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Abstract: Ticks are able to transmit the highest number of pathogen species of any blood-feeding
arthropod and represent a growing threat to public health and agricultural systems worldwide. While
there are numerous and varied causes and effects of changes to tick-borne disease (re)emergence,
three primary challenges to tick control were identified in this review from a U.S. borders perspective.
(1) Climate change is implicated in current and future alterations to geographic ranges and population
densities of tick species, pathogens they can transmit, and their host and reservoir species, as
highlighted by Ixodes scapularis and its expansion across southern Canada. (2) Modern technological
advances have created an increasingly interconnected world, contributing to an increase in invasive
tick species introductions through the increased speed and frequency of trade and travel. The
introduction of the invasive Haemaphysalis longicornis in the eastern U.S. exemplifies the challenges
with control in a highly interconnected world. (3) Lastly, while not a new challenge, differences in
disease surveillance, control, and management strategies in bordering countries remains a critical
challenge in managing ticks and tick-borne diseases. International inter-agency collaborations along
the U.S.—Mexico border have been critical in control and mitigation of cattle fever ticks (Rhipicephalus
spp.) and highlight the need for continued collaboration and research into integrated tick management
strategies. These case studies were used to identify challenges and opportunities for tick control and
mitigation efforts through a One Health framework.

Keywords: climate change; global health; globalization; Haemaphysalis longicornis; Ixodes scapularis;
Lyme disease; One Health; Rhipicephalus; tick control; zoonosis

1. Introduction

In recent decades, reported cases and geographic shifts of (re)emerging vector-borne
diseases have been progressively increasing, due in part to rapid urbanization, changes
in land use, globalization leading to increased trade and travel, and the changing global
climate [1]. These factors are also increasing human exposure to animal reservoirs and
arthropod vectors, including increased transmission of pathogens to naive human popu-
lations [1,2]. Ticks transmit the highest number of pathogen species to vertebrates of any
blood-feeding arthropod and are a growing threat to public health and agricultural systems
worldwide [3,4].

In the United States nearly 95% of reported vector-borne diseases are transmitted by
ticks [5]. Of the almost 30 different identified tick-borne diseases in the Western Hemisphere,
12 are considered current and emerging threats to human health in the U.S. [5,6]. Lyme
disease is the most frequently reported vector-borne disease in the U.S., with approximately
30,000 confirmed annual cases but upwards of 400,000 individuals that receive treatment
for Lyme disease annually [7,8]. The continued expansion of the primary vector, Ixodes
scapularis (blacklegged tick), into new habitats and geographic regions is concerning [9]. The
future poses challenges to tick-borne disease management and predicting the challenges
and mitigation strategies is difficult.
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One such challenge is climate change, which is implicated in current and future
alterations to geographic ranges and population densities of several tick species of medi-
cal and veterinary importance [10]. High infestation burdens and associated mortalities
due to Dermacentor albipictus (winter tick) on moose (Alces alces) and other cervids and
the range expansion of I. scapularis are both partially attributed to the effects of climate
change [11-15]. Warmer temperatures, particularly warmer winters, are hypothesized
to be a leading factor associated with I. scapularis range expansions across eastern and
central Canadian provinces [16]. Global climate change will affect tick biology and the
hosts and reservoirs involved in tick-borne disease cycles [17,18]. Not only are the vectors
and pathogens affected by climate change, but they are affected differentially leading to
nonlinear responses and new relationships among vectors, pathogens, and hosts [19].

In addjition to transmitting disease-causing pathogens, ticks can also cause morbidity
and mortality through painful bites, inflammation, increased stress, inducing tick paralysis
and bite-associated meat allergies, toxicosis, or even exsanguination in animals [20]. High
tick infestations have led to epizootics in certain ecosystems, with climate change-driven
warmer, milder winters often implicated as a principal factor in increased tick overwintering
survival [18]. “Ghost moose” have become a banner species for this increase in high parasite
loads, with D. albipictus infestations on moose so severe that they can result in severe anemia,
decreased fecundity in cows, and mortality [21,22].

Another challenge is that modern technological advances have created an increasingly
interconnected world. The speed and frequency of trade and travel have contributed to
an increase in exotic and invasive tick species introductions [23,24]. The recently detected
invasive species to the continental U.S., Haemaphysalis longicornis (longhorned tick), is
another species with a propensity for high tick burdens on parasitized animals, particu-
larly cattle, and is of medical and veterinary importance due to this aggregation behavior,
capacity for parthenogenetic reproduction, and pathogen transmission potential [25-28].
The longhorned tick has been introduced and proliferated in numerous new regions world-
wide and requires intensive surveillance as well as rapid identification and control mea-
sures [25,29-32].

