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The rapid range expansion of the blacklegged tick, Ixodes scapularis, has been occurring
in central and eastern Canada. This tick is a concern for human and animal health, given it is a
vector for several pathogens, including Borrelia burgdorferi, the causative agent of Lyme disease.
In this thesis, spatial and temporal patterns of I. scapularis and its pathogens were examined in
Ontario, and surveillance approaches utilized to classify Lyme disease risk across Canada were
assessed. Drag sampling at 48 sites in Ontario from 2017 to 2019 detected I. scapularis at 30 sites
and B. burgdorferi at 9 sites. Tick and pathogen hotspots were identified in eastern Ontario in 2017
and 2018, respectively. A one year gap between I. scapularis presence and B. burgdorferi detection
was detected at 4 of 15 sites. There was limited agreement among the seven Lyme disease risk
classification approaches assessed. Understanding the expansion of I. scapularis and B.
burgdorferi can help target future risk areas where primary methods of prevention should be
implemented to minimize the transmission of tick-borne pathogens.
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CHAPTER 1: LITERATURE REVIEW & THESIS RATIONALE
1.1

INTRODUCTION
The blacklegged tick, Ixodes scapularis, is a three-host Ixodid hard tick that is the vector

of many pathogens of human and animal health concern, including Borrelia burgdorferi, the
causative agent of Lyme disease (Nelder et al., 2018). Although molecular evidence suggests that
blacklegged ticks have existed for thousands of years, their populations were decimated upon
European colonization of eastern North America due to the destruction of their woodland habitat
and near extinction of their primary reproductive hosts, the white-tailed deer (Barbour & Fish,
1993; Barker et al., 1992). However, by the 1970’s blacklegged tick populations began to rebound
concurrent with extensive reforestation efforts and hunting regulations (Barker et al., 1992;
Spielman et al., 1985).

In Canada, there has been one longstanding population of blacklegged ticks at Long Point,
Ontario. These ticks were first recognized in 1972, although there is genetic evidence to suggest
this population existed long before that time (Watson & Anderson, 1976). This population
remained the only known population in Ontario for decades. Barker et al. (1992) conducted field
surveillance at sites in southern Ontario in the late 1980’s and did not find any evidence of
blacklegged tick populations, except at Long Point, Ontario (Barker et al., 1992). However, since
the late 1990’s, significant range expansion of the blacklegged tick has been detected from the
northeastern and midwestern United States into areas of southeastern and central Canada
(Bouchard et al., 2011; Clow et al., 2017a; Leighton et al., 2012; Ogden et al., 2009). Evidence
suggests that climate change is one of the key factors facilitating range expansion of the
blacklegged tick (Bouchard et al., 2015; Ogden et al., 2014b; Ogden et al., 2008c). This process is
ongoing, with populations of blacklegged ticks detected in new areas on an annual basis (Gasmi
et al., 2017; Public Health Ontario, 2020).

Continued expansion of the blacklegged tick has been associated with the emergence of
several tick-borne pathogens, and a corresponding increase in the incidence of Lyme disease in
humans and domestic animals (Hamer et al., 2010). The first cases of Lyme disease were reported
in the United States early in the 1970’s, and the disease is now the most common vector-borne
1

disease in North America (Ogden et al., 2015a; Steere et al., 2004). At least 16 human-associated
pathogens have been linked with blacklegged ticks, including six which are of current or potential
future threat for Canada: Borrelia burgdorferi, Anaplasma phagocytophilum, Borrelia miyamotoi,
Borrelia mayonii, Babesia microti, and Powassan virus (Eisen et al., 2018; Nelder et al., 2016)

The objectives for this literature review are to 1) describe the biology of I. scapularis and
its associated pathogens, 2) describe the environmental factors that have facilitated expansion and
establishment of blacklegged tick populations, and 3) identify key knowledge gaps in this field of
study.

1.2

METHODOLOGY
To conduct this literature review, search terms were inserted individually or in combination

into four journal databases (CAB Direct, ProQuest, PubMed and Web of Science). The following
search terms for the entirety of the literature review were used: Ixodes scapularis (blacklegged
tick, deer tick); Lyme disease (Lyme borreliosis, zoonotic tick-borne disease, vector-borne
disease); Borrelia burgdorferi sensu stricto (Borrelia burgdorferi); tick expansion (establish*,
spread, invasion); North America (Ontario, Canada, United States); environment (temperature,
precipitation, climate change); habitat (vegetation, forest, fragmentation); reservoir host (small
mammal, white-footed mouse, large mammal, white-tailed deer); pathogen emergence (transmit*,
forest destruction, reforestation, range expan*); associated pathogen (anaplasmosis, babesiosis,
Borrelia miyamotoi, Powassan virus); pattern (spatial, temporal, analysis, surveillance), risk (area,
classif*, sentinel, endemic, method*). The publication dates included in the initial article search
ranged from 1995 to June 2020. Articles that were not in English were omitted.

The search strategy yielded 935 articles. Titles were scanned and articles were excluded
using the following criteria: research conducted outside of central and eastern Canada and the
United States, species that were not Ixodes scapularis or blacklegged tick-associated pathogens,
molecular biology and genetics of Borrelia burgdorferi and other blacklegged tick-associated
pathogens and clinical trials regarding treatment. This resulted in 234 articles. Following abstract
review, an additional 59 articles were deemed irrelevant to the literature review search and
removed based on the exclusion criteria. One hundred seventy-five articles remained and were
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read in full. An additional 48 that were not relevant to the search were removed after assessing the
full article. Forty-seven articles were gathered using citation chasing, which was done to fill in
sections lacking relevant content in the literature review. In total, 174 articles were used for this
literature review.

1.3

LITERATURE REVIEW

The Blacklegged Tick
Ixodes scapularis, also known as the blacklegged or deer tick, is an obligate
hematophagous arthropod belonging to the Ixodidae family (Hajdušek et al., 2013). These ticks
are ‘hard ticks’, as they possess a hard dorsal shield, known as the scutum, located on the anterior
region of their body behind the head (Yeh et al., 1995). The life cycle of the blacklegged tick in
northeastern United States and Canada takes 2-4 years to complete and consists of four life stages.
The first stage is the egg, followed by the six-legged larva, the eight-legged nymph and the adults
(Lindsay et al., 1998).
Feeding is a vital part of the blacklegged tick’s life cycle. At the larval, nymphal, and adult
stages, blacklegged ticks quest to find to a host. This involves climbing onto vegetation to wait for
an animal to pass by. Blacklegged ticks can detect various stimuli to recognize a nearby potential
host, including carbon dioxide and heat (Vail & Smith, 1998). Once on a host, an I. scapularis tick
finds a feeding spot, secretes saliva and cuts into the surface of the animal or human to insert its
feeding tube (Kazimírová & Štibrániová, 2013). Tick saliva aids in the feeding process as it
possesses several important chemical substances. A cement-like substance allows the tick to firmly
attach to the host. Anticoagulants, anti-inflammatories and immunosuppressors ensure that blood
flows from the host to the tick and that the host does not mount an immune response towards the
tick (Šimo et al., 2017). Finally, tick saliva contains anesthetic properties that allows the tick to
remain undetected on their host for prolonged times (Šimo et al., 2017).

Tick activity for each life stage varies throughout the year. Larvae have two notable peaks
in northeastern North America. The first peak occurs during May and June, when larval ticks that
overwintered unfed come out to search for a host (Lindsay et al., 1999b). The second peak occurs
in August and September, after the larval hatch in mid- to late June (Burtis et al., 2016; Lindsay et
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al., 1998; Lindsay et al., 1999b). The nymphal stage of the blacklegged tick has the longest period
of activity, appearing as early as May and remaining active until late September. That being said,
their peak host-seeking period is during June and July (Lindsay et al., 1995). The peak activity of
the adult blacklegged tick occurs in the fall, usually in October, with questing possible much later
depending on weather conditions. Adults can also be found in the spring and these ticks are
generally those that were not successful in finding a host the previous fall (Lindsay et al., 1999a).
If adults still do not find a host in the spring, they do not tend to survive beyond July and August
(Ogden et al., 2004).

Reproduction occurs in the adult life stage, either on or off a host. Mating is necessary to
initiate the rapid engorgement of the female tick; engorgement, which takes between 6 to 10 days,
is necessary for egg production (Kocan et al., 2015; Troughton & Levin, 2007). On the other hand,
male blacklegged ticks do not need to fully engorge and generally obtain blood meals in less than
24 hours (Troughton & Levin, 2007). Once the female tick has completed the mating and
engorgement process, she undergoes oviposition, the process of laying eggs, off the host (Kocan
et al., 2015). Egg deposition occurs in the late winter and early spring months, and egg
development will follow only when temperatures are consistently greater than 6C (Lindsay et al.,
1998; Lindsay et al., 1999a). Larval hatching is then controlled primarily by photoperiod. This was
illustrated in Long Point, Ontario, where regardless of the timing of egg deposition, I. scapularis
larvae hatched in late July. The larvae then group together and quest for a host (Kocan et al., 2015),
and once attached, will feed for 4 to 7 days (Troughton & Levin, 2007). Larvae must feed within
two years of hatching, as unfed larvae do not have enough energy stores to survive more than two
winters (Ogden et al., 2005). Nymphs follow the same basic cycle of the larvae. Nymphal ticks
feed for 3 to 8 days, with most obtaining their blood meal and dropping off the host after four days
(Troughton & Levin, 2007).

The time between feeding and the start of the molting process for both larvae and nymphs
varies and is associated with photoperiod. If ticks feed after a critical photoperiod, instead of
development, they enter a phase of diapause and do not molt until the subsequent year (Brunner et
al., 2011). This can prolong the tick’s lifecycle (Ogden et al., 2004). Lindsay et al. (1998) observed
that larvae that fed between late April and early July molt in the same year, while most larvae that
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fed mid- to late July overwintered before molting in July of the following year. Nymphal
blacklegged ticks that fed between late April and early June and about half of those that obtained
a blood meal in mid-June to late July molted in the same year. The remainder of the nymphal ticks,
as well as those that fed after July, overwintered in an engorged state and molted in the subsequent
summer (Lindsay et al., 1998). Survival during the molting process is influenced by habitat type,
as blacklegged ticks have shown to molt more successfully in woody forests than in cottonwood
dune habitats (Lindsay et al., 1998). Various host species, especially white-footed mice
(Peromyscus leucopus), feed larval ticks (LoGiudice et al., 2003). Keesing et al. (2009) suggested
that white-footed mice may be optimal hosts for larval blacklegged ticks and provide a substantial
bloodmeal for future development.

Ecology of the Blacklegged tick
Tick survival and reproduction are dependent on several abiotic (weather) and biotic (host
and habitat) factors. These are important considerations in understanding and forecasting range
expansion.

Weather conditions, including temperature, precipitation, and relative humidity have a
great influence on the development and survival of the blacklegged tick (Clow et al., 2017b; Ogden
et al., 2004). Tick activity and development is related to temperature, with higher temperatures
increasing tick activity and development, and prolonging the seasonal duration of tick activity
(Ogden et al., 2006). That being said, temperatures that are too high can have adverse effects on
blacklegged tick populations, with temperatures greater than 30C decreasing nymphal activity
and increasing overall mortality. Ixodes scapularis populations exposed to sub-zero temperatures
for longer than 8 hours also encounter high mortality rates (Bouchard et al., 2013b; Vail & Smith,
1998). While I. scapularis activity has been observed annually from May to October, blacklegged
ticks will generally be active if temperatures are above 4C, even during the winter months (Duffy
& Campbell, 1994).

Relative humidity is an also important weather condition (Rodgers et al., 2007). Ixodes
scapularis hydrates using atmospheric water vapour and therefore the tick requires environments
with increased relative humidity for survival. Relative humidity levels lower than 82% have been
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shown to be detrimental to the tick, leading to decreased overall nymphal activity, dehydration and
death (Eisen et al., 2017; Kim et al., 2017). In contrast, extreme moisture in an area (e.g., flooding)
can drown ticks or prevent them from finding a host before their energy is depleted (Eisen et al.,
2017).

When changes occur in temperature and humidity that may be detrimental to the tick, they
can alter their behaviour to increase their chances of survival. For example, in hot, dry conditions,
ticks have been observed to change their questing height (Schulze et al., 2001). Blacklegged ticks
will quest at lower heights when relative humidity is low and temperatures are high (Lindsay et
al., 1999a).

The blacklegged tick is commonly found in woodland habitats, which provides the most
suitable conditions for tick survival (Lindsay et al., 1998). These forest environments contain thick
leaf litter layers that protect blacklegged ticks from adverse weather conditions (Lindsay et al.,
1999a). Blacklegged ticks seek refuge in the leaf litter to avoid desiccation during times of low
relative humidity and high temperatures (Lindsay et al., 1999a). Ticks also overwinter in this
microclimate because it does not typically fall below 0C in sub-zero air temperatures, especially
when there is an insulating snow layer (Bouchard et al., 2013a; Brunner et al., 2012). Woodland
habitats also contain animals that ticks obtain blood meals from, including hosts such as the whitefooted mouse and the white-tailed deer (Eisen et al., 2017; Lindsay et al., 1997) and provide
blacklegged ticks with vegetation for questing purposes (Oliver et al., 2006).

Ixodes scapularis is a fairly indiscriminate feeder, taking blood meals from many species
of small-, medium- and large-sized mammals, as well as birds. Larvae and nymphs prefer to feed
on small- and medium-sized hosts, with the highest densities of sub-adult ticks generally found on
white-footed mice (Bouchard et al., 2011; Lindsay et al., 1999b; Werden et al., 2014). Whitefooted mice are abundant in eastern North America, including Ontario (Mather et al., 1989;
Werden et al., 2014). At least 82 bird species, including different types of ground-frequenting
songbirds such as the Swainson’s Thrush (Catharus ustulatus), American Robins (Turdus
migratorius) and the Common Yellowthroat (Geothlypis trichas), have been parasitized by
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blacklegged ticks (Richter et al., 2000; Scott et al., 2019). Sub-adult ticks have also been detected
on larger mammals, like the white-tailed deer, although this is rare (Lindsay et al., 1998)

The white-tailed deer is the preferred host for adult female I. scapularis ticks and is vital
for the reproduction of the blacklegged tick (Bouchard et al., 2013b; Stafford & Kitron, 2009). As
a result, the abundance of I. scapularis is strongly associated with the abundance of white-tailed
deer (Bouchard et al., 2013a; Stafford & Kitron, 2009). In Lyme, Connecticut, deer enclosures
were built around a residential woodland habitat to observe deer exclusion and tick abundance in
the early 1990s. In 1991 and 1992, larval tick abundance decreased by 81.5% and 97.8%,
respectively, compared to immediately outside of the enclosure. The observed tick abundance for
larvae, nymphs, and adults was lower within the central aspect of the enclosure when compared to
the edge of the enclosure. This study provided evidence that exclusion of white-tailed deer in tick
habitats can reduce blacklegged tick abundance in each stage, further supporting the conclusion
that deer are important for tick reproduction and abundance (Stafford, 1993). However, a study
examining the reduction of deer population in unenclosed areas did not find a correlation between
tick abundance and white-tailed deer populations (Jordan et al., 2007). Adult blacklegged ticks
have also been found to parasitize various meso-mammal species, including peridomestic animals
such as raccoons (Procyon lotor) and striped skunks (Mephitis mephitis) (Smith et al., 2019).

Range Expansion of the Blacklegged Tick
The spread of I. scapularis has accelerated rapidly in the United States and Canada in the
recent past (Ripoche et al., 2018b). In 1972, the first isolated population of I. scapularis in Canada
was reported at Long Point, Ontario, and this population remained relatively stable for several
decades (Barker et al., 1992; Watson & Anderson, 1976). Beginning in the 1990’s, new
blacklegged tick populations began to be detected in other areas of southern, central, and eastern
Ontario, and this process is ongoing (Clow et al., 2016; Clow et al., 2017a; Lindsay et al., 1995).
Several factors are believed to be facilitating large-scale range expansion of the blacklegged tick,
including migratory birds, climate change, and habitat modifications (Dennis et al., 1998; Ogden
et al., 2008b).
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Migratory birds have contributed to the expansion of I. scapularis in central and eastern
Canada (Clow et al., 2017a; Ogden et al., 2008a). Many short and long-distance avian species
migrate north from the southern United States in the spring season (Ogden et al., 2008a; Scott et
al., 2019). Nymphs and some larvae are active during this time and will feed from these groundnesting and ground-foraging bird species. Since nymphs can feed for four or more days, they can
be transported significant distances by migratory birds while taking a bloodmeal and be dispersed
into new, northern locations (Ogden et al., 2008a). Field observations combined with mathematical
modelling has illustrated that migratory birds disperse millions of ticks into Canada from the USA
annually (Ogden et al., 2008a). These ticks are called bird-borne adventitious ticks and many of
them do not survive. However, if they were dispersed into a suitable area, they can provide a seed
for population expansion.

Climate change is an ongoing global crisis that has contributed to range expansion of the
blacklegged tick (Ogden et al., 2008c). From 1880 to 2012, the average global temperature
increased non-uniformly by 0.85C, with the rate of warming being greater in Canada due to its
higher latitude (Environment and Climate Change Canada, 2016). A warmer climate is also
capable of holding more moisture, and Canada has seen an overall increase in precipitation in the
past century (Environment and Climate Change Canada, 2016; Intergovernmental Panel on
Climate Change, 2015). Since increased temperatures and relative humidity are favourable for tick
survival and life cycle development, northern areas with habitats suitable for blacklegged tick
survival, that were previously unsuitable due to climatic conditions, may now be adequate due to
climate change (Ogden et al., 2014b). This means that ticks now have a higher likelihood of
survival and reproduction in northern areas following dispersal via migratory birds. This has
positively impacted the establishment and spread of I. scapularis populations in Canada (Leighton
et al., 2012; Ogden et al., 2014a).

Extensive research has been conducted on the impact of climate change on blacklegged tick
expansion in Canada. In 2005, Ogden et al. produced predictive models for blacklegged tick range
expansion using the Global Climate Models projected temperatures in Canada for 2020s, 2050s,
and 2080s. Using these climate change models, it was observed that blacklegged tick range
expansion could be evident in central and eastern Canada within decades. Rising temperatures
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shown in these scenarios suggest that larvae would be active earlier in the spring than usual,
increasing the number of nymphs and their activity in the fall season of the same year (Ogden et
al., 2006). Ogden et al. (2008c) then created risk maps showing the predicted spread of I.
scapularis and Lyme disease in Canada for the years 2000-2080 using temperature normals from
1971-2000. Areas in southern Ontario were predicted to be in ‘moderate’ and ‘high’ risk areas of
blacklegged tick establishment in 2000-2019 (Ogden et al., 2008c). Furthermore, Leighton et al.
(2012) created a model to show the rate at which blacklegged ticks are expanding northward, and
the model projections suggested a 46 km/year northward expansion. Using this model, it was
projected that by 2020, 82% of the human population of eastern Canada would be inhabiting areas
with established I. scapularis populations (Leighton et al., 2012).

