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A B S T R A C T   

The geographic range of the blacklegged tick, Ixodes scapularis, is expanding northward from the United States 
into southern Canada, and studies suggest that the lone star tick, Amblyomma americanum, will follow suit. These 
tick species are vectors for many zoonotic pathogens, and their northward range expansion presents a serious 
threat to public health. Climate change (particularly increasing temperature) has been identified as an important 
driver permitting northward range expansion of blacklegged ticks, but the impacts of host movement, which is 
essential to tick dispersal into new climatically suitable regions, have received limited investigation. Here, a 
mechanistic movement model was applied to landscapes of eastern North America to explore 1) relationships 
between multiple ecological drivers and the speed of the northward invasion of blacklegged ticks infected with 
the causative agent of Lyme disease, Borrelia burgdorferi sensu stricto, and 2) its capacity to simulate the 
northward range expansion of infected blacklegged ticks and uninfected lone star ticks under theoretical sce
narios of increasing temperature. Our results suggest that the attraction of migratory birds (long-distance tick 
dispersal hosts) to resource-rich areas during their spring migration and the mate-finding Allee effect in tick 
population dynamics are key drivers for the spread of infected blacklegged ticks. The modeled increases in 
temperature extended the climatically suitable areas of Canada for infected blacklegged ticks and uninfected lone 
star ticks towards higher latitudes by up to 31% and 1%, respectively, and with an average predicted speed of the 
range expansion reaching 61 km/year and 23 km/year, respectively. Differences in the projected spatial dis
tribution patterns of these tick species were due to differences in climate envelopes of tick populations, as well as 
the availability and attractiveness of suitable habitats for migratory birds. Our results indicate that the northward 
invasion process of lone star ticks is primarily driven by local dispersal of resident terrestrial hosts, whereas that 
of blacklegged ticks is governed by long-distance migratory bird dispersal. The results also suggest that mech
anistic movement models provide a powerful approach for predicting tick-borne disease risk patterns under 
complex scenarios of climate, socioeconomic and land use/land cover changes.   

1. Introduction 

Ticks are important vectors of many zoonotic pathogens that pose 
serious disease risks for human and domesticated animal populations 
(De La Fuente et al., 2008; Jongejan and Uilenberg, 2004). The number 
of human cases of tick-borne diseases is increasing worldwide 

(Madison-Antenucci et al., 2020), and this situation is exacerbated by 
geographic range expansion of ticks and the pathogens they transmit, 
particularly in northern latitudes (Sonenshine, 2018). The blacklegged 
tick (Ixodes scapularis), which was distributed through the eastern and 
the upper Midwest United States until early this century (Eisen et al., 
2016), has expanded its range into southern parts of central and eastern 
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Canada (Ogden et al., 2014a). The lone star tick (Amblyomma ameri
canum), which is established in the southeastern United States (Springer 
et al., 2014), has more recently been reported to be expanding its range 
into northern states (Fowler et al., 2022; Stafford et al., 2018) and 
southern Canada where adventitious ticks have been detected in passive 
tick surveillance (Nelder et al., 2019). The blacklegged tick is a vector of 
several human disease-causing pathogens, such as Borrelia burgdorferi 
sensu stricto (a spirochetal bacterium causing Lyme disease), Anaplasma 
phagocytophilum (the bacterium responsible for human granulocytic 
anaplasmosis), Babesia microti (the causative protozoan parasite of 
human babesiosis), Ehrlichia muris eauclairensis (a bacterium causing 
ehrlichiosis), Borrelia miyamotoi (a spirochetal bacterium causing a form 
of relapsing fever), and Powassan virus (the causative agent of Powassan 
virus disease) (Eisen and Eisen, 2018). The lone star tick also transmits 
multiple human pathogens, including Ehrlichia chaffeensis (the bacte
rium causing human monocytic ehrlichiosis), Francisella tularensis (the 
causative bacterium of tularemia), Rickettsia rickettsii (the bacterium 
responsible for Rocky Mountain spotted fever), Heartland virus (the 
causative agent of Heartland virus disease), and Bourbon virus (the 
causative agent of Bourbon virus disease) (Goddard and Varela-Stokes, 
2009). It is also thought that repeated bites of lone star ticks can induce 
an allergy to red meat (Commins et al., 2011). 

Among potential ecological drivers of the northward expansion of 
ticks and their pathogens, much attention has been given to climate 
change, especially increasing temperature (as reviewed in Gilbert, 2021; 
Ogden et al., 2021). Several dynamic and predictive models of black
legged tick populations suggest that, under climate warming scenarios, 
this tick species will expand its latitudinal range beyond its current 
known geographic distribution into colder regions of Canada (McPher
son et al., 2017; Ogden et al., 2005; Wu et al., 2013). For example, 
McPherson et al. (2017) predicted that Lyme disease risk will increase in 
several parts of southern Canada with climate warming even if green
house gas emissions were reduced enough to keep global warming below 
2 ◦C. Similarly, climate warming is expected to cause the northward 
range expansion of the lone star tick, affecting southern Canada 
(Sagurova et al., 2019). As ticks spend more than 90% of their lifetime 
off a host (Needham and Teel, 1991), their survival and life cycle are 
greatly dependent on abiotic (e.g., temperature, humidity, and soil 
composition) and biotic (e.g., vegetation features, forest types, and host 
availability) conditions at a given spatial location (Mathisson et al., 
2021; Ogden et al., 2021; Tsao et al., 2021). With a warming climate, 
ticks can benefit from reduced daily per capita mortality, prolonged 
duration of their questing activity seasons, and shortened life cycles 
(reviewed in Ogden et al., 2021). 

Dispersal of ticks to new areas relies on the movement of their hosts 
(Tsao et al., 2021). Migratory birds can disperse infected ticks over long 
distances during their northward migration each year (Ogden et al., 
2015), seeding new populations of ticks in previously unoccupied areas 
of the northern hemisphere as these areas become more climatically 
suitable, which results in an invasion that is “pulled” by founder tick 
populations (reviewed in Ogden et al., 2013b). At more local scales, ticks 
may be dispersed by movement of tick reproduction hosts (e.g., deer) 
and tick-borne pathogen reservoir hosts (e.g., rodents) within host home 
ranges, and also possibly spread more widely due to climate-driven 
shifts in host geographic ranges as warmer winters and longer vegeta
tive growing seasons promote increasing host densities in the landscape 
(Dawe and Boutin, 2016; Roy-Dufresne et al., 2013). Together, these 
host movements would promote a “pushed” invasion of ticks at the edge 
of their current geographic range (reviewed in Ogden et al., 2013b). 
Effects of climate-induced changes in host distribution and abundance 
are difficult to predict for host-generalist ticks such as the blacklegged 
tick and lone star tick, which can switch host species in the face of host 

community composition changes (Eisen et al., 2017). Northward range 
spread of tick populations is likely driven by complex interactions be
tween biotic and abiotic factors. The relationships between these factors 
and the speed of tick and tick-borne pathogen invasion have been 
studied empirically in the last decade (Leighton et al., 2012; Ogden 
et al., 2013a; Watts et al., 2018), but the impacts of mechanisms gov
erning host movement are still unclear. To bridge this gap, we built a 
population-level model of the “reaction-advection-diffusion” type that 
simulates northward invasion of ticks and tick-borne pathogens over 
large spatial scales through the incorporation of a mechanistic formu
lation of host movement and a mate-finding Allee effect into tick pop
ulation dynamics (Tardy et al., 2021). In a recent theoretical study, this 
model identified movement of migratory birds as an important driver of 
the northward spread of I. scapularis ticks infected with B. burgdorferi 
sensu stricto (Tardy et al., 2021). 

In this study, we applied our reaction-advection-diffusion model to 
landscapes of eastern North America, and we integrated the effects of 
increasing temperature on tick population survival. To gain insight into 
the sensitivity of infected tick spread patterns to temperature increases, 
we conducted simulation experiments with two objectives: 1) to quan
tify the relative importance of each model input parameter and to 
identify their relationships with the speed of invasion by infected ticks, 
tick infection prevalence, and density of infected ticks from a global 
sensitivity analysis, and 2) to explore the capacity of the model to 
simulate northward range expansion of ticks and tick-borne pathogens 
in eastern North America under theoretical scenarios of increasing 
temperature (i.e., increases of 100, 200, 400 and 600 degree-days to 
baseline annual cumulative degree-days above 0 ◦C). The model was 
parameterized for blacklegged ticks infected with B. burgdorferi sensu 
stricto (i.e., encompassing range expansion of both ticks and the bac
terium), and for lone star ticks without inclusion of pathogens trans
mitted by this tick. 

2. Materials and methods 

In this section, we first provide an overview of the original reaction- 
advection-diffusion model (Section 2.1), followed by model updates 
(Section 2.2). We then describe model parameterization (Section 2.3), 
model inputs and outputs (Section 2.4), model initialization (Section 
2.5), sensitivity analysis (Section 2.6), and model validation (Section 
2.7). A detailed description of the model is provided in Tardy et al. 
(2021). 