While not a new challenge, effective and consistent disease surveillance, control, and
management strategies along shared geographic borders remain a critical challenge in
managing ticks and tick-borne diseases, particularly with increased movement across bor-
ders due to globalization [23,33,34]. This movement is also fueled by increased meat and
dairy consumption and higher demand for livestock trade, increasing the importance of
management of transboundary animal diseases and their respective vector species [33,34].
For example, cattle fever ticks (Rhipicephalus spp.) are important endemic and invasive
ectoparasites of cattle in numerous regions worldwide and can result in substantial wel-
fare concerns and economic losses to the cattle industry [35]. Cattle fever ticks, vectors
of the causative agents of bovine babesiosis, are endemic throughout many regions of
Mexico [36,37]. This not only affects Mexico’s cattle herds but threatens the re-introduction
and re-establishment of cattle fever ticks into the southern U.S. through cattle trade and the
movement of wildlife alternate hosts across the Mexico-U.S. border [38-40]. This system
exemplifies the challenges of implementing effective management and control strategies in
disease systems that share common geography across international borders [33,41].

The complex epidemiology and ecology associated with tick-borne diseases presents
another challenge. Many tick species prefer one host species but will opportunistically feed
on a variety of species, and many hard ticks require two to three different hosts to complete
their life cycle [6]. This not only complicates which host species are affected, but also which
pathogens may be acquired from these different hosts and transferred to other species by a
given tick [10]. A One Health approach, which acknowledges the interconnected nature
of human, animal, and environmental health and promotes collaborations between these
sectors, is required to successfully manage vector-borne and zoonotic diseases [42-44]. This
interdisciplinary approach will be paramount for successful tick control and tick-borne
disease mitigation strategies and it is imperative for medical and veterinary profession-
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als, policy-makers, and researchers to collaborate to better understand how tick-borne
pathogens are moved in the environment and how they may manifest in disease in different
host species [45] (Figure 1). While these efforts can be led by the scientific community, input
and collaboration from scientists and non-scientists alike will be necessary to identify and
implement effective long-term solutions.
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Figure 1. A One Health approach ensures collaboration among the three health sectors—human,
animal, and environmental health. Tick control requires collaborative strategies to mitigate disease
risk to humans and animals and will require dynamic planning at the agency, community, and
individual levels, as highlighted by the examples in this diagram (figure created in the Mind the
Graph platform, www.mindthegraph.com, Cactus Communications and Wordclouds.com).

The objectives of this review are to (1) identify the major modern challenges to tick
control and (2) develop best management strategies for tick control given these challenges.
The following three conditions were identified as the primary challenges to tick control
given our interconnected world: (1) global climate change, (2) globalization of trade and
travel, and (3) permeable political borders. To further explore these conditions, three
case studies from a U.S. borders perspective were used to highlight the challenges and
recommendations for tick control in an interconnected world (Figure 2).
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Figure 2. While many challenges remain to tick control, the three identified in this review as the
primary challenges in a globalized world are: (A) Global climate change, with a case study of Ixodes
scapularis range expansion from the northeastern U.S. into southern Canada, correlated with warmer
and milder winters and tick dispersal associated with migratory birds and range expansion of the
white-footed mouse; (B) the invasive tick Haemaphysalis longicornis introduction and range expansion
in the continental U.S., while the initial introduction is unknown it is likely related to trade and
travel with a broad host range facilitating regional dispersal; and (C) political sovereignty and shared
geography between bordering countries, highlighted by the collaborations between the U.S. and
Mexico at the southern border to reduce movement of cattle fever ticks (Rhipicephalus spp.) through
cattle trade between the bordering countries but complicated by tick dispersal via suitable wildlife
hosts (primarily white-tailed deer and nilgai antelop—an introduced species) (figure created in the
Mind the Graph platform, www.mindthegraph.com, Cactus Communications.

2. Case Studies Highlighting Challenges to Tick Control
2.1. Global Climate Change: Ixodes scapularis Range Expansion into Canada

Lyme disease is the most commonly reported vector-borne disease in the Northern
Hemisphere [46]. The causative agent, Borrelia burgdorferi sensu stricto (hereafter referred
to as B. burgdorferi), is most commonly transmitted by I. scapularis, which is endemic in
the northeastern United States. However, the recent expansion of I. scapularis into central
and eastern Canada has raised concerns about further spread of the tick vector and cases
of Lyme disease, particularly given the effects of global climate change. It is predicted
that climate change will create more suitable habitats for the blacklegged tick, in areas
previously unsuitable for this species [46,47].

