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BACKGROUND: Lyme disease (LD) is emerging in Canada owing to the range expansion of the tick vector Ixodes scapularis (I. scapularis).
OBJECTIVES: Our objective was to estimate future LD incidence in Canada, and economic costs, for the 21st century with projected climate change.

METHODS: Future regions of climatic suitability for I. scapularis were projected from temperature output of the North American Coordinated Regional
Climate Downscaling Experiment regional climate model ensemble using greenhouse gas Representative Concentration Pathways (RCPs) 4.5 and 8.5.
Once regions became climatically suitable for ticks, an algorithm derived from tick and LD case surveillance data projected subsequent increasing LD inci-
dence. Three scenarios (optimistic, intermediate, and pessimistic) for maximum incidence at endemicity were selected based on LD surveillance, and
underreporting estimates, from the United States. Health care and productivity cost estimates of LD cases were obtained from the literature.

RESULTS: Projected annual LD cases for Canada ranged from 120,000 to >500,000 by 2050. Variation in incidence was mostly due to the maximum
incidence at endemicity selected, with minor contributions from variations among climate models and RCPs. Projected annual costs were substantial,
ranging from CA$0:5 billion to $2:0 billion a year by 2050. There was little difference in projected incidence and economic cost between RCPs, and
from 2050 to 2100, because projected climate up to 2050 is similar for RCP4.5 and RCP8.5 (mitigation of greenhouse gas emissions captured in
RCP4.5 does not impact climate before the 2050s) and by 2050 the most densely populated areas of the study region are projected to be climatically
suitable for ticks.
CONCLUSIONS: Future incidence and economic costs of LD in Canada are likely to be substantial, but uncertainties remain. Because densely populated
areas of Canada are projected to become endemic under conservative climate change scenarios, mitigation of greenhouse gas emissions is unlikely to
provide substantial health co-benefits for LD. https://doi.org/10.1289/EHP13759

Introduction
Lyme disease (LD) is the most common vector-borne disease of
public health significance in the northern hemisphere.1 The spiro-
chetal bacteria that cause LD [Borrelia burgdorferi sensu stricto
(B. burgdorferi) in North America] are transmitted among wild
animal reservoir hosts (particularly rodents and birds) by hard-
bodied (Ixodid) ticks: Ixodes scapularis in central and eastern
North America and I. pacificus in western North America.2 The
ticks are relatively unselective regarding their hosts for blood
meals, and humans acquire infection from infected host-seeking
ticks encountered in woodland habitats around their homes or in
woodlands that serve as workplaces or leisure and outdoor pursuit
venues.3 I. pacificus has been widespread in the more populated
areas of British Columbia, as well as in the western US states, for
many decades. For reasons associated with the ecology of
B. burgdorferi transmission cycles maintained by this tick,4 the
incidence of LD is very low compared with the incidence in upper-

midwestern and northeastern regions of North America, where
I. scapularis is a more efficient vector.3,5 In humans, manifesta-
tions of LD vary with different stages of progression. Early local-
ized LD is characterized by mild illness and a spreading red rash
(erythema migrans) associated with migration of spirochetes away
from the bite of the infected tick and, if untreated, frequently pro-
gresses to early disseminated LD with more serious neurological
or cardiac manifestations. If untreated at this stage, most patients
suffer late disseminated LD with neurological and arthritis mani-
festations.6 At each progression, the disease becomes more diffi-
cult to treat and has a longer impact on the patient’s health.1 A
proportion of patients suffer treatment-refractory post-treatment
LD syndrome (PTLDS).7

LD began to emerge in Canada in the last two decades owing to
range expansion of the tick vector I. scapularis from the United
States into and across southeastern and south-central parts of the
country.8 The process of invasion of this tick, and LD emergence,
continues today and is well studied. This process comprises a combi-
nation of the introduction of ticks on northward migrating passerines
each year,9 climate warming allowing a greater region of Canada to
be climatically suitable for I. scapularis populations, and establish-
ment of reproducing populations in locations where woodland habi-
tats provide a necessary density of host for the ticks’ bloodmeals and
appropriate duff-layer refuges from heat in the summer and freezing
in the winter.10–12 Once tick populations have become established
and reach a threshold of density, transmission cycles ofB. burgdorferi
result in entomological risk of LD for the public.10,13 These proc-
esses, and the climatic determinants, have been well validated,8,14

and surveillance has identified that LD emergence underway in
Canada is attributable to recent climate change.5,15

Impacts of projected future climate on LD risk in Canada
have, to date, mostly focused on future projected distribution of
regions of climatic suitability for I. scapularis populations and,
by inference (and observations to date), LD risk.12,16,17 To date
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there has been only one attempt to assess the possible future inci-
dence according to projected climate in Canada.18 However, this
study assumed maximum possible incidence to be that of high-
incidence US states19 without correcting incidence for the sub-
stantial underreporting of LD cases (<10%) in high-incidence
US states, according to recent studies by the US Centers for
Disease Control and Prevention (CDC).19,20

Here we explore the possible future incidence of LD cases in
Canada. We project numbers of LD cases based on expanding cli-
matic suitability for I. scapularis ticks. Expected maximum inci-
dence, in regions where ticks have become established, was
calculated using current incidence in the United States adjusted for
underreporting. Given the importance of defining the magnitude of
impact of diseases in dollar terms, to underpin policy and planning
of prevention and control programs and program evaluation,21 the
economic cost of the projected cases was also estimated. Finally,
this approach allowed comparison of LD incidence and economic
costs according to different greenhouse gas concentration scenar-
ios to explore the possible health and economic co-benefits of miti-
gating greenhouse gas emissions, for which there is increasing
interest.22

