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White-footed mice (Peromyscus leucopus) are the principal hosts responsible for infecting
ticks (Ixodes scapularis) with the spirochete that causes Lyme disease. In a 3-year field
study, we examined the effects of density of mice and ticks on burdens of ticks per mouse
and the proportion of the tick population successfully attaching to mouse hosts. We found
that burdens of ticks per mouse were lowest in the year (1992) of highest densities of both
mice and unattached (host-seeking) ticks. Movements by mice and presumably encounter
rates with ticks, were suppressed at high density of mice. However, at high density of mice
the population of ticks had a higher success rate in attaching to mice. Persistence of indi-
vidual mice was positively correlated with burdens of ticks, indicating that heavy infesta-
tions of ticks do not reduce fitness of mouse hosts. Fluctuating densities of mice and ticks

should strongly affect risk of exposure of humans to Lyme disease.
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Lyme disease is a rapidly growing zoo-
notic disease in the United States and parts
of Europe (Barbour and Fish, 1993). In the
eastern and central United States, the dis-
ease is acquired when infected nymphal or
adult ticks (Ixodes scapularis) transmit a
spirochete Borrelia burgdorferi to human
hosts. The density of infected, host-seeking
nymphs has been identified as the primary
risk factor to humans in the Lyme disease
epidemic (Falco and Fish, 1989).

Typically, I. scapularis hatch devoid of B.
burgdorferi. To become infected nymphs,
they must obtain the spirochete during their
larval blood meal (Anderson, 1988; Lane et
al., 1991). Although larval ticks feed on a
wide variety of vertebrate hosts, Peromyscus
leucopus is the most efficient source on
which ticks become infected with B. burg-
dorferi (Anderson and Magnarelli, 1993).
Therefore, the factors that influence the num-
ber of larval ticks feeding on P. leucopus
should be crucial determinants of the abun-
dance of infected nymphs, and therefore of
the risk to humans of Lyme disease (Van
Buskirk and Ostfeld, in press).
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Densities of P. leucopus and I. scapularis
fluctuate substantially in time and space
(Fish, 1993; Krohne et al., 1988; Ostfeld et
al., 1995; Wolff, 1985a), and the interac-
tions between populations of these two spe-
cies are likely to be key determinants of the
risk of Lyme disease. In addition, the dy-
namics of Lyme disease should be affected
if heavy tick burdens reduce the fitness of
mouse hosts. We have begun long-term
studies of dynamics of rodents and ticks in
an area with a high incidence of Lyme dis-
ease in southeastern New York to under-
stand the ecological basis for the enzootic
cycle. In this study, we tested the hypoth-
eses that: tick burdens per mouse increase
with increasing density of host-seeking
ticks; tick burdens per mouse decrease with
increasing density of mice; the proportion
of the tick population that attaches to mice
(tick-success index) increases with density
of mice; heavy tick burdens reduce fitness,
or fitness correlates, of individual mice. Our
ultimate goal is to forecast relative risk to
humans among years as a function of den-
sity of mice and tick burdens per mouse.
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MATERIALS AND METHODS

In June 1991, we established two 2.25-ha
grids at the Institute of Ecosystem Studies near
Millbrook, Dutchess Co., New York (41°50'N,
73°45'W). The grids at the Tea House and Henry
Farm sites occur in forest dominated by red oak
(Quercus rubra) and chestnut oak (Q. prinus),
with sugar maple (Acer saccharum) and white
pine (Pinus strobus) well represented in the un-
derstory. Both samplings of ticks and small
mammals occurred predominantly on the two
grids. However, in 1992 we established three ad-
ditional grids in red oak-dominated stands to
supplement sampling of ticks. All five grids
were within a 5-km radius and occurred in gen-
erally continuous forest. In both the Tea House
and Henry Farm sites we established a grid of
points in an 11-by-11 array, with 15-m spacing.
These grid points formed the coordinates for the
tick-sampling and mammal-trapping efforts. In
the three satellite plots, we established four par-
allel 100-m transects, with each 10-m interval
marked by flagging.

We used transect drag-sampling to estimate
the abundance of unattached (host-seeking)
ticks. In the drag-sampling method, the investi-
gator pulls a piece of cloth over low vegetation
while walking the transects to collect host-seek-
ing ticks (Falco and Fish, 1992). We used a 1-
m? piece of white-corduroy cloth sewn at one
end to a wooden dowel for support, and weight-
ed at the opposite, free end by small lead
weights sewn into the cloth. The drag cloth was
examined and ticks were counted every 30 m
along a 500-m transect on Tea House and Henry
Farm grids, and every 20 m along a 400-m tran-
sect on the satellite grids. Ticks removed from
the investigator’s clothing during sampling also
were counted. Because transects were 1-m wide,
we converted counts into an estimate of ticks/m?
for analysis. In the 1st 2 years of the study (1991
and 1992), all ticks collected were removed with
fine forceps and preserved in 70% ethanol for
later identification. We removed, but did not pre-
serve, ticks in 1993. From 1991 through 1993,
drag sampling was performed on the main study
grids weekly or every 2nd week from May
through October, with the following exceptions.
In 1991, sampling did not begin until early July.
In 1992, sampling was performed only on the
satellite plots from late July through October.