Passive surveillance and identification of I. scapularis has occurred in Canada since the
early 1990s [48]. However, prior to 1997, only one established population of I. scapularis
had been documented in Canada [46]. Since then, populations of I. scapularis have been
expanding their ranges across southern and central Canada and have been found in higher
densities in certain locales [49]. Areas with increased densities are attributed to milder
temperatures and decreased precipitation related to climate change [50,51]. Given the
current climate projections, it is likely that the range of I. scapularis will continue to expand
and new locations will soon be affected by the tick and its transmissible pathogens [13].

Climate change will not only affect I. scapularis survival and range expansion, but the
ranges of host and reservoir species as well [17]. Moreover, the relationship between vector
and pathogen may also change [19]. This further complicates predictions of L. scapularis
range expansion and predicted Lyme disease risk maps [46]. Given the importance of small
mammals for the Lyme disease cycle [52,53], it is imperative to consider the current and pre-
dicted ranges of suitable hosts and reservoirs for B. burgdorferi [17,18,54,55]. An estimated


www.mindthegraph.com

Trop. Med. Infect. Dis. 2022, 7, 388

5o0f 14

risk index of B. burgdorferi occurrence in Canada indicated that pathogen hotspots were
highly dependent on the presence and abundance of the white-footed mouse (Peromyscus
leucopus), particularly in association with warmer winter temperatures [17]. Historical
records and models indicate northward range expansions of the white-footed mouse, with
ranges predicted to continue expanding across southern Canada [56].

Distribution modeling combined with classical surveillance can predict and verify
new areas of suitability for targeted control and continued surveillance needs [57]. By
integrating targeted surveillance results into models, more accurate predictions are attain-
able [58]. This feedback loop can provide high-quality surveillance insights for detecting
new populations of L. scapularis as well as directing control strategies to areas at greatest
risk for I. scapularis population establishment [59]. When long-term surveillance records
and modeling tools were used in tandem, temperature was found to be the principal
driver of I. scapularis range expansion, with fewer freezing days associated with tick range
expansion and establishment [59]. Using models, classical tick monitoring methods (e.g.,
dragging with a white cloth over standardized distances to estimate abundance of questing
ticks in the environment), and on-host surveillance strategies in tandem can direct surveil-
lance efforts and funnel resources to areas predicted to be most suitable for tick range
expansion [47,57,59,60].

The Canadian government instituted several critical components into their tick-borne
disease mitigation programs in the early 1990s, which aided in detecting the expansion of L.
scapularis in real-time and consequently expanding their surveillance programs [47]. While
reported cases of Lyme disease are still much lower than those in the Northeast U.S., public
education campaigns to raise awareness of the risks and protective measures available have
created a strong passive surveillance program for the public, veterinarians, and medical
professionals to submit ticks to participating laboratories for identification and testing
for nearly three decades [46,48,51]. Public education campaigns are critical to building
a successful disease mitigation program [23,47,61]. The expansion of I. scapularis into
new geographic regions exemplifies the numerous challenges associated with a warming
climate, as well as the potential for proactive mitigation strategies.

2.2. Globalization: Haemaphysalis longicornis Introduction into the Continental U.S.

Haemaphysalis longicornis, the longhorned tick, has a long history of misidentification,
introduction, and eventual establishment outside of its native range [29]. Native to eastern
Asia, this species was likely introduced to Australia, New Zealand, and other Pacific Islands
through the movement of infested cattle [29]. It has since spread and become established
in several regions throughout Asia and Oceania and most recently, in several states in the
continental U.S. [25,27-29,62,63]. Its ability to successfully become established in numerous
different climates is likely due to its broad host range, including livestock species such as
cattle and sheep, domestic animals, and wildlife species, as well as its ability to reproduce
parthenogenetically (asexually) [29,30,62].

Haemaphysalis longicornis poses both medical and veterinary risks as it can transmit a va-
riety of pathogens in its native and exotic ranges. In its native East Asia range, H. longicornis
transmits two potentially lethal pathogens to humans: severe fever with thrombocytopenia
syndrome virus (SFTSV) [64-66], and Rickettsia japonica (the etiological agent of Japanese
spotted fever) [67-69]. Livestock are particularly vulnerable to H. longicornis infestations.
Even if not infected with one of the many pathogens this tick can transmit, they can become
stressed or even die of toxicosis or exsanguination due to the high tick burdens that can
propagate on these hosts.

