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ABSTRACT

Introduction: Lyme disease (LD) is caused by infection with the bacteria Borrelia burgdorferi sensu lato (Bb) through the bite
of an infected Ixodes spp. tick. LD has emerged as a public and animal health issue in Canada, with human incidence increasing
in part due to the expansion of Ixodes scapularis ticks and their vertebrate hosts. We sought to provide the first comprehensive
summary of published tick and animal surveillance literature regarding LD in Canada to describe changes in LD over time.
Methods: We conducted a review to identify peer-reviewed LD-focused tick, mammal, and bird surveillance articles in three
online databases between 1975 and 2023. Data on study characteristics, data collection years, and surveillance methods and
findings were extracted. Descriptive statistics were reported.

Results: In total, 115 studies were included for review. Results showed an increase in published surveillance literature and
changes in study approaches and their provincial distribution over time, coinciding with increased LD cases in Canada. Seventy-
four studies were published after 2014 when Canada’s Federal Framework on Lyme Disease Act was introduced, and two-thirds
of these studies focused on tick surveillance only. Overall, 58% of studies involved surveillance in Ontario but increases in all
other provinces were observed after 2009.

Conclusions: Observed changes in five decades of LD-related tick and animal surveillance literature helps document the histor-
ical rapid spread of Ixodes and Bb across provinces. This can provide lessons for other regions that may transition from emerging

to endemic status for LD in the coming years.

1 | Introduction

Lyme disease (LD) is a tick-borne disease (TBD) caused by
infection with the bacterium Borrelia burgdorferi sensu lato
(Bb) through the bite of an infected Ixodes species tick. LD has
emerged as a public health threat in Canada, with the number
of human cases increasing from a total of 140 reported annually

between 1984 and 1990 to 2,525 in 2022 (“Consensus conference
on Lyme disease,” 1991; PHAC 2024). While LD often follows an
acute and mild clinical course, it can also result in more serious
manifestations. In fact, recent data has shown that up to half of
cases reported in Canada lead to more serious neurological, car-
diac, or arthritic conditions, although under-detection of milder
cases may contribute to this high proportion (Murison et al. 2023).
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Summary

« This review provides the first historical summary of
tick and animal surveillance research as it pertains to
Lyme disease in Canada.

The rapid invasion of Ixodes ticks and Borrelia burg-
dorferi in Canada shows how Lyme disease became
a growing One Health concern over the span of five
decades.

The reviewed surveillance studies identify areas of
Ixodes and Borrelia burgdorferi emergence and ende-
micity, which match the areas in Canada that are high
risk for Lyme disease. This can be used to provide les-
sons for other regions, within and outside of Canada,
that may transition from pre-emerging to emerging to
endemic status for Lyme disease in the coming years.

In Canada, Bb is transmitted primarily by two Ixodes species:
L scapularis, the blacklegged tick (also called I. dammini prior
to 1993) in the eastern and central parts of the country, and I
pacificus, the western blacklegged tick, in the west (Ogden
et al. 2009; Oliver Jr. et al. 1993). The pathogen is maintained
in nature via several small rodent and shrew species, most nota-
bly the white-footed mouse (Peromyscus leucopus), which serve
not only as hosts for ticks but as natural reservoir hosts for Bb
(Anderson 1988; Levine, Wilson, and Spielman 1985). Larval
Ixodes ticks feed on infected reservoir hosts, acquire the bacte-
rium, and then, in the nymphal and adult stages, can transmit
it to humans or animals (Apanaskevich and Oliver 2014). Tick
dispersal throughout Canada is largely attributed to migratory
birds. It has been estimated that they introduce 50-175 million
blacklegged ticks across Canada each spring, facilitating local
population establishment (Ogden et al. 2008). Additionally, large
mammals such as white-tailed deer (Odocoileus virginianus)
can serve as local reproductive tick hosts, resulting in the ex-
pansion of established Ixodes populations in Canada (Bouchard
et al. 2013; Bryan et al. 2011; Werden et al. 2014). To address
the growing concern of LD in Canada, researchers and public
health officials met at the Canadian Consensus Conference
on Lyme Disease in 1991 to align on the epidemiology, epi-
zootiology, clinical course, and laboratory diagnostics of LD
(Canadian Medical Association Journal, 1991). Canada estab-
lished LD as nationally notifiable in 2009, requiring reporting
of human cases to the Public Health Agency of Canada (PHAC)
(PHAC 2024). Following the national mandate, Canada enacted
the Federal Framework on Lyme Disease Act in 2014, requiring
the government to enhance LD surveillance, increase education
and awareness, and establish best practices and guidelines to
prevent and control its geographic spread (Canada 2017a).

