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reported herein unless the field techniques were the same. For example, 
Piesman and coworkers (1987a) sampled nymphal /. dammini on Nantucket 
Island with corduroy flags of unspecified colors and dimensions. I used 
unbleached muslin flags with specific shapes. The differences in texture and 
possibly color and surface area of the flags used in these two studies compro
mise the value of any comparisons between them. Therefore, the results 
reported here are most valuable as baseline data on the current distribution of 
1. dammini infected with B. burgdmferi in North Atlantic and Mid-Atlantic 
national parks. 

Fortunately, I. dammini was not detected in most of the parks sampled. 
Of course, given the spotty distribution of nymphal /. dammini, focal hotspots 
of this species could have been missed in some of these parks. Therefore, 
ticks may be present at some of the parks at which I failed to detect them. 
These samples were designed for statistical comparability, and not to detect 
ticks at all sites where they might be present. Resource managers, staff, and 
visitors should maintain vigilance at all parks in the eastern United States. The 
major value of the results reported here is their role as a baseline for compari
son with future surveys using identical techniques with comparable sampling 
effort. Such comparisons can provide relatively objective data on the rate of 
spread of these species (and of Lyme disease) in national park sites in eastern 
North America. 

Conclusions 

Ixodes dammini was sampled by flagging at 16 national park sites in the 
North Atlantic, Mid-Atlantic, National Capital, and Southeast regions in 1987 
and 1988, and infection rates withBorrelia burgdorferi were estimated. Over
all tick densities differed significantly among parks, ranging from 0.1 nymphs 
per 5-min flagging sample in Acadia National Park to 3.24 nymphs per 
sample on Fire Island. Spirochete prevalence in ticks also differed signifi
cantly among parks. Average values for ail parks with infected ticks were 
28.0% of nymphs and 51.5% of adults infected. In parks where I. dammini 
was collected, transmission risk (number of infected ticks encountered per 
person per hour) varied from 0.1 at Acadia National Park to 11.1 on Fire 
Island National Seashore. Therefore, of the parks sampled, the risk of acquir
ing Lyme disease is greatest at Fire Island in New York State. These baseline 
data can be compared to results from future surveys (that use the same field 
techniques) to quantify the rate of spread of/. dammini and B. burgdorferi in 
eastern North America. 



CHAPTER 3. Epizootiology of Lyme 
Disease 
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Theoretical aspects of the epizootiology of Lyme disease have, to the 
present time, received only limited attention. Ginsberg (1988) used a simple 
model to examine the influence of infectivity, efficiency of vertical trans
mission, and timing of vertebrate host reproduction on the spread of spiro
chetes through natural populations. Mather and coworkers (1989b) used a 
slightly different model and field data to estimate the proportion of infected 
nymphal ticks that had picked up spirochetes from various host species. 

This paucity of theoretical studies results partly from the fact that the 
population dynamics of lxodes dammini, the major vector of Lyme disease in 
North America, are not yet well understood. Most studies to date have dealt 
with the basic life cycle and natural history of this species (Piesman and 
Spielman 1979; Carey et al. 1980; Main et al. 1982; Spielman et al. 1985; 
Schulze et al. 1986; Ginsberg and Ewing 1989a); only a few have examined 
population dynamics (Wilson et al. 1984, 1985, 1988; Daniels et al. 1989). In 
contrast, a considerable amount of information has been collected on the 
vertebrate hosts of/. dammini, the vector potential of various arthropod species, 
and reservoir competence of various vertebrate species (reviewed by Ander
son 1988, 1989; Spielman 1988a). 

This chapter's approach to Lyme disease ecology differs in several respects 
from that of most theoretical studies of the epidemiology of infectious dis
eases (Bailey 1975). Since the nymphal stage of Ixodes dammini is responsi
ble for most human cases of Lyme disease (Spielman et al. 1985), the epidemi
ology of this disease is approached by examining the factors influencing 
spirochete prevalence in nymphal ticks. Humans are assumed to play only a 
negligible role in Lyme disease epizootiology in most areas (that is, of all 
nymphs in an area, only a small percentage have picked up spirochetes by 
feeding on humans as larvae). Second, epizootiology is modeled as a discrete 
rather than a continuous process because in northeastern North America, 
I. dammini goes through three feeding periods that are substantially separate 
in phenology (larvae feed in mid- to late summer, nymphs in late spring to 
midsummer, and adults in the fall to early spring). Therefore, each feeding 
period is treated as a discrete event, and factors influencing changes in spiro
chete prevalence during that feeding period are emphasized. 

Specifically, the model of Ginsberg ( 1988) is expanded in this chapter to 
examine the factors that influence spirochete prevalence in questing ticks and 
vertebrate hosts. The model is applied to data collected on Fire Island and to 
published data from other areas to examine the influences of various factors 
on spirochete prevalence. A preliminary analysis of the interactions of these 
factors in endemic areas is presented, including the effect on spirochete preva
lence of alternative host species and of tick immigration. 

Factors that Influence Spirochete Prevalence 
in Ticks 

Northern deer ticks, lxodes dammini, feed three times during their lifetime: 
once as larvae, once as nymphs, and once as adults. The proportion of ticks of 
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a given stage infected with Lyme spirochetes after a season of feeding (k,') 
depends on the proportion that was infected before feeding (k,), and the 
proportion of those that were not infected before feeding ( 1 - k,) that pick up 
spirochetes during the season. This last proportion depends on the proportion 
of individuals of each host species (h) that are infected with spirochetes (kh), 
the infectivity of each host species (ih = of the uninfected ticks that feed on 
infected individuals of host species (h), the proportion that become infected 
with spirochetes), and the proportion of ticks that feed on each host species 
(ph). Ginsberg (1988) used the following equation to model changes in spiro
chete prevalence in nymphal /. dammini: 

(1) 

This equation assumes that infected ticks remain infected throughout the 
feeding season and that no difference exists in mortality rates between infected 
and uninfected ticks. Of course, tick migration into an area during the feeding 
season could influence kt' if spirochete prevalence in immigrants differed 
from that of resident ticks. This could occur if the hosts of immigrants (s) 
differed in spirochete prevalence or infectivity from the hosts of residents (h). 
Emigration, on the other hand, would not influence k/ unless the likelihood 
to emigrate is influenced by whether or not a tick is infected. For the present, 
therefore, I will consider only the effects of immigration. If P, is the propor
tion of ticks after a feeding season that were resident in the area before 
feeding, P; is the proportion of ticks that immigrated during the season (P, + 
P; = 1), and k; is the proportion of immigrants that were infected before 
feeding, then 

k,' = [k, + (':i.hkhihPh) (1 - k,)] P, + [k; 
+ (°:i.,k,i.~,) (I - k;)] P;. 