2.1. Model overview 

The model is based on a system of partial differential equations 
(PDEs) to account for tick movement by migratory birds and terrestrial 
hosts across spatially heterogeneous landscapes during three activity 
periods of migratory birds (northward migration in spring, breeding in 
spring and summer, and southward migration in late summer and 
autumn) where ticks are active. The model simulates densities (/km2) of 
four population classes at location x = (x, y) at time t: 1) a population of 
ticks (T) including both immature and adult tick life stages, 2) a popu
lation of pathogen amplification hosts (i.e., hosts that can efficiently 
infect ticks; A), 3) a population of pathogen dilution hosts (i.e., hosts 
that infect ticks at lower rates than amplification hosts or do not infect 
them; D), and 4) a population of tick reproduction hosts, upon which 
adult ticks feed (R). In nature, the next generation of larval ticks is 
produced from eggs laid by adult female ticks. To describe infection 
dynamics, the populations of ticks, amplification hosts and dilution 
hosts are divided into susceptible (i.e., uninfected; S) and infected (I)
classes, so that the total density of ticks, amplification hosts or dilution 
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hosts is N = S+ I. The population of tick reproduction hosts consists of a 
single class that represents the total density of reproduction hosts (NR). 
The model does not explicitly incorporate tick life stages to reduce 
computational complexity (e.g., convergence of numerical solutions), 
but we considered important tick life-history characteristics such as 1) 
adult ticks feeding on tick reproduction hosts (e.g., deer) contribute to 
the production of new ticks, and 2) tick infection with B. burgdorferi 
sensu stricto occurs when immature ticks feed on pathogen amplifica
tion hosts (e.g., rodents) and pathogen dilution hosts (e.g., possibly some 
bird species; Dumas et al., 2022). The system of PDEs describing the 
processes of tick and host population dynamics, as well as infection 
dynamics, has the following form: 

Ticks:   

Pathogen amplification hosts: 

∂SA(x, t)
∂t

= bA

(

1 −
rA

bAKA
SA

)

NA

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
Birth

− dASA⏟̅⏞⏞̅⏟
Death

− λASA⏟̅⏞⏞̅⏟
Infection

,

∂IA(x, t)
∂t

= λASA⏟̅⏞⏞̅⏟
Infection

−

(

dA +
rA

KA
NA

)

IA

⏟̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
Death

,

Pathogen dilution hosts: 

∂SD(x, t)
∂t

= bD

(

1 −
rD

bDKD
SD

)

ND

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
Birth

− dDSD⏟̅⏞⏞̅⏟
Death

− λDSD⏟̅⏞⏞̅⏟
Infection

,

∂ID(x, t)
∂t

= λDSD⏟̅⏞⏞̅⏟
Infection

−

(

dD +
rD

KD
ND

)

ID

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
Death

,

Tick reproduction hosts: 

∂NR(x, t)
∂t

= rR

(

1 −
NR

KR

)

NR

⏟̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅ ⏟
Birth

.

Here, ST(x, t), IT(x, t), SA(x, t), IA(x, t), SD(x, t), ID(x, t) and NR(x, t)
represent the density of susceptible ticks, infected ticks, susceptible 
amplification hosts, infected amplification hosts, susceptible dilution 
hosts, infected dilution hosts and the total density of reproduction hosts, 
respectively, at spatial location x = (x, y) in the landscape at time t. 

Tick population dynamics. In the model, the tick population is 
subject to a mate-finding Allee effect (i.e., difficulty for female and male 
ticks to find one another to mate at low population density). In the 
functions of density-dependent per capita birth bAllee(NT) and mortality 
mAllee(NT) of the model with the Allee effect, the parameter aT> 0 adjusts 
the maximum per capita tick population growth rate, and the parame
ters eT ≥ 0 and cT ≥ 0 determine the effects of density-dependence and 

density-independence in the demographic functions, respectively 
(Hilker et al., 2007). The birth and mortality functions, and their asso
ciated parameters have the following form: 

bAllee(NT)=aT
[
− N2

T +(KT++KT− +eT)NT +cT
]
,

mAllee(NT)=aT(eT NT +KT+KT− +cT),

with aT =
rT

K2
T+
, eT =KT+, cT =

dT

aT
− KT+KT − , and rT =αTR

(
NR

NA+ND+NR

)

BT .

The parameter KT+>0 is the carrying capacity of ticks (/km2), KT−

with 0<KT− <KT+ represents the minimum viable tick population den
sity (/km2) below which a pathogen-free tick population is expected to 
go extinct. In general, carrying capacity represents the maximum 
number of individuals of a species population that an environment can 

sustain for an indefinite period of time given resource availability (e.g., 
food, shelter, space) (Begon et al., 1996). The parameter dT corresponds 
to the daily per capita mortality rate of ticks. The parameter rT that 
characterizes the maximum per capita tick population growth rate 
without the Allee effect (/day) is defined as the product of the daily rate 
at which adult ticks (whose number of individuals is given by naNT, 
where na is the proportion of adult ticks in the environment) encounter 
tick reproduction hosts R (αTR), the proportion of tick reproduction hosts 
(

NR
NA+ND+NR

)
, and the daily number of eggs produced per fed adult female 

tick (BT). All ticks are born susceptible to infection. The calculation 
details for the parameters aT, eT and cT can be found in Tardy et al. 
(2021). 

Host population dynamics. In addition, each population of hosts of 
type H (i.e., H = A for pathogen amplification hosts, H = D for pathogen 
dilution hosts, and H = R for tick reproduction hosts) follows a logistic 
growth with maximum per capita growth rate rH and carrying capacity 
KH. Carrying capacities of hosts vary according to habitat quality (G) in 
the landscape using a linear relationship given by KH(x) = G(x)KH0, 
where KH0 is the maximum carrying capacity of hosts of type H in the 
environment (/km2). We assume that all hosts are born susceptible to 
infection, and their per capita birth rate is bH. Hosts die at a per capita 
rate dH whether they are infected or not. 

Infection dynamics. Tick infection with B. burgdorferi sensu stricto 
occurs when immature ticks successfully acquire the pathogen from an 
infected reservoir host following a blood meal, and we assume that 
pathogen acquisition is frequency-dependent (i.e., it depends on the 
proportion of infected hosts). Susceptible reservoir hosts become 
infected when they are bitten by an infected tick. The three forces of 
infection (λT, λA, and λD) have the following form: 

Ticks: 

λT = αTAβA→T

(
IA

NA + ND + NR

)

+ αTDβD→T

(
ID

NA + ND + NR

)

,

Pathogen amplification hosts: 

∂ST(x, t)
∂t

= bAllee(NT)NT
⏟̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅ ⏟

Birth

− mAllee(NT)ST
⏟̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅ ⏟

Death

− λT ST⏟̅⏞⏞̅⏟
Infection

+ ∇⋅(DT∇ST)
⏟̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅⏟

Random (diffusive) movement

of ticks by hosts associated

with a resource gradient

− ∇⋅
(

CT
̅→ST

)

⏟̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅⏟
Directed (advective) movement

of ticks by hosts associated

with a resource gradient

,

∂IT(x, t)
∂t

= λT ST⏟̅⏞⏞̅⏟
Infection

− mAllee(NT)IT
⏟̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅⏟

Death

+ ∇⋅(DT∇IT)
⏟̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅⏟

Random (diffusive) movement

of ticks by hosts associated

with a resource gradient

− ∇⋅
(

CT
̅→IT

)

⏟̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅ ⏟
Directed (advective) movement

of ticks by hosts associated

with a resource gradient

,
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λA = αTAβT→A

(
IT

NA + ND + NR

)

,

Pathogen dilution hosts: 

λD = αTDβT→D

(
IT

NA + ND + NR

)

.

The parameters αTA and αTD correspond to the daily rate at which 
immature ticks (whose number of individuals is given by njNT, where nj 

is the proportion of immature ticks) encounter pathogen amplification 
hosts A or pathogen dilution hosts D, respectively. The parameters βA→T 
and βD→T represent the probability that an immature tick acquires the 
pathogen from an infected amplification host or an infected dilution 
host, respectively. The parameters βT→A and βT→D define the probability 
that an infected tick transmits the pathogen to a susceptible amplifica
tion host or a susceptible dilution host, respectively. 

Tick dispersal by hosts. Host movement is characterized by speed 
and turning frequency. The changes in host movement patterns in 
response to landscape heterogeneity are modeled through terms of 
diffusion DT(x, t) and advection CT

̅→
(x, t), in which the rates of diffusion 

ηT and advection εT vary according to three activity periods of migratory 
birds where ticks are active. These periods include bird migration to the 
north in spring, bird breeding during spring and summer, and bird 
migration to the south in late summer and autumn. For the northward 
and southward migration periods, the diffusion and advection rates 
were defined from movement parameters of migratory birds, whereas 
for the bird breeding season, the rates were calculated from movement 
parameters of terrestrial hosts. Tick dispersal by birds among resource- 
rich areas during the migration periods is thus thought to occur over 
long distances and to be more directed towards the north or south, 
whereas during the breeding season, ticks would be transported over 
short distances with more diffusive movement patterns of terrestrial 
hosts within resource-rich areas. Each bird activity period lasts 90 days, 
which gives a total period of 270 days per year during which birds 
disperse ticks. The diffusion term DT(x, t) defines random movement of 
ticks by hosts in the landscape, and the advection term CT

̅→
(x, t) de

scribes directed movement of ticks by hosts towards the north or south of 
the landscape. The movement length is modeled following an expo
nentially decreasing function of habitat quality G to represent the ten
dency for hosts to move slowly and spend more time in resource-rich 

areas (Moorcroft and Lewis, 2006). The diffusion and advection terms 
have the following form: 

DT(x, t) = e− ωGG(x)ηT ,

CT
̅→

(x, t) = e− ωGG(x)
( v̂
‖ v̂ ‖

)
εT , with v̂ = ψT x→T + (1 − ψT)

∇G(x)
‖ ∇G(x) ‖

.

