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Abstract

Lyme borreliosis is rapidly emerging in Canada, and climate change is likely a key

driver of the northern spread of the disease in North America. We used field and

modeling approaches to predict the risk of occurrence of Borrelia burgdorferi, the

bacteria causing Lyme disease in North America. We combined climatic and

landscape variables to model the current and future (2050) potential distribution

of the black-legged tick and the white-footed mouse at the northeastern range

limit of Lyme disease and estimated a risk index for B. burgdorferi from these dis-

tributions. The risk index was mostly constrained by the distribution of the

white-footed mouse, driven by winter climatic conditions. The next factor con-

tributing to the risk index was the distribution of the black-legged tick, estimated

from the temperature. Landscape variables such as forest habitat and connectivity

contributed little to the risk index. We predict a further northern expansion of

B. burgdorferi of approximately 250–500 km by 2050 – a rate of 3.5–11 km per

year – and identify areas of rapid rise in the risk of occurrence of B. burgdorferi.

Our results will improve understanding of the spread of Lyme disease and inform

management strategies at the most northern limit of its distribution.

Introduction

Climate change is thought to be driving geographic range

shifts in many terrestrial species (Walther et al. 2002;

Parmesan and Yohe 2003; Chen et al. 2011). In northern

temperate regions especially, increasing temperatures are

allowing species to expand their distribution poleward. Cli-

mate warming may thereby increase the opportunity for

invasive species to establish and vector-borne diseases to

emerge in new areas (Harvell et al. 2002; Wilcox and

Gubler 2005; Jones et al. 2008). As global temperature

increases, reservoir hosts and vector species may spread

their habitats into more northern or southern latitudes

and/or higher elevations (Zell 2004). Because the transmis-

sion of many parasites and pathogens depends on free-liv-

ing wild animal reservoir hosts, a number of vector-borne

infectious diseases have recently expanded their geographic

range, tracking the range expansion of their hosts whose
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distribution is tied to climate (Ogden et al. 2006; Gage

et al. 2008; Mills et al. 2010; Altizer et al. 2013).

Lyme borreliosis is a vector-borne disease caused by the

spirochete Borrelia burgdorferi sensu lato and is an emerg-

ing disease in North America (Ogden et al. 2009; Ostfeld

2011). The main vector for Lyme disease in eastern and

central North America is the black-legged tick Ixodes scapu-

laris (Barbour and Fish 1993; Ostfeld 2011). The black-leg-

ged tick has a life cycle with three feeding stages. Small

mammals and birds are hosts for the juvenile life stages of

the tick (i.e., larvae and nymphs) and act as reservoir for

the pathogen. The white-footed mouse (Peromyscus leuc-

opus), a widespread rodent native of eastern North America

(Desrosiers et al. 2002), is often the most common host for

I. scapularis juvenile stages in woodlands of northeastern

North America (Jones et al. 1998; Bouchard et al. 2011).

The white-footed mouse is a highly efficient reservoir host

for B. burgdorferi, being highly susceptible to infections

(Shaw et al. 2003; Eisen et al. 2012) that are persistent

(often lifelong) and transmissible with high efficiency to

uninfected larval ticks (with up to 90% of larvae acquiring

infection) that subsequently feed on the infected mouse

(Donahue et al. 1987; Ostfeld 2011).

Both the white-footed mouse and the black-legged tick

are essential components of the transmission cycle of

B. burgdorferi. Historical records (Roy-Dufresne et al.

2013) and molecular evidence (unpublished data) show

that the white-footed mouse is currently expanding its

range poleward, presumably in response to milder winters

(Myers et al. 2009; Roy-Dufresne et al. 2013). The black-

legged tick is also expanding its geographic range north-

ward, tracking climate warming over the last few decades

(Ogden et al. 2006; Leighton et al. 2012).

As exemplified by the ongoing and concurrent shifts of

the white-footed mouse and black-legged tick in Southern

Qu�ebec, environmental change is considered as the main

driver of the shifts in the distribution of vectors and hosts,

and hence of disease emergence (Gould and Higgs 2009).

Climate and the local habitat change could interact and

affect the dispersal and movement of the species involved

in the transmission cycle of Lyme disease in a complex

manner. For example, a warmer climate with milder win-

ters and earlier spring snowmelt may shift the phenology of

the white-footed mouse breeding activity and dispersal,

with higher activity and movement earlier in the season.

Increased activity in turn alters the rate of encounter

between this host and its pathogens, affecting the dynamics

of transmission cycle of B. burgdorferi (Ogden et al. 2007,

2008a). On the other hand, fragmentation of host habitat

may reduce host population size, limit host dispersal, and

alter host densities and diversity (Daszac et al. 2001; Li

et al. 2012), reducing encounter rate between hosts and

pathogens and the transmission rate of the pathogen. Con-

versely, the spread of the pathogen may occur faster if

range expansion occurs in host species such as the white-

footed mouse that thrives in fragmented landscapes (Allan

et al. 2003; Chen et al. 2011).

Disease occurrence is thus constrained by a number of

interacting environmental factors. In addition, the different

species involved in a multispecies host–pathogen system

may not respond similarly to changes in the environment

(Slenning 2010). Different species are expected to shift their

ranges at different rates (Chen et al. 2011), depending on

their physiological tolerance, life-history traits or dispersal

ability (Altizer et al. 2013). Vector-borne disease occurs in

environments where the geographic range of competent

vectors and wildlife reservoir hosts overlap, and under-

standing the factors that constrain this region of overlap is

thus key to predicting the effect of global changes on vec-

tor-borne diseases. Risk maps of population establishment

for the black-legged tick in Canada have been published

(Ogden et al. 2008b). These have been used as a proxy for

Lyme disease risk because both I. scapularis and B. burg-

dorferi are host generalists. However, these models did not

account for the shift in the distribution of the white-footed

mouse in Eastern Canada. Yet, changes in P. leucopus host

distribution and abundance could be key for determining

the level of risk from B. burgdorferi because these mice are

such efficient reservoir hosts.

Here, we use an integrated approach and combine cli-

mate niche modeling with landscape models to estimate

the relative contributions of climate and habitat change on

the distribution of two key components in the Lyme disease

system in northeastern America, the white-footed mouse

and the black-legged tick. Concurrent with recent and

rapid climate warming, we expect a higher prevalence of

B. burgdorferi in hosts and ticks in more disturbed, frag-

mented landscapes, which favors the white-footed mouse

over other forest small mammals (Allan et al. 2003; Killilea

et al. 2008). We predict that climate is limiting the most

northern limit of expansion of B. burgdorferi, but that this

expansion is locally modulated by landscape fragmentation.

