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Abstract

Lyme and other tick-borne diseases are increasing in the United States. Development of tick 

control tools have focused primarily on the blacklegged tick, Ixodes scapularis Say. Application of 

acaricides or entomopathogenic fungal agents to kill host-seeking ticks or ticks on rodents can 

suppress I. scapularis abundance in residential landscapes, but evidence is lacking for impact on 

human tick bites or tick-borne disease. Similar studies remain limited for the lone star tick, 

Amblyomma americanum (L.). Other knowledge gaps include how well homeowners and pest 

control companies perform in the broadcast application of tick-killing products, relative to high 

efficacy reported in research studies, and the tick-killing potential of natural product formulations 

exempt from Environmental Protection Agency registration. Area-wide control based on 

preventing ticks from feeding on their main reproductive host, the white-tailed deer, can suppress 

populations of both I. scapularis and A. americanum. Some studies also suggest an impact on 

Lyme disease cases, but this needs to be further validated in larger-scale intervention studies. The 

effectiveness, scale, cost, and implementation of various tick management strategies are important 

considerations in efforts to reduce human tick encounters and tick-borne disease. Additional 

barriers include weak incentives for industry and academia to develop, test, and register new tick 

and pathogen control technologies, including vaccines targeting humans, tick reproductive hosts, 

or wildlife pathogen reservoirs. Solutions will need to be ‘two-pronged’: improving the tick and 

pathogen control toolbox and strengthening the public health workforce engaging in tick control at 

local and state levels.
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The Increasing Problem With Human-Biting Ticks and Tick-Borne Disease 

in the United States

There has been a continued rise and geographical spread of human-biting ticks and tick-

borne disease in the United States (Rosenberg et al. 2018, Sonenshine 2018). This 

unfortunate reality is forcing the public health community to examine what can be done 

better to prevent human tick bites and reduce tick-borne illness, in the short-term and into 

the future (Paules et al. 2018, Beard et al. 2019, Petersen et al. 2019, Rochlin et al. 2019, 

Eisen 2020). The sections below address key issues for tick management and tick-bite 

prevention, bearing in mind the following facts:

i. In some parts of the United States, residents can encounter pathogen-infected 

ticks in their backyards, while spending time on neighboring properties or in 

neighborhood green spaces and during professional or recreational activities in 

other areas (Hahn et al. 2016, Stafford et al. 2017, Mead et al. 2018, Fischhoff et 

al. 2019a).

ii. The responsibility for tick control and tick-bite prevention currently falls on 

individuals, because organizational structure for local tick management is either 

lacking or poorly developed across the United States (Piesman and Eisen 2008, 

Eisen 2020).

iii. Tick management is becoming increasingly complex as major human-biting 

species, with differing host and habitat preferences, expand their ranges and state 

and local public health entities are forced to contend with multiple human-biting 

tick vector species (Stafford 2007, Eisen et al. 2016, Sonenshine 2018, Jordan 

and Egizi 2019, Molaei et al. 2019).

In the near future, tick management and tick-bite prevention will, by necessity, be a ‘two-

pronged’ strategy where most of the responsibility continues to be shouldered by individuals 

as professionally staffed tick management programs are developed. Unless the integrated 

tick management (ITM) approaches adopted by such programs truly have area-wide spatial 

coverage, one important issue moving forward will be to delineate the responsibility among 

management programs and individual homeowners to suppress ticks on privately owned 

properties, which are considered important settings for exposure to ticks infected with Lyme 

disease spirochetes in the Northeast (Falco and Fish 1988, Maupin et al. 1991, Stafford and 

Magnarelli 1993, Stafford et al. 2017, Mead et al. 2018, Fischhoff et al. 2019a). Moreover, 

the availability and use of current and new products for tick and pathogen management are 

dependent upon the interactions among public health entities and research institutions, 

commercial development, public acceptance, and actual implementation of various tick 

management tools by homeowners and pest management professionals (Fig. 1).

To discuss the general topic at hand in some depth, we have chosen to focus on one 

increasingly common scenario in the eastern United States where humans locally are at risk 

for exposure to the blacklegged tick, Ixodes scapularis Say, the American dog tick, 

Dermacentor variabilis (Say), and the lone star tick, Amblyomma americanum (L.) (Acari: 

Ixodidae) (Rossi et al. 2015, Xu et al. 2016, Jordan and Egizi 2019). These three tick species 
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collectively transmit at least 14 human pathogens, including viral disease agents (Bourbon 

virus, Heartland virus, and Powassan virus); bacterial agents causing Lyme disease (Borrelia 
burgdorferi sensu stricto [s.s.] and Borrelia mayonii), relapsing fever (Borrelia miyamotoi), 
anaplasmosis (Anaplasma phagocytophilum), ehrlichiosis (Ehrlichia chaffeensis, Ehrlichia 
ewingii, Ehrlichia muris eauclairensis, and Panola Mountain Ehrlichia), spotted fever 

rickettsiosis (Rickettsia rickettsii), and tularemia (Francisella tularensis); and a parasite 

causing babesiosis (Babesia microti) (Jellison 1974; Burgdorfer 1977, 1984; Spielman et al. 

1985; Childs and Paddock 2003; Paddock and Yabsley 2007; Ebel 2010; Eisen et al. 2017; 

Eisen and Eisen 2018; Lehane et al. 2020; Telford and Goethert 2020). For general 

overviews of other notable human-biting ixodid tick vectors in the United States—including 

Ixodes pacificus Cooley and Kohls, Dermacentor andersoni Stiles, Dermacentor occidentalis 
Marx, Amblyomma maculatum Koch, and Rhipicephalus sanguineus sensu lato—we refer to 

previous publications (James et al. 2006; Dantas-Torres 2010; Paddock and Goddard 2015; 

Eisen et al. 2016, 2017; Padgett et al. 2016; Paddock et al. 2018).

