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Abstract

Geographic ranges of ticks and tick-borne pathogens within North America are shifting due

to environmental changes and human-driven activities, with species of public health concern
presenting a multifaceted risk to human health. Innovative strategies and continued collaboration
to control tick populations are needed to combat this growing threat. We conducted a scoping
review of the literature to describe the nature of applied tick control research conducted in North
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America (Canada, Mexico, and the United States) to date, with the goal of describing key concepts
and identifying gaps in this research area. A total of 244 articles met our inclusion criteria and
were reviewed for patterns in applied tick control authorship and funding, study location, target
species, and control methodology. Most studies (83.6%) were conducted exclusively in the United
States and 75% focused on ticks of public health concern, principally Amblyomma americanum
(Linnaeus, Acari: Ixodidae), Dermacentor variabilis (Say, Acari: 1xodidae), /xodes scapularis Say
(Acari: Ixodidae), and Rhipicephalus sanguineus (Latreille, Acari: Ixodidae). The majority of
funding was provided through US federal agencies, predominantly the Centers for Disease Control
and Prevention and the United States Department of Agriculture. /xodes scapularis was the target
of over 50% of identified articles, with the majority of research conducted within 3 states in the
Northeast region of the U.S. Only 8.2% of included studies evaluated integrated tick management
interventions. We note gaps in tick control research regarding (i) non-/xodes medically relevant
tick species, (ii) endemic range coverage, and (iii) control methodologies evaluated.

Keywords
applied research; tick control; ticks; scoping review

Introduction

Ticks are nuisance pests and transmit multiple bacterial, viral, and protozoan pathogens
affecting humans, domestic livestock, and wildlife (Jongejan and Uilenberg 2004). In
North America, there are several tick genera of public health importance, given their
ability to transmit pathogens to humans via an infectious bite and contribute to the

allergic response alpha-gal syndrome. These tick genera include Amblyomma (Acari:
Ixodidae) (ehrlichiosis, rickettsiosis, Rocky Mountain spotted fever [RMSF], tularemia,
and alpha-gal syndrome), Dermacentor (Acari: Ixodidae) (Colorado tick fever, RMSF, and
tularemia), /xodes (Acari: Ixodidae) (anaplasmosis, babesiosis, ehrlichiosis, Lyme disease,
and Powassan virus disease), and Rhipicephalus (Acari: 1xodidae) (RMSF) (National Center
for Emerging and Zoonotic Infectious Diseases and Division of Parasitic Diseases and
Malaria 2019, Sharma et al. 2024, U.S. Centers for Disease Control and Prevention 2024a).

In the United States, tick-borne disease (TBD) cases in humans have more than doubled
from 2004 to 2019 (The U.S. Department of Health and Human Services, The U.S. Centers
for Disease Control and Prevention. 2024). Lyme disease-causing agents, primarily Borrelia
burgdorferisensu stricto (Spirochaetales: Spirochaetaceae), are the most commonly acquired
tick-borne pathogens in the United States (Rosenberg et al. 2018). Incidence of other TBDs,
such as anaplasmosis and ehrlichiosis, have also increased, and new TBDs are emerging,
including those caused by Heartland and Bourbon viruses (Rosenberg et al. 2018, Dupuis et
al. 2023).

The geographic range of various tick species is shifting, and (re) emergence of tick-borne
pathogens in new regions has occurred due to environmental changes, anthropogenic
land-use changes, and host animal characteristics (Ogden et al. 2013, Eisen et al. 2016,
Sonenshine 2018, Little et al. 2021, Rochlin et al. 2022, Eisen and Eisen 2023, Machtinger
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et al. 2024). For example, the range of /xodes scapularis Say, the blacklegged tick,

has expanded into southern Canada and in 2017, an exotic and invasive tick species,
Haemaphysalis longicornis Neumann (Acari: Ixodidae), was confirmed in the United States
and is now a major veterinary pest concern (Levy 2017, Rainey et al. 2018, Animal and
Plant Health Inspection Service 2024). Due to these changes, new communities are now
facing increased risk of exposure to ticks and their associated pathogens (Sonenshine 2018,
Deshpande et al. 2024).

There are various control strategies to decrease tick encounters, reduce tick abundance,
prevent cases of tick-borne illness, and reduce the prevalence of TBD-causing agents in
ticks (Stafford et al. 2017). Some of these measures include the application of acaracides

to the environment, host-targeted acaracide application, biological control agents, habitat
management (e.g., controlled burns, vegetation removal), and host reduction or exclusion
(Stafford et al. 2017). In addition, integrated pest management (IPM), a strategy that

uses multiple methods to reduce pest populations, can be applied to ticks (integrated tick
management [ITM]) to effectively reduce the population and decrease human cases of TBDs
(Stafford 2007, Beard and Strickman 2014).

Here, we conducted a scoping review of the applied tick control literature to determine
trends in tick control practices, funding, and authorship over time. Scoping reviews are a
valuable tool for rapidly mapping the key concepts underpinning a research area in terms
of the volume, extent or range, and characteristics of available primary sources; scoping
reviews are appropriate for exploring both existing and emerging literature and can often
identify gaps that may exist (Pham et al. 2014, Mak and Thomas 2022). Our goal was to
describe the trends in tick control applied research and identify opportunities that may be
employed to expand the applied tick control portfolio that is responsive to the changing
dynamics of TBD risk in North America.

Materials and Methods

Literature Search, Selection Criteria, and Review Process

We conducted a scoping review of the literature following the Arksey and O’Malley
methodological framework, which includes 5 stages: (i) identifying a research question,
(ii) identifying relevant studies, (iii) performing study selection, (iv) charting and collating,
and (v) summarizing and reporting results (Arksey and O’Malley 2005). Our protocol was
drafted using the Preferred Reporting Items for Systematic Reviews and Meta-Analysis
Protocols for Scoping Reviews and is detailed within this manuscript (Tricco et al. 2018).
The PRISMA-ScR checklist associated with this review is available in Supplementary File
3.

