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Ixodes scapularis Say (1821), the ixodid tick vector of
a number of tick-borne zoonoses (including Lyme
borreliosis, human anaplasmosis, and babesiosis;
Thompson et al. 2001) is resident in a small number of
foci in southern and eastern Canada. The number of
1 Groupe de Recherche en Épidémiologie des Zoonoses et Santé
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foci has increased, however, over the past few years,
i.e., populations are becoming established, possibly
introduced from the eastern United States on northward migrating birds in the spring of each year (Scott
et al. 2001, Madhav et al. 2004). Increasing temperatures associated with global climate change may permit greater survival of ticks that are immigrating into
Canadian habitats (Brownstein et al. 2005, Ogden et al.
2005).
The geographic distributions and densities of many
arthropod vector species are sensitive to climate because the vectors are nonparasitic for at least some of
their life cycle at which time they are subject to
ambient conditions. Ixodid tick populations and endemic cycles of the pathogens they transmit are potentially sensitive to climate because temperature and
relative humidity determine activity and survival of
host-Þnding ticks, and temperature partly determines
the rates of development of ticks from one instar to
another (reviewed in Ogden et al. 2005). In habitats
where ticks occur, the litter layer is the habitat of
developing ticks and acts as a refuge from dehydration
and adverse temperatures for host-seeking ticks. The
litter layer may ameliorate climate effects on tick sur-
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ABSTRACT In southeastern Canada, most populations of Ixodes scapularis Say, the Lyme disease
vector, occur in Carolinian forests. Climate change projections suggest a northward range expansion
of I. scapularis this century, but it is unclear whether more northerly habitats are suitable for
I. scapularis survival. In this study, we assessed the suitability of woodlands of the Lower Great
Lakes/St. Lawrence Plain region for I. scapularis by comparing tick egg survival in four different
woodlands. Woodlands where I. scapularis are established, and sand dune where I. scapularis do not
survive, served as positive and negative control sites, respectively. At two woodland sites, egg survival
was the same as at the positive control site, but at two of the sites survival was signiÞcantly less than
either the positive control site, or one of the other test sites. Egg survival in all woodland sites was
signiÞcantly higher than in the sand dune site. Ground level habitat classiÞcation discriminated among
woodlands in which tick survival differed. The likelihood that I. scapularis populations could persist
in the different habitats, as deduced using a population model of I. scapularis, was signiÞcantly
associated with variations in Landsat 7 ETM⫹ data (normalized difference vegetation index [NDVI]
and Tasselled Cap indices). The NDVI index predicted habitat suitability at Long Point, Ontario, with
high sensitivity but moderate speciÞcity. Our study suggests that I. scapularis populations could
establish in more northerly woodland types than those in which they currently exist. Suitable habitats
may be detected by ground-level habitat classiÞcation, and remote-sensed data may assist this process.
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Materials and Methods
Tick Collection and Oviposition. In April 2004,
host-seeking adult I. scapularis ticks were collected by
ßagging the herbage of woodlands at Long Point
(42⬚ 36⬘ N, 80⬚ 5⬘ W) and the close-by Turkey Point
(42⬚ 42⬘ N, 80⬚ 19⬘ W), Ontario, sites where I. scapularis