Land use changes may also impact blacklegged tick range expansion. Forest fragmentation
has the potential to reduce species diversity and increase the population density of mammals able
to take advantage of these limited habitats (Allan et al., 2003). Habitat generalists, such as the
white-footed mouse, can thrive in smaller forest fragments (Allan et al., 2003; Frank et al., 1998).
Since the white-footed mouse is a key host for immature I. scapularis, forest fragments have shown
to have higher abundance of blacklegged ticks (Brownstein et al., 2005; Frank et al., 1998; Tran
& Waller, 2013). Tick movement by mammals, such as the white-tailed deer, has also been
associated with forest fragmentation (Talbot et al., 2019). Deer that move between habitat
fragments can expand the range of I. scapularis, carrying feeding ticks between habitats (Hamer
et al., 2010). Thus, forest fragments with established blacklegged tick populations may present
risks if located near residential areas (Frank et al., 1998). However, studies exploring relationships
between forest fragmentation and blacklegged tick expansion have shown conflicting evidence.
Fragmented habitats can change host migration patterns and reduce host population size, which
may minimize the rate in which hosts encounter blacklegged ticks (Daszak et al., 2001). Wilder &
Meikle (2004) also presented results showing a lower prevalence of blacklegged tick abundance
on white-footed mice in small forest fragments in an agricultural landscape. While it is unknown
if these differences impact the relationship between tick abundance and habitat fragmentation, the
results should be considered when assessing the spread of I. scapularis (Wilder & Meikle, 2004).
More research is needed to understand the true impact of habitat fragmentation (Simon et al.,
2014).
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Range expansion in Ontario has been evident throughout the past decade, consistent with
many of the predictive models (Ogden et al., 2008c). Passive and active surveillance have provided
evidence of this range expansion. From 2008 to 2012, submissions received from the public
illustrated the presence of blacklegged ticks in the regions of southern Ontario north of Lake
Ontario and Lake Erie (Haldimand-Norfolk, Halton, Hamilton, Niagara, Peel, Toronto, and York),
and eastern Ontario (Kingston-Frontenac and Lennox and Addington, Leeds-Grenville and
Lanark, Ottawa), especially along the St. Lawrence River and extending into the Québec border
(Nelder et al., 2014). Clow et al. (2017a, 2018) conducted extensive field work from 2014 to 2016
and documented ongoing range expansion, particularly in eastern Ontario. These findings were
consistent with the predictions of the blacklegged tick’s northward range expansion at 46 km/year
(Clow et al., 2017a). Kulkarni et al. (2018) reported that I. scapularis was detected in 70% of the
23 sites surveyed in the city of Ottawa in 2017. As of 2020, blacklegged ticks have been detected
in and around the Ottawa area, providing further evidence of I. scapularis establishment in this
area (Public Health Ontario, 2020).
Blacklegged tick expansion can be visualized using the annual “Estimated Risk Areas” risk
maps from 2016 to 2020 for Lyme disease in the province published by Public Health Ontario
(Public Health Ontario, 2016, 2017, 2018, 2019, 2020). These maps illustrate areas where
blacklegged ticks have been detected in the spring and fall via active surveillance (tick dragging)
in the previous year. A 20 km radius is added around the site of detection (Public Health Ontario,
2016, 2017, 2018, 2019, 2020). In 2016, the PHO risk map illustrated that most tick presence in
Ontario was found in eastern Ontario and in southern areas of the province. By 2020, the risks
areas had increased encompassing many regions along the coast of Lake Erie and Lake Ontario, a
significant portion of eastern Ontario and select areas along the southern shores of Lake Huron.
Risk areas were also noted in northwestern Ontario in the Kenora and Rainy River regions (Public
Health Ontario, 2016, 2020).

Borrelia burgdorferi
Borrelia burgdorferi is a helical spirochete of the Spirochaetaceae family, and is one of
the causative agents of Lyme disease (Burgdorfer et al., 1982). This bacterium cannot complete its
life cycle without a host organism, signifying that B. burgdorferi is an obligate pathogen
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(Anderson & Magnarelli, 1983; Tilly et al., 2008). Borrelia burgdorferi sensu stricto is a species
belonging to the B. burgdorferi sensu lato species complex (Ogden et al., 2015a). Borrelia
burgdorferi sensu lato complex contains the three species found in North America and Europe
primarily known to cause Lyme disease: B. afzelii, B. garinii, and B. burgdorferi sensu stricto
(Cerar et al., 2016). This section will spotlight Borrelia burgdorferi sensu stricto, as it is the
primary cause of Lyme disease in Canada and the United States (Wormser et al., 2009). Tyler et
al. (2018) cultured 64 strains of B. burgdorferi sensu stricto in ticks collected in southern Canada
from October to November of 2016. Strain diversity in B. burgdorferi sensu stricto species may
contribute to environmental adaptations and differences in various phenotypic characteristics
(Tyler et al., 2018). Understanding strain types of B. burgdorferi is important for identifying
potential implications of strain variation and the spread of this pathogen (Cerar et al., 2016; Tyler
et al., 2018).

Transmission
Transovarial transmission of B. burgdorferi by I. scapularis rarely occurs and thus the
pathogen must be acquired during feeding on an infected reservoir host (Brunner et al., 2011;
Piesman et al., 1986). Reservoirs of B. burgdorferi are mammals that can carry and transmit the
pathogen to uninfected blacklegged ticks through a bloodmeal (Lindsay et al., 1997; Richter et al.,
2000; Tracy & Baumgarth, 2017). The white-footed mouse, a preferred host of the blacklegged
tick, is one of the most competent reservoirs for B. burgdorferi (Anderson & Magnarelli, 1983;
Mather et al., 1989). Production of Borrelia burgdorferi antibodies in white-footed mice takes 23 weeks (Schwan et al., 1989) during which time mice are infective. Re-infection can also occur
in individual white-footed mice (Bunikis et al., 2004; Schwan et al., 1989), though antibodies can
remain in their blood for months after infection (Lindsay et al., 1997; Schwan et al., 1989). In
addition to white-footed mice, eastern chipmunks (Tamias striatus), northern short-tailed shrews
(Blarina brevicauda), and masked shrews (Sorex cinerus) are competent reservoirs for B.
burgdorferi (Brisson et al., 2008; Brunner et al., 2008). Eighty to ninety percent of B. burgdorferiinfected ticks are considered to have acquired this pathogen from these four species (Brisson et
al., 2008). Migratory bird species, including the Common Yellowthroat and American Robins,
may have high levels of exposure to B. burgdorferi because they often use similar habitats to
blacklegged ticks (Battaly & Fish, 1993; Richter et al., 2000). Migratory birds can contribute to
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the spread of this pathogen in Canada, however, many species are not competent or minimally
competent reservoirs for B. burgdorferi. Indeed, only a small proportion of bird-borne ticks have
been shown to be infected with B. burgdorferi (<8%) (Ogden et al., 2008a; Scott et al., 2019).

Once infected, blacklegged ticks can go on to transmit the pathogen to other hosts at
subsequent bloodmeals as nymphal or adult blacklegged ticks. The amount of B. burgdorferi
spirochete in feeding tick salivary glands was quantified using real-time PCR, with the highest
abundance of spirochetes found from 48 to 60 hours after tick attachment. This rapid increase of
spirochetes is due to protein changes and subsequent bacterial migration in the tick, which
drastically increases the risk of B. burgdorferi transmission to the host when the tick feeds for
more than 24 to 48 hours (Piesman et al., 2001; Piesman et al., 1987b). Outer surface proteins
(Osp) A and C of B. burgdorferi are critical for providing the pathogen entry into the host (Hyde,
2017). OspA is regularly expressed inside the tick to adhere the pathogen to the midgut cells while
OspC is downregulated. When I. scapularis feeds, the spirochete rapidly multiplies and reciprocal
expression happens; OspA is downregulated, and OspC is upregulated (Schwan et al., 1995;
Schwan & Piesman, 2002). The upregulation of OspC during feeding facilitates pathogen invasion
from the midgut of the tick to the salivary glands, while OspA downregulation changes the
spirochetes’ cell surface to allow B. burgdorferi to travel from the midgut into the tick’s salivary
glands (Schwan et al., 1995) Furthermore, once the tick bites the host, bioactive salivary molecules
are secreted to modulate the host defense response. Borrelia burgdorferi can evade immune
responses using these tick salivary proteins (Kazimírová & Štibrániová, 2013; Tracy &
Baumgarth, 2017).
Incidental hosts, or “dead-end” hosts, are mammals that cannot transmit the pathogen to a
naïve tick (Lindsay et al., 1997; Richter et al., 2000; Tracy & Baumgarth, 2017). An example of
an incidental host in the wilderness is the white-tailed deer (Lindsay et al., 1997). Although whitetailed deer are incompetent reservoirs for B. burgdorferi, they contribute indirectly to the
transmission process of Lyme disease by relocating ticks or increasing tick abundance (Frank et
al., 1998; Levi et al., 2012). Other incidental B. burgdorferi hosts that have the potential to show
clinical symptoms of Lyme disease include humans, dogs and horses (Divers et al., 2018).
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Lyme disease
Lyme disease is the most common vector-borne disease in North America (Burgdorfer et
al., 1982; Hamer et al., 2010). It is important to note that Lyme disease can be caused by several
other bacteria in the Borrelia burgdorferi sensu lato complex, including B. mayonii in eastern
North America, but B. burgdorferi is the most common species in North America causing Lyme
disease, and is thus the focus of this literature review (Pritt et al., 2016; Johnson et al., 2017). The
surge in blacklegged tick populations has been correlated to the increased emergence of Lyme
disease cases in Canada in recent years (Ripoche et al., 2018b). In 2018, the Public Health Agency
of Canada (PHAC) reported that from 2009 to 2016, the number of human cases of Lyme disease
per 100,000 people increased from 0.4 to 2.7 (Gasmi et al., 2017). In 2016, PHAC also reported
that the highest incidence rate of Lyme disease cases was in Nova Scotia, with 34.4 cases per
100,000 people, while the highest number of Lyme disease cases in Canada came from Ontario,
with 316 confirmed and 55 probable cases. These numbers indicate that the incidence of Lyme
disease is on the rise across the country, with Ontario at elevated risk (Nelder et al., 2018; Public
Health Agency of Canada, 2021).

Lyme disease in humans can present as early localized, early disseminated and late
disseminated disease. However, people infected with Lyme disease do not necessarily go through
all three of these stages (Wormser et al., 2006). Around 10% of B. burgdorferi-infected humans
are asymptomatic (Steere et al., 1998). In the early localized stage of Lyme disease, erythema
migrans characteristically forms after approximately 3-30 days at the site of a B. burgdorferiinfected tick bite. Using Lyme disease surveillance data from 2009 to 2015 in Canada, Gasmi et
al. (2017) found that erythema migrans was the most commonly reported symptom of a person
that has Lyme disease, with 74.2% of individuals presenting with the rash (Gasmi et al., 2017;
Ogden et al., 2015a). Many people also develop flu-like symptoms (Ogden et al., 2009). In the
early disseminated stage, Lyme disease can lead to facial palsy, meningitis, carditis and other
neurologic and cardiac symptoms. Clinical manifestations of late disseminated Lyme disease
include arthritis, encephalitis, and peripheral neuropathy (Wormser et al., 2006). If Lyme disease
is detected in the early stages of the disease, administration of certain antibiotics, such as
doxycycline and amoxicillin, may help the patient recover completely (Molloy et al., 2015). Late
disseminated Lyme disease can also be treated with antibiotics, though symptoms may persist after
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treatment (Halperin, 2015). Additional treatments may be used for Lyme arthritis, Lyme carditis,
and neurological manifestations Lyme disease (Fallon et al., 2008; Kowalski et al., 2011; Steere
& Angelis, 2006).

Dogs exposed to B. burgdorferi may experience clinical signs of Lyme disease (Littman et
al., 2006). Dogs can be exposed to ticks during outdoor activities, including walks and hikes
(Sykes, 2013). Unlike humans, between 90-95% of dogs infected with B. burgdorferi are
asymptomatic (Steere et al., 1998) and if signs do develop they usually occur 2-5 months after
infection (Sykes, 2013). Signs include fever, lameness, lethargy, and loss of appetite (Littman,
2013; Summers et al., 2005; Sykes, 2013) and treatment with various antibiotics, including
doxycycline, amoxicillin, and tetracycline derivatives is highly effective. In rare cases, dogs may
develop a protein-losing nephropathy, which is associated with limited treatment success and high
fatality rates (Littman et al., 2006). Available vaccines can help reduce the risk of Lyme disease
in dogs (Littman et al., 2018). However, it is imperative to take precautionary measures to reduce
the exposure of blacklegged ticks and thus minimize the transmission risk of tick-borne pathogens
to dogs (Littman et al., 2018; Steere et al., 1998).

Horses can also contract the Lyme disease pathogen from an infected tick bite (Divers et
al., 2018). Possible clinical signs of Lyme disease in horses include attitude changes, lameness,
skin lesions, lethargy, uveitis, and neuroborreliosis, though they are not well understood in equines
(Chang et al., 2000; Funk et al., 2016). There are no available Lyme disease vaccines for horses,
and treatment for equine Lyme disease is still unknown. Antibiotic treatments similar to humans
and dogs have been used to treat horses presenting with Lyme disease signs. Neurologic and ocular
complications due to B. burgdorferi infection generally respond poorly to antibiotic treatment.
Ultimately, more research is needed to understand equine Lyme disease (Divers et al., 2018;
Johnstone et al., 2016).

Other Blacklegged Tick-Associated Pathogens
Blacklegged ticks are vectors for several important pathogens aside from B. burgdorferi,
including Anaplasma phagocytophilum, Babesia microti, Borrelia miyamotoi, and Powassan
virus.
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Human granulocytic anaplasmosis (HGA), or anaplasmosis, previously human
granulocytic ehrlichiosis (HGE), is caused by the bacterium Anaplasma phagocytophilum
(Thomas et al., 2009). Dogs, horses and cats can also become sick with anaplasmosis when
infected with A. phagocytophilum (Billeter et al., 2007). The white-tailed deer and the white-footed
mouse are common mammalian reservoirs of A. phagocytophilum. Other reservoirs include
squirrels (Sciurus spp.), striped skunks (Mephitis mephitis), eastern chipmunks, and raccoons
(Stuen et al., 2013). Successful transmission and infection of A. phagocytophilum from a
blacklegged tick can occur within 24 hours of tick attachment to a susceptible host (des Vignes et
al., 2001). Anaplasma phagocytophilum was first detected in upper Midwest United States in 1994,
and has subsequently been detected throughout regions endemic for I. scapularis, including the
upper midwestern and northeastern United States (Bakken and Dumler, 2015). Spread has been
documented into Canada, albeit slower than B. burgdorferi (Werden et al., 2015; Nelder et al.,
2014). Anaplasma phagocytophilum was detected in the Thousand Island regions of Ontario in
2006, and in other areas of eastern Ontario in 2008 (Parkins et al., 2009; Nelder et al., 2014;
Werden et al., 2015). In Ontario, the overall infection prevalence of A. phagocytophilum in
blacklegged ticks collected from 2011 to 2017 through passive and active surveillance was 0.4%,
and 1.1%, respectively (Nelder et al., 2019). The first human, locally-acquired case of HGA in
Ontario was recorded in 2018 (Edginton et al., 2018).

Babesiosis is an important parasitic disease affecting humans, caused by Babesia spp.
Babesia microti is transmitted by the blacklegged tick and is the causative agent of many human
babesiosis cases in North America (Anderson et al., 1991; Nelder et al., 2016). Reservoirs for this
tick-borne pathogen are similar to those of B. burgdorferi, including the white-footed mouse,
meadow voles (Microtus pennsylvanicus), and white-tailed deer (Ruebush et al., 1981). The tick
must feed for over 36 hours to transmit the parasite successfully to its host, which is transmitted
primarily by nymphal blacklegged ticks (Kunimoto et al., 1998; Wormser et al., 2006). The first
case of human babesiosis in North America was discovered in Massachusetts, United States, in
1970 (Anderson et al., 1991) but the causative parasite was not isolated until 1988 in Connecticut
from a white-footed mouse (Anderson et al., 1991). This pathogen has since spread north into
Canada from the eastern United States, with the first locally acquired case of human babesiosis
found in Manitoba in 2013 (Bullard et al., 2014; Kunimoto et al., 1998). Babesia microti is often

15

found in Lyme-disease endemic areas (Kunimoto et al., 1998), but prevalence of B. microti in
blacklegged ticks is much lower than B. burgdorferi, especially in Ontario (Telford et al., 2015;
Werden et al., 2015).

Borrelia miyamotoi disease is caused by B. miyamotoi, a pathogen in the relapsing fever
spirochete group (Barbour et al., 2009). Borrelia miyamotoi was detected in the northeastern
United States in the early 2000s, and has since expanded into Canada (Bullard et al., 2014; Krause
et al., 2013; Telford et al., 2015). Although B. miyamotoi was first detected in Canada in 2013,
there is evidence it has been present for much longer as it has been detected from all Canadian
provinces except Newfoundland via retrospective analyses of passive submissions of blacklegged
ticks (Dibernardo et al., 2014; Ogden et al., 2011). Reservoirs for B. miyamotoi include small
rodents, such as the white-footed mouse (Telford et al., 2015). Borrelia miyamotoi has been
detected in migratory passerine and galliform birds, though additional research is required to
determine their reservoir competency (Hamer et al., 2012). Borrelia miyamotoi can be transmitted
within 24 hours of tick attachment, however, further research is needed to determine more accurate
times (Telford et al., 2015). Unlike B. burgdorferi, transovarial transmission of B. miyamotoi from
female blacklegged ticks to their eggs has been observed (Barbour et al., 2009). Co-infection with
B. miyamotoi and B. burgdorferi is uncommon, but has been detected in blacklegged ticks in
Canada (Dibernardo et al., 2014).

Blacklegged ticks can also transmit Powassan virus, which is a flavivirus known to infect
the central nervous system (Picheca et al., 2019). There are two genetic lineages known to cause
Powassan virus disease, including Powassan virus (lineage I) (POWV) and deer tick virus (lineage
II) (DTV) (Kuno et al., 2001). DTV received its name because it was isolated from I. scapularis.
Ixodes cookei, the groundhog tick, has been identified as a primary vector for POWV (Telford et
al., 1997). POWV and DTV are only distinguishable using genetic sequencing, and both cause
Powassan virus disease (Hermance & Thangamani, 2017). Infected ticks can successfully transmit
this virus in just 15 minutes (Ebel & Kramer, 2004). Reservoirs include white-footed mice and
eastern gray squirrels (Sciurus carolinensis), and hosts that can be infected with POWV or DTV
and show clinical symptoms include humans, horses, and rhesus monkeys (Macaca mulatta)
(Smith et al., 2018). The first reported case of this virus was in 1958 in Powassan, Ontario, the
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town after which the virus was named (Picheca et al., 2019). Since then, POWV and DTV have
been detected across North America, including in eastern Canada, as well as in northeastern,
central, and midwestern United States (Hermance & Thangamani, 2017). The number of human
Powassan virus disease cases have increased in both Lyme-endemic areas and outside of these
locations. The prevalence of infection is low, with only 21 cases of Powassan virus disease
recorded in Canada as of 2017 (Government of Canada, 2017b; Smith et al., 2018).

