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Abstract

The landscape features of residential properties within two communities were studied in relation to the abundance
of the tick vectorIxodes scapularis. Habitat types of 400 properties, located in a Lyme disease endemic area
of Westchester Co., New York, USA, were categorized into lawn, ornamental, ecotone, woods, and stone wall
as measured from aerial photographs and sampled for nymphal-stage ticks. Logistic regression results indicate
that presence or absence of ticks is influenced by the proportion of either lawn or woodland, and total woodland
area. Poisson regression results indicate the abundance of nymphs is negatively associated with proportion, area,
and patch frequency of lawn, and positively associated with proportion, area, and patch frequency of woodland.
Predictions of tick presence and abundance from landscape features at the scale of individual property is useful for
implementing disease prevention measures.

Introduction

Arthropod-borne zoonotic diseases have long been
known to have intricate links with landscape features
(Pavlovsky 1966). Studies on landscape epidemiology
of infectious diseases, although frequently published
in the Russian literature, have been rare in the US.
Consequently, our understanding of arthropod-borne
infectious disease epidemiology in the US, in gener-
al, has not benefited from an approach based upon
landscape ecology. Lyme disease is the most common
arthropod-borne infectious disease affecting humans
in the United States (CDC 1991). New York state
reports more human cases of Lyme disease than any
other state because two densely-populated southern
counties, Westchester and Suffolk, have a high resi-
dential risk of infection (Falco and Fish 1988; Fish et
al. 1992). Attributes of the suburban residential land-
scape in Westchester Co. have been shown to influence
risk of human infection (Maupin et al. 1991). This fea-
ture of Lyme disease provides an important opportuni-

ty for further investigations on the landscape epidemi-
ology of a major vector-borne disease in the US.

Lyme disease is caused by infection of the spiro-
chete Borrelia burgdorferi which is transmitted by
the tick vector,Ixodes scapularis(= Ixodes dammi-
ni, Oliver et al. 1993) in the northeastern US. In this
region,I. scapularisexhibits a two year life cycle with
overlapping cohorts (Fish 1993). Larvae acquire infec-
tion while feeding on small mammals and birds, many
of which are reservoirs forB. burgdorferi infection
(Donohue et al. 1987; Magnarelli et al. 1988; Fish
and Daniels 1990; Battaly and Fish 1993). After molt-
ing to the nymphal stage, over-wintering ticks transmit
B. burgdorferi the following summer while feeding
as nymphs. Infected nymphs feeding upon reservoir-
competent hosts in June and July, just prior to the
onset of larval feeding activity of the next genera-
tion in August, perpetuate the enzootic cycle ofB.
burgdorferi transmission. Infected nymphs also are
responsible for most human cases of Lyme disease,
because in the highly endemic areas of the Northeast,



28

I. scapularisnymphs also feed upon humans (Fish
1993). In this region, the prevalence ofB. burgdor-
feri in nymphalI. scapulariscollected from residen-
tial properties can range 14- 29% (Maupin et al. 1991;
Stafford and Magnarelli 1993).

Adult I. scapularismolt from nymphs and begin to
seek a host during the fall. Mating most often occurs
on a host and females require a large blood meal to
reproduce. Large mammals, particularly deer, appear
to be preferred hosts for this stage, and there are data
to suggest thatI. scapularispopulations correlate with
those of white-tailed deer (Odocoileus virginianus)
(Wilson, et al. 1985, 1990; Duffy et al. 1994).