populations are established (Lindsay et al. 1997, Scott
et al. 2004). In the laboratory, female and male ticks
were placed in foam rubber chambers attached to the
backs of one of four beagle dogs. The female ticks were
allowed to engorge on the dogs, which were examined
daily, and the ticks were collected on the day that
they dropped off the dog. The engorged females were
then incubated at 18⬚C and 95% RH, with a photoperiod of 12:12 (L:D) h for 38 d. The length of this
incubation period was calculated, from previous studies of the effect of temperature on the preoviposition
period of I. scapularis (Lindsay 1995; Ogden et al.
2004), to ensure that all females completed oviposition.
Study Site Selection and Estimation of Egg Mass
Survival in the Field. The four “test” study sites were
made up of woodland habitats that frequently occur in
the Lower Great LakesÐSt. Lawrence Plain ecozone of
Ontario and Quebec and the Deciduous Forest regions of southern Ontario (Lee et al. 1998). The positive control site was a site where I. scapularis populations are already established (Turkey Point, Ontario;
Scott et al. 2004), and one negative control site was a
site where egg mass mortality was 100% in a previous
study, effectively precluding tick establishment (dune
habitat at Long Point, Ontario; Lindsay et al. 1998).
The vegetation at each site was classiÞed according to
the criteria of the Ecological Land ClassiÞcation for
Southern Ontario (Ontario Ministry of the Environment; Lee et al. 1998), which includes assessment of
species of trees and herbs present and their relative
and overall dominance and ground cover, soil characteristics (including moisture), and site aspect. The
relevant data are presented in Table 1. The sites were
selected on the basis of location, appropriateness of
vegetation, and landowner compliance. Before use in
the study they also were assessed for absence of recent
major perturbations (felling or planting of trees or
drainage) and parcel size: each comprised a block of
similar habitat of at least 1 km2, i.e., within the resolution of available Landsat 7 ETM⫹ satellite data images. The geographic information system (GPS) locations of the site boundaries were obtained using a
handheld GPS device (with 7-m resolution) when the
egg masses were placed in the Þeld.
Ticks were placed in the Þeld in housings similar to
those described previously (Lindsay et al. 1996). The
housings comprised plastic buckets with waterproof
lids. Holes were cut in the sides, lid and base to
allow air to circulate freely, and rainwater to enter and
drain. The holes were covered with nylon sheer as a
precaution against the escape of any hatched larvae.
On site, a core of earth and litter layer of the internal
diameter of the housing and of ⬇10-cm depth was
carefully cut from the ßoor of the site and placed
inside the housing. The housing was then placed in
the hole from which the core was removed so that
the ground level, within and without the housing,
was the same. Shallow plugs of soil and litter layer
were then cut from the earth within each container
and placed into 10-ml plastic tubes. One egg mass was
placed between two small squares of sheer, and this
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vival and activity (Bertrand and Wilson 1996). Some
forests and grasslands provide litter layer habitats that
are advantageous for tick survival, whereas other habitats are unlikely to permit tick survival even though
macroclimatic conditions are suitable for them (Lindsay et al. 1998, Guerra et al. 2002).
ClassiÞcations of habitat types (e.g., on the basis of
plant assemblages) could therefore act as indices for
tick distributions and densities by acting as indices of
tick survival (Guerra et al. 2002), and they could
contribute to the development of risk maps for the
occurrence of existing or newly establishing I. scapularis populations in Canada. Increasingly, methods of
classifying habitats by using remotely sensed data,
such as normalized difference vegetation index
(NDVI) obtained from satellite data, are being used as
indices for disease risk (Beck et al. 2000).
Currently, most of the I. scapularis populations
in Canada occur in southern Ontario along the shores
of lakes Ontario and Erie (Ogden et al. 2005) where
a number of factors, which may be important for
I. scapularis establishment, coincide. First, the climate
is the warmest in eastern Canada (see the Agriculture
and Agri-food Canada plant hardiness zones Web site
at http://sis.agr.gc.ca/cansis/nsdb/climate/hardiness/
intro.html). Second, the spring migratory bird densities are high (Ontario Ministry of Natural Resources
2000) And third, the woodland habitats are suitable for
I. scapularis survival (Barker and Lindsay 2000). These
are woodlands of the “Carolinian” or “Deciduous Forest” region that, in Canada, has a geographic range
limited to the shores of lakes Ontario and Erie and the
immediate hinterland (Rowe 1972).
Increases in temperatures because of climate
change are expected to occur more rapidly than northern expansion of the geographic range of habitats
(IPCC 2001). Therefore, in this study, we aimed to
investigate whether other woodland habitat types, of
the more widespread Lower Great LakesÐSt. Lawrence Plain region of southeastern Canada (Rowe
1972), could support I. scapularis and permit a more
immediate range expansion beyond the limit of Carolinian forests. To do so, we focused on the survival of
egg masses produced by adult female I. scapularis, the
tick stage most susceptible to variations in habitat
(Lindsay et al. 1998). We used the mortality rates
observed in simulations of I. scapularis tick populations (Ogden et al. 2005) to assess whether observed
variations in tick survival could have an effect on
establishment of tick populations. We also investigated the power of remote-sensed data (e.g., NDVI
characteristics; Estrada-Peña 2001) to discriminate
among woodland types in which tick survival may be
somewhat different.
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Fresh-moist sugar maple deciduous
forest (black maple type)
Fresh-moist lowland deciduous
forest (black maple type)

3

b

Pinus strobes, P. sylvetris, Juglans niger,
Staphylea trifolia

A. nigrum, A. saccharum, F. nigra,
F. pennsylvanica
A. nigrum, F. nigra, F. pennsylvanica,
Ostrya virginiana

F. nigra, F. pennsylvanica, A. rubrum,
Thuja occidentalis

Acer saccharum, A. nigrum, A. rubrum,
Fraxinus americana
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⫹

⫹

⫹
SWD2

FOD7-5

⫹
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FOD5-9

Alternate leaved dogwood (Cornus
alternifolia), raspberry spp.
(Rubus spp.), red elderberry
(Sambucus pubens), blue
cohosh (Caulophyllum
thalictroides), wild leek (Alium
tricoccum), Trillium spp., Jackin-the-pulpit (Arisaema
atrorubens)
Spotted touch-me-not (Impatiens
capensis), sensitive fern
(Onoclea sensibilis), oak fern
(Gymnocarpium dryopteris),
lady fern (Athyria felix-femina),
rough bedstraw (Gallium
asprellum)
Trillium spp., spotted touchme-not, Jack-in-the-pulpit
Alternate leaved dogwood, Prickly
gooseberry (Ribes cynosbati),
poison ivy (R. radicans), Wild
leek (Alium tricoccum), blue
cohosh, sensitive fern
Poison ivy

DeciduousÐ
Carolinian

Ecozone
Great LakesÐ
St Lawrence

Code

Other indicator spp.