The Federal Framework's approach to monitoring LD utilises
One Health, defined by the World Health Organization as a “uni-
fying approach to balance and optimize the health of people, an-
imals, and the environment” (WHO 2017). One Health involves
collaboration amongst the public health, veterinary, and envi-
ronmental sectors with the understanding that the health of one
affects the health of all. For TBDs specifically, one component
of an integrated surveillance system utilising the One Health
approach involves surveillance of ticks, their pathogens, and

animal hosts that lead to disease emergence and spread (Braks
et al. 2011). The Federal Framework set out to develop one such
integrated system in places like parks, First Nation and ecolog-
ical reserves, historical sites, and information from veterinari-
ans. Importantly, the initiative provides critical data to produce
risk maps and inform national prevention efforts against TBDs
(Canada 2017b).

Canada utilises different field surveillance strategies to monitor
the geographic distribution and abundance of vector tick pop-
ulations and the prevalence of tick-borne pathogens to inform
TBD risk assessment. Passive surveillance involves the volun-
tary submission of sample specimens collected from host spe-
cies by the public, which requires minimal resources to help
establish a baseline distribution of ticks and their associated
pathogens across vast geographies (Clow et al. 2019; Nsubuga
et al. 2006). Active surveillance employs coordinated and more
costly, resource-intensive efforts to collect ticks from their nat-
ural habitat to estimate tick-pathogen abundance and establish
local tick populations (Jordan, Gable, and Egizi 2022). Examples
of active surveillance include dragging and flagging for host-
seeking (“questing”) ticks and the collection of blood-feeding
ticks from their mammalian hosts via animal trapping (Clow
et al. 2019; Sonenshine and Roe 1993). Surveillance on large
mammals, including white-tailed deer and domestic pets such
as dogs (Canis lupus familiaris), and surveillance of migratory
bird species and the ticks attached to them are other useful ways
to understand tick presence and abundance and monitor geo-
graphic expansion of TBDs (Battaly and Fish 1993; Bouchard
et al. 2013; Bryan et al. 2011; Werden et al. 2014).

Monitoring changes in the abundance and geographic reach of
tick and key animal host species over time using a coupled active
and passive surveillance strategy is a critical component of an
integrated approach to TBD surveillance (Braks et al. 2011). The
increase in human LD cases in Canada has followed the rapid
northward geographic expansion of I. scapularis and its animal
hosts since it was first identified in Ontario in the 1970s (Watson
and Anderson 1976). Due to evolving ecological factors such as
climate change, the expansion of I. scapularis, Bb, host species,
and LD is expected to continue throughout Canada, emphasis-
ing the need for continued surveillance efforts to monitor spread
(Bouchard et al. 2019; Canada 2023; Ogden 2014). A framework
for adaptive surveillance of emerging tick-borne zoonoses was
developed using LD in Canada as a case study (Clow et al. 2019).
The framework describes the most appropriate surveillance
approaches to consider at different points of TBD emergence,
including ecological studies and human disease monitoring in
addition to tick and animal host surveillance. During the pre-
emergence phase, where the goal is to detect the introduction
of ticks and their pathogens, passive tick surveillance and ini-
tial active tick surveillance at sentinel sites are the most suit-
able methods to use. Once ticks and their pathogens emerge, the
focus should shift to identifying more precise locations of their
established populations. For this, targeted active tick surveil-
lance and collection of tick hosts and their serological data are
suggested as the most appropriate methods (Clow et al. 2019).

The purpose of this scoping review is to provide the first summary
of published tick and animal surveillance literature with respect
to LD in Canada from 1975 to 2023. Furthermore, we aimed to
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describe how surveillance approaches and collection methods
have evolved geographically and over time, helping to address and
inform the public health threat of LD through a One Health lens.

2 | Materials and Methods

This study utilised established scoping review methods, as de-
scribed in the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses extension for Scoping Reviews (PRISMA-
ScR) (Tricco et al. 2018). Analyses were conducted according
to guidelines from a pre-defined protocol, including clear eligi-
bility criteria, search strategy, data collection and charting, and
synthesis of results (Tricco et al. 2018).

2.1 | Literature Search

A literature search was performed to identify peer-reviewed
tick, small and large mammal, and migratory bird surveillance
articles in PubMed, Embase, and Web of Science published from
1 January 1975 through 6 November 2023 in the English or
French languages. The starting point of 1975 was the year LD
was first described in North America (CDC 1982). Search strings
are provided in Appendix 1.