A comprehensive search of the electronic databases PubMed and Web of Science was
conducted for research pertaining to applied tick control. Searches were conducted using
terms to identify studies on tick control in the environment, control of ticks on animals,
evaluation of both field and laboratory acaricide efficacy, evaluation of acaricide resistance,
and evaluation of ITM. The complete search terms and PubMed search strategy are outlined
in Supplementary File 1-T1. Reference lists of articles identified through the database
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searches were reviewed for additional relevant publications. Review articles were not
included in the scoping review, but relevant primary sources identified from review articles
were included. Articles were not limited by date of publication.

Searches of the databases were conducted on 4 March 2022 and 25 August 2023.

Research articles were included if they met the following criteria: (i) conducted in North
America, including Mexico, United States, and Canada; (ii) empirical study; and (iii)
explicitly included an assessment of any, or a combination of, the following: control of

ticks in the environment, control of ticks on animals (livestock, domestic, wildlife), acaricide
efficacy trials, ITM, acaricide resistance assays that report mortality metrics, repellency
assays that report mortality metrics, or community-based assessments that directly address
willingness to pay for tick control, acceptability of tick control interventions, and/or
implementation of tick control services. Studies that did not meet any one of the above
criteria were excluded from the scoping review.

The review process was conducted using Covidence systematic review software (Covidence,
Veritas Health Information, Melbourne, Australia). After removing duplicates, each article
was screened for inclusion by title and abstract by a single reviewing author (JG, EM, KM,
or JP). The remaining articles underwent a full-text review and were screened by 2 reviewers
independently (EM, JP, AL, or CW). Conflicts regarding article inclusion or exclusion were
resolved and finalized by the reviewers.

Data Extraction and Key Outcomes

Authors EM and JP developed a project-specific data extraction template within Covidence
(see Supplementary File 2). Characteristics of the included literature were documented
within this template (authors EM, JP, AL) and exported as a database. Descriptive statistics
of the exported literature characteristics were analyzed using Microsoft Excel and IBM
SPSS Statistics (Version 28.0.0.0).

Articles included in this review were summarized based on several categorizations (Table 1).
First, we divided articles by those focused on ticks of public health importance, which
were defined as medically important tick species associated with the transmission of
pathogens affecting human health within the genera Amblyomma, Dermacentor, Ixodes,
and Rhipicephalus. The remainder of articles were classified as agricultural/wildlife,
which was defined as articles that focused on evaluating tick control in the context of
livestock or wildlife health. Second, we summarized the control interventions evaluated
within the included articles by the following focus areas: environmental control using
acaricides, habitat modification, host-targeted intervention, acaricide susceptibility trial,
and community-based assessments. Definitions of these focus areas are further delineated
in Table 1. Lastly, articles were grouped into climate regions according to the National
Oceanic and Atmospheric Administration (NOAA) regional climate classification system.
This system divides states in the contiguous United States into 9 climatically consistent
regions based on current and historical conditions; these regions roughly align with the
distributions of medically important tick species (Karl and Koss 1984, Eisen et al. 2017).
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As shown in the PRISMA flow diagram (Fig. 1), 3,727 references were imported to
Covidence for screening. After duplicate removal, 3,289 unique studies remained for title
and abstract screening; of these, 328 studies were screened for inclusion via full-text review.
A total of 244 out of the 3,289 unique articles met the criteria for inclusion in this scoping
review; of these 244 articles, most (7= 183, 75.0%) focused on tick vectors of public health
importance, while the remaining studies focused on agricultural/wildlife tick control (7= 61,
25.0%). Table 2 provides additional summary details on the 244 included articles.

The primary focus of this scoping review was to summarize the nature of applied tick
control research on tick vectors of public health importance; however, 61 studies on the
control of ticks associated with agricultural and/or wildlife health did meet our inclusion
criteria. Briefly, most of the research on agriculturally relevant ticks was conducted in
Mexico (n= 30, 49.2%) and focused on control of RAipicephalus microplus Canestrini (n=
47, 77.0%); further details and citations for the agriculture/wildlife studies are summarized
in Supplementary File 1-T2. The remainder of the presented results will focus exclusively on
the 183 articles investigating ticks of public health importance identified in this review.

The 183 articles focused on controlling ticks of public health importance largely reported on
control of /xodes (n= 131, 71.6%), followed by Amblyomma (n= 59, 32.2%), Dermacentor
(n=29, 15.9%), and Rhipicephalus (n= 12, 6.6%) ticks (Table 3). Thirty-nine studies
(21.3%) evaluated more than one tick species concurrently; these studies are included in the
genus-specific summaries presented below. The most common control focus of these studies
was host-targeted interventions (n= 74, 40.4%), followed by environmental control based on
acaricide application (7= 59, 32.2%), habitat modification (/7= 35, 19.1%), and acaricide
susceptibility assessments (7= 33, 18.0%); only 13 studies (7.1%) included community-
based assessments (Table 2). A full listing of the 183 articles focused on controlling ticks

of public health importance is available in Table 4, which provides details on target species,
control intervention, location, funding, author background, and citation information for each
study included in this review.

Funding and Authorship of Public Health Tick Control Studies

The earliest applied tick control study with a public health focus identified in this scoping
review was published in 1944 and funded by the United States Department of Agriculture
(USDA) (Smith and Gouck 1944) (Fig. 2A). Few applied tick control studies (7= 11) were
published between 1940 and 1979. These studies focused largely on control of Amblyomma
(n =7, 64%), followed by Dermacentor (n = 2, 18%), and Rhipicephalus (n= 1, 9%); one
study focused on Amblyomma, Dermacentor, and Ixodes concurrently (Smith and Gouck
1944). The 3 studies published prior to 1959 were supported exclusively through US federal
funding (Smith and Gouck 1944, Smith et al. 1946, McDuffie et al. 1950) (Fig. 2B).
Additional funding sources began to appear in published articles in the 1960s and 1970s
and included nonprofit organizations (Nelson 1969) and state sources (Hoch et al. 1971).
Thirty-six percent (n= 4) of the studies published between 1940 and 1979 did not report a
funding source (Mount et al. 1968, 1976, Clymer et al. 1970, Wilkinson 1977).