To test this hypothesis, we apply our model to predict the

current and future distribution of B. burgdorferi. By com-

bining both empirical data from multiple species and field

sites, as well as modeling approaches, we aimed to better

predict patterns of emergence and spread of Lyme disease

at the most northern limit of its distribution in Southern

Qu�ebec, to better inform management strategies in a zone

of emergence of the disease.

Materials and methods

We first used field data to identify the parameters related to

the black-legged tick, the white-footed mouse and small

mammals that best explained the observed pattern of
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B. burgdorferi occurrence at our study sites. We then mod-

eled the relation between landscape variables and those

variables for the white-footed mouse and the black-legged

tick. Our landscape models were then combined with cli-

mate niche models for these species to estimate the risk of

occurrence of B. burgdorferi over our study area. Finally,

we extrapolated the risk index at a larger provincial scale,

for today and the future (2050).

Study sites

We surveyed a total of 34 sites in southern Qu�ebec from

May to October 2011 (Fig. 1). The Syst�eme d’information

�ecoforesti�ere (SIEF) was used as a spatial representation of

the study area (MRNF 2004). The study area covers

26 682 km2 and is characterized mostly by woodlands

(41.28%), agricultural fields (39.94%) and urban areas

(9.79%). The study sites were located in forest fragments of

different size and degree of isolation within a matrix domi-

nated by agricultural fields (Fig. 1). The study area included

the most northern known distribution limit of the white-

footed mouse and the black-legged tick in eastern Canada.

Small mammal and tick sampling

Small mammals were trapped from June to early Septem-

ber. At each site, four grids of 28 ShermanTM live traps were

placed for one night in four parallels transects of seven

traps each separated by 10 m (thus forming 60 9 30 m

grids). Trapping occurred for another two consecutive

nights if no Peromyscus spp. mice were captured on the first

night. All captured individuals were assigned to a species

using a molecular method to differentiate Peromyscus

species (Rogic et al. 2013).

Questing (host-seeking) ticks were collected from the

vegetation using a standard drag sampling method (Falco

and Fish 1992; Ostfeld et al. 1995). Each site was visited for

drag sampling three times (spring, summer and fall); this

frequency follows the recommendation of the Public

Health Agency of Canada for the surveillance of tick popu-

lations in the country. This sampling accounts for the sea-

sonality of adult, nymphal and larval ticks, which occurs at

different seasons.

In the spring (May–June) and fall (September–October)
visits, the sampling occurred over an area of 105 9 500 m.

We established a set of four parallel transects of 500 m and

25–35 m apart. Ticks were collected from the drag every

25 m. During the summer (July–August), questing ticks

were sampled by dragging over the small mammals trap-

ping grids. Feeding ticks were collected directly from small

mammals examined under the microscope. All ticks sam-

pled were assigned to a species on examination in the labo-

ratory using standard keys (Keirans et al. 1996) and to one

of the three life stages (i.e., larval, nymph, or adult).

Detection of Borrelia burgdorferi

All mammals, questing ticks, and feeding ticks collected

were tested for the presence of B. burgdorferi following a

method described in Ogden et al. (2011). Briefly, DNA was

extracted from ticks and mammal tissues (heart) and

screened for B. burgdorferi with a multiplex real-time poly-

merase chain reaction (PCR) targeting the 23s rRNA of

B. burgdorferi. We screened the heart of small mammals as

it has been shown to be a reliable tissue to target for the

detection of systemic infection of individuals (Barthold

et al. 1993; Baum et al. 2012). Borrelia burgdorferi infection

was confirmed in positive samples using a B. burgdorferi

specific primer targeting the ospA gene (Ogden et al.

2011). All PCR assays were performed at the National

Microbiology Laboratory of the Public Health Agency

(Winnipeg, MB, Canada).

Modeling the relations between small mammals, ticks and

Borrelia burgdorferi distribution patterns

We used our field data to investigate the relationships

between the presence of B. burgdorferi at a site and a

number of variables related to ticks and small mammals,

specifically the white-footed mouse P. leucopus. For ticks,

we considered the number of questing ticks (all life stage

included), the number of feeding larvae, and the total

number of ticks (i.e., both questing and feeding on small

mammals, all life stages included). We then calculated the

prevalence of small mammals infested with ticks (the

74°0’0’’ W 73°0’0’’ W 72°0’0’’ W

46°0’0’’ N

45°0’0’’ N

74°0’0’’ W 73°0’0’’ W 72°0’0’’ W

46°0’0’’ N

45°0’0’’ N

Figure 1 Study area and sampling site in Southern Qu�ebec, Canada,

between 45.00–46.25°N and 72.00–74.50°W. The study extent is cov-

ered by 41.3% woodlands, 39.9% agriculture fields and 9.8% urban

areas. Symbols for field sites: black circles = Borrelia burgdorferi absent,

red triangle = B. burgdorferi present. The distribution limits of Ixodes

scapularis (orange dotted line), Peromyscus leucopus (blue dotted line)

and B. burgdorferi (red dotted line) were drawn using the ArcGIS tool-

box with a buffer of 5 km around the study site where each was

detected.
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number of individual small mammal carrying ticks per

total number of individual small mammal captured at a

site), as well as the mean tick infestation of small mammals

at a site (the mean number of ticks feeding per small

mammal individual captured). Values for infestation prev-

alence and infestation levels were estimated for P. leucopus

alone, and for all other small mammals collectively. We

also considered the density of small mammals, the density

of P. leucopus, small mammal diversity (estimated with the

Shannon index), species richness (the total number of small

mammal species at a site), and the proportion of P. leuc-

opus in the community relative to other small mammal

species. As trapping effort varied across site due to unequal

number of trap nights, we estimated small mammal and

P. leucopus densities as the mean number of individuals

captured per night per square km. Although likely a biased

estimate of the actual density of small mammals at our

trapping sites, this estimate was corrected for trapping

effort in order to be comparable across sites. We also cor-

rected the number of feeding ticks by the number of trap-

ping night at each site by dividing the number of ticks by

the number of trapping nights.

Some of the variables were correlated with each other,

and thus, we performed a hierarchical partitioning analysis

using the hier.part package In R (Walsh and MacNally

2013) to estimate their contribution to the total variance,

both independently and jointly (MacNally 2000, 2002). We

used a logistic regression model with all our field data as

explanatory variables, and the presence of B. burgdorferi at

a site as the dependent variable. We evaluated the signifi-

cance level of the independent contribution of each variable

to the variance in the model with a randomization test

(1000 permutations), using the rand.hp function in the

hier.part package in R.