Emergence of Borrelia burgdorferi in Tick Populations
Although the blacklegged tick is the vector of several human and animal pathogens, range
expansion of the tick does not necessarily correlate with range expansion of the pathogens.
Evidence suggests vector and pathogen invasion may not occur concurrently and there are various
factors that may influence the process of pathogen emergence (Hamer et al., 2010; Simon et al.,
2014).

Hamer et al. (2010) discusses three possible theories to explain the invasion of I. scapularis
and B. burgdorferi populations. The first is the “tick-first” or host-mediated invasion scenario
whereby blacklegged tick populations establish before pathogen invasion occurs. In this scenario,
the infection prevalence of introduced I. scapularis is very low. Suitable ecological conditions
allow the tick population to establish, but a transmission cycle does not establish until sufficient
B. burgdorferi is introduced, either by recurrent introduction of infected ticks or by infected
mammal or bird hosts that are competent reservoirs of B. burgdorferi. Tick introduction is
predominately via long-range dispersal of larval, nymphal, or adult blacklegged ticks from various
hosts, including migratory birds and white-tailed deer. The second theory is the “dual-invasion”
or co-invasion theory. Here, I. scapularis populations and B. burgdorferi establish at the same
time, and B. burgdorferi should be detected in low-density blacklegged tick populations. In this
scenario, hosts carry predominately B. burgdorferi-infected blacklegged ticks to new locations,
allowing both the tick and pathogen to establish populations concurrently. This may be associated
with long-range expansion via migratory birds, or potentially local host movement (Clow et al.,
2017a; Watts et al., 2018). The third scenario is “spirochete-first”, in which B. burgdorferi is
transmitted and maintained in a habitat between cryptic vectors and animal reservoirs prior to tick
invasion. Cryptic vectors are often wildlife host specialists that do not typically bite humans,
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therefore humans would not be at risk of contracting tick-borne pathogens before blacklegged tickinvasion occurs in this scenario (Hamer et al., 2010). For example, Telford and Spielman (1989)
have discovered that Ixodes dentatus ticks can carry B. burgdorferi and transmit the pathogen to
their primary host, rabbits. Ixodes dentatus are uncommon vectors for B. burgdorferi, and there is
little evidence surrounding the length of infectivity of B. burgdorferi in rabbits. However, the
experiments conducted by Telford and Spielman (1989) suggest that there is a possibility for I.
dentatus and rabbits to cryptically maintain B. burgdorferi in the absence of I. scapularis. Ixodes
dentatus do not typically bite humans, therefore humans are at a low risk of contracting a tickborne pathogen from these ticks (Telford & Spielman, 1989).

Evidence from Hamer and colleagues (2010) suggested that all three processes of B.
burgdorferi invasion were occurring in Lower Michigan, United States. However, there is not
enough data to accurately conclude which of the three scenarios is driving emergence of B.
burgdorferi in Ontario. Analyses of passive surveillance data illustrated a 5-year gap between the
detection of blacklegged ticks and the emergence of B. burgdorferi in Eastern Canada (Ogden et
al., 2013). This finding would be consistent with the tick-first hypothesis and aligns with previous
research. As previously mentioned, it has been demonstrated that a substantial number of ticks are
introduced into Ontario every year via migratory birds. The majority of introduced ticks are
nymphs, as they are most active in the eastern USA during the spring when migratory birds are
travelling north (Ogden et al., 2008c). These nymphal ticks could have become infected when
feeding as a larva from a competent reservoir. It is also possible that they will become infected
during the nymphal bloodmeal, although this is less likely as many migratory bird species are not
competent or minimally competent reservoirs (Ogden et al., 2008a). Additionally, even if the
nymphs are infected when dispersed, they will moult into adults and likely feed on white-tailed
deer, which are incompetent reservoirs (Bouchard et al., 2013b; Stafford & Kitron, 2009). In this
case, it would take continued introduction of B. burgdorferi to eventually establish a transmission
cycle (Hamer et al., 2010; Leighton et al., 2012). Comprehensive field sampling of hosts and ticks
would be of benefit to further investigate the mechanism of invasion. Moreover, as range
expansion continues in the province, it is vital to assess if the mechanism may be changing or
additional mechanisms occurring in different areas (Clow et al., 2017a; Bouchard et al., 2013b).
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Habitat and climatic conditions can also influence pathogen emergence as these factors can
contribute to changes in reservoir host populations (Ogden et al., 2008a; Ogden et al., 2008c). As
previously mentioned, evidence shows that the white-footed mouse, a habitat generalist and the
preferred host of immature blacklegged ticks, are capable of thriving in fragmented habitats
(Keesing et al., 2009; Simon et al., 2014). Limited woodlot landscapes have been linked with a
reduction in biodiversity. Predators and other host competitors with the white-footed mouse have
been found in lower densities (Allan et al., 2003; Nupp & Swihart, 1998; Ostfeld & Keesing,
2000). The increased population density of this highly competent B. burgdorferi reservoir may
facilitate highly efficient pathogen transmission in small, fragmented forests with established tick
populations (Nupp & Swihart, 1998; Simon et al., 2014). However, there have been conflicting
results surrounding studies assessing the relationship between habitat fragmentation and infection
prevalence. Some studies have found no association between forest fragments and tick infection
prevalence (Allan et al., 2003; Brownstein et al., 2005; LoGiudice et al., 2008). More research is
therefore needed to understand the impact of habitat fragmentation on the emergence of B.
burgdorferi and other tick-borne pathogens. Climate change may also contribute to the emergence
of B. burgdorferi (Mills et al., 2010). Northward range expansion of B. burgdorferi-competent
reservoirs, including the white-footed mouse, have been linked with climate change (Ogden et al.,
2007; Roy-Dufresne et al., 2013; Simon et al., 2014).

Emergence of Other I. scapularis-Associated Pathogens
Research is still needed to determine the factors facilitating the emergence of other I.
scapularis associated pathogens. We know ongoing expansion of A. phagocytophilum across
Canada has been identified, but this process is occurring at a slower rate compared to B.
burgdorferi. We currently do not understand why there are difference between the two pathogens
(Werden et al., 2015; Nelder et al., 2019).

Babesia microti has also emerged at a much slower rate than B. burgdorferi (Anderson et
al., 1991). This pathogen has been shown to have reduced transmission success from infectious
hosts to blacklegged ticks (Diuk-Wasser et al., 2014). In a study conducted by Mather and
colleagues (1990), 45% of the blacklegged larval ticks that had fed on B. microti-infected whitefooted mice contracted the pathogen while 92% of the larvae obtained B. burgdorferi spirochetes
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after feeding on B. burgdorferi-infected mice. Additionally, B. microti is less likely to survive in
an overwintering nymph than B. burgdorferi (Piesman et al., 1987a).

Borrelia miyamotoi is in the early stages of establishment in Canada (Dibernardo et al.,
2014). Transovarial transmission of B. miyamotoi is possible, which means that emergence may
occur at an increased rate as larvae can be infected and spread the pathogen to various hosts,
differing from nymph and adult-only B. burgdorferi transmission (Barbour et al., 2009; Ogden et
al., 2013).

There is minimal literature on the emergence of Powassan virus in Canada. The origin of
Powassan virus is unknown, complicating research examining its emergence into Canada (Fatmi
et al., 2017). However, hypotheses on the origin and spread of POWV have been formulated. It
has been suggested that POWV established during the ice age and spread across mainland
continents, with warm temperatures and the northward migrations of mammals contributing
towards the expansion of the virus (Deardorff et al., 2013). Additionally, it was hypothesized that
the increased populations of migratory birds and white-tailed deer have helped facilitate the spread
of Powassan virus into new areas across North America by expanding the range of I. scapularis
populations (Estrada-Peña et al., 2012; Fatmi et al., 2017).

Preventative Measures
Given that human and animal exposure to blacklegged ticks can be a health risk, tick bite
prevention is the first line approach to preventing the transmission of B. burgdorferi and other tickborne pathogens (Bouchard et al., 2015; Kilpatrick et al., 2017). A primary risk factor of I.
scapularis exposure is the duration of time spent in a blacklegged tick habitat. Woodland areas
and those with dense vegetation are high risk, especially if there are known established tick
populations (Eng et al., 1988, Bakken & Dumler, 2015). Therefore, avoiding these areas can be an
effective way of minimizing tick exposure. If avoiding these areas is not possible, wearing fulllength, light-coloured clothing is recommended. Light-coloured clothing contrasts with the tick so
it can be easily detected and full coverage decreases places where the tick can attach (Wormser et
al., 2006). Tick and insect repellents have also shown to provide protection to tick exposure. For
humans, N,N-diethyl-3-methylbenzamide (DEET) repels blacklegged ticks, though reapplication
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at a specific time may be necessary for maximum effectiveness (Carroll et al., 2005; Kilpatrick et
al., 2017). Permethrin-treated clothing can be used as an alternative for repelling ticks; however,
additional tick prevention methods should be used in combination with permethrin-treated clothing
to provide maximum protection (Government of Canada, 2020a). Companion animal tick
preventives are widely available and strongly recommended for dogs (Littman et al. 2018). Regular
tick checks should be completed after being outdoors to ensure that if a tick has attached that it
can be removed in a timely manner and thus reduce the likelihood of transmission (Bouchard et
al., 2015; Schwan & Piesman, 2002). Areas that should be checked include the head, groin and
underarm areas, behind the knees, and on the back and other warm, moist areas (Divers et al.,
2018; Government of Ontario, 2020c; Ripoche et al., 2018b). Safe removal of a tick from a human
or animal can be done by grabbing the head of the tick with clean tweezers and pulling it straight
out slowly (Government of Canada, 2020b). Following removal of the tick, species identification
can help determine the appropriate next steps. In Canada, the website ‘eTick.ca’ accepts digital
photographs of ticks found on humans and animals and provides an identification within 24 to 48
hours (Bishop’s University, 2021; Koffi et al., 2017). If the tick is identified as a blacklegged tick,
the submitter can begin to monitor themselves or their pet for signs of Lyme disease, thus allowing
interventions may be put into place earlier than if the tick had not been identified through eTick.

Landscape and host management methods can be used for tick control. These methods
include: removal of leaf litter, vegetation management, fence installation to restrict wildlife,
application of acaricides to white-tailed deer, and rodent-targeted bait boxes (Daniels & Fish,
1995; Piesman, 2006; Schulze et al., 1995; Schulze et al., 2007). Tick control methods can be
ineffective in large areas, labour-intensive, and costly (Schulze et al., 1995; Schulze et al., 2007).

Surveillance
Passive tick surveillance, active tick surveillance, and reported human Lyme disease cases
are the primary methods for understanding the establishment and expansion of blacklegged ticks
in Canada (Ripoche et al., 2018a). Passive surveillance involves the voluntary submission of tick
samples found on humans or animals to participating public health units, medical centres, and
veterinary clinics (Koffi et al., 2012). Drag sampling and rodent trapping are active surveillance
techniques to collect ticks in the environment (Ogden et al., 2010). Drag sampling is performed by
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dragging a 1m2 piece of cloth through an environment suitable for tick establishment for three
person-hours, and rodent trapping is the process of capturing small mammals with a live trap
(Health Canada, 1991; Werden et al., 2014). In both methods, ticks are removed from the cloth or
small mammals, identified, and tested for pathogens (Ogden et al., 2014a). Additionally, human
cases of Lyme disease are reported provincially and nationally to keep track of incidence rates and
to identify localities where risk is the greatest (Government of Canada, 2021). Lyme disease has
been a nationally reportable disease since 2009, which means that physicians are required to report
all confirmed and probable human disease cases to public health (Gasmi et al., 2017; Government
of Canada, 2021; Ripoche et al., 2018a)

Each surveillance methodology contributes to the detection of I. scapularis and Lyme
disease risk areas. However, it is important to recognize their limitations. Passive surveillance data
requires low effort to collect, and is useful in detecting new populations of I. scapularis; especially
when paired with additional environmental data (Koffi et al., 2012). That being said, passive
surveillance can have low sensitivity if the sample size is small, such as areas with low population
density (e.g., the area is labelled falsely as low risk), or low specificity if adventitious (or birdborne) ticks are detected (e.g., the area is falsely labelled as high risk) (Koffi et al., 2012; Ripoche
et al., 2018). Active surveillance techniques have higher sensitivity and specificity for detecting I.
scapularis populations. Drag sampling alone has a specificity of 86%, thus decreasing the
likelihood of falsely labeling an area as high risk. However, sensitivity can still be low (~50%),
predominately when tick populations are just establishing and tick density is low (Ogden et al.,
2014a). When coupled with rodent sampling, sensitivity greatly increases. Active surveillance is
considered to be the ‘gold standard’ method for determining the risk of I. scapularis and B.
burgdorferi throughout Canada (Health Canada, 1991). However, drag sampling and rodent
trapping require more resources for appropriate sampling, and are time-consuming and costly
(Ogden et al., 2014a). Finally, human Lyme disease cases are indicators of a potential risk of B.
burgdorferi transmission (Nelder et al., 2018). Reported human Lyme disease cases may not have
been acquired locally, therefore pinpointing risk areas may be difficult (Ogden et al., 2015b).
Additionally, cases are likely underreported, signifying that there may be a higher risk of Lyme
disease than is currently apparent (Hinckley et al., 2014).
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Canada and its provinces have Lyme disease risk area classification methodologies, which
help to identify areas with elevated risk of blacklegged tick exposure. The Government of Canada
(2017a) defines a Lyme disease risk area to be a region where the occurrence of reproducing
populations of I. scapularis (or Ixodes pacificus, the primary vector in British Columbia) is
evident. Specific findings for each method of surveillance have been established as a guideline
(Government of Canada, 2017a). Provinces have adopted their own Lyme disease risk area
classification methods and there is currently no gold standard method for classifying risk areas
(Ogden et al., 2010). In Ontario, an estimated risk area is defined as a locality where I. scapularis
ticks have been identified or are known to occur, and where individuals can possibly be exposed
with B. burgdorferi-infected ticks. If a blacklegged tick is collected in the spring and fall via drag
sampling, that site and the surrounding area (20 km radius) is declared a risk area (Public Health
Ontario, 2021).

1.4

STUDY RATIONALE
Lyme disease in an ongoing health risk for humans and animals. Therefore, it is imperative

to understand the various risk factors that influence the spread of the blacklegged tick and its
pathogens (Nelder et al., 2014; Ogden et al., 2008b). Currently, we have knowledge gaps of the
mechanisms of blacklegged tick and B. burgdorferi invasion into Ontario. Longitudinal datasets
of tick and pathogen occurrence can be utilized to assess spatial and temporal patterns that will
help elucidate potential underlying mechanisms of tick and tick-borne pathogen invasion (Clow et
al., 2017a). Moreover, longitudinal data contributes to the ongoing identification of Lyme disease
risk areas throughout the province (Clow et al., 2017a; Hamer et al., 2010). That being said,
additional research is needed in defining risk in relation to ticks and tick-borne disease. Identifying
the strengths and limitations of different risk area classification methods is necessary to recognize
which criterion may be most suitable for directing public health interventions to reduce possible
human and animal exposure to blacklegged ticks and the pathogens they may transmit (Wormser
et al., 2006).
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1.5

OBJECTIVES

The objectives of this thesis are to:
1. Determine spatial and temporal patterns of the spread of the blacklegged tick and
associated pathogens across sites in southern, eastern, and central Ontario from
2017 to 2019 to further understand the invasion and establishment of I. scapularis
and its pathogens.
2. To compare risk area classification methodologies across Canadian provinces using
longitudinal data from 2014 to 2019 to highlight advantages and disadvantages of
how each Lyme disease risk area classification method assesses the risk of I.
scapularis and B. burgdorferi.
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CHAPTER 2: ASSESSING THE SPATIAL AND TEMPORAL PATTERNS
OF IXODES SCAPULARIS AND BORRELIA BURGDORFERI IN
ONTARIO, CANADA, FROM 2017 TO 2019
2.1

ABSTRACT
Range expansion of the vector tick species, Ixodes scapularis, has been detected in Ontario

over the last two decades. This has led to elevated risk of exposure to Borrelia burgdorferi, the
bacteria that causes Lyme disease. The objective of this research was to examine spatial and
temporal patterns of I. scapularis and its pathogens from 2017 to 2019 in southern, eastern and
central Ontario. Over the three-years study period, drag sampling was conducted at 48 sites across
Ontario to examine spatial and temporal patterns of I. scapularis and its pathogens. Mechanisms
driving B. burgdorferi invasion were also examined. Ixodes scapularis was detected in 30 sites
overall, 22 sites testing positive for the first time. Borrelia burgdorferi was detected in 9 sites, 8
sites testing positive for the first time. Tick and pathogen hotspots were identified in eastern
Canada in 2017 and 2018, respectively. Using 2014 to 2019 baseline field sampling data, 4 of 15
sites that could be assessed had B. burgdorferi presence after one year of I. scapularis detection,
and 1 site had B. burgdorferi presence after four years. These findings allow for further evaluation
of I. scapularis expansion and may enhance public health surveillance efforts to reduce tick-borne
pathogen transmission.

2.2

INTRODUCTION
Lyme disease is the most common vector-borne disease in North America (Hamer et al.,

2010; Kilpatrick et al., 2017). In eastern and central North America, it is primarily caused by
Borrelia burgdorferi sensu stricto, and transmitted by the blacklegged tick, Ixodes scapularis
(Ogden et al., 2009; Burgdorfer et al., 1982; Lindquist et al., 2016). Humans infected with B.
burgdorferi commonly present with erythema migrans and fever-like symptoms in the early stages
of the disease. If left untreated, the disease can evolve to the early disseminated stage, characterized
by fatigue, cutaneous signs, neurological and cardiac symptoms. If Lyme disease remains
untreated, musculoskeletal symptoms, such as arthritis, may occur (Gasmi et al., 2017; Wormser
et al., 2006). In Canada, reported Lyme disease cases have increased from 144 cases in 2009 to
2636 cases in 2019 (Public Health Agency of Canada, 2021). Other animals, including dogs and
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horses may also develop clinical signs when infected with B. burgdorferi (Divers et al., 2018;
Littman et al., 2006). Dogs may develop fever, lameness, and a loss of appetite, though 90-95%
of infected dogs do not show symptoms (Littman et al., 2018; Steere et al., 1998). The
seroprevalence of B. burgdorferi in dogs has increased from 0.9% to 2.0% from 2008 to 2015,
respectively; this is a reported 144.4% increase, indicating a significant exposure increase in dogs
to the Lyme disease pathogen (Evason et al., 2019). The clinical signs of Lyme disease in horses
include skin lesions and neuroborreliosis (Chang et al., 2000).