The parameter ωG describes the sensitivity to resource-rich areas, the 
parameter ψT defines the proportion of ticks moving northward and 
southward according to the bird activity period, and x→T is a unit vector 
directed from x = (x, y) towards the north or south. The magnitude of 
the direction vector ̂v is measured by its Euclidean norm (represented by 
‖ ‖). 

2.2. Model updates 

We modified the original model by incorporating a temperature- 
dependent function for tick mortality in the population. Specifically, 
we varied the daily per capita mortality rate of ticks (dT) as a function of 
annual cumulative degree-days above 0 ◦C (CDD > 0 ◦C), such that 
lower values of CDD > 0 ◦C (i.e., colder climate) are associated with 
higher daily per capita mortality rates. This relationship is a simplifi
cation of the main impact of temperature on tick population survival, 
and represents an indirect effect on overall mortality via the effects of 
temperature on interstadial development rates, and thus on life cycle 
length and the probability that ticks complete their life cycle (Ogden 
et al., 2005; Sagurova et al., 2019). The parameter dT was defined using 
two metrics described in previous studies (Ludwig et al., 2016; Ogden 
et al., 2005): i) the time delay of each life cycle stage (including those 
that are dependent on temperature: pre-eclosion period of eggs, 
engorged larva to nymph development, engorged nymph to adult 
development, and pre-oviposition period of adult females; and those 
that are likely temperature-independent: post-eclosion or post-molting 
hardening period, period of feeding on hosts, and oviposition period 
of adult females), and ii) the fixed daily per capita mortality rate of ticks 
associated with each life cycle stage. From maps of average temperature 
weighted by the number of tick activity days per month, we calculated 
dT by multiplying the two metrics described above (the details are given 
in Appendix A). We fitted a biexponential equation (Fig. 1) to the rela
tionship between dT and annual CDD > 0 ◦C for each tick species using a 

Fig. 1. Relationship between the daily per capita mortality rate of ticks and annual cumulative degree-days above 0◦C. A biexponential equation was fitted 
to raw data for the blacklegged tick (Ixodes scapularis) (A) and the lone star tick (Amblyomma americanum) (B). 
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Table 1 
Description of input parameters that are included in the reaction-advection-diffusion model. The model was parameterized for the blacklegged tick (Ixodes scapularis; 
IS), the causative bacterium of Lyme disease, Borrelia burgdorferi sensu stricto, and the lone star tick (Amblyomma americanum; AA). We also parameterized the model 
for different host species: the white-footed mouse (Peromyscus leucopus), the white-tailed deer (Odocoileus virginianus), and passerine birds including the American 
robin (Turdus migratorius), the ovenbird (Seiurus aurocapilla), the veery (Catharus fuscescens), and the wood thrush (Hylocichla mustelina). In the model, white-footed 
mice were considered as pathogen amplification hosts, white-tailed deer represented tick reproduction hosts, and passerine birds served as pathogen dilution hosts.  

Symbol Description Range for the 
calibration 
analysis 

Range for the 
sensitivity 
analysis 

Value used for 
the scenarios 

References/Comments 

Category: infection dynamics 

αTA0 Base rate at which immature ticks 
encounter amplification hosts (/day) 

IS and AA: 
[0.00001 – 0.003] 

IS: [0.0002 – 
0.0029] 

IS: 0.0016 
AA: 0.0015 

(Tardy et al., 2021) 

αTD0 Base rate at which immature ticks 
encounter dilution hosts (/day) 

IS and AA: 
[0.000005 – 
0.003] 

IS: [0.0001 – 
0.0029] 

IS: 0.0016 
AA: 0.0014 

(Tardy et al., 2021) 

αTA Rate at which immature ticks 
encounter amplification hosts (/day) 

– – – αTA0NA(x, t)0.515nj, where NA(x, t) is the total density of 
amplification hosts at spatial location x = (x, y) at time t, and nj 

is the proportion of immature ticks in the environment ( 
Hartfield et al., 2011; Mount et al., 1997) 
nj = 1 − na 

αTD Rate at which immature ticks 
encounter dilution hosts (/day) 

– – – αTD0ND(x, t)0.515nj , where ND(x, t) is the total density of dilution 
hosts at spatial location x = (x, y) at time t, and nj is the 
proportion of immature ticks in the environment (Hartfield 
et al., 2011; Mount et al., 1997) 
nj = 1 − na 

βA→T Probability that an infected 
amplification host transmits the 
pathogen to a susceptible tick 
(0 – 1) 

IS: 0.92 IS: [0.6 – 0.99] IS: 0.92 (LoGiudice et al., 2003) 

βD→T Probability that an infected dilution 
host transmits the pathogen to a 
susceptible tick 
(0 – 1) 

IS: 0.12 IS: [0.08 – 0.2] IS: 0.12 (LoGiudice et al., 2003) 

βT→A Probability that an infected tick 
transmits the pathogen to a 
susceptible amplification host (0 – 1) 

IS: 0.83 IS: [0.6 – 0.99] IS: 0.83 (Davis and Bent, 2011) 

βT→D Probability that an infected tick 
transmits the pathogen to a 
susceptible dilution host 
(0 – 1) 

IS: 0.83 IS: [0.6 – 0.99] IS: 0.83 (Davis and Bent, 2011; Tardy et al., 2021)  

Category: host population dynamics 

bA Birth rate of amplification hosts (/day) IS and AA: 0.02 IS: [0.014 – 
0.026] 

IS and AA: 0.02 (Wolff, 1985) 

bD Birth rate of dilution hosts (/day) IS and AA: 0.02 IS: [0.014 – 
0.026] 

IS and AA: 0.02 (Rodewald, 2015) 

bR Birth rate of reproduction hosts (/day) IS and AA: 0.01 IS: [0.007 – 
0.013] 

IS and AA: 0.01 (Green et al., 2017) 

dA Natural mortality rate of amplification hosts 
(/day) 

IS and AA: 0.01 IS: [0.007 – 
0.013] 

IS and AA: 0.01 (Collins and Kays, 2014) 

dD Natural mortality rate of dilution hosts (/day) IS and AA: 
0.001 

IS: [0.0007 – 
0.0013] 

IS and AA: 0.001 (Rodewald, 2015) 

dR Natural mortality rate of reproduction hosts 
(/day) 

IS and AA: 
0.001 

IS: [0.0007 – 
0.0013] 

IS and AA: 0.001 (Nelson and Mech, 1986) 

rA Maximum per capita growth rate of 
amplification hosts (/day) 

– – – bA − dA 

rD Maximum per capita growth rate of dilution 
hosts (/day) 

– – – bD − dD 

rR Maximum per capita growth rate of 
reproduction hosts (/day) 

– – – bR − dR 

KA0 Maximum carrying capacity of amplification 
hosts (/km2)

IS and AA: 4000 IS: [2800 – 
5200] 

IS and AA: 4000 (Keesing et al., 2009) 

KD0 Maximum carrying capacity of dilution hosts 
(/km2)

IS and AA: 3200 IS: [2240 – 
4160] 

IS and AA: 3200 (LoGiudice et al., 2003) 

KR0 Maximum carrying capacity of reproduction 
hosts (/km2)

IS and AA: 50 IS: [35 – 65] IS and AA: 50 (Rand et al., 2003) 

KA Carrying capacity of amplification hosts (/km2) – – – G(x)KA0, G(x) represents the value of habitat suitability (or 
habitat quality) for hosts at spatial location x = (x,y)

KD Carrying capacity of dilution hosts (/km2) – – – G(x)KD0, G(x) represents the value of habitat suitability (or 
habitat quality) for hosts at spatial location x = (x,y)

KR Carrying capacity of reproduction hosts (/km2) – – – G(x)KR0, G(x) represents the value of habitat suitability (or 
habitat quality) for hosts at spatial location x = (x,y)

Category: tick population dynamics 

(continued on next page) 
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Table 1 (continued ) 

Category: host population dynamics 

na Proportion of adult ticks in the environment 
(0 – 1) 

IS: 0.03 
AA: 0.04 

IS: [0.02 – 
0.04] 

IS: 0.03 
AA: 0.04 

(Daniels et al., 2000; Mangan et al., 2018) 

αTR0 Base rate at which adult ticks encounter 
reproduction hosts (/day) 

IS and AA: 
[0.004 – 3] 

IS: [0.1273 – 
2.9438] 

IS: 2.4321 
AA: 2.4 

(Tardy et al., 2021) 

αTR Rate at which adult ticks encounter 
reproduction hosts (/day) 

– – – αTR0NR(x, t)0.515na, where NR(x, t) is the total density of 
reproduction hosts at spatial location x = (x, y) at time t ( 
Hartfield et al., 2011; Mount et al., 1997)  

BT Number of eggs produced per fed adult female 
tick (/day) 

IS: 11 
AA: 22 

IS: [8 – 14] IS: 11 
AA: 22 

(Ludwig et al., 2016; Mount et al., 1997) 

nTR Number of ticks attached to a reproduction host 
(/day) 

IS: 200 
AA: 2000 

IS: [140 – 260] IS: 200 
AA: 2000 

(Bloemer et al., 1988; Madhav et al., 2004) 

KT+ Carrying capacity of ticks (/km2) – – – nTRKR 

(Tardy et al., 2021) 
θT+ Mate-finding Allee effect threshold 

(0 – 1) 
IS and AA: [0.01 
– 0.5] 

IS: [0.0244 – 
0.4876] 

IS: 0.1150 
AA: 0.0535 

(Tardy et al., 2021) 

KT− Tick density below which tick population 
growth becomes negative (/km2)

– – – θT+KT+

(Hilker et al., 2007)  