Methods

Study Area
This assessment was restricted to the provinces east of the Rocky
Mountains [Manitoba, Ontario, Quebec, Nova Scotia, and New
Brunswick; Figure 1; constructed using ArcGIS Pro (version
3.1.0; Esri Canada)] where the majority of LD cases are currently
reported. Within these provinces, the study area was restricted to
municipalities located south of the boreal forest boundary. There
is currently no empirical evidence that the boreal forest a) is a
habitat supporting off-host survival of I. scapularis ticks to the
extent that reproducing populations of the tick can become estab-
lished when the climate is suitable, or b) supports densities of
key tick hosts (white-tailed deer) and Peromyscus spp. mice nec-
essary for tick population survival and B. burgdorferi transmis-
sion cycles. At present, it is thought that ticks found in passive
tick surveillance in regions where boreal forest dominates are ad-
ventitious ticks carried in by migrating birds,25,26 and any LD
cases considered acquired in this region are likely associated with
bites from adventitious ticks.27 Similarly, to date there is no evi-
dence of reproducing I. scapularis populations in woodlands of
provinces west of Manitoba,28 and I. scapularis found there in
surveillance are also thought to be adventitious ticks, whereas LD
cases acquired there are likely due to infections acquired from

adventitious ticks or during unreported travel.5,25 White-tailed
deer are key reproduction hosts for I. scapularis, and popula-
tions of the ticks cannot persist when the deer are at low den-
sities or absent.29,30 White-tailed deer are absent from the
islands of Newfoundland and Prince Edward Island, so reproduc-
ing populations of I. scapularis in these locations are unlikely
even were habitat and climate suitable, and I. scapularis ticks col-
lected here are again most likely to be adventitious ticks. These
locations were therefore also excluded from the study region. The
analysis was performed at the spatial scale of census subdivisions
(CSD), according to boundaries from the 2021 Canadian census.23

Scenarios to Capture Uncertainty
There is considerable uncertainty in projecting the future incidence
ofLD inCanada that comes from three sources in our study: a) differ-
ent possible future greenhouse gas emissions; b) variations among
individual climate models of an ensemble used to project future cli-
mate; and c) uncertainty in the final LD incidence once I. scapularis
populations and B. burgdorferi transmission cycles have reached
their maximum equilibrium levels after they have invaded. As
described inmore detail in the following, these sources of uncertainty
were captured by using a) different Representative Concentration
Pathways (RCPs) that use concentrations of greenhouse gases under
a scenario of significant mitigation of emissions (RCP4.5) or consis-
tently rising concentrations of greenhouse gases under a scenario of
limited mitigation of emissions (RCP8.5); b) the most optimistic cli-
mate model (i.e., lowest warming), most pessimistic model (i.e.,
highest warming) and mean of the climate model ensemble; and
c) three different scenarios (optimistic, pessimistic, and interme-
diate) for final LD incidence according to incidence seen in the
United States corrected for estimated underreporting in national
surveillance.

Climate Suitability for Tick Establishment and LD
Emergence and Climate Data Projections
The most recent European Centre for Medium-Range Weather
Forecasts atmospheric reanalysis (ERA5)31 was used as the ref-
erence for the current climate conditions (1990–2021). North
American Coordinated Regional Climate Downscaling Experiment
(CORDEX)32 program simulations were used to provide projected
values for the annual cumulative degree-days above 0°C (DD
>0�C, the sum of daily average number of degrees Celsius >0�C
summed over a year) for the period 2006 to 2100 at a spatial resolu-
tion of 0:22�=∼ 25 km (WGS1984 projected coordinate system)
over the study area. DD >0�C was the metric of climate used to

Figure 1. The population size of each census subdivision of the study area (from the Canadian Census 202123) across the study area. The abbreviations MB,
ON, QC, NB, and NS indicate, respectively, the provinces of Manitoba, Ontario, Quebec, New Brunswick, and Nova Scotia. An inset map of North America24

shows the study region location.
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identify climatic suitability for reproducing populations of I. scapu-
laris in this and previous studies. The selection ofDD>0�C is based
on empirical evidence that a) far subzero winter air temperatures in
Canada do not limit tick survival if the ticks are in woodland habi-
tats, which usually provide duff-layer refuges for the ticks33; and b)
interstadial development of ticks occurs only at temperatures >0�C
(reviewed by Ogden et al.34) as well as field-validated modeling
studies14,35 that support the hypothesis that the limitation on I. scap-
ularis population survival is the effect of temperatures >0�C across
the whole life cycle that determine the duration of the tick’s life
cycle.15 From these studies, minimal temperature suitability for
establishment of populations of I. scapulariswas estimated at 2,843
DD>0�C belowwhich the life cycle is >3-y long and the tick popu-
lations cannot survive.35 RCP4.5 andRCP8.5were used to represent
uncertainties about future greenhouse gas emissions.36 RCP4.5 is a
medium stabilization scenario leading to a stable radiative
forcing level of 4:5�W=m2 by the year 2100 (relative to the year
175037). RCP8.5 is a high-emission scenario leading to a rising
radiative forcing level of 8:5�W=m2 by the year 2100.36 The
model ensemble included the following regional and global
climate model combinations (three simulations per RCP)—
CCCma-CanESM2-CanRCM4, CCCma-CanESM2-CRCM5-OUR,
and GFDL-ESM2M-CRCM5-OUR—which were used to pro-
duce output using both RCP4.5 and RCP8.5. For each RCP, mini-
mum, mean, and maximum DD >0�C values were extracted for
each CSD for each year from the climate model simulations to
represent respectively optimistic, mean, and pessimistic climate
model outputs.

Prediction of the Number of Cases of LD in the Canadian
Population of the Study Region
LD emergence in Canada was considered as having three
phases. These are: a) emergence of tick populations owing to a
warming climate allowing northward expansion of the geo-
graphic range of I. scapularis; b) emergence of LD risk associ-
ated with increasing tick densities and establishment of B.
burgdorferi transmission, reflected by increasing incidence of
LD cases; and c) endemicity when tick populations and trans-
mission cycles are at a maximum equilibrium state and LD
incidence is at a constant maximum.

Emergence of tick populations. The life cycle of I. scapularis
in northeastern North America is multi-year, while ticks are
introduced annually, being carried from more southern popula-
tions by migratory birds.9 Therefore, the emergence of tick pop-
ulations in woodland habitats in a CSD was assumed to occur
by 2 y after temperature conditions in that CSD, according to
climate model output, reach the 2,843 DD >0�C threshold for
tick population establishment.