Predicting the distribution of the black-legged tick and the

white-footed mouse from the climate

Black-legged tick

Temperature has been described as a good predictor of the

abundance of the black-legged tick I. scapularis at the

northern limit of its geographic range in Canada (Ogden

et al. 2005, 2006, 2008b). We used the linear relation

between the maximum number of adult female ticks, an

index of tick abundance, and the annual cumulative

degree-day (DD) > 0°C (NumberT = 0.436 9 DD > 0–
1232; Ogden et al. 2005) to estimate the abundance of ticks

over our study area. DD > 0 data were averaged over

1961–2005 and were derived from the ANUSPLIN dataset

version 4.3 (The Australian National University, Canberra,

Australia) based on Environment Canada’s historical

monthly ~10 9 10 km gridded weather data covering the

entire territory of Qu�ebec (McKenney et al. 2006). Tick

abundance was considered null when DD was lower than

2800 (Ogden et al. 2005). This model was validated by test-

ing the fit between the predicted abundance from the

model and the total tick abundance measured at our study

sites, using a Spearman’s rank correlation coefficient. We

used the observed total abundance of ticks of all develop-

mental stages rather than just the number of adult females.

This was because these values were correlated but also

because adult ticks are the least abundant instar (with high

levels of mortality) and are at particularly low density at

sites where the ticks have only recently become established

(Ogden et al. 2010). The use of adult ticks alone would

have resulted in some sites having zero values for ticks,

when in fact ticks were present.

White-footed mouse

We used the predictions from a climate niche model for

the white-footed mouse based on a combination of climatic

variables related to winter conditions (Roy-Dufresne et al.

2013). The white-footed mouse appeared to be primarily

limited by the winter length and average maximum tem-

perature in the winter, the probability of occurrence of the

mouse decreasing with longer (>125 to 160 days) and

colder (maximal temperature <�5°C) winters. We used the

occurrence probability from this model projected at a reso-

lution of 10 km2, the same resolution we used to predict

tick abundance over our study area. A Spearman’s rank

correlation coefficient was then used to test the fit between

the predicted presence probability of P. leucopus and den-

sity observed at our study sites for this species.

Predicting the distribution of the blacklegged tick and the

white-footed mouse from the landscape

We used the Data Management Tool in ArcGis 10.1 (ESRI

2013) to estimate the proportion of woodlands, agricultural

fields and urban areas around each of the 34 study sites

within a buffer of 5 km, a distance much larger than

reported natal dispersal distances of the white-footed

mouse (~100 m on average, Keane 1990). The mean land-

scape resistance—a proxy for the impediments to the

migration of individuals between breeding sites—was then

estimated around each forest patch, using values from R. R.

Marrotte, A. Gonzalez, and V. Millien (unpublished data).

A patch was defined in the study area as a forested area sur-

rounded by nonforested areas. The genetic differentiation

between 11 populations of the white-footed mouse found

in forest patches within our study area was previously esti-

mated in Rogic et al. (2013) using 11 microsatellite loci.

We then used these results to estimate resistance values for

the three main landcover categories (R. R. Marrotte, A.

Gonzalez, and V. Millien unpublished data). Woodlands

were assigned a resistance of 0 (no resistance), while the
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resistance was 0.49 for agricultural fields and 4 for urban

areas. Using the same method, we then calculated the mean

resistance for all (9043) forest patches in our study area.

We extracted the area, perimeter, and minimum distance

to the nearest neighbor (MDNN) calculated between the

centroids of each forest patch. Lastly, we estimated the

connectivity of all 9043 forest patches using the one to all

modeling mode and an eight neighbors and average resis-

tance connection scheme in CircuitScape (McRae 2006).

We aggregated the SIEF data into five classes (agriculture,

forest, orchard, urban, water and other, a class which is an

aggregate of the remaining land uses). We then rasterized

this spatial data to a resolution of 300 m using the raster

package in R (Hijmans & vanEtten 2012) and assigned cir-

cuit resistance values from R. R. Marrotte, A. Gonzalez,

and V. Millien (unpublished data) to each class. Finally, we

used the conductance, or the inverse of the estimated resis-

tance, as an estimate of connectivity.

We performed a principal component analysis (PCA) on

landscape variables at our study sites (proportion of forest,

agriculture and urban habitat, area, perimeter, MDNN,

resistance, and connectivity). The fit between the white-

footed mouse density and the total tick abundance

measured at a site and the loading of this site on the first

three axes of the PCA was evaluated with a Spearman’s rank

correlation test. We then used a linear model to predict the

white-footed mouse density at a site from the PCA axes

with which mouse density was significantly correlated.

Similarly, we used a generalized linear model with a nega-

tive-binomial distribution to predict tick abundance at a

site from the PCA axes with which tick abundance was sig-

nificantly correlated. Next, we measured our landscape

variables within a 5 km buffer for each of the 9043 forest

patches in our study area. Using the models described above

between mouse density, tick abundance, and the PCA axes,

we then estimated the coordinates of these patches on the

first two PCA axes from these landscape variables and cal-

culated the predicted density of white-footed mouse and

maximum abundance of black-legged tick for each of these

patches. Finally, both the mouse density and the tick

abundance were extrapolated over the entire study area by

calculating the mean value for all forest patches in each

pixel of 10 km 9 10 km on a grid of 1052 cells.

Predicting the current distribution of Borrelia burgdorferi

We calculated the risk index for B. burgdorferi presence as a

linear combination of the four factors described above: (i)

the predicted tick abundance from the climate, (ii) the pre-

dicted P. leucopus presence probabilities from climatic vari-

ables, (iii) the predicted P. leucopus density from the

landscape variables, and (iv) the predicted tick abundance

from the landscape variables. To do so, we used a hierarchi-

cal variance partitioning analysis to assess the variance con-

tribution of each of these four factors (MacNally 2000,

2002). We used the percentage of variance explained by each

factor (independent contribution) as a coefficient of impor-

tance in the final linear model. At the local scale, we used the

four factors to estimate the risk index and the resulting risk

index value was rescaled to range from 0 to 1. At the regional

scale, only the first two factors were used to estimate the risk

index. This risk index provides a relative estimate of the risk

that can be used to compare risk among different locations.

Predicting the future distribution of Borrelia burgdorferi

Future climate scenarios for 2050 were created using simu-

lated future climate data from the Canadian Regional Cli-

mate Model (CRCM version 4.2.3) (Music and Caya 2007)

and an ensemble of global climate simulations from the

Coupled Model Intercomparison Project (CMIP3) (Meehl

et al. 2007). As in Roy-Dufresne et al. (2013), we used a

total of 37 simulations divided among three SRES emissions

scenarios (12 A1b, 15 A2, and 10 B1; Nakicenovic et al. 2000).

The projected future distribution and abundance of

I. scapularis in Quebec was estimated from the linear

model linking DD > 0 and maximum tick abundance pub-

lished by Ogden et al. (2005). The future distribution of

the white-footed mouse was obtained from the projected

presence probabilities in Roy-Dufresne et al. (2013). We

kept the landscape constant for future projections and

estimated the future risk index for the presence of B. burg-

dorferi in Southern Qu�ebec by 2050, based on future sce-

narios of climate change and associated future distributions

of the black-legged tick and white-footed mouse.