2.2 | Eligibility Criteria

After removal of duplicates, titles and abstracts of remaining
articles were evaluated for relevance by three researchers, inde-
pendently. Full-text article reviews were then conducted by two
researchers independently to confirm study eligibility. Articles
were included if they reported on one or more of the following:
(1) tick surveillance on I scapularis (including publications that
referred to the species as I. dammini) or I pacificus (referred
to as Ixodes here on) collected via active (flagging or dragging)
or passive (from humans or animals, including citizen science)
methods; (2) surveillance on Bb reservoir hosts or other species
that play a significant role in the Bb-tick lifecycle, like deer or mi-
gratory birds, collected via active (e.g., mammalian or bird trap-
ping) or passive (e.g., hunting or collection of roadkill) methods;
or (3) surveillance activities on other animal species that include
serological testing of Bb, such as passive surveillance (e.g., se-
rosurveys) on domesticated animals. Studies that did not occur
in Canada or did not report the year(s) of data collection were
excluded.

2.3 | Data Extraction and Structure

Data from included studies were extracted into a data table in
Microsoft Excel. Extracted data included: author(s); publica-
tion year; study collection year(s); province(s); surveillance
method(s); collection method(s); species and number of tick(s)
or animal(s) surveilled, tested for Bb, and tested positive for Bb;
and diagnostic testing method type. For Ixodes, if tick life stages
were specified in the articles, larvae were not counted.

For each study, two independent researchers categorised
the study approach(es) based on the framework for adaptive

surveillance of emerging tick-borne zoonoses: passive tick
surveillance, active tick surveillance—sentinel, active tick
surveillance—targeted, and tick host (including domesti-
cated or wild animals) collection or serological testing (Clow
et al. 2019). A study that performed active tick surveillance was
categorised into the “sentinel” approach if any active methods
were performed at a site that was not known to have an estab-
lished Ixodes population and the “targeted” approach if any
active methods were performed at a site known to have an es-
tablished Ixodes population.

2.4 | Data Synthesis

To summarise results and identify how surveillance evolved
across Canada and over time, particularly around key LD-
related legislation and policy changes, studies were grouped
by relevant variables, including publication year ranges, study
approaches, ticks and animals studied, and province. Studies
could be included in more than one category for each group-
ing. Findings from these variables were synthesised and in-
corporated into a structured narrative review. Descriptive
statistics, visualisations, and study synthesis were performed
in Microsoft Excel and QGIS Desktop (version 3.32.1).

3 | Results
3.1 | Study Characteristics

The literature search retrieved 544 unique titles (Figure 1). After
screening titles, abstracts, and full texts, a total of 115 (21%) ar-
ticles met inclusion criteria for synthesis. A detailed table of the
data extracted from the 115 reviewed articles can be found in
Appendix 2.

Of the included studies, 91 (79%) were published after 2009, with
74 (64%) after 2014 (Figure 2). Only one study was published
before 1990. Overall, 51% of studies present tick surveillance
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FIGURE 1 | Flow diagram of the number of articles identified,
screened, reviewed, and included for review. Articles were identified
following searches in PubMed, Embase, and Web of Science. Figure
includes the total number of articles at each step of the review process
and the number of titles or articles excluded at each step.
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data only, 30% present animal surveillance data only, and 19%
present data on both. More than 50% of the studies published
through 2014 presented both tick and animal surveillance data
compared with 15% after 2014. Approximately 24% of studies
presented tick surveillance data only, compared with 66% after
2014. The percentage of studies presenting only animal surveil-
lance data in 2014 and earlier compared with after 2014 was 24%
and 19%, respectively.

3.2 | Surveillance Characteristics and Approaches

Of 90 (78%) studies that collected Ixodes by passive or active
surveillance methods, 85 collected I. scapularis and 13 collected
L pacificus (Figure 3a,b). More than 20 species of rodents and
shrews were collected across 25 (22%) studies (Figure 3a,d).
The small mammals collected in the most studies were the
white-footed mouse (Peromyscus leucopus) in 18 studies, the
deer mouse (Peromyscus maniculatus) in 11 studies, and the
northern short-tailed shrew (Blarina brevicauda) in 10 stud-
ies. Surveillance was performed on large mammals in 23 (20%)
studies, 15 of which included surveillance on dogs (Canis lupus
familiaris) (Figure 3a,c). There were 14 (12%) studies that in-
cluded surveillance on bird species (Figure 3a). Over 150,000
Ixodes ticks, 12,000 small mammals, 960,000 large mammals,
and 42,000 birds were collected and/or sampled across all stud-
ies (Figure 3).

Categorising the studies according to their surveillance approaches
revealed 46 (40%) studies that performed passive tick surveillance
and 57 studies that performed active tick surveillance, of which 33
(30%) and 25 (22%) conducted surveillance at sentinel sites and in
targeted areas, respectively. One study conducted active tick sur-
veillance in both site types. Fifty-two (45%) studies collected tick
hosts or host serological data (Figure 3).