Emergence of LD risk. The emergence phase was assumed to
begin 5 y after I. scapularis populations have become established
(i.e., 7 y after a CSD first becomes climatically suitable for I.
scapularis). This estimate is based on evidence of a 5-y gap
between establishment of tick populations and onset of significant
B. burgdorferi transmission in northeastern North America
obtained from analysis of tick surveillance data.13 From this time
point on, it was assumed that LD incidence increases due to
increases in the density of ticks where they have become estab-
lished, increase in infection prevalence in questing ticks, and
increase in the percentage of woodlands in a CSD where LD risk
occurs.8 We do not precisely know at what rate increase in LD
risk occurs or precisely how increase in risk relates to increased
incidence in LD cases. Consequently, we assumed that the
increase in incidence is at least represented by the increase in
incidence seen in national surveillance in recent years. Therefore,
to model the emergence of LD risk, data on the number of cases
reported in Canada between 1995 and 2021 (obtained from
Public Health Agency of Canada surveillance38 and from data
from provincial websites prior to instigation of national surveil-
lance in 200939) were used to estimate the temporal trend in case
occurrence. To current knowledge, surveillance data from 1995
to 2000 comprise small numbers of cases acquired at the only
known I. scapularis population in Canada at that time, in a very
focal location at Long Point Ontario,40 from adventitious ticks, as
well as low numbers of cases acquired on travel outside Canada.
Incidence began to increase in the early 2000s (Figure S1),
likely associated with emergence of I. scapularis populations
in Canada. Some impacts of increased awareness of LD on
incidence cannot be ruled out, but significant public communi-
cations effort by the Public Health Agency of Canada that
occurred in 201441 occurred after incidence in Canada began to
increase and, despite significant impact on public awareness,

Table 1. A summary of assumptions used in projecting future Lyme disease (LD) incidence and economic costs, the rationale for their use, and associated
references.

Assumption Rationale References

Increase in LD incidence will be due to expansion of the
geographic range of I. scapularis with little impact of any
changes to the geographic range of I. pacificus.

No increase in incidence has been seen in British Columbia
(where I. pacificus is the vector), and where I. pacificus is
already widely distributed.

4,5

The boreal forest is unsuitable for I. scapularis populations,
and possibly for B. burgdorferi transmission.

No evidence from surveillance or empirical studies of these
occurring in boreal forests.

None

Woodlands in Saskatchewan and Alberta are unsuitable for
I. scapularis populations.

Field surveillance data have not found evidence of reproducing
I. scapularis populations despite evidence of regular intro-
duction of these ticks, likely on migratory birds, in passive
tick surveillance.

24,28

Populations of I. scapularis become established within 2 y
of climate becoming suitable.

Based on knowledge of the I. scapularis life cycle and evi-
dence from analysis of an 18-y-long dataset of surveillance
of I. scapularis in Canada.

11

Cycles of B. burgdorferi transmission become established
5 y after populations of I. scapularis become established.

Based on analysis of field and passive tick surveillance data. 13

Once B. burgdorferi transmission becomes established in a
census subdivision, LD cases increase exponentially.

Based on exponential increase in incidence in national surveil-
lance data.

As described in the
“Emergence of LD
risk” and “Validation”
subsections in the
“Methods and
Results” section.

Once fully endemic in a census subdivision, incidence will
reach incidence seen in US high-incidence states.

In a few locations in Canada, incidence of reported cases is
already reaching incidence seen in US high-incidence states.

45,46
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did not seem to greatly change the trajectory of the increase in
incidence (Figure S1). For this study, all surveillance data were
used because although a small number of cases had a history of
travel abroad,5 they also could have acquired the infection in
Canada. A generalized linear regression model was fitted to the
log-transformed number of cases reported. The number of years
since the first year of surveillance data (1995) was used as the
explanatory variable in this model. The regression model pro-
duced a relationship between incidence and years since emer-
gence (i.e., 7 y after a CSD first becomes climatically suitable
of I. scapularis) that was then used to predict the number of cases
in the future, based on the expected number of years since disease
emergence in each CSD according to projected climate. All statis-
tical analyses were performed in R (version 4.0.3; R Development
Core Team). These predictions were transformed into incidence,
using population estimates for 202130 (Figure 1) and maps of
current (2020) and projected (for 2030, 2050, 2080, and 2100)
incidence were constructed using ArcGIS Pro (version 3.1.0;
Esri Canada).

For some CSDs that were already warmer than 2,843 DD
>0�C before the start of the projected climate time-series (2006),
the year of disease emergence was obtained as follows. First, the
average annual temperature increase in the study area was esti-
mated from the ERA5 reanalysis data, and this was used to back-
calculate how many years previously the CSD became climati-
cally suitable for ticks. Then the year of LD risk emergence in
that CSD was estimated accounting for a period of 7 y from be-
ginning of climatic suitability for ticks and emergence of LD risk
(i.e., after 2 y for tick establishment and 5 y for B. burgdorferi
transmission to begin). The earliest possible date of emergence in
a CSD was set at 2000, which aligns with evidence from both
passive and active tick surveillance data10,11,40 and human case
surveillance data (Figure S1).

To test that this algorithm did not overestimate the increase in
incidence once B. burgdorferi transmission begins in a CSD, com-
parison of predicted and observed reported cases was carried out at
the provincial level. For this, the number of cases predicted for
each CSD by the method described above was calculated for each
year for the period 2009 to 2019, without the correction factor for
underreporting. Surveillance data in Canada are not available at the
detail of CSD, but the Johns Hopkins Lyme and Tickborne
Diseases Dashboard (https://www.hopkinslymetracker.org/) col-
lates LD cases reported by public health departments on their web-
sites in all Canadian provinces at the health region level.42 Health
regions in Canada now have geographic borders that are consistent
with CSDs, but in most cases, there are a number of CSDs per
health region.43 Each CSD in the study areawas assigned to its cor-
responding health region using the Intersect function in ArcGIS
Pro (version 3.1.0; Esri Canada), and the predicted number of LD
cases was calculated for each health region for comparison against
the observed data from the Johns Hopkins Dashboard. The
observed data were available for each year from 2009 to 2019,
except forManitoba andNewBrunswick for which themost recent
data were 2018. The comparison between the number of cases pre-
dicted by the algorithm described, by province and by year, and the
number of actual cases reported in each province was performed
graphically and, because numbers of cases in each year of provin-
cial surveillance data are independent from one another (being new
cases each year acquired from the environment), by calculating the
mean error (ME) and root mean square error (RMSE) between pre-
dicted and observed cases at health region level in R (version 4.0.3;
RDevelopment Core Team).