Note that this vegetation class occurs in both ecozones, although additional indicator herbs speciÞc for the deciduous ecozone were not present on this site.
Although this site occurred close to Carolinian forest of the deciduous ecozone, only one indicator plant (J. niger) speciÞc to this forest type was found.

Sand

Dry: loamy sand

Fresh-moist: silty
clay-loam
Moist: clay-loam

Moist: silty clay

Dry: sandy clayloam

Soil
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a

⫺ve control

⫹ve control

Black walnutÐwhite pine mixed
plantation
Open sand dune

Ash mineral deciduous swamp

2

4

Dry-fresh sugar maple deciduous
forest (red maple type)

Habitat

Soil and vegetation characteristics of the study sites

1

Site no.

Table 1.
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“sandwich” was held in place over the end of the
plastic tube by the tube cap that had a large hole cut
in its center. The plastic tube was then placed inverted
into the hole from which the plug had been cut in the
soilÐlitter layer core within the housing. The egg mass
was therefore restrained by nylon sheer but in contact
with soilÐlitter layer within the outer housing, and
litter layer within the plastic tube (Fig. 1). Five egg
masses (each in one plastic tube) were placed in each
outer housing. Once in situ, the whole housing was
covered with wire netting anchored into the ground to
prevent the housing being disturbed. Five replicate
housings were placed in each site (four in the negative
control sand dune site) at ⬇10-m intervals along a
paced transect of ⬇50 m. Each transect was sited to be
at least 10 m from any observed “edge” of change in
habitat type. Thus, 25 egg masses were placed in each
site, except for the negative control sand dune habitat
into which 20 egg masses were placed. Egg masses
were randomly allocated to the housings.
Egg masses were placed in the Þeld on 23 July 2004
and recovered on 9 September, the day before eclosion was predicted to occur using laboratory-derived
relationships between temperature and egg-to-larva
development (Ogden et al. 2004). We used 1971Ð2000
temperature normals for July to September at the
London Airport, Ontario meteorological station (obtained from the Environment Canada Web site at
http://www.climate.weatherofÞce.ec.gc.ca/climate_
normals/index_e.html) as input to obtain the estimated date for eclosion. After collection from the
Þeld, the egg masses were incubated at 18⬚C, 95% RH,
and a photoperiod of 12:12 (L:D) h for 45 d to ensure
that all viable, unhatched larvae had emerged. The
larvae were then killed at ⫺20⬚C. The numbers of
hatched larvae and the number of unhatched eggs