(2) 

The factors in this equation that influence k,' are considered individually in 
the following sections. 

Proportion of Ticks Injected Before Feeding (kt and ki) 

The proportion of questing ticks that are infected differs in different 
stages. Ixodes dammini are rarely infected with spirochetes transovarially, so 
infection rates in questing larvae are low. Spirochete prevalences in field
collected larvae were 0% in Connecticut (Steere et al. 1983a) and 0.7% in 
Massachusetts (Piesman et al. 1986). Magnarelli and coworkers (1987) reported 
that 1. 9% of the larvae reared from the eggs of engorged females in Connecti
cut were infected (the females had been removed from deer). In a survey of 
questing ticks in northeastern and Mid-Atlantic national parks, I recorded an 
average of 28% of questing nymphs and 52% of questing adults infected with 
spirochetes (see Chapter 2). For the purposes of this discussion, I will use k, 
values of 0.01 for larvae, 0.28 for nymphs, and 0.52 for adults. 
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Proportion of Hosts Infected (kh and ks) 

The prevalence of spirochetes in a given host species depends, in part, on 
the prevalence of spirochetes in ticks (k,) and on the number of ticks per host 
individual (n). Even when k, is small, if numerous ticks bite each host 
individual, the probability that the host individual will be bitten by at least one 
infected tick can be high. The probability that a host is bitten by at least one 
infected tick (PI), given n ticks per host and an overall proportion of k, of the 
ticks infected, can be calculated from the binomial distribution as follows: 

(3) 

This probability is plotted at different spirochete prevalence levels (in ticks) 
and from 0 to 50 ticks per host in Fig. 17. At a typical prevalence level (in an 
endemic area) of spirochetes in nymphal ticks (k1 = 0.28 = 28% of the 
questing ticks infected), the probability of being bitten by at least one infected 
tick is high, given multiple tick bites per host. For example, at just 3 ticks per 
host, the probability is 63%; at 10 ticks per host, the probability is 96%. 

Hosts are bitten by ticks throughout the season, so the number of ticks 
per host at any one time composes only a small fraction of the total number of 
tick bites per host individual over the season. Data from Fire Island on the 
number of attached nymphal !. dammini per white-footed mouse over the 
season in 1987 were used to estimate the mean total number of nymphs per 
mouse over the season. This is done by fitting a curve to the data points 
(r2 = l; Fig. 18), assuming an attachment period of one week (longer than a 
typical attachment period), estimating the number of ticks per mouse each 
week, and summing over the season. These calculations underestimate the 
actual mean number of ticks per mouse because nymphs usually attach for less 
than one week (Mather and Spielman 1986) and because attachment is 
continuous. Nevertheless, the probability that the average mouse was bitten 
by at least one infected tick was estimated at near 100% (Table 6). This 
analysis was extended to data from other host species by assuming the same 
seasonal distributions of nymphs on hosts as at Fire Island, and by using the 
seasonal maximum of the average number of ticks per host individual (as 
reported in the literature) to estimate P1 at each site. Even in species with 
relatively low tick loads, the probability of being bitten by at least one infected 
nymph is high (Table 6). If this analysis is valid, then most host individuals in 
endemic areas are exposed to Lyme spirochetes during a typical season. The 
high probability of infective tick bites may explain the high spirochete preva
lence in hosts in endemic areas noted by Anderson (1988, 1989). 

Ginsberg ( 1988) modeled infection rates in a host species h after a season 
of tick feeding (kh'), given an infection rate of kh before the season, a 
spirochete prevalence in ticks of k1, and n ticks per host, as follows: 

(4) 
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Fig. 17. Probability of being bitten by at lease one infected tick. Different curves are 
shown for different percentages of ticks infected. 

Simulations with this equation predict high prevalences in wild animal 
populations due to multiple tick bites per host (Table 6) and building kh values 
over the years. However, several factors can lower expected spirochete preva
lence levels in tick hosts. For example, host reproduction would result in 
numerous uninfected juveniles (unless vertical transmission was very efficient), 
lowering spirochete prevalence. Some tick host species might not be suscepti
ble or might recover from spirochetal infections, or infected individuals might 
die (lowering the percentage of Jiving hosts that are infected). Under some 
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Fig. 18. Number of nymphs per mouse, Fire JsJand, 1988. Data fitted to a curve for 
estimate of total number of nymphs per mouse over season. 



Table 6. Estimated proportion of hosts that are bitten by at least one infected nymphal Ixodes dammini. Estimates based on data '" °' from Fire Island, New York. 

Maximum Esti1nated 
mean total Probability of at ;:r: 

nymphs per ticks per least one "' 
Host species Locality Year host Sourcea host infected nymphb Cl z 
Mammals "' "' tn 

White-footed Fire Island, N. Y. 1988 6.3 HSG "' 36.8 1.00 0 

mouse 
(Peromyscus 
leucopus) 

White-footed Naushon Island, 1988 IO. I TNM 59.4 1.00 
mouse Mass. 

White-footed East Hadda1n, 1983 3.4 A&M 20.2 1.00 
mouse Conn. 

White-footed East Haddam, 1979 2.9 CCMKS 17.5 1.00 
mouse Conn. 

Gray squirrel East Haddam, 1979 34.7 CCMKS 209.2 1.00 
(Sciurus Conn. 
carolinensis) 

Eastern East Haddam, 1979 6.7 CC MKS 39.4 1.00 
chipmunk Conn. 
(Tamias 
striatus) 



Table 6. Continued. 

Maximum Estimated 
mean total Probability of at 

nymphs per ticks per least one 
Host species Locality Year host Sourcca host infected nymphb 

Birds 

Common Naushon Island, 1988 0.8 TNM 5.0 0.81 
yellowthroat Mass. 
(Geothlypis 
trichas) 

Carolina wren Naushon Island, 1988 4.5 TNM 26.4 1.00 
(Thryothorus Mass. 
Judovicianus) 

Gray catbird Naushon Island, 1988 0.9 TNM 5.5 0.84 
(Dumetella Mass. 
carolinensis) 

Birds East Haddam, 1983 1.7 A&M 10.2 0.96 
(27 spp.) Conn. 

a HSG = data collected for this study by authors: TNM = Mather et al. (1989a); A & M =Anderson and Magnarclli (1984); CCMKS =Carey ct al. (1981) and 
Main ct al. (1982). 

b Assumes 28.0o/o of the nymphs are infected with spirochetes (see Chapter 2). 
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conditions, therefore, kh will decline from year to year and an epizootic will 
not be maintained. However, Lyme disease apparently has little effect on 
most wild animals that have been studied (Burgess 1991), which should 
minimize any possible effect of host mortality. Furthermore, Lyme disease 
endemic areas typically have high tick densities relative to population densi
ties of reservoir hosts (Table 6), providing conditions that theoretically should 
allow persistence of the epizootic (May and Anderson 1979). 

