public to promote awareness and help with source
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reduction (e.g., removing standing water from yards). These core components are important for
addressing WNV risk now and in a changing climate.

The Public Health Agency of Canada currently oversees the national WNV surveillance system—a multi-
species surveillance system focussing on human, dead bird, mosquito, and animal data.’” However,
provinces and municipalities are responsible for the physical and biological control of mosquito
populations. Decisions regarding these activities should be based on local surveillance data where
feasible. Mosquito testing in particular provides a specific indication of both spatial and temporal risk for
human infection, and can help inform proactive and reactive control measures as needed. However, as
this requires significant human and financial resources, it may not be appropriate in some areas. Where
this is the case, equine WNV surveillance data (which is the most consistently reported nationally) and
dead bird surveillance can be used to help address this gap. Surveillance through citizen science may also
be considered, and is an especially valuable approach in vast geographic areas.® Citizen science also has
the added benefit of education and awareness for the communities involved. Most importantly, a
consolidated approach to sharing surveillance information between municipalities, provinces, public
health agencies, and academia will be necessary to ensure a more comprehensive understanding of
current and future risk.

Aside from surveillance, communities may also be mobilized for environmental management to reduce
mosquito breeding sites. For example, environmental public health practitioners and those working in
mosquito control for municipalities could encourage residents to regularly clean up garbage in their yards
and regularly change out the water in bird baths to avoid creating mosquito breeding sites. Increasing
public awareness about mosquito-borne disease and how to reduce the risk of getting bitten is also
central to both prevention of outbreaks and mitigation, should one occur.

In places where WNV is not yet a risk, but likely will be given the expansion of WNV vectors across
Canada, continual surveillance focussed on the presence of specific mosquito species, their abundance,
and whether WNV has entered the mosquito population will be important, as is monitoring for trends in
neighbouring regions, irrespective of national or provincial borders. For Ae. albopictus in particular, both
maritime sea transport and ground transportation have been identified as important dispersal pathways
for the species into new countries.?® As such, vector surveillance and control at points of entry into
Canada may be a useful strategy for limiting the species’ spread, as well as preventing other invasive
species from being introduced.
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summary

Habitat suitability for Cx. pipiens, Cx. restuans, Cx. tarsalis and Ae. albopictus is predicted to expand as a
result of Canada’s warmer climate and more frequent and extreme weather events. As a result, WNV is
likely to emerge in areas where previously no risk existed, and increase in areas where risk was once low.
Climate-change-induced events such as increased annual and seasonal temperature, heat waves,
droughts, and heavy periods of rainfall may also amplify WNV risk, though timing and location are critical
determinants among others that modulate risk. More research is needed to determine the current and
future habitat of these four species in Canada, as well as the impacts of specific climate-change-induced
trends on WNV risk in the Canadian context. As extreme weather events are expected to become more
frequent, it is important to reinforce WNV control and monitoring efforts in places where the virus is
already established, and enhance monitoring in places where it is possible to become established.1%
Environmental public health professionals should work with health providers to communicate where
WNV-positive vector populations are increasing to enable more timely diagnoses when a patient presents
with symptoms to their physician. Surveillance at points of entry into Canada is also needed to limit the
spread of non-native vectors into Canada. Finally, a consolidated approach to sharing information across
Canada is also necessary to minimize risk and increase preparedness, should an outbreak occur. This will
require increased communication between municipal, provincial, and academic partners involved in
surveillance activities, and priority setting among these groups to establish future surveillance initiatives.
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Appendix A

Emissions scenarios: These are possible pathways developed by the IPCC in 2000 that society may take in
the emission of greenhouse gases in the future.'®! The scenarios fall under four storylines (A1, A2, B1,
and B2) and consist of the following six scenarios:

A1 storyline: This storyline and scenario group describes “a future world of very rapid economic growth,
global population that peaks in mid-century and declines thereafter, and the rapid introduction of new
and more efficient technologies. Major underlying themes are convergence among regions, capacity
building, and increased cultural and social interactions, with a substantial reduction in regional
differences in per capita income. The Al scenario family develops into three groups that describe
alternative directions of technological change in the energy system.”10!

e The A1F1scenario depicts a fossil fuel intensive future.

e The AIB scenario depicts a balanced future split between both fossil fuels and non-fossil fuel
technologies.

e The AT scenario depicts a predominantly non-fossil fuel future.