Although evidence suggests thatB. burgdorferi-
infected ticks have existed on Long Island, NY since
at least the 1940s (Persing et al. 1990), their recent
spread throughout the northeastern and mid-Atlantic
states is linked to reforestation and the explosive
growth of populations of white-tailed deer (Spiel-
man et al. 1985; Barbour and Fish 1993). Although
the amount of forest has not changed significantly in
recent decades, the spatial structure has changed from
large contiguous forest to fragmented patches disrupt-
ed by suburban residential development. This present
landscape can be broadly characterized as a mosa-
ic of man-made structures and ornamental vegetation
(e.g. lawns, gardens, and hedge rows) within a matrix
of natural woodland. The abundant patches, corridors
and peninsulas of natural woodland adjacent to orna-
mental vegetation provide not only the resources nec-
essary to support large numbers of many reservoir-
host species and deer, but the spatial structure con-
ducive to their dispersal (Merriam and Lanoue 1990;
Sillings 1982). It is here, in suburban residential areas,
where the combination of high human population den-
sities, uncontrolled deer populations, and a wide array
of reservoir hosts for the immature stages ofI. scapu-
laris, results in an extremely high risk of human expo-
sure toB. burgdorferi (Falco and Fish 1988; Dennis
1991; Maupin et al. 1991; Lastavica 1992). In order
to better understand the spatial aspects of Lyme dis-
ease risk, we have quantitatively investigated the abun-
dance of nymphalI. scapularis in relation to land-
scape features for two Lyme disease endemic residen-
tial communities in Westchester County, New York.

Methods

Study area

Two Lyme disease endemic residential communities
located in central Westchester County, New York,
approximately 56 km north of New York City, were
chosen as study areas. The approximately 6 km2 study
area in the village of Chappaqua, Town of New Cas-
tle, is located 10 km from the second study area of
2.3 km2 in the village of Armonk, Town of North Cas-
tle. The towns are contiguous and both study areas
have an elevation range of 60-155 meters. Central
Westchester County consists of small urban centers
surrounded by suburban residential properties within
re-forested land of predominantly oak (Quercusspp.)
and hickory (Carya ovata) with maple (Acer saccha-
rum), tulip (Liriodendron tulipifera), and black wal-
nut (Juglans nigra) (Kingsley 1985). The age of sec-
ond growth woodland ranges from recent to approxi-
mately 80 years old (Shoumatoff 1979). Species com-
position of wildlife is similar in the two communities
and includes several common species known to hostI.
scapularis: white-footed mice (Peromyscus leucopus),
gray squirrels (Sciurius carolinensis), red squirrels
(Tamiasciurus hudsonicus), chipmunks (Tamias stria-
tus), opossum (Didelphis virginiana), raccoon (Pro-
cyon lotor), striped skunk (Mephitis mephitis), white-
tailed deer (Odocoileus virginianus) (Fish and Dowler
1989; Fish and Daniels 1990), and some common bird
species (Battaly and Fish 1993).

Sampling methods

The sampling unit in this study was the individual-
ly owned residential property. All property owners
within each study area were solicited for participation
by mail and telephone and positive respondents were
included in the study. We chose this sampling unit
for two reasons. Firstly, because exposure to infect-
ed ticks is known to be high in the suburban residen-
tial environment (Falco and Fish 1988), and assum-
ing that most residents spend the majority of their
time within their own property borders, the individu-
al property is the logical sampling unit for addressing
hypotheses relating to risk of Lyme disease. Second-
ly, because each property is largely the product of and
under the control of each homeowner, it represents a
unique independent configuration of a relatively small
set of discrete habitat types.
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Four hundred residential properties (118 in
Armonk, 282 in Chappaqua) were sampled for
nymphalI. scapularisfrom June 5–August 15, 1990
using drag cloths. A one square meter piece of dou-
ble thickness white corduroy cloth was dragged over
habitat substrate and vegetation to collect host-seeking
ticks (Falco and Fish 1992). The cloth was examined
every 20 meters, and attached ticks were removed,
counted, and placed in vials. The landscape was broad-
ly characterized into five types: Lawn (maintained
domestic grasses), ornamental plantings (ground cov-
er, flower gardens, shrubs and small trees), ecotone
(unmaintained areas that contain components of two or
more habitat types), woodland (closed-canopy decid-
uous forest with leaf litter), and stone wall. All rep-
resentative habitats on each property were sampled.
The sampling effort was based on drag-sample data
from a previous study (Maupin et al. 1991) and reflects
the relative abundance of ticks expected in each habi-
tat. The total sampling effort for each property was
300 m2 of lawn, 150 m2 of ornamentals, 100 m2 of
ecotone, and 50 m2 of woodland. In addition we sam-
pled 10 m2 of stone wall on each property, where
present (Table 1). Man-made stone walls are used fre-
quently as refugia by small mammals (Sinclair et al.
1967; Barry and Francq 1980; Frank et al. 1992) and
the presence of nymphal ticks upon them was observed
in a previous study (G. Maupin and E. Campos, pers
comm). The total number of meters sampled/habitat
type and the total number of nymphs collected in each
of five habitat types was recorded for each property.
The sampling effort (total meters sampled/property)
was approximately equal between Armonk (x = 442
meters) and Chappaqua (x = 418 meters).