Infectivity of Vertebrate Hosts (ih and i,) 

Spirochetes have been isolated from several species of mammals and one 
bird species (Anderson et al. 1986; Anderson 1989). However, the infectivity 
of infected vertebrates to uninfected ticks has been studied in only a few 
species. Infected white-footed mice (Peromyscus leucopus) have been demon
strated in the laboratory to be highly infectious to ticks (Donahue et al. 1987). 
The data suggest an infectivity peak about two weeks after a single infection 
period (ih = 0.75), with subsequent decline in infectivity (to about ih = 0.5 
after nine weeks). Uninfected nymphal /. dammini fed on field-collected 
P. leucopus (from Naushon Island, Massachusetts) picked up spirochetes 
from 91 % of the mice in August, 82% in September, and 90% in May. 
Spirochete prevalence in the ticks from infective mice varied from 83.3% in 
May to 89.3% in September (Mather et al. 1989a). Similar data from Ipswich, 
Massachusetts, showed 90% of mice infecting ticks, and an average of 46.3% 
of the ticks picking up spirochetes from mice (Mather et al. 1989b). Data on 
other species are less definitive because they are based on ticks with unknown 
histories that are removed from field-collected vertebrates. Nevertheless, the 
available data strongly suggest that white-tailed deer, Odocoileus virginianus, 
and gray catbirds, Dumetella carolinensis, are not competent reservoirs (Telford 
et al. 1988a, 1988b; Matheret al. 1989a), while infected individuals of other 
mammal and bird species vary in infectiousness to ticks (Fish and Daniels 
1989; Weisbrod and Johnson 1989; Telford et al. 1990). 

Proportion of Ticks Feeding on Each Host Species (Ph and PsJ 

lxodes dammini has a broad host range. Immatures have been collected 
from 29 mammal species and 49 bird species, and adults have been collected 
from 13 mammal species (Anderson 1988, 1989). Peromyscus leucopus is 
often common in areas endemic for Lyme disease and has been reported to be 
the primary host of larval I. dammini (Levine et al. 1985; Schulze et al. 
1986). These studies provided data on the number of ticks per host individual, 
but they did not estimate the population densities of the various host species, 
so the overall proportion of ticks that fed on each host species cannot be 
determined. Furthermore, spirochete prevalence levels reported for questing 
/. dammini cast doubt on the notion that P. leucopus is the primary larval 
host. Infectivity of P. leucopus is high, based on laboratory studies and 
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infection rates in ticks from field-collected mice. If we assume that ih = 0. 75 
(infectivity of P. leucopus), ki = 0.28 (proportion of nymphs infected), 
k, = 0.01 (proportion of larvae infected), and kh = 0.95 (proportion of 
P. leucopus infected), equation (I) predicts that at most, 38% of the larvae in 
this hypothetical endemic area feed on P. leucopus. This result suggests that 
the claim that P. /eucopus is the major host of larval ticks needs to be studied 
more quantitatively. 

The proportion of larvae that feed on P. leucopus apparently differs 
among sites. In East Haddam, Connecticut, field studies have suggested that 
gray squirrels (Sciurus carolinensis), eastern chipmunks (Tamias striatus), 
raccoons (Procyon lotor), and birds can be major larval hosts, comparable in 
importance to P. leucopus (Carey et al. 1980; Main et al. 1982; Anderson and 
Magnarelli 1984). Data collected from Fire Island in 1986 gave an average 
infection rate of 25.4% of nymphs and (using equation (!)) an estimated 
maximum of 34.6% of the larvae having fed on P. leucopus, suggesting that 
other vertebrate species were important larval hosts. In the only study to date 
that quantified host population levels, Mather and coworkers (l 989b) found 
that 58% of nymphs were infected at a site in coastal Massachusetts (giving an 
estimated maximum of 80.8% of the larvae on P. leucopus) and estimated 
that the vast majority of infected nymphal ticks had fed as larvae and picked 
up spirochetes from P. leucopus. However, at sites with lower spirochete 
prevalence in questing nymphs, such as Fire Island, the percentage of ticks 
feeding as larvae on P. leucopus is probably lower. 

Expected Prevalence of Lyme Spirochetes in 
Nymphal Ixodes dammini 

The analysis in the previous sections considers the influence of relative 
densities and reservoir competences of the various vertebrate host species in 
an area, as well as the intensity of tick immigration into an area, on spirochete 
prevalence in questing ticks. These factors would be expected to vary 
geographically, and indeed, spirochete prevalence in questing ticks differs in 
different areas (see Chapter 2). The interplay of these factors can be subtle, 
making prediction of spirochete prevalence in any one area difficult at our 
present level of knowledge. However, several general predictions can be 
made about expected spirochete prevalences in endemic areas with specified 
characteristics. 

Interacting factors that contribute to spirochete prevalence in questing 
ticks are depicted in Fig. 19. This simulation uses the same parameter values 
as used previously (k, = 0.01, kh = 0.95, ;h = 0.75). Here PH and PHI 
denote the overall infectivity of the hosts of resident ticks and immigrant 
ticks, respectively. PH and PHI can be defined from equation (2) as: PH = 

2..1ik1ii;,p11 and PHI ~ 'i5k1JsPs· The case of an endemic area with no tick 
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immigration is illustrated by the points along the vertical axis (P; = 0). An 
overall infectivity of PH = 0.5 produces a spirochete prevalence, after larval 
feeding, of k,' = 0.51. This PH value would result if 70% of the larvae fed 
on P. leucopus and the other 30% fed on hosts that were not reservoir compe
tent (e.g., white-tailed deer). If only 14% of the larvae attached to mice, and 
the rest attached to reservoir incompetent hosts, then PH = 0.1 and k,' = 

0.11. If any of the hosts other than P. /eucopus were reservoir competent 
(which is probably true in most areas), then the percentage of larvae feeding 
on P. leucopus would have to be lower to give the same values of k,'. 