J Med Entomol. Author manuscript; available in PMC 2026 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lehane et al.

Page 6

Applied tick control research began to increase in the 1980s, with 172 articles published
between January 1980 and August 2023. This period saw an increasing shift in focus to
control of /xodesticks (n= 128, 60%) as compared to other tick species (see Fig. 2A).
Additionally, funding from US Department of Health and Human Services (DHHS) agencies
became more common beginning in the 1980s (Fig. 2C). However, it was not until the 1990s
that a large increase in applied tick control research occurred due to increased funding from
the US Centers for Disease Control and Prevention (CDC) (Fig. 2C). The increase in applied
tick control was driven by a focus on /xodes ticks, which remained the primary focus of
applied tick control research until the late 2000s.

Overall, the majority of the applied tick control research conducted in North America
received funding from US federal agencies (7= 110, 60%). US federal funding was
provided by 16 different agencies, with the largest proportion of publications supported

by the CDC (n = 56), USDA (1= 24), and the US Department of Defense (DOD; n=11)
(Table 4). Figure 2A-C provides a summary of applied tick control publications across time
by (a) tick genera, (b) primary funding organizations, and (c) different US federal funding
organizations. Figure 2A—C reports the number of publications assessing control of each
listed tick genus and receiving funding from each listed entity. Some publications reported
on more than one tick genus concurrently or received funding from more than one entity,
which is not reflected in this figure.

Most articles included in this review were authored by researchers affiliated with only a
public agency (=72, 39.3%) or affiliated only with an academic institution (7= 51,
27.9%). Of the articles conducted by researchers affiliated with only a public agency,

the most common affiliations for studies focused on /xodes ticks were the Connecticut
Agricultural Experiment Station (7= 18), USDA (n= 15), Freehold Area Health Department
(New Jersey, 7= 11), CDC (n= 8), Monmouth County Mosquito Control Commission

(New Jersey, n=8), and the New Jersey Department of Health (n= 7); the most common
affiliations for studies focused on metastriate ticks were the USDA (n7=15) and CDC (n=

6) (studies listed in Table 5). Public-only research affiliates received funding from the CDC,
USDA, or did not report their funding source (Supplementary File 1-T3).

Academically affiliated researchers were associated with one of 24 separate academic
institutions. Articles conducted by researchers affiliated with only an academic institution
were most commonly located in New York State (7= 13), Rhode Island (7= 5), and
Massachusetts (7= 5) for studies focused on /xodesticks and were most commonly
located in Florida (7= 5) and Oklahoma (/7= 4) for studies focused on metastriate ticks
(Table 5). Academic-only research affiliates had the most diversity in funding sources,
source but predominantly received funding from the CDC, academic institutions, nonprofit
associations, or did not report their funding (Supplementary File 1-T3).

Twenty-eight studies (15.3%) were authored by a partnership of authors affiliated with
public agencies and academic institutions. The most commonly observed partnerships
included those between (i) universities and federal agencies (n7= 14), and (ii) universities
and state agencies (n7=15). Funding for these academic-public partnership studies most
commonly came through federal agencies (excluding CDC or USDA), from the CDC,
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from academic institutions, or were not reported. Only 10 studies (5.5%) were authored
by researchers affiliated solely with private institutions, which included veterinary health
and pharmaceutical companies (/7= 6), independent contract research firms (n7= 6), and
agronomic service corporations (/7= 3). The remaining 22 (12.0%) studies included a
mixture of public agency, private agency, and academic author affiliations.

Location and Length of Public Health Tick Control Studies

The majority of articles included in this review conducted research at sites within the United
States (7= 174, 95.1%), followed by sites in Canada (n=5, 2.7%) and Mexico (n=1,
0.55%); 3 (1.6%) studies were conducted in both the United States and another country
(Table 4).

Of the studies conducted in the United States, the majority (n= 98, 53.6%) were conducted
within NOAA Region | (Northeast). The states with the highest volume of studies conducted
within them include New Jersey (1= 29), Connecticut (7= 28), and New York (n= 25),
followed distantly by Texas (7= 10) and Oklahoma (7= 9). Tick control evaluations
targeting /xodes ticks predominated in NOAA Region | (Northeast), while Regions |1
(Southeast), IV (Ohio Valley), and V (South) had a higher proportion of studies targeting
Amblyommaticks. No applied tick control studies were identified with study sites located
in NOAA Regions VI (Northern Rockies & Plains) or VIII (Northwest). Figure 3 portrays
the distribution of applied tick control studies evaluating ticks of public health importance
across the contiguous U.S. by NOAA region.

The length of time these studies were conducted was largely 1 year or less (n= 52, 28.4%),
followed by 2 years (1= 30, 16.4%), 3 years (n= 26, 14.2%), and 4 years (7= 16, 8.7%)
(Table 4). Twenty-six (14.2%) studies were conducted over 5 years or more. Thirty-three
(18.0%) articles did not report the length of study. After the 1990s, when funding for tick
control work increased, length of study did not increase.

Genus Summary: Ixodes

A total of 131 studies included in this review evaluated applied tick control interventions for
Ixodes ticks. The most common vector targeted in the studies we identified was /. scapularis,
which was assessed in 68.5% (/7= 126) of the public health studies identified in this review;
studies reporting control results for /. damminiwere grouped with /. scapularis (Sanders
1998). Five studies focused on the western blacklegged tick, /xodes pacificus Cooley &
Kohls (Table 4).