Endemic state. The endemic state was assumed to occur
when tick abundance and B. burgdorferi infection prevalence in
ticks reach a maximum and stable equilibrium. To estimate LD

incidence when endemicity has been reached, incidence data per
100,000 population for 2019 (i.e., prepandemic) from high-
incidence US states and district (Connecticut, Delaware, District
of Columbia, Maine, Maryland, Massachusetts, Minnesota, New
Hampshire, New Jersey, New York, Pennsylvania, Rhode Island,
Vermont, Virginia, West Virginia, and Wisconsin44) were used
to develop three different maximum thresholds at which inci-
dence could peak in Canada. Note that West Virginia was
included in this study because this state has recently been added
to the first-defined 15 high-incidence states and district.19 The
three different maximum thresholds were a) an optimistic sce-
nario, which used the incidence of all reported cases in the 16
high-incidence states and district; b) a pessimistic scenario,
which used the highest reported incidence among all these states
(in Vermont, which borders eastern Canada); and c) an intermedi-
ate scenario, which was the average of the pessimistic and opti-
mistic two scenarios. It was assumed that, within the limits of
climate warming anticipated for Canada this century, tick abun-
dance and LD incidence per capita population would remain con-
stant once the threshold for a region is reached and will not
decline with further increases in temperature. A summary of
assumptions in estimating rates of increase in incidence and max-
imum incidence, and rationales and evidence to support their use,
is presented in Table 1.

Underreporting. The predicted incidence rates were adjusted
for underreporting, to better represent the actual number of people
likely to be affected by the disease each year. For this, the most
recent estimate of underreporting rate of LD in North America
was used, which was calculated by comparing health insurance
records in the United States to cases reported to public health
(CDC) during 2010–2018,20 and from these data reported cases
were multiplied by 13.7 to obtain the actual number of cases.

Economic Analysis
Based on the estimates of the number of LD cases in Canada across
time, along with data extracted from the literature on a) the propor-
tions of LD of each stage, b) the health care costs and productivity
loss associated with each LD stage, and c) health-related quality of
life [captured in disability adjusted life years (DALYs)] associated
with each LD stage for the Canadian population, the economic bur-
den of climate impacts of LD were estimated. Publicly funded
health care costs (e.g., general practitioners and emergency depart-
ment visits) and lost productivity due to treatment (e.g., time spent

Table 2. The proportions of Lyme disease (LD) cases expected to be of each
stage of LD at the time of diagnosis and treatment, and the costs and effects
associated with each LD stage.

Stages of LD

Proportion
of total LD
infections

(%)
Cost per year (2023
Canadian dollars) References

Undiagnosed 7.8 No health care cost, produc-
tivity cost, or DALY loss

6,47

Early localized
(develop erythema
migrans)

26.1 Health care cost: $110:07a

Productivity cost: $133:3
Disutility: 0.005 DALYs

6,47,48,49,50,51,52

Early localized
(asymptomatic)

6 No health care cost, produc-
tivity cost, or DALY loss

6,47

Early disseminated 41.1 Health care cost: $1,040:17
Productivity cost: $4,978:08
Disutility: 0.113 DALYs

6,47,51,52,54

Late disseminated 18.9 Health care cost: $1,040:17
Productivity cost: $6,206:56
Disutility: 0.364 DALYs

6,47,51,52,54

Note: DALYs, disability adjusted life years.
aAssumed one physician visit per case ($84:45) and doxycycline twice per day over 3 wk
($25:62).
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for tick consultations) and due to illness (i.e., number of hours
unable to work) were included in the analysis to capture both the
impact on the health care system in Canada and the potential
impact on the overall Canadian economy. The costing analysis was
conducted in three steps.

In the first step, we identified the probability of LD stage (i.e.,
percentage of those with LD who end up at each stage) from the
two most up-to-date Canadian estimates available on LD out-
comes.6,47 These two data sources captured the probability of LD

by stage, whichwas classified into four categories: a) undiagnosed,
b) early Lyme (which was further broken down into patients who
developed erythema migrans and patients who were asymptom-
atic), c) early disseminated, and d) late disseminated.6 The propor-
tion of LD cases that present in each of the four categories was
based on Mac et al.,47 a study that estimated the number of cases
of LD by stage in Ontario, Canada, using a microsimulation
modeling approach. The proportion of asymptomatic infection
at the early localized stage was based on Hatchette et al.6 To our
knowledge there are no consistent estimates of the frequency
and duration of PTLDS, so costs associated with this condition
were not included.

In the second step, cost and effects estimates associated with
each LD stage were obtained from a rapid review of the literature
as conducted by Boyd et al.18 for their economic analysis. To
ensurewe accurately captured the costing estimates, and used them
appropriately in our analysis, the data were extracted directly from
the original sources identified by Boyd et al.18 We included the
costs associated with physician visits in Canada (from Ontario
Ministry of Health and Long Term Care,48 Canada Drugs Direct,49
and Health Quality Ontario50) and the costs associated with phar-
maceuticals needed for treatment. It was assumed that there was no
health care cost, productivity loss, or disutility cost associated with
the undiagnosed patient group and patients who were asymptom-
atic at the early localized stage. The health care cost associated
with patients who developed erythema migrans at the early local-
ized stage included the physician consultation fee in Ontario48 and
the cost of a course of antibiotics (doxycycline) to treat erythema
migrans.49,50 The rapid review obtained only one study51 thatFigure 3. A graph showing the increase in Lyme disease incidence as a

function of the number of years since disease emergence, obtained by a
regression model using recent reported case data in Canada (shown by black
dots, with the equation for the relationship is shown at the top of the graph).
Gray curves are 95% confidence intervals. Three different scenarios for the
maximum incidence at endemicity are shown: an optimistic scenario (solid
graph), in which incidence is the current average incidence in endemic US
states (505 cases/100,000; dashed graph); a pessimistic scenario (dotted
graph), in which incidence is the maximum observed incidence among US
states (in Vermont: 2,318 cases/100,000); and an intermediate scenario,
which is the average of the optimistic and pessimistic scenarios (1,412
cases/100,000). For comparison, both observed and predicted incidence val-
ues are adjusted for estimates of underreporting seen in the US. Data are pre-
sented in Excel Table S2.

Figure 2. Average annual cumulative degree-days (DD) >0�C for the entire study area, predicted by the regional climate model ensemble for the period 2006–
2100. The ERA5 reanalysis32 was used as reference for the current climate (1990–2021) conditions. Mean, most optimistic, and most pessimistic temperature
output from the model ensemble is shown for each RCP4.5 (left-hand graphs) and RCP8.5 (right-hand graphs) scenario and corresponds to projected mean DD
>0�C values obtained over the whole study area. Data are presented in Excel Table S1. Note: ERA5, the most recent European Centre for Medium-Range
Weather Forecasts atmospheric reanalysis; RCP, Representative Concentration Pathways.