The first population of H. longicornis in the continental United States was identified in
2017 on a sheep in New Jersey [25]. With all life-stages of the tick present on the animal
and no history of travel outside of the U.S., an established population of H. longicornis
was suspected [25]. In 2018, enhanced surveillance and detection methods in response to
the initial infestation detected H. longicornis populations at the initial site of infestation, in
additional counties in New Jersey, as well as in seven other eastern states: Connecticut,
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Maryland, New York, North Carolina, Pennsylvania, Virginia, and West Virginia, and as
far west as Arkansas [28]. Additionally, reexamination of archived samples identified H.
longicornis in samples collected from a white-tailed deer in 2010 in West Virginia and a
domestic dog in 2013 in New Jersey, indicating the establishment of this tick prior to the
discovery of the infested sheep in New Jersey in 2017 [28]. As of August 2022, H. longicornis
local populations have been identified in 17 states: Arkansas, Connecticut, Delaware,
Georgia, Kentucky, Maryland, Missouri, New Jersey, New York, North Carolina, Ohio,
Pennsylvania, Rhode Island, South Carolina, Tennessee, Virginia, and West Virginia [70].

Haemaphysalis longicornis has a broad host range and in the U.S. has been found para-
sitizing domestic animals, livestock and equine species, and numerous mammalian wildlife
and avian species [62,71,72]. This broad host range combined with its parthenogenetic
ability has made H. longicornis a difficult species to control. However, even though H.
longicornis has been found on humans in the U.S., there have been few reported bites [26].
Additionally, a recent study found that H. longicornis preferred hair from domestic cats
and dogs and white-tailed deer and avoided hair from white-footed mice and humans [73].
This may indicate a preference for medium- and large-bodied mammalian hosts in the
uUs. [72].

Though this species is a new threat in the U.S., there have already been reports of cattle
mortality due to H. longicornis infestation [74]. Additionally, while the extent of pathogen
presence in U.S., H. longicornis populations, is unknown, Theileria orientalis Ikeda subtype
has been implicated as the cause of death of several cattle in a Virginia farm [75,76], and
is effectively transmitted to cattle by U.S.-collected H. longicornis in lab experiments [77].
This is highly concerning as T. orientalis, particularly the Ikeda subtype, can be extremely
pathogenic to livestock [30,78]. While other pathogens have been detected in H. longicornis,
it is currently unknown if this tick can successfully transmit these pathogens, including
Bourbon virus, Anaplasma, Borrelia, and Ehrlichia species [27,79]. A recent study found that
H. longicornis was not able to successfully transmit B. burgdorferi B31 strain to mice under
laboratory conditions [80], potentially providing some relief to the U.S. Northeast already
burdened by high numbers of Lyme disease cases.

Haemaphysalis longicornis presents numerous challenges to control, namely its capacity
for parthenogenetic reproduction and severe infestations, numerous suitable hosts, and few
identifying features to untrained (and trained) personnel [29,30,62]. Of available acaricides,
recent research has indicated that commercially available spray and pour-on acaricides
were effective against U.S. populations of H. longicornis [32]. However, more research is
needed to identify other methods to control H. longicornis populations and mitigate bite risk,
particularly for livestock, as chemical acaricides are currently the primary control method
and these pose environmental risks, non-target effects, and the potential for acaricide
resistance to develop [81,82].

2.3. Policy and Shared Political Borders: Rhipicephalus spp. Tick Management at the
Mexico-U.S. Border

The increased global demand for livestock products, particularly dairy and beef, have
put additional strain on typical control methods of endo- and ectoparasites in livestock
systems [81]. Ticks, in particular, can cause significant animal welfare concerns and eco-
nomic losses in dairy and cattle operations, with the southern cattle fever tick (Rhipicephalus
microplus) widely considered to be the most significant economic burden to livestock op-
erations globally [35,83]. Cattle fever ticks can transmit Babesia spp., the causative agent
of bovine babesiosis, which can result in decreased dairy and meat production, increased
abortion rates, and mortality to infected cattle [36].

The two cattle fever tick species of concern in North America are R. (Boophilus) mi-
croplus and R. (B.) annulatus, responsible for transmitting Babesia bovis and B. bigemina [84].
Of note, this particular disease system was the first time transmission between an arthropod
vector and mammalian host was discovered [85]. The high costs to cattle producers from
cattle fever ticks and bovine babesiosis resulted in a flurry of research on disease mecha-
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nisms, control, and plans for eradication [86]. Cattle fever ticks were effectively eradicated
from their range in the southern U.S. by 1960; however, R. microplus and R. annulatus are
endemic in many regions throughout Mexico, making eradication and mitigation consistent
objectives [33,39,86]. Given the propensity of R. microplus for wildlife hosts in addition to
cattle, it is likely that cattle fever ticks have been reintroduced into the U.S. on numerous
occasions from wildlife hosts moving across the Rio Grande tick eradication quarantine
area between southern Texas and northern Mexico [39].