Tick control interventions for /xodes ticks predominantly focused on host-targeted
approaches (n =56, 42.7%) and environmental acaricide control approaches (n=

37, 28.2%), followed by acaricide susceptibility assessments (7= 23, 17.6%), habitat
modification (n = 20, 15.3%), and community-based assessments (7= 7, 5.3%) (Table

4). Twelve studies (9.3%) incorporated multiple interventions, though only 5 of these were
designed as ITM interventions (Stafford et al. 2003, Schulze et al. 2007, Williams et al.
2018, Mandli et al. 2021, Keesing et al. 2022). The most common length over which
Ixodes-focused studies collected data was 1 year (n= 36, 27.5%), followed by 2 years (n=
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22, 16.8%) and 3 years (n = 18, 13.7%); a large proportion of these studies (n= 26, 19.8%)
did not report the period of data collection (Table 4).

Of the 57 studies evaluating host-targeted control interventions, the majority focused on
white-tailed deer (r7= 25, 43.9%) and/or rodents (n= 24, 42.1%); 7 (12.3%) studies

focused on domestic pets, 2 (3.5%) on humans, and 1 (1.8%) on livestock. Deer-targeted
interventions predominantly evaluated the 4-poster system (7= 15), while others evaluated
deer exclusion (n= 3), deer removal (1= 6), and systemic treatments (»7=1). Rodent-
targeted interventions predominantly evaluated acaricides delivered topically via nesting
material (7= 12) and/or bait boxes (7= 12) and rodent removal (/7= 1), while one study
evaluated systemic treatments. Interventions targeting domestic pets exclusively evaluated
tick control products delivered systemically or with spot treatments. Human-focused studies
evaluated the impact of permethrin-treated clothing used during walking surveys (Table 5).

Of the 38 studies evaluating environmental acaricide control approaches, the majority
focused on chemical acaricides (n= 24, 63.2%), followed by entomopathogenic fungi (n
=10, 25.6%) and naturally derived acaricides (7= 9, 23.7%); 2 (5.3%) studies evaluated
control with parasitoids and 1 (2.6%) evaluated control with desiccant and insecticidal
soap. The most commonly evaluated chemical acaricide classes were pyrethroids (7= 13)
and carbamates (n7=9). The naturally derived acaricides consisted of botanically derived
products (/7= 7), nootkatone (7= 6), and 25(b) minimum risk products (7= 5). The US
Environmental Protection Agency defines 25(b) minimum risk pesticides products as those
containing active ingredients that are exempt from the Federal Insecticide, Fungicide, and
Rodenticide Act; the 25(b) products evaluated in these studies included active ingredients
such as rosemary oil, peppermint oil, and geraniol (U.S. Environmental Protection Agency
2024).

Most of the 20 studies evaluating habitat modifications focused on landscape management
approaches (n =10, 50.0%), while others evaluated controlled burns (r7= 6, 30.0%)

and invasive plant removal (7= 4, 20.0%). The focus of the 23 acaricide susceptibility
studies was evenly distributed across chemical and naturally derived acaricides and
entomopathogenic fungi. Of the 7 studies that included a community-based assessment
component, 4 included assessments of acceptability regarding tick control interventions,

3 measured implementation of tick control through Knowledge, Attitudes, and Practices
(KAP) surveys, and 1 measured use of private pest control services, prioritization of public
tick control interventions, and willingness to pay for tick control, respectively (Table 5).

The majority of /xodes research occurred in New Jersey (7= 27, 20.6%), Connecticut (7
=26, 19.9%), and New York (=22, 16.8%) (Table 4; Fig. 3). The counties in these

states with the most /xodes research included Monmouth County, NJ (7= 23), Westchester
County, NY (n=11), and Fairfield County, CT (n7= 10). Most /xodes-focused control
interventions were conducted in residential settings (7= 73, 55.7%); of these, 63% (7

= 46) were conducted in suburban settings, 35.6% (7= 26) in rural settings, and 1.4%
(n=1) in urban settings. Of the studies conducted in residential settings, most focused

on host-targeted (/7= 45) and environmental acaricide control (n7= 24) interventions.
Host-targeted interventions in rural residential areas focused almost exclusively on deer,
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while host-targeted interventions conducted in suburban residential areas were more equally
dedicated to deer and rodent-targeted interventions.

Other common study settings included parks (n= 19, 14.5%), wilderness areas (7= 19,
14.5%), and military bases (7= 14, 10.7%). Studies conducted in parks focused mostly
on host-targeted interventions, and studies conducted in military bases focused mostly on
environmental acaricide control interventions. Studies conducted in wilderness areas had
an even distribution of environmental acaricide, host-targeted, and habitat modification
interventions. The 23 studies evaluating acaricide susceptibility were conducted in
laboratory settings (Table 4).

Funding for /xodes-focused control studies was predominantly provided through CDC (7
=51, 38.9%), followed by non-profit funders (n= 23, 17.6%); 20.6% of /xodes-focused
control studies (n7= 27) did not report a funding source. Most studies were supported
exclusively by one funding source (/7= 69, 52.7%), the majority of which were funded by

a US federal agency (n= 49, 72.1%). Of these studies, exclusively CDC-supported work (n
= 35) most often focused on environmental acaricide control (7= 14, 40.0%) followed by
host-targeted interventions (1 = 8, 22.9%), while most exclusively USDA-supported work (7
=7) focused on host-targeted interventions (n=5, 71.4%) (Table 4).

Acrticles on control of /xodes ticks were most frequently authored by researchers only
affiliated with public agencies (/7= 50, 38.2%), followed by authors only affiliated

with academic institutions (7= 34, 26.0%), and partner authorships between public and
academic institutions (7= 20, 15.3%). Authors affiliated with only public agencies most
often researched environmental acaricide control approaches (7= 14, 28.0%) and host-
targeted approaches (n= 14, 28.0%). Authors affiliated with only academic institutions
largely researched host-targeted tick control interventions (n= 14, 41.2%), followed by
environmental acaricide control (n = 6, 17.6%) and acaricide susceptibility assessments
(n=6, 17.6%). Research conducted in partnership with authors from public agencies
and academic institutions most often researched host-targeted control (r7= 6, 30.0%) and
acaricide susceptibility assessments (7= 5, 25.0%) (Table 4).