Results

Wild small mammals trapping and tick collection

We captured a total of 520 small mammals at the 34 sites

representing six different species, and species richness at a

site ranged from one to four species (Table S1). Peromyscus

leucopus was the most common species (n = 312) and was

present at 24 sites with a mean capture rate (i.e., number of

captured P. leucopus/total number of captured mammals)

of 60%. Other species captured were the deer mouse

(Peromyscus maniculatus, n = 60), the red-backed vole

(Myodes gapperi, n = 62), the short-tailed shrew (Blarina

brevicauda, n = 43), smoky and/or masked shrews (Sorex

sp., n = 33) and the woodland jumping mouse (Napaeoza-

pus insignis, n = 10), with capture rates of 11.5%, 11.9%,

8.3%, 6.3%, and 1.9%, respectively.

We collected a total of 1417 ticks of seven species

from the vegetation and from small mammals at 31 of

our 34 field sites. Ixodes scapularis was the most com-

mon species (n = 1130), followed by Dermacentor albi-
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pictus (n = 264), Haemaphysalis leporispalustris (n = 12),

Ixodes angustus (n = 7), Ixodes marxi (n = 2), Ixodes mu-

ris (n = 1), and Ixodes cookei (n = 1). We collected a

total of 311 I. scapularis feeding on hosts at 20 sites. A

vast majority (n = 724) of I. scapularis were larvae (429

questing and 295 feeding on small mammals), 311 were

nymphs (295 questing and 16 feeding) and 95 were

adults (all questing). An exceptionally high number of

I. scapularis was collected from one site (n = 504), and

the number of collected ticks ranged from 1 to 137 in

the other 30 sites where ticks where detected.

On average, P. leucopus tended to carry ticks more often

than other small mammals (average Prevalence L = 16.67

vs average Prevalence M = 6.34, Wilcoxon rank test,

W = �431.5, P < 0.04), but when carrying ticks, P. leuc-

opus did not carry a larger number of ticks than other small

mammals (P = 0.14).

Borrelia burgdorferi prevalence

Borrelia burgdorferi was detected at nine of our study sites

(Fig. 1, Table S1). Five mammals (four P. leucopus and one

P. maniculatus) tested positive for B. burgdorferi. These five

mice all carried feeding I. scapularis larvae and only one of

those was positive for B. burgdorferi.

Fifty-three of the 390 questing I. scapularis captured in

the vegetation and screened for the bacterium (questing

larvae were not processed) tested positive for B. burgdorfe-

ri, an infection rate of 13.6% (23.2% in adults and 10.2%

in nymphs). Of the 311 I. scapularis sampled on small

mammals and screened for B. burgdorferi, only two tested

positive. These two ticks were larvae feeding on two indi-

viduals of P. leucopus.

Small mammals and tick distribution patterns and

occurrence of Borrelia burgdorferi

There was no spatial autocorrelation between any of the

small mammal, ticks or habitat variables in our dataset (z

Moran’s index ranging from �0.03 to 0.94, all P > 0.35,

with a buffer of 66.32 km corresponding to the minimal

Euclidean threshold distance for which each site had at

least one neighbor), and thus, all variables were considered

statistically independent.

We performed a hierarchical partitioning analysis con-

sidering a total of 12 explanatory tick, mouse and small

mammal variables we measured in the field. Three variables

contributed most to the model predicting the presence of

B. burgdorferi at a site (Table 1): the proportion of P. leuc-

opus carrying ticks (PrevalenceL, independent contribution

to the variance I = 20.06%, P < 0.05), the total number of

ticks (Total T, I = 14.86%, P < 0.05) and the number of

questing ticks (QuestingT, independent contribution to the

variance I = 13.30%, P < 0.05). This result is in line with

our observation that the presence of B. burgdorferi was

most likely at sites where both the white-footed mouse and

the blacklegged tick co-occurred (Fig. 1).

Predicted distribution of the blacklegged tick and the

white-footed mouse

Climatic models

The maximum annual number of feeding female ticks at

equilibrium predicted by the current average DDs > 0°C
ranged from 0 to 206 over the study area (Fig. 2A) and in

Qu�ebec (Figure S1A). Tick abundance gradually decreases

from the southwestern to the northeastern part of the

region. Higher abundances are observed south of the Saint-

Lawrence River and extend from the border with the Uni-

Table 1. Explanatory variables ranked according to their independent

effect. I is the percentage of explained variance accounted for by the

variable calculated using a hierarchical partitioning analysis performed

with the tick, small mammals and Peromyscus leucopus variables as

explanatory variables and the probability of occurrence of Borrelia burg-

dorferi as the response variable.

Variable I (%) Z-score

Prevalence L 20.06 7.83*

Total T 14.86 4.13*

Questing T 13.30 3.95*

Feeding L 9.75 2.46*

Prevalence M 9.56 3.25*

Burden L 6.79 1.81*

Diversity 5.61 1.30

Burden M 4.49 0.64

Proportion 4.36 0.78

Density M 4.24 0.78

Richness 3.90 0.55

Density L 3.06 0.13

Prevalence L: number of individual P. leucopus carrying ticks per total

number of individual small mammal captured at a site, Total T: Number

of ticks collected at a site both in the vegetation and on small mammals

and of all life stages, Questing T: Number of ticks of all life stages col-

lected in the vegetation at a site, Feeding L: Number of larvae collected

on small mammals at a site divided by the number of trap nights, Preva-

lence M: number of individual small mammal carrying ticks per total

number of individual small mammal captured at a site, Burden L: mean

number of ticks feeding per P. leucopus individual captured at a site,

Diversity: small mammal diversity at a site estimated with the Shannon

index, Burden M: mean number of ticks feeding per small mammal indi-

vidual captured at a site, Proportion: proportion of P. leucopus in the

community relative to other small mammal species, Density M: mean

number of small mammal individuals captured at a site per night per

unit area (1 km2), Richness: total number of small mammal species at a

site, Density L: mean number of P. leucopus individuals captured at a

site per night per unit area (1 km2).

Z-scores were calculated to estimate the significance level of I for each

explanatory variable, using 1000 randomizations and significant vari-

ables are in bold (*P < 0.05).
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ted States to the south, to the northwestern limit of the

Mont�er�egie. The predicted abundance of ticks was the low-

est in the Estrie region, and intermediate in the Centre du

Qu�ebec region (Fig. 2A). These predicted values were cor-

related with the total tick abundance observed at our sites

(q = 0.45, P < 0.007). Using this model between

DDs > 0°C and tick abundance, the distribution of the tick

is expected to shift northward by up to 300 km by 2050

(Figure S1B).