Table 3.Mean error (ME) and root mean square error (RMSE) statistics for
the comparison of the predicted versus reported number of cases by health
region for each province, calculated over the period from 2009 to 2019.

Province ME RMSE

Manitoba −4:24 7.42
New Brunswick −0:86 4.10
Nova Scotia −63:40 145.08
Ontario −10:15 32.15
Quebec −3:84 25.40
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estimated health care costs attributable to LD in Canada (in
Ontario), and from this study the health care cost for patients at the
early disseminated stage was obtained. Because there were no esti-
mates for health care costs associated with late disseminated stage
LD, it was assumed they would be consistent with the health care
cost for patients at the early disseminated stage. Lost productivity
costs for patients who developed erythema migrans at the early
localized stage and for patients at the early disseminated and late
persistent stages were based on van den Wijngaard et al.,52 who
used the friction cost method to estimate the cost of productivity
loss due to LD, which is a conservative method for estimating the
productivity impact of disease.53 All costs were converted to 2023
Canadian dollars. The DALYs for patients who developed ery-
thema migrans at the early localized stage and for patients at the
early disseminated and late persistent stages were based on van den
Wijngaard et al.54 The LD outcome probabilities, costs, and effects
values for each LD category are presented in Table 2.

In the final step of the analysis, the cost in future years
(2030, 2035, 2040, 2050, 2080, and 2100) was calculated for
the projected incidence across climate scenarios by applying
the probabilities, costs, and effects to the number of LD cases
predicted for that year and scenario according to the following
equations.

Health care cost per Lyme disease case
= ðPEM × ðPhysician costs per caseEM
+Pharmaceuticals per caseEMÞ
+ ðPED × Health care costsEDÞ
+ ðPLD × Health care costsLDÞ

Productivity loss per Lyme disease case
= ðPEM ×Productivity lossEMÞ
+ ðPED ×Productivity lossEDÞ
+ ðPLD ×Productivity lossLDÞ,

DALY per Lyme disease case= ðPEM ×DALYEMÞ
+ ðPED ×DALYEDÞ+ ðPLD ×DALYLDÞ

Total Lyme disease costs per year
= ðNumber of Lyme disease cases per year
×Health care costs per Lyme disease caseÞ
+ ðNumber of Lyme disease cases per year
×Productivity loss per Lyme disease caseÞ,
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Figure 4. Graphs of the number of reported cases (expressed as the 1og10 number of cases plus 1 to account for zero values) predicted for the period 2009–
2019 for each province (obtained by estimates of a) the year different locations became climatically suitable for I. scapularis ticks, b) a subsequent 7-y delay
associated with I. scapularis population establishment and B. burgdorferi invasion, and then c) an increase in Lyme disease (LD) cases according to observed
increases in cases in national LD surveillance as in Figure 3), and actual reported cases. Predicted cases are shown by crosses, and observed cases by filled
circles. Data are presented in Excel Table S3.
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Table 4. Predicted annual numbers (and incidence per 100,000 population in the study area) of Lyme disease (LD) cases in Canada in the years 2020, 2030,
2035, 2040, 2050, 2080, and 2100 under two greenhouse gas concentration scenarios (RCP4.5 and RCP8.5); optimistic, mean, and pessimistic outputs from the
climate model ensemble; and optimistic, intermediate, and pessimistic thresholds for LD incidence at endemicity.

Endemicity
threshold Year

RCP4.5 RCP8.5

Climate model ensemble outputsa Climate model ensemble outputsa

Optimistic Mean Pessimistic Optimistic Mean Pessimistic

Cases (n) Inc. Cases (n) Inc. Cases (n) Inc. Cases (n) Inc. Cases (n) Inc. Cases (n) Inc.

Allb 2020 6,271 25 6,271 25 6,271 25 6,271 25 6,271 25 6,271 25
Optimistic 2030 45,545 180 45,547 180 45,552 180 45,545 180 45,550 180 45,553 180

2035 117,977 465 117,986 465 117,998 465 117,977 465 117,991 465 117,999 465
2040 122,389 482 122,412 483 122,443 483 122,389 482 122,426 483 122,448 483
2050 123,418 487 123,592 487 123,816 488 123,418 487 123,695 488 123,848 488
2080 123,658 487 128,201 505 128,296 506 123,624 487 128,239 506 128,296 506
2100 123,702 488 128,296 506 128,296 506 124,069 489 128,296 506 128,296 506

Intermediate 2030 45,545 180 45,547 180 45,552 180 45,545 180 45,550 180 45,553 180
2035 122,741 484 122,749 484 122,761 484 122,741 484 122,754 484 122,763 484
2040 329,065 1,297 329,088 1,297 329,120 1,297 329,065 1,297 329,102 1,297 329,124 1,297
2050 343,079 1,353 343,254 1,353 343,477 1,354 343,079 1,353 343,356 1,354 343,509 1,354
2080 345,203 1,361 356,083 1,404 358,265 1,412 345,170 1,361 356,431 1,405 358,265 1,412
2100 345,436 1,362 358,234 1,412 358,265 1,412 346,097 1,364 358,265 1,412 358,265 1,412

Pessimistic 2030 45,545 180 45,547 180 45,552 180 45,545 180 45,550 180 45,553 180
2035 122,741 484 122,749 484 122,761 484 122,741 484 122,754 484 122,763 484
2040 330,780 1,304 330,804 1,304 330,835 1,304 330,780 1,304 330,818 1,304 330,839 1,304
2050 561,949 2,215 562,123 2,216 562,347 2,217 561,949 2,215 562,226 2,216 562,379 2,217
2080 566,749 2,234 583,477 2,300 588,234 2,319 566,716 2,234 584,101 2,303 588,234 2,319
2100 567,170 2,236 588,133 2,319 588,234 2,319 567,951 2,239 588,234 2,319 588,234 2,319

Note: ERA5, the most recent European Centre for Medium-Range Weather Forecasts atmospheric reanalysis; inc, incidence in the study area; RCP, Representative Concentration Pathways.
aMinimum, mean, and maximum values obtained from the climate model ensemble to represent the optimistic, mean, and pessimistic scenarios.
bThe estimates for 2020 are based on climatic conditions obtained from the ERA5 reanalysis, and the different endemicity thresholds have no impact on them. Cases and incidence for
2020 is adjusted for levels of underreporting seen in the US.