Nymphal I. scapularisexhibit a strong seasonal
pattern of abundance in the northeastern US. Nymphs
begin to appear in the spring , increasing in abundance
until a peak is reached in early June, after which the
numbers begin to decline. Because of this seasonality,
tick numbers/habitat/propertywere adjusted according
to the date of sample based on population data from
permanent study plots (Fish 1993) (Figure 1). The
number of ticks collected/habitat type/property was
multiplied by a scaling factor that would adjust those
numbers to reflect maximum abundance if collections
were conducted at the time of peak population. Tick
abundance data were adjusted prior to all subsequent
analyses.

Table 1. Landscape comparisons between two Westchester commu-
nities (1990 data). All variables are represented as the mean per prop-
erty (+/- standard error). The Student’s T-test was used for compar-
ing variable values between communities. Proportion (%) variables
were transformed with the arcsin square root transformation prior to
testing. Probabilities> 0.05 are not statistically significant.

Chappaqua Armonk Probability

N = 256 N = 111

Lawn area m2 616.5 (75.7) 935.2 (81.6) 0.013

Lawn patches # 1.76 (.045) 1.92 (.064) 0.046

Lawn% 17.8 (.9) 32.9 (2.2) < 0.0001

Ornamental area m2 235.8 (17.5) 178.4 (17.5) 0.048

Ornamental patches # 2.42 (.09) 2.31 (.11) 0.444, ns

Ornamentals% 7.42 (.47) 6.64 (.70) 0.449, ns

Ecotone area m2 257.5 (22.9) 404.6 (52.2) 0.003

Ecotone patches # 0.88 (.043) 1.21 (.065) 0.0001

Ecotone% 8.81 (.77) 11.54 (1.28) 0.003

Woodland area m2 2810.8 (161.0) 2135.8 (193.3) 0.015

Woodland patches # 1.27 (.038) 1.01 (.055) 0.0002

Woodland% 65.6 (1.5) 48.5 (2.9) < 0.0001

Vegetative cover-type analytic methods

Vegetative cover on 367 residential properties (256
Chappaqua, 111 Armonk) was interpreted stereoscopi-
cally from aerial photographs (1: 2400) taken in March
1990. An enlarged image of each property was cap-
tured and imported into a PC-386 using a video image
analysis system (JAVA, Jandel Scientific, Inc.) in order
to digitize vegetative cover. Areas delineating distinct
patches of the four vegetative habitat types (described
above) were measured and recorded for each proper-
ty into a database for statistical analysis. Stone walls
could not be measured accurately by this method,
as determined by ground surveys of a sub-sample of
properties, and were therefore recorded as “present”
or “absent” on the property.

Statistical methods

Habitat variables such as patch size and frequency
among vegetative cover types were normally distrib-
uted, therefore comparisons between the two study
areas were conducted with traditional parametric sta-
tistical methods.