E1 Multiplier of the first exponential of the 
temperature-dependent mortality function 

IS: 0.062210 
AA: 0.37780  

IS: 0.062210  IS: 0.062210 
AA: 0.37780  

See Appendix A 

E2 Multiplier of the second exponential of the 
temperature-dependent mortality function 

IS: 0.003708 
AA: 0.00953  

IS: 0.003708  IS: 0.003708 
AA: 0.00953  

See Appendix A 

L1 Natural logarithm of the rate constant of the 
first exponential of the temperature-dependent 
mortality function 

IS: − 6.160992 
AA: − 5.88138  

IS: − 6.160992  IS: − 6.160992 
AA: − 5.88138  

See Appendix A 

L2 Natural logarithm of the rate constant of the 
second exponential of the temperature- 
dependent mortality function 

IS: − 8.973773 
AA: − 8.35611  

IS: − 8.973773  IS: − 8.973773 
AA: − 8.35611  

See Appendix A 

dT Temperature-dependent mortality rate of ticks 
(/day) 

– – – E1exp(− exp(L1)CDD > 0∘C)+
E2exp(− exp(L2)CDD > 0∘C)
See Appendix A 

Category: host movement 

x→T Unit vector directed from x = (x, y) towards the 
north or south 

IS and AA: 1; 0; 
− 1 

IS: 1; 0; − 1 IS and AA: 1; 0; 
− 1 

The parameter varies with the activity periods of migratory 
birds as follows: 

x→T = {

1 if t > 0 & t ≤ 90
0 if t > 90 & t ≤ 180
− 1 if t > 180 & t ≤ 270

, where t is time 

(Tardy et al., 2021) 
ψTn Weighting factor that controls the proportion of 

ticks moving to the north by migratory birds 
(0 – 1) 

IS and AA: [0.01 
– 1] 

IS: [0.1396 – 
0.9830] 

IS: 0.7606 
AA: 0.6384 

(Tardy et al., 2021) 

ψTs Weighting factor that controls the proportion of 
ticks moving to the south by migratory birds 
(0 – 1) 

IS and AA: [0 – 
0.5] 

IS: [0.0232 – 
0.4716] 

IS: 0.1402 
AA: 0.3166 

(Tardy et al., 2021) 

ψT Weighting factor that controls the proportion of 
ticks moving to the north and south by 
migratory birds 
(0 – 1) 

– – – The parameter varies with the activity periods of migratory 
birds as follows: 

ψT = {

ψTn if t > 0 & t ≤ 90
0 if t > 90 & t ≤ 180

ψTs if t > 180 & t ≤ 270
, where t is time 

ρD Distance moved by migratory birds per day 
(km) 

IS and AA: [40 – 
130] 

IS: [41.9314 – 
127.8678] 

IS: 110.0392 
AA: 73.7431 

(Tardy et al., 2021) 

ρH Distance moved by terrestrial hosts per day 
(km) 

IS and AA: [0.1 
– 1] 

IS: [0.1737 – 
0.9849] 

IS: 0.6064 
AA: 0.8166 

(Tardy et al., 2021) 

κD Concentration parameter of the von Mises 
distribution describing the magnitude of 
directional bias towards the north or south for 
migratory birds 

IS and AA: [0.01 
– 2] 

IS: [0.0674 – 
1.8670] 

IS: 0.5469 
AA: 0.6364 

(Tardy et al., 2021) 

κH Concentration parameter of the von Mises 
distribution describing the magnitude of 
directional bias towards the north or south for 
terrestrial hosts 

IS and AA: [0 – 
0.5] 

IS: [0.0024 – 
0.2222] 

IS: 0.0207 
AA: 0.0950 

(Tardy et al., 2021) 

ΔfT Duration of tick feeding on migratory birds and 
terrestrial hosts (days) 

IS and AA: 5 IS: [3 – 7] IS and AA: 5 (Ludwig et al., 2016; Ogden et al., 2005, 2008b) 

ρTD Distance moved by ticks on migratory birds per 
day (km) 

– – – ΔfT

ΔDm
[ρDψT + ρH(1 − ψT)], where ΔDm is the duration of 

northward or southward migration of birds (days) 
ΔDm = 90 days 

ρTH Distance moved by ticks on terrestrial hosts per 
day (km) 

– – – ΔfTρH
ΔDb

, where ΔDb is the duration of bird breeding season 

(days) 
ΔDb = 90 days 

(continued on next page) 
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nonlinear least-squares regression to estimate each of the equation pa
rameters. The biexponential equation has the following form: 

dT(CDD> 0∘C) = E1exp( − exp(L1)CDD> 0∘C) + E2exp(

− exp(L2)CDD> 0∘C)

The parameters E1 and E2 represent the multiplier of the first and 
second exponential, respectively. The parameters L1 and L2 represent the 
natural logarithm of the rate constant of the first and second exponen
tial, respectively. We chose a biexponential equation rather than an 
exponential decay equation because the biexponential equation has 
greater flexibility and showed a better fit to the data, in particular for the 
distribution tails (Fig. A.2 in Appendix A). The parameter values are in 
Table 1. More details on the fitting procedure can be found in Appendix 
A. 

Carrying capacities of hosts changed according to habitat quality in 

the landscape using a linear relationship as in Tardy et al. (2021). 
Habitat quality (G) was derived from a habitat suitability index that is 
bounded by the interval [0 – 1], and follows the following logistic form: 

G =
1

1 + exp( − αG − βGpForest)
(1) 

The parameter αG represents the inflection point of the logistic 
function, βG is the slope at the inflection point of the function, and pForest 

corresponds to the proportion of forest cover type. In general, forests can 
harbor a high diversity of host species, and are also highly suitable 
habitats for blacklegged ticks and lone star ticks (Allan et al., 2003; 
Ginsberg et al., 2020; Guerra et al., 2002). In this study, we tested 
different values for αG (αG = − 1.5, − 3, − 4, and − 5.5) while keeping the 
value of βG constant (βG = 28) (Fig. 2; see also Fig. B.1 in Appendix B for 
another representation of habitat suitability layers). For example, the 
combination of αG = − 1.5 and βG = 28 indicates that habitat cells with a 

Table 1 (continued ) 

Category: host population dynamics 

ηTD Diffusion rate of ticks by migratory birds 
(km2/day)

– – – ρTD
2

2τ , where τ is the time unit 

(Moorcroft and Lewis, 2006) 
τ = 1 day 

ηTH Diffusion rate of ticks by terrestrial hosts 
(km2/day)

– – – ρTH
2

2τ , where τ is the time unit 

(Moorcroft and Lewis, 2006) 
τ = 1 day 

ηT Diffusion rate of ticks by migratory birds and 
terrestrial hosts (km2/day)

– – – The parameter varies with the activity periods of migratory 
birds as follows: 

ηT = {

ηTD if t > 0 & t ≤ 90
ηTH if t > 90 & t ≤ 180
ηTD if t > 180 & t ≤ 270

, where t is time 

εTD Advection rate of ticks by migratory birds (km/ 
day) 

– – – κDρTD
2τ , where τ is the time unit 

(Moorcroft and Lewis, 2006) 
τ = 1 day 

εTH Advection rate of ticks by terrestrial hosts (km/ 
day) 

– – – κHρTH
2τ , where τ is the time unit 

(Moorcroft and Lewis, 2006) 
τ = 1 day 

εT Advection rate of ticks by migratory birds and 
terrestrial hosts (km/day) 

– – – The parameter varies with the activity periods of migratory 
birds as follows: 

εT = {

εTD if t > 0 & t ≤ 90
εTH if t > 90 & t ≤ 180
εTD if t > 180 & t ≤ 270

, 

where t is time 
σG Rate which the daily distance moved by ticks on 

migratory birds and terrestrial hosts decreases 
with increasing resource availability 

IS and AA: [0.1 
– 10] 

IS: [0.9221 – 
9.7933] 

IS: 0.9224 
AA: 4.3968 

(Tardy et al., 2021) 

ωG Sensitivity (or attraction) to areas of high 
resource availability 

– – – 2σG 

(Moorcroft and Lewis, 2006) 
Category: landscape 

αG Inflection point of the habitat suitability 
function 

IS and AA: 
− 1.5; − 3; − 4; 
− 5.5 

IS: − 1.5; − 3; 
− 4; − 5.5 

IS: − 1.5 
AA: − 1.5 

See Section 2.2 

βG Slope at the inflection point of the habitat 
suitability function 

IS and AA: 28 IS: 28 IS: 28 
AA: 28 

See Section 2.2 

ϕG Forest proportion threshold delineating 
suitable habitat for hosts 
(0 – 1) 

IS and AA: 0.05; 
0.1; 0.15; 0.2  

IS: 0.05; 0.1; 
0.15; 0.2  

IS: 0.05 
AA: 0.05 

Each value is given by a combination of αG and βG: 
(− 1.5; 28), (− 3; 28), (− 4; 28) and (− 5.5; 28) give ϕG= 0.05, 
ϕG= 0.1, ϕG= 0.15 and ϕG= 0.2, respectively 

Category: temperature 

STDD Degree-day threshold for tick population 
survival 

IS: [2400 – 
3300] 
AA: [2600 – 
3500] 

IS: [2422 – 
3274] 

IS: 2679 
AA: 2827 

(Ogden et al., 2005; Sagurova et al., 2019; Wu et al., 2013) 

IDD Increasing value of degree-days IS and AA: 0 IS: [0 – 600] IS and AA: 0; 
100; 200; 400; 
600 

Environment and Climate Change Canada ‡; National Oceanic 
and Atmospheric Administration ‡; ClimateNA ‡

‡ The uncertainty range of the input parameter IDD was adjusted to represent the global increasing trend of degree-days captured from annual climate data recorded 
at 2047 meteorological stations in North America during the periods of 1981 – 2010 and 1991 – 2020. The station locations were provided by Environment and Climate 
Change Canada (ECCC; data available at https://climate.weather.gc.ca/climate_normals/), and National Oceanic and Atmospheric Administration (NOAA; data 
available at https://www.ncdc.noaa.gov/cdo-web/datatools/normals). We used the ClimateNA software package (version 7.00; data available at http://climatena. 
ca/) to obtain the climate data.  