The effect of immigration on spirochete prevalence in endemic areas 
probably depends on how much of the immigration is from neighboring areas 
and how much is long distance. When immigration is from nearby areas that 
are also endemic, the mix of hosts and prevalence values should be compara
ble to the target area, so PH = PHI and this immigration does not influence 
kt'. However, long-distance immigration could have a strong influence on 
spirochete prevalence. Long-distance larval transport on birds probably occurs 
primarily in the fall when birds are migrating south along the East Coast of 
North America. Only once has Borrelia burgdorferi been isolated from a bird 
(spirochetes isolated from a veery, Catharusfuscescens; Anderson et al. 1986). 
Catbirds are not reservoir competent (Mather et al. 1989a). Therefore, birds 
may, in general, be poor reservoirs for Lyme disease. If birds are generally 
poor reservoirs, the values of i, and PHI will be low, and Jong-distance 
immigration will lower spirochete prevalence in endemic areas. The greater 
the immigration intensity, the lower the ultimate value of k,'. The possible 
role of long-distance immigration is depicted by the line for PH = 0.5 and 
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Fig. 19. Effect of tick immigration and alternative host species on expected propor
tion of questing nymphs infected with spirochetes. PH = average infectivity of 
hosts of resident larvae = 5..hkhihPh· PHI = average infectivity of hosts of immi
grant larvae = "'2.sksisPs· 
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PHI = 0.1 in Fig. 19. Unfortunately, data that can be used to assess the 
importance of migrants in actual populations of/. dammini are lacking. The 
role of migration in the population dynamics of I. dammini clearly warrants 
further study. 

The ultimate prevalence of Lyme spirochetes in ticks and vertebrates in 
an area cannot be predicted at our current level of knowledge. Ginsberg's 
original model (1988) predicted that under a variety of conditions, spirochete 
prevalence in questing nymphs in an area where infected nymphs were newly 
introduced would stay low for several years (or decades), and then suddenly 
rise to a stable level. Unfortunately, the simulations performed with this 
model used some simplifying assumptions that compromise their predictive 
value. To accurately model the prevalence of Lyme spirochetes in an endemic 
area or the spread of Lyme disease into new areas, a great deal of research 
remains to be done. Most importantly, more detailed information is needed on 
the reservoir competence of various vertebrate species (including squirrels, 
chipmunks, raccoons, and birds) and on the host ranges, seasonal cycles, and 
population dynamics of I. dammini, I. scapularis, and I. pacificus in areas 
where Lyme disease is currently rare or absent (Piesman 1988). 

Conclusions 

The epizootiology of Lyme disease was examined by using models to 
assess the potential influence of various ecological factors on spirochete preva
lence in ticks and vertebrates. 

1. In areas endemic for Lyme disease, the vast majority of vertebrate host 
individuals should be exposed to the spirochete because of multiple tick 
feedings per individual host over the season. 

2. The infectivity of a host species to uninfected ticks and the frequency of 
tick feeding on the host species are predicted to influence the effect of that 
host species on spirochete prevalence in questing ticks. 

3. The relative abundance of immigrant ticks (compared to resident ticks) and 
the reservoir competence of the host species on which the ticks immigrated 
are predicted to influence spirochete prevalence in questing ticks. Immigra
tion from nearby areas is expected to maintain spirochete prevalence at 
local levels. Long-distance immigration could lower spirochete prevalence 
if most immigrants arrive on bird species that are not competent reservoirs. 
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Investigators have tried several methods to manage the northern deer 
tick, Ixodes dammini Spielman, Clifford, Piesman, and Corwin, which is the 
primary vector of Lyme disease in the northeastern and north-central United 
States (Spielman et al. 1985). These methods include burning or mowing 
vegetation (Wilson 1986), applying pesticides in sprays or granular formula
tions (Schulze et al. 1987, 1988, 1991), and eliminating deer from an area 
(Wilson et al. 1984, 1988). Unfortunately, each of these techniques has 
substantial drawbacks. Spraying, mowing, and burning reduce tick popula
tions temporarily, requiring repeated applications. All of these techniques 
have jmpacts on nontarget species, and deer removal in particular requires 
decimating a local vertebrate population. 

A recent approach, which avoids some of these problems, uses cotton 
balls treated with permethrin, a broad-spectrum synthetic pyrethroid with low 
mammalian toxicity (Elliot et al. 1973; Mather et al. 1987). The cotton balls 
are offered in cardboard tubes (to keep them dry) and placed in a grid pattern 
with 9.1 m (10 yards) between tubes. White-footed mice, Peromyscus leucopus 
(Rafinesque), the primary reservoir of Lyme disease in North America (Levine 
et al. 1985; Donahue et al. 1987; Mather et al. 1989b), use the cotton balls for 
nest material, targeting the chemical at the vector on the primary reservoir 
host. This approach allows small dosages (about 0.04 kg permethrin per ha, 
applied twice a year) and minimizes effects on nontarget organisms (only 
parasites and nest associates of P. leucopus should be substantially affected). 
Since the tick is killed on a major reservoir host, this technique should not 
only reduce tick numbers, but should also lower infection rates in those ticks 
that remain, because the surviving ticks would come mostly from alternate 
host species that may be less efficient reservoirs than white-footed mice 
(Mather et al. 1988; Spielman 1988b). Results from initial trials in Massachu
setts were encouraging (Mather et al. 1987, 1988), but this technique has not 
yet been tested under a range of environmental conditions. 

In this chapter, I report field trials of permethrin-treated cotton balls on 
an East Coast barrier island. Efficacy is examined when full coverage of a 
substantial area is achieved, as well as when treatment is on a house-by-house 
basis. I also examine possible environmental impacts of this method, includ
ing the potential for soil contamination with permethrin. 

Methods 

Study Site 

The vegetation of Fire Island was described in detail by Art (1976) and 
Stalter et al. (1986). Treated and untreated (control) plots were set up in Fire 
Island National Seashore (the treatment plot was in Talisman, the untreated 
plot in Watch Hill) and in the Fire Island communities of Point O'Woods and 
Ocean Beach. Treatment plots received tubes of permethrin-treated cotton 
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balls as described in the next subsection; untreated plots received no treatment. 
Treated and untreated plots were matched as closely as possible as to vegeta
tion type and density of man-made structures. Each plot was 130 X 130 m 
(except the Fire Island National Seashore plots, which were 90 x 190 m 
because the island was too narrow at Talisman to fit a square plot). Fire Island 
National Seashore and Point O'Woods are developed at low densities with 
extensive natural areas. In contrast, Ocean Beach is densely developed with 
most lots about 15 x 25 m, nearly all with houses (the untreated area in Ocean 
Beach included one unused lot with 1,394 m2 of natural vegetation). 