Because tick abundance data were significantly
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Figure 1. Seasonal abundance of nymphalI. scapularisin Weschester Co. NY from April 26-August 13, 1990.

skewed with many zero values, and the mean and vari-
ance were approximately equal, we employed a Pois-
son regression (McCullagh and Nelder 1983; Jong-
man et al. 1987). As a comparison, the data were
dichotomized as presence or absence in a logistic
regression approach. The dependent variables used
in the univariate Poisson regression models includ-
ed the abundance of nymphs collected in each habi-
tat type per property or abundance numbers divided
by total vegetative cover/property (a density measure).
Purported independent variables explored in univariate
relationships with Poisson or dichotomous dependent
variables were proportion of total area, absolute area
and frequency of patches of lawn, ornamental plants,
ecotone and woodland. For example, three variables
were explored for woodland: woodland as a proportion
of total area/property, total woodland area/property
and number of patches of woodland/property. Stone
walls were characterized as present or absent.

Results

The total area of vegetative cover per property did not
differ between Chappaqua (N = 256,x = 0.392 ha,
sd =� 0.74) and Armonk (N = 111,x = 0.365 ha,
sd =� 0.57) (T-test = 0.819, df = 365, p = 0.41).
Similarly, the habitat types comprising the properties
were not statistically different between the two study
areas. Similar proportions of the properties in Armonk
and Chappaqua had lawn and ornamental vegetation,
but Chappaqua was slightly greater in proportion of
properties found to have ecotone and woodland veg-
etation (Figure 2). The mean areas, proportions, and
patch frequencies of these habitat types often varied
significantly between the two communities. In general
the most notable differences were in lawn and wood-
land habitats. The property profile in Chappaqua was
one of fewer patches of lawn, less total lawn area and
low proportion of lawn relative to the total vegetation,
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Figure 2. Percent of residential properties in two communities having each habitat type.

while in Armonk properties had a significantly greater
number of lawn patches, that covered more area and
represented a greater proportion of total vegetation.
Woodland habitat measures showed the opposite trend
between the two communities (Table 1). Ecotone habi-
tat measures also differed significantly between the
two study areas, with properties in Armonk having
a slightly greater mean area, number of patches, and
proportion of ecotone.

I. scapularisnymphs were collected from 89% of
the properties in Chappaqua and from 52% of the
properties in Armonk. Mean nymphal abundance per
property was significantly different between the two
study areas with Chappaqua having roughly four times
the mean number of nymphs collected (x = 7.58, SE
= � 0.63) than Armonk (x = 1.61, SE =� 0.34)
(p < 0.0001). Nymphal density/100 meters showed a
similar trend with densities five times greater in Chap-
paqua (x = 2.0, SE =� 0.18) than in Armonk (x = 0.4,
SE =� 0.10) (p< 0.001).

I. scapulariswere collected in all vegetative habi-
tat types, however, most of the nymphs were collect-
ed from woodland while fewer numbers of ticks were

collected in ecotone, ornamentals and lawn . This pat-
tern was similar for both communities and corrobo-
rates data collected in Armonk in 1989 (Maupin, et
al. 1991). Questing nymphs were also collected from
stone walls in both communities, and at a surprisingly
high density in Chappaqua (Figure 3).

Given the general similarity between habitat com-
position and patterns of nymphal occurrence among
the habitat types, the data from both communities
were combined for logistic and Poisson regression
analyses to determine the predictive value of gener-
al, broad landscape characterizations associated with
nymphs in the suburban environment. The logistic
regression model using a dichotomous dependent vari-
able (presence or absence of ticks on a property) indi-
cates that the presence (or absence) of ticks on a spe-
cific property is significantly influenced in univariate
models by proportions of lawn (parameter estimate =
–2.6469, p = 0.001) and woodland (parameter esti-
mate = 1.53150, p = 0.002), and by total woodland
area (parameter estimate = –0.0014, p = 0.0145). The
presence of nymphal ticks on a residential property is
negatively influenced by the proportion of lawn rel-
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Figure 3. Mean (+/- standard error) densities of nymphalI. scapu-
laris in five habitats in two suburban residential communities. Sta-
tistical p values are the result of paired Student’s t-tests on log trans-
formed data.

ative to total vegetation and positively influenced by
proportion of woodland. In this model there is also a
slight negative effect of woodland area on the presence
of nymphs.