O. Tardy et al.                                                                                                                                                                                                                                   

https://climate.weather.gc.ca/climate_normals/
https://www.ncdc.noaa.gov/cdo-web/datatools/normals
http://climatena.ca/
http://climatena.ca/


Ticks and Tick-borne Diseases 14 (2023) 102161

8

forest proportion threshold (ϕG) of 0.05 are considered as suitable for 
hosts (i.e.,G ≥ 0.5) (see Fig. B.2 in Appendix B). 

2.3. Model parameterization 

The model was parameterized from empirical and modeling studies, 
as well as expert opinion for two simulation experiments: (1) with 
B. burgdorferi sensu stricto and the blacklegged tick, and (2) with the 
lone star tick without infection dynamics. Given that there is no infec
tion process in the lone star tick model, the changes in lone star tick 
population dynamics are mainly driven by tick reproduction hosts, 

which allows implicitly modeling dependence of this tick species on 
ungulates. In the lone star tick model, input parameters associated with 
the infection process were set to zero, and the density of infected ticks 
was not modeled. In the two experiments, we also parameterized the 
model for different host species similarly to Tardy et al. (2021): the 
white-footed mouse (Peromyscus leucopus), the white-tailed deer (Odo
coileus virginianus), and passerine birds including the American robin 
(Turdus migratorius), the ovenbird (Seiurus aurocapilla), the veery 
(Catharus fuscescens), and the wood thrush (Hylocichla mustelina). In the 
model, white-footed mice were considered as pathogen amplification 
hosts, white-tailed deer represented tick reproduction hosts, and 

Fig. 2. Overview of data layers used as model inputs. The layers define habitat suitability G(x) for hosts of the blacklegged tick (Ixodes scapularis) (A), habitat 
suitability G(x) for hosts of the lone star tick (Amblyomma americanum) (B), and temperature suitability D(x) for the two tick species (C), which was expressed in terms 
of annual cumulative degree-days above 0 ◦C. Different values for the inflection point of the habitat suitability function were tested (αG = − 1.5, − 3, − 4, and − 5.5)
while keeping the value for the slope at the inflection point of the function constant (βG = 28). The dimension of each landscape is 2930 km × 3250 km with a cell 
resolution of 10 km. 
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passerine birds served as pathogen dilution hosts. 
To perform the global sensitivity analysis (Objective 1), we defined 

uncertainty ranges for literature-derived known model input parameters 
by setting the minimum and maximum as 30% lesser and greater than 
their default values, whereas uncertainty ranges for input parameters 
that were considered as highly uncertain or unknown were defined from 
a calibration analysis (CA) as in Tardy et al. (2021). The CA for each tick 
species was based on an approximate Bayesian computation analysis 
using a simple rejection sampling method (see Appendix C for more 
details) because this method could produce lower prediction errors 
compared to regression-based correction methods using local linear 
regression and neural networks, in particular when the tolerance rates (i. 
e., the proportion of accepted simulations) decreased (Fig. C.1 in Ap
pendix C). We used median estimates of the highly uncertain or un
known input parameters obtained with the CA to explore the possible 
consequences of increasing temperature on northward range expansion 
of ticks and tick-borne pathogens (Objective 2). In total, 1000 different 
combinations of 13 input parameters were sampled using Latin hyper
cube sampling, so that 1000 simulations were run to perform the CA. For 
the first experiment, the rate of global spread of infected blacklegged 
ticks (km/day) and blacklegged tick infection prevalence (0 – 1) were 
considered as model output variables in the CA. The observed summary 
statistics of these output variables were calculated as the mean of the 
minimum and maximum of a plausible value range that was derived 
from literature and expert opinion (Thiele et al., 2014). Similarly to our 
previous study (Tardy et al., 2021), the rate of spread by infected 
blacklegged ticks varied from 0.009 km/day to 0.2 km/day (Leighton 
et al., 2012; Simon et al., 2014), whereas blacklegged tick infection 
prevalence varied from 0 to 0.7 (Ogden et al., 2010). Such estimates are 
not available for the lone star tick. Consequently, an overall correct 
prediction rate (i.e., the proportion of correctly predicted occurrences) 
served as the output variable in the CA for the second experiment. This 
output variable was used for comparison of the model predictions with 
field observations of lone star ticks. The observed summary statistics of 
the output variable were based on an overall correct prediction rate of 
100%. The field observations corresponded to lone star tick presence 
data (Lado et al., 2020) that came from the Ohio State Acarology 
Collection (OSAL), the United States National Tick Collection (USNTC), 
and records retrieved from Raghavan et al. (2019). After extracting 
uninfected lone star tick density predictions from our model for each 
presence observation, the density predictions were then converted to 
binary presence-absence predictions using four local tick establishment 
thresholds that were defined as 1%, 5%, 10%, and 20% of tick carrying 
capacity. In particular, a spatial location x = (x, y) is considered as 
infested with ticks if the tick population size at the location exceeds a 
given establishment threshold value among the four tested thresholds 
(Tardy et al., 2021). 

To assess the capacity of the model to simulate northward range 
expansion of ticks and tick-borne pathogens with climate change 
(Objective 2), theoretical increases in temperature (IDD) were selected to 
broadly represent the global increasing trend of degree-days captured 
from annual climate data recorded at 2047 meteorological stations in 
North America during the periods of 1981 – 2010 and 1991 – 2020. Data 
sources are detailed in Table 1. We tested the potential effects of 
increasing temperature scenarios by applying increases of 100, 200, 400 
and 600 degree-days to baseline annual CDD > 0 ◦C (no increase). This 
approach is, of course, a simple sensitivity analysis and not a full 
exploration of possible effects of climate change on northward range 
expansion of ticks and tick-borne pathogens, which would require more 
detailed use of time- and location-specific projected outputs of climate 
models, and exploration of the range of realistic representative green
house gas concentration pathways linked to shared socioeconomic 
pathways. 

2.4. Model inputs and outputs 

The model was applied to the Canadian provinces of Manitoba, 
Ontario, Quebec, New Brunswick, Nova Scotia and Prince Edward Is
land, together with the eastern half of the United States (Fig. 2), where 
blacklegged tick and lone star tick populations are established or have 
been reported (Sonenshine, 2018). Model inputs were derived from 
publicly available landscape and climate data sources. For each tick 
species, we built one map of habitat suitability for hosts and one map of 
temperature suitability for ticks to assess the effects of landscape and 
increasing temperature changes on spread dynamics of ticks and 
tick-borne pathogens (Fig. 2). From a grid of 2930 km × 3250 km with a 
cell resolution of 10 km encompassing the study area, we calculated the 
proportion of forest cover within each cell, and we applied Eq. (1) to 
obtain the map of habitat suitability for hosts G(x). The proportion of 
forest cover was obtained using the 2015 land cover dataset of the North 
American Land Change Monitoring System (NALCMS). This dataset is 
derived from 30-m Landsat satellite images and includes 19 land cover 
classes (data available at http://www.cec.org/north-american-land-ch 
ange-monitoring-system/). For the blacklegged tick, the forest cover 
classes included deciduous and mixed forests, whereas we considered all 
forest cover types (i.e., deciduous, coniferous, and mixed) for the lone 
star tick. Empirical studies showed high survival of lone star ticks in both 
coniferous and deciduous forests (e.g., Ginsberg and Zhioua, 1996; 
Koch, 1984), suggesting that this tick species is a potential habitat 
generalist (Mathisson et al., 2021). On the contrary, the blacklegged tick 
has been found to be more abundant and have a better survival in de
ciduous forests than in coniferous forests (e.g., Guerra et al., 2002; 
Lindsay et al., 1999). Leaf litter depth and acorn production attracting 
white-tailed deer and white-footed mice are possible predictors that may 
explain this habitat association (Mathisson et al., 2021; McShea and 
Schwede, 1993; Ostfeld et al., 2001; Schulze et al., 1995). In addition, 
we calculated monthly degree-days above 0 ◦C using monthly mean 
temperature data from 1991 to 2020, which were generated from the 
ClimateNA software package (version 7.00). If the monthly mean tem
perature value was above 0 ◦C, the temperature value was multiplied by 
the number of days in the month (Clow et al., 2017). The values of 
monthly degree-days above 0 ◦C were then summed across the 12 
months of the year to obtain annual CDD > 0 ◦C and used to build the 
map of temperature suitability for ticks D(x). All data layers were 
reprojected to NAD 1983 Albers Equal Area Conic projection. Finally, 
the maps were discretized into a two-dimensional rectangular mesh of 
95,225 bilinear quadrangular elements (325 cells in the x direction and 
293 cells in the y direction). Each mesh node at spatial location x = (x, y)
was characterized by a value of habitat suitability for hosts G(x) and 
temperature suitability for ticks D(x). The maps were created using the 
rgdal, gstat, raster, sf, maptools and rgeos packages (Bivand et al., 2022; 
Bivand and Lewin-Koh, 2022; Bivand and Rundel, 2021; Hijmans, 2022; 
Pebesma, 2018, 2004) in the R statistical software (version 4.1.2) (R 
Development Core Team, 2019). 