The predicted probability of presence of the white-footed

mouse obtained from the climate distribution model ran-

ged from 49.83% to 97.51% over the study area (Fig. 2B)

and rapidly decreased above 45°N (Figure S2A). Two areas

appeared to be highly suitable for the establishment of

P. leucopus: the center of the Mont�er�egie and the South of

the Saint-Lawrence River to the southwestern tip of the

Mont�er�egie, where presence probabilities were >80%. The

current predicted presence probability of the white-footed

mouse was significantly correlated with the mouse density

observed at our study sites (q = 0.45, P < 0.007). By 2050,

the distribution of the white-footed mouse is predicted to

shift poleward by approximately 250 km (Figure S2B, Roy-

Dufresne et al. 2013).

Landscape models

The first two components of the PCA performed on the

landscape variables explained a cumulative variance of

73.07% (Figure S3). The first axis represented a land-

scape gradient from agricultural to woodland, with

increasing forest patch size and edge habitat and

decreasing degree of fragmentation. It was positively

correlated with the proportion of woodlands (r = 0.96),

the forest patch area (r = 0.94) and the forest patch

perimeter (r = 0.94), and was negatively correlated with

the proportion of agricultural fields (r = �0.76). The

second axis was positively correlated with the proportion

of urban areas (r = 0.95) and the mean resistance

(r = 0.87), and negatively correlated with connectivity

(r = �0.51) and the proportion of agriculture fields

(r = �0.52). The minimal distance to the nearest neigh-

bor was correlated with the third component (r = 0.98),

which further explained 12.59% of the variance.

There was a negative relation between the first PCA axis

and tick abundance and we used a negative-binomial

model to predict tick abundance (Total T = 2.55–0.37
PC1, Residual deviance = 39.05, P(estimate) < 0.004).

The observed density of white-footed mice was nega-

tively correlated with the first axis (q = �0.55,

P < 0.0008). We used the first axis of the PCA to predict

the density of the white-footed mouse, using a linear model

(Density L = 0.41–0.10 PC1; R2 = 0.24, F = 10.29,

P < 0.003). Both the density of the white-footed mouse

and the abundance of ticks were larger in a fragmented

landscape of small forest patches within an agricultural

matrix and decreased in areas predominantly covered with

large continuous forest patches.

Current distribution of Borrelia burgdorferi

We used a combination of our four factors to model the

risk of occurrence of B. burgdorferi: (i) the predicted maxi-

mum abundance of ticks obtained from DD > 0, (ii) the

presence probability of the white-footed mouse obtained

from the climate distribution modeling, (iii) the estimated

white-footed mouse density predicted from the first PCA

axis of the landscape variables, and (iv) the estimated tick

abundance from the first PCA axis of the landscape

variables.

These four variables were correlated with each other (all

q > 0.42 and all P < 0.012), and we used a hierarchical

partitioning analysis to evaluate both the independent and

joint contribution of the four variables on the presence of

B. burgdorferi. The independent contribution of P. leucopus

presence probability predicted by the climate was the larg-

est (64.32%, z = 4.33, P < 0.05). The independent contri-

bution of the tick abundance by the climate was 18.96%,

the independent contribution of P. leucopus densities pre-

dicted by the landscape was 8.38% and the contribution of

the tick abundance from the landscape was 8.35%, but they

were not significant. We nevertheless kept all the four fac-

I. scapularis 

P. leucopus

0 29 91 142 179 206

49.83 96.41 97.16 97.35 97.54 97.73

74°0’0’’ W 73°0’0’’ W 72°0’0’’ W

46°0’0’’ N

74°0’0’’ W 73°0’0’’ W 72°0’0’’ W

74°0’0’’ W 73°0’0’’ W 72°0’0’’ W

46°0’0’’ N

74°0’0’’ W 73°0’0’’ W 72°0’0’’ W

(A)

(B)

Figure 2 Current predicted distribution of the black-legged tick, that

is, the maximum annual number of feeding female ticks at equilibrium

(A) and the probability of presence of the white-footed mouse (B)

within the study area, based on climatic variables. On both panels,

filled black circles are field sites where Borrelia burgdorferi was not

detected and black circles with a white outline are field sites where

B. burgdorferi was detected.
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tors in our model, as they also contributed jointly to the

variance in the risk of occurrence of B. burgdorferi at a site,

a contribution whose significance level cannot be estimated

with the analysis.

Next, we used these coefficients to estimate a risk index

for the presence of B. burgdorferi over the study area. We

used the following formula to calculate this index:

risk ¼ ð0:1896� NumberTÞ þ ð0:6432
� ProbabilityLÞ þ ð0:0835� DensityLÞ
þ ð0:0838� TotalTÞ;

where Number T is the tick abundance (maximum num-

ber of feeding females) estimated from the mean annual

DD, Probability L is the presence probability of the mouse

estimated from the climate niche model, Density L is the

density of the mouse at a site estimated from the landscape

variables and Total T is the tick abundance estimated from

the landscape variables. The risk index was considered null

when the estimated tick abundance Number T = 0.

The risk index was null at one of the field sites and ran-

ged from 0.63 to 0.97 at the other 33 study sites (Fig. 3A).

A higher risk of presence was predicted in the southwestern

part of the Mont�er�egie, rapidly decreasing from the Cana-

dian border to the northwestern end of the Mont�er�egie

(Fig. 3A). All nine positives sites, where B. burgdorferi was

Current

Current

Future

74°0’0’’ W 73°0’0’’ W

46°0’0’’ N

72°0’0’’ W

74°0’0’’ W 73°0’0’’ W 72°0’0’’ W

46°0’0’’ N

80°0’0’’ W 70°0’0’’ W 60°0’0’’ W 80°0’0’’ W 70°0’0’’ W 60°0’0’’ W

80°0’0’’ W 70°0’0’’ W 60°0’0’’ W 80°0’0’’ W 70°0’0’’ W 60°0’0’’ W

50°0’0’’ N

60°0’0’’ N

50°0’0’’ N

60°0’0’’ N

(A)

(B) (C)

Figure 3 Current (A, B) and future (2050) (C) risk index for the presence of Borrelia burgdorferi. The future risk was estimated for a change in climate

under a combination of A2, A1b, and B1 greenhouse gas emissions scenarios from the IPCC (Nakicenovic et al. 2000) (WGS 1984 World Mercator).