Adapting General Integrated Pest Management Principles for ITM and 

Setting Program Goals

Bearing in mind the increasing complexity of the threat posed by ticks and tick-borne 

pathogens in the United States, no single environmentally based method (Table 1) may 

suffice to counter this broad threat when implemented in a manner that is acceptable both in 

terms of cost and environmental impact. The only single environmentally based control 

method capable of substantially reducing the abundance of all three major human-biting 

ticks in the eastern United States (A. americanum, D. variabilis, and I. scapularis) is 

broadcast of acaricides (synthetic or natural product-based formulations) or biological 

control agents (entomopathogenic fungi) to kill host-seeking ticks. However, repeated area-

wide broadcast of acaricides across a range of tick habitats at large scales simply is not 

environmentally responsible. Even spatially targeted broadcast on single residential 

properties can be challenging, because we have yet to define a spatio-temporal application 

scheme that can be expected to reduce both the abundance of host-seeking ticks and human 

tick encounters across residential properties. As a case in point, a research study that 

evaluated a low-cost spatio-temporal application scheme using a minimal amount of 

synthetic acaricide on residential properties (a single annual [late spring] application 

restricted to the grass-woods interface, covering an unknown portion of the actual tick-

encounter risk habitat present on the properties) showed moderate 45–69% suppression 

across years for the abundance of host-seeking I. scapularis nymphs, specifically within the 

treated habitat, but no reduction for encounters of the residents with ticks (Hinckley et al. 

2016). The outcome of this research study raised the yet unanswered questions of whether 

reduction of human tick bites could have been achieved by a more aggressive temporal 

application scheme, as typically employed in real-world acaricide applications by pest 

control companies (Schulze et al. 1997, Stafford 1997, Jordan and Schulze 2019a), and/or 

broadcast application covering the full extent of residential high-risk tick habitats, as now 

attempted in the ‘Tick Project’ using a biological control agent (Keesing and Ostfeld 2018). 

A more intensive broadcast application is guaranteed to be more costly to the homeowner 

and, depending on the specific type of product used, also may lead to unwanted negative 

Eisen and Stafford Page 3

J Med Entomol. Author manuscript; available in PMC 2021 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



environmental impacts such as collateral damage to backyard pollinators (Ginsberg et al. 

2017). Another question to be answered is how proficient are homeowners and commercial 

pest control operators in applying broadcast acaricides or biological control agents so that 

they reach the vast majority of host-seeking ticks present within the treated area. Efficient 

tick-killing requires an understanding not only of the product formulation and application 

equipment used but also of the behavior of host-seeking ticks.

To reach the goal of reducing human tick bites and preventing human disease, while at the 

same time minimizing negative impacts on the environment, it is instructive to consider how 

long-established principles for Integrated Pest Management (IPM) can be adapted for 

management of human-biting ticks. The objectives of classic IPM are to 1) prevent 

unacceptable levels of pest damage; 2) minimize the risk to people, property, infrastructure, 

natural resources, and the environment; and 3) reduce the evolution of pest resistance to 

pesticides and other pest management practices (USDA 2018). This involves the selection, 

integration, and implementation of several pest control actions based on predicted 

ecological, economic, and sociological consequences. Adapting the IPM concept to address 

human-biting ticks and tick-borne disease in an ITM program could involve the following 

rephrased goals: 1) prevent unacceptable levels of human tick bites and tick-borne disease; 

2) minimize the risk posed by the intervention to people, domestic animals, and the 

environment; and 3) prevent the development of resistance in the targeted tick species to 

acaricides or other control agents (Ginsberg and Stafford 2005). It also should be noted that 

acceptable levels of risk for human tick encounters may be very different for recreational 

areas (higher tolerance) and residential areas (very low tolerance).

Although the goal of classic IPM is to prevent unacceptable levels of pest damage, 

management, unlike control, implies an acceptable level of pest abundance and acceptable 

level of damage or loss below an economic injury level, i.e., the pest abundance at which the 

losses exceed management costs. In our case, this could be balancing the management costs 

associated with controlling ticks with the social and medical costs of Lyme and other tick-

borne diseases (i.e., a cost–benefit analysis), or simply the cost of reducing human tick 

encounters to some acceptable level of risk (i.e., a cost-efficacy or cost-effectiveness 

analysis) (Ginsberg and Stafford 2005). Although it may be feasible to calculate and contrast 

tick management costs, as recently done for the use of rodent-targeted topical acaricides on 

residential properties (Jordan and Schulze 2019b), with the direct and indirect costs of the 

number of tick-borne disease cases prevented (Mac et al. 2019), robust assessments require 

yet unavailable data on the impact of single and ITM approaches on the occurrence of 

disease cases. An alternative cost–benefit assessment approach could target the projected 

risk for human tick encounters. For example, Mount and Dunn (1983) proposed an 

economic injury level, to avoid recreation and tourism losses, of 0.65 A. americanum ticks 

per 1-hr carbon dioxide trap operation, which based on an observed relationship between 

trap catch and human tick encounters predicted an attack rate of less than 1 tick per human 

visitor per day in the examined recreational area.

In the current scenario where homeowners are directly responsible for controlling ticks on 

their properties, either doing it themselves with over-the-counter products or hiring a pest 

control company, willingness to pay is a major concern. A study from Connecticut 
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conducted in 2002–2004 revealed that the majority of homeowners were unwilling to spend 

more than $100 per year to control ticks on their properties (Gould et al. 2008), which 

should be viewed in relation to that the typical amount charged by pest control companies 

per acre for a single application of synthetic or natural product acaricide is $150–200 

(Jordan and Schulze 2019a). Additional issues contributing to low levels of homeowners 

taking action to control ticks on their properties, or to use personal protective measures for 

family members and pets, include unwillingness to use acaricides and repellents, especially 

synthetic formulations, and limited knowledge of other options, such as rodent-targeted 

acaricides and biological control agents (Gould et al. 2008, Hook et al. 2015, Jordan and 

Schulze 2019a, Niesobecki et al. 2019).

From a broader, societal perspective, key issues to consider in reducing human tick 

encounters and tick-borne diseases include effectiveness, scale, and cost, together with 

countering barriers to implementation and understanding what the ultimate goal should be: 

control, elimination, or eradication. For tick management programs, the goals for 

interventions have not been well defined, particularly as a reduction in either human tick 

bites or human disease has been difficult to document. Definitions, linguistic uncertainty, 

and associated expectations matter in IPM (Cira et al. 2019). Control, management, reducing 

risk, and elimination are all terms that have been used in exploring ‘tick control’. Efforts at 

reducing malaria provide a comparison and have been defined as control, elimination, and 

eradication (Hall and Fauci 2009). One key difference between malaria and tick-borne 

disease to keep in mind is that the reservoir host for malaria parasites is people, whereas 

tick-borne pathogens are zoonotic agents with wildlife reservoir hosts. Malaria control is 

defined as the reduction of disease incidence, prevalence, morbidity, or mortality to a locally 

acceptable level. Continued intervention is required to sustain control. This concept of 

control probably best fits the current state of our efforts to combat human-biting ticks and 

tick-borne disease.