The Poisson regression model using abundance
of nymphs/habitat/property as the dependent variable
suggests that increase in the proportion, area, and fre-
quency of lawn negatively influences tick numbers
while increase in the proportion, area and frequen-
cy of woodland would predict increase in numbers
of ticks/property. In this model the measures of eco-
tone do not yield a consistent influence on tick abun-
dance, and only one measure of ornamental habitat
(proportion of total vegetation) suggests a relation-
ship (Table 2). All other univariate relationships were
not significant, ie. the 95% asymptotic confidence
interval included zero. Employing nymphal densities
(ticks/meter) as the dependent variable yielded no sig-
nificant relationships with any of the independent vari-
ables in this model.

The univariate Poisson regression models using
log transformed nymphal abundance and log trans-
formed nymphal densities as the dependent variables
produced similar results suggesting predictive rela-
tionships between the proportions of lawn (parameter
estimate for abundance = –1.1644, p< 0.01, density
= –1.115, p< 0.01) and woodland (parameter esti-
mate for abundance = 0.6625, p< 0.01, density =
0.6097, p< 0.01) and ticks. The total woodland area
per property, while significant in both models (para-
meter estimate for abundance = 0.04, p< 0.01, den-
sity = –0.036, p< 0.01) , appears to be a weak pre-

Table 2. Univariate Poisson regression model using abun-
dance of nymphal ticks/property.

Variable Parameter Standard error

estimate

Ecotone proportion –0.5568� 0.1857

Lawn proportion –2.5089�� 0.1590

Ornamental proportion –4.0728�� 0.3830

Woodland proportion 1.5041�� 0.0969

Lawn area –0.1192�� 0.0316

Ecotone area 0.1573�� 0.0440

Woodland area 0.0840�� 0.0070

Woodland frequency 0.3632�� 0.0302

Lawn frequency –0.1532�� 0.0313

� = p< 0.01,�� = p< 0.001

dictor based on the instability of the parameter esti-
mate. All other independent variables were not sig-
nificant in univariate relationships with the dependent
variable. Interactions were explored among the sig-
nificant independent variables but yielded no clarify-
ing results. In addition, we examined the relationships
among the independent regressor variables. Marginal-
ly significant relationships were observed but did not
clarify the modeling process. The proportions of lawn
and woodland, and total area of woodland per property
remained significant under all three scales of measure-
ment, however, the transformations make it difficult to
compare and yield a single simple model.

The untransformed variables, proportion of eco-
tone, area of ecotone, and proportion of ornamental
vegetation, appear significant in the univariate Poisson
regression models for abundance data. When trans-
formed on a logarithmic scale, the resulting Poisson
regression parameters are no longer significant. The
three transformed (logarithmic) variables are signifi-
cant in models where nymphal density is modeled.

In summary, the proportion of lawn is the strongest
determinant in our models and is inversely related
to nymphal abundance on residential properties (Fig-
ure 4). The proportion of deciduous woodland, also
a significant determinant, is positively related to tick
abundance (Figure 5). Woodland area, while a signifi-
cant determinant among the logistic and Poisson mod-
els tested here, is unstable, and not useful in the con-
text of our sampling unit, the residential property.
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Discussion

In the suburban landscape examined here, habi-
tat structure significantly influences relative nymphal
abundance at the scale of the residential property. Sig-
nificantly fewer nymphal ticks were found on prop-
erties where the proportion of lawn was high rela-
tive to the proportion of natural woodland. The gen-
eral pattern of nymphal distribution among habitat
types found here is similar to that previously report-
ed for other communities in the Northeast (Maupin
et al. 1991; Ginsberg and Ewing 1989; Stafford and
Magnarelli 1993). At a spatial scale similar to this
study, Adler et al. (1992) report greater larval and
nymphalI. scapularison mice (P. leucopus) in woody
habitats and lower numbers in grassy habitats on
a non-residential northeastern island. On a regional
scale, using advanced remote sensing and GIS tech-
niques, tick infested deer were associated with decid-
uous woodland and sandy soil along river courses
(Kitron et al. 1991), while epidemiological data show
a strong correlation of human Lyme disease cases with
residence in deciduous woodland and in close proxim-
ity to watershed areas (Glass et al. 1992).