Throughout the simulation experiments, the main model output was 
the spatial density pattern of ticks (infected or not) at the end of the 
simulation. For the baseline scenario, the extent of the spatial distribu
tion of ticks was compared with field observations, and for the theo
retical scenarios of increasing temperature, the extent of the distribution 
was compared with that of projected spatial distributions of ticks re
ported in the literature. Similarly to Tardy et al. (2021), the rate of 
global spread of infected blacklegged ticks or uninfected lone star ticks 
(km/day), blacklegged tick infection prevalence (0 – 1), and the 
maximum density of infected blacklegged ticks or uninfected lone star 
ticks (number of ticks/km2) were also calculated at each time step of 10 
days without significant loss of accuracy. These metrics were used to 
perform the calibration and sensitivity analyses. 
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2.5. Model initialization 

A simulation was initialized either with uninfected blacklegged ticks 
that were located at two entry areas of 400 km2 in the southern United 
States (one in Georgia and one in Texas), or with uninfected lone star 
ticks that were located at two entry areas of 400 km2 in the southern 
United States (one in South Carolina and one in Texas). These initiali
zation areas represent theoretical sites for origins of tick populations 
simply to begin simulations of northward range spread. The objective of 
this study was not to observe the spatial progress of the blacklegged tick 
and lone star tick invasion at each time step given that the model was not 
applied to plausible scenarios of climate, socioeconomic and land use/ 
land cover changes. Using theoretical scenarios of increasing tempera
ture, we instead evaluated the model’s capacity to simulate the expected 
impact of climate warming on the northward range expansion of two 
tick species, as in other studies, at the end of the simulations. The entry 
areas contained a number of ticks equal to the carrying capacity KT, and 
we assumed that 15% of blacklegged ticks were infected in the entry 
areas (Hengge et al., 2003). Amplification, dilution and reproduction 
host populations were distributed across the habitat suitability gradient 
G(x) with a number of individuals equal to their carrying capacity KA, KD 
and KR, respectively. The model time step was set to one day, and the 
model ran during the three activity periods of migratory birds where 
ticks are active (270 days over one year) for 50 years. 

2.6. Sensitivity analysis 

We performed a global sensitivity analysis (SA) to assess the sensi
tivity of the model to variations in input parameters. As in Tardy et al. 
(2021), the rate of spread by infected blacklegged ticks, blacklegged tick 
infection prevalence and the maximum density of infected blacklegged 
ticks were used as output variables. We selected 31 input parameters for 
the SA, including parameters associated with six categories according to 
their effect on ecological processes incorporated in the model: host 
movement, tick population dynamics, host population dynamics, 
infection dynamics, landscape, and temperature (Table 1). A Latin hy
percube sampling design was used to sample 1200 different combina
tions of the 31 input parameters. Finally, we used boosted regression 
tree (BRT) models (Elith et al., 2008) to explore the relative contribution 
of the 31 input parameters to the output variables, and to identify the 
most influential input parameters similarly to our previous studies 
(Tardy et al., 2021, 2022). A Gaussian error structure was chosen for the 
loss function. The maximum density of infected blacklegged ticks was 
log-transformed in the BRT models to achieve a Gaussian error distri
bution and to stabilize the observation variance (Zuur et al., 2007). We 
tested several combinations of learning rate (0.01, 0.005, 0.001), tree 
complexity (1 – 5) and bag fraction (0.5, 0.7, 0.9) to define optimal 
settings for the BRT models, and we selected the parameter combination 
with the lowest 10-fold cross-validation deviance to fit the final BRT 
model. The relative influence of the six categories was also evaluated. 
We visualized the relationships between the output variables and the 
most influential input parameters using partial dependence plots in 
which 95% confidence intervals were obtained from 200 bootstrap 
replicates. The significance of the strongest interactions was tested using 
100 bootstrap resampling iterations (Jouffray et al., 2019; Pinsky and 
Byler, 2015). We built the BRT models using the dismo and ggBRT 
packages (Hijmans et al., 2020; Jouffray et al., 2019) in the R statistical 
software (version 4.1.2) (R Development Core Team, 2019). 

2.7. Model validation 

We compared the simulated spatial distribution pattern of infected 
blacklegged ticks with field observations (N = 96) based on 2019 data of 
uninfected (N = 48) and B. burgdorferi sensu stricto-infected (N = 26) 
tick abundance (Guillot et al., 2020). We considered both uninfected and 
infected ticks sampled in the field to achieve a larger number of 

observations and to improve model validation performance. These data 
were collected from sentinel surveillance sites of the Canadian Lyme 
Sentinel Network (CaLSeN). For the validation analysis, we converted 
the empirical abundance data to presence (abundance > 0) or absence 
(abundance = 0) data. After extracting infected blacklegged tick density 
predictions from the model for each presence-absence location, the 
density predictions were then converted to binary presence-absence 
predictions using the four local tick establishment thresholds (i.e., 1%, 
5%, 10%, and 20%). Finally, we calculated an overall correct prediction 
rate (i.e., the proportion of correctly predicted occurrences) to assess the 
model predictive power under the baseline scenario (no degree-day in
crease). Note that for the lone star tick, field observation data were used 
to estimate the “overall correct prediction rate” in the CA, but formal 
validation was not possible. 

3. Results 

3.1. Model performance 

3.1.1. Model calibration and validation 
The CA suggests that a landscape with areas of habitat suitability for 

hosts based on a deciduous and mixed forest proportion threshold of 
0.05 yielded better calibrated predictions of infected blacklegged tick 
distribution patterns. For the lone star tick, the model predictions were 
better calibrated with habitat suitability areas based on a deciduous, 
coniferous and mixed forest proportion threshold of 0.05. The predicted 
baseline spatial patterns of infected blacklegged tick and uninfected lone 
star tick densities were highly correlated with the habitat suitability 
patterns of hosts (Spearman rank correlation coefficient for the black
legged tick: r = 0.61, p < 0.05; Spearman rank correlation coefficient for 
the lone star tick: r = 0.65, p < 0.05). Regarding the model validation, 
the comparison of the baseline model predictions with the field obser
vations suggests that the model performed well when predicting the 
spatial distribution of infected blacklegged ticks in the landscape, with 
an overall correct prediction rate of 92%, 92%, 90% and 85% for the tick 
establishment threshold of 1%, 5%, 10% and 20%, respectively. 

3.1.2. Sensitivity analysis 
Regardless of the tick establishment thresholds, the BRT models 

revealed that two input parameters were the most influential predictors 
of the rate of spread by infected blacklegged ticks. The first strongest 
predictor was a negative nonlinear relationship with the rate at which 
the daily distance moved by blacklegged ticks on migratory birds and 
terrestrial hosts decreases with increasing resource availability (σG; 
relative influence of 35%, 44%, 42% and 40% with a tick establishment 
threshold of 1%, 5%, 10% and 20%, respectively; Fig. D.1 and Fig. D.3 in 
Appendix D). This input parameter controls the attraction of migratory 
birds and terrestrial hosts to resource-rich areas. The second strongest 
predictor was a negative nonlinear relationship with the mate-finding 
Allee effect threshold (θT+; relative influence of 16%, 17%, 14% and 
16% with a tick establishment threshold of 1%, 5%, 10% and 20%, 
respectively; Fig. D.1 and Fig. D.3 in Appendix D). Blacklegged tick 
infection prevalence was highly sensitive to the base rate at which 
immature blacklegged ticks encounter pathogen amplification hosts 
(αTA0; 38% relative influence, positively correlated; Fig. D.2 and Fig. D.4 
in Appendix D) and the base rate at which adult blacklegged ticks 
encounter tick reproduction hosts (αTR0; 32% relative influence, nega
tively correlated; Fig. D.2 and Fig. D.4 in Appendix D). Finally, three 
input parameters contributed most strongly to predicting maximum 
density of infected blacklegged ticks: the base reproduction host-finding 
rate (αTR0; 29% relative influence, negatively correlated; Fig. D.2 and 
Fig. D.4 in Appendix D), the base amplification host-finding rate (αTA0; 
22% relative influence, positively correlated; Fig. D.2 and Fig. D.4 in 
Appendix D), and the blacklegged tick burden on reproduction hosts 
(nTR; 10% relative influence, positively correlated; Fig. D.2 and Fig. D.4 
in Appendix D). A summary of predictive performance of each BRT 
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model and the relative influence of six categories characterizing the 
input parameters can be found in Appendix D (Table D.1 and Table D.2, 
respectively). The most influential input parameters on all model output 
variables were among those identified by the global SA of the original 
model (Tardy et al., 2021). 