remaining in each egg mass were then counted at 10⫻
magniÞcation after suspension in 70% ethanol.
Modeling of Tick Populations in Study Sites. We
used a dynamic population model of I. scapularis
(Ogden et al. 2005) to investigate the degree with
which differences in egg mortality among the test and
control sites may affect the survival of establishing
populations. We ran model simulations using temperature data (and tick developmental times estimated
from these data) from two meteorological stations in
Ontario, Canada: Blyth (43⬚ 43⬘ N, 81⬚ 23⬘ W) and
London Airport (43⬚ 02⬘ N, 81⬚ 09⬘ W). Blyth is close
to the current northern limit for the range expansion
of I. scapularis, based on a threshold annual number of
degree-days ⬎0⬚C that was previously estimated using
the model, whereas London airport is located well
within this limit (Ogden et al. 2005).
Daily per-capita mortality rates for eggs were obtained from the raw data for the positive control site
by using the formula mortality () ⫽ ⫺ln(proportion
eggs surviving)/(no. of days of study) (Cherry et al.
1998). CoefÞcients for the difference in mortality of
eggs (over the 47 d of the study) between test and
positive control sites, and standard errors around these
estimates, were used to provide daily per capita mortality rates for eggs in each of the test and negative
control sites.
The model was run to simulate tick populations
suffering egg mortality rates observed in each habitat
type, by using tick developmental rates estimated from
the 1971Ð2000 monthly temperature normals for each
of the stations (Ogden et al. 2005). Model simulations
were repeated for each siteÐ habitat with alterations to
the mortality of questing and developing ticks of stages
other than eggs. These mortality rates in Ogden et al.
(2005) were adjusted by 1/10 the difference between
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Fig. 1. Diagram of tick housings as placed in the Þeld. For simplicity, only two plastic tubes are shown in the
housing.
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values were processed into three indices for each
selected pixel in each image and transferred into in
ArcInfo. These indices were 1) NDVI, which measures vegetative biomass; 2) Tasselled Cap greenness
(TC-greenness), which measures chlorophyll of actively growing vegetation; and 3) Tasselled Cap wetness (TC-wetness), which measure soil moisture or
moisture detected in the reßected layer.
Each pixel from each site was classiÞed as 1 or 0
according to whether I. scapularis populations survived in those habitats consistent with the results of
model simulations using temperature data from the
colder Blyth meteorological station (see above). Tick
survival at each pixel was then the outcome variable
in logistic regression models built in STATA/SE 8
(Stata Corporation, College Station, TX). In these
models, site number, NDVI, and Tasselled Cap data for
each pixel (and the difference between images in
these data) were the explanatory variables. Linear,
quadratic, and cubic relationships between explanatory and outcome variables were explored as was the
possibility that multivariable models may enhance the
explanatory power of the regression models. These
analyses were repeated using data only from the
woodland habitats to investigate the power of the
explanatory variables to discriminate among the most
similar habitat types.
From these logistic regressions, we obtained the
value for each remote-sensed data type at which the
probability of tick survival was 0.05 (i.e., the remotesensed data value at which y ⫽ log[0.5/1 ⫺ 0.5]). We
then considered these as index values that deÞned
potential “limits” of the suitability of habitat for
I. scapularis survival. To test the sensitivity and speciÞcity of these limits, we identiÞed areas at Long Point,
Ontario, that corresponded to maple forest, where
I. scapularis survive, and oak savannah where I. scapularis do not survive (Lindsay et al. 1998). We located
these habitats on digitized aerial photographs, which
were then laid on the Landsat 7 ETM⫹ images. In each
habitat (suitable and unsuitable), we then compared
the proportions of pixels predicted to be suitable or
unsuitable for I. scapularis according to the NDVI and
Tasselled Cap limits obtained from the regression
model. SpeciÞcity (percentage of pixels in unsuitable
habitat detected as such) and sensitivity (percentage
of pixels in suitable habitat detected as such) were
then calculated. The remote-sensed data limit that
gave the highest percentage of correctly classiÞed
pixels was used to highlight locations on the Landsat
7 ETM⫹ images (in ArcInfo 9.0, ESRI) where habitat
in southern Ontario was predicted to be potentially
suitable for I. scapularis.
Results
Egg Mass Survival at the Study Sites. In total, 189
engorged female ticks were collected from the dogs of
which 162 produced at least one egg after incubation.
All females had died by the end of the incubation for
oviposition. All of the 145 egg masses subsequently
used in the study comprised ⬎300 eggs.
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the mortality of eggs in the habitat of each study site
and the positive control habitat. This Þgure was used
to provide a wide margin of effect of unsuitable habitat
on mortality rates above those for nonparasitic larvae,
nymphs, and adults observed in the Þeld (Lindsay et
al. 1998). By overestimating habitat effects on mortality rates in model simulations, we could be more
certain that I. scapularis could establish in a particular
habitat in which eggs survived in the study.
In each case, the outcome that we used to determine whether tick populations survived or died out
was the annual maximum number of feeding adult
female ticks after the model reached equilibrium (⬇10
simulated years), which was an index of the total
numbers of ticks surviving annually.
Statistical Analysis and Analysis of Remote-Sensed
Data. Investigation of Tick Survival at the Study Sites.
Negative binomial regression models (as dictated by
regression diagnostics) were constructed in SAS version 8 (SAS Institute, Cary, NC) to investigate differences in the numbers of eggs that failed to produce
larvae among the study sites. The outcome variable
was the number of counted eggs that remained unhatched in each egg mass. The total number of larvae
and eggs counted in each egg mass was included as an
“offset” in the model to account for the starting number of eggs in each mass. The explanatory variables
were the site number (as a factor), the habitat classiÞcation (as a factor), and the replicate housing number (as a factor). The identiÞcation of the dog on
which the ticks fed was included as a random effect.
Forward and backward substitution of the factors was
used to compare the survival of eggs in each habitat
with that that occurred in both the positive control
and negative control sites. We used a priori contrasts
to compare mortality rates between the different test
sites. The level of signiÞcance was set at P ⬍ 0.05.
Investigation of Relationships between Tick Survival
and Remote-Sensed Data. Two cloud-free georeferenced Landsat 7 ETM⫹ images (row 18, track 30,
30 m2 pixel ground resolution) for southern Ontario
were obtained. One was captured by the satellite in
late summer (September) 1999, and the other in
spring (April) 2000. Each Landsat image was radiometrically and geometrically corrected and reported
radiance values for each pixel. Radiance index values
from the images were obtained after the images were
processed using ENVI version 4 (Research Systems,
Inc. Boulder, CO). The GPS locations of the study sites
were overlain over the satellite images, in ArcInfo
version 9 (ESRI, Redlands, CA), to select pixels that
covered the study sites. The locations of the pixels
were visually cross-referenced with the boundaries of
the study sites, which were readily recognizable on
the satellite image. Pixels at the edges of the sites were
excluded and a minimum of six pixels was selected at
each site. A larger sample of 58 pixels of woodland
surrounding the positive control site at Turkey Point,
where I. scapularis populations are also established,
was analyzed to decrease the variance associated with
the mean of the remotely sensed indices of positive
control habitat. In the ENVI software, the radiance
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At the time of recovery from the Þeld none of the
egg masses had yielded larvae except those recovered
from the negative control sand dune habitat. At the
time of collection, some larvae had hatched from all of
the egg masses collected from this site. After incubation in the laboratory, larvae had hatched from all but
one of the egg masses recovered from the Þeld. Five
egg masses were lost to the study because of laboratory
accidents. Per egg mass, the mean number of counted
larvae was 1,334 (range 0 Ð2,922), the mean number of
counted unhatched eggs was 197 (range 2Ð2,015), and
the mean total for all larvae and unhatched eggs was
1,530 (range 353Ð3132). Assuming the total number of
larvae and eggs counted in each egg mass represented
the actual total number of eggs oviposited by the
female tick, the mean proportion surviving was 0.853
(range 0 Ð 0.996).
In an initial analysis, the amount of variance in the
regression model attributable to variation in egg survival among containers, within a site, was negligible
(estimate 2.08 ⫻ 10⫺18, P ⬎ 0.1). The variances attributable to differences between study sites and the
dogs on which the ticks fed were signiÞcant (estimates
0.035 and 0.0017, P ⬍ 0.001 and P ⬍ 0.1 respectively).
The container in which ticks were placed was, therefore, not included in further analyses, but the dog on
which ticks fed remained as a random effect in the
model.
There were signiÞcant differences among habitats
in the proportion of eggs that died. The number of eggs
that died was signiÞcantly higher in the negative control site that in all the other habitats (Table 2). The
mortality of eggs at the test sites was not signiÞcantly
different from that occurring at Turkey Point (the
positive control site) except at the mapleÐ beech
woodland at site 1 where egg mortality was signiÞcantly higher (Table 2). There were no other significant differences among the test sites, other than the
signiÞcantly lower survival at site 4 than at site 2
(coefÞcient ⫽ e⫺1.057, SE ⫽ 0.168, P ⬍ 0.001).
Model Simulations of I. scapularis Populations.
When the model was run using mortality estimates
from maple forest at Long Point, but with egg mass
mortality observed in each of the habitats in the current study, the simulated I. scapularis populations did
not die out in any habitat in either of the simulated
locations (London and Blyth). However, the number
of ticks at equilibrium in the model followed the mortality pattern observed in the Þeld for each site: tick
numbers were very low in Cottonwood sand dune,
similar to the Turkey Point woodland at sites 2 and 3,
and intermediate for sites 1 and 4 (Fig. 2). When
simulations were run with mortality rates of other tick
stages (engorged and questing ticks) increased or decreased by 10% of the observed difference in egg mass
mortality in each site, the simulated populations died
out in Cottonwood sand dune habitat and site 1 when
using London Airport temperatures, and also at site 4
when using Blyth temperatures. Under these conditions, simulated numbers of ticks were higher at site 3
than at any other site, including Turkey Point (Fig. 2).
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Fig. 2. The maximum annual numbers of adult ticks (⫾SE) at model equilibrium in simulations of I. scapularis populations
by using temperatures at London (a) and Blyth (b), Ontario. The habitats at the different sites were 1) dry-fresh sugar maple
forest, 2) ash mineral deciduous swamp, 3) fresh-moist sugar maple forest; and 4) fresh-moist lowland deciduous forest. The
positive control habitat was black walnutÐwhite pine plantation, and the negative control habitat was sand dune.