Small mammals were censused for 3 consec-
utive nights every 3 weeks from July to Decem-
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ber 1991, and from March to November 1992.
From April to November 1993, we censused for
4 consecutive nights every 8 weeks. We set one
large (7.6 by 8.9 by 22.9 cm) and one small (5.1
by 6.4 by 15.2 cm) Sherman trap at each station.
Traps were baited with crimped oats; during cold
periods they also were supplied with sunflower
seeds and cotton batting. Traps were closed dur-
ing the day and between trapping sessions. In
1991, we marked all small mammals (except
shrews) with uniquely numbered metal ear tags
(size 1, Monel fish fingerling tags; National
Band and Tag Company, Newport, KY) upon
first capture. However, we discovered that ear
tags cause about a two-fold increase in numbers
of ticks attached to mice (Ostfeld et al., 1993).
To examine the effects of toe-clipping versus
ear-tagging on burdens of ticks, in 1992 and
1993, we tagged mice on one-half of each grid
and toe-clipped mice on the other one-half. Toe-~
clipping caused a similar increase in total num-
bers of ticks on mice (R. Ostfeld and M. Miller,
in litt.); therefore, differences among years in
loads of ticks were not due to marking tech-
niques. Upon capture, we recorded tag number
or toe-clip number, gender, age class, reproduc-
tive status, mass, and capture location of each
individual. In addition, upon first capture of in-
dividual rodents during each trapping session,
we counted all ticks located on the auditory pin-
nae (the primary site of attachment—Main et al.,
1982). We used the minimum-number-alive
method (Krebs, 1966) to estimate density of
mice. Incorporating a 7.5-m boundary strip,
which is one-half the distance between grid
points, grids effectively sampled an area of 2.4
ha.

Our primary statistical approach was to deter-
mine the effects of variation in density of host-
seeking ticks and of mice (independent vari-
ables) on burdens of ticks per mouse using linear
regression. Because seasonal activity peaks in .
scapularis are well documented (Fish, 1993), it
was necessary in some analyses to distinguish
between seasonal and interannual variation in
abundance of ticks. To isolate the effects of in-
terannual variation in abundance of ticks, we
used yearly samples on each grid, either aver-
aged or integrated, as independent units (n = 2
grids X 3 years = 6). In other cases, we were
interested in both seasonal and interannual fluc-
tuations and, thus, used sequential trapping or
dragging sessions as sampling units. Examples
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TABLE 1.—Sample sizes for host-seeking ticks,
ticks attached to mice, and total number of mice
examined during the study, 1991-1993.

Host- Mice

seeking Attached exam-

Year Grid ticks ticks ined
1991 Henry Farm 3,670 2,103 377
Tea House 4,018 2,436 319
1992 Henry Farm 720 3,349 674
Tea House 512 6,161 738
Satellites 3,349 — —
1993 Henry Farm 2,459 1,467 111
Tea House 3,967 1,321 111

include effects of density of mice on movement
distances and on tick-success index.

To analyze effects of gender of mice on bur-
dens of ticks, we used analysis of variance on
yearly average burden of ticks on each study
grid. To describe statistically the spatial pattern
of host-seeking ticks (random, clumped, or ov-
erdispersed) we used chi-square analysis of ob-
served distributions against the expectation of a
Poisson distribution.

RESULTS

In each of the 3 years, we collected
>4,500 host-seeking ticks, >2,700 attached
ticks, and examined >100 white-footed
mice (Table 1). In 1991 and 1992, peaks in
abundance of larval ticks attached to white-
footed mice occurred in August and early
September. However, in 1993, heavy infes-
tation began in spring on both grids, and
the peak in per capita burden of ticks oc-
curred in June on Tea House grid and in
August on Henry Farm grid (Fig. 1). Peaks
in per capita burdens of ticks were 1.5-2X
greater in 1991 than in the other years.
However, mice were infested over a longer
period in 1993 than in the other 2 years. To
determine the mean numbers of ticks feed-
ing on individual mice each year, we inte-
grated the area under the curves in Fig. 1
to generate estimates of burdens of ticks per
mouse over the entire season during which
mice were parasitized. For this analysis, we
assumed a 48-h attachment period for larval
ticks (Piesman et al., 1987). Total burdens
of ticks per mouse, integrated over the en-
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FI1G. 1.—Tick burdens (imean numbers of ticks
per mouse) and density of mice (minimum num-
ber alive per 2.4 ha) in Henry Farm grid (a) and
Tea House grid (b).

tire season, were similar in 1991 and 1993,
and lowest in 1992. Because densities of
mice during summer were 2—4X higher in
1992 than in the other 2 years, there was a
negative relationship between peak density
of mice and integrated per capita tick load
(y = —026x + 77.19, v = 0.643, df. =
1,4, P < 0.05).