Treatment 

Damminix (permethrin-treated cotton balls) was obtained from the manu
facturer (Ecohealth, Boston, Massachusetts) and applied according to label 
instructions. Treatment tubes were placed in all wooded and shrubby areas in 
the treatment plots; only open areas of sparse beach grass were not treated. 
The tubes were placed in square grids with 9. I m (10 yards) between tubes on 
I 0--17 May and again on 14-17 July 1988. The tubes placed in May had been 
purchased in summer 1987 and stored in the original boxes until used. They 
were retested by the manufacturer in early April 1988 and were still potent, 
with 6.88% permethrin (the label value is 7.4% permethrin by weight). The 
tubes placed in July were newly purchased. Coverage by Damminix was 
complete in the Fire Island National Seashore treatment plots (Talisman; 196 
tubes in May, 190 in July) and in the Point O'Woods plots (196 tubes in 
May, 190 in July). At Ocean Beach, however, permission could not be 
secured from all of the landowners to treat their property, so roughly half of 
the yards in the treatment plot were treated in May (100 tubes) and only the 
five properties used for tick sampling were treated in July (28 tubes). Each 
property was treated according to label instructions. 

Tick Samples 

Ticks were removed from white-footed mice that were captured on 
26 April-5 May 1988 (pretreatment) and monthly posttreatment (24 May-
2 June, 30 June-8 July, 4-11 August, and 16--18 September). In each sample, 
25 Sherman traps were placed in a 5 x 5 grid with IO m between traps, at the 
center of the treatment and control plots (total of 50 traps). The traps were 
baited with a 3:1 mixture (by volume) of rolled oats and peanut butter, set in 
the afternoon and collected the following morning. Mice were taken to the 
field lab at Talisman, where they were anesthetized with methoxyt1urane, 
their ticks removed, and small hair samples taken (from the rump). The mice 
were measured, weighed, and marked by toe-clipping. After recovery from 
the anesthesia, each mouse was released in the capture plot. 

Free-living immature ticks were sampled by dragging (see Chapter I). A 
small cotton flag on a wooden dowel was used to stir up the leaf litter and a 
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large cotton flag was dragged behind. At least 10 drag samples, 5 min each, 
were taken in each plot. Nymphs were sampled pretreatment on 28 June and 
on I, 6, 7, and 14 July 1988. These samples were considered pretreatment 
because the Damminix applied in May would not have had an effect on 
questing ticks in the first season of application but would only affect those that 
encountered mouse hosts. Larvae were sampled pretreatment on 7, 8, and 14 
July, 17, 18, and 31 August, and 2 September 1988. Adults were sampled 
posttreatment by walking through thickets for 5-min periods and collecting 
ticks from the investigator's tan clothing (pants tucked into socks). Walking 
samples were taken on 20, 21, and 27 October and on 3 and 8 November 
1988. Posttreatment samples of nymphs were taken by flagging on 12, 23, 26, 
and 27 June and 3 and 4 July 1989. Ticks were returned alive to the lab where 
they were dissected and examined for spirochetes by dark-field microscopy 
(see Chapter I, Determining Spirochete Prevalence). 

Permethrin Samples 

Samples of mouse hair and soil were analyzed for permeth1in using gas 
chromatography-electron capture detection by CAL Technologies (Somerville, 
New Jersey). Permethrin movement in the soil was assessed by placing cotton 
balls from Damminix tubes in I 0-cm-deep holes in the ground (one tubeful in 
each hole) near the Lighthouse on Fire Island, and by analyzing soil cores for 
permethrin. The site was in the secondary dune area and had thick vegetative 
cover, mostly of bayberry and poison ivy. Treatment holes were 10 m apart in 
a 3 x 4 grid, and sample holes were selected at random on each sample day. 
Three pretreatment samples were taken on 27 July 1989. Posttreatment sam
ples were taken on 28 July and on 9 and 22 August 1989. Each posttreatment 
sample consisted of soil cores directly beneath three of the holes with cotton 
balls. Soil (mostly sand) from directly beneath and from 25.5 cm beneath the 
cotton balls was tested for permethrin. Three additional cores were taken 
around one of the sample cores on each sample day. These additional cores 
were taken 3 cm from the central core at 0° (north), 120°, and 240' to test for 
possible laterally moving permethrin in the soil. These samples were tested 
for permethrin at 10 cm from the surface (the level of the cotton balls) and 
from 25.5 cm beneath the surface. The soil corer was a 30.5-cm (12-inch) 
zero-contamination corer (JMC Soil Investigation Equipment, Clements 
Associates, Inc., Newton, Iowa). New inner sleeves were used for each 
sample and the corer was washed with tap water and dried between samples. 

Statistics 

Mann-Whitney U tests were used to compare tick densities in treatment 
versus control plots. Proportions of ticks infected with spirochetes were com
pared between treatment and control sites using Fisher exact probability tests 
on 2 X 2 contingency tables. 



-------- ------,- - -- - - - - - -------------

ECOLOGY AND MANAGEMENT OF TICKS AND LYME DISEASE 57 

Treatment effectiveness was assessed by comparing the probability, from 
0 to SO tick bites, that at least one of the ticks was infected. This probability 
(P1) was calculated (from the binomial distribution) using equation (3) from 
Chapter 3: 

P1 = 1 - (1 - k,)n, 

where k, = proportion of ticks infected and n = number of tick bites. 

Results 

Effectiveness 

The average numbers of ticks per white-footed mouse in treated and 
untreated areas are plotted in Fig. 20. Untreated plots averaged 6.75 ticks (all 
species) per mouse in Fire Island National Seashore and 11.5 in Point O'Woods 
during the peak of nymphal activity in May-June. During the peak of larval 
activity in August, mice in untreated plots averaged 25.3 ticks in Fire Island 
National Seashore and 24.0 in Point O'Woods (Figs. 20A and B). In areas of 
Fire Island National Seashore and Point O'Woods that received full coverage 
with pennethrin-treated cotton balls, however, the mice were completely free 
of ticks. The partial treatment at Ocean Beach gave inconsistent results 
(probably due, in part, to small sample sizes), with numbers of ticks per 
mouse at times apparently higher in treated than in untreated areas (Fig. 20C). 
Overall, after the initial treatment, an average of 1.6 ticks were found per 
mouse in the untreated area of Ocean Beach (n = 10 mice), and 1.5 ticks 
were found per mouse in the treated area (n = 8 mice). 

Table 7 gives concentrations of pennethrin in hair samples from mice in 
treated and untreated areas. All mice from the Fire Island National Seashore 
and Point O'Woods treated areas (which received full coverage) had permethrin 
on their hairs, with average concentrations of 218.5 mg/kg at Fire Island 
National Seashore and 413.0 mg/kg at Point O'Woods. In contrast, only one 
of seven mice in the partially treated Ocean Beach plot had permethrin on its 
hair. Permethrin on mice from untreated plots could have resulted from mice 
moving between treated and untreated plots, residents using permethrin or 
pennethrin-treated cotton balls in areas that were not treated for this study, 
and so on. Precautions were taken to avoid sample contamination, but this 
contamination cannot be completely ruled out. Nevertheless, the positive 
results from all mice in completely treated areas indicate that the permethrin 
was effectively disseminated among mice in these plots. The generally nega
tive results from Ocean Beach indicate that the material was not effectively 
disseminated at that site. 