3.2. Effects of increasing temperature on range expansion of ticks and 
tick-borne pathogens 

An increase of up to 600 degree-days above baseline annual CDD >

0 ◦C resulted in expansion of the spatial distribution of infected black
legged ticks and uninfected lone star ticks into higher latitudinal regions 
in different ways (Fig. 3 and Fig. 4). Compared to the baseline scenario 
(no degree-day increase), an increase of 100, 200, 400 and 600 degree- 
days increased the extent of the baseline spatial distribution of infected 
blacklegged ticks by 4.4%, 7.8%, 17% and 31%, respectively, whereas 
the extent of the baseline spatial distribution of uninfected lone star ticks 
increased by 0.6%, 0.8%, 0.7% and 0.7%, respectively. The speed of the 
northward invasion of blacklegged ticks was more sensitive to 
increasing temperature than that of lone star ticks, with a speed reaching 

Fig. 3. Effects of increasing temperature on the spatial distribution of Borrelia burgdorferi sensu stricto-infected blacklegged ticks (Ixodes scapularis). 
Temperature was expressed in terms of annual cumulative degree-days above 0 ◦C (CDD > 0 ◦C). The potential effects of increasing temperature scenarios were tested 
by applying increases of 100, 200, 400 and 600 degree-days to baseline annual CDD > 0 ◦C (no increase). 
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61 km/year (range: 31 – 96 km/year) for the blacklegged tick and 23 
km/year (range: 18 – 26 km/year) for the lone star tick under the + 600 
degree-days scenario (Table 2). These differences in the extent of areas 
infested with blacklegged ticks and lone star ticks, as well as in the speed 
of range expansion, were explained by contrasting calibrated values of 
the input parameter controlling the attraction of migratory birds and 
terrestrial hosts to resource-rich areas (σG= 0.9 for the blacklegged tick 
and σG= 4.4 for the lone star tick). For migratory birds carrying lone star 
ticks, increasing resource availability resulted in a more rapid decrease 
of their distance traveled each day compared to birds carrying black
legged ticks. 

4. Discussion 

In this study, we explored a “reaction-advection-diffusion” type 
model based on partial differential equations as a tool that may be used 
to predict northward range expansion of ticks and tick-borne pathogens 
with climate change. The model integrates a mechanistic formulation of 
host movement, and is designed to simulate both long-distance dispersal 
of migratory birds at the continental scale and local-scale movement of 
terrestrial hosts. We applied the model to two tick species of high vet
erinary and medical importance in North America, the blacklegged tick 
and the lone star tick, by considering theoretical scenarios of increasing 

Fig. 4. Effects of increasing temperature on the spatial distribution of uninfected lone star ticks (Amblyomma americanum). Temperature was expressed in 
terms of annual cumulative degree-days above 0 ◦C (CDD > 0 ◦C). The potential effects of increasing temperature scenarios were tested by applying increases of 100, 
200, 400 and 600 degree-days to baseline annual CDD > 0 ◦C (no increase). 
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temperature (i.e., increases of 100, 200, 400 and 600 degree-days to 
baseline annual CDD > 0 ◦C) throughout eastern North America. The 
simulation experiments of this study indicate that the model is capable 
of simulating the expected impact of climate warming on range spread of 
the blacklegged tick and, to a lesser extent, the lone star tick, as in other 
studies (e.g., McPherson et al., 2017; Sagurova et al., 2019). However, 
predictions about future spatial distributions of ticks and tick-borne 
pathogens require both the use of model outputs under appropriate 
scenarios of climate, socioeconomic and land use/land cover changes, as 
well as simulations on long time scales. 

4.1. Model performance 

Similar to our previous study (Tardy et al., 2021), the global SA 
shows that the attraction of migratory birds to resource-rich areas dur
ing their northward migration in spring and the mate-finding Allee effect 
in tick population dynamics play a dominating role in the speed of the 
northward invasion of blacklegged ticks infected by B. burgdorferi sensu 
stricto, which points to the importance of considering these two 
ecological drivers in predicting distribution patterns of ticks and their 
pathogens in heterogeneous landscapes. Among billions of birds moving 
annually between wintering sites and breeding sites around the world 
(Berthold, 2001), most long-distance migrating passerines accomplish 
intermittent flights with stopovers to feed and rest before their next 
flight (Alerstam, 1993). Because stopover duration strongly influences 
the speed of migration (Schaub and Jenni, 2001), stopover behavior is a 
key determinant of the speed of northward invasion of infected ticks 
(Tardy et al., 2021). In our simulation results, high rates of infected 
blacklegged tick spread were associated with low attractiveness of 
rich-resource areas along the northward axis, which corroborates the 
findings of our previous study (Tardy et al., 2021). We also found that a 
low critical threshold of blacklegged tick density (< 25% of tick carrying 
capacity) determined by the mate-finding Allee effect contributed to 
increased rates of infected blacklegged tick spread. This suggests that 
manipulation of mate-finding Allee effects could be exploited to limit 
infected blacklegged tick invasion through the use of control methods 
that disrupt the tick mating process, including pheromone-based 
methods (Sonenshine, 2006) and application of acaricides to tick 
reproduction hosts (such as deer) (Stafford III and Williams, 2017). 

Considering the veterinary and public health significance of black
legged ticks and lone star ticks, predicting their spatial distribution 
under current and future climatic change scenarios is needed to provide 
insight into potential distributional shifts or expansions into higher el
evations and altitudes (Gilbert, 2021; Ogden et al., 2021). In general, we 
achieved satisfactory model performance, suggesting that the model 
may be used as a tool to predict future range expansion of these two tick 
species. The baseline distribution areas of blacklegged ticks infected by 
B. burgdorferi sensu stricto estimated in this study covered the majority 
of climatically suitable areas of the southern Canada (including the 
provinces of Manitoba, Ontario, Quebec, New Brunswick, and Nova 
Scotia) under the projected climate conditions for the 2011–2040 period 
in McPherson et al. (2017), with overall correct prediction rates ranging 

from 85% to 92% according to the tick establishment thresholds (i.e., 
1%, 5%, 10%, and 20%). However, we recognize that infection preva
lence of blacklegged ticks with B. burgdorferi sensu stricto should be 
lower in the southern United States compared to the northern United 
States (Ginsberg et al., 2021). It has been shown that latitudinal varia
tions in host-tick associations contributed to this north-south pattern, 
with high levels of tick infestation on highly efficient reservoir hosts for 
B. burgdorferi sensu stricto (i.e., rodents) in the north and high levels of 
tick infestation on inefficient reservoir hosts for B. burgdorferi sensu 
stricto (i.e., lizards) in the south (Ginsberg et al., 2021). Our model may 
have overestimated tick density in some areas across the southeastern 
United States considering the simulated habitat suitability patterns of 
hosts. While habitat quality for hosts was derived from a habitat suit
ability index based on the proportion of forests in this study, future 
integration of climate- and habitat-driven models of host distribution 
(such as species distribution models; Guisan and Thuiller, 2005) fol
lowed by a model validation procedure should improve the model pre
dictions. The baseline distribution of uninfected lone star ticks was 
consistent with the predicted range of climatic suitability for the 
2011–2040 period obtained in Sagurova et al. (2019), including south
ern Ontario (Canada). To date, reproducing populations of lone star ticks 
have not been found in Canada (Nelder et al., 2019). When compared to 
the Köppen-Geiger climate classification for the present-day 
(1980–2016) (Beck et al., 2018), the current climatically suitable 
areas for the blacklegged tick and the lone star tick fall into the following 
climate classes: (i) temperate climate without dry season and with hot 
summer (Cfa), (ii) cold climate without dry season and with hot summer 
(Dfa), and (iii) cold climate without dry season and with warm summer 
(Dfb). Finally, it should be noted that the model was initialized with 
theoretical starting locations of tick populations to begin simulations of 
northward range invasion under theoretical scenarios of increasing 
temperature. The choice of starting locations did not affect the final 
results of the spatial distribution patterns of infected blacklegged ticks 
and uninfected lone star ticks at the end of the simulations. However, a 
future version of the model should rely on both biologically realistic 
starting locations and plausible baseline scenarios of climate, socio
economic and land use/land cover changes to simulate the true histor
ical and recent progress of tick expansion in space and time. 

4.2. Effects of increasing temperature on range spread of ticks and tick- 
borne pathogens 

The predicted distribution patterns of blacklegged ticks and lone star 
ticks under the increasing temperature scenarios are in agreement with 
other studies and observations on the effects of a warmer climate on the 
northward range expansion of these two tick species (McPherson et al., 
2017; Sagurova et al., 2019). In particular, warmer temperatures were 
predicted to expand the climatically suitable areas of Canada towards 
higher latitudes for the blacklegged tick and lone star tick, but the 
spatial extent and speed of the range expansion were found to be 
different between the two tick species. Compared with the baseline 
scenario, the future geographic extent of temperature suitability for 

Table 2 
Predicted speed (km/year) of the northward invasion of Borrelia burgdorferi sensu stricto-infected blacklegged ticks (Ixodes scapularis) and uninfected lone star ticks 
(Amblyomma americanum) under increasing temperature scenarios (i.e., increases of 100, 200, 400 and 600 degree-days to baseline annual cumulative degree-days 
above 0 ◦C).   