3.3 | Geographic Distribution of Studies and First
Notification Year of Ixodes and Bb

Tick and tick host animal surveillance studies were conducted
in all ten Canadian provinces. Ixodes were first identified in
southeast Canada in Ontario (1972), Nova Scotia (1984), and
Prince Edward Island (1989) (Table 1). By 2000, Ixodes had been
identified in every province. All provinces detected Bb in Ixodes
by 2003, except for Saskatchewan and Alberta, which detected it
in 2009 and 2012, respectively. Ontario was the first province to
detect Bb in any mammal in 1987, while other provinces did so
beginning in 2008 (Table 1).

Overall, the provinces represented in the most studies were Ontario
(58%), Quebec (35%), New Brunswick (21%), and Nova Scotia (19%)
(Figure 4). All provinces appeared in studies with the following
approaches: passive tick surveillance, active tick surveillance at
sentinel sites, and tick host collection or serological testing. Only
British Columbia, Manitoba, Ontario, Quebec, New Brunswick
and Nova Scotia had one or more studies that performed active tick
surveillance in targeted areas (Figure 4). Seventy-nine percent of
studies published through 2009 performed surveillance in Ontario
compared with 55% of studies published after 2009. After 2009, the
proportion of all studies that performed surveillance in the prov-
inces to the east and west of Ontario increased (Figure 5).

4 | Discussion

In this review, we summarised the Ixodes and host animal sur-
veillance literature as it relates to LD in Canada between 1975 and
2023. The increase in published literature and changes in both
study approaches and provincial distribution over time illustrate
the broad evolution of Bb and LD emergence within Canada over
five decades. These observations coincide with increasing trends
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FIGURE2 | Timeline of reviewed tick and animal surveillance studies in Canada, by year of publication, 1976-2023. Included studies are ordered by
last name of first author and publication year and also include type of surveillance data presented. Tick surveillance studies are displayed in green and
are bolded, animal surveillance studies are displayed in orange and are italicised, and studies with surveillance on both ticks and animals are displayed
in yellow and are underlined. The dates of the Consensus Conference on Lyme Disease, when Lyme disease became nationally notifiable, and when the
Federal Framework on Lyme Disease Act was established are displayed, along with brief descriptions (André et al. 2017; Artsob et al. 1992; Artsob et al.
1993; Baggs et al. 2011; Banerjee et al. 1996; Banerjee et al. 2000; Banerjee et al. 2020; Barker et al. 1992; Barker et al. 1993; Bell et al. 1992; Bjurman et al.
2016; Bouchard et al. 2011; Bouchard, Beauchamp et al. 2013; Bouchard, Leighton et al. 2013; Bryan et al. 2011; Burrows et al. 2021; Caron-Lévesque
2023; Cawthorn et al. 1990; Chen et al. 2015; Chilton et al. 2020; Clow et al. 2016; Clow, Finer, et al. 2018; Clow, Leighton et al. 2017; Clow, Ogden, et al.
2017; Clow, Ogden, et al. 2018; Crandall et al. 2022; Cull, 2022; DeWinter et al. 2023; Dibernardo et al. 2014; Dumas et al. 2022; Duplaix et al. 2021;
Evason et al. 2019; Fiset et al. 2015; Foley-Eby et al. 2020; Gabriele-Rivet et al. 2015; Gallivan et al. 1998; Gary et al. 2006; Gasmi et al. 2016; Gasmi et al.
2019; Gaunt et al. 2018; Guillot et al. 2020; Guillot et al. 2022; Hammond-Collins et al. 2022; Herrin et al. 2017; Jacob et al. 2022; James et al. 2019; Kanji
et al. 2022; Klich et al. 1996; Koffi et al. 2017; Kotwa et al. 2020; Kulkarni et al. 2018; Kulkarni et al. 2019; Leo and Millien, 2017; Leo, Gonzalez, and
Millien, 2017; Lewis et al. 2018; Lewis and Lloyd 2019; Lewis et al. 2021; Lieske and Lloyd 2018; Lindsay et al. 1991; Lindsay et al. 1997; Lindsay, Artsob
et al. 1999; Lindsay, Mathison et al. 1999; Mak et al. 2010; McKay et al. 2020; Millien et al. 2023; Milnes et al. 2019; Morshed et al. 2003; Morshed et al.
2005; Morshed et al. 2006; Morshed et al. 2015; Morshed et al. 2021; Munn et al. 2022; Neely et al. 2021; Nelder et al. 2014; Nelder et al. 2021; Nichol
et al. 2023; Ogden et al. 2006; Ogden et al. 2008; Ogden et al. 2010; Patterson et al. 2017; Qurollo et al. 2014; Ripoche et al. 2022; Ripoche, Gasmi et al.
2018; Ripoche, Lindsay et al. 2018; Robinson et al. 2022; Rogic et al. 2013; Roy-Dufresne et al. 2013; Schillberg et al. 2018; Schvartz et al. 2015; Scott and
Pesapane, 2021; Scott et al. 2001; Scott et al. 2004; Scott et al. 2008; Scott et al. 2010; Scott et al. 2012; Scott and Durden 2015; Scott et al. 2019; Scott et al.
2020; Scott, Anderson et al. 2016; Scott, Clark, et al. 2017; Scott, Clark, Foley, Anderson, et al. 2018; Scott, Clark, Foley, Bierman, and Durden, 2018; Scott,
Foley et al. 2016; Scott, Foley, et al. 2017; Scott, Pascoe, et al. 2021; Simon et al. 2014; Smith et al. 2019; Talbot et al. 2019; Tyler et al. 2018; Villeneuve et al.
2011; Watson and Anderson, 1976; Werden et al. 2014; Wilson et al. 2022; Zinck and Lloyd, 2022; Zinck et al. 2021).
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FIGURE 3 | Number of reviewed studies that performed surveillance on ticks and different animal types and the species that were studied’. Bar
graphs display the (a) number of reviewed studies performing surveillance on ticks, small mammals, large mammals, and birds; (b) the number of
reviewed tick surveillance studies by Ixodes species collected; (c) the number of reviewed animal surveillance studies by species of large mammals