Pre- and posttreatment tick densities and spirochete prevalence levels are 
given for the spring treatment in Table 8. Before treatment, densities of 



I 

I 

I 

L_ 

Fig. 20. Average numbers of ticks per white-footed mouse in treated and untreated 
plots on Fire Island, 1988. Arrows indicate date of treatment. 
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Table 7. Permethrin on mouse hairs, Fire Island, 1988. 

Average mg/kg 
Treated on mice with 

or Mice With permethrin :t 

Site untreated tested permethrin S.E. 

Fire Island treated 16 16 218.5 ± 28.6 
National untreated 14 6 128.8 ± 46.9 
Seashore 

Point O'Woods treated 3 3 413.0 ± 152.6 
untreated II 3 289.3 ± 156.9 

Ocean Beach treated 7 334 
untreated 9 59 

free-living nymphs did not differ significantly between treatment and control 
plots at any of the sample sites (Mann-Whitney U tests; Fire Island National 
Seashore, U = 44.5; Point O'Woods, U = 44; Ocean Beach, U = 30; 
nl = n2 = 10, P > 0.1 in all cases). Similarly, pretreatment infection rates 
with B. burgdorferi did not differ significantly between treatment and control 
sites (Fisher exact probability tests; Fire Island National Seashore, 
n = 5l,P = 0.74; PointO'Woods, n = 15,P = 0.47). Posttreatment, both 
the adult tick density and the infection rate were significantly lower in the 
treated than in the untreated plot at Fire Island National Seashore (density, 
Mann-Whitney U = 28.5, P < 0.001; infection rate, Fisher exact probability 
test, n = 45, P = 0.009). In contrast, neither tick density nor infection rate 
were significantly lower in the treated plot at Point O'Woods (density, 
Mann-Whitney U = 102, P > 0.05; infection rate, Fisher exact probability 
test, n = 29, P = 0.33). However, the absolute infection rate was lower in 
the treated plot at Point O'Woods, and the sample size was small, so the result 
regarding spirochete prevalence is inconclusive. 

Results from the midsummer treatment are given in Table 9. Pretreat
ment larval densities were greater in the untreated than in the treated plot at 
Fire Island National Seashore (Mann-Whitney U = 15.5, P < 0.02), but 
were higher in the treated than the untreated plot at Point O'Woods 
(U = 21.5, P < 0.05). Nevertheless, posttreatment nymph densities did not 
differ significantly between treated and untreated plots at either Fire Island 
National Seashore or Point O'Woods (Fire Island National Seashore, 
U = 104; Point O'Woods, U = 93; nl = n2 = 15, P > 0.1 in both cases). 
Posttreatment spirochete prevalence was significantly lower in the treated 
than in the untreated plot at Fire Island National Seashore (Fisher exact 
probability test, n = 64, P ~ 0.029), but not elsewhere (Point O'Woods, 
Fisher exact probability test, n = 88, P = O. 78). 

Treatment effectiveness can be evaluated by calculating the probability 
of being bitten by at least one infected tick, given the posttreatment tick 



Table 8. Tick densities and spirochete prevalence in pretreatment nymphs and posttreatment adults, spring treatment, 1988. 

Percent of ticks infected 

Treated or 
Ticks per sarnple ± S.E.a 

Sample site untreated Pretreatment Posttreatment Pretreatment 

Fire Island treated 2.4 ± 0.69 0.67 ± 0.2lb !9.0 (2!) 
N<ttional untreated 3.2 ± 0.99 2.47 ± 0.34b 26. 7 (30) 
Seashore 

Point O'Woods treated 3.8 ± 0.73 1.07 ± 0.28 !4.3 (7) 
untreated 3.5 ± 1.07 I.!3 ± 0.22 0.0 (8) 

Ocean Beach treated 0.0 0.07 ± 0.07 
untreated 0.8 ± 0.36 0.14±0.!0 0.0 (2) 

a Pretreatment nymphs, N = 10 samples (5-min flagging samples). Posttreatment adults, N = 15 samples (5-min walking samples). 
b P < 0.05 for comparison of treated versus untreated site. 
c P < 0.05 for comparison of treated versus untreated site. 

(N) 

Posttreatment 

0.0 (9)' 
47.2 (36)' 

7.1 (!4) 
26. 7 (15) 
0.0 (1) 

0.0 (3) 



Table 9. Pretreatn1ent larval densities and posttreatment nymphal densities and spirochete prevalence, summer treatment, 1988. 

Percent of 
Number ticks per sa1npJc nymphs 

Treated ± S.E.a infected 
or after 

Site untreated Pretreatment Posttreatment treatment (1V) 

Fire Island treated 2.3 ± 1.15b 2.2 ± 0.51 3.1 (32)' 
National untreated 7.7 ± 2.0lb 2.3 ± 0.43 21.9 (32)' 
Seashore 

Point O'Woods treated 24.5 ± 6.83' 2.8 ± 0.61 14.6 (41) 
untreated 9.9 ± 2.87' 3.3 ± 0.49 17.0 (47) 

Ocean Beach treated 1.4 ± 0.75 0.2 ± 0.1 [ 100.0 (2) 

untreated 2.8 ± 2.8 0.9 ± 0.41 0.0 (!2) 

a Pretreatment larvae, N 10 samples (5-min flagging samples, small flag). Posttreatment nymphs. N = 15 samples (5-min flagging samples, small and 
large f1ags). 

bp<Q.01. 
c P < 0.05 for con1parison of treated vcrsu~ untreated site. 
dP<0.01. 
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densities and infection rates in treated versus untreated plots. These probabili
ties are plotted for 0 to 50 tick bites in Fig. 2L The differences in tick 
densities were included by plotting projections from the treated and untreated 
plots on separate, appropriately scaled, horizontal axes, For a person bitten by 
5 nymphs over the season in the Fire Island National Seashore untreated area, 
for example, the probability that at least I of those ticks is infected is 71 %. In 
the treated area, the expected number of tick bites is 4. 9, with a probability of 
only 14% of being bitten by at least I infected tick. At Point O'Woods, 
however, the comparable probabilities are 61 % for 5 tick bites in the untreated 
area and 49% for 4.3 tick bites in the treated area. 
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Fig. 21. Probability of being bitten by at least one infected nymphal tick in treated 
versus untreated sites on Fire Island, 1989. 
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Permethrin Movement in Soil 

Concentrations of permethrin in soil san1ples are given in Table 10. Soil 
samples directly beneath the cotton balls averaged 15.49 mg/kg permethrin 
the day after treatment. Average concentrations changed little over the follow
ing 25 days. Concentrations in soil samples from 25.5 cm directly below the 
cotton balls and lateral samples (3 cm away) from the same depth and from 
15.5 cm deeper than the cotton balls differed slightly or not at all from 
background levels (Table JO). The highest concentrations in individual sam
ples directly beneath cotton balls were 22.95 mg/kg from just beneath (day 
13) and I.58 mg/kg from 25.5 cm beneath the cotton balls (day l). Among 
lateral samples, the highest concentrations were 2.85 mg/kg in soil level with 
the cotton balls (day 13), and 5.32 mg/kg at 15.5 cm deeper than the cotton 
balls (day l). Thus, some movement occurred in the sandy soil, although 
overall concentrations were low even a few centimeters from the cotton balls. 