Comparison of Remote-Sensed Data among the
Study Sites. Variations among sites in remote-sensed
data showed some consistency across the data types. In
the image taken in spring 2000, sites where I. scapularis
are already established, or where egg survival was highest
in this study, generally had higher NDVI, TC-greenness,
and TC-wetness values than the sites where I. scapularis
is known not to survive, or where egg survival was poor
in this study (Fig. 3). For TC-wetness, the differences
among sites were similar in both the late summer 1999
and spring 2000 images. For TC-greenness and NDVI,
there were similar differences among sites in the two

images, but values for both data types in I. scapularissuitable sites were lower, not higher, in nonsuitable sites
in the summer 1999 image (Fig. 3).
When using data from all sites in logistic regression
models, the likelihood that I. scapularis populations
survived or not (as predicted by I. scapularis population model simulations by using temperature data
from Blyth) varied signiÞcantly with NDVI, TC-wetness, and TC-greenness in both images (Table 3). In
the image taken in September 1999, the relationships
between the likelihood that ticks survived and NDVI
or TC-greenness were quadratic (Table 3). Other than
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Fig. 3. Mean (⫾SE) Landsat 7 ETM⫹ data for the study sites, and other locations, from images gathered in early
September 1999 (when deciduous trees still had leaves) and early April 2000 (before deciduous trees were fully in leaf). The
locations are (from right to left) the four study sites, the positive control site (⫹ve 1, woodland at Turkey Point, Ontario),
woodland adjacent to the positive control site (⫹ve 2), and the negative control site (⫺ve, sand dune at Long Point, Ontario).
Also shown are the values for oak savannah and maple forest woodland at Long Point, Ontario, habitats known to be unsuitable
and suitable, respectively, for I. scapularis (Lindsay et al. 1998) and used in assessing the sensitivity and speciÞcity of
remote-sensed data for detecting habitat suitable for I. scapularis.