Malaria elimination is the interruption of local transmission (i.e., reducing the rate of 

malaria cases to zero) in a defined geographic area. Continued intervention measures are 

required to prevent the re-establishment of transmission. Elimination of a tick-borne disease 

agent as a threat to humans can conceptually be achieved in different ways: 1) suppressing 

the tick population to levels where human tick encounters no longer occur; 2) suppressing 

the tick population to levels that interrupt enzootic pathogen transmission, thus rendering 

ticks infrequent nuisance biters of humans rather than vectors of disease agents; or 3); 

eliminating the pathogen from the population of vertebrate reservoirs via vaccination or 

antimicrobial treatment, which again would render ticks human nuisance biters rather than 

vectors of disease agents but without reducing tick numbers. The level of difficulty to 

achieve elimination varies across tick-borne pathogens, being most likely to succeed in 

scenarios that involve tick species and pathogens with narrow host and reservoir ranges and 

most challenging in scenarios where the tick vector can utilize a wide range of host animal 

species and many of these also serve as pathogen reservoirs. Moreover, elimination likely is 

most feasible in isolated settings, such as physical or ecological islands, with limited 

potential for continued influx of ticks and vertebrates from surrounding areas. Perhaps the 

best example of an intervention that approached elimination is the complete removal of 

white-tailed deer (Odocoileus virginianus) from Monhegan Island off the coast of Maine. 
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This action prevented I. scapularis from completing its life cycle on the island, by removing 

the host for the adult tick stage, and reduced the presence of this tick to low numbers of 

host-seeking nymphal and adult specimens considered to have resulted from fed ticks of the 

preceding life stages continually introduced to the island by migrating birds (Rand et al. 

2004, Elias et al. 2011).

Malaria eradication is a permanent reduction to zero of world-wide infection. Realistically, 

eradication at a global scale is not possible with a zoonotic vector-borne disease without the 

virtual eradication of the reproductive or pathogen reservoir hosts, similar to what happened 

in colonial times in the northeastern United States when white-tailed deer (the primary 

reproductive host for I. scapularis) were essentially eradicated and forests were cleared for 

agriculture. The emergence of Lyme disease in the 1970s and the continuing rise of this 

massive public health threat has been linked with reforestation and increased populations of 

white-tailed deer (Barbour and Fish 1993, Spielman 1994); the resurgence of deer 

populations also have been linked to increased populations of A. americanum (Paddock and 

Yabsley 2007). From the tick vector perspective, the goal of ITM programs would be to 

reduce tick abundance, infection prevalence, or human tick encounters to levels resulting in 

reduced numbers of tick-borne disease. Using Lyme disease as the example of a tick-borne 

disease, program goals could be to prevent all Lyme disease cases locally (essentially 

elimination under the malaria program definition) or to reduce cases below some arbitrary 

threshold where it is no longer considered a local public health issue (falling under control 

based on the malaria program definition).

For tick-borne diseases, any part of the triad of host, vector, and pathogen and their 

interactions within the local environment can be the target of control interventions (Table 1). 

One of the most intriguing problems with an ITM approach is the optimal selection of 

methods to integrate in order to maximize the reductions in abundance of host-seeking 

infected ticks and human tick encounters on single properties or across larger areas. Single 

intervention methods can impact host-seeking ticks, ticks on hosts, or infection in vertebrate 

reservoirs, and there is a lack of empirical data on which combinations of such methods 

most effectively will suppress tick abundance or disrupt enzootic pathogen transmission 

cycles (Ginsberg 2001, Ginsberg and Stafford 2005, Eisen et al. 2012, Stafford et al. 2017). 

The published literature includes data for the outcomes of many individual environmentally 

based control methods to suppress host-seeking ticks and infection in ticks (reviewed by 

Eisen and Dolan 2016, White and Gaff 2018), and for a few ITM approaches targeting I. 
scapularis (Schulze et al. 2007, 2008; Eisen and Dolan 2016; Stafford et al. 2017; Williams 

et al. 2018a, b). Some earlier work on ITM examined combinations of acaricide spraying, 

vegetation management, and deer management (fencing) for the control of A. americanum in 

a recreational setting (Bloemer et al. 1990). However, there is a critical lack of empirical 

data from studies specifically designed to assess improved tick and pathogen suppression in 

relation to increased cost for integration of multiple control methods versus each method 

used individually. Moreover, as noted previously (Eisen and Gray 2016, Stafford et al. 

2017), published data are still lacking for the impact of any ITM approach on human tick 

bites and tick-borne disease, and very few ongoing studies are even attempting to generate 

such data (Keesing and Ostfeld 2018, Connally 2020). In the following sections, we examine 

the efficacy of existing tick management methods and the rationale, barriers, and potential 
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solutions to tick management at the residential and area-wide scales, tick-bite prevention, 

and industry engagement.

Impact of Existing Tick Management and Tick-Bite Prevention Methods 

Across Spatial Scales for Human-Biting Tick Species (I. scapularis, D. 

variabilis, and A. americanum)

In a complex risk scenario with local occurrence of multiple human-biting tick species, it is 

important not only to understand when and where you are at risk for bites by the different 

life stages of these ticks, but also to what extent different tick-bite prevention and tick 

management methods can be expected to reduce the risk of tick encounters. These methods 

can vary in impact across spatial scales, and some methods may not be applicable to the 

biology of all individual human-biting tick species (Table 1). For example, rodent-targeted 

methods would not be applicable for A. americanum, as the immature stages do not readily 

utilize rodent hosts (Zimmerman et al. 1987, Allan et al. 2010), and deer-targeted methods 

would not be applicable for D. variabilis, as deer are not favored hosts by this tick species 

(Cooney and Burgdorfer 1974, Kollars et al. 2000). Some single intervention methods have 

very narrow impacts across the spectrum of ticks and their associated pathogens (e.g., 

vaccination of mice against B. burgdorferi s.s., without impact on other I. scapularis-borne 

pathogens for which these animals also serve as reservoirs, including A. phagocytophilum 
and B. microti), whereas other methods have potential to broadly impact all tick species 

(broadcast application of acaricides or biological control agents, and use of tick repellents). 