The reduction in per capita tick load at
high density of mice may have been due to
density-dependent reduction in movement
distances of mice. For both genders and on
both grids, movement distances between
successive captures 3 weeks apart (an ap-
proximation of size of home range) tended
to be negatively correlated with population
density (Table 2). In addition, males moved
longer distances than females at any given
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TABLE 2.—Regression statistics for analysis of the effects of population density of white-footed
mice on movement distances of individuals during successive trapping sessions; n = the number of
mice in each category that were captured on successive trapping sessions three weeks apart. Indi-
vidual mice were included only once in the analysis.

Grid Sex Regression equation n r ) P
Henry Farm M y = —0.32x + 32.00 17 0.262 0.041
F y = —-0.11x + 19.24 17 0.133 0.189
Tea House M y = —0.22x + 29.30 16 0.303 0.015
F y = —0.27x + 27.13 16 0.541 0.001

population density, as determined by the y
intercepts of the regression equations (Table
3), and had significantly higher tick loads
on both grids during 1991 and 1992 (Fig.
2). Host-seeking larval ticks were highly
clumped in space (Fig. 3), and apparently
they were more likely to be contacted by
individual mice that moved over larger ar-
€as.

Annual variation in burdens of ticks per
mouse was not positively associated with
annual variation in abundance of host-seek-
ing ticks. Host-seeking ticks were most
abundant in 1992 (Fig. 4), the year in which
burden of ticks per mouse was lowest (Fig.
D).

Individual ticks had a higher probability
of finding a mouse host at higher densities
of mice. As density of mice increased, a
higher proportion of the total number of
ticks was found attached to mice (Fig. 5).
We defined a new term, the tick-success in-
dex, as (number of ticks attached to mice)/
[(number of host-seeking ticks) + (number

attached to mice)]. The correlation between
tick-success index and density of mice was
statistically significant on Tea House grid
(r? = 0.55, df. = 1,11, P < 0.005), but not
on Henry Farm grid (2 = 0.25, d.f = 1,11,
P > 0.1). However, the range in variation
in tick-success index on Henry Farm grid
was only a fraction of the range observed
on Tea House grid (Fig. 5), and therefore,
the lack of a correlation in the former was
not surprising.

To test the hypothesis that greater bur-
dens of ticks reduce survival probabilities
of mice, we regressed the mean number of
ticks per individual mouse against persis-
tence time (weeks) on the grid. We assumed
that persistence times of adult mice are
roughly equivalent to longevity, and there-
fore correlated with individual fitness. We
performed analyses only in 1991 and 1992,
because trapping sessions in 1993 were 8
weeks apart, too long for meaningful per-
sistence estimates to be generated. Because
longevity of male and female P. leucopus

TABLE 3.—Regression statistics for analysis of the effects of maximum tick burden on persistence
(= longevity on the grid) of individual white-footed mice; n = the number of mice in each category

for which we documented persistence.

Year Grid Sex Regression equation n r P
1991 Henry Farm M y = 0.11x + 20.08 34 0.319 0.001
F y = 0.53x + 17.53 38 0.247 0.002

Tea House M y = 0.11x + 20.08 38 0.072 0.10
F y = 0.53x + 6.96 29 0.563 0.001
1992 Henry Farm M y = 0.12x + 15.21 60 0.136 0.005
F y = 0.401x + 4.05 56 0.602 0.001
Tea House M y = 0.38x + 14.37 78 0.369 0.001
F y = 0.47x + 5.01 77 0.407 0.001
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FiG. 2.—Tick burdens (mean * SE) for males
and females in all 3 years on both study sites.
Tick burdens varied significantly between sexes
and among years at both sites (ANOVA, Henry
Farm grid, for sex, F = 6.39, df = 1, P =
0.013, for year, F = 17.85, d.f. = 2, P < 0.001;
Tea House grid, for sex, F = 15.68,d.f. =1, P
< 0.001, for year, F = 831, df = 2, P =
0.0004).

sometimes are different (Wolff, 1985a), we
examined the genders separately. For both
genders, mean tick load and persistence
were positively correlated (Table 2), indi-
cating that heavy burdens of ticks did not
reduce fitness, and, in fact, may have been
associated with greater fitness.