collected; (d) the number of reviewed animal surveillance studies by species of small mammals collected.

in annual reported human LD cases in Canada, specifically
since 2009, when LD became nationally notifiable (PHAC 2024).
Referring to parts of the framework for adaptive surveillance of
emerging tick-borne zoonoses (Clow et al. 2019), our review high-
lights when, where, and how different surveillance approaches
were used, which can help guide future surveillance efforts as LD
continues to grow as a public health concern across the country.

4.1 | Tick and Animal Surveillance: The Past

The first identification of Ixodes in Canada occurred in 1972
when an I. scapularis tick was collected via passive surveillance
from white-tailed deer in Long Point, an area in southern Ontario
along Lake Erie (Watson and Anderson 1976). Once Ixodes
was found to have emerged in parts of Ontario, targeted active
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TABLE 1 | First detection of I. scapularis or I. pacificus, Borrelia
burgdorferi (Bb) in I. scapularis or I. pacificus, and Bb in a mammal in
each province across Canada amongst 115 reviewed surveillance articles.

Province? Year® Reference

Ixodes®

ON 1972 Watson and Anderson (1976)

NS 1984 Bell, Specht, and Coombs (1992)

PEI 1989 Cawthorn, Horney, and
Maloney (1990)

MN 1990-2003 Ogden, Trudel et al. (2006)

NB 1990-2003 Ogden, Trudel et al. (2006)

NL 1990-2003 Ogden, Trudel et al. (2006)

QcC 1990-2003 Ogden, Trudel et al. (2006)

BC 1993-2006 Mak, Morshed, and Henry (2010)

AB 1998 Scott et al. (2001)

SK 1998 Lindsay et al. (1999)

Bb in ixodes®

ON 1990 Lindsay et al. (1991)

PEI 1991 Artsob et al. (1992)

MN 1990-2003 Ogden, Trudel et al. (2006)

NB 1990-2003 Ogden, Trudel et al. (2006)

NL 1990-2003 Ogden, Trudel et al. (2006)

QcC 1990-2003 Ogden, Trudel et al. (2006)

NS 2001 Scott et al. (2001)

BC 2003 Morshed et al. (2005)

SK 2009 Scott, Anderson, and
Durden (2012)

AB 2012 Dibernardo et al. (2014)

Bb in mammals©

ON 1987 Barker et al. (1993)

QcC 2007-2008 Bouchard et al. (2011)
AB 2008 Villeneuve et al. (2011)
MN 2008 Villeneuve et al. (2011)
NB 2008 Villeneuve et al. (2011)
NS 2008 Villeneuve et al. (2011)
PEI 2008 Villeneuve et al. (2011)
SK 2008 Villeneuve et al. (2011)
BC 2008-2012 Qurollo et al. (2014)

NL 2008-2015 Evason et al. (2019)

2AB=Alberta, BC =British Columbia, MB=Manitoba, NB=New Brunswick,
NL=Newfoundland & Labrador, NS=Nova Scotia, ON = Ontario, PEI = Prince
Edward Island, QC = Quebec, SK = Saskatchewan.