The risk index at the local scale (panel A) was estimated from the distribution patterns of the tick and the mouse with both climatic and landscape

variables. The risk index at the regional scale (panels B and C) was estimated from the distribution patterns of the mouse and the tick with climatic

variables only. Both risk indices have been bounded from 0 to 1 and are relative estimates of the risk within a region that can be used to compare the

relative risk between two specific areas within the region. The risk maps were generated with risk index classified into quintiles.
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detected in the field, were located in an area of higher pre-

dicted risk (>0.87).
Lastly, we estimated the risk index at the scale of Qu�ebec,

without taking into account the effect of the landscape on

the density of the mouse or the abundance of the ticks,

since landscape variables were not available at this large

geographical scale. We performed a hierarchical partition-

ing analysis considering only the distribution of the mouse

and the tick estimated from the climate and found that

independent contributions of the mouse probability of

occurrence and the tick abundance to the variance in the

presence of B. burgdorferi were both significant. The proba-

bility of presence of the mouse obtained from the climate

niche modeling explained 69.60% of the variance

(z = 4.07, P < 0.05), and the maximum tick abundance

estimated from the DD > 0 was 30.40% (z = 1.73,

P < 0.05). The risk index for B. burgdorferi was thus as fol-

low: risk QC = (0.3040 9 Number T) + (0.6960 9 Prob-

ability L). The risk index was considered null when

Number T = 0. At this scale, the maximum risk index was

0.74 and rapidly decreased with latitude (Fig. 3B). The risk

index was null across most of the province of Quebec.

Future Borrelia burgdorferi distribution

We predict a shift of approximately 1.5 degrees of lati-

tude or 150 km north of the zone of high risk (risk

index >0.65) by 2050 (Fig. 3C) in Southern Qu�ebec.

This represents a rate of northern expansion of approxi-

mately 3.5 km per year. A greater shift is predicted to

occur in the northeastern direction, along the shores of

the St Lawrence River, where zones with a risk index

>0.65 are predicted to shift by 450 km, at a rate of

approximately 11 km per year. Another region of greater

increase in the risk index is along the shores of the

Saguenay River. Regions above 49 degree latitude will

not likely be exposed to B. burgdorferi by 2050.

Discussion

We predict a northward shift of B. burgdorferi into South-

ern Qu�ebec at a rate of approximately 3.5–11 km per year

over the next 40 years. Using empirical evidence and data

collected in the field, we provide a first quantitative estimate

of the relative importance of climate versus landscape vari-

ables on the distribution of the white-footed mouse and the

black-legged tick. We combined these to estimate a risk

index for the presence of B. burgdorferi hot spots. The envi-

ronmental risk for Lyme disease, estimated from the abun-

dance of ticks, the presence of B. burgdorferi and

the proportion of ticks infected at a site (Tsao 2009), is a

strong predictor of human Lyme disease case incidence in

the USA (Pepin et al. 2012). Here, we show that in our

study area this risk is also dependent on the distribution and

abundance of the white-footed mouse, a rapidly expanding

species in southern Qu�ebec. Our results therefore provide

essential information for efforts to anticipate and manage

the spread of Lyme disease in this region of emergence.

Current status of Lyme borreliosis and active surveillance

in Qu�ebec

The first human case of Lyme disease acquired in Qu�ebec

was reported in 2008 (Milord et al. 2013; INSPQ 2013).

The number of cases reported in the province has increased

from 2 in 2004 to 112 in 2013 (incomplete data for 2013,

Jodoin et al. 2013); of the 245 cases reported in Qu�ebec

since 2004, 80 were indigenous (49 in 2013). Based on this

evidence for an increase in Lyme disease in Southern

Qu�ebec, public health agencies recommended the continu-

ation of active surveillance in the region (Milord et al.

2013). Active surveillance in Qu�ebec has been focused on

the detection of established tick populations in the prov-

ince (e.g. Ogden et al. 2010), as well as identifying the pres-

ence B. burgdorferi and the prevalence of infection in ticks

toward a better understanding of environmental risk for

the pathogen. With the assumption that there is a link

between the abundance and spread of the black-legged tick

and the occurrence of Lyme disease in humans, some have

attempted to predict the risk of B. burgdorferi estimated

from tick distribution and abundance (e.g. Glass et al.

1995; Kitron and Kazmierczak 1997). These models how-

ever, did not take into account other key agents in the

transmission cycle of Lyme disease.

The importance of the white-footed mouse and black-

legged ticks

The transmission cycle of B. burgdorferi is complex, and

involves a suite of obligatory hosts for the vector tick, for

which suitable habitat and environmental conditions must

exist. Ticks hatch from eggs as larvae, then develop into

nymphs and finally adults over a two and a half- to 3-year

life cycle. At each transition from one life stage to the next,

they require a single blood meal taken from a host. B. burg-

dorferi transmission cycles involve acquisition of infection

from an infected host by a larval tick, maintenance of infec-

tion through development and molting to a host seeking

nymph, and transmission of infection to a new host by the

infected nymph. The efficiency of the transmission cycle in

a given location is then determined by the relationships

between the tick and its stage-specific host, in particular by

the proportion of ticks that feed on competent reservoir

hosts, and the efficiency of the competent reservoir host

species to transmit the infection to feeding ticks. In north-

eastern USA, the white-footed mouse is a very common
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host for I. scapularis larvae and is also a highly efficient res-

ervoir for B. burgdorferi, infecting 75–90% of the larvae it

feeds, and maintaining infection lifelong (Donahue et al.

1987; Ostfeld 2011). We thus expect the white-footed

mouse to be highly influential in the efficiency of cycles of

B. burgdorferi transmission among different vertebrate res-

ervoir hosts and in the proportion of host-seeking ticks in

any one location that are infected. The white-footed mouse

can therefore be key in determining Lyme disease risk for

humans.

Leighton et al. (2012) estimated a range expansion of

46 km per year over the next decade for I. scapularis in

Canada. The predicted rate of expansion for the white-

footed mouse is lower, at an estimated 15 km per year

in Michigan (Myers et al. 2009) and 10 km per year in

Southern Qu�ebec (Roy-Dufresne et al. 2013). We attri-

bute this difference to the difference in dispersal behavior

of the two species. Ticks benefit from long-distance dis-

persal by migratory birds (Ogden et al. 2008c), which

may be responsible for the rapid range expansion esti-

mated by Leighton et al. (2012). Yet, while migratory

birds disperse ticks from populations in the US into

southern Canada, they mostly disperse ticks during the

spring at the peak of activity of nymphal stage (Ogden

et al. 2008c; Brinkerhoff et al. 2011). These nymphs then

molt into adults that then feed on white-tailed deer,

which are dead-end hosts for B. burgdorferi. Furthermore,

the environmental conditions at most northern locations

where ticks are dropped may preclude the establishment

of reproducing tick population at these sites. As long as

the habitat is suitable (i.e. it provides a duff layer that

acts as a refuge protecting ticks from far subzero temper-

atures), I. scapularis readily survive over winter even

when air temperatures reach �30°C, so minimum winter

temperatures have a limited impact on where I. scapularis

populations can establish (Lindsay et al. 1995; Brunner

et al. 2012). However if spring, summer, and autumn

temperatures are too low, the temperature-dependent

duration of development from one life stage to another

becomes too long and the probability that a larva sur-

vives to be a reproducing adult falls below unity beyond

a certain northern latitudinal limit (Ogden et al. 2005).