Moreover, the spatial extent of protection can range from the treated area along a lawn-

woods interface in the backyard (barrier spraying of acaricides or biological control agents) 

to the entire backyard (rodent-targeted acaricides and deer fencing), the larger landscape 

(deer reduction and deer-targeted acaricides), or be scale-free (personal protective measures, 

including repellents and permethrin-treated clothing, and in the future hopefully also a new 

Lyme disease vaccine for use in humans). As indicated in Table 1, it is important to also 

consider the length of time that a given method affords protection after being implemented 

and if there is a lag time from implementation to protection.

Broadcast applications of conventional synthetic acaricides are highly effective against I. 
scapularis when done correctly with high penetration of the tick microhabitat (Eisen and 

Dolan 2016), and represent the most common tick management method currently used by 

pest control companies to treat backyards (Jordan and Schulze 2019a). Although similar 

broadcast application may be feasible at larger geographic scales, for example via aircraft, 

synthetic acaricides are unlikely to be implemented in such a manner due to various 

environmental concerns including the impact on non-target organisms such as pollinators 

and the increased potential for the development of acaricide resistance (Ginsberg and 

Stafford 2005, Piesman and Eisen 2008, Ginsberg et al. 2017). Natural product-based 

acaricides or entomopathogenic fungal agents may be more acceptable for large scale use 

but have less robust killing efficacy profiles against I. scapularis (more sensitive to 

environmental conditions) and shorter duration of efficacy requiring more frequent 

applications (Eisen and Dolan 2016). Recent studies on broadcast of conventional synthetic 

acaricides (pyrethroids) have demonstrated efficacy against both I. scapularis and A. 
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americanum (Jordan et al. 2017, Schulze and Jordan 2019), whereas similar studies for 

currently available synthetic pesticides labeled for use against ticks are lacking for D. 
variabilis.

Rodent-targeted acaricides have the benefit of the source pesticide being confined to delivery 

devices, rather than being spread openly in the environment, and all rodent-targeted 

approaches (acaricides, vaccines, or anti-microbials) impact an area defined by the home 

ranges of the treated animals. For example, the white-footed mouse, Peromyscus leucopus—

which is an important reservoir host for B. burgdorferi s.s., B. mayonii, B. miyamotoi, B. 
microti, and A. phagocytophilum—is a territorial species with reported home ranges 

averaging 0.1 to 1 ha in different environments (Wolff 1985, Nupp and Swihart 1996, Gaitan 

and Millien 2016). Two different products for topical application of acaricide to rodents are 

currently on the market: the Damminix or Thermacell Tick Tube, where permethrin-treated 

cotton balls intended for use as nesting material are offered to rodents in cardboard tubes, 

and the SELECT Tick Control System (TCS), where rodents are treated with fipronil as they 

navigate toward a food bait in a bait box (Eisen and Dolan 2016). A recent study comparing 

these products indicated that SELECT TCS is more effective in preventing tick bites across 

both mice and chipmunks, but that the Damminix Tick Tube holds the advantage for both 

availability (only the Tick Tubes can be purchased over-the-counter by homeowners) and 

implementation cost (10-fold lower for the Damminix Tick Tube when used by 

homeowners) (Jordan and Schulze 2019b). However, another yet unpublished larger-scale 

study found no significant impact of a SELECT TCS intervention on either host-seeking I. 
scapularis nymphs or human tick encounters (Hinckley et al. 2018).

Similar recent studies are lacking for D. variabilis, but Sonenshine and Haines (1985) found 

that a bait box treating rodents with an insecticidal dust or oil reduced the numbers of 

immatures of this species on the rodent hosts. Moreover, a new formulation of an oral 

rodent-targeted vaccine against B. burgdorferi s.s. is showing promise in field trials (Stafford 

et al. 2020) with high bait acceptance by white-footed mice (Williams et al. 2020). One 

important consideration for rodent-targeted approaches is that the impact on acarological 

risk for human exposure to I. scapularis nymphs will not be evident until the year after the 

intervention is put in place. For example, implementing a rodent-targeted topical acaricide or 

vaccine in the spring and summer of Year 0 will not result in reductions to the abundance of 

host-seeking I. scapularis nymphs, or the prevalence of infection with B. burgdorferi s.s. in 

the nymphs, until the spring of Year 1.

White-tailed deer—the main reproductive host for I. scapularis and A. americanum—have 

large-scale individual home ranges, from 8 to 42 ha for does and 28–130 ha for bucks in 

urban areas (reviewed by Stewart et al. 2011, Stafford and Williams 2017). Population 

reduction or acaricide treatment of white-tailed deer, therefore, can impact large areas. These 

two approaches have been associated with reduction in the abundance of host-seeking I. 
scapularis (reviewed by Eisen and Dolan 2016, Stafford and Williams 2017, Telford 2018), 

and, in some cases, also reduction of Lyme disease cases (Garnett et al. 2011, Kilpatrick et 

al. 2014), although with some caveats (Kugeler et al. 2016). The main complication with 

deer reduction is lack of acceptability for reducing deer to the very low densities required to 

substantially reduce I. scapularis and A. americanum populations, potentially followed by 
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the interruption of enzootic pathogen transmission cycles. Topical application of tick-killing 

pesticides on white-tailed deer, using U.S. Department of Agriculture 4-poster deer 

treatment stations, is better accepted and has resulted in significant reductions in the 

abundance of host-seeking I. scapularis and A. americanum at the community level in 

several studies, with the caveat that the success of this intervention is related to an adequate 

density of deployed 4-poster devices (reviewed by Eisen and Dolan 2016, Stafford and 

Williams 2017). Deployment of 4-poster devices is currently limited by municipal and state 

regulations due to concerns regarding the corn food bait used to attract deer to the devices 

and the open access to pesticide on the rollers used to self-treat the deer as they reach in to 

eat the corn. Specific issues include label restrictions on deployment near residences or 

places where children may be present, which can require a safety fence around the 4-poster 

device; feeding of deer and attraction of non-target wildlife, such as raccoons and bears; and 

increased risk for spread of diseases impacting deer, such as chronic wasting disease and 

bovine tuberculosis. A final consideration for population reduction or acaricide treatment of 

white-tailed deer is a multi-year lag time before these interventions reach peak impact on 

host-seeking I. scapularis and A. americanum ticks.