Genus Summary: Amblyomma

Fifty-nine studies investigated tick control interventions for Amblyomma ticks; 53 (89.8%)
of these studies investigated control of Amblyomma americanum (Linnaeus); 6 (10.2%)
studies included both A. americanum and A. maculatum Koch; and one study (1.7%)
included A. americanum, A. maculatum, and A. cajennense (Fabricius) (Table 4).

The majority of Amblyomma-focused control studies evaluated environmental acaricide
interventions (17 = 24, 40.7%), followed by host-targeted interventions (n7 =21, 35.6%),
habitat modifications (7= 16, 27.1%), acaricide susceptibility assessments (n= 8, 13.6%),
with one community-based assessment (1.7%). The most common length over which
Amblyomma-focused studies collected data was 1 year (1= 14, 23.7%), followed by 3
years (n= 10, 16.9%) and 2 years (n=9, 15.3%); 18.6% of these studies (7= 11) did not
report the period of data collection (Table 4).
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Of the 24 studies focused on environmental acaricide interventions, most applied chemical
acaricides to reduce tick populations in the environment (7= 21, 87.5%), followed by

4 (16.7%) studies evaluating naturally derived acaricides and 2 (8.3%) studies evaluating
entomopathogenic fungi; 2 studies evaluated more than one acaricide type. The most
commonly evaluated chemical acaricide classes were organophosphates (7= 12), followed
by pyrethroids (/7= 6) and carbamates (7= 4), while the most commonly evaluated natural
acaricides were 25(b) minimum risk and other botanically derived products (Table 5).

Of the 21 studies focused on host-targeted evaluations, the majority (1= 16, 76.2%) focused
on deer, followed by 4 (19.0%) studies that evaluated flea and tick control products for
domestic pets delivered systemically or with spot treatments. The deer-targeted studies
evaluated 4-poster systems (n7=9), with others focused on deer exclusion (n7=4) and
topical and systemic acaricide treatment (7= 3, respectively). Of the 16 studies on habitat
modifications, most conducted controlled burns (n7= 7), followed by vegetation removal

or thinning (n = 5). Two studies focused on the removal of invasive plant species, and 2
studies conducted landscape management to reduce tick populations. The community-based
assessment measured willingness to pay for tick control services (Table 5).

Amblyomma-focused studies largely occurred in New Jersey (7= 10, 16.9%), Oklahoma
(n=9, 15.3%), and Texas (n=9, 15.3%). The largest proportion of Amblyomma-focused
studies was conducted in the wilderness setting (7= 17, 28.8%), followed by military bases
(n= 14, 23.7%), and residential settings (7= 13, 22.0%). The wilderness-based studies
were largely habitat modification trials, while studies conducted on military bases were
mostly environmental acaricide interventions. Studies conducted in residential settings were
predominantly focused on host-targeted interventions (Table 4).

Most research on the control of Amblyomma ticks was published from 1980—present (7=
51, 86.4%), with only 8 studies published prior to 1980. Funding for Amblyomma-focused
control studies was provided by the USDA (n= 15, 25.4%), followed by the CDC (n = 10,
16.9%), and academic institutions (=9, 15.3%); 28.8% (n= 17) of Amblyomma-focused
control studies did not report a funding source (Table 4).

Articles on control of Amblyomma ticks were most frequently authored by researchers only
affiliated with public agencies (n= 30, 50.8%), followed by only academic institutions (7=
15, 25.4%), and public and academic partnerships (1= 5, 8.5%). Authors affiliated with only
public agencies most often researched environmental acaricide control approaches (7= 12,
40.0%) and host-targeted approaches (7= 8, 26.7%). Authors affiliated with only academic
institutions largely researched habitat interventions (n= 6, 40.0%), followed by acaricide
susceptibility assessments (17 =3, 20.0%). Research conducted in partnership with authors
from public agencies and academic institutions most often researched host-targeted control
(n=2, 40.0%) (Table 5).

Genus Summary: Dermacentor

Twenty-nine studies evaluated applied tick control interventions for Dermacentor ticks. Of
these, 79.3% (n = 23) assessed Dermacentor variabilis (Say). Five studies included D.
occidentalis Marx, and one study included D. andersoni Stiles (Table 4).
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Most tick control interventions for Dermacentor ticks assessed host-targeted (7= 15, 51.7%)
and habitat modification (7= 9, 31.0%) approaches, followed by acaricide susceptibility
assessments (7= 6, 20.7%) and environmental acaricide control (n=5, 17.2%); no

studies for this genus incorporated community-based assessments (Table 5). Four studies
(13.8%) incorporated multiple interventions, though only 2 of these were designed as ITM
interventions (Bloemer et al. 1986, Zimmerman et al. 1988). The most common length over
which Dermacentor-focused studies collected data was 1 year (n= 7, 25.0%), followed by

2 years (n= 4, 14.3%); 32.1% of these studies (n7=9) did not report the period of data
collection (Table 4).

Of the 15 studies evaluating host-targeted control interventions, 40.0% (/7= 6) evaluated
tick control products for domestic pets delivered systemically or with spot treatments.

Other host-targeted studies focused on deer (7= 5, 33.3%) or rodents (7= 4, 26.7%),

with one (6.7%) study assessing permethrin-treated clothing used during walking surveys.
Deer-focused studies evaluated 4-poster systems (7= 3) or deer exclusion (n7= 2); the deer
4-poster studies were primarily designed as interventions for populations of A. americanum
and/or /. scapularis, with Dermacentorticks evaluated as a secondary target. Rodent-focused
studies evaluated the use of acaricides delivered via nesting (/7= 2), bait boxes (n= 1), bait
cubes (n= 1), or rodent removal (7= 1) (Table 5).

Of the 9 studies evaluating habitat modification interventions, half (7= 5, 55.6%) evaluated
the impact of controlled burns or natural fires. Other habitat modification interventions
included landscape management approaches (7= 2, 22.2%), invasive plant removal (7=

1, 11.1%), and vegetation thinning/removal (7= 1, 11.1%). The 6 acaricide susceptibility
trials evaluated active ingredients of pyrethroids, nootkatone, botanically derived pesticides,
entomopathogenic fungi, and DEET. The 5 studies evaluating environmental acaricide
control approaches evaluated active ingredients of organophosphates, pyrethrin, herbicides,
and a variety of insecticides no longer available for use (Table 5).