bYear indicates earliest study collection year detailed in the reviewed
surveillance articles where Ixodes, Bb in Ixodes and Bb in a mammal. Where
exact year of collection of first positive Ixodes or Bb-positive specimen in Ixodes
or mammal was not specified, the study collection start year was used.
¢Ixodes=1. scapularis or I. pacificus; Bb= Borrelia burgdorferi. Detection of Bb
includes identification by any testing technique (PCR, culture or antibody) in
Ixodes or mammal collected via passive or active surveillance methods.

surveillance studies in these areas began to detect Bb in animal
hosts like the white-footed mouse and other rodents in the late
1980s and in Ixodes by the early 1990s (Barker et al. 1992; Lindsay
et al. 1991). While Long Point was found to be the first endemic
region for Ixodes and Bb in Canada, passive tick surveillance also
detected them in Nova Scotia and Prince Edward Island between
the late 1980s and early 1990s (Artsob et al. 1992; Bell, Specht,
and Coombs 1992; Cawthorn, Horney, and Maloney 1990). These
studies exemplify how passive and active tick surveillance, as
well as surveillance of host species, can detect the emergence and
spread of ticks and the pathogens they transmit.

Across the study years, all provinces had studies with passive
tick surveillance, active tick surveillance at sentinel sites, and
collection of tick host methods as ticks and Bb first emerged in
Canada. However, we only saw studies with targeted active tick
surveillance in British Columbia, Manitoba, Ontario, Quebec,
New Brunswick, and Nova Scotia, which are the provinces
Canada reports as having specific LD-endemic or tick exposure
risk areas (PHAC 2015). Ontario had the most studies overall
and the most with targeted active tick surveillance approaches.
This is unsurprising since Ontario was the first province found
to have a LD-endemic region, and there has been a more con-
certed effort to characterise the disease and its risks locally,
aligning with the principles upon which the framework for
adaptive surveillance was built (Clow et al. 2019).

At the Consensus Conference on Lyme Disease in 1991, pub-
lic health officials established criteria for determining Ixodes-
endemic areas and also encouraged passive tick surveillance to
identify newly emerging regions (Canadian Medical Association
Journal 1991; PHAC 2015). In areas where Ixodes and Bb had
already emerged, primarily in parts of Ontario, most studies fo-
cused on the expansion of ticks and their hosts, performing active
tick surveillance in both sentinel and targeted areas, and collect-
ing host species. In contrast, in areas without established Ixodes
populations, we saw more studies with passive tick surveillance
and active tick surveillance at sentinel sites, methods best suit-
able for detecting the introduction of ticks and their pathogens.
For example, a government-sponsored multi-province pas-
sive surveillance program was set up to identify and test ticks
submitted by the public (Ogden, Trudel et al. 2006). Through
this program, Ixodes were identified in all provinces east of
Saskatchewan. This was the first time in our review where Bb-
infected I. scapularis was identified in Manitoba, Quebec, New
Brunswick, and Newfoundland & Labrador.

Additionally, some studies looked at the role that migratory
birds play in tick dispersal. It is theorised that migratory birds
and their ability to fly long distances introduced initial Bb-
infected ticks to Canada from the United States, where LD first
emerged (Brewer 2000; Scott et al. 2001). Results from two of
these studies were the first time Ixodes ticks were identified in
Alberta and Bb-infected Ixodes were identified in Nova Scotia
and Saskatchewan (Scott, Anderson, and Durden 2012; Scott
et al. 2001). By 2008, passive tick or sentinel active tick surveil-
lance identified Ixodes and Bb in all provinces. While ticks are
found in all provinces, it does not necessarily mean that they
expand and establish endemic populations. In some areas, such
as Newfoundland & Labrador, temperatures are generally too
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FIGURE4 | Map of Canada with the number of reviewed studies by province and bar graph showing the study approach(es) used in each reviewed
study, by province. Map of 10 Canadian provinces shows the number of studies included in the review atop each province. Beneath the map is a multi-
bar graph that displays the number of studies that performed the four adaptive surveillance study approaches considered in each province. Provinces
are ordered from west to east, beginning with British Columbia and ending with Newfoundland & Labrador. For each province, the study approaches
are ordered left to right as: Passive Tick Surveillance, Active Tick Surveillance (sentinel), Active Tick Surveillance (targeted), Tick Host Collection
or Serological Testing. BC = British Columbia, AB= Alberta, SK = Saskatchewan, MB =Manitoba, ON = Ontario, QC = Quebec, NB=New Brunswick,
NS =Nova Scotia, PEI=Prince Edward Island, NL = Newfoundland & Labrador. Number of studies is not mutually exclusive, and a study is included
more than once in the map if surveillance was performed in more than one province and more than one time in the multi-bar graph if more than one

study approach was taken within the study.
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FIGURE 5 | Count of included studies in each Canadian province, over time by publication year. Area chart with the count of reviewed studies
with surveillance data in each province over time, by the study’s publication year. Publication years are grouped. Provinces are stacked top to bottom
from west to east, beginning with British Columbia and ending with Newfoundland & Labrador. Count of studies is not mutually exclusive, and a

study is included more than once in the map if surveillance was performed in more than one province.