Figure 5.Maps showing projected Lyme disease (LD) incidence in each census subdivision in selected years according to the mean of the climate model ensemble
under different greenhouse gas concentration scenarios (RCP4.5 and RCP8.5). For simplicity only maps obtained using the optimistic threshold for LD incidence at
endemicity are shown. LD is considered as emerging once climatic suitability for ticks (DD >0�C >2,843) is achieved for 2 consecutive years and after a 5-y delay for
B. burgdorferi invasion. Future incidence is predicted based on an exponential increase in the number of cases once the disease emerges, with themaximum incidence
set to the average observed in high-incidence US states (i.e., the optimistic maximum incidence at endemicity) and corrected for underreporting. The abbreviations
MB, ON, QC, NB, and NS indicate, respectively, the provinces of Manitoba, Ontario, Quebec, New Brunswick, and Nova Scotia. Data are presented in Excel Table
S4. Note: ERA5, themost recent European Centre forMedium-RangeWeather Forecasts atmospheric reanalysis; RCP, Representative Concentration Pathways.
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Total Lyme diseaseDALY loss per year

= ðNumber of Lyme disease cases per year
×DALY loss per Lyme disease caseÞ,

where EM is erythema migrans, ED is early disseminated, and
LD is late disseminated.

Because the costs were captured for only 1 y, we did not cap-
ture longer-term costs and consequences associated with LD. We
assumed the proportions of cases in different stages would remain
constant and that costs were stable across all years (i.e., did not
account for potential inflation). All costs were inflated to, and
presented in, 2023 Canadian dollars, and DALYs are presented
as total number of years lost due to LD. We measured only undis-
counted costs given that costs and effects of treatments were con-
sidered contemporaneous and did not have different values based
on when they occurred.51

Results
In most cases, data for figures are presented in a Supplemental
Excel file. However, when the data are publicly available, their
sources are identified.

Climate
Projected DD >0�C according to the different RCPs (with output
from the mean, most pessimistic, and most optimistic climate
models of the ensemble) are shown in Figure 2. For simplicity,
DD >0�C for the whole study area is shown. DD >0�C is pro-
jected to more than double by the end of the 21st century accord-
ing to the RCP8.5/pessimistic model scenario compared with the
current climate conditions.

Prediction of the Number of Cases of LD in the Canadian
Population of the Study Region
The equation obtained from a regression model of national sur-
veillance data, which was used to estimate reported cases after

the emergence of LD transmission cycles in a CSD was natural
logarithm (ln) incidence= − 3:48+ð0:2× yearÞ, where year is the
number of years since emergence, and incidence is per 100,000
population. The increase in incidence through the emergence
phase to the endemic phase based on this relationship (with three
scenarios for the maximum incidence at endemicity) is shown in
Figure 3. The combined approach of B. burgdorferi transmission
beginning (and LD cases beginning to be acquired) 7 y after cli-
matic suitability begins in each CSD, followed by increasing
incidence according to that seen in national surveillance, under-
estimated observed increases in incidence in each province as
evident graphically and by negative ME values for each prov-
ince (Table 3, Figure 4). Observed and predicted incidence were
most similar for the provinces of Manitoba, Quebec, and New
Brunswick, but underestimation of observed cases was marked
for Ontario and Nova Scotia, as shown graphically and by high
RMSE values for these provinces (Table 3, Figure 4).

Projected Numbers of Cases of LD in the Canadian
Population of the Study Region with Climate Change
The projected numbers of LD cases according to the different
RCPs, climate model outputs, and scenarios for the maximum
incidence at endemicity are presented in Table 4, and the spatial
evolution of incidence by CSDs is shown in Figure 5. These
range from 33,000 cases a year by 2030 to between 100,000 and
500,000 cases a year by 2100. The factor that caused the greatest
variation among scenarios was the threshold for incidence of LD
at full endemicity. Projections suggest much of the population in
the study area is at risk of LD by 2050, and almost all by 2080,
with little difference in progression between the greenhouse gas
concentrations scenarios of RCP4.5 and RCP8.5. It was estimated
that nearly 67% of the Canadian population of the study region
will be living in a CSD endemic for LD by 2050. A comparison
of climate model and ERA5 reanalysis DD >0�C values for the
CSDs of the study area, for the 2006–2021 period that these data
overlap, is presented in Excel Table S5.

Table 5. Undiscounted predicted annual cost of Lyme disease (LD) cases in Canada in Canadian dollars (millions) in the years 2020, 2030, 2035, 2040, 2050,
2080, and 2100 under two greenhouse gas concentration scenarios (RCP4.5 and RCP8.5); optimistic, mean, and pessimistic outputs from the climate model en-
semble; and optimistic, intermediate, and pessimistic thresholds for LD incidence at endemicity.

Endemicity
threshold Year

RCP4.5 RCP8.5

Climate model ensemble outputsa Climate model ensemble outputsa

Optimistic Mean Pessimistic Optimistic Mean Pessimistic

HC Prod HC Prod HC Prod HC Prod HC Prod HC Prod

All 2020 3.64 18.14 3.64 18.14 3.64 18.14 3.64 18.14 3.64 18.14 3.64 18.14
Optimistic 2030 29.73 148.19 29.73 148.20 29.74 148.22 29.73 148.19 29.74 148.21 29.74 148.22

2035 77.02 383.88 77.02 383.91 77.03 383.94 77.02 383.88 77.03 383.92 77.03 383.95
2040 79.90 398.23 79.91 398.31 79.93 398.41 79.90 398.23 79.92 398.35 79.94 398.42
2050 80.57 401.58 80.68 402.15 80.83 402.87 80.57 401.58 80.75 402.48 80.85 402.98
2080 80.73 402.36 83.69 417.14 83.76 417.45 80.71 402.25 83.72 417.27 83.76 417.45
2100 80.76 402.50 83.76 417.45 83.76 417.45 81.00 403.70 83.76 417.45 83.76 417.45