The increased incidence of this emerging infectious disease in Canada is associated with
range expansion of I. scapularis (Nelder et al., 2018; Ogden et al., 2009). Within the last 30 years,
a northward expansion of I. scapularis has been identified in eastern and central Canada (Clow et
al., 2017a; Leighton et al., 2012; Lindsay et al., 1998; Ogden et al., 2009, 2015). Ontario,
specifically, has seen an increase in I. scapularis populations in areas that had little to no tick
presence decades ago (Ogden et al., 2010; Public Health Ontario, 2018, 2021). Passive surveillance
data has identified the presence of I. scapularis throughout southern and eastern Ontario from 2008
to 2012 (Nelder et al., 2014). Active surveillance has confirmed the continued range expansion,
particularly in eastern Ontario (Clow et al., 2017a; Nelder et al., 2014). The spread of I. scapularis
can be attributed to several factors including climate change and wildlife host movement
(Bouchard et al., 2019; Clow et al., 2017b; Ogden et al., 2008a; Smith et al., 2019). Climate change
has led to prolonged periods of warmer temperatures and increased precipitation in more northern
areas throughout the year, which has generated suitable conditions for I. scapularis survival and
reproduction (Bouchard et al., 2019). Migratory birds regularly introduce I. scapularis ticks into
these northern habitats, providing a seed for population expansion (Ogden et al., 2013). Moreover,
as temperatures increase over time, migratory birds may venture further north in shorter amounts
of time, thus reinforcing the process (Ogden et al., 2013; Ogden et al., 2008a).

In addition to B. burgdorferi, Anaplasma phagocytophilum, Babesia microti, Powassan
virus, and Borrelia miyamotoi have also been identified in I. scapularis ticks in Ontario (McLean
& Donohue, 1959; Nelder et al., 2016b). The mechanisms driving pathogen invasion and its
relationship with I. scapularis expansion is an area of ongoing research; tick-first, co-invasion,
and spirochete-first hypotheses have been proposed (Hamer et al., 2010; Ogden et al., 2008b). The
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‘tick-first’ or host-mediated invasion scenario involves uninfected I. scapularis ticks being
introduced to an area by longer distance movement on hosts, followed by a delayed secondary
invasion of a pathogen. In the co-invasion or dual-invasion theory, I. scapularis ticks infected with
the pathogen are introduced via hosts such as migratory birds simultaneously, allowing for the
establishment of both the tick and the pathogen. The ‘spirochete-first’ scenario occurs when a
pathogen is maintained in a habitat through cryptic (i.e., non-human biting) vectors before I.
scapularis establishment (Hamer et al., 2010). In Lower Michigan, all three processes were
detected in different geographic areas for B. burgdorferi invasion (Hamer et al., 2010). Previous
analyses of passive surveillance data from eastern Canada illustrated a delay of five years for B.
burgdorferi establishment after tick establishment, suggesting that a ‘tick-first’ scenario is the
driving mechanism (Ogden et al., 2013). That being said, preliminary field sampling data has
illustrated that different patterns may exist and ongoing field-based research is required to continue
to investigate these processes in Ontario (Clow et al., 2017a).

Given that Lyme disease is a threat to both public and animal health, ongoing research to
document expansion patterns of both the tick and pathogen are crucial. The objectives of this study
were to determine the spatial and temporal patterns of I. scapularis expansion and the associated
pathogens in southern, eastern, and central Ontario from 2017-2019, and to explore the tick-first,
co-invasion, and spirochete-first mechanisms associated with B. burgdorferi invasion.

2.3

METHODS

2.3.1

Site Selection
Field sampling for ticks previously conducted by Clow et al. (2016, 2017a,b) were used as

a baseline for site selection for this study. Previously visited and new sites were selected if I.
scapularis had been detected but not B. burgdorferi, or if the site was located within a 100 km
buffer around the significant spatial cluster for I. scapularis identified by Clow et al. 2016. Selected
sites also had to have suitable habitat for I. scapularis (e.g., forest cover) and be accessible for the
field team. Additional sites were added in 2018 and 2019 to capture ongoing range expansion.
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2.3.2

Field Sampling
Tick dragging was performed at 38, 45, and 46 sites in 2017, 2018, and 2019, respectively.

All sites were visited at least once on dry days from May to November, which captures the time
of year in which larval, nymphal, and adult ticks are most active (Clow et al., 2018; Lindsay et al.,
1995; Lindsay et al., 1999b). Longitude and latitude values were measured at each site visit using
a Global Positioning System (GPS). To collect ticks, a 1m2 white flannel cloth was dragged over
the forest floor and vegetation at each site for three-person hours. Every three minutes, the timer
was stopped so the cloth could be examined for ticks. Larval, nymphal, and adult ticks were
removed, and stored in 70% ethanol. If the number of larvae was too great to count (>100), an
approximate estimate was recorded.

2.3.3

Laboratory Analysis
Ticks were sent to the National Microbiology Laboratory (NML) of the Public Health

Agency of Canada (PHAC) in Winnipeg, Manitoba, and identified to species using standard
identification keys (Lindquist et al., 2016). Adult and nymphal I. scapularis were tested for B
burgdorferi, B. miyamotoi, Borrelia kurtenbachii, A. phagocytophilum, Babesia microti and
Babesia odocoilei using polymerase chain reaction (PCR). DNA was extracted using standard kits
as per manufacturer’s protocol (QIAGEN DNeasy 96 Blood and Tissue Kit, Toronto, Ontario)
(Dibernardo et al., 2014; Ogden et al., 2006). A highly specific multiplex real-time PCR assay was
used to simultaneously detect Borrelia spp. and A. phagocytophilum using their amplification
targets, 23S ribosomal RNA (rRNA) and msp2 genes, respectively (Courtney et al., 2004).
Samples positive for Borrelia spp. were subsequently tested by a duplex confirmatory ospA and
flaB real-time PCR assay to differentiate and confirm B. burgdorferi and B. miyamotoi (Tokarz et
al., 2017). Positive A. phagocytophilum samples were tested again by the same assay. The
detection of Babesia spp. was conducted using primers and probes specific for the CCT gene.
Positive samples were then differentiated to species using a triplex PCR assay with primers for the
18S rRNA genes (Nakajima et al., 2009). For the detection of Powassan virus, RNA was extracted
from ticks using standard RNeasy mini kits as per manufacturer’s protocol (QIAGEN RNeasy
Mini Kit, Toronto, Ontario). Real-time reverse transcriptase-PCR (RT-PCR) was used with
extracted RNA samples to target the NS5 region of the Powassan virus genome to confirm POWV
samples (Smith et al., 2018).
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2.3.4

Statistical Analysis
A purely spatial retrospective Bernoulli probability model was used to identify spatial

clusters of high prevalence of 1) I. scapularis and 2) B. burgdorferi in sampled sites from 2017 to
2019 using SaTScan version 9.6 (Martin Kulldorff and Information Management Services
Incorporated, Boston, Massachusetts, USA). A flexible scanning window was set at a maximum
spatial cluster of 50% of the population at risk. Monte Carlo replications were set to 999. Gini
indexes were reported if statistically significant secondary clusters with no geographical overlap
were present (Kulldorff, 2015). A significance level of  = 0.05 was used for identifying
statistically significant spatial clusters. Spatial data was projected using ArcMap version 10.7.1
(Esri, Redlands, California, USA).

To explore the potential mechanism(s) of B. burgdorferi emergence, we assessed the
relationship between B. burgdorferi detection (outcome) and years of tick detection until B.
burgdorferi detection (main effect) as well as the explanatory variables of season of sampling, site
longitude, site latitude, the number of visits to a site each year, and the presence of adult and
nymphal I. scapularis ticks. Seasons were defined as spring (May, June), summer (July, August,
September) and fall (October, November), based on known phenology of I. scapularis (Lindsay et
al., 1995). Sites were only eligible for inclusion in this component of data analyses if they had at
least a one year of baseline where no I. scapularis ticks were detected. In order to enhance our
longitudinal dataset, we added additional years of field samples data for sites that had previously
been visited by Clow et al. (2016, 2017a,b) in 2014, 2015 or 2016.

Descriptive and summary statistics of each variable were computed. To test for linearity of
the continuous predictor variables of longitude, latitude, number of annual visits to each site, and
number of years from I. scapularis detection to B. burgdorferi detection, the variables were
assessed visually using a scatterplot with lowess smoothing of the predictor and outcome variables.
If the relationship appeared non-linear or parabolic, the statistical significance (p  0.05) of the
quadratic term for that predictor variable was evaluated using mixed exact logistic regression. If a
non-linear and non-quadratic relationship was present, the continuous predictor variable was
categorized into groups by quantiles or biologically plausible cut-points. Collinearity was
examined between predictor variables using correlation coefficients. Correlation greater than |0.80|
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indicated two highly correlated variables, and those variables were not included together in the
same model.

A causal diagram was created and used as a guide for model building, including to identify
potential confounding and intervening variables (Figure 2.1). Mixed univariable exact logistic
regression was performed for each predictor variable to assess an unconditional association with
the outcome variable, with the site identification number included as a random effect to account
for multiple visits per site. Exact logistic regression was chosen as some outcome / predictor
combinations had fewer than 5 observations. Interaction terms were created based on biological
plausible combinations. Potential confounding variables were evaluated by combining them with
the main effect and then calculating the relative change in the coefficient of the main effect
following the removal of the variable from the model. If the removal of a variable resulted in a
coefficient change greater than |30%|, it was determined to be a confounder. A liberal significance
level of   0.20 was used for this stage of model building.

Mixed multivariable exact logistic regression was then conducted using a backward
stepwise process. The main effect and other predictor variables that showed evidence of a
statistically significant relationship were brought forward into the modelling process. Potential
confounding variables, regardless of significance, were also included. Non-significant variables
were then removed from the model, as long as they were not confounders or included in a
significant interaction term. A significance level of   0.05 was used for this stage of model
building. For the final model, Pearson residuals were produced and graphically assessed to check
for outliers. Normality and homoscedasticity of best linear unbiased predictions (BLUPs) of the
random effect was also evaluated to assess model fit. All statistical analyses were conducted using
STATA version 16.1 (StataCorp, Texas, USA).

2.4

RESULTS
Over the three-year study period, 786 ticks were collected by tick dragging. Seven tick

species were identified: I. scapularis, I. cookei, I. muris, I. dentatus, Amblyomma americanum,
Haemaphysalis leporispalustris, and Dermacentor variabilis. Ixodes scapularis was the most
common tick species, with ticks detected at 30 sites overall, 22 of which did not have a previous
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history of I. scapularis presence. Ixodes scapularis was present at 12 of 38 sites in 2017, 23 of 45
sites in 2018, and 21 of 46 sites in 2019 (Table 2.1, Figure 2.2). The median number of I. scapularis
collected at each site throughout the study period was 4.5 (range: 1 – 310) (Table 2.1). Other tick
species were found in 8 sites in 2017, 5 sites in 2018, and 7 sites in 2019 (Figure 2.3). Only a small
number of these species were collected: 24 D. variabilis, 7 H. leporispalustris, 3 I. cookei, 2 I.
dentatus, 1 I. muris, and 1 A. americanum. Four sites in 2017 had more than 1 tick species present,
3 in 2018, and 1 in 2019. Most sites with >1 tick species were comprised of I. scapularis and D.
variabilis. The detection of H. leporispalustris or I. cookei was also noted at four sites with I.
scapularis and/or D. variabilis.

Six pathogens were detected across all sampled sites from 2017 to 2019. Borrelia
burgdorferi was the most commonly detected pathogen throughout the study period, found in 9
sites overall; 8 tested positive for the first time. Six sites were positive for B. burgdorferi in 2017,
4 sites in 2018, and 4 sites in 2019 (Table 2.1, Figure 2.2). The median number of B. burgdorferiinfected ticks collected at each site throughout the study period was 2 (range: 1 – 40) (Table 2.1).
Other pathogens detected in I. scapularis samples included 11 ticks with Babesia odocoilei, 4 ticks
with A. phagocytophilum, 4 ticks with B. miyamotoi, 1 tick with Babesia microti, and 1 tick with
B. kurtenbachii. Additional tick pathogens were detected at 1 site in 2017, 2 sites in 2018, and 8
sites in 2019 (Figure 2.4). More than 1 pathogen was collected at one site in both 2017 and 2018,
and 3 in 2019. Co-infection was detected in 4 ticks in 2019. Co-infections were as follows: one
male I. scapularis tick with B. burgdorferi and Babesia odocoilei, one female I. scapularis tick
with B. burgdorferi and A. phagocytophilum, one I. scapularis nymph with B. burgdorferi and
Babesia odocoilei, and one I. muris tick co-infected with Babesia microti and B. kurtenbachii.

A purely spatial cluster of sites with I. scapularis was identified in eastern Ontario in 2017,
which included 6 I. scapularis-positive sites (Figure 2.5). A purely spatial cluster of sites with B.
burgdorferi was detected in eastern Ontario in 2018, which was comprised of 3 B. burgdorferipositive sites (Figure 2.6).

Fifteen sites were eligible for inclusion in an exploratory univariable analysis with the
outcome, B. burgdorferi detection, and the main variable of interest, the number of years from
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initial I. scapularis detection to B. burgdorferi detection. Borrelia burgdorferi was detected at five
of 15 sites (Figure 2.7). Borrelia burgdorferi was detected in 4 sites after one year since initial tick
detection and 1 site after four years (Figure 2.7), and a statistically significant relationship was
detected between the outcome and the main variable of interest (under a liberal p-value). Out of
the 4 sites with one year between tick detection and B. burgdorferi invasion, 2 sites were located
in central Ontario, 1 in eastern Ontario, and 1 in southern Ontario. A site in eastern Ontario was
observed to have four years between initial I. scapularis detection and B. burgdorferi detection
(Figure 2.8).

The lowess smoother graphs for longitude, latitude and number of annual visits were nonlinear and not quadratic. Longitude and latitude were categorized into three quantiles of equalsized ranges of coordinates. Number of visits was categorized into two groups: one visit, and 2+
visits to each site annually. The lowess smoother graph for the number of years from initial I.
scapularis detection to B. burgdorferi detection variable (main effect) was non-linear and shaped
similarly to a parabola. The quadratic term was also significant. However, we decided to categorize
this variable so that we could examine biological meaningful categories. The categories were: one
year, and 2+ years from initial I. scapularis detection to the detection of B. burgdorferi. No highly
correlated variables were observed when assessing collinearity.

Nymphal presence and adult presence were identified as intervening variables using the
causal diagram in Figure 2.1 and were subsequently removed from the model. Longitude, latitude,
the total number of annual visits, and fall (September, October) were identified as potential
confounding variables. The main effect was significant on univariable analyses (based on a liberal
p-value), with the odds of detecting B. burgdorferi one year after I. scapularis detection 6.18 times
higher (95% CI 0.61 – 62.8, p = 0.124) when compared to the referent of two plus years from I.
scapularis detection. The other variables were not significant on univariable analyses, except the
fall season (Table 2.2). Given a relatively small sample size, it was elected not to pursue
multivariable modelling.
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2.5

DISCUSSION
Range expansion of I. scapularis was evident each year of the study across several areas

of the province. This process occurred in a non-uniform manner. Most of the newly detected sites
were north of Lake Ontario and the St. Lawrence River where we detected a significant spatial
cluster or ‘hot spot’ for I. scapularis. There was also notable expansion evident in the region north
of the Greater Toronto Area, towards Lake Simcoe. Our findings build upon previous field
sampling efforts that have documented ongoing range expansion and determined that eastern
Ontario was a ‘hot spot’ for I. scapularis detection (Clow et al., 2016; Clow et al., 2017a).
Additionally, our results closely mirror risk maps generated to predict I. scapularis distribution in
2020 (Leighton et al., 2012; Ogden et al., 2008b).

Several environmental factors need to be considered when evaluating these findings.
Suitable habitats and hosts are critical in the expansion of I. scapularis and their associated
pathogens (Ogden et al., 2005; Ogden et al., 2008b). As of 2011, the land north of Lake Ontario
and the St. Lawrence River was comprised of 17% forested habitats, which provides the
appropriate habitat and hosts for I. scapularis establishment (Wadkins, 2011). During our study,
I. scapularis was detected in most sampled sites in this area. In contrast, the area north of Lake
Erie, where we detected minimal range expansion, is predominately agricultural land and thus has
fewer areas with the necessary wooded habitat to support I. scapularis (Barker et al., 1992; Nelder
et al., 2014). That being said, we still detected I. scapularis in focal areas of suitable habitat in this
region and we know from previous research that small suitable land fragments are important to
consider in the ecology of I. scapularis given that nymphal ticks can be found at high densities in
these areas (VanAcker et al. 2019).

Borrelia burgdorferi was detected in ticks from sites in southern, central, and eastern
Ontario, with eastern Ontario again a ‘hot spot’. Ticks were detected at these sites prior to the
detection of B. burgdorferi, which provides continued evidence of the tick-first hypothesis in
Ontario (Hamer et al., 2010). That being said, our findings are suggestive of an accelerated
emergence of B. burgdorferi, in comparison to the previously hypothesized three to five year lag
(Ogden et al., 2013). At most sites, we identified a one-year lag between tick and pathogen
detection. This was a statistically significant relationship under a liberal p-value; using our data,
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B. burgdorferi presence one year after the detection of I. scapularis is 6.18 times more likely to
occur than a two year or greater gap period. However, the sample size of sites for which this
relationship could be explored was small and thus we may not have had adequate power to properly
assess the difference between one and 2+ year gap periods. Migratory birds have been deemed as
a primary method of tick introduction into Canada. The reservoir competency of many migratory
bird species is questionable and nymphal ticks that fed on migratory birds have been shown to
have a relatively low infection prevalence (Ogden et al., 2008a). With low levels of B. burgdorferi
introduced, it takes time to establish a sustained transmission cycle between local reservoir hosts
and the establishing tick population. As the abundance of established tick populations increases in
Ontario, it is now likely that both local and long-distance spread is occurring (Clow et al., 2017a;
Ogden et al., 2010). Watts et al. (2018) suggests that small-sized hosts, including the white-footed
mouse, influences local tick expansion and the intra-habitat spread of B. burgdorferi. Larger hosts,
such as white-tailed deer, may contribute to long-distance tick dispersal. On average, American
robins can transmit ticks more widely compared to white-footed mice. While these songbirds are
competent reservoirs for B. burgdorferi, they have a lower potential of re-infecting attached I.
scapularis and spreading the pathogen into areas with newly-establishing tick populations (Watts
et al., 2018). If localized spread is occurring and driven by small and meso-mammals which could
introduce a higher proportion of infected nymphal ticks into an area, then transmission cycles
would establish more quickly (Hamer et al., 2010; Ogden et al., 2010). This may explain the less
than three-year lag period between tick establishment and B. burgdorferi invasion. Ongoing
research is needed to further elucidate this process, since almost all of our sites with I. scapularis
(12/15) were in close proximity (<100 km) to at least one Lyme disease-endemic area, yet B.
burgdorferi did not emerge at all sites within our study period (Table 2.3) (Nelder et al., 2016a).
It should also be acknowledged that when tick populations first establish, the abundance is low
and they are not always detected via tick dragging (Ogden et al., 2014). In this case, some sites
may have been identified as falsely negative. If the tick population established earlier than
detected, this would extend the time period between our documented tick detection and the B.
burgdorferi detection. In order to explore these mechanisms further, additional field sampling of
ticks and hosts is required. Ongoing active surveillance efforts to detect B. burgdorferi would build
onto the baseline field sampling data, providing more information on the time between tick
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detection and pathogen invasion and aiding in the understanding of the mechanisms driving B.
burgdorferi emergence.