these cases, the relationships were all linear and positive, with higher TC-wetness, TC-greenness, and
NDVI being associated with a greater likelihood that
tick populations survive (Table 3). Greater betweenimage differences in NDVI, TC-greenness, and TCwetness were signiÞcantly associated with a lower
likelihood of tick population survival when tested as
individual explanatory variables. Between-image differences in NDVI and TC-greenness remained signiÞcant in the multivariable model (Table 3). With the
exception of this case, multivariable models were not

possible because of a high level of correlation among
the satellite data explanatory variables and because
site (as a factor) was almost entirely confounding on
satellite data.
When analyses were repeated without data from
the negative control sand dune habitat, most of the
relationships described above remained similar in
terms of direction and signiÞcance (Table 4). A notable exception was that NDVI and TC-greenness
values were negatively associated with simulated tick
survival in the September 1999 image, accounting for
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Analyses including satellite data from sand dune at the negative control site
Data type

Sept. 1999 Image
Tc-wetness
TC-greenness and TC-greenness2
NDVI and NDVI2
April 2000 Image
TC-wetness
TC-greenness
NDVI
Differences between images
NDVI and TC-greenness

CoefÞcient (⫾SE)

Wald z

0.241 (0.069)
0.274 (0.105) and ⫺0.008 (0.002)
490.9 (167.1) and ⫺464.7 (151.3)

3.48***
2.06** and ⫺3.41**
2.94** and ⫺3.07**

0.240 (0.079)
0.277 (0.091)
25.64 (6.86)

3.03**
3.06**
3.74***

⫺27.75 (10.33) and ⫺0.260 (0.074)

2.69** and 3.52***

Relationships, in logistic regression models, between remote-sensed Landsat ETM⫹ NDVI and Tasselled Cap data, and the likelihood that
model-simulated I. scapularis populations survived in vegetation types of the study sites. **, P ⬍ 0.01; ***, P ⬍ 0.001.

Discussion
In this study, we have demonstrated that I. scapularis tick populations may well be capable of surviving
in some woodland habitats of the Great LakesÐ
St. Lawrence ßoodplain forest region, which occur
north of the CarolinianÐ deciduous forest region
Table 4. Analyses of data only from woodland sites, including
the positive control site
Data type
Sept. 1999 image
TC-wetness
TC-greenness
NDVI
April 2000 image
TC-wetness
TC-greenness
NDVI
Differences between images
NDVI
TC-greenness

CoefÞcient (⫾SE)

Wald z

0.240 (0.070)
⫺0.240 (0.071)
⫺86.38 (31.33)

3.45**
⫺3.35**
⫺2.76**

0.240 (0.079)
0.277 (0.091)
24.46 (7.21)

3.03**
3.06**
3.39**

⫺162.94 (116.06)
⫺0.093 (0.033)

⫺1.40a
⫺2.87**

a
In this logistic regression model, many cases were removed because they were completely determined by the model, i.e., the between-image difference in NDVI was particularly strongly associated
with the likelihood that simulated tick populations survived.

where I. scapularis are currently established, or becoming established. The woodland types in the study
(sugar maple deciduous forest and deciduous swamp)
are representatives of some of the predominant deciduous forest types occurring in the region (Lee et al.
1998). Therefore, a northward expansion in range of
I. scapularis may well be feasible as temperatures increase with climate change, at a rate that exceeds the
potential rate of climate change-driven northward
range spread of the habitats that currently support
I. scapularis. Note that this process is distinct from
the habitat reversion currently occurring in the
United States as a consequence of land use changes,
that is increasing Lyme disease risk (Thompson et al.
2001). There were differences in tick survival among
the habitats, however, that suggest some may be more
suitable for tick establishment than others. An assumption of our conclusion is that host densities and conditions for host Þnding in these habitats are suitable for
the survival of I. scapularis populations.
The survival of ticks in all habitats or study sites was
signiÞcantly greater than survival in sand dune, but the
survival of egg masses here was considerably greater
than that observed in dune habitat in previous studies
(Lindsay et al. 1998). This was very likely because of
high, persistent rainfall (⬇10 times the average for the
region) that fell during the study, and we speculate
that sand that is normally dry remained humid for
much longer periods than normal. Egg-to-larva developmental rates were faster in the sand dune than in
any of the other habitats and faster than predicted
from laboratory studies and temperature normals. This
observation would be consistent with egg masses in
the treeless sand dune site being warmed more readily
by radiant energy than the egg masses in the woodlands resulting in faster developmental rates. Such
variations among habitat types, resulting in different
rates of tick development, may partly explain observed
local variations in the onset of observed activity periods for immature I. scapularis (Lord 1995). In this
study, unusually high rainfall may have rendered a
hostile habitat transiently suitable for I. scapularis establishment. Equally, an unpredictable increase in interannual variability of temperature and rainfall anticipated to be associated with climate change (IPCC
2001) could slow the rate I. scapularis range expan-
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the quadratic form of the relationship when analyses
were performed with data from sand dune included.
Sensitivity and Specificity of Remote-Sensed Data
in Identifying Habitat Suitable for I. scapularis.
Remote-sensed data were available from 111 pixels
of oak savannah (the unsuitable habitat) and 95 pixels
of maple forest (the suitable habitat). The data most
sensitive in detecting suitable habitat were the NDVI
limits obtained from analyses using either the late
summer 1999 or spring 2000 images (Table 5). The
speciÞcities of these limits were only moderate, however, with just under half of the pixels of the oak
savannah being with limits for suitable habitat. Limits
obtained from Tasselled Cap data in both images had
higher speciÞcity but poor sensitivity (Table 5). The
ranges of remote sensed data values for oak savannah
were, however, much wider than for the test and
control study sites (Fig. 3). The NDVI limits were used
to identify habitat potentially suitable for I. scapularis
establishment (Fig. 4).
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The specificity and sensitivity of remote-sensed data limits for I. scapularis survival