cold, even considering ongoing climate change, to support local Following LD becoming nationally notifiable in 2009 and the
tick populations, even though individual Ixodes were identified Federal Framework on Lyme Disease Act in 2014, which ac-
here via passive surveillance and migratory bird studies (Ogden, knowledged the importance of tick surveillance as part of an
Maarouf et al. 2006). integrated approach to LD, there was a noticeable shift in the
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amount and types of surveillance literature published. From
this point, most studies performed only tick surveillance (active
and/or passive) as the focus shifted from identifying tick, host,
and Bb presence to determining specific tick risk areas and Bb
prevalence. A recent meta-analysis estimated Bb prevalence in
L scapularis nymphs across Canada from active and passive
tick surveillance studies and found increasing prevalence of
Bb in host-seeking I. scapularis nymphs and adults over time
(Kelly et al. 2024). Other studies conducted surveillance on
larger mammalian hosts, like dogs (Bryan et al. 2011; Evason
et al. 2019; Herrin et al. 2017). Estimating the prevalence of Bb
in local domestic pets can serve as a proxy of risk to humans
since pets, like humans, contract LD through an infected tick
bite and spend time in the same local outdoor risk areas, like
parks and yards, as their owners. The study approaches car-
ried out during this period align well with those detailed in the
framework for adaptive surveillance of emerging tick-borne
zoonoses for the disease emergence stage (Clow et al. 2019).

The changing surveillance landscape is even more evident
when looking at the study approaches over time on the pro-
vincial level, providing insight into emergence and spread in
different regions of the country. Since Canada stretches nearly
4700 miles with varying climates and areas with differing
ecological factors, LD risk varies substantially, and therefore,
study approaches adapt to different needs. Highlighting dif-
ferences in surveillance methods on a provincial level pro-
vides more insight into LD spread than could be achieved
through a national analysis.

4.2 | Tick and Animal Surveillance: The Present

Understanding adaptive surveillance for emerging TBDs helps
monitor areas where LD is reaching endemicity and predict
where it may spread next. Due to climate change and related eco-
logical factors, the reach and distribution of Ixodes, their mam-
malian hosts, and eventually LD incidence is likely to expand
and increase in Canada (Bouchard et al. 2019; Kotchi et al. 2021;
Ogden 2014). Such changes have already been observed and de-
scribed in the US, emphasising the need for continued surveil-
lance to monitor further expansion (Eisen and Eisen 2023). A
recent report published by Environment and Climate Change
Canada showed that 2022 was 1.2°C above the average tem-
perature and that much of northern Canada, including parts
of British Columbia, Quebec, and most of the eastern maritime
provinces—many areas where LD is not yet endemic—experi-
enced average temperatures significantly above baseline (2023).
Similar to how I. scapularis and Bb spread northward from the
US into Ontario upon first emerging in Canada, continued tem-
perature increases are predicted to increase the range and activ-
ity period of Ixodes and their hosts, exposing previously naive
humans to tick populations (Nelder et al. 2018; Tardy et al. 2023).

Over the last decade, evidence of this expansion has been re-
ported by PHAC. The incidence of human LD cases has in-
creased nationally from 1.0 per 100,000 population in 2012 to
4.0 per 100,000 in 2018 and 6.5 per 100,000 in 2022, mostly
attributed to increased incidence in the provinces known to
have endemic regions (PHAC 2024). However, the proportion
of cases from Ontario, Quebec, and Nova Scotia, provinces with

the most-known risk areas, decreases slightly each year: 96.7%
of cases in 2018 were from these provinces compared with 94.7%
in 2022 (PHAC 2023, 2024). More cases have been reported in
provinces that were historically considered lower risk, such as
Manitoba. While some cases can be associated with travel to
existing LD-endemic areas, the steady increase of cases from
these provinces in addition to increased incidence in provinces
already known to have endemic areas suggests that risk areas
for LD are expanding.