Intermediate 2030 29.73 148.19 29.73 148.20 29.74 148.22 29.73 148.19 29.74 148.21 29.74 148.22
2035 80.13 399.38 80.13 399.40 80.14 399.44 80.13 399.38 80.14 399.42 80.14 399.45
2040 214.82 1,070.72 214.84 1,070.80 214.86 1,070.90 214.82 1,070.72 214.85 1,070.84 214.86 1,070.91
2050 223.97 1,116.32 224.09 1,116.89 224.23 1,117.61 223.97 1,116.32 224.15 1,117.22 224.25 1,117.72
2080 225.36 1,123.23 232.46 1,158.63 233.89 1,165.73 225.34 1,123.12 232.69 1,159.76 233.89 1,165.73
2100 225.51 1,123.99 233.87 1,165.63 233.89 1,165.73 225.94 1,126.14 233.89 1,165.73 233.89 1,165.73

Pessimistic 2030 29.73 148.19 29.74 148.22 29.74 148.22 29.73 148.19 29.74 148.21 29.74 148.22
2035 80.13 399.38 80.14 399.44 80.14 399.44 80.13 399.38 80.14 399.42 80.14 399.45
2040 215.94 1,076.30 215.98 1,076.48 215.98 1,076.48 215.94 1,076.30 215.97 1,076.42 215.98 1,076.49
2050 366.86 1,828.48 367.12 1,829.78 367.12 1,829.78 366.86 1,828.48 367.04 1,829.38 367.14 1,829.88
2080 369.99 1,844.10 384.02 1,914.01 384.02 1,914.01 369.97 1,843.99 381.32 1,900.56 384.02 1,914.01
2100 370.27 1,845.47 384.02 1,914.01 384.02 1,914.01 370.78 1,848.01 384.02 1,914.01 384.02 1,914.01

Note: HC, health care costs; prod, productivity costs; RCP, Representative Concentration Pathways.
aMinimum, mean, and maximum values obtained from the climate model ensemble to represent the optimistic, mean, and pessimistic scenarios.
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Economic Analysis
Results of economic analysis are shown in Table 5 and Figure 6
(for health care and productivity costs), and estimated DALYs are
shown in Figure 7. By 2100 the estimated annual costs ranged
from $0:5 billion to $2:3 billion depending on the level of inci-
dence reached at endemicity and, as for the LD cases, the costs
rose from low levels to high levels by 2050 and plateaued there-
after. DALYs reached values of 10,000 to 60,000, depending on
the level of incidence reached at endemicity, following the same
temporal pattern as costs. Compared with the effect of level of
incidence at endemicity, variations among climate models and
RCPs were very minor for both costs and DALYs. The main costs
came from disseminated LD cases, followed by late persistent LD,
and, in both cases, productivity losses accounted for the majority
of the costs (Figure 8). For DALYs, late persistent LD patients
contributed the most to burden, followed by disseminated LD
cases (Figure 8). Early localized cases of LD contributed very
little to health or economic burden.

Discussion
In this study, the projected annual numbers of LD cases in Canada
ranged between 120,000 and >500,000 by 2050 depending on sce-
nario. Subsequently, incidence was projected to increase more
slowly through 2100. This pattern is due to the majority of Canada
from Manitoba east, and south of areas with boreal forest, being
projected to become climatically suitable for I. scapularis by 2050.
Three types of scenario were explored, including a) scenarios for
different levels of greenhouse gas concentrations (the RCPs), b) a
climate model ensemble output (most optimistic model, most pes-
simistic model, and mean of the models), and c) three scenarios for
the maximum incidence when LD risk becomes endemic in a CSD.
Of these, the last was the source of the greatest variations in pro-
jected incidence, with differences among climate models having a
comparatively negligible effect. There was also little difference
between RCPs in the projected incidence. This is because climate
projections up to 2050 are very similar for RCP4.5 and RCP8.5
because mitigation of greenhouse gas emissions represented in

Figure 6. The estimated annual health care and productivity costs (upper graphs) and total annual costs (lower graph) under different greenhouse gas concentra-
tion scenarios (RCP4.5 and RCP8.5, but for simplicity for total costs only graphs for RCP4.5 are shown), and scenarios for optimistic, intermediate, and pessi-
mistic maximum incidence when Lyme disease becomes endemic in census subdivisions (respectively light gray, dark gray, and black graphs). Solid line
graphs are the estimates obtained from projected incidence using the mean of the climate model ensemble, and dotted line graphs below and above the solid
lines are, respectively, estimates obtained from projected incidence using the most optimistic and the most pessimistic climate models. For the graph of total
costs, the graphs for the mean of the climate model ensemble obscures graphs for the most optimistic and the most pessimistic climate models. Data are pre-
sented in Excel Table S6. Note: RCP, Representative Concentration Pathways.

Figure 7. The estimated annual disability adjusted life years (DALYs) under different greenhouse gas concentration scenarios (RCP4.5 and RCP8.5), and opti-
mistic, intermediate, and pessimistic maximum incidence when Lyme disease becomes endemic in census subdivisions (respectively light gray, dark gray, and
black graphs). Solid line graphs are the estimates obtained from projected incidence using the mean of the climate model ensemble, and dotted line graphs
below and above the solid lines are, respectively, estimates obtained from projected incidence using the most optimistic and the most pessimistic climate mod-
els. Data are presented in Excel Table S6. Note: RCP, Representative Concentration Pathways.
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RCP4.5 do not impact climate until after the 2050s,36 by which
time most of the subboreal regions of Canada under study are
already projected to be climatically suitable for the ticks.
Expansion of climatic suitability from 2050 to 2080 occurred in
some regions of Canada, particularly in northern New Brunswick,
eastern and central Quebec, and locations in northwestern Ontario
and southern Manitoba (Figure 4). However, these regions have
low population density (Figure 1), so the emergence of LD ende-
micity there does not result in large increases in incidence. In
Canada, LD incidence is increasing at an approximately expo-
nential rate, with some interannual variation in increases.38 The
increase is associated with transmission by I. scapularis ticks
(from Manitoba eastwards), without evidence of increases in
British Columbia where the vector of LD is I. pacificus, which
already has a wide geographic distribution in this province.5 We
do not know which of the scenarios for incidence at endemicity
will be realised in Canada. However, the algorithm used to esti-
mate the rate of increase in incidence during the LD emergence
phase underestimated the increase in many provinces when com-
pared against observed incidence, so all of the scenarios appear
to be possible at present and the algorithm is not overestimating
cases and appears to be conservative. The causes of variations
among provinces, in the degree to which estimates of incidence
from the algorithm underestimated observations, require further
study to better understand and project how increased geographic
range of I. scapularis and B. burgdorferi transmission cycles
result in changes in LD incidence. To our knowledge, to date
only surveillance data from Canada have straddled the period when
emergence of LD has begun.We did not include limitations on inci-
dence associated with high temperatures as Boyd et al. did,18

because empirical data from the United States, showing continued
increases in tick populations and LD incidence in southern parts of
high-incidence states, does not support this idea.55