It is estimated that 65% of Mexico’s land area is infested with R. microplus and 75% of
cattle herds are at risk for bovine babesiosis infection, with the potential total economic
losses due to R. microplus estimated at over USD 500 million ($US) [36]. While previous
control efforts focused on the use of acaricide cattle dips, regulated cattle transport and
inspections across the Mexico-US border, and a permanent quarantine zone in southern
Texas along the Rio Grande, increased acaricide resistance and wildlife reintroductions of
cattle fever ticks across the border have complicated control and eradication efforts [33,39].

To meet these challenges, an international group of livestock producers and stakehold-
ers, researchers, industry representatives, and regulators met in 2019 to discuss current
challenges, priorities, and management needs for cattle fever ticks and bovine babesio-
sis [33]. One of the primary challenges identified during this meeting was the increased
reports of acaricide resistance in cattle fever ticks [33]. Concern for the environmental effects
of acaricide disposal has also contributed to an increased need for integrated management
options for tick control [81,82].

Nearly 50% of countries have documented acaricide resistance in their veterinary
relevant tick populations, with many documenting cross-resistance in ticks and other
parasitic groups, such as helminths, mites, flies, and lice [87]. While traditional cattle
fever tick control has relied heavily on acaricide treatments, there are cattle and landscape
management strategies shown to reduce tick infestations as well as optimistic results from
rotating acaricides [81,83,88].

While cattle fever ticks have a strong historical association with host-parasite research
and innovations, there is still much to learn and develop within this system. Collaborations
across entities and international borders will continue to be important in developing inte-
grated management strategies for cattle fever ticks that reduce control and environmental
challenges associated with acaricide reliance and resistance [33,61,82]. Management strate-
gies are also in development for wildlife components to these systems, frequently within
One Health contexts to account for environmental and human health connections [81,82,89].

3. Conclusions
3.1. Lessons Learned and Future Needs

The increasing (re)emergence of numerous zoonotic and vector-borne diseases, par-
ticularly related to ticks and tick-borne diseases in the Northern Hemisphere, exemplifies
the need for efficient surveillance programs, collaborations between agencies and across
borders, the need for continued research on control and mitigation tools, and the impor-
tance of public health education campaigns (Figure 3) [33,54,90]. Nothing can highlight
the importance of these systems as well as the COVID-19 pandemic, which put the global
human health and research networks in the public eye, revealing many weaknesses in the
public health infrastructure as well as strengths in scientific collaborations and technological
advancements [91-94].
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Figure 3. Effective tick control requires continued surveillance and adaptive control, management,
and education to fit the current and predicted future needs of the populace (figure created with
BioRender.com).

Models have shown conflicting results on the effects of climate change on tick dis-
tributions and tick-borne disease risks, as can be expected with complex systems, and
have shown much broader habitat suitability than current species records indicate in many
cases [54]. Additionally, macro- and micro-habitats are critically important in interpreting
and extrapolating model predictions. For instance, models in Canada have shown the
importance of warmer, milder winters in the range expansion of I. scapularis. In contrast,
models in the northeastern U.S., where Lyme disease is endemic, have not detected a signif-
icant effect of weather conditions on tick densities in the following years [95]. There are
numerous varied and complex differences between these two systems, but the difference
in importance of a critical predictor such as temperature highlights the caution needed
for extrapolating results to different habitats, and particularly within policy and control
applications. Models used in combination with long-term classical surveillance have been
effective in developing control and management strategies in public health contexts, as
evidenced by 1. scapularis range expansions in the U.S. and Canada [54,59,96], as well as
within veterinary health contexts, such as in Rhipicephalus spp. in cattle-wildlife grazing
systems in Kenya [97-100].

A major caveat to the disease systems discussed herein is the long-term surveillance
and research conducted and the resources allocated toward these ends. However, these
systems were also chosen for these reasons, to derive insights on surveillance, control, and
management strategies that are relevant and applicable for systems with newly discovered
diseases or vectors, less research conducted, and/or limited resources available for disease
surveillance and mitigation. A primary example of strategies that could lessen resource
requirements for surveillance is to focus surveillance efforts on model-predicted locations of
highest risk [57,59]. However, many entities may not have the resources available (technol-
ogy, expertise, personnel, time, or funds) to invest in regional or local level models [47,54].
In addition to the obvious local public health benefits, collaborations to develop models and
surveillance methods with local leaders in an increasingly interconnected world benefits
the research and public health community-at-large. By employing a One Health framework
these collaborations can also extend beyond pressing surveillance and control needs, as
evidenced by the working group established between Mexico and U.S. cattle fever tick
stakeholders and researchers. This large-scale collaboration has succeeded in establishing
best management strategies, research priorities, and control implementation policies for
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cattle fever tick importation across borders [33]. However, as with most disease systems,
this is an ongoing challenge and will continue to require collaboration, additional research
to improve control strategies, and continued dialogue on policies and regulations within
an integrated One Health context [33,82,89,101]. Additionally, as evidenced by the pressing
concerns of acaricide resistance described in the cattle fever ticks case study, there is a
persistent need for the development of integrated management tools for tick control outside
of chemical applications [83,102]. Other high-priority research endeavors to improve tick
control include parasite-host selection and interactions, with on-host selection chronically
understudied [103].