4.3 | Tick and Animal Surveillance: The Future

While statutory human surveillance can identify increases in LD
incidence, the continued surveillance of ticks and animal hosts will
be critical to detect emergence and endemicity in new areas. For
example, since 2009, LD incidence rates have been highest in Nova
Scotia and Ontario, which are two provinces where Ixodes and Bb
were first identified and detected in Canada (PHAC 2024). This
suggests the importance of an integrated surveillance approach for
LD and shows that animal surveillance is a useful first step since
it can help indicate where the disease will emerge and spread and
allow public health professionals to disseminate important knowl-
edge and prevention information to the public before disease rates
increase in these areas. (Braks et al. 2011; PHAC 2024). Passive
and active tick surveillance at sentinel sites will be essential to first
detect Ixodes and Bb in new areas. One research group in Canada
has already proposed criteria for selecting sentinel sites for active
tick surveillance where LD and other TBDs may emerge next,
based on human population, risk of disease due to the presence of
Bb-transmitting Ixodes ticks, and ecological suitability for Ixodes
ticks (Guillot et al. 2024). Coordinated tick surveillance efforts
using data from passive and active tick surveillance methods from
PHAC, provincial and local public health, and citizen science have
been conducted since 2019 to describe the recent and changing
distribution of ticks and their pathogens across Canada (Wilson
et al. 2023; Wilson et al. 2022). When new regions become en-
demic for Ixodes and Bb, active targeted tick surveillance and sur-
veillance of animal hosts will be able to monitor their densities and
overall disease risk in these areas. These surveillance approaches
also benefit the monitoring of other tick-borne pathogens. For ex-
ample, in addition to Bb, Ixodes can transmit the pathogens caus-
ing anaplasmosis (Anaplasma phagocytophilum) and babesiosis
(Babesia microti) in humans, and cases of these diseases have
begun to be identified in Canada over the last 15years (Allehebi
et al. 2022; Parkins et al. 2009; Yang, Smith, and Battad 2021).

4.4 | Limitations

Our review is subject to some limitations. While comprehensive,
our research is limited by the studies available in the three data-
bases searched. This particularly affects the earlier years of our
study period before the rapid digitization of scientific literature.
This also means our search also did not include grey literature.
Several provinces conduct local tick surveillance, and while
some reviewed articles include these data, any tick surveillance
data not published in peer-reviewed literature were not included
in this review. Additionally, the variability in methods and spar-
sity of data within included studies impeded us from drawing
comparisons over time. For example, Bb testing methods varied
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across studies and time periods, and while we excluded tick lar-
vae from the counts, when possible, we were unable to remove
them when studies did not provide a breakdown by tick life
stage. We also excluded any study that used an identical data set
to another included study to avoid duplication of tick and animal
counts; however, we may still have included some duplicative
data. While the data and nature of the publications have limita-
tions, they did not impede our ability to identify major themes
in the surveillance literature over time and how it reflects the
landscape of LD in Canada.

Our categorisation of surveillance approaches as described by
the framework for adaptive surveillance of emerging tick-borne
zoonoses is subjective and was determined by the way surveil-
lance methods were described in the methods sections of included
studies and the independent researchers’ interpretation of them
(Clow et al. 2019). For example, “sentinel” and “targeted” surveil-
lance is an ideal way to describe active tick surveillance activities
to identify risk in a stepwise approach, but these terms were not
always used in the articles. Additionally, the magnitude of studies
categorised into these groups does not simply equate to an area
with emergence or endemicity. For example, PHAC considers all
of Nova Scotia as a risk area, but we only identified one study that
performed targeted active tick surveillance there. The benefits of
performing active tick surveillance in Nova Scotia might be lim-
ited if Bb-infected Ixodes are widespread across the entire prov-
ince. The existence of fewer targeted studies does not necessarily
mean that the province has no endemic areas. However, these
categorisations are still useful to estimate risk areas, as evidenced
by their presence in some provinces like Ontario compared with
their absence in Alberta and Saskatchewan.

Lastly, adaptive surveillance incorporates other types of re-
search, including ecological investigations and human disease
surveillance. This review's scope highlighted the history of tick
and animal surveillance methods in Canada only, but it would
be important to consider how other research methods within
adaptive surveillance frameworks can inform how LD will
change and spread in the coming years. Future research should
consider the complementary role of different types of surveil-
lance and research to improve our understanding of LD as a One
Health issue and drive public health decision-making.

5 | Conclusions

This s the first historical review of tick and animal surveillance
studies for LD in Canada and can help document the historical
rapid invasion of Ixodes and Bb across provinces. It can also
provide lessons for other countries, which may have regions
transitioning from emerging to endemic status for LD, about
the most useful surveillance methods for monitoring TBDs.
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