A2 storyline: This storyline and scenario describes “a heterogeneous world. The underlying theme is self-
reliance and preservation of local identities. Fertility patterns across regions converge very slowly, which
results in continuously increasing global population. Economic development is primarily regionally
oriented and per capita economic growth and technological change are more fragmented and slower
than in other storylines.” 1! The A2 storyline has only one scenario, titled the A2 scenario.

B1 storyline: This storyline and scenario describes “a convergent world with the same global population
that peaks in mid-century and declines thereafter, as in the Al storyline, but with rapid changes in
economic structures toward a service and information economy, with reductions in material intensity,
and the introduction of clean and resource-efficient technologies. The emphasis is on global solutions to
economic, social, and environmental sustainability, including improved equity, but without additional
climate initiatives.”'%! The B1 storyline has only one scenario, titled the B1 scenario.

B2 storyline: This storyline and scenario describes “a world in which the emphasis is on local solutions to
economic, social, and environmental sustainability. It is a world with continuously increasing global
population at a rate lower than A2, intermediate levels of economic development, and less rapid and
more diverse technological change than in the B1 and A1 storylines. While the scenario is also oriented
toward environmental protection and social equity, it focuses on local and regional levels.”'% The B2
storyline has only one scenario, titled the B2 scenario.



All storylines and scenarios were developed to be equally valid with no assigned probabilities of
occurrence.

Representative concentration pathways (RCPs): These are greenhouse gas concentration trajectories
adopted by the IPCC in 2014 for climate modelling and research.'%? There are four pathways, each of
which describe different climate futures: RCP2.6, RCP4.5, RCP6, and RCP8.5. The numbers refer to
radiative forcings (global energy imbalances) that are measured in watts per square metre (W/m?2), by the
year 2100.

RCP2.6: This pathway is described by the IPCC as a low emission scenario characterized by active
mitigation, with emissions peaking by 2020 before declining. It represents a peak in radiative forcing at ~
3 W/m? mid-century before declining to 2.6 W/m? by 2100. RCP2.6 is projected to result in global
temperature rise between 0.3°C and 1.7°C by 2100.

RCP4.5: This pathway is described by the IPCC as an intermediate emission scenario, with emissions
peaking by 2040 before declining. It represents a stabilization in radiative forcing at 4.5 W/m? post-2100.
RCP4.5 is projected to result in global temperature rise between 1.1°C and 2.6°C by 2100.

RCP6: This pathway is described by the IPCC as an intermediate emission scenario, with emissions
peaking by 2080 before declining. It represents a stabilization in radiative forcing at 6 W/m? post-2100.
RCP6 is projected to result in global temperature rise between 1.4°C and 3.1°C by 2100.

RCP8.5: This pathway is described by the IPCC as a high emission scenario, with emissions continuing to
rise throughout the 21% century. It represents a rise in radiative forcing to 8.5 W/m?in 2100. RCP8.5 is
projected to result in global temperature rise between 2.6°C and 4.8°C by 2100.
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Table Al. Projected climate scenarios used in each study

General or Regional Emissions Scenarios Representative
Circulation Models Concentration

Pathways

e NCAR-PCM A2 ==
MIMR B1
UKMO-HadGEM1

& CGCM3 A2 -
CCSM3.0 B1

0 CRCM4.2.3 A2 RCP 4.5
CRCM5 RCP 8.5
CanRCM4
HIRHAMS5
RCA4-v1
RegCM3
ECPC
MM5I
WRF

a8 CanRCM4-CanESM2 - RCP4.5
CRCM5-CanESM2 RCP8.5
CRCM5-MPI-ESM-LR
HIRHAMS5-EC-EARTH

2t BCCR-BCM 2.0 A2 --
CSIRO-MK 3.0 B1
CSIRO-MK 3.5 Al1B
INM-CM 3.0
MIROC medium
resolution
NCAR-CCSM 3.0
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