When considering other variables associated with B. burgdorferi detection, it is not
surprising that the odds of detecting B. burgdorferi was higher if the site had been visited in the
fall versus not. Borrelia burgdorferi survives in the tick from one stage to the next, so adult I.
scapularis ticks have had one more bloodmeal than the nymphal I. scapularis ticks and therefore
more potential exposure to reservoir hosts carrying B. burgdorferi (Lindsay et al., 1999a; Ogden
et al., 2007; Scott et al., 2019). Adult peak activity is in the fall and thus we are more likely to
detect B. burgdorferi in ticks at this time.

Ixodes cookei, I. muris, I. dentatus, A. americanum, H. leporispalustris, and D. variabilis
were also present at sampled sites in low numbers. After I. scapularis, D. variabilis was the most
common species collected. Sites with D. variabilis were primarily located in southern Ontario, and
these findings align with passive surveillance data on this tick species (Nelder et al., 2014). The
detection of A. americanum, the lonestar tick, in southern Ontario through tick dragging is worth
noting; this tick species has not been identified through active surveillance methods conducted
throughout Ontario since active surveillance began in 2008 (Nelder et al., 2019a). This tick could
be adventitious; however, migratory birds are not a common host for these ticks (Ogden et al.,
2008a). Simulation models created with future climate projections illustrated that in upcoming
decades, A. americanum will likely establish in suitable habitats across southeastern and southcentral regions of Canada (Sagurova et al., 2019). Therefore, our finding should be followed up
with additional field sampling to assess if this tick is potentially from a recently established
reproducing population.

Additional pathogens detected from ticks collected via field sampling include Babesia
odocoilei, Babesia microti, A. phagocytophilum B. miyamotoi and B. kurtenbachii. These
pathogens have been previously been identified in Ontario (Nelder et al., 2016b). Babesia
odocoilei is a pathogen of growing concern for animal health and was the most detected pathogen
after B. burgdorferi. This tick-borne parasite predominately affects captive members of the cervid
family, and clinical symptoms include fever, lethargy, hemoglobinuria, and sudden death (Mathieu
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et al., 2018; Milnes et al., 2019). Babesia microti and A. phagocytophilum are rarely detected in I.
scapularis populations in the province, and our findings continue to illustrate this low infection
prevalence (Werden et al., 2015). That being said, increasing pathogen prevalence has been
detected in the eastern United States and thus could become an increasing health risk (Nelder et
al., 2016b, Nelder et al., 2019b). Specifically, eastern Ontario has been highlighted as an area of
focus for A. phagocytophilum emergence and in our study, A. phagocytophilum was only detected
at sites in eastern Ontario (Nelder et al. 2019b).

Our study has several limitations that should be acknowledged. Firstly, the number of visits
and season of visit varied over the study period. In 2017 and 2018, over half the sites were visited
two or more times, but in 2019 each site was only visited once. Additionally, fall sampling
occurred only in 2017. This was predominately due to funding and available human resources. In
general, when sites are visited more often, there are more opportunities to detect I. scapularis and
thus B. burgdorferi. We included this as a variable in our models to account for potential
confounding, although there was no demonstrated association. Fall sampling may also lead to
higher likelihood of B. burgdorferi detection as it is the peak activity time for adult I. scapularis
(Lindsay et al., 1999a) and this life stage is more likely to be infected with B. burgdorferi. Again,
we included season of sampling in our model to account for this potential influence and we did not
use tick abundance or infection prevalence as an outcome for any analyses to avoid inaccurately
presenting the data. Tick dragging has low sensitivity (~50%), particularly when tick populations
are just establishing and thus we may have missed detecting I. scapularis at some sites if tick
densities were low (Ogden et al., 2014). Tick dragging can also capture adventitious ticks and we
did have some sites where a tick was detected and then not again in subsequent years. Furthermore,
the sample size for the baseline field sampling data was small; ideally, additional years of data
collection and multiple visits for each site would occur. This limited the power of our statistical
analysis, and thus we were not able to conduct multivariable analyses.

2.6

CONCLUSIONS
Our data has identified areas in Ontario known to have I. scapularis and B. burgdorferi,

while also highlighting regions of the province that could be at risk for tick and pathogen invasion.
We have also demonstrated that B. burgdorferi may be emerging faster than previously predicted.
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These findings can be used to inform the public about current risks and encourage the uptake of
primary prevention measures to reduce I. scapularis exposure to humans and animals.
Additionally, they can help public health officials determine where to target surveillance efforts
and inform healthcare professionals on the increasing risk of tick-borne pathogens. Lyme disease
is an ongoing and increasing threat to human and animal health in Canada, and a collaborative One
Health approach should be considered for future research to enable a holistic understanding of the
human, animal and environmental factors driving the ongoing expansion of the tick and its
pathogens (Nelder et al., 2014; Ogden et al., 2008b).

63

2.7

REFERENCES

Barker, I. K., Surgeoner, G. A., Artsob, H., McEwen, S. A., Elliott, L. A., Campbell, G. D., &
Robinson, J. T. (1992). Distribution of the Lyme disease vector, Ixodes dammini (Acari:
Ixodidae) and isolation of Borrelia burgdorferi in Ontario, Canada. Journal of Medical
Entomology, 29(6), 1011–1022. https://doi.org/10.1093/jmedent/29.6.1011

Bouchard, C., Dibernardo, A., Koffi, J., Wood, H., Leighton, P., & Lindsay, L. (2019). Increased
risk of tick-borne diseases with climate and environmental changes. Canada Communicable
Disease Report, 45(4), 83–89. https://doi.org/10.14745/ccdr.v45i04a02

Burgdorfer, W., Barbour, A. G., Hayes, S. F., Benach, J. L., Grunwaldt, E., & Davis, J. P.
(1982). Lyme disease - a tick-borne spirochetosis? American Association for the
Advancement of Science, 216(4552), 1317–1319.

Chang, Y. F., Novosol, V., Mcdonough, S. P., Chang, C. F., Jacobson, R. H., Divers, T.,
Quimby, F. W., Shin, S., & Lein, D. H. (2000). Experimental infection of ponies with
Borrelia burgdorferi by exposure to ixodid ticks. Veterinary Pathology, 37(1), 68–76.
https://doi.org/10.1354/vp.37-1-68

Clow, K. M., Leighton, P. A., Ogden, N. H., Lindsay, L. R., Michel, P., Pearl, D. L., & Jardine,
C. M. (2017a). Northward range expansion of Ixodes scapularis evident over a short
timescale in Ontario, Canada. PLoS ONE, 12(12), 1–15.
https://doi.org/10.1371/journal.pone.0189393

Clow, K. M., Ogden, N. H., Lindsay, L. R., Michel, P., Pearl, D. L., & Jardine, C. M. (2016).
Distribution of ticks and the risk of Lyme disease and other tick-borne pathogens of public
health significance in Ontario, Canada. Vector-Borne and Zoonotic Diseases, 16(4), 215–
222. https://doi.org/10.1089/vbz.2015.1890

Clow, K. M., Ogden, N. H., Lindsay, L. R., Michel, P., Pearl, D. L., & Jardine, C. M. (2017b).
The influence of abiotic and biotic factors on the invasion of Ixodes scapularis in Ontario,

64

Canada. Ticks and Tick-Borne Diseases, 8(4), 554–563.
https://doi.org/10.1016/j.ttbdis.2017.03.003

Clow, K. M., Ogden, N. H., Lindsay, L. R., Russell, C. B., Michel, P., Pearl, D. L., & Jardine, C.
M. (2018). A field-based indicator for determining the likelihood of Ixodes scapularis
establishment at sites in Ontario, Canada. PLoS ONE, 13(2), 1–13.
http://doi.org/10.1371/journal.pone.0193524

Courtney, J. W., Kostelnik, L. M., Zeidner, N. S., & Massung, R. F. (2004). Multiplex real-time
PCR for detection of Anaplasma phagocytophilum and Borrelia burgdorferi. Journal of
Clinical Microbiology, 42(7), 3164–3168. https://doi.org/10.1128/JCM.42.7.31643168.2004

Dibernardo, A., Cote, T., Ogden, N. H., & Lindsay, L. R. (2014). The prevalence of Borrelia
miyamotoi infection, and co-infections with other Borrelia spp. in Ixodes scapularis ticks
collected in Canada. Parasites and Vectors, 7(1), 1–8. https://doi.org/10.1186/1756-3305-7183

Divers, T. J., Gardner, R. B., Madigan, J. E., Witonsky, S. G., Bertone, J. J., Swinebroad, E. L.,
Schutzer, S. E., & Johnson, A. L. (2018). Borrelia burgdorferi infection and Lyme disease
in North American horses: a consensus statement. Journal of Veterinary Internal Medicine,
32(2), 617–632. https://doi.org/10.1111/jvim.15042

Evason, M., Stull, J. W., Pearl, D. L., Peregrine, A. S., Jardine, C., Buch, J. S., Lailer, Z.,
O’Connor, T., Chandrashekar, R., & Weese, J. S. (2019). Prevalence of Borrelia
burgdorferi, Anaplasma spp., Ehrlichia spp. and Dirofilaria immitis in Canadian dogs, 2008
to 2015: a repeat cross-sectional study. Parasites and Vectors, 12(1), 1–11.
https://doi.org/10.1186/s13071-019-3299-9

Gasmi, S., Ogden, N. H., Lindsay, L. R., Burns, S., Fleming, S., Badcock, J., Hanan, S., Gaulin,
C., Leblanc, M. A., Russell, C. B., Nelder, M. P., Hobbs, L., Graham-Derhman, S.,

65

Lachance, L., Scott, A. N., Galanis, E., & Koffi, J. K. (2017). Surveillance for Lyme disease
in Canada: 2009-2015. Online Journal of Public Health Informatics, 43(10), 194–199.
https://doi.org/10.5210/ojphi.v11i1.9892

Hamer, S. A., Tsao, J. I., Walker, E. D., & Hickling, G. J. (2010). Invasion of the Lyme disease
vector, Ixodes scapularis: implications for Borrelia burgdorferi endemicity. EcoHealth,
7(1), 47–63. https://doi.org/10.1007/s10393-010-0287-0

Kilpatrick, A. M., Dobson, A. D. M., Levi, T., Salkeld, D. J., Swei, A., Ginsberg, H. S.,
Kjemtrup, A., Padgett, K. A., Jensen, P. M., Fish, D., Ogden, N. H., & Diuk-Wasser, M. A.
(2017). Lyme disease ecology in a changing world: consensus, uncertainty and critical gaps
for improving control. Philosophical Transactions of the Royal Society B: Biological
Sciences, 372(1722). https://doi.org/10.1098/rstb.2016.0117

Kulldorff, B. M. (2015). SaTScan User Guide V9.4. 1–113.

Leighton, P. A., Koffi, J. K., Pelcat, Y., Lindsay, L. R., & Ogden, N. H. (2012). Predicting the
speed of tick invasion: An empirical model of range expansion for the Lyme disease vector
Ixodes scapularis in Canada. Journal of Applied Ecology, 49(2), 457–464.
https://doi.org/10.1111/j.1365-2664.2012.02112.x

Lindquist, E. E., Galloway, T. D., Artsob, H., Lindsay, L. R., Drebot, M. A., Wood, H., &
Robbins, R. G. (2016). A Handbook to the Ticks of Canada (Ixodida: Ixodidae, Argasidae).
Biological Survey of Canada. https://doi.org/10.3752/9780968932186

Lindsay, L. R., Barker, I. K., Surgeoner, G. A., McEwen, S. A., Gillespie, T. J., & Addison, E.
M. (1998). Survival and development of the different life stages of Ixodes scapularis
(Acari: Ixodidae) held within four habitats on Long Point, Ontario, Canada. Journal of
Medical Entomology, 35(3), 189–199. https://doi.org/10.1093/jmedent/35.3.189

Lindsay, L. R., Barker, I. K., Surgeoner, G. A., McEwen, S. A., Gillespie, T. J., & Robinson, J.

66

T. (1995). Survival and development of Ixodes scapularis (Acari: Ixodidae) under various
climatic conditions in Ontario, Canada. Journal of Medical Entomology, 32(2), 143–152.
https://doi.org/10.1093/jmedent/32.2.143

Lindsay, L. R., Mathison, S. W., Barker, I. K., McEwen, S. A., Gillespie, T. J., & Surgeoner, G.
A. (1999a). Microclimate and habitat in relation to Ixodes scapularis (Acari: Ixodidae)
populations on Long Point, Ontario, Canada. Journal of Medical Entomology, 36(3), 255–
262. https://doi.org/10.1093/jmedent/36.3.255

Lindsay, L. R., Mathison, S. W., Barker, I. K., McEwen, S. A., & Surgeoner, G. A. (1999b).
Abundance of Ixodes scapularis (Acari: Ixodidae) larvae and nymphs in relation to host
density and habitat on Long Point, Ontario. Journal of Medical Entomology, 36(3), 243–
254. https://doi.org/10.1093/jmedent/36.3.243

Littman, M. P., Gerber, B., Goldstein, R. E., Labato, M. A., Lappin, M. R., & Moore, G. E.
(2018). ACVIM consensus update on Lyme borreliosis in dogs and cats. Journal of
Veterinary Internal Medicine, 32(3), 887–903. https://doi.org/10.1111/jvim.15085

Littman, M. P., Goldstein, R. E., Labato, M. A., Lappin, M. R., & Moore, G. E. (2006). ACVIM
small animal consensus statement on Lyme disease in dogs: diagnosis, treatment, and
prevention. Journal of Veterinary Internal Medicine, 20, 422–434.

Mathieu, A., Pastor, A. R., Berkvens, C. N., Gara-Boivin, C., Hebert, M., Leveille, A. N., Barta,
J. R., & Smith, D. A. (2018). Babesia odocoilei as a cause of mortality in captive cervids in
Canada. Canadian Veterinary Journal, 59(1), 52–58.

McLean, D. M., & Donohue, W. L. (1959). Powassan virus: isolation of virus from a fatal case
of encephalitis. Canadian Medical Association Journal, 80(9), 708–711.

Milnes, E. L., Thornton, G., Léveillé, A. N., Delnatte, P., Barta, J. R., Smith, D. A., & Nemeth,
N. M. (2019). Babesia odocoilei and zoonotic pathogens identified from Ixodes scapularis

67

ticks in southern Ontario, Canada. Ticks and Tick-Borne Diseases, 10(3), 670–676.
https://doi.org/10.1016/j.ttbdis.2019.02.016

Nakajima, R., Tsuji, M., Oda, K., Zamoto-Niikura, A., Wei, Q., Kawabuchi-Kurata, T., Nishida,
A., & Ishihara, C. (2009). Babesia microti-group parasites compared phylogenetically by
complete sequencing of the CCTη gene in 36 isolates. Journal of Veterinary Medical
Science, 71(1), 55–68. https://doi.org/10.1292/jvms.71.55

Nelder, M. P., Russell, C. B., Clow, K. M., Johnson, S., Weese, J. S., Cronin, K., Ralevski, F.,
Jardine, C. M., & Patel, S. N. (2019a). Occurrence and distribution of Ambylomma
americanum as determined by passive surveillance in Ontario, Canada (1999–2016). Ticks
and Tick-Borne Diseases, 10(1), 146–155. https://doi.org/10.1016/j.ttbdis.2018.10.001

Nelder, M. P., Russell, C. B., Lindsay, L. R., Dhar, B., Patel, S. N., Johnson, S., Moore, S.,
Kristjanson, E., Li, Y., & Ralevski, F. (2014). Population-based passive tick surveillance
and detection of expanding foci of blacklegged ticks Ixodes scapularis and the Lyme
disease agent, Borrelia burgdorferi, in Ontario, Canada. PLoS ONE, 9(8).
https://doi.org/10.1371/journal.pone.0105358

Nelder, M. P., Russell, C. B., Lindsay, L. R., Dibernardo, A., Brandon, N. C., Pritchard, J.,
Johnson, S., Cronin, K., & Patel, S. N. (2019b). Recent emergence of Anaplasma
phagocytophilum in Ontario, Canada: Early serological and entomological indicators.
American Journal of Tropical Medicine and Hygiene, 101(6), 1249–1258.
https://doi.org/10.4269/ajtmh.19-0166

Nelder, M. P., Russell, C. B., Patel, S., Moore, S., & Sider, D. (2016a). Technical report: Update
on Lyme disease prevention and control. In Ontario Agency for Health Protection and
Promotion (Public Health Ontario) (Issue June).

Nelder, M. P., Russell, C. B., Sheehan, N. J., Sander, B., Moore, S., Li, Y., Johnson, S., Patel, S.
N., & Sider, D. (2016b). Human pathogens associated with the blacklegged tick Ixodes

68

scapularis: A systematic review. Parasites and Vectors, 9(1), 1–14.
https://doi.org/10.1186/s13071-016-1529-y
Nelder, M. P., Wijayasri, S., Russell, C. B., Johnson, K. O., Marchand‑Austin, A., Cronin, K.,
Johnson, S., Badiani, T., Patel, S. N., & Sider, D. (2018). The continued rise of Lyme
disease in Ontario, Canada: 2017. Canada Communicable Disease Report, 44(10), 231–
236. https://doi.org/10.14745/ccdr.v44i10a01
Ogden, N. H., Bigras-Poulin, M., O’Callaghan, C. J., Barker, I. K., Kurtenbach, K., Lindsay, L.
R., & Charron, D. F. (2007). Vector seasonality, host infection dynamics and fitness of
pathogens transmitted by the tick Ixodes scapularis. Parasitology, 134(2), 209–227.
https://doi.org/10.1017/S0031182006001417
Ogden, N. H., Bigras-Poulin, M., O’Callaghan, C. J., Barker, I. K., Lindsay, L. R., Maarouf, A.,
Smoyer-Tomic, K. E., Waltner-Toews, D., & Charron, D. (2005). A dynamic population
model to investigate effects of climate on geographic range and seasonality of the tick
Ixodes scapularis. International Journal for Parasitology, 35(4), 375–389.
https://doi.org/10.1016/j.ijpara.2004.12.013

Ogden, N. H., Bouchard, C., Kurtenbach, K., Margos, G., Lindsay, L. R., Trudel, L., Nguon, S.,
& Milord, F. (2010). Active and passive surveillance and phylogenetic analysis of Borrelia
burgdorferi elucidate the process of Lyme disease risk emergence in Canada.
Environmental Health Perspectives, 118(7), 909–914.
https://doi.org/10.1016/j.jaci.2012.05.050

Ogden, N. H., Koffi, J. K., & Lindsay, L. R. (2014). Assessment of a screening test to identify
Lyme disease risk. Canada Communicable Disease Report, 40(5), 83–87.
https://doi.org/10.14745/ccdr.v40i05a02

Ogden, N. H., Koffi, J. K., Lindsay, L. R., Fleming, S., Mombourquette, D. C., Sanford, C.,
Badcock, J., Gad, R. R., Jain-Sheehan, N., Moore, S., Russell, C., Hobbs, L., Baydack, R.,

69

Graham-Derham, S., Lachance, L., Simmonds, K., & Scott, A. N. (2015). Surveillance for
Lyme disease in Canada, 2009 to 2012. Canada Communicable Disease Report, 41(6),
132–145. https://doi.org/10.14745/ccdr.v41i06a03

Ogden, N. H., Lindsay, L. R., Hanincova, K., Barker, I. K., & Charron, D. F. (2008a). Role of
migratory birds in introduction and range expansion of Ixodes scapularis ticks and of
Borrelia burgdorferi and Anaplasma phagocytophilum in Canada. Applied and
Environmental Microbiology, 74(6), 1780–1790. https://doi.org/10.1128/AEM.01982-07

Ogden, N. H., Lindsay, L. R., & Leighton, P. A. (2013). Predicting the rate of invasion of the
agent of Lyme disease, Borrelia burgdorferi. Journal of Applied Ecology, 50(2), 510–518.
https://doi.org/10.1111/1365-2664.12050

Ogden, N. H., Lindsay, L. R., Morshed, M. G., Sockett, P. N., & Artsob, H. (2009). The
emergence of Lyme disease in Canada. Cmaj, 180(12), 1221–1224.
https://doi.org/10.1503/cmaj.080148

Ogden, N. H., St-Onge, L., Barker, I. K., Brazeau, S., Bigras-poulin, M., Charron, D. F., Francis,
C. M., Heagy, A., Lindsay, L. R., Maarouf, A., Michel, P., Milord, F., O’Callaghan, C. J., &
Trudel, L. (2008b). Risk maps for range expansion of the Lyme disease vector, Ixodes
scapularis, in Canada now and with climate change. International Journal of Health
Geographics, 7(24), 1–15. https://doi.org/10.1186/1476-072X-7-24

Ogden, N. H., Trudel, L., Artsob, H., Barker, I. K., Beauchamp, G., Charron, D. F., Drebot, M.
A., Galloway, T. D., O’Handley, R., Thompson, R. A., & Lindsay, L. R. (2006). Ixodes
scapularis ticks collected by passive surveillance in Canada: analysis of geographic
distribution and infection with Lyme borreliosis agent, Borrelia burgdorferi. Journal of
Medical Entomology, 43(3), 600–609. https://doi.org/10.1603/00222585(2006)43[600:ISTCBP]2.0.CO;2

Public Health Agency of Canada. (2021). Surveillance of Lyme Disease.