Published studies on ITM approaches for I. scapularis are scarce but have shown promising 

results to suppress ticks infesting rodents or host-seeking ticks when combining SELECT 

TCS rodent bait boxes with the broadcast of entomopathogenic fungus (Met52, containing 

Metarhizium anisopliae) (Williams et al. 2018a, b), or when these two approaches were 

combined with 4-poster deer treatment stations (Schulze et al. 2007, 2008). An earlier ITM 

study focusing on A. americanum (Bloemer et al. 1990) showed strong suppression in the 

abundance of host-seeking ticks using a combination of vegetation management (mowing, 

leaf litter removal, and selective removal of overstory and midstory vegetation), deer fencing 

and broadcast of synthetic pesticide (the organophosphate chlorpyrifos, which presently is 

available for use against host-seeking ticks, including A. americanum, only in certain 

settings, including golf course turf, road medians, and turf and ornamentals around industrial 

buildings).

ITM on Single Residential Properties: Rationale, Barriers, and Solutions

As tick management remains an individual responsibility, homeowners need to take action to 

protect family members from acquiring tick bites on their property. The question then 

becomes how to decide what to do and how to implement personal protective measures 

(discussed in the section ‘Tick-bite prevention through personal protective measures: 

rationale, barriers, and solutions‘) and environmentally based tick suppression methods. The 

best solution for each property will depend on its physical attributes combined with the 

ability/willingness to pay and what the family deems acceptable methods to use. One main 

barrier is for the homeowner to gather all the relevant information needed on tick biology 

and tick suppression methods, from reliable web-based information sources or pest control 

companies, to be able to make an informed decision. The home environment has long been 

recognized as an important setting for exposure to I. scapularis in the Northeast (Falco and 

Fish 1988, Maupin et al. 1991, Stafford and Magnarelli 1993, Stafford et al. 2017, Mead et 

al. 2018), and increasingly also for A. americanum as this tick’s range has expanded 

northward along densely populated areas of the Eastern Seaboard (Springer et al. 2014, 
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Stafford et al. 2018, Jordan and Egizi 2019, Molaei et al. 2019). As not all tick suppression 

methods designed for use against I. scapularis also are effective against A. americanum 
(Table 1), it is important for the homeowner to understand which tick species are present 

around the home before deciding on which tick suppression methods to invest in. Options 

for tick suppression methods that can be used on a single property include:

• Deer fencing to prevent deer from entering the property and depositing fed ticks, 

including female ticks which can lay thousands of eggs.

• Hardscaping and xeriscaping to reduce the amount of suitable tick habitat on the 

property.

• Vegetation management, including mowing to reduce the amount of grassy area 

with high humidity favoring tick host-seeking and survival; tree, brush, and leaf 

litter removal to further reduce the portion of the property with optimal (shady 

and moist) tick microhabitat conditions; and selection of plants not favored by 

deer.

• Other landscaping to reduce the time family members spend in or near to high-

risk tick habitat on the property, and to remove rodent harborage such as wood 

piles or rock walls.

• Rodent-targeted acaricides to prevent I. scapularis immatures from feeding on 

pathogen reservoirs (no impact on A. americanum or its associated pathogens).

• Killing of host-seeking ticks via broadcast of conventional synthetic acaricides, 

natural product-based acaricides, or entomopathogenic fungal control agents.

As noted in recent publications (Eisen and Dolan 2016, Stafford et al. 2017, Fischhoff et al. 

2019b), the empirical evidence for each of these potential components of an ITM approach 

to reduce the abundance of host-seeking ticks when implemented singly on residential 

properties ranges from more robust (killing of host-seeking ticks, use of rodent-targeted 

acaricides, and deer fencing) to weaker (brush and leaf litter removal) and very limited or 

lacking (landscaping, mowing, and plant selection). Intriguing findings from recent 

experimental studies include suppression of I. scapularis adults due to management of 

invasive brush (Williams et al. 2017) and increased abundance of host-seeking I. scapularis 
nymphs associated with accumulation of leaves from leaf blowing or raking activities 

(Jordan and Schulze 2020), but there is a continued need to better understand the impact of 

these and other landscaping and vegetation management approaches on host-seeking ticks 

on residential properties. Moreover, empirical data for the impact of ITM approaches on 

host-seeking ticks on single residential properties remain restricted to the combination of 

rodent-targeted acaricide and broadcast of an entomopathogenic fungal agent (Williams et 

al. 2018a, b). One ongoing study (Connally 2020) that combines rodent-targeted acaricide 

and barrier spraying of synthetic acaricide on single versus multiple adjacent properties aims 

to understand the impact of this ITM approach on both host-seeking I. scapularis and human 

tick encounters, but results are pending. Another major ongoing ITM study (Keesing and 

Ostfeld 2018) that combines rodent-targeted acaricide and broadcast of entomopathogenic 

fungal agents, and includes impacts on host-seeking I. scapularis and human tick encounters 

as well as tick-borne illness, is focused on the neighborhood scale and it is not clear how the 
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results from large groups of neighboring properties will translate to implementation on a 

single property surrounded by non-treated properties. There is a critical need for new studies 

to explore how deer fencing, landscaping, vegetation management, and killing of host-

seeking ticks or ticks on hosts can best be combined as single property ITM approaches that 

are both acceptable for use and economically viable. Knowledge of the extent to which 

landscaping and vegetation management contribute to reduce the abundance of host-seeking 

ticks and human tick encounters on residential properties is especially weak (Eisen and 

Dolan 2016).