While shared borders have historically suffered from shared pests and diseases [24],
the globalization of trade and travel has increased the frequency of imported pests and
associated diseases to new locations [23,61]. Additionally, increased habitat fragmentation
due to urbanization, agricultural intensification, and other land-use changes can increase
tick burdens at habitat edges due to complex interactions between wildlife diversity and
the availability of anthropogenic food sources for generalist hosts such as white-tailed
deer [3]. These spatiotemporal challenges highlight the critical importance of continued and
increased surveillance of imported animals at borders, as well as education initiatives for
travelers to check for “hitchhikers” while traveling and upon return [23], and for continued
research on wildlife and environmental movement of ticks [39,62,72,104,105].

Education is not only important in detecting new ticks at borders, but for public health
purposes [47]. Publicly available information is particularly important in regions with
emerging ticks and tick-borne diseases as the public is frequently less aware of the risks
or the preventative options available to them [106]. However, even while the public is
frequently aware of Lyme disease, tick preventative behaviors and control options may not
be well understood or employed by the public, indicating a disconnect between disease
information and preventative behavior [106]. Even in Lyme disease endemic regions,
knowledge of tick identification, tick control and prevention, and tick-borne disease risk is
low among the public [106,107]. In cases when survey respondents had a moderate or high
knowledge of Lyme disease preventative information, many were still unaware of other tick
species and tick-borne diseases present in their geographic region [108]. However, studies
quantifying changes in behavior after education campaigns are limited for tick-borne
disease systems and is an area warranting additional study to effectively educate the public
on tick bite risk and prevention methods [109]. Additionally, to motivate and encourage
continued behavioral protective measures, it is critical to convey individual agency in tick
bite protection to avoid overwhelm and complacency. Combined with additional research
on long-term behavioral changes, research is needed on information delivery methods
to empower individuals to reduce tick bite risk. This presents another opportunity for
One Health collaborations, to address the biobehavioral, psychological, and health equity
aspects to tick-borne disease risk reduction.

3.2. Public Policy Recommendations

While ticks and tick-borne diseases have a long history with human and animal
health, there is still much to learn. The primary modern challenges identified from a U.S.
borders perspective in this review included global climate change, globalization of trade
and travel, and the continued control challenges associated with shared political borders.
The case studies selected for this review represented systems with long-term research and
control activities to best understand the challenges, resources available, and research needs
associated with tick control and tick-borne disease risk mitigation.

As evidenced in these systems, active and passive surveillance combined with mod-
eling predictions of habitat suitability of ticks and host species is critical in developing a
proactive risk management system. Collaborations using a One Health framework within
and across agencies and political borders will only become more important as globalization
continues to increase the frequency and speed of trade and travel. Increased emphasis on
professional identification training, improved detection of exotic species introductions, as
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well as improved public education will continue to strengthen tick and tick-borne disease
detection, mitigation, and control. Lastly, it is evident in this review that increased research
on integrated tick management options as well as wildlife and environmental connections
to disease cycles is imperative to better understand and control ticks and tick-borne diseases
in an increasingly interconnected world.

Author Contributions: Conceptualization, H.S.T., ETM. and E.G.R.; writing—original draft prepara-
tion, H.S.T.; writing—review and editing, H.S.T., E.G.R., ].M.S. and E.T.M.; supervision, E.T.M.; fund-
ing acquisition, E.T.M. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the USDA National Institute of Food and Agriculture and
McIntire-Stennis Appropriations under project PEN04608 and PEN04762, and Hatch Appropriations
with accession numbers 1010032 and 1025757.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Justin D. Brown and three anonymous reviewers for their
critiques that helped improve the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kilpatrick, A.M.; Randolph, S.E. Drivers, Dynamics, and Control of Emerging Vector-Borne Zoonotic Diseases. Lancet 2012, 380,
1946-1955. [CrossRef]

2. Morse, S.S. Factors in the Emergence of Infectious Diseases. Emerg. Infect. Dis. 1995, 1, 7-15. [CrossRef] [PubMed]

3. Pfaffle, M,; Littwin, N.; Muders, S.V.; Petney, T.N. The Ecology of Tick-Borne Diseases. Int. ]. Parasitol. 2013, 43, 1059-1077.
[CrossRef] [PubMed]