Most research on the control of Dermacentorticks was published from 1980 to present (7=
26, 89.7%), with only 3 studies published prior to 1980. Funding for Dermacentor-focused
control studies was provided through CDC (n= 6, 20.7%), followed by academic institutions
(n=5, 17.2%), USDA (n= 4, 13.8%), private industry funders (n= 4, 13.8%), and

other U.S. federal agencies (7= 2, 6.9%); 31.0% (1= 9) of Dermacentor-focused control
studies did not report a funding source. CDC-funded studies focused primarily on habitat
modification approaches (7= 4, 66.7%). USDA-supported work focused on environmental
acaricide control approaches (7= 2 50.0%), habitat modification (n= 3, 75.0%), and
host-targeted approaches (/7= 2, 50.0%). The majority of studies funded through private
industry investigated host-targeted control methods for domestic pets (7= 3, 75.0%).

Acrticles on control of Dermacentorticks were most frequently authored by researchers
affiliated with only academic institutions (7= 19, 31.0%) and only public agencies (n=9,
31.0%). Most authors at public agencies were affiliated with federal programs including
USDA (n=4) and CDC (n= 2). Authors affiliated with only academic institutions studied
habitat interventions, host-targeted control, and acaricide susceptibility assessments (7= 3,
33.3%, respectively). Authors affiliated with only public agencies studied environmental
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acaricide control approaches, host-targeted control, and use of multiple control approaches
(n=2, 22.2%, respectively). Research conducted in partnership with authors from public
agencies and academic institutions (/7= 4) focused on host-targeted control (7= 2),
environmental acaricide control (n = 1), and habitat management (n= 1) (Table 5).

Most Dermacentor-focused studies were conducted in the United States (7= 27, 93.1%)
followed by Canada (/7= 2, 6.9%). The largest proportion of Dermacentor-focused studies
were conducted in laboratory settings (=11, 37.9%). These lab-based studies were evenly
distributed across host-targeted evaluations and acaricide susceptibility trials. Field-based
studies were mostly conducted in wilderness settings (7= 5, 17.2%), parks (7= 5, 17.2%),
residential areas (/7= 4, 13.8%), or university experiment stations (=5, 17.2%). Studies
conducted in wilderness settings were focused primarily on habitat modification, while
studies conducted in other areas incorporated environmental acaricide and host-targeted
control interventions. The states where Dermacentorwas most frequently studied included
California (n=6, 20.7%), Texas (1= 4, 14.3%), and Virginia (n7 = 4, 14.3%).

Genus Summary: Rhipicephalus

Twelve studies evaluated applied tick control interventions for Rhipicephalus ticks,
exclusively evaluating control of Rhipicephalus sanguineus (Latreille). Tick control
interventions for R. sanguineuswere mostly focused on host-targeted approaches (n=7,
58.3%) and acaricide susceptibility trials (7= 5, 41.7%); no studies for this genus focused
on habitat modification. Most Rhjpicephalus-focused studies (1= 8, 66.7%) did not report
the period of data collection (Table 4).

The largest proportion of R. sanguineus studies was conducted in laboratory settings (7=
9, 75.0%). These lab-based studies were evenly distributed across host-targeted evaluations
and acaricide susceptibility trials (Table 4). Five susceptibility trials evaluated chemical
acaricides (pyrethroids, organophosphates, and carbamates), naturally derived acaricides
(nootkatone, pyrethrin), and entomopathogenic fungi. Four lab-based host-targeted studies
evaluated tick control products for domestic pets delivered systemically or with spot
treatments (Table 5).

Three studies incorporated multiple interventions and were designed as ITM studies to
address RMSF outbreaks along the US-Mexico border (Drexler et al. 2014, Straily et al.
2016, Alvarez-Hernandez et al. 2020). These studies evaluated environmental acaricide
control using pyrethroids, host-targeted treatment (domestic and free-roaming dogs) using
Seresto collars (active ingredients include imidacloprid and flumethrin), and community
education and outreach on bite prevention and control approaches for R. sanguineus. These
studies were conducted in residential settings, including rural, urban, and suburban areas
in Sonora, Mexico, and indigenous nation territory in the United States, and gathered data
across the entire calendar year.

Funding for Rhipicephalus-focused control studies was provided through private industry
(n=4,33.3%), CDC (n= 2, 16.7%), USDA (n= 1, 8.3%), and nonprofit funders (n=1,
8.3%), or was not reported (7= 5, 41.7%). Of the studies supported by industry, most (7
=3, 75.0%) focused on host-targeted approaches. CDC supported 2 studies, one of which
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focused on acaricide susceptibility and the other investigated multiple control methods for
RMSF. USDA funded one study that investigated acaricide susceptibility (Table 4).

Most of the authors researching control of Rhipicephalus ticks were affiliated with academic
institutions (n = 4, 33.3%) or private agencies (7= 4, 33.3%). Authors affiliated with only
academic institutions exclusively studied acaricide susceptibility, while authors affiliated
with only private organizations exclusively studied host-targeted approaches (/7= 4, 100.0%,
respectively). Research conducted in partnership with authors from public agencies and
academic institutions (n7= 2) focused on evaluating approaches that included multiple
control methods (7= 2, 100.0%) (Table 5). The majority of Rhipicephalus-targeted studies
occurred in the United States in Texas, Arizona, and Florida (1= 8, 66.7%). The remaining
studies were conducted in both the United States and Mexico (n7= 3, 25.0%) and Mexico
only (n=1, 8.3%).