Tick establishment threshold  

B. burgdorferi sensu stricto-infected blacklegged tick Uninfected lone star tick 

Scenario 1% 5% 10% 20% 1% 5% 10% 20% 
Baseline 83.96 60.07 37.50 24.03 24.74 25.54 22.92 16.94 
þ 100 degree-days 86.32 61.91 39.19 25.23 24.93 25.76 23.13 17.23 
þ 200 degree-days 87.43 63.14 40.46 26.24 25.20 26.06 23.31 17.39 
þ 400 degree-days 90.31 65.45 42.86 28.14 25.43 26.25 23.47 17.54 
þ 600 degree-days 96.28 70.37 47.31 31.04 25.45 26.25 23.49 17.56  
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infected blacklegged ticks encompassed some parts of northern Quebec 
(including Nord-du-Québec, Saguenay-Lac-Saint-Jean, and Côte-Nord) 
and exceeded that for uninfected lone star ticks, with an increase in the 
extent of tick-infested areas reaching 31% for the blacklegged tick and 
1% for the lone star tick under the increasing temperature scenarios. In 
the worst-case scenario of increasing temperature (i.e., increase of 600 
degree-days), the speed of the northward invasion of infected black
legged ticks increased to 61 km/year (range: 31 – 96 km/year), whereas 
uninfected lone star ticks spread at a lower rate of 23 km/year (range: 18 
– 26 km/year). The results of the CA suggest that the differences 
observed in the extent to which the two tick species have shifted their 
geographic range northward were due to variations in the degree of 
attractiveness of resource-rich areas to migratory birds in the landscape, 
with a daily distance traveled by migratory birds carrying lone star ticks 
decreasing more rapidly with increasing resource availability in com
parison with birds carrying blacklegged ticks. It is possible that para
sitism by lone star ticks has greater negative impacts on health state of 
birds than parasitism by blacklegged ticks due to larger blood meals in 
lone star ticks (Koch and Sauer, 1984) and higher densities of feeding 
lone star ticks caused by their aggressive feeding behavior (Durden 
et al., 2001). Empirical studies have shown that stopover behavior of 
migratory birds and their departure decisions from stopover sites 
depended on their body condition combined with extrinsic factors 
(Covino et al., 2015; Jenni and Schaub, 2003). Birds in poor physical 
condition may stop more frequently and stay longer at stopover sites 
than birds in good physical condition (Duijns et al., 2017; Fusani et al., 
2009). However, to date, blacklegged ticks and lone star ticks have not 
been used as model ectoparasites to test the effects of infestation levels 
on health state of birds, so that this hypothesis remains to be tested. 
Agent-based modeling offers an interesting opportunity to evaluate the 
relationship between tick infestation rates among individual birds and 
the speed of bird movement (see Tardy et al., 2022 for an example of 
agent-based models). 

Our results suggest a higher contribution of long-distance migratory 
bird dispersal in the northward invasion process of blacklegged ticks 
compared to lone star ticks, which would be more reliant on local 
dispersal of terrestrial hosts. The baseline spatial patterns of infected 
blacklegged tick and uninfected lone star tick densities were associated 
with the habitat suitability patterns of hosts. Occurrence of these tick 
species depends on the presence of deer (Kilpatrick et al., 2014; 
Paddock and Yabsley, 2007). In particular, the white-tailed deer is 
considered as a keystone wildlife host for all parasitic stages of lone star 
ticks by acting both as a preferred food source and a mode of transport 
(Paddock and Yabsley, 2007), therefore contributing to the northward 
invasion of this tick species. With ongoing climate change, deer distri
bution is likely to expand northward due to milder winter conditions (i. 
e., less extreme temperatures and less snow) in conjunction with land
scape changes that create early vegetation resource subsidies (Dawe and 
Boutin, 2016; Fisher et al., 2020). The existence of a strong link between 
lone star tick density and white-tailed deer availability has also been 
highlighted by several field studies that have evaluated the impacts of 
deer management (exclusion and topical treatment of deer with acari
cides) (e.g., Bloemer et al., 1990; Pound et al., 2000). For example, the 
topical application of an acaricide to deer through the use of the 
“4-poster” device was found to be more effective in reducing lone star 
tick populations (nymph mortality of 99% and 95% observed at two 
study sites) compared to blacklegged ticks (nymph mortality of 69%, 
76% and 80% observed at three study sites), which would be consistent 
with immature blacklegged ticks being less dependent on deer than 
immature lone star ticks (Carroll et al., 2003). 

Differences in climatic requirements between these two tick species 
can also explain their contrasting spatial distribution and abundance 
patterns. Overall, lone star ticks display a lower resistance to cold con
ditions compared to blacklegged ticks (Nuttall, 2021), and it has been 
shown that the blacklegged tick was more vulnerable to desiccation than 
the lone star tick (Schulze et al., 2002). The future changes (2071 – 

2100) in the Köppen-Geiger climate types (Beck et al., 2018) reveal that 
the future distributional areas for the two tick species will be governed 
by a cold climate without a dry season and with a warm summer (Dfb), 
becoming climatically suitable for ticks. Besides climate change, land 
use and land cover changes (not modeled in this study) in response to 
climate and socioeconomic changes can also affect abundance and dis
tribution of tick populations. Whereas blacklegged ticks are adapted to 
temperate deciduous forests where humidity is high, the habitat asso
ciations are less clear for lone star ticks that can be present in forests, as 
well as in open-canopy and xeric habitats where the probability of 
encountering blacklegged ticks is low (reviewed in Mathisson et al., 
2021). In the context of climate change, it is unknown if the Canadian 
boreal forest (i.e., the northernmost forest biome) is currently suitable 
for the two tick species. However, this forest is expected to be impacted 
by increasing temperatures associated with climate warming. In 
particular, wildfire activity that decreases the water retention capacity 
of soils by reducing the soil organic matter layer can modify forest 
composition by transforming forests dominated by mature evergreen 
conifers to forests dominated by young broadleaf deciduous stands 
(Mack et al., 2021; Wang et al., 2020), which could create improved 
conditions for ticks and their reproduction hosts in the future. In the 
context of socioeconomic changes, the creation of fragmented agrofor
estry landscapes can contribute to both increased tick densities and tick 
infection prevalence by promoting high densities of tick reproduction 
hosts (i.e., deer) and pathogen amplification hosts (i.e., rodents) (Allan 
et al., 2003; Brownstein et al., 2005). For example, in these landscapes, 
deer can benefit from both easier movement through a higher landscape 
connectivity and the presence of ecotonal habitats that offer better 
foraging opportunities (Clark and Gilbert, 1982; Walter et al., 2009). 
Deer populations are also abundant in semi-forested suburban areas 
given that these areas are free of hunting pressure and predators, and 
provide winter forage (Etter et al., 2002; Kilpatrick and Spohr, 2000). 
Other host animal species are also adaptable to these landscapes and can 
influence tick-borne disease risk. For example, increased predation by 
the coyote, Canis latrans, on a rodent mesopredator, the red fox (Vulpes 
vulpes), has been associated with increased abundance of rodents, and 
thus higher Lyme disease risk (Levi et al., 2012). The conversion of 
agroforestry landscapes to semi-forested suburban landscapes is thus 
likely to increase human exposure to infected ticks (Diuk-Wasser et al., 
2020). In addition, findings resulting from an agent-based mechanistic 
model that considered future scenarios of combined changes in climate, 
socioeconomics and land use/land cover revealed that conversion of 
forest to agriculture is projected to decrease density of B. burgdorferi 
sensu lato-infected Ixodes ricinus nymphs in Mediterranean areas of 
southern Europe due to decreases in host densities (Li et al., 2019). The 
increasing temperature scenarios applied in this study confirm the 
possible importance of climate warming in increasing the geographic 
extent of climatically suitable areas for ticks and their pathogens, but it 
should be considered in conjunction with migratory bird movement 
behavior and mate-finding Allee effects, when seeking to predict the 
speed of infected tick invasion. In this study, only the relationship be
tween the daily per capita mortality rate of ticks and annual CDD > 0 ◦C 
was investigated, while interactions of some model components 
involving host movement, host population dynamics and pathogen 
transmission may be affected by climate change (Ogden et al., 2021). 
However, empirical information on the sensitivity of host populations 
and pathogens to temperature changes are often not available, as is 
discussed in Li et al. (2016). Given these data challenges, we parame
terized our model based on a CA due to uncertainties associated with 
some model input parameters. 

Mechanistic models based on ordinary differential equations and 
partial differential equations have increasingly been applied to investi
gate the effects of climate warming on spatial spread of tick-borne dis
eases (reviewed in Lou and Wu, 2017; Norman et al., 2016; Ostfeld and 
Brunner, 2015). For example, the model of Ogden et al. (2005) provided 
a general theoretical framework for exploring the impacts of climate 
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change on tick population dynamics and tick-borne pathogen trans
mission cycles (Ludwig et al., 2016; Ogden et al., 2008a, 2007, 2006; 
Wallace et al., 2019), and for building prediction maps of the basic 
reproduction number (R0) of ticks, a measure of tick population 
persistence, under current and future climate conditions in North 
America (McPherson et al., 2017; Ogden et al., 2014b; Wu et al., 2013). 
In particular, this model uses laboratory-derived relationships between 
tick life stage-specific development duration and temperature (Ogden 
et al., 2004) to estimate limits in mean annual degree-days above 0 ◦C 
for blacklegged tick establishment in Canada. However, most of these 
mechanistic models do not account for host movement across the 
landscape, while the benefits of adequately integrating movement 
ecology into spatial disease models have been highlighted in the liter
ature (Boulinier et al., 2016; Fofana and Hurford, 2017). In particular, 
failure to integrate a mechanistic process of movement can be detri
mental to contact estimation, and thus can lead to biased conclusions 
about pathogen persistence (Scherer et al., 2020). Even though we 
incorporated a less complex process of tick population dynamics (i.e., 
combining all tick life stages) into our model compared to existing 
models, we propose a general theoretical framework with a mechanistic 
representation of host movement, which can be used to generate current 
and future predictions of tick-borne disease spread risk at the conti
nental scale under combined changes of climate, socioeconomics, and 
land use/land cover. In particular, a formulation of pathogen R0, an 
epidemiological metric of the potential of pathogens to spread, can be 
extended to reaction-advection-diffusion models (Jiang et al., 2018; 
Wang et al., 2022). Future integration of more complex scenarios of 
climate, socioeconomic and land use/land cover changes may provide 
better understanding and thus predictions of tick-borne disease risk 
patterns under global environmental change. The application of our 
model to such scenarios will be an important next step in advancing this 
area of research. 
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