70

https://www.canada.ca/en/public-health/services/diseases/lyme-disease/surveillance-lymedisease.html#a3

Public Health Ontario. (2018). Ontario Estimated Lyme Disease Map 2021: Estimated Risk
Areas. https://www.publichealthontario.ca/-/media/documents/L/2018/lyme-disease-riskarea-map-2018.pdf

Public Health Ontario. (2021). Ontario Estimated Lyme Disease Map 2021: Estimated Risk
Areas. https://www.publichealthontario.ca/-/media/documents/o/2021/ontario-lyme-diseaserisk-area-map-2021.pdf

Sagurova, I., Ludwig, A., Ogden, N. H., Pelcat, Y., Dueymes, G., & Gachon, P. (2019).
Predicted northward expansion of the geographic range of the tick vector Amblyomma
americanum in North America under future climate conditions. Environmental Health
Perspectives, 127(10), 1–14. https://doi.org/10.1289/EHP5668

Scott, J. D., Clark, K. L., Coble, N. M., & Ballantyne, T. R. (2019). Detection and transstadial
passage of Babesia species and Borrelia burgdorferi sensu lato in ticks collected from avian
and mammalian hosts in Canada. Healthcare, 7(4), 155.
https://doi.org/10.3390/healthcare7040155

Smith, K. A., Oesterle, P. T., Jardine, C. M., Dibernardo, A., Huynh, C., Lindsay, R., Pearl, D.
L., & Nemeth, N. M. (2019). Tick infestations of wildlife and companion animals in
Ontario, Canada, with detection of human pathogens in Ixodes scapularis ticks. Ticks and
Tick-Borne Diseases, 10(1), 72–76. https://doi.org/10.1016/j.ttbdis.2018.08.018

Smith, K., Oesterle, P. T., Jardine, C. M., Dibernardo, A., Huynh, C., Lindsay, L. R., Pearl, D.
L., Bosco-Lauth, A. M., & Nemeth, N. M. (2018). Powassan virus and other arthropodborne viruses in wildlife and ticks in Ontario, Canada. American Journal of Tropical
Medicine and Hygiene, 99(2), 458–465. https://doi.org/10.4269/ajtmh.18-0098

71

Steere, A. C., Sikand, V. K., Meurice, F., Parenti, D. L., Fikrig, E., Schoen, R. T., Nowakowski,
J., Schmid, C. H., Laukamp, S., Buscarino, C., Krause, D. S., & Lyme Disease Vaccine
Study Group. (1998). Vaccination against Lyme disease with recombinant Borrelia
burgdorferi outer-surface lipoprotein A with adjuvant. The New England Journal of
Medicine, 339(4), 209–216.

Tokarz, R., Tagliafierro, T., Cucura, D. M., Rochlin, I., Sameroff, S., & Lipkin, W. I. (2017).
Detection of Anaplasma phagocytophilum, Babesia microti, Borrelia burgdorferi, Borrelia
miyamotoi, and Powassan virus in ticks by a multiplex real-time reverse transcription-PCR
assay. MSphere, 2(2), 1–5.

Wadkins, L. (2011). The Forest Resources of Ontario 2011.

Watts, A. G., Saura, S., Jardine, C., Leighton, P., Werden, L., & Fortin, M. J. (2018). Host
functional connectivity and the spread potential of Lyme disease. Landscape Ecology,
33(11), 1925–1938. https://doi.org/10.1007/s10980-018-0715-z

Werden, L., Lindsay, L. R., Barker, I. K., Bowman, J., Gonzales, E. K., & Jardine, C. M. (2015).
Prevalence of Anaplasma phagocytophilum and Babesia microti in Ixodes scapularis from a
newly established Lyme disease endemic area, the Thousand Islands region of Ontario,
Canada. Vector-Borne and Zoonotic Diseases, 15(10), 627–629.
https://doi.org/10.1089/vbz.2015.1792

Wormser, G. P., Dattwyler, R. J., Shapiro, E. D., Halperin, J. J., Steere, A. C., Klempner, M. S.,
Krause, P. J., Bakken, J. S., Strle, F., Stanek, G., Bockenstedt, L., Fish, D., Dumler, J. S., &
Nadelman, R. B. (2006). The clinical assessment, treatment, and prevention of Lyme
disease, human granulocytic anaplasmosis, and babesiosis: clinical practice guidelines by
the Infectious Diseases Society of America. Clinical Infectious Diseases, 43(9), 1089–1134.
https://doi.org/10.1086/508667

72

2.8

TABLES

Table 2.1. Number of Ixodes scapularis and prevalence of Borrelia burgdorferi in I. scapularis
collected by tick dragging at sites in 2017, 2018, and 2019.
2017

2018

2019

38

45

46

12

23

21

4

15

3

8.5 (1 – 153)

14 (1 – 121)

2 (1 – 38)

31.6 (17.5 – 48.7)

51.5 (35.8 – 66.3)

45.7 (30.9 – 61.0)

305

313

130

Number of sites with I.
scapularis positive for B.
burgdorferi

6

4

4

Number of sites with new B.
burgdorferi presence

5

0

3

Median number of ticks
positive with B. burgdorferi
at each site (range)

1.5 (1 – 7)

14 (1 – 27)

1 (1 – 7)

Prevalence of sites with I.
scapularis positive for B.
burgdorferi (95%
confidence interval)

35.3 (10.0 – 60.6)

16.0 (0.6 – 31.4)

14.8 (0.5 – 29.1)

Number of collected I.
scapularis positive for B.
burgdorferi

18

56

10

Adult infection prevalence
(%) (95% CI)

66.7 (28.2 –
105.1)

25.0 (1.2 – 48.8)

13.3 (-6.2 – 32.8)

Nymphal infection
prevalence (%) (95% CI)

22.2 (-11.7 – 56.1)

22.2 (-11.7 – 56.1)

21.4 (-3.2 – 46.0)

Number of sites
Number of sites with I.
scapularis
Number of sites with new I.
scapularis presence
Median number of ticks at
each site (range)
Prevalence of sites with I.
scapularis (95% confidence
interval)
Number of collected I.
scapularis
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Table 2.2. Exploratory mixed univariable exact logistic regression assessing the potential
associations with B. burgdorferi detection (outcome) with the number of years from tick
detection to B. burgdorferi detection (main effect), longitude, latitude, the number of site visits,
and fall season.
Variable

Odds Ratio

95% CI

P-value

1

6.18

0.61 – 62.83

0.124

2+

Referent

1 (-81.82 – -79.28)

Referent

2 (-79.07 – -76.70)

2.84 x 10-11

N/A (0 – .)

0.994

3 (-76.25 – -75.63)

1.07

0.0032 – 352.49

0.982

1 (43.07 – 43.95)

53.11

0.015 – 18.65 x 104

0.340

2 (44.30 – 44.85)

Referent

3 (45.03 – 45.46)

11.68

0.0023 – 58.50 x 103

0.572

1

Referent

2+

7.91

0.047 – 13.45 x 102

0.430

9.21 x 107

0 – N/A

0.995

Summer (August, September)

2.82

0.00034 – 23.60 x 103

0.822

Fall (October, November)

5.55

0.65 – 47.84

0.119

Number of
years from I.
scapularis
detection to B.
burgdorferi
presence

Longitude

Latitude

Number of site
visits each
year
Spring (May, June, July)
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Table 2.3. Proximity of baseline field sampling sites to known Lyme disease-endemic areas in Ontario. Range of distances were
classified into five groups: 0.00 – 99.99 km (red), 100.00 – 199.99 km (orange), 200.00 – 499.99 km (yellow), 500.00 – 999.99 km
(green), greater than 1000.00 km (blue).
Lyme disease-endemic areas in Ontario

Point
Pelee
National
Park

Rondeau
Provincial
Park

Turkey
Point
Provincial
Park

Wainfleet
Bog
Conservation
Area

Prince
Edward
Point
National
Wildlife
Area

Saint
Lawrence
Islands
National
Park

Rainy
River

Pinery
Provincial
Park

Rouge Valley
Conservation
Area

Site
Number

Site
Description

Long Point
Provincial
Park

1

1 year
between tick
and B.
burgdorferi
detection

467.51

650.95

582.36

456.27

374.46

154.66

82.65

1493.97

530.51

309.89

2

1 year
between tick
and B.
burgdorferi
detection

153.56

316.76

248.85

139.05

104.55

218.82

288.42

1271.48

191.05

33.92

76.21

226.80

158.76

62.05

96.80

293.72

367.62

1249.44

116.28

115.90

122.33

294.41

226.61

108.16

71.70

225.13

298.93

1287.13

181.95

47.57

459.58

642.48

575.15

447.29

365.84

142.39

68.33

1500.97

526.68

305.00

3

4

5

1 year
between tick
and B.
burgdorferi
detection
1 year
between tick
and B.
burgdorferi
detection
4 years
between tick
and B.
burgdorferi
detection
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6

Tick
presence only

228.12

369.12

304.65

213.51

187.30

236.46

291.06

1222.93

224.85

92.94

7

Tick
presence only

187.03

356.58

288.48

172.10

116.03

177.26

245.15

1301.32

234.36

15.85

8

Tick
presence only

109.71

270.37

202.83

94.11

85.40

254.43

327.01

1266.36

153.12

71.94

9

Tick
presence only

242.99

409.07

341.42

228.75

171.57

159.38

215.35

1299.43

277.74

73.61

10

Tick
presence only

436.24

609.10

541.14

423.27

352.04

170.48

135.23

1397.28

475.82

268.09

11

Tick
presence only

255.22

431.25

363.66

242.61

174.97

119.63

176.64

1337.95

307.86

89.15

12

Tick
presence only

332.71

504.72

437.03

319.05

250.12

118.74

140.24

1353.92

375.59

164.49

13

Tick
presence only

445.20

622.19

553.73

431.51

354.63

153.16

101.70

1439.83

495.88

280.98

14

Tick
presence only

127.89

136.93

85.22

128.65

206.50

411.36

485.31

1167.28

18.53

229.33

15

Tick
presence only

105.81

292.03

225.64

94.32

16.79

218.12

296.35

1339.40

206.79

84.63
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FIGURES

Figure 2.1. A causal diagram illustrating potential intervening and confounding relationships
between independent explanatory variables and the main variable of interest (number of years
from tick detection to B. burgdorferi detection) and the outcome (B. burgdorferi detection).
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Figure 2.2. Tick dragging was conducted at 48 sites between 2017 and 2019 in Ontario. Sites
were classified into three categories, based on the final year of sampling results: I. scapularis
present with Borrelia burgdorferi (red circles), I. scapularis present with no B. burgdorferi
(orange circles), and no I. scapularis (green circles).
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Figure 2.3. Tick dragging was conducted at 48 sites between 2017 and 2019 in Ontario. Sites
with non-I. scapularis ticks were classified into seven categories: I. muris (red circles), I.
dentatus (red triangles), I. cookei (red diamonds), D. variabilis (yellow circles), H.
leporispalustris (yellow triangles), D. variabilis and H. leporispalustris (yellow stars), and D.
varabilis, I. cookei, and A. americanum (red stars).
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Figure 2.4. Tick dragging was conducted at 48 sites between 2017 and 2019 in Ontario. Sites
with non-B. burgdorferi pathogens were classified into five categories: B. miyamotoi (red
circles), A. phagocytophilum (red triangles), Babesia odocoilei (red diamonds), Babesia microti
and B. kurtenbachii (yellow stars), and B. miyamotoi, A. phagocytophilum, and Babesia
odocoilei (red stars).
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Figure 2.5. A purely spatial cluster of high prevalence of sites with I. scapularis was detected in
2017 (yellow ring). Ixodes scapularis-positive sites (red circles) and I. scapularis-negative sites
(green circles) are illustrated on the map.
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Figure 2.6. A purely spatial cluster showing high prevalence of sites with B. burgdorferi-infected
I. scapularis ticks was detected in 2018 (yellow ring). Borrelia burgdorferi and I. scapularispositive sites (red circles), B. burgdorferi-negative and I. scapularis-positive sites (orange
circles), and B. burgdorferi and I. scapularis-negative sites (green circles) are illustrated on the
map.
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Figure 2.7. Time from Ixodes scapularis detection to Borrelia burgdorferi detection at 15 sites
which had initial I. scapularis detection during this study. Borrelia burgdorferi was detected at 5
sites after initial I. scapularis detection. Each coloured line represents a site included in the
exploratory analysis.
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Figure 2.8. Five of 15 sites from the baseline field sampling data with B. burgdorferi presence
after I. scapularis detection. Sites are classified into three categories: B. burgdorferi detection
four years after initial I. scapularis tick detection (red stars), B. burgdorferi detection one year
after initial I. scapularis tick detection (yellow stars), I. scapularis present with no Borrelia
burgdorferi (orange circles).
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CHAPTER 3: COMPARING CANADIAN LYME DISEASE RISK AREA
CLASSIFICATION METHODOLOGIES
3.1

ABSTRACT
Lyme disease risk areas have increased across Canada in recent decades with the ongoing

range expansion of Ixodes scapularis and Borrelia burgdorferi. The classification of Lyme disease
risk across Canada can be difficult to assess due to the use of different federal and provincial risk
methodologies. In this study, seven Canadian Lyme disease risk classification methodologies were
compared. Each methodology was applied to active surveillance data, and percent agreement and
kappa statistics were calculated. The methodologies varied in their measurements of the risk of
exposure to I. scapularis and B. burgdorferi based on their use of active surveillance techniques,
collected active surveillance data, and laboratory confirmation of B. burgdorferi. Most initial
Lyme disease risk site classifications were maintained over time. Kappa and percent agreement
statistics highlighted large differences between 8 of 15 methodology pairings, indicating the
presence of inconsistencies between most methodologies. Accurate, consistent surveillance and
assessment of the spread of I. scapularis and its pathogens is necessary for communicating Lyme
disease risk to the public and preventing tick-borne pathogen transmission.

3.2

INTRODUCTION
Expansion of the tick vector, Ixodes scapularis, has been evident throughout many areas

of southern Canada in recent decades (Clow et al., 2017a; Leighton et al., 2012; Ogden et al.,
2009). Ixodes scapularis is present predominately in central and eastern Canada, with expansion
detected in areas from Manitoba to the Maritime provinces (Gasmi et al., 2017). Ecological
changes, particularly warmer temperatures attributed to climate change, are facilitating ongoing
northward range expansion (Clow et al., 2017a; Leighton et al., 2012). Ixodes scapularis is a vector
for several tick-borne pathogens and range expansion of the tick has led to increased risk of human
and animal tick-borne diseases (Bouchard et al., 2019; Nelder et al., 2014). In Canada, Lyme
disease, caused by Borrelia burgdorferi, is the most common I. scapularis-borne disease (Nelder
et al., 2018).
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Various surveillance methods exist to detect blacklegged ticks (Koffi et al., 2012; Ogden
et al., 2015). Passive surveillance is the voluntary submission of ticks found on humans and
animals to participating public health units, medical and veterinary clinics (Koffi et al., 2012).
Active surveillance is the collection of ticks through drag sampling and/or rodent trapping (Ogden
et al., 2010). Surveillance is critical for understanding the ongoing geographical expansion of I.
scapularis and identifying localities where humans and animals may be at risk of exposure to ticks
and tick-borne pathogens (Gasmi et al., 2017, Government of Canada, 2017a).

The Public Health Agency of Canada (PHAC) lists the requirements for classifying a Lyme
disease risk area in Canada (Table 3.1) (Government of Canada, 2017a). As of 2016, there were
four locations in central and eastern Canada identified by PHAC with elevated risk of exposure to
blacklegged ticks and B. burgdorferi: southern Manitoba and northwestern Ontario, southern
Ontario, eastern Ontario and southern Québec, and the maritime provinces (Government of
Canada, 2020). In 2018, 97% of all Lyme disease cases were identified in Manitoba, Ontario,
Québec, and Nova Scotia (Public Health Agency of Canada, 2018). Manitoba, Public Health
Ontario (PHO), Institut National de Santé Publique du Québec (INSPQ), Newfoundland, and Nova
Scotia have produced their own provincial classification methods for identifying a risk areas (Table
3.1) (Government of Newfoundland and Labrador, 2018; Government of Newfoundland and
Labrador Animal Health Division, 2015; Institut national de santé publique du Québec, 2021;
Nova Scotia Health and Wellness, 2012, 2020; Public Health Ontario, 2021).