Data type
1999 image (late summer)
NDVI
TC-wetness
TC-greenness
2000 image (spring)
NDVI
TC-wetness
TC-greenness

% pixels
correctly
categorized

Limit
(lower-upper)

% sensitivity

% speciÞcity

0.41Ð0.63
⫺36.85
13Ð21

84 (80/95)
50 (48/95)
16 (15/95)

52 (58/111)
69 (77/111)
76 (85/111)

67
61
49

⫺0.109
⫺81.42
⫺63.5

84 (80/95)
16 (15/95)
56 (53/95)

56 (62/111)
84 (93/111)
65 (72/111)

69
53
61%

The limits were derived from logistic regression coefÞcients for each data type. Sensitivity and speciÞcity estimates were obtained in
comparisons with remote-sensed data from the pixels of delineated habitats already identiÞed as either suitable or unsuitable for I. scapularis
establishment at Long Point, Ontario.

(Guerra et al. 2002, Bunnell et al. 2003). Egg survival
was signiÞcantly less in the sugar maple forest of site
1, where soils were dry sandy clay-loam. However, egg
mass survival in sites 2 and 3 (deciduous swamp and
sugar maple deciduous forest on moist silty clay or
fresh-to-moist silty clay-loam) was equal to, or greater
than, that in the dry loamy sand at Turkey Point where
I. scapularis is established. As Bunnell et al. (2003)
pointed out, however, the link between soil type and
tick survival is likely to be indirect. Soil type may
inßuence vegetation type, but vegetation type will also
partly inßuence the superÞcial litter layer that is at
least part of the microhabitat of the developing ticks.
Therefore, it may be too much to expect relationships
between relatively simplistic classiÞcations of soils and
woodland types, and I. scapularis survival, to be always
consistent over the whole geographic range of the tick.
Extrapolation of statistical models of risk factors for
I. scapularis occurrence in regions where the tick
occurs at present, to regions where the tick has never
occurred, may not always be possible. Thus, we have
developed a dynamic population model for I. scapularis, to simulate populations in different geographic
locations, under different climatic conditions and
rates of tick mortality. In this case, the model suggested that self-sustaining I. scapularis populations
could establish in fresh-moist sugar maple deciduous
forest, and perhaps deciduous swamp, anywhere
within the potential limits of temperature conditions
we obtained using mortality estimates from maple
forest at Long Point (Ogden et al. 2005). The model
suggested, logically, that tick populations are unlikely
to survive in sand dune habitat and very probably not
in dry-fresh sugar maple deciduous forest under the
temperature conditions occurring in southern Ontario. Simulations using mortality estimates from the
fresh-moist lowland deciduous forest suggested that
I. scapularis populations could survive in this habitat
in Ontario but only in the warmest parts of the Province, i.e., the limits of degree-days ⬎0⬚C for tick survival vary with habitat. Limitations to this approach
are that host densities are likely to vary among the
habitats, and it remains to be seen whether these
habitats, particularly swamp habitats, maintain host
densities that are comparable with maple forest at
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sion by intermittently rendering habitat unsuitable for
I. scapularis survival.
Variation in egg survival among containers in the
same study site was very low, and variations in egg
mass survival occurred between sites rather than
within sites. The vegetation classiÞcation system
clearly discriminated among sites where egg survival
was signiÞcantly different. The system differentiates
habitats using a wide range of factors that include
aspect, altitude, soil quality, and drainage directly, and
the indirect but possibly more subtle measurement of
these factors as well as litter layer qualities, ambient
temperature, and rainfall, by using indicator plant species. Our Þndings suggest that vegetation classiÞcation
could provide a genuine index of the suitability of the
habitat for I. scapularis and thus be used as a tool to
identify risk habitats for I. scapularis at ground level.
Associations between I. scapularis survival and some
habitat qualities were in part consistent with previous
studies. In the mid-Atlantic and North Central regions
of the United States, I. scapularis were associated with
sand-loam soils (Guerra et al. 2002, Bunnell et al. 2003)
of the type occurring in woodlands at Long Point and
Turkey Point, Ontario, where I. scapularis are established. However, Bunnell et al. (2003) suggested that
the suitability of these soils may depend in part on
whether rainfall is high enough and drainage slow
enough to provide sufÞcient humidity for tick survival.
The dryness of the soils at site 1, very likely because
of the rapid drainage of the site, may be a factor
contributing to the poor survival of the ticks at this site.
If so, then tick survival may be particularly poor at this
site in years when rainfall is more normal for the
region. Moist soils, such as those that occur at sites 2
and 3, where egg survival was high, also have been
associated with I. scapularis populations (Bunnell et al.
2003). In contrast, Guerra et al. (2002) found wet and
mesic forest types, which occur on moist soils, to be
negatively associated with I. scapularis. Perhaps,
therefore, factors other than litter layer qualities, such
as host density, may constrain tick establishment in
some types of swamp woodland.
Associations between I. scapularis survival and soil
qualities were not always consistent with previous
studies. In general, I. scapularis have been associated
with sandy and loamy soils, but not with clay soils
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Long Point, Ontario, which is an assumption of the
dynamic tick population model.
There was evidence that, as in the United States
(Dister et al. 1997), remote-sensed data may be able
to discriminate among habitats that can and cannot
support I. scapularis as long as suitable images are
selected. Sand dune habitats, as expected, were distinct from woodlands, having very much lower NDVI,
greenness, and wetness in both the images. As in other
studies on the distribution of I. scapularis in endemic
regions of the United States (Dister et al. 1997), higher
wetness and greenness were associated with a higher
likelihood that our simulated tick populations survived. NDVI values were similarly associated with
simulated tick survival, although very high NDVI and
greenness values in the late summer image were associated with a reduced likelihood of tick survival.
This was consistent in the two sites where tick survival
was poorest, even though they were somewhat different in terms of soil types, drainage, and plant species range. Although the sensitivity of NDVI data to
detect habitat suitable for I. scapularis survival was
good, the speciÞcity of this index was moderate. In
part, the rather low speciÞcity of NDVI values could
have been because of the “unsuitable” test habitat
actually containing regions that are suitable for tick