Taken together, the data strongly suggest that the
reforested landscape, which now characterizes numer-
ous suburban communities along the east coast, is the
major underlying factor contributing to high popula-
tions ofI. scapularisand consequential high incidence
of Lyme disease in this region. Woodland habitat is
the primary refugia for small and medium-sized mam-
mals and birds which host immatureI scapularis, as
well as deer, which are the reproductive host for adult
ticks. There is convincing evidence that deer are criti-
cal in the establishment and maintenance ofI. scapu-
laris populations (Wilson et al. 1985). Today, with
the regrowth of the forests, the extirpation of nat-
ural predators, and severe restrictions on hunting, deer
populations are as high or higher than during any pre-
vious time. Also, the lack of hunting pressure in subur-
ban areas over many generations has resulted in deer
which are less wary of humans and often forage and
bed on residential properties (Fish, Frank, Daniels,
and Fargione, unpublished data).

In addition to deer, a small mammal population
capable of maintainingB. burgdorferi infection is a
crucial factor contributing to the zoonotic maintenance
of Lyme disease in the eastern US.P. leucopuspopu-
lations have been shown to increase with habitat frag-
mentation (Robinson et al. 1992). The fragmentation
of continuous woodland creates edge habitat which

often is more structurally complex and species rich, in
turn providing additional resources which are attrac-
tive not only to mice, but also to a wide array of verte-
brate species including deer (Coblentz 1970; McCaf-
fery et al. 1974), chipmunks, and raccoons, all known
to serve as hosts for immatureI. scapularis.

The significant differences in nymphal densities on
residential properties between the two communities is
only partly explained in our models by the relative pro-
portions of lawn and woodland. Other variables, not
examined here, would most likely enhance the predic-
tive value our models. For example, quantifying the
components of the matrix surrounding each property
and relating them spatially to the vegetation compris-
ing the property would refine and increase the predic-
tive power of subsequent models. The instability of
our “woodland area” variable was likely due to the
absence of such information. For example, a patch
of woodland on one property surrounded by lawn or
pavement beyond its borders would be ecologically
very different from another property where a wood-
land patch of the same area was surrounded by con-
tiguous woodland. Proximity to unfragmented wood-
land (eg. nature preserves, watersheds) and the geom-
etry of forested corridors may also be important.

The abundance of nymphs collected from man-
made stone walls was surprising. These walls, occur-
ring in all habitat types but most often in woodland,
are remnants of the agricultural landscape over a cen-
tury ago that remain a significant feature of the sub-
urban landscape (Allport 1990). The lack of statisti-
cal significance of nymphal abundance due to presence
or absence of stone wall on the property may be due
to insufficient sampling effort (10 meters/property)
or our inability to remotely quantify this habitat. On
the other hand, host density may not be significant-
ly affected by this habitat type (Sinclair et al. 1967),
therefore, stone wall presence may be predictive of the
spatial distribution of nymphal ticks, but a poor pre-
dictor of overall nymphal tick density. Further work is
needed to elucidate the specific relationship between
stone walls and tick abundance.

The data presented here are unique in showing
the predictive value of certain habitat measures at the
small scale of the residential property. Prediction at
this scale is useful for the implementation of disease
prevention measures (Curranet al. 1993). Improved
prediction may be achieved with more information
on the behavioral ecology of reservoir hosts in rela-
tion to the suburban landscape. For example, move-
ment patterns of white-footed mice vary depending on
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Figure 4. Abundance of nymphalI. scapularison suburban properties as a function of the proportion of lawn habitat on the property.

the habitat (Barry and Francq 1990) and their refu-
gia in residential areas are often different than those
in unfragmented deciduous woodland. Their behav-
ioral ecology will likely affect the density and distrib-
ution of ticks around residential structures (Frank and
Daniels unpub. data). Subsequent models would ben-
efit from a more regional, geographical approach to
landscape analysis integrated with information regard-
ing the relationships among habitat types and the var-
ious host populations.
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