Various factors influence the methodology of choice for risk area classification, including
public health capacity, current status of blacklegged tick populations in the province and local
ecology. However, the use of different risk area classification methodologies could also create
inconsistencies between provinces when comparing risk areas and create confusion when
communicating with the public. There is no ‘gold standard’ method in determining a risk area,
with each methodology having strengths and limitations. In terms of public health, the most
important feature of any methodology is early identification of areas at risk of I. scapularis
establishment, as this is crucial for reducing human and animal exposure to B. burgdorferi and
other tick-borne pathogens (Nelder et al., 2014, 2018; Ogden et al., 2006). The objectives of this
study were to: 1) compare the outcomes of applying the different risk area classification
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methodologies used in Canada to data collected from Ontario, and 2) describe the strengths and
limitations of each method based on completeness of the definitions, types of data and level of
effort required.

3.3

METHODS

3.3.1

Data Collection
Field sampling was conducted at 38, 45, and 46 sites in 2017, 2018, and 2019, respectively.

Sites were selected based on previous active surveillance data collected by Clow et al. (2016,
2017a,b); sites with detected I. scapularis ticks but not B. burgdorferi, or sites that were located
within 100 km around a significant spatial cluster for blacklegged ticks determined by Clow et al.
(2016) were chosen for this study (Clow et al., 2016; Clow et al., 2017a). All sites were required
to be accessible with suitable I. scapularis habitats. New sites were added in 2018 and 2019 to
continue the monitoring of the ongoing spread of the blacklegged tick.

Each site was visited at least once on a dry day throughout the study period (Clow et al.,
2018). Sampling occurred during May to November, which is the peak activity period of the three
life stages of I. scapularis: larvae, nymphs, and adults (Clow et al., 2018; Lindsay et al., 1995;
Lindsay et al., 1999b). A Global Positioning System (GPS) was used to measure longitude and
latitude coordinates during each site visit. Tick dragging was performed at each site by dragging a
1m2 white flannel cloth over the forest floor and vegetation for three-person hours, examining the
cloth for ticks every three minutes. All stages of ticks were removed and stored in a vial with 70%
ethanol. If too many larval ticks were present on the cloth (>100), an approximate number was
documented.

Ticks collected via drag sampling were sent to the National Microbiology Laboratory
(NML) of the Public Health Agency of Canada (PHAC) in Winnipeg, Manitoba. Each tick was
identified to the species level using standard identification keys (Lindquist et al., 2016). Immature
and adult ticks were tested for B. burgdorferi presence, and DNA extraction was completed using
standard DNA extraction kits as per the manufacturer’s protocol (QIAGEN DNeasy 96 Blood and
Tissue Kit, Toronto, Ontario) (Dibernardo et al., 2014; Ogden et al., 2006). Borrelia burgdorferi
was detected using a highly-specific multiplex real-time PCR assay to detect the 23S ribosomal
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RNA (rRNA) amplification target (Courtney et al., 2004). Positive Borrelia spp. samples were
subsequently tested by a duplex confirmatory ospA and flab real-time PCR assay to differentiate
and confirm B. burgdorferi (Tokarz et al., 2017).

3.3.2

Risk Area Classification Methodology Application
Blacklegged tick and/or Lyme disease risk area classification methodologies were gathered

for each Canadian province from provincial public health organizations and government webpages
(Table 3.1) (Government of Canada, 2017a; Government of Newfoundland and Labrador, 2018;
Government of Newfoundland and Labrador Animal Health Division, 2015; Institut national de
santé publique du Québec, 2021; Manitoba Health Seniors and Active Living, 2016, 2020; Nova
Scotia Health and Wellness, 2012, 2020; Public Health Ontario, 2021). The risk area classification
methodology described in the article from Ogden et al. (2014) was also obtained (Table 3.2).
British Columbia was excluded because Ixodes pacificus, the primary vector for B. burgdorferi in
this province, was not the focus of this research and was not explored for this reason (Morshed et
al., 2021).

Each methodology was applied to each site visited each year from our 2017 to 2019 drag
sampling data. If data existed for a specific site prior to 2017, the dataset was expanded to include
this information (Clow et al., 2016; Clow et al., 2017a). Additional longitudinal data was used to
identify potential site classifications that had established in the years prior to our 2017 to 2019
active surveillance data. Once a site was classified as a risk area, regardless of the methodology,
it maintains that classification. For the purposes of this study, we re-applied the risk classification
methodology to all risk areas each subsequent year to assess if there was ongoing evidence of a
reproducing population of I. scapularis (i.e., continued detection of I. scapularis), or if the risk
classification methodology falsely classified the site as an area of risk.

3.3.3

Risk Area Classification Methodology Assessment
Specific features were identified for each methodology: the terminology used for ‘risk’, the

level of detail provided in the methods, and the number of requirements for risk to be defined
(Table 3.2). These features were then used to classify the level of effort required. Methods with
the ‘high effort’ categorization required either multiple types of active surveillance (i.e., drag
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sampling and rodent trapping) and/or multiple years of sampling. A methodology was rated
‘moderate effort’ if the field sampling data needed to be coupled with laboratory confirmation of
B. burgdorferi. If the risk classification methodology did not have any of these requirements, it
was labelled as ‘low’ effort.
3.3.4

Statistical Analysis
Cohen’s kappa statistic () and the percent agreement statistic were used to assess the level

of agreement between each of the seven risk area classification methodologies (Cohen, 1960).
Each Lyme disease risk classification level was assigned one number: a site that was not a risk
area was 0, and any identified risk area was 1. Two of the methodologies had three levels of risk
and in this context, we grouped the categories which described any type of Lyme disease risk. A
significance level of  = 0.05 was used to identify statistically significant kappa scores (McHugh,
2012). Kappa scores of risk area classification methodologies were examined to identify
characteristics within the methodologies potentially contributing to the high and low levels of
agreements (Cohen, 1960; McHugh, 2012).

3.4

RESULTS
Twelve of 38 drag sampled sites had I. scapularis in 2017, 23 of 45 sites in 2018, and 21

of 45 sites in 2019. Six sites detected B. burgdorferi in 2017, 4 sites in 2018, and 4 sites in 2019.

All methodologies classified risk sites in the 2014 to 2019 longitudinal dataset. Health
Canada, Manitoba, and the endemic category of Nova Scotia were identical in the number of sites
with a risk classification, and the number of sites that maintained a risk classification. The INSPQ
multi-classification methodology provided all 48 sites in the active surveillance dataset with a
classification, with only three sites given endemic classifications. It is important to note that the
PHO methodology could only be applied to 3 sites as insufficient fall sampling was completed at
the remainder of sites (Table 3.3).
‘High’ effort categorizations were given to Health Canada and Nova Scotia methodologies,
‘moderate’ to Manitoba, INSPQ, and Newfoundland, and ‘low’ to Ogden et al. (2014) and PHO
using the steps from each Lyme disease risk classification methodology (Table 3.1; 3.2).
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The three methodologies with the highest level of agreement had identical outcomes:
Health Canada and Manitoba, Health Canada and Nova Scotia, and Manitoba and Nova Scotia
(percent agreement: 100%; Kappa: 1.00 (p <0.001) = almost perfect). The methodologies with the
lowest degree of agreements were: Ogden et al. (2014) and Newfoundland (percent agreement:
44%; Kappa: 0.10 (p-value = 0.06) = slight), Newfoundland and INSPQ (percent agreement: 46%;
Kappa: 0.10 (p-value = 0.05) = slight), and Ogden et al. (2014) with Health Canada, Manitoba,
and Nova Scotia (percent agreement: 50%; Kappa: 0.17 (p-value = 0.02) = slight) (Table 3.4). The
PHO methodology was not included in the kappa analysis due to a limited sample size.

3.5

DISCUSSION
In 1991, scientists and public health professionals came together at the Canadian

Consensus Conference on Lyme disease to establish a plan for the emerging issue of Lyme disease.
Following this conference, a rigorous report was produced that contained guidelines for assessing
populations of I. scapularis and the risk of B. burgdorferi in Canada (Health Canada, 1991). Over
the last 30 years, these guidelines have been applied and adapted into various Lyme disease risk
classification methods utilized across Canada. In this study, we evaluated the seven risk
classification methodologies currently in use in Canada for I. scapularis and B. burgdorferi.
Overall, there was low levels of agreement between approaches. Eight out of 15 pairings had a
kappa value of less than 0.60, indicating considerable difference between the methodologies
(McGinn et al., 2004; McHugh, 2012). Upon detailed examination, inconsistencies existed
between the type of active surveillance required, the frequency of sampling, the requirement for
laboratory testing and the terminology in use.
Methodologies were categorized as ‘high’, ‘moderate’, or ‘low’ effort when classifying a
Lyme disease risk area. A ‘high’ effort rating was assigned to methodologies that required
multiple types of active surveillance and/or multiple years of sampling data. The Health Canada
and Nova Scotia methodologies all required multiple types of active surveillance (e.g., drag
sampling and small mammal sampling) (Table 3.2). The Health Canada method also required
multiple years of sampling data. The benefits of combining drag sampling with small mammal
sampling are well documented (Clow et al., 2019; Ogden et al., 2014). Small mammal sampling
is a highly sensitive and specific method for detecting ticks, particularly when tick density is low
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(Ogden et al., 2014). It is also valuable for collecting nymphal ticks, which provides an indicator
of human risk of exposure (Clow et al., 2018; Koffi et al., 2012; Ogden et al., 2014). That being
said, small mammal sampling is resource intensive and this makes its routine and widespread use
difficult (Ogden et al. 2014). Specialized equipment is required, and personnel need additional
training. There are also ethical considerations when trapping wild animals and thus specific
approvals must be secured. Multiple years of sampling may also be problematic, despite
providing stronger evidence of a reproducing population of ticks. This is because it can delay the
implementation of public health measures and thus increase the risk of human and animal
exposure to I. scapularis and their pathogens.
‘Moderate’ effort methods coupled one type of active surveillance with laboratory testing
of any ticks collected to confirm the presence of B. burgdorferi. Manitoba, INSPQ and
Newfoundland were classified as ‘moderate’ (Table 3.2). Given that the emergence of B.
burgdorferi generally follows the invasion of I. scapularis, some question the need for
comprehensive testing (Ogden et al. 2012, Ogden et al. 2014). It should be noted though that
laboratory testing is not only useful for monitoring for B. burgdorferi, but also the emergence of
other I. scapularis-borne pathogens of public and animal health significance (Nelder et al., 2014;
Ogden et al., 2006). In Canada, all ticks collected via public health are tested at the National
Microbiology Laboratory in Winnipeg. With growing tick populations, this process is costly and
time-consuming (Ogden et al., 2014). If laboratory testing remains a mainstay of tick surveillance,
it may be necessary to consider a targeted approach to balance the benefits and challenges (e.g.,
testing a subset of ticks based on sample size calculations, testing ticks from specific geographic
areas).
Methods with a ‘low’ categorization only required one type of active surveillance, with no
laboratory testing of ticks. Ogden et al. (2014) and PHO methodologies fit this classification (Table
3.2). ‘Low’ effort methodologies may allow for rapid identification of risk areas. Drag sampling
is relatively easy to implement; equipment is limited, field personnel require minimal training, and
a site can be surveilled in a short amount of time (~1/2 day) (Clow et al., 2018; Ogden et al., 2014).
However, due to the potential likelihood of detecting adventitious ticks, ‘low’ effort methodologies
may falsely classify a site with no established tick population as a Lyme disease risk area (Health
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Canada, 1991; Ogden et al., 2006). In this case, efforts may be needlessly placed into implementing
public health interventions, thus potentially taking resources away from other areas of elevated
risk.

Most methodologies consistently categorized site risk between years. This suggests that all
methods are relatively good at detecting true blacklegged tick populations, even those with ‘low
effort’ classifications. Since ongoing surveillance is generally not required once a site is labelled
as a risk area, our analysis generates confidence in this approach. Moreover, it may suggest, as
argued by Ogden et al. (2014) that ‘low effort’ labelled approaches capture the necessary
information and are associated with relatively low false positive results. In the small number of
cases where classifications were not maintained, two reasons were identified; the site’s risk title
changed from ‘risk’ to ‘endemic’ (when multiple levels were in use), or the area did not meet the
criteria required to maintain its classification (potentially false positive risk area due to
adventitious tick populations).

When looking at different approaches, it is important to consider the context in which it is
applied. Not all areas are affected equally by I. scapularis and Lyme disease (Public Health
Agency of Canada, 2018), and thus may align their methodologies accordingly. Indeed, an
adaptive approach to surveillance based on the stage of emergence has been proposed (Clow et al.
2019). Provinces with limited tick populations may want to adopt methodologies that are highly
specific so they would be more confident that I. scapularis has established in that area, rather than
just detecting adventitious ticks. Here it would be reasonable to implement ‘high’ classification
methodologies. Alternatively, provinces with established and expanding I. scapularis populations
may want to apply ‘moderate’ or ‘low’ classification methodologies that allow them to quickly
and easily detect tick populations and ensure that an area is not overlooked. Nova Scotia, Québec,
Ontario all have large and expanding blacklegged tick populations, yet interestingly, utilize ‘high’,
‘moderate’ and ‘low’ effort methodologies, respectively (Institut national de santé publique du
Québec, 2021; Public Health Agency of Canada, 2018). Alberta and Saskatchewan, which both
utilize the Health Canada methodology, which is classified as ‘high effort’ do not have known
reproducing populations of ticks (Gasmi et al., 2017; Public Health Agency of Canada, 2018).
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Overall, each approach has strengths and weaknesses, and there is no ‘gold standard’ risk
classification methodology. Provincial public health organizations have jurisdiction over
surveillance approaches within their province and therefore it is not surprising that different
approaches exist. However, it is worth discussing how little consensus there is across the country
for approaches designed to measure the same thing – the risk of encountering blacklegged ticks
and thus being exposed to Lyme disease. There could be great value in enhanced collaboration
across the country, where public health organizations can discuss the benefits and challenges of
implementing each approach and propose a more consistent and balanced approach across the
country.

Consistency may also improve risk communication with the public. Proper risk
communication with the public regarding infectious diseases is critical in the effective response to
public health issues (Varghese et al., 2021). Most methodologies use similar risk classification
language (e.g., risk area); however, the terminology is not associated with the same meaning.
Moreover, INSPQ and Nova Scotia utilize multiple risk classifications. INSPQ identifies risk areas
as endemic, present, or possible, while Nova Scotia risk areas include those that are high risk, or
endemic, moderate risk, or low risk. Consistent, clear language that can be understood by multiple
individuals with different literacy levels is crucial in maintaining effective communication
regarding the continued spread of I. scapularis and B. burgdorferi (World Health Organization,
2020).

The mechanisms behind the spread of blacklegged ticks and B. burgdorferi are still not
fully understood, which also needs to be considered when determining Lyme disease risk
classification methodologies (Hamer et al., 2010; Ogden et al., 2008). Analysis of passive
surveillance data in central and eastern Canada up to 2010 predicted a 3-year and 5-year gap
period, respectively, between I. scapularis detection and the emergence of B. burgdorferi (Ogden
et al., 2013), but this could be changing over time (Chapter 2). Long-distance and localized
dissemination of this vector are likely occurring, and this could promote a more rapid spread of
infected nymphal I. scapularis populations. These mechanisms may cause transmission cycles to
establish faster, introducing both ticks and the Lyme disease pathogen into habitats sooner than
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expected (Clow et al., 2017; Ogden et al., 2010; Watts et al., 2018). This argument supports
approaches with less requirements so that risk can rapidly be assessed.

A number of limitations were recognized throughout this study. Tick dragging was
completed inconsistently throughout the study. The number of visits were not identical for each
site and this uneven effort may affect the likelihood of tick detection; each tick life stage is present
at different times throughout the year, therefore inconsistent timing of collection across a number
of years may impact findings (Lindsay et al., 1995). All sites in 2017 and 2018 were sampled at
least twice, while each site was visited once in 2019. Sampling was not conducted during the peak
activity of each I. scapularis tick stage. Fall drag sampling only occurred in 2017. Adult I.
scapularis tick activity occurs in the fall months, therefore the likelihood of detecting adult ticks
in 2018 and 2019 was reduced (Lindsay et al., 1999a). Obtaining the proper methodologies
required communication with public health officials, and the analysis of multiple different
surveillance reports and media interviews. Even with these efforts, we did not have complete
definitions for Newfoundland and Nova Scotia methodologies. For example, Newfoundland did
not provide the type of surveillance that should be conducted and Nova Scotia did not define a
‘moderate’ risk area (Nova Scotia Health and Wellness, 2019). Additionally, Manitoba did not
specifically indicate the type of active surveillance technique used to collect ticks, and New
Brunswick did not have any clear Lyme disease risk classification methodology (Manitoba Health
Seniors and Active Living, 2016, 2020). The lack of accessibility to important information on
Lyme disease risk classification methodologies should be improved for researchers and individuals
looking for information on risk areas. The application of the Health Canada methodology was
incomplete as our data did not consist of rodent trapping. We also could not accurately analyze the
PHO risk classification methodology since drag sampling in the fall was a crucial aspect of the
methodology. Furthermore, our sampling was only completed in Ontario, therefore the results and
analysis of risk classification methods using this drag sampling data are more reflective of the
ecology and tick dispersal mechanisms seen in Ontario rather than across Canada. Finally, Cohen’s
kappa statistic has been suggested to be too relaxed in studies related to health, so we paired it with
the percent agreement, which may strengthen the interpretation of the statistics (McGinn et al.,
2004; McHugh, 2012). Additionally, we focused on the qualitative comparisons between methods,
as much richness in the data would have been missed with only quantitative analysis.
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3.6

CONCLUSIONS
Identifying Lyme disease risk areas is beneficial for the health of humans and animals. This

is especially important in areas where I. scapularis and B. burgdorferi are rapidly spreading
(Ogden et al., 2010). The seven methodologies examined in this chapter each have their advantages
and disadvantages and it is important to consider the geographic context in which they are applied.
Overall, there was relatively little consensus between approaches, and we argue it would be of
public health benefit for consistency of approaches across the country.
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3.8

TABLES

Table 3.1. Lyme disease risk area classification methodologies currently utilized in Canada.