DiscussioN

Risk to humans of exposure to Lyme dis-
ease is a function of the density of nymphal
L scapularis infected with B. burgdorferi
(Falco and Fish, 1989; Piesman et al.,
1987). Because P. leucopus is the most
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competent reservoir for B. burgdorferi, the
total number and the proportion of larval
ticks feeding on white-footed mice will be
key determinants of the risk of Lyme dis-
ease. Our goal was to accurately forecast
risk of Lyme disease in different years and
habitat types. Our approach was to examine
determinants of tick loads per individual
mouse and total numbers of ticks feeding
on the population of mice.

From our initial 3 years of study, we re-
ject the hypothesis that larval tick loads per
mouse are correlated with the overall abun-
dance of host-seeking larval ticks. Behav-
ioral features of mice and ticks appear to
be responsible for this lack of correlation.
Larval I. scapularis are weakly motile and
remain within a few meters of the egg mass
after hatching (Daniels and Fish, 1990;
Stafford, 1992), as was indicated by the ex-
treme spatial clumping of host-seeking lar-
val ticks (Fig. 3). Exposure of individual
mice to larval ticks should be affected by
both the density of aggregations of ticks
and the amount of space used by mice. In
the year of highest density of ticks (1992),
mice had the smallest movement distances
due to density-dependent reduction of size
of home range, which also has been ob-
served by Wolff (1985b). Thus, although
host-seeking larval ticks and white-footed
mice were most abundant in 1992, individ-
ual mice had low burdens of ticks probably
due to their reduced probability of contact-
ing aggregations of ticks.

Perhaps more important to the enzootic
cycle of Lyme disease than tick load per
mouse, is the total number or proportion of
ticks feeding on P. leucopus (Fish, 1993;
Van Buskirk and Ostfeld, in press). We
found that, at the population level, ticks had
higher success in attaching to mice at high-
er densities of mice (Fig. 5). Although in-
dividual mice use less space at higher den-
sities, it is likely that at higher densities the
population of mice occupies a greater pro-
portion of total space, and therefore, host-
seeking ticks have higher success in finding
a host.
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Viitala et al. (1986) found that infestation
of ixodid ticks dramatically increased mor-
tality rates in a population of gray-sided
voles (Clethrionomys rufocanus). In addi-
tion, nymphal ticks attached to mice are re-
sponsible for transmitting B. burgdorferi to
mice, and infection with B. burgdorferi can
cause systemic disease in captive P. leu-
copus (Burgess et al., 1990). Therefore,
heavy infestation by both the tick and the
pathogen may reduce survival of free-rang-
ing mice. If survival of mice was negatively
affected by burdens of ticks, then the en-
zootic cycle could be inhibited or disrupted.
However, our evidence suggests that mice
with high burdens of ticks do not exhibit
higher rates of mortality (Table 2), and in
fact, seem to persist longer than less infest-
ed mice. A similar relationship between
burdens of ticks (Aponomma hydrosauri
and Amblyomma limbatum) and longevity
of lizards (Tiliqua rugosa) was discovered
recently in South Australia (Bull and Bur-
zacott, 1993). Because we do not believe
that burdens of ticks actually are beneficial
to hosts, we suspect that high tick loads are

correlated with, but do not themselves
cause, high survival probability in P. leu-
copus.

In conclusion, fluctuating populations of
mice probably play an important role in the
enzootic cycle of Lyme disease. Prior stud-
ies (Ostfeld et al., 1995; J. O. Wollff, in litt.)
indicate that populations of P. leucopus in
oak-dominated forests fluctuate with acorn
production, reaching peaks the summer fol-
lowing good mast years. Our studies also
show that in patchy successional land-
scapes, abundance of larval ticks shifts to
oak forests in the summer following a good
mast year (Ostfeld et al., in press) due to
acorns attracting white-tailed deer (Odocoi-
leus virginanus) and their attached adult
ticks in autumn (McShea and Schwede,
1993). Thus, peaks in population levels of
mice in stands of oak-dominated forest
should typically coincide with peaks in
population levels of ticks. Because larval
ticks are both more abundant and more suc-
cessful in attaching to P. leucopus in the
summer following mast production, we pre-
dict that risk of Lyme disease should fluc-
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tuate substantially, reaching a peak two
summers following good mast years, when
the nymphs that fed as larvae on abundant
mice become active.

Future studies should focus on whether
the density of infected nymphs in any given
year can be predicted from the integrated
product of density of mice and larvae per
mouse in the prior year. If so, studies of
mammalian population dynamics will con-
tribute strongly to an understanding of the
epidemiology of Lyme disease.
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