Discussion 

Treatment with pcrmethrin-treated cotton balls gave inconsistent control 
of ticks infected with spirochetes in these trials. Nevertheless, the technique 
shows promise for further development and for integration with other tech
niques to manage ticks and Lyme disease. 

The complete elimination of ticks from white-footed mice captured in 
areas that received full treatment was impressive, considering the substantial 
tick burdens on mice in untreated areas (Fig. 20). The inconsistent results in 
the partially treated area (Fig. 20) indicate that treatment of an individual yard 
on a small lot does not guarantee effective reduction of the risk of acquiring 
Lyme disease. The lack of permethrin on the hairs of most mice at Ocean 
Beach, the partially treated site (Table 7), suggests that the mice gathered 
nesting material frorn outside treated yards. Spring renovations of houses at 
this site left abundant waste material (e.g., discarded fragments of insulation 
and furniture padding) that may have competed with the treated cotton balls as 
alten1ative mouse nesting material. Unfortunately, it is not clear which of 
these factors was responsible for the lack of permethrin on the hairs of most 
mice captured at Ocean Beach. Therefore_. it seems prudent to treat as large a 
continuous area as possible and to remove possible alternative nesting mate
rial to get best results in treated areas. 

Despite removing ticks fron1 mice in fully treated areas, the effect on 
tick populations in subsequent stages varied among sites and treatments. 
Spring treatment apparently lowered numbers of fall adults at Fire lsland 
National Seashore, but not at Point O'Woods (Table 8). Midsummer treat
ment did not significantly lower nymphal densities the following spring at 
either site (Table 9). Thus, permethrin-treated cotton balls did not dependably 
lower denslties of subsequent stages of ticks. Interestingly, posttreatment 
nymphal densities were the same in treated and untreated sites, even though 



Table 10. Concentrations of permethrin in soil samples. Average concentration (of three readings) in ppm, range (high minus low ~ 

values) in parentheses. Pretreatment readings: average = 0 .58 ppm (range :::::: 0 .48). 

Samples taken 

Directly beneath cotton 
balls 

25 .5 cm beneath cotton 
balls 

l 0 c1n beneath soil surface, 
3 cm laterally from cotton 
balls 

25.5 cm below soil surface, 
3 cm laterally from cotton 
balls 

15.49 (4.09) 

1.26 (0.63) 

0.41 (0.40) 

1.88 (5 32) 

Days after treatment 

13 

9.41 (2072) 

0.46 (0.58) 

l.12 (2 75) 

0.35 (0.95) 

26 

10.89 (19.15) 

0.75 (0 58) 

0.28 (0.36) 

0.22 (0.25) 
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pretreat1nent larval densities were higher in the treated than the untreated site at 
Point O'Woods, but higher in the untreated than the treated site at Fire Island 
National Seashore. These data suggest that some factor other than survivor
ship on white-footed mice (and thus some factor other than treatn1ent with 
permethrin-treated cotton balls) regulated nymphal population densities at 
these sites. 

Spirochete prevalence, however, was lower in treated than untreated 
plots in both trials at Fire Island National Seashore, Unfortunately, infection 
rates were not significantly lowered in either trial at Point O'Woods (although 
the differences were in the right direction). Therefore, the expected reduction 
in human cases of Lyme disease differed markedly between the Fire Island 
National Seashore and Point O'Woods treatments. The probability of being 
bitten by at least one infected nymph in treated and untreated areas, given 
various numbers of tick bites, is plotted in Fig. 21. This figure gives projec
tions from results with nymphal ticks because nymphs are responsible for 
most human cases of Lyme disease (Spielman et al. 1985). The probability 
that a person is bitten by at least one infected nymph during the season was 
greatly reduced by the treatment at Fire Island National Seashore, but any 
reduction at Point O'Woods was so small as to be of little practical consequence. 

These results provoke two related questions. First, why, when treatn1ent 
completely eliminated ticks from mice, were the numbers of free-living ticks 
in subsequent stages not always significantly lowered? Second, why was 
spirochete prevalence significantly lowered at the Fire Island National Sea
shore treatment site, but not at Point O'Woods? The immature ticks' survival 
from the previous year (Yuval and Spielman 1990) could partly answer the 
first question (but not completely; populations in treated areas should still be 
lower than in untreated areas). However, tick survivorship would not be 
expected to differ between the Fire Island National Seashore and Point O'Woods 
plots. Two factors that could potentially explain both of these apparent prob
lems are the presence of alternative hosts and the immigration of ticks into the 
sample areas. For example, squirrels (Sciurus carolinensis) and domestic 
dogs were present at Point O'Woods but not in the treated plot at Fire Island 
National Seashore. Neither squirrels nor dogs would be likely to pick up the 
cotton balls, so ticks on these animals would not be affected by this treatment. 
If squirrels or dogs are effective reservoirs of Lyme spirochetes, their pres
ence could account for the relatively high infection rates in the Point O'Woods 
treated area. Interestingly, squirrels were absent from the site where Mather 
et al. ( 1987) initially obtained effective control with this method (T.N. Mather, 
personal communication). 

Immigration of mice infested with immature ticks probably also differed 
between sites. Fire [sland is narrow at Talisman, so coverage with treatment 
tubes was complete from primary dune to bay. The only access to the treated 
area for mice was along the western 90-01 end (the eastern end of the treated 
area abutted on Barrett Beach .. a developed sandy area with little opportunity 
for mouse iminigration). In contrast, at Point O'Woods, mice had access to 
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the treatment plot from three sides (total of 390 m of edge). Mice probably 
serve as important dispersal agents for I. dammini on Fire Island (Ginsberg 
and Ewing l989a). Sonenshine (1973) found that radioisotope-labeled imma
ture American dog ticks (Dermacentor variabilis) moved up to 302 m on 
\.Vhite-footed mice. Immigration of infected ticks on P. leucopus could have 
played a role on Fire Island. If immigration was greater at Point O'Woods 
than at Talisman, the result could have been higher infection rates (relative to 
untreated plots) in the treated area at Point O'Woods. 