survival. This habitat was certainly the most heterogeneous in terms of remote-sensed data values of all
the habitats (Fig. 3). Measures of wetness were more
speciÞc but of low sensitivity, most likely because
I. scapularis seems capable of surviving in a wide
range of soil moisture conditions (Bunnell et al. 2003).
Together, these Þnding suggest that further studies on
tick survival in a greater range of habitat types are
needed to fully explore the capacity of remote-sensed
data to identify suitable habitat. Our Þndings do, however, suggest optimism that remote sensed data with
the resolution of Landsat ETM⫹ may be used to assist
in identifying and mapping habitat suitable for
I. scapularis establishment in regions of Canada where
the tick may become established in the future (Brownstein et al. 2005). Furthermore, our map obtained
using these remote-sensed indices for I. scapularis
survival (Fig. 4) suggests that habitat suitable for
I. scapularis survival may be widespread in some regions of the Lower Great LakesÐSt. Lawrence Plain
region of southeastern Canada. Currently, however,
conÞrmation by ground-level habitat classiÞcation
and direct study on tick survival would be advisable to
conÞrm this hypothesis.
In summary, our study suggests that some habitats
of the Great LakesÐSt. Lawrence ßoodplain forest

Downloaded from http://jme.oxfordjournals.org/ by guest on January 31, 2016

Fig. 4. A spring 2000 Landsat 7 ETM⫹ image of southern Ontario on the shore of Lake Erie, in which potentially suitable
habitats for I. scapularis establishment are in black, unsuitable habitats in gray, and water bodies in white. Pixels containing
potentially suitable habitats were deÞned as those with an NDVI value greater than that at which the probability of tick
population survival was 5% in regression analyses. The locations of two urban centers, Port Dover and Simcoe, are shown.
Asterisks indicate the names of locations from which I. scapularis ticks used in the study were collected.
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region are suitable for I. scapularis establishment,
providing they contain suitable densities of hosts of
this tick. A range expansion of I. scapularis, as a consequence of projected climate change, may therefore
be feasible. An established ground-level classiÞcation
of habitat by ecological criteria was able to discriminate among habitats in which survival of I. scapularis
was different. Remote-sensed data also were able to
discriminate among these habitats and may be useful
in initial identiÞcation of habitat suitable for I. scapularis. Further studies with a greater range and replication of habitat types will be needed, however, to
develop and test ground-level and remote-sensed indices of habitat suitability for I. scapularis.
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