So while ticks are potentially able to disperse over large

distances, several hundreds of kilometers, the local envi-

ronmental conditions constitute a hard boundary for

their development and survival. Mice, on the other hand,

rely solely on their own dispersal ability to shift their

range. We found that the presence of B. burgdorferi at a

site was related to the proportion of white-footed mice

carrying ticks, which in turn was correlated with mouse

density at a site. Other host present at our study sites in

this region (e.g., the deer mouse, shrews, voles, sciurids,

or ground-dwelling birds) are also competent reservoirs

of B. burgdorferi (see Ostfeld 2011) but are likely less effi-

cient in transmitting B. burgdorferi to feeding larval ticks

than P. leucopus (Rand et al. 1993). Both our results and

previous work (reviewed by Ostfeld 2011) thus point to

the importance of the white-footed mouse in determin-

ing the presence of B. burgdorferi.

The drivers: climate warming

The key potential role of climate warming on the north-

ern expansion of Lyme borreliosis in Europe and North-

America has been noted (e.g., Lindgren et al. 2000). The

average temperature during the growing season has

increased by 0.8°C over the last four decades in Mon-

t�er�egie (Almaraz et al. 2008). This recent increase in

average annual temperature has created more favorable

conditions for the establishment of tick and white-footed

mouse populations and contributed to the northern

expansion of the distribution range of these two species

(Brownstein et al. 2005; Ogden et al. 2006; Roy-Dufresne

et al. 2013). Migratory birds are breeding further north

in Qu�ebec each year (DesGranges and Morneau 2010),

dropping ticks that face new environmental conditions

compared with their site of origin. Ambient temperature

is limiting the distribution of ticks by affecting their rate

of development from one life stage to the next (Ogden

et al. 2005). In particular, the temperature during the

summer must be warm enough for the ticks to complete

their lifecycle (Ogden et al. 2005), and cold temperature

during the winter may preclude the survival of overwin-

tering ticks in the far north (but see Brunner et al.

2012). Likewise, the presence of the white-footed mouse

is favored by short winter and warm temperature and its

range is rapidly shifting poleward (Roy-Dufresne et al.

2013). Overall, there is thus an increasing body of empir-

ical evidence to support the hypothesis that climate

warming is a key driver of Lyme disease emergence, act-

ing upon many levels of the transmission cycle of the dis-

ease. Although rates of northward range expansion of

high risk zones for B. burgdorferi in eastern Canada may

be limited by the rates at which P. leucopus can expand

its range with climate change, it is also apparent from

our study that relatively modest changes in northward

range expansion will likely be accompanied by very much

greater expansion of the range of the rodent eastwards

and westward (Figure S2). Clearly, in large areas of

southern Qu�ebec, winters are currently too cold or long

for P. leucopus survival; however, only small warming

changes will be needed for a wide geographic area to

become suitable for this species. This has considerable

public health significance because, as for most of Canada,

most of the human population in Qu�ebec lives within a

few hundred kilometers of the US border and along the
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shores of the St Lawrence River. Therefore changes in

Lyme disease risk in this region will likely have the great-

est influence on Lyme disease incidence in Canada.

The drivers: habitat change

Coincident with recent climate warming, is the intensifi-

cation of agriculture and deforestation that has led to

the fragmentation of the landscapes and a mosaic of

agriculture lands and forested patches. In Southern

Qu�ebec, the degree of forest habitat lost is high, with a

70% decrease in old growth forest in the Mont�er�egie

alone over the last 70 years (Wampach 1988). While cli-

mate, especially temperature, plays a key role in limiting

the distribution of the tick, we found that landscape

variables (including both land use, patch area and con-

nectivity measures) were a significant predictor of the

abundance of the tick. The connectivity between habitat

patches in a fragmented landscape has been shown to

affect tick densities, which are higher in this type of

mosaic landscape than in more homogeneous and con-

tinuous forested landscapes (e.g., Barbour and Fish 1993;

Brownstein et al. 2005). A higher tick density in frag-

mented areas (Killilea et al. 2008) presumably reflects a

higher abundance of hosts for feeding and reproduction

in these habitats (e.g., Nupp and Swihart 1996; Allan

et al. 2003; Anderson and Meikle 2006); the white-footed

mouse benefits from higher edge habitats in small forest

fragments (Wilder et al. 2005). Small forest patches are

often surrounded by less suitable habitats which may

hinder dispersion and promote genetic and morphologi-

cal differentiation between isolated populations (Klein

and Cameron 2012; Munshi-South 2012; Ledevin and

Millien 2013; Rogic et al. 2013; R. R. Marrotte, A. Gon-

zalez, and V. Millien unpublished data). There is thus

empirical evidence that features of the landscape such as

less favorable habitats or physical barriers (e.g., rivers

and roads) are limiting dispersal of the white-footed

mouse. Habitat fragmentation is thus expected to affect

the pattern of the spread of Lyme disease in Southern

Qu�ebec, as it is limiting the distribution of both the tick

and the mouse. However, we found that habitat-related

variables were much less influential than climatic-related

ones in predicting the presence of B. burgdorferi.

Other factors and the limits of our approach

While our study provides robust evidence for the combined

effects of the expansion of both the tick and the mouse on

the rate of emergence of Lyme disease, our approach has

several limitations.

First, our risk index at the regional-Qu�ebec scale was

estimated from the potential distribution of the tick and

mouse, which is limited by climatic factors. Yet, the real-

ized distribution of the tick and the mouse is likely con-

strained by a number of other interacting factors, in

addition to climatic ones (Elith and Leathwick 2009; Ara-

ujo and Peterson 2012); these include landscape structure

and the existence of geographic barriers (Bennie et al.

2013; Reino et al. 2013; Rioux-Paquette et al. 2014), the

interaction with coexisting species (e.g. competition, Ara-

ujo and Peterson 2012), and dispersal behavior (Elith and

Leathwick 2009). At the landscape scale, we found that the

landscape was limiting the distribution of both the white-

footed mouse and the black-legged tick, but to a lesser

extent than climate variables. Overall, there is a consider-

able body of evidence that climate plays a major role in

determining species distribution (Araujo and Peterson

2012), an hypothesis confirmed by our results.