One important but still not adequately understood issue is the spatial extent of protection 

within a property provided by a given ITM approach in relation to how the residents use the 

protected versus unprotected portions of the property. The issues of variable acarological 

risk for tick exposure across different habitats on residential properties and the impact of 

specific human behaviors to modify the likelihood of contacting host-seeking ticks were 

previously addressed in depth by Eisen and Eisen (2016). Rodent-targeted approaches, 

including acaricide treatment and vaccination (Richer et al. 2014, Schulze et al. 2017, 

Stafford et al. 2020), and deer fencing can readily be implemented to protect the entire area 

of smaller residential properties. In contrast, broadcast application of acaricides to kill host-

seeking ticks often focuses on the grass-woods ecotone (barrier application of sprays or 

granular formulations) and therefore may impact only a portion of the wooded high-risk 

habitat for tick encounters present on the property (Stafford 2007, Hinckley et al. 2016, 

Jordan and Schulze 2019a). It is, therefore, critically important that the residents not only 

understand which portions of their properties pose high risk for exposure to ticks but also 

which specific areas received treatment when a pest control company was contracted for 

broadcast application of acaricide. Another major barrier to creating tick-free backyards is 

limited homeowner acceptability for use of synthetic acaricides and low willingness to pay 

for tick control (Gould et al. 2008, Hook et al. 2015). This commonly results in homeowners 

not taking action to suppress ticks on their properties in Lyme disease-endemic areas (Gould 

et al. 2008, Connally et al. 2009, Hook et al. 2015, Niesobecki et al. 2019). Low willingness 

to pay for tick control is perhaps best addressed via education campaigns specifically 

targeting options for protection against ticks in the peridomestic environment, including 

costs and benefits, but it must be noted that there are limits to what can be achieved if most 

homeowners are unwilling to spend more than $100 per year on tick control (Gould et al. 

2008). Limited acceptability for broadcast application of synthetic acaricides may 

potentially be overcome by use of natural product-based acaricides, biological control agents 

such as entomopathogenic fungal agents, and rodent-targeted acaricides or vaccines 

contained in deployment devices (Niesobecki et al. 2019, Jordan and Schulze 2019a). One 

caveat is that the ongoing proliferation of minimum risk natural products marketed for tick 

control but exempt from registration by the Environmental Protection Agency (EPA), the 

‘25b exempt products’, appear to include some formulations with poor tick-killing efficacy 

(Dyer 2016). A recent survey of pest control and landscaping companies in New Jersey, New 

York, and Pennsylvania (Jordan and Schulze 2019a) revealed that the most common tick 

control methods used on residential properties include application of conventional synthetic 

pesticides (offered by 80% of survey respondents), application of natural or organic products 

(34%), habitat management (24%), and host-targeted devices such as Damminix Tick Tubes 
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(22%). Most of these tick control actions were driven by client requests and presence of 

perceived tick habitat, whereas results of tick surveys only rarely were used as a basis to 

decide whether or not to treat a client’s property. Moreover, the majority of companies 

claimed to be unfamiliar with entomopathogenic fungal tick control products and SELECT 

TCS bait boxes for topical acaricide application to rodents (Jordan and Schulze 2019a). A 

final point to keep in mind is that our current tick suppression efficacy estimates for different 

control methods on residential properties are based on research studies (reviewed by Eisen 

and Dolan 2016), and there is a very poor understanding of how those same methods 

perform in the hands of either homeowners or pest control companies contracted for tick 

control. As tick control requires an understanding of tick biology as well as pesticide 

formulations and application equipment, it would not be surprising to find that pest control 

companies and, especially, homeowners are less effective in suppressing ticks compared to 

the expectations for tick-killing efficacy emerging from research studies.

Area-Wide ITM Programs: Rationale, Barriers, and Solutions

Although residential properties in suburban/exurban settings of the Northeast remain 

important locations for human tick exposure, the ongoing spread and population increase of 

I. scapularis and A. americanum across the northern part of the eastern United States may 

result in a more spatially diffuse risk for tick encounters as the abundance of host-seeking 

ticks reach levels across the landscape where even activities of limited duration (compared to 

the time spent on your own property) increasingly results in tick encounters. Area-wide ITM 

approaches may have protective spatial extents ranging in size from neighborhoods to large 

tracts of public land. Potential methods to integrate for area-wide suppression of ticks 

include some of those mentioned previously for single residential properties—deer fencing 

(for smaller target areas), vegetation management (including trail edge treatments; McKay et 

al. 2020), killing of host-seeking ticks, and rodent-targeted approaches—but also reduction 

of deer populations and topical acaricide application to deer. Another consideration is 

whether the ITM approach aims to: 1) suppress ticks broadly across the landscape; 2) focus 

on specific settings within the landscape, on private or public land, considered to have 

especially high potential for human tick encounters; or a combination of 1) and 2) for 

maximum impact. Due in large part to lack of local tick management programs staffed with 

public health professionals, the concept of area-wide ITM is groundbreaking in the United 

States and new models for this approach need to be developed and evaluated (Eisen 2020).

Across the primary tick species addressed in this Forum paper, perhaps the best examples of 

published research studies fitting the concept of area-wide ITM are the efforts by Bloemer et 

al. (1990) to suppress A. americanum in a campground portion of a recreational area through 

a combination of deer fencing, vegetation management, and broadcast of acaricide in 

campgrounds; and the work by Schulze et al. (2007, 2008) to suppress I. scapularis across a 

mosaic of private and public land through a combination of 4-poster devices for acaricide 

application to deer, bait boxes for acaricide application to rodents, and barrier broadcast of 

synthetic acaricide on residential properties to provide interim protection during the lag-

period before the rodent-targeted intervention component could be expected to impact host-

seeking I. scapularis nymphs. This latter strategy is intriguing as it presents a staggered 

approach where a less environmentally friendly method without a time-lag for impact on I. 
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scapularis nymphs (broadcast of acaricide) was used as a short-term solution for protection 

of residential properties until the more environmentally friendly host-targeted methods took 

effect on residential properties (rodent-targeted acaricide) or across the landscape (deer-

targeted acaricide). An ongoing ITM study aiming to suppress I. scapularis have replaced the 

broadcast of acaricide with an entomopathogenic fungal agent to further improve the 

environmental profile of the intervention (K. C. Stafford, unpublished data). Another 

ongoing study is aiming to provide area-wide suppression of I. scapularis at the 

neighborhood scale without targeting deer but rather treating a substantial portion of the 

residential properties within the neighborhood with a combination of broadcast of an 

entomopathogenic fungal agent and rodent-targeted acaricide, potentially also extending 

some protection to non-treated properties bordering treated properties (Keesing and Ostfeld 

2018). The best example of a successful area-wide ITM program targeting a human-biting 

tick and a tick-borne disease in the United States is the effort to suppress R. sanguineus 
sensu lato and Rocky Mountain spotted fever on native American land through a 

combination of peridomestic broadcast of a conventional synthetic acaricide, use of 

acaricide-treated dog collars, and dog population control, thus attacking the tick both on its 

favored host and while off-host (Drexler et al. 2014).