The high concentrations of permethrin on the hair of mice in treated areas 
(Table 7) suggest that predators will ingest this material from mice. The 
potential importance of such an effect is mitigated, soinewhat, by the low 
mammalian toxicity of permethrin (Elliot et al. 1973; Glickman and Lech 
l 98 l, 1982). Furthermore, the high concentrations were on mouse hairs that 
were presumably in direct contact with cotton balls in the nest. Concentrations 
in 1nouse tissues may have been far lov.,1er. Ho\vever, the potential for 
biomagnification has not been studied for permethrin applied on cotton balls. 

Permethrin movement in sandy soil was limited during the 26 days of the 
soil study (Table 10). However, selected individual samples showed evidence 
of some degree of chemical movement. Concentrations in soil directly under 
the cotton balls declined little during this experiment and remained at concen
trations sufficient to induce considerable mortality in crickets in moist sandy 
soil (Harris and Turnbull 1978). Permethrin has broad-spectrum toxicity to 
invertebrates (Muirhead-Thomson l 978; Anderson l 982) and fish (Mulla 
et al. 1978; Glickman et al. 1981; Glickman and Lech 1981, !982). There
fore, treatment should be restricted to avoid areas directly adjacent to standing 
\Vater where permethrin could potentially come into contact with fish and 
aquatic invertebrates. 

The presence of permethrin on the hairs of some mice in untreated areas 
suggests another means of chemical dissetnination: rnice canying cotton balls 
out of the treated area. The primary impact of treated cotton balls, both inside 
and outside the treated area, would probably be on nest associates of white
footed mice. Therefore, permethrin-treated cotton balls would probably affect 
some nontarget organisms, but the extent of impact would probably be far less 
than that of a spray or other broadcast pesticide application. 

The fact that pcrmethrin-treated cotton balls did not consistently lower 
densities of questing ticks and prevalence levels of spirochetes suggests that 
alone, this technique cannot be depended upon to provide adequate control. 
Recent field trials by independent investigators have had variable results, 
ranging from effective control (Dehlinger and Rimmer 1991) to effective tick 
removal from mice but ineffective questing tick control (Stafford 1991) to 
failure even to remove ticks from mice (Daniels et al. 1991). The variability 
of these results agrees well with the variability in the Fire Island trials. 
Large-scale application of this technique would probably lower the incidence 
of hutnan Lyn1e disease because the technique works well in some situations. 
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Unfortunately, the effectiveness at any one site would not be predictable. 
People in treated areas should still use personal protection techniques and 
should check themselves carefully for ticks after leaving tick habitats. 

Integrated Pest Management for Ticks 
and Lyme Disease 

Numerous techniques are available to manage ticks and Lyme disease 
(Schulze et al. 1988; Spielman !988b; Jaenson et al. 1991). Public education 
and personal protection techniques are probably the most widely applicable 
measures and the 1nost effective long-term strategies. Also, a variety of con
trol techniques can be integrated to 1nanage ticks. The efficacies of sotne 
techniques, such as habitat modificatjon and son1e chemical approaches, have 
been established (Wilson 1986; Schulze et al. 1987, 1991). Other techniques, 
including releasing parasitoid wasps, manipulating host populations, and apply
ing targeted pesticides, remain controversial (Jaenson et al. 1991). 

Pennethrin-treated cotton balls can play a role in some management 
programs for I. dammini and Lyme disease because of this technique's effec
tiveness at eliminating ticks from white-footed mice in 1nany areas. Practical 
problems limit the usefulness of this technique for very large areas. However, 
if eliminating ticks from mice at small and moderate-sized sites (by pennethrin
treated cotton balls) is supplemented by eliminating other sources of infected 
ticks, control could be excellent. The approach to eliminating other sources of 
infected ticks depends on the source of the infected ticks. If the source is a 
reservoir host (e.g., squirrels, rabbits_, raccoons, rats), then applying treated 
nesting material or systemic acaricide in an appropriate bait (or in the case of 
rats, lowering reservoir populations by rat management techniques) could 
result in effective control (unfortunately, it is not known how efficient most of 
these species are as reservoirs of Lyme disease). However, if the source of 
infected ticks is immigration from outside the treated area, then a barrier 
around the treated area that prevents tick host immigration, if feasible, should 
improve control. 

The overall approach to tick management should be tailored to the spe
cific requirements and constraints of the target site. For example, at a park 
with a conservation n1andate, high-impact techniques such as broadcast pesti
cide applications or host mammal population manipulation may not be 
appropriate. Such techniques might be more applicable at smaller, developed 
sites. At some sites, manipulation of human activities to avoid high-risk 
habitats (e.g., clearly posted sand paths from parking lot to beach) might be 
sufficient. More research on the epizootiology of Lyme disease in various 
environments is needed to fine-tune the integrated pest management approach. 
At present, personal protection remains the most effective means to avoid 
Lyme disease. 
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Conclusions 

Pennethrin-treated cotton balls were applied to three treatment plots on 
Fire Island National Seashore, New York. Control was inconsistent, with tick 
densities or infection rates significantly lowered in some trials, but not others. 
When coverage with treatment tubes was complete, all white-footed mice 
examined from treated areas had permethrin on their hair and were completely 
free of ticks. In contrast, mice from matched untreated plots had substantial 
tick loads. When coverage was partial (some residential yards were treated, 
others not) and alternative nesting n1aterial was available (scattered insulation 
and torn cushions), most mice had no permethrin on their hairs, and several 
mice had ticks. 

After spring treatment, the density and spirochete prevalence in questing 
fall adults were significantly lower than the control at one of the plots with full 
coverage, but not the other. Midsummer treatment did not reduce densities of 
free-living nymphs the following spring, but spirochete prevalence in nymphs 
was markedly lower than the control at one of the two fully treated sites. 
Permethrin-treated cotton balls can play a role in an integrated management 
program for ticks and Lyme disease because the treatment effectively removed 
ticks from white-footed mice. However, the inconsistent effect on free-living 
tick populations (even when mice were rendered tick-free) suggests that other 
sources of ticks, such as alternate host species or immigration, can influence 
tick population levels. The technique apparently works best when full cover
age of a large area is attained and when alternative mouse nesting material 
(such as discarded insulation and furniture padding) is removed. However, 
since full treatment lowered tick densities and spirochete prevalence only part 
of the time, people should continue to use self-protection techniques to avoid 
tick bites, even in fully treated areas. 
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