Second, the climate model we used for the back-legged

tick was a simple model linking tick abundance and tem-

perature. Temperature is a key factor limiting the current

distribution, establishment rate and future northern expan-

sion of tick populations. However, other climatic factors

are also important at limiting the distribution of the black-

legged tick. Ticks, for example, are sensitive to desiccation

while questing and require a minimum level of humidity.

On the other hand, an excess of rain will hinder activity

levels of the ticks, and decrease their chances of obtaining

the blood meal they require to transition to their next life

stage. Leighton et al. (2012) found that temperature was

the main factor contributing to the establishment of tick

population, but other variables such as rainfall and eleva-

tion were also included in their model. These conclusions

are in agreement with the conclusion of Ogden et al.

(2005) who found that when taken alone, temperature

likely over-predicts the actual suitable range of black-legged

ticks in Southern Canada.

Third, as noted in Paull et al. (2012), climate-driven

changes in disease ecology are constrained by a number of

other underlying and interacting factors (Ogden et al.

2013). For example, in her study of tick populations in Eur-

ope, Randolph (2008) found that Ixodes ricinus quested ear-

lier in response to climate warming. However, this resulted

in a mismatch between the timing of questing of larvae and

the rise of small mammal host abundance, which in turn

resulted in an increased mortality rate in ticks, and a

decreased prevalence of tick-borne encephalitis (TBE) in

their hosts (Randolph 2008). In this case, climate warming

was not linked to an increase risk in human cases of TBE.

Here, we argue that while the presence of ticks is essential

for B. burgdorferi transmission, ticks alone cannot predict

the occurrence of B. burgdorferi, and that the white-footed

mouse is a key element driving the distribution of the path-

ogen in this area of rapid invasion. However, other hosts

that we did not consider may be equally important. The
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main host for the adult, reproductive stage of the tick, is

the white-tailed deer (Odocoileus virginianus). There has

been an increase in abundance of the white-tailed deer in

North America during the 20th century (Ostfeld 2011),

and in southern Qu�ebec, white-tailed deer populations

have exceeded historical records of abundance in recent

years (Huot and Lebel 2012).

Finally, we hypothesized that the magnitude of the

effects of climate on the tick and mouse distribution does

not change with time. Yet, this remains to be confirmed,

especially in the context of range expansion when local

adaptation of marginal populations may occur (e.g., Hill

et al. 2011). Using neutral genetic markers and landmark

data from the skull, we detected a strong geographical

differentiation of populations of the white-footed mouse

across forest patches within our study area (Ledevin and

Millien 2013; Rogic et al. 2013). Interestingly, the pat-

terns of genetic and morphological differentiation

matched each other, hinting to a possible rapid—over

the last few decades—evolution of populations isolated in

favorable forested habitat within a landscape of less

favorable habitat. With that scenario, each isolated popu-

lation of white-footed mouse would have adapted to the

local biotic and abiotic conditions, which could poten-

tially alter its relationship with the black-legged tick (e.g.

through behavioral adaptation) and ultimately the effi-

ciency of the transmission cycle of B. burgdorferi locally.

Alternatively, the local genetic and phenotypic differentia-

tion we observed in the white-footed mouse could be the

result of multiple independent founder events within an

heterogeneous landscape, where each propagule and

founding population would only carry a subset of the

gene pool and phenotypic traits found in the original

core population (Bell 2013). In this case as well, both the

relation between the white-footed mouse and the black-

legged tick and the transmission rate of B. burgdorferi

may vary across populations. A change in disease spread

within these isolated populations could occur for example

in response to a change in the genetic diversity of the

white-footed mouse populations (e.g., King and Lively

2012). Predictions about the future risk of spread of

Lyme disease in Southern Qu�ebec should consider the

potential for evolutionary change in the multiple species

involved in the transmission of B. burgdorferi, and how

evolution can alter the consequences of shifts in distribu-

tions of these species in response to environmental

changes on disease occurrence (e.g., Hendry et al. 2011;

Lankau et al. 2011). An effort to integrate both ecological

and evolutionary responses of hosts, vectors and their

pathogens will improve management of Lyme disease; a

conclusion that likely extends more generally to the

effects of diseases on wildlife (e.g., Vander Wal et al.

2014).

Conclusion

Our study aimed at combining both field and modeling

approaches to better understand the pattern and rate of

Lyme disease spread in Southern Qu�ebec in the next few

decades. Here, we have identified a strong association of

B. burgdorferi with the presence of P. leucopus in a zone

of emergence of Lyme disease risk. Clearly, the presence

of P. leucopus is not a sine qua non for B. burgdorferi

invasion; this bacterium is a host generalist (Hanincova

et al., 2006), it is emerging in a number of locations in

Manitoba where P. leucopus does not occur (and P. mani-

culatus is the dominant rodent species: L. R. Lindsay,

unpublished data), and the bacterium was identified at

one of our sites where P. leucopus was not found. Never-

theless, here B. burgdorferi was most often found in loca-

tions where both I. scapularis and P. leucopus occurred,

which suggests that the presence of P. leucopus facilitates

B. burgdorferi invasion. Communities where P. leucopus

occur are likely producing more efficient B. burgdorferi

transmission cycles, resulting in higher infection preva-

lence in small mammals and ticks. These P. leucopus-rich

communities are therefore hot spots for Lyme disease

risk, and we predict that the geographic scope of these

hot spots will spread north with climate change. While

our risk maps are helpful for identifying areas of highest

risk for Lyme disease, our work also provides a baseline

for comparison to future studies of surveillance and thus

helps at quantifying the rate of emergence of Lyme dis-

ease in the region. We recommend that combined studies

of the distribution of ticks and white-footed mouse are

conducted to assist decision-making on managing Lyme

disease risk in Qu�ebec. Such studies will facilitate the

identification of current and future areas of high risk of

occurrence of B. burgdorferi in the region. While the

overall prevalence of B. burgdorferi host-seeking ticks in

Southern Qu�ebec is still low (~13%, this study; Ogden

et al. 2010) in comparison with the rates of >20% typi-

cally observed in the United States (Gatewood et al.

2009), the risk of acquiring Lyme disease in Qu�ebec is

now real and growing (Bourre-Tessier et al. 2011). Future

work should be designed to integrate data on human rec-

reational and professional activities and link the environ-

mental risk (i.e., the presence of B. burgdorferi) with

Lyme disease risk in humans (Medlock and Jameson

2010).
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Supporting Information

Additional Supporting Information may be found in the online version

of this article:

Figure S1. Current (A) and future (B) predicted abundance (the max-

imum annual number of feeding female ticks at equilibrium) of the

black-legged tick, based on DD > 0.

Figure S2. Probability of presence for the current (A) and future (B)

projected distribution of the white-footed mouse, based on climatic vari-

ables.

Figure S3. Factor map of the principal component analysis performed

on landscape variables.

Table S1. Field data for the 34 field sites.
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