Compared to suppression of ticks from backyard-to-backyard across the nation, area-wide 

ITM with potential for landscape-wide impact is a goal well worth striving for. However, we 

will not reach this goal without scaling up the efforts to overcome barriers and answer 

several critical questions. The white-tailed deer should be at the center of efforts to design 

area-wide ITM approaches (Stafford and Williams 2017, Telford 2018) but new, societally 

acceptable technologies are needed to prevent I. scapularis and A. americanum from feeding 

on this crucial host not only in recreational areas but also in neighborhood settings. Another 

critical need is to evaluate the potential for the most promising area-wide ITM approaches to 

impact not only host-seeking ticks but also human tick encounters and tick-borne disease, 

which requires rigorous and very costly studies. A final consideration is that area-wide ITM 

programs, should they show promise to reduce human tick bites and human illness, likely 

will require an increased public health workforce at the local level for their implementation 

and oversight.

Tick-Bite Prevention Through Personal Protective Measures: Rationale, 

Barriers, and Solutions

There is little doubt that human-biting ticks will remain part of our future and will require 

use of personal protective measures against tick bites and pathogen transmission. Tick 

repellents represent an affordable solution with proven efficacy against bites by the major 

human-biting tick species and with immediate and scale-free protection. But they are only 

protective when used, and therein lies the crux for those who live in places where ticks can 

be encountered in the backyard, along the neighborhood trail where the dog is walked, along 

the edges of school grounds and sports fields, and while hiking in local recreational areas on 

the weekends. This need for constant vigilance probably is part of the explanation for the 

low level (typically 20–40% across studies) of use of tick repellents even in New England 

and Mid-Atlantic states where Lyme disease is highly endemic (Gould et al. 2008, Vazquez 
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et al. 2008, Connally et al. 2009, Hook et al. 2015, Butler et al. 2016, Gupta et al. 2018, 

Niesobecki et al. 2019). In the above set of studies, daily tick checks were reported more 

commonly, but were still not done consistently by more than half of respondents. Because 

use of personal protective measures (e.g., repellents, permethrin-treated clothing, and tick 

checks) rely on self-application every time individuals venture into outdoor environments 

where ticks may be present, such strategies may not reliably impact tick-borne disease 

incidence in a human population.

Limited understanding of the specific circumstances under which human tick encounters 

most commonly occur presents another problem for use of burdensome personal protective 

measures. Factors to consider include: 1) whether tick encounters occur most commonly in 

the peridomestic environment or in other areas (Falco and Fish 1988, Stafford et al. 2017, 

Mead et al. 2018, Fischhoff et al. 2019a, Jordan and Egizi 2019); 2) how specific human 

behaviors may increase the risk of coming into contact with host-seeking ticks in different 

habitat types (Carroll and Kramer 2001, Lane et al. 2004, Eisen and Eisen 2016); and 3) the 

time spent in different settings and engaging in specific activities (U.S. Bureau of Labor 

Statistics 2017, Mead et al. 2018). To make more effective use of personal protective 

measures, further research is needed to clarify how specific human activities conducted in 

defined habitats on residential properties or during recreational activities on public lands 

relate to risk for tick encounters. Another poorly understood issue is where on the human 

body ticks representing different species and life stages make first contact, knowledge of 

which could inform how tick repellents and permethrin-treated clothing should be optimally 

used.

Human vaccines to disrupt tick feeding and/or prevent pathogen transmission have the 

distinct benefits of requiring only occasional application (e.g., annual booster shots) and 

protection against the ticks people fail to discover before they attach and have a chance to 

start transmitting pathogens. No such vaccines are currently available for use in humans 

against any North American tick species or tick-borne pathogen, although there are several 

canine Lyme disease vaccines on the market. Effective human vaccines are available for 

tick-borne encephalitis virus (TBEV) in Europe and Russia, but a recent increase in tick-

borne encephalitis cases in Europe illustrates the difficulty in maintaining sufficient 

vaccination rates (Süss 2008, Erber et al. 2018), as also seen recently in the measles 

outbreak in some communities in the United States (Patel et al. 2019). For Lyme disease in 

the United States, an application of an early model to assess various intervention strategies 

in a hypothetical community found that the use of a Lyme disease vaccine and the 

application of acaricides to deer produced the greatest reduction in human cases of Lyme 

disease under best-case scenarios (Hayes et al. 1999); two methods, not incidentally, that 

have broad-scale or scale-free impacts. However, the best-case scenario for the vaccine was 

95% usage in the hypothetical community. The first human Lyme disease vaccine was pulled 

off the market in 2002 over concerns about adverse reactions and low public acceptance 

(Schuijt et al. 2011, Shen et al. 2011, Embers and Narasimhan 2013, Steere and Livey 2012), 

and we have now waited for nearly two decades for a human Lyme disease vaccine to 

reemerge. At present, one new candidate Lyme disease vaccine (VLA15; Valneva, Lyon, 

France) has progressed to phase 2 clinical trials in Europe and the United States. There also 

is considerable interest in anti-tick vaccines, with potential for blocking transmission of 
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multiple pathogens transmitted by the same or multiple tick species (de la Fuente 2018, 

Rego et al. 2019). However, the potential for such anti-tick vaccines to emerge as public 

health products is still unclear.

Industry Engagement: Rationale, Barriers, and Solutions

Industry has three broad roles in the field of tick control and tick-bite prevention: production 

of already marketed products to kill or repel ticks; commercial development of new 

acaricide or repellent active ingredients and formulations, and other novel products such as 

anti-tick vaccines or reservoir-targeted transmission-blocking vaccines; and the services 

provided by pest management professionals (i.e., local pest control companies or 

franchises). The market, obviously, drives much of industry research and development (Graf 

et al. 2004). Coincidentally, most pesticide products labeled for environmental tick control 

also are used for a variety of other arthropod pests. Not surprisingly, there is a wide range of 

tick and flea control products for companion animals, encompassing flea/tick collars, topical 

sprays, topical spot-on solutions, and a newer class of oral parasiticides, the isoxazolines 

(Blagburn and Dryden 2009, Pfister and Armstrong 2016). Among these are more than 30 

brand name products, not counting generics, containing at least 16 active ingredients, not 

counting growth regulators in the formulations, specifically targeting fleas (Stafford 2017). 