Source

Geographical
area of
implementation

Ogden et al.
(2014)a

Canada

Health Canada
1991
classificationa

Alberta,
Saskatchewan,
Prince Edward
Island

Manitoba 2018
classification

Manitoba

PHO 2015
classification

Ontario

Risk classification
labels

Definitions for each classification

Lyme disease risk

Lyme disease risk area: One I. scapularis is detected after one site visit
• Utilizes drag sampling

Lyme disease risk

Lyme disease risk: >1 year established/reproducing tick populations &
laboratory-confirmed B. burgdorferi presence
• Utilizes both drag sampling and the capture of wild rodent reservoirs
• Requires all life stages of ticks to be collected for more than one year (e.g.,
established tick population) and the detection of B. burgdorferi in tick or
rodent sample

Blacklegged tick risk

Blacklegged tick risk area: Where established blacklegged tick populations have
been found and the risk of acquiring tick-borne diseases is higher
• Utilizes active surveillance
o Technique not specified
• Requires evidence of reproducing (established) populations of blacklegged
ticks (an area where all life stages are found over repeated visits) and the
circulation of tick-borne pathogens within both blacklegged ticks and within
the environment
o Unclear definition of “environment”

Estimated Lyme
disease risk

Estimated Lyme disease risk: Finding 1 I. scapularis tick during the spring and
fall in a one-year time period
• Utilizes drag sampling
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INSPQ 2021
classification

Québec

i) Lyme disease
endemic zone
ii) Present
iii) Possible

Endemic: All 3 stages collected in one year with evidence of 1 B. burgdorferiinfected nymph, OR at least 23 submissions of I. scapularis ticks from humans via
passive surveillance in the last 5 years, OR at least 3 locally-acquired Lyme
disease cases in the last 5 years
• Utilizes drag sampling
Present: 1+ ticks collected by active surveillance, OR between 11 to 22
submissions of I. scapularis ticks from humans via passive surveillance in the last
5 years, OR 2 locally-acquired Lyme disease cases in the last 5 years
• Utilizes drag sampling
Possible: All regions with no tick presence are still at risk due to the presence of
adventitious ticks

Newfoundland
2018
classification

Nova Scotia
2019
classification

Newfoundland
& Labrador

Nova Scotia

High Lyme disease
risk/Endemic

i) High Lyme disease
risk/Endemic
ii) Moderate risk
iii) Low risk

High Lyme disease risk/Endemic: Established tick populations & maintained
transmission of B. burgdorferi cycles
High Lyme disease risk: Established/reproducing tick populations & laboratoryconfirmed B. burgdorferi presence
• Utilizes drag sampling or the capture of wild rodent reservoirs
o Drag sampling is preferred in sites with no I. scapularis detection
o Rodent capturing is recommended in sites with previous passive
or active tick surveillance data that detected I. scapularis presence
• Requires all life stages of ticks to be collected (e.g., established tick
population) and the detection of B. burgdorferi in tick or rodent sample
Moderate risk: Undefined
Low risk: No known established tick populations

aThe

Government of Canada Lyme disease 2016 case definition recommends the use of the Health Canada 1991classification to confirm the first

occurrence of Lyme disease in Provinces and Territories, and the Ogden et al. (2014) method after the occurrence of one or more reproducing tick
populations and B. burgdorferi transmission confirmed using the Health Canada 1991 classification method (Government of Canada, 2017a).
Note: Five methods for identifying Lyme disease risk areas proposed by the Technical Task Group have been incorporated into the national case
definition. This approach will allow for more flexibility in identifying risk that accounts for differences in the geographic scope of Lyme disease risk in
different jurisdictions (Government of Canada, 2017b).
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Table 3.2. The main factors used to analyze each of the seven Canadian Lyme disease risk classification methodologies.

Source

Ogden et al.
(2014)

Canada

Yes

Yes

No

No

No

No

Low

Health Canada
1991
classification

Alberta,
Saskatchewan,
Prince Edward
Island

Yes

Yes

Yes

Yes

Yes

No

High

Manitoba 2018
classification

Manitoba

Yes

No

Unknown

Possibly

Yes

No

Moderate

PHO 2015
classification

Ontario

Yes

Yes

No

No

No

No

Low

INSPQ 2021
classification

Québec

Yes

Yes

No

No

Yes

Yes

Moderate

Newfoundland &
Labrador

Yes

No

Unknown

Possibly

Yes

No

Moderate

Nova Scotia

Yes

No

Yes

Possibly

Yes

Yes

High

Newfoundland
2018
classification
Nova Scotia
2019
classification

Use of risk
Complete
area
definitions?
terminology?

Require
Require
multiple
Require
multiple
Multiple
types of
laboratory
years of
classifications?
active
testing?
data?
surveillance?

Geographical
area of
implementation
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Level of
Effort

Table 3.3. Number of sites identified as Lyme disease risk area classifications with Ogden et al. (2014), Health Canada, Manitoba,
PHO, INSPQ, Newfoundland, and Nova Scotia methodologies applied to drag sampling data from 2017 to 2019.

Source

Geographical
area of
implementation

Ogden et al. (2014)

Québec

Health Canada
1991 classification

Alberta,
Saskatchewan,
Prince Edward
Island

Manitoba 2018
classification

Manitoba

PHO 2015
classification

Risk classification labels

i) Lyme disease risk

# of sites with each
classification

i) 30 sites

i) Lyme disease risk

i) 7 risk

# of sites that
maintained
risk
classification

Notes

27

3 risk sites identified in
2019 were excluded
(could not be analyzed
further)

5

2 risk sites identified in
2019 were excluded
(could not be analyzed
further)

i) Blacklegged tick risk

i) 7 risk

5

Ontario

i) Estimated Lyme disease risk

i) 3 risk

3

INSPQ 2021
classification

Québec

i) Lyme disease endemic zone
ii) Present
iii) Possible

i) 3 endemic
ii) 27 present
iii) 18 possible

Newfoundland
2018 classification

Newfoundland &
Labrador

i) High Lyme disease
risk/Endemic

i) 4 high
risk/endemic

Nova Scotia

i) High Lyme disease
risk/Endemic
ii) Moderate risk
iii) Low risk

i) 7 high risk
ii) 0 moderate risk
iii) 41 low risk

Nova Scotia 2019
classification
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1 (Endemic)
24 (Present)
18 (Possible)

2 risk sites identified in
2019 were excluded
(could not be analyzed
further)
Testing twice a year
was not part of our
sampling plan
3 risk sites (present)
identified in 2019 were
excluded (could not be
analyzed further)

4

5 (High risk)
39 (Low risk)

5 risk sites (3 low risk, 2
high risk) identified in
2019 were excluded
(could not be analyzed
further)

Table 3.4. Percent agreement statistic, kappa statistics, and Cohen’s kappa interpretation for each pairing of Health Canada, Ogden et
al. (2014), Manitoba, INSPQ, Newfoundland, and Nova Scotia methodologies. (Percent agreement; kappa statistic (p-value) =
Cohen’s kappa interpretation).
Classification
Method

Health Canada

Health Canada

Ogden et al.
(2014)

Manitoba

INSPQ

Nova Scotia

Newfoundland

50%;
0.17 (0.02)
= Slight

100%;
1.00 (0.00)
= Almost Perfect

52%;
0.19 (0.01)
= Slight

100%;
1.00 (0.00)
= Almost Perfect

94%;
0.69 (0.00)
= Substantial

50%;
0.17 (0.02)
= Slight

98%;
0.96 (0.00)
= Almost Perfect

50%;
0.17 (0.02)
= Slight

44%;
0.10 (0.06)
= Slight

52%;
0.19 (0.01)
= Slight

100%;
1.00 (0.00)
= Almost Perfect

94%;
0.69 (0.00)
= Substantial

52%;
0.19 (0.01)
= Slight

46%;
0.10 (0.05)
= Slight

Ogden et al.
(2014)

50%;
0.17 (0.02)
= Slight

Manitoba

100%;
1.00 (0.00)
= Almost Perfect

50%;
0.17 (0.02)
= Slight

INSPQ

52%;
0.19 (0.01)
= Slight

98%;
0.96 (0.00)
= Almost Perfect

52%;
0.19 (0.01)
= Slight

Nova Scotia

100%;
1.00 (0.00)
= Almost Perfect

50%;
0.17 (0.02)
= Slight

100%;
1.00 (0.00)
= Almost Perfect

52%;
0.19 (0.01)
= Slight

Newfoundland

94%;
0.69 (0.00)
= Substantial

44%;
0.10 (0.06)
= Slight

94%;
0.69 (0.00)
= Substantial

46%;
0.10 (0.05)
= Slight
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94%;
0.69 (0.00)
= Substantial
94%;
0.69 (0.00)
= Substantial

CHAPTER 4: GENERAL DISCUSSION
4.1

SUMMARY
Over the last 30 years, the range of I. scapularis in Ontario, Canada, has expanded

northward, and this has coincided with an increased risk of exposure to the tick and its pathogens
across many areas of the province (Clow et al., 2017a; Lindsay et al., 1998; Ogden et al., 2015).
Lyme disease, caused by B. burgdorferi, is currently the main threat to public and animal health
associated with the range expansion of this tick (Nelder et al., 2014).

The objectives of this thesis were to: 1) examine the spatial and temporal patterns of I.
scapularis and associated pathogens across southern, eastern, and central Ontario from 2017 to
2019, 2) explore the mechanisms driving the invasion of B. burgdorferi in Ontario, and 3) compare
risk classification methodologies for I. scapularis and B. burgdorferi in use in Canada.

Drag sampling for ticks was completed at 38 sites, 45 sites, and 46 sites in 2017, 2018, and
2019, respectively. Ixodes scapularis presence was detected at 12 sites in 2017, 23 in 2018, and
21 in 2019. These sites were located throughout southern, eastern, and central regions of Ontario,
with a hot spot of sites with the tick identified in eastern Ontario. A northeastern spread of I.
scapularis was evident in eastern Ontario throughout the study period, which is an expansion
pattern consistent with previous research (Clow et al., 2016; Clow et al., 2017a; Clow et al.,
2017b). The spread of I. scapularis was also observed northwest of the Greater Toronto Area
(GTA). By 2019, the Lake Simcoe area had multiple positive sites for I. scapularis, although there
had been little tick presence in the area previously. Borrelia burgdorferi was detected at six sites
in 2017, 4 in 2018, and 4 in 2019 throughout southern, eastern, and central Ontario. A purely
spatial cluster containing 3 B. burgdorferi-positive sites was detected in 2018 in eastern Ontario.
We also collected Amblyomma americanum for the first time in Ontario through drag sampling
(Nelder et al., 2019), and identified several other tick-borne pathogens of potential concern,
including Anaplasma phagocytophilum and Babesia microti.

Long-distance dispersal of I. scapularis due to migratory birds has been shown to be the
primary mechanism of the spread of the tick. However, it is suspected that other mechanisms,
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including those occurring on a local level, may be occurring simultaneously (Clow et al., 2016;
Clow et al., 2017a). The mechanism of dispersal influences the establishment of the blacklegged
tick population as well as the B. burgdorferi transmission cycle (Hamer et al., 2010; Ogden et al.,
2010). Previous work with passive surveillance data in central and eastern Canada has suggested
the presence of a three to five-year gap between I. scapularis detection and B. burgdorferi invasion
(i.e., tick-first scenario) (Ogden et al., 2013). Our study identified a one-year and four-year gap at
four sites and one site, respectively, which may suggest a faster emergence of B. burgdorferi than
previously predicted at some sites. A one-year gap also indicates that the co-invasion hypothesis
should be considered when examining the invasion of I. scapularis and B. burgdorferi.

In order to estimate the current risk of tick bites and exposure to tick-borne pathogens,
public health organizations have established risk classification methodologies. All provinces have
detected I. scapularis ticks within the last five years, though not all contain endemic populations
(Gasmi et al., 2017; Government of Canada, 2021). Lyme disease risk classification methodologies
were collected from Ogden et al. (2014), the Public Health Agency of Canada (Health Canada
classification), PHO, INSPQ, Newfoundland, and Nova Scotia. Each methodology was applied to
our 2017 to 2019 drag sampling data. Despite all methodologies applying some variation of ‘risk
area’ terminology, they varied significantly in their approaches to reach this classification. For
example, the Health Canada classification required multiple different sampling techniques to be
completed over several years, while the methodology proposed by Ogden et al. (2014) requires
one tick to be detected via drag sampling. The differences of how methodologies classify Lyme
disease risk areas is reflected in limited levels of agreement between some classification methods.
Health Canada 1991, Manitoba, and Nova Scotia methodologies had high levels of agreement with
each together, while Ogden et al. (2014) and Newfoundland, INSPQ and Newfoundland, and
Ogden et al. (2014) and Health Canada 1991, Manitoba and Nova Scotia pairings had low levels
of agreement. Other differences noted include multiple levels of risk classification, as outlined in
the Nova Scotia and INSPQ methodologies.

Differences may exist between classification methodologies due to the status of the
blacklegged tick population, as well as available public health resources and local ecology.
Provinces with few tick populations (e.g., Saskatchewan, Newfoundland and Labrador) may want
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high-effort criteria to ensure that they are truly identifying a risk area without it being a false
positive. Localities with high numbers of I. scapularis ticks (e.g., Ontario, Québec) may prefer
lower effort risk classification criteria in order to easily determine a risk area due to rapid tick
expansion (Clow et al., 2017a; Ogden et al., 2008a). That being said, it can be challenging to
communicate risk to the public across the country when similar terminology is in use, but the
methods and therefore measured outcome are not the same. At this time, there is no ‘gold standard’
Lyme disease risk classification methodology. However, from the standpoint of public health, it is
critical that whatever methodology in use adequately identifies emerging risk, as this facilitates
the implementation of primary public health measures to prevent tick bites and thus tick-borne
disease.

4.2

LIMITATIONS
Numerous limitations were identified throughout this thesis. Drag sampling was not

consistent; the number of site visits and the season of visit varied. There is an increased likelihood
of detecting I. scapularis populations with more frequent site visits and/or if sampling is conducted
during peak activity of adult or nymphal life stages (Clow et al., 2018; Lindsay et al., 1995;
Lindsay et al., 1999b). For example, in 2018 and 2019, drag sampling was not completed during
the fall months due to limited resources. Adult blacklegged ticks are most active during this season,
thus increasing the likelihood of detection (Lindsay et al., 1999a). It should also be noted that tick
dragging can have low sensitivity (~50%), particularly when a population is just establishing and
tick density is low (Ogden et al., 2010). Therefore, we could have falsely classified a site as
negative for I. scapularis during the early stages of emergence. Despite sampling over several
years, the sample size of sites for statistical modelling was still low. This limited the power in our
analyses.

The collection of Lyme disease risk classification criteria was also challenging.
Methodologies were often spread out between multiple surveillance documents or had to be
obtained through local news video interviews and communication with provincial public health
departments. The steps outlined in some Lyme disease risk classification methodologies were
limited, making the interpretation difficult. Furthermore, we only conducted drag sampling in
Ontario. This meant that we could not fully apply all methodologies to our dataset (e.g., Health
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Canada, PHO), as they included multiple sampling approaches or multiple visits per year. Also,
our data is reflective of the ecology of I. scapularis in Ontario, and therefore may not fully align
to ecological patterns in other provinces.

4.3

SIGNIFICANCE
The rising incidence of Lyme disease can be attributed to the continued geographical range

expansion of I. scapularis and B. burgdorferi (Government of Canada, 2021; Ogden et al., 2008b).
The Public Health Agency of Canada (PHAC) reported 1,487 cases of Lyme disease in Canada in
2018, which is a ten-fold increase from 2009 (Public Health Agency of Canada, 2018). Other
blacklegged tick-borne pathogens, including Anaplasma phagocytophilum, Babesia microti, and
Borrelia miyamotoi, have also been detected in Canada. This is concerning for human and animal
health as the range of I. scapularis expands (Nelder et al., 2016). Additionally, A. americanum has
been identified as an emerging threat (Nelder et al., 2019; Ogden et al., 2006). These ticks have
been known to cause the galactose-alpha-1,3-galactose (alpha-gal) allergy in humans and
southern-tick associated rash illness (STARI)(Feder et al., 2011). They can also transmit Ehrlichia
chaffeensis, the causative agent of human ehrlichiosis, and Ehrlichia ewingii, which causes human
and canine ehrlichiosis (Christenson et al., 2017; Wolver et al., 2013).

Currently, there are no widespread tick control interventions that are effective in preventing
the spread of blacklegged ticks or other tick species (Ogden et al., 2015). Therefore, our work
identifying areas at risk of I. scapularis and B. burgdorferi establishment in Ontario is critical to
direct where primary methods of prevention should be implemented to reduce the exposure of ticks
to humans and animals. General prevention techniques do exist, but their uptake requires ongoing
public education. These techniques include wearing light-coloured clothing in potential risk areas,
using tick and insect repellents, wearing permethrin-treated clothing, performing regular tick
checks, and avoiding potential tick habitats if possible (Bouchard et al., 2015; Carroll et al., 2005;
Government of Canada, 2020; Kilpatrick et al., 2017; Wormser et al., 2006). Landscape and host
management methods also exist that can be effective on the micro scale (e.g., home properties)
(Schulze et al., 1995, 2007).
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We have also challenged the previous assumption that the tick-first mechanism was the
driving mechanism of pathogen invasion (Hamer et al., 2010; Ogden et al., 2013). While additional
field data is certainly needed to explore other hypotheses, our dataset has illustrated the potential
of other mechanisms at play and thus makes valuable contributions to the literature in the natural
sciences.

Several public health organizations have proposed methods for identifying areas of risk for
I. scapularis and B. burgdorferi. However, we have highlighted that these methods have significant
differences and thus do not provide a consistent measure of risk. Each methodology has strengths
and weaknesses, with high-effort methods having the potential to under-recognize emerging areas
of risk, while approaches with ‘low’ classifications may over-emphasize the level of risk. We know
there is no gold standard for risk classification, but this study does highlight a need for greater
consistency of approaches across the country, which may ultimately enhance risk communication
with the public.

4.4

FUTURE DIRECTIONS
Range expansion of I. scapularis and B. burgdorferi has been observed for over 30 years

and is predicted to continue, especially as temperatures increase due to climate change and more
northern habitats become suitable for I. scapularis (Bouchard et al., 2019). Climate change is also
predicted to drive range expansion of other tick species, including Amblyomma americanum.
Therefore continued surveillance is necessary to monitor invasion of several tick species of public
and animal health significance (Clow et al., 2017a; Lindsay et al., 1998; Ogden et al., 2015). Tick
collection should be coupled with targeted ecological studies to further elucidate the mechanisms
driving tick and pathogen invasion. For example, host trapping and sampling may provide greater
insight into the dynamics of pathogen transmission on a local level (Hamer et al. 2010) and fill in
the data gaps identified in our study. Not only will this work facilitate ongoing public education
on primary prevention methods, but it will also help refine future predictions of vector and
pathogen spread.

Inconsistencies of Lyme disease risk classification methodologies across Canada should
be addressed. Enhanced collaboration between provincial and national public health workers
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would be beneficial to build consensus and generate a more standardized Lyme disease risk
classification definition. Tiers of risk could be created to incorporate a range of areas from low
Lyme disease risk to localities endemic for Lyme disease. The Canadian Lyme Sentinel Network
(CaLSen) of the Canadian Lyme disease Research Network was established in 2019 to lead Lyme
disease surveillance across the country (Guillot et al. 2020). This network provides an ideal forum
to review and refine methodologies across the country and address potential inconsistencies.
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CHAPTER 5: APPENDICES
Table A2.1. Descriptive statistics for each categorical explanatory variable.
Explanatory
variable

Category

Observations

Mean

Standard
deviation

1 (-81.82 – -79.28)

11

-80.10182

.9053835

2 (-79.07 – -76.70)

13

-77.89432

.9387212

3 (-76.25 – -75.63)

9

-75.90816

.3276316

1 (43.07 – 43.95)

11

43.43966

.3523937

2 (44.30 – 44.85)

13

44.60901

.2449702

3 (45.03 – 45.46)

9

45.31908

.1542637

1

15

1

0

2

18

2

0

1

22

1

0

2+

11

2

0

May, June, July

23

1

0

Summer

August, September

15

1

0

Fall

October, November

5

1

0

Longitude

Latitude

Number of years
from tick
detection to B.
burgdorferi
presence

Number of visits
to each site
Spring
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