ITM and Multi-Tick Evaluations

Fifteen studies (8.2%) conducted ITM evaluations (Table 4). Only 2 ITM studies evaluated
more than one tick species concurrently (Bloemer et al. 1986, Zimmerman et al. 1988).
These 2 studies evaluated D. variabilis and A. americanum using a combination of
environmental acaricide control and deer-targeted interventions. One of these studies was
funded by the USDA, and the other did not report a funding source. The remainder

of the ITM studies evaluated Amblyommaticks (n=5), Ixodesticks (n=15), and
Rhipicephalus ticks (n= 3). Amblyomma-focused ITM studies evaluated a combination

of environmental acaricide control and habitat modification interventions, with 2 studies also
including host-targeted approaches. These studies were funded by the USDA, Department of
Commerce, state funders, or otherwise not reported. /xodes-focused ITM studies evaluated a
combination of environmental acaricide control and host-targeted interventions (n = 4) and
habitat modification and host-targeted interventions (/7= 1); the host-targeted interventions
targeted deer and/or rodent hosts. These studies were funded by the CDC, USDA, academic
institutions, nonprofit and private donors, and state funders. The 3 Rhijpicephalus-targeted
ITM studies addressed RMSF outbreaks along the US-Mexico border using environmental
acaricide, host-targeted, and community-based assessments and were CDC-funded.

Thirty-nine (21.3%) studies evaluated control for more than one tick species concurrently
(Table 4). Of these, 22 assessed 2-tick species, 60% of which paired /xodes and
Amblyomma ticks (n = 14), followed by Amblyomma- Dermacentor (n= 4) and /xodes-
Dermacentor (n = 2). Most of the 2-tick studies evaluated environmental acaricide

control and host-targeted control interventions (7= 9, respectively), followed by habitat
modification (7= 5). Eight of these 9 host-targeted interventions focused on deer. Six
studies evaluated 3-tick species concurrently, 5 of which evaluated /xodes, Amblyomma,
and Dermacentorticks; the remainder evaluated a mixture of Dermacentor, Ixodes, and
Rhipicephalus ticks. Most of these 3-tick studies evaluated host-targeted interventions and
acaracide susceptibility (7= 3, respectively); host-targeted interventions included deer,
rodent, and human hosts. Seven (18.0%) studies evaluated 4 tick species concurrently,
and 4 studies (10.3%) evaluated 5 tick species concurrently. These studies were dominated
by host-targeted and acaricide susceptibility assessments; host-targeted assessments were
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predominantly focused on flea and tick treatment for domestic pets. Multi-tick studies were
predominantly CDC-funded (/7= 14, 35.9%), followed by funder not reported (7= 9, 23.1%)
and USDA-funded (=5, 12.8%).

Discussion

The results of this scoping review provide historical context on the major trends in applied
tick control research in North America and highlight opportunities to expand our efforts in
this important area of public health and disease prevention. Tick species range distributions
are changing, and (re)emergence of tick-borne pathogens is a major public health concern
(Ogden et al. 2013, Eisen et al. 2017, Sonenshine 2018, Little et al. 2021, Machtinger et

al. 2024). Effective methods for controlling tick populations are necessary as is evaluating
the effectiveness of control strategies. Our scoping review identified 244 articles reporting
evaluations of applied tick control interventions in North America, the majority of which
focused on tick vectors of public health importance and were conducted in the United
States. Most interventions identified in this review focused exclusively on /. scapularis, were
conducted at limited locations in the Northeast United States, and were supported through
CDC funding increases beginning in the 1980s and 1990s. This trend in funding aligns with
the increase in concern over Lyme disease and geographic areas of primary risk (Bacon et
al. 2008). However, this historical pattern leaves several important gaps in our assessment of
tick control strategies.

First, regional variations in tick-host associations, habitat usage, and host-seeking behavior
are not well-reflected in the current control literature. These regional variations may

have implications on the success of environmental acaricide, host-targeted, and habitat
modification interventions in different ecological contexts (Arsnoe et al. 2015, Foster et al.
2022, Miller and Stafford 2022). Increasing the amount of tick control research conducted
beyond the Northeast is of particular importance, as the distribution of ticks and their
associated pathogens is shifting due to climate and land-use change (Sonenshine 2018,
Bouchard et al. 2019, Alkishe et al. 2021). We note a lack of any studies conducted in
NOAA regions VI (Northern Rockies & Plains) and VIII (Northwest) and a limited number
of studies conducted in NOAA regions 111 (Upper Midwest), VIl (Southwest), and IX
(West). Ticks of public health importance are established in these regions and have been
associated with an increased incidence of various TBDs in recent years (Straily et al. 2016,
Alvarez-Hernandez et al. 2020, Fagre et al. 2024 Jul 9, Foley et al. 2024, U.S. Centers

for Disease Control and Prevention 2024b, 2024c). Evaluating the effectiveness of tick
control approaches in broadened geographies and ecosystems is a necessary next step in the
progression of applied tick control research to protect public health.

Second, multiple tick species co-exist in shared environments, yet most studies we identified
focused on the control of only one tick species (U.S. Centers for Disease Control and
Prevention 2024b). Results from multi-tick control studies may provide valuable information
for those seeking to implement cost-effective tick management practices in communities
where multiple tick vectors co-exist. Future tick control evaluations should better reflect the
realities of overlapping and expanding tick ranges by incorporating control outcomes for
multiple tick vectors. In particular, evaluations that incorporate both /. scapularis and A.
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americanum are needed, as the geographic ranges of these 2 species continue to expand in
overlapping trajectories, magnifying the TBD risk (Cull 2022, Rochlin et al. 2022, Tardy

et al. 2023). Our review identified 15 studies that evaluated control of both /. scapularis

and A. americanum ticks through environmental acaricide application, habitat modification,
and host-targeted approaches, 9 of which were conducted in New Jersey (see Table 4).
Incorporating evidence from additional locations of current and projected species overlap,
such as the Ohio Valley region, may provide additional evidence on control strategies that
can optimally address the dual public health risk presented by these species (Eisen and Eisen
2023, Rochlin et al. 2023).