People love their pets, which are often thought of as members of the family (Charles and 

Davies 2008, Johnson 2009). A recent survey in Connecticut and Maryland found that 83% 

of respondents used tick control products for pets (Niesobecki et al. 2019). These pet 

products also may have human health implications as pet ownership can increase the risk of 

encountering ticks (Jones et al. 2018). Moreover, long-acting tick collars (with flumethrin 

and imidacloprid) were an important tool in a successful community approach to control 

brown dog ticks and prevent Rocky Mountain spotted fever (Drexler et al. 2014).

One basic problem is getting industry to invest in developing new products or translating 

research into commercial products for an unclear public health tick control market. The 

implementation of novel technologies requires long-term research followed by commercial 

product development with associated costs, patent or licensing issues, registration approvals, 

marketing, and actual acceptance and use by the public or pest management professionals 

(Graf et al. 2004). Nevertheless, there are some products on the market, or close to the 

market, that were developed for commercial application: examples include devices to treat 

rodents or deer with topical acaricides, and a rodent reservoir-targeted vaccine against Lyme 

disease spirochetes. For the majority of such products, federal funding helped move them 

through initial proof-of-concept studies and early-stage efficacy evaluations in the laboratory 

and field. One example of such a process is nootkatone from Alaskan yellow cedar and 

grapefruit essential oil: this compound was shown to be both repellent and toxic to I. 
scapularis and A. americanum in a series of federally funded laboratory and field studies 

(Panella et al. 1997, 2005; Dietrich et al. 2006; Dolan et al. 2007, 2009; Behle et al. 2011; 

Flor-Weiler et al. 2011, Jordan et al. 2011, 2012; Anderson and Coats 2012; Bharadwaj et al. 

2012). Nootkatone is commonly used in foods and fragrances, and, very importantly, can be 

mass-produced using a yeast fermentation process to reduce production cost to the point 

where nootkatone-based products to repel and kill ticks should be commercially viable. Such 

nootkatone-based products are being developed under the name ‘NootkaShield’ by Evolva 
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under license from the Centers for Disease Control and Prevention, and registration of 

nootkatone as a biopesticide is, at the time of this writing, under review by the U.S. 

Environmental Protection Agency (Evolva 2020). Another similar example is a reservoir-

targeted oral bait to vaccinate rodents against B. burgdorferi s.s. (Gomes-Solecki et al. 2006; 

Richer et al. 2011, 2014; Stafford et al. 2020), developed by U.S. Biologic and at the time of 

this writing under regulatory review by the U.S. Department of Agriculture (US Biologic 

2020). One common problem illustrated by these two examples is the long time (nearly 15 

yr) that elapsed from the initial proof-of-concept studies to even nearing product registration 

and marketing. Shortening the time for development of novel tick and pathogen control 

products is a critical need for effective future intervention programs. The development of 

new products combining currently available technology such as oral systemic acaricides, 

reservoir-targeted vaccines, and different delivery systems under patent by different 

companies is another potential barrier to industry engagement, the synergism of existing 

technologies, and the emergence of new products. There also may be regulatory obstacles 

for product concepts that involve several Federal regulatory agencies, depending on the 

product and required registrations and approvals.

Tick control services for private residents is offered by pest management professionals 

(licensed pesticide applicators), with the majority (80%) of surveyed companies in 

Pennsylvania, New Jersey, and New York offering stand-alone tick control programs (Jordan 

and Schulze 2019a), an increase over that noted previously in Connecticut (51%) (Stafford 

1997). As illustrated in previous (Schulze et al. 1997, Stafford 1997) and the latest (Jordan 

and Schulze 2019a) survey of pest control companies, the industry continues to utilize 

synthetic acaricides for tick control. Bifenthrin was the primary acaricide used by over half 

the survey respondents, followed by cyfluthrin and deltamethrin. Cedar oil was the principal 

‘natural product’ used, which raises some concerns over yet undocumented efficacy; none 

reported using the commercially available entomopathogenic fungus M. anisopliae. 

Moreover, as pointed out by Jordan and Schulze (2019a): ‘an IPM approach for tick control 

does not easily fit a pest control model’ within existing pest control company business 

practices and what clients are willing to pay for tick control services. ITM for residential 

properties might require further public-private partnerships that would encourage 

commercial development of effective, affordable tick control products and expedite the 

development and implementation of existing and/or promising new intervention 

technologies.

Conclusions

The widest diversity and most current tools for tick control have been developed for I. 
scapularis, with less recent research on control methods for A. americanum and especially 

for D. variabilis. Studies have shown that the application of acaricides or entomopathogenic 

fungal agents to kill host-seeking and ticks on rodents can suppress I. scapularis in the 

residential landscape, but substantial reductions in the abundance of host-seeking ticks thus 

far has shown little to no documented impact on human tick bites or human disease. There 

are limited studies on the efficacy of current acaricides and biopesticides for control of A. 

americanum in residential settings. One main barrier is our poor understanding of target 

thresholds for tick suppression at the local (residential), municipal, and state levels to impact 
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the incidence of Lyme and other tick-borne diseases. Similarly, analogous to vaccination 

thresholds needed for ‘herd’ protection, it is unknown at what level of participation 

residential (e.g., percent household participation) and community-wide (e.g., percentage and 

spatial distribution of protected areas within the community) implementation of tick 

management interventions may result in reduced human tick bites or tick-borne illness. 

Another knowledge gap is how well homeowners and pest control companies really perform 

in effective broadcast application of acaricides, relative to the high expectations for killing 

efficacy set for the same products and application methods in research studies. The major 

issues in reducing human tick encounters and the incidence of human tick-borne disease can 

be summed up in terms of effectiveness, scale, cost, and implementation of various 

management strategies in the tick control toolbox. Development and testing of technologies 

should be added to that list. In other words, the barriers to area-wide ITM are technical, 

logistical, and social. Solutions might include intensified research and development by the 

government and public/private partnerships of existing and novel tick management 

technologies; support for the commercialization and marketing of the most promising 

existing technologies and/or new technologies; enhanced education of the public on the 

efficacy, use, and availability of tick management strategies; and a major increase in the 

public health workforce engaging in tick control at local and state levels to complement and 

assist with current efforts driven by homeowners and pest control companies.
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Fig. 1. 
The tick management triad responsible for research, commercial development, and 

implementation of strategies for the management of ticks and reduction of tick-borne 

diseases (commercial development is not necessarily restricted to the pest management 

industry).
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