4. Gilbert, L. The Impacts of Climate Change on Ticks and Tick-Borne Disease Risk. Annu. Rev. Entomol. 2021, 66, 273-288.
[CrossRef]

5. Paddock, C.D.; Lane, R.S,; Staples, ].E.; Labruna, M.B. A8: Changing Paradigms for Tick-Borne Diseases in the Americas. In Global
Health Impacts of Vector-Borne Diseases: Workshop Summary; National Academies of Sciences, Engineering, and Medicine, Ed.; The
National Academies Press: Washington, DC, USA, 2016; pp. 221-257. ISBN 9780309377591.

6.  Eisen, R].; Kugeler, K.J.; Eisen, L.; Beard, C.B.; Paddock, C.D. Tick-Borne Zoonoses in the United States: Persistent and Emerging
Threats to Human Health. ILAR ]. 2017, 58, 319-335. [CrossRef]

7. Centers for Disease Control and Prevention. National Notifiable Diseases Surveillance System, 2019 Annual Tables of Infectious Disease
Data; Centers for Disease Control and Prevention: Atlanta, GA, USA, 2021.

8. Schwartz, A.M.; Kugeler, KJ.; Nelson, C.A.; Marx, G.E.; Hinckley, A.F. Use of Commercial Claims Data for Evaluating Trends in
Lyme Disease Diagnoses, United States, 2010-2018. Emerg. Infect. Dis. 2021, 27, 499-507. [CrossRef]

9.  Sonenshine, D.E. Range Expansion of Tick Disease Vectors in North America: Implications for Spread of Tick-Borne Disease. Int.
J. Environ. Res. Public Health 2018, 15, 478. [CrossRef]

10. Ostfeld, R.S.; Brunner, ].L. Climate Change and Ixodes Tick-Borne Diseases of Humans. Philos. Trans. R. Soc. B 2015, 370, 20140051.
[CrossRef]

11. Murray, D.L.; Cox, E.W,; Ballard, W.B.; Whitlaw, H.A ; Lenarz, M.S.; Custer, TW.; Barnett, T.; Fuller, T.K. Pathogens, Nutritional
Deficiency, and Climate Influences on a Declining Moose Population. Wildl. Monogr. 2006, 166, 1-30. [CrossRef]

12.  Samuel, W. Factors Affecting Epizootics of Winter Ticks and Mortality of Moose. Alces 2007, 43, 39-48.

13.  Ogden, N.H.; Radojevi¢, M.; Wu, X.; Duvvuri, V.R.; Leighton, P.A.; Wu, J. Estimated Effects of Projected Climate Change on the
Basic Reproductive Number of the Lyme Disease Vector Ixodes Scapularis. Environ. Health Perspect. 2014, 122, 631-638. [CrossRef]
[PubMed]

14. Machtinger, E.T.; Springer, H.R.; Brown, J.E.; Olafson, P.U. Sudden Mortality in Captive White-Tailed Deer with Atypical
Infestation of Winter Tick. . Med. Entomol. 2021, 58, 1962-1965. [CrossRef] [PubMed]

15. Calvente, E.; Chinnici, N.; Brown, J.; Banfield, ].E.; Brooks, ].W.; Yabsley, M.]. Winter Tick (Dermacentor Albipictus)-Associated
Dermatitis in a Wild Elk (Cervus Canadensis) in Pennsylvania, USA. J. Wildl. Dis. 2020, 56, 247-250. [CrossRef] [PubMed]

16. Ogden, N.H.; Lindsay, L.R.; Morshed, M.; Sockett, PN.; Artsob, H. The Emergence of Lyme Disease in Canada. Can. Med. Assoc.
2009, 180, 1221-1224. [CrossRef] [PubMed]

17.  Simon, J.A.; Marrotte, R.R.; Desrosiers, N.; Fiset, J.; Gaitan, J.; Gonzalez, A.; Koffi, ].K.; Lapointe, EJ.; Leighton, P.A.; Lindsay, L.R ;

et al. Climate Change and Habitat Fragmentation Drive the Occurrence of Borrelia Burgdorferi, the Agent of Lyme Disease, at the
Northeastern Limit of Its Distribution. Evol. Appl. 2014, 7, 750-764. [CrossRef] [PubMed]