The projected annual societal cost of LD cases was substantial,
ranging from $0:5 billion to $2:3 billion a year by 2100, with, as for
incidence, little difference between 2050 and 2100, and a large
range due to variations among scenarios for the peak incidence at
endemicity. Approximately 80% of the costs came from societal
productivity costs and 20% from health care costs. Both health care
and productivity costs for early LD cases were proportionally very
small compared with the costs for disseminated LD cases, with
nearly all the estimated productivity costs being associated with
disseminated LDs cases. Estimations of the economic costs of
cases of LD is an ongoing research endeavor in general, and in
Canada in particular, and estimates of the economic cost of LD
with climate change will likely have to be revisited in the future.
Projected DALYs due to LD ranged from 12,000 to 70,000 a year
by 2100, but these are not given dollar values given that, in general,
costing of DALYs is associated with mortality, which was not

considered here. The projected incidence of LD cases, and eco-
nomic costs, estimated here were approximately two orders of
magnitude greater than those estimated by Boyd et al.,18 which
is unsurprising considering they did not account for a >10-fold
underreporting of cases. Another difference was that Boyd
et al.18 assumed that incidence of LD is reduced in particularly
warm climates (where mean annual temperature is >15�C)
based on the nonlinear relationship between incidence and
mean annual temperature identified in US surveillance data by
Dumic and Severnini,56 who inferred from this relationship that
higher temperatures inhibit transmission possibly by effects on tick
survival. However, this assumption is likely flawed at the range of
temperatures currently experienced in the United States. Low inci-
dence in warmer parts of high-incidence states reflects recent low
densities of human-biting northern clade I. scapularis ticks in the
southern parts of the high-incidence states,57 but that is changing. The
northern clade ticks are expanding their range southward as well as
northward. Southward range expansion is associated with continued
spread of ticks from historical refugial zones in the northeastern and
upper-midwestern United States simply to more completely fill their
ecological niche in the region and is unlikely to be a process related to
climate change.55

Key uncertainties in our estimates included uncertainty about
the incidence of LD at endemicity (including uncertainty as to the
degree that underreporting estimates in the United States can
directly apply to Canada), uncertainties around how LD entomo-
logical hazard will spread in Canada in different habitats and
human populations and result in LD cases and whether or not the
boreal forest will actually act as a barrier to geographic spread of
I. scapularis ticks and B. burgdorferi. Data on LD cases in Canada
prior to the start of national surveillance in 2009 were obtained
from individual provinces in which LD was notifiable before 2009,
but not necessarily with similar case definitions, so there remain
uncertainties regarding these data. We have not included considera-
tion of loss of woodland needed for LD risk to occur (as included
in some comparable studies in Europe58) that might be consider-
able for some socioeconomic pathways leading to RCP8.559 and
somewhat limit incidence at endemicity and rates of tick spread
under this scenario. Impacts of temperature on I. scapularis popula-
tions as explored here assume, on the basis of field experiments,
that woodland habitats provide refugia for ticks from direct tick-
killing effects of extreme cold, heat, and drought, but it is possible
that increasingly extreme weather with climate change will exceed
the capacity of refugia to protect the ticks in a way that is not cur-
rently possible to predict.16 We did not consider that the population
of Canada is anticipated to grow,60 and this could have impact on
projected incidence directly, or indirectly, because increasing hous-
ing impacts landcover with habitat suitable for ticks.

Nevertheless, our intermediate estimate of the projected cost of
LD cases is in the order of CA$1 billion a year, and that cost is

Figure 8. Bar graphs showing (A) disability adjusted life years (DALYs) and (B) the relative source of costs per person infected with Lyme disease. Data are
presented in Excel Table S7.
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projected to be reached within the next two decades. This is a sub-
stantial economic burden, with the range estimate being 2–10 times
the annual estimated cost of pertussis in Canada.61 Estimates of
incidence from the United States, accounting for underreporting,
are those obtained with the implementation of efforts to prevent
LD. Recent studies identified the high economic impact of a vac-
cine for COVID-19 when compared with counterfactual scenar-
ios,62 which underlines the potential importance of the
development of an effective vaccine against LD. It also underlines,
in the absence of a vaccine, the importance of efforts to prevent
early LD cases (by, e.g., increasing public and physician aware-
ness) becoming disseminated cases, for which the personal costs to
the well-being of patients, and the economic costs are much
greater. In this study, economic costs of LD are considered as a
consequence of spread of the geographic range of I. scapularis.
However, this tick also transmits other zoonotic pathogens, includ-
ingAnaplasma phagocytophilum,Babesia microti,Borrelia mayo-
nii, Borrelia miyamotoi, and deer tick virus, which are emerging in
Canada,63 and the economic costs of illnesses caused by these
pathogens, and PTLDS, would be in addition to those estimated in
this study.

It is important to consider the health co-benefits of mitigation
of greenhouse gas emissions (RCPs and their influences on cli-
mate changes), and clearly there were fewer LD cases, and lower
economic costs, with the RCP4.5 model compared with the
RCP8.5. However, the difference was small, owing to the climate
warming under RCP4.5 being sufficient to allow emergence of
LD risk in the most densely populated parts of central and eastern
Canada. Further studies are needed to explore the impact of miti-
gation on the risk of LD for the population residing within the bo-
real forest regions. If the boreal forest is in fact suitable for ticks
and their hosts once climatic suitability is reached, then the popu-
lation there, albeit small (∼ 1:7% of the population of Manitoba,
Ontario, and Quebec combined live in the regions of these prov-
inces excluded from the study region23) may well be protected
from LD risk by mitigation of greenhouse gas emissions.

In conclusion, we project a significant health and economic
burden associated with the emergence of LD in Canada driven by
climate change. This adds to the many ways climate change will
impact the economy, resulting also from compound effects from
both environmental, health, and other vulnerability and expo-
sure factors. However, as noted in the last US Global Change
Research Program report,64 socioeconomic drivers, along with
altered human behaviors and ecosystems, and increased adapt-
ive capacity in the face of climate change,65 as well as changes
in the environmental hazard, determine exposures and transmis-
sion of vector-borne diseases.
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