Third, only 8.2% of studies identified in this review implemented an explicit ITM

approach to tick control. Incorporating ITM into tick management approaches aligns

with the principles of IPM to use multiple strategies to control populations by the most
economical means with minimal impact to the environment and nontarget organisms

(U.S. Environmental Protection Agency 2015). However, recent cost assessments for ITM
approaches highlight a mismatch between what individuals are willing to pay versus the
actual cost of tick control (Schulze et al. 2023). Community feedback on acceptability

and willingness to pay for various tick control strategies is an important consideration for
the success of any community-based tick management plan (Eisen and Stafford 2021);
however, we identified only a small number of studies that explicitly measured these factors.
Studies measuring public sentiment have indicated that naturally derived products may have
higher use and acceptability by the public compared to standard synthetic products (Eisen
and Stafford 2021, Niesobecki et al. 2022, Cuadera et al. 2023). Only 15 studies in this
review evaluated applied tick control using naturally derived products, most of which were
performed on /. scapularis. Research that identifies additional tools that can be incorporated
into ITM approaches, such as the efficacy of naturally derived acaricide products on multiple
tick species, may aid in the adoption of ITM practices.

Similarly, there is a need for greater adoption of an interdisciplinary One Health approach
to tick control (Tiffin et al. 2022, Machtinger et al. 2024). One Health is a concerted
approach that emphasizes the connection between environmental, human, and animal health
and recognizes that the health and well-being of each sector are interconnected and require
an integrated approach (Machtinger et al. 2024, The U.S. Department of Health and Human
Services and The U.S. Centers for Disease Control and Prevention 2024, One Health). The
US DHHS’ National Strategy for the Prevention and Control of Vector-Borne Diseases in
People calls for a collaborative effort that includes incorporating One Health (The U.S.
Department of Health and Human Services and The U.S. Centers for Disease Control and
Prevention 2024). In this review, only 3 studies incorporated a One Health approach (Drexler
et al. 2014, Straily et al. 2016, Alvarez-Hernandez et al. 2020). Increasing collaborative
research across interdisciplinary teams is necessary to address the complex systems that
support the spread of ticks and TBD, and international collaboration is needed to effectively
address threats posed by ticks and associated pathogens that cross jurisdictional boundaries
(Tiffin et al. 2022, Foley et al. 2024).

Lastly, while funding for applied tick control research has steadily increased since the 1990s,
the amount and pace of this funding has not matched the increasing threat presented by the
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geographic expansion of tick vectors and increasing incidence of TBDs in North America
(Rosenberg et al. 2018, Burtis et al. 2024). Studies that span the life cycle of tick vectors and
connect entomological control strategies with epidemiological outcomes require multiyear
investments and are costly to implement (Eisen and Stafford 2021). However, evaluating the
connection between entomological outcomes (i.e., reduction of tick abundance or prevalence
of infected ticks) and epidemiological outcomes (i.e., incidence of human disease) is vital

to our development of effective, area-wide tick control strategies. The gap in evidence

on epidemiological outcomes associated with tick control interventions is well recognized
and has been described elsewhere (Poland 2001, Eisen et al. 2012, Eisen and Eisen 2016,
Hinckley et al. 2016, Ostfeld and Keesing 2023). While our review did not directly assess
this aspect of the literature, we emphasize the inclusion of human health outcomes in tick
control studies as a necessary component of efficacy evaluation.

We recognize that both expertise and funding are needed to improve our repertoire of
applied tick control strategies and expand development of new evidence-based control
tools. Increased resources are also needed to ensure future studies encompass additional
geographies, tick vectors, and human health outcomes. CDC funding has been the
predominant source of support for applied tick control research on public health vectors
in North America. Recent investments by CDC in extramural programs, including the
Centers of Excellence, Teaching and Evaluation Centers, and Enhanced Laboratory Capacity
programs, have been beneficial to both supporting broadened tick control research efforts
and training the necessary workforce to conduct these evaluations (U.S. Centers for
Disease Control and Prevention 2024d, 2024e). Increasing federal funding to both CDC
and additional agencies, such as USDA and DOD, can enable the formation of an
interdisciplinary, international, and epidemiologically focused approach to applied tick
control in North America.

In conclusion, the volume of applied tick control research conducted in North America
during the 20th and 21st centuries has provided valuable insights into strategies and
approaches to manage tick populations and reduce the risk of TBDs. However, both within
North America and internationally, the threat posed by ticks and their associated pathogens
continues to increase, necessitating expanded approaches and increased collaboration to
identify viable control strategies that will be effective across geographic and ecological
contexts. The results of this review can serve as a platform from which gaps in our
knowledge can be identified and pursued.

There are limitations to this scoping review. First, while we did exclude duplicate articles
in the review process, we did not track whether multiple articles reported segmented
results from the same individual research study. Given this limitation, we may have
included multiple publications reporting results from one research study. This effect was
not accounted for in the summary statistics, and thus, our results reflect the number of
publications on applied tick control research rather than the discrete number of studies
conducted. Second, while we did include a small number of articles that incorporated
community-based assessments (i.e., KAP surveys), tick bite prevention surveys and
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community assessments did not generally fall within the primary focus of this review,

and we expect that relevant articles were not captured in our search strategy. Thus, the
results reported are not a comprehensive reflection of the broad KAP literature related

to TBD knowledge or use of tick bite prevention and control strategies by the public.
Third, assessment of the rigor of study design and relevance of measured outcomes to
public and veterinary health were beyond the scope of this review. As such, we did not
review the outcomes measured in tick control studies—such as density of infected ticks

or human-tick encounters—nor the effect of tick control interventions on these outcomes.
Additionally, we categorized each article’s primary focus area as either public health or
agriculture/wildlife; however, TBDs present a One Health issue. While a small number of
studies fell within the One Health Framework, it was not a study characteristic targeted in
our data extraction process. Lastly, while we made every effort to identify relevant applied
tick control studies meeting our inclusion criteria, we may have overlooked relevant research
that is not incorporated into the summary provided here.

Supplementary Material
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