http://doi.org/10.1016/S0140-6736(12)61151-9
http://doi.org/10.3201/eid0101.950102
http://www.ncbi.nlm.nih.gov/pubmed/8903148
http://doi.org/10.1016/j.ijpara.2013.06.009
http://www.ncbi.nlm.nih.gov/pubmed/23911308
http://doi.org/10.1146/annurev-ento-052720-094533
http://doi.org/10.1093/ilar/ilx005
http://doi.org/10.3201/eid2702.202728
http://doi.org/10.3390/ijerph15030478
http://doi.org/10.1098/rstb.2014.0051
http://doi.org/10.2193/0084-0173(2006)166[1:PNDACI]2.0.CO;2
http://doi.org/10.1289/ehp.1307799
http://www.ncbi.nlm.nih.gov/pubmed/24627295
http://doi.org/10.1093/jme/tjab043
http://www.ncbi.nlm.nih.gov/pubmed/33764454
http://doi.org/10.7589/2019-02-046
http://www.ncbi.nlm.nih.gov/pubmed/31483708
http://doi.org/10.1503/cmaj.080148
http://www.ncbi.nlm.nih.gov/pubmed/19506281
http://doi.org/10.1111/eva.12165
http://www.ncbi.nlm.nih.gov/pubmed/25469157

Trop. Med. Infect. Dis. 2022, 7, 388 11 of 14

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Ogden, N.H.; Beard, C.B.; Ginsberg, H.S.; Tsao, ].I. Possible Effects of Climate Change on Ixodid Ticks and the Pathogens They
Transmit: Predictions and Observations. J. Med. Entomol. 2020, 58, 1536—1545. [CrossRef]

Porras, M.F,; Navas, C.A.; Marden, ].H.; Mescher, M.C.; De Moraes, C.M.; Pincebourde, S.; Sandoval-Mojica, A.; Raygoza-Garay,
J.A.; Holguin, G.A.; Rajotte, E.G,; et al. Enhanced Heat Tolerance of Viral-Infected Aphids Leads to Niche Expansion and Reduced
Interspecific Competition. Nat. Commun. 2020, 11, 1-9. [CrossRef]

Brites-Neto, J.; Duarte, KM.R.; Martins, T.F. Tick-Borne Infections in Human and Animal Population Worldwide. Vet. World 2015,
8,301-315. [CrossRef] [PubMed]

Musante, A.R.; Pekins, P.J.; Scarpitti, D.L. Characteristics and Dynamics of a Regional Moose Alces Alces Population in the
Northeastern United States. Wildlife Biol. 2010, 16, 185-204. [CrossRef]

Jones, H.; Pekins, P; Kantar, L.; Sidor, I; Ellingwood, D.; Lichtenwalner, A.; O'neal, M. Mortality Assessment of Moose (Alces
Alces) Calves during Successive Years of Winter Tick (Dermacentor Albipictus) Epizootics in New Hampshire and Maine (USA).
Can. J. Zool. 2019, 97, 22-30. [CrossRef]

Molaei, G.; Mertins, ].W.,; Stafford, K.C. Enduring Challenge of Invasive Ticks: Introduction of Amblyomma Oblongoguttatum
(Acari: Ixodidae) into the United States on a Human Traveler Returning from Central America. J. Parasitol. 2020, 106, 670-674.
[CrossRef] [PubMed]

Keirans, J.E.; Durden, L.A. Invasion: Exotic Ticks (Acari: Argasidae, Ixodidae) Imported into the United States. A Review and
New Records. J. Med. Entomol. 2001, 38, 850-861. [CrossRef]

Rainey, T; Occi, ].L.; Robbins, R.G.; Egizi, A. Discovery of Haemaphysalis Longicornis (Ixodida: Ixodidae) Parasitizing a Sheep in
New Jersey, United States. J. Med. Entomol. 2018, 55, 757-759. [CrossRef]

Wormser, G.P.; McKenna, D.; Piedmonte, N.; Vinci, V.; Egizi, A.M.; Backenson, B.; Falco, R.C. First Recognized Human Bite in
the United States by the Asian Longhorned Tick, Haemaphysalis Longicornis. Clin. Infect. Dis. 2020, 70, 314-316. [CrossRef]
[PubMed]

Egizi, A.; Bulaga-Seraphin, L.; Alt, E.; Bajwa, W.L; Bernick, J.; Bickerton, M.; Campbell, S.R.; Connally, N.; Doi, K.; Falco, R.C,;
et al. First Glimpse into the Origin and Spread of the Asian Longhorned Tick, Haemaphysalis Longicornis, in the United States.
Zoonoses Public Health 2020, 67, 637-650. [CrossRef] [PubMed]

Beard, C.B.; Occi, J.; Bonilla, D.L.; Egizi, A.M.; Fonseca, D.M.; Mertins, ].W.; Bryon, P. Multistate Infestation with the Exotic
Disease—Vector Tick Haemaphysalis Longicornis—United States, August 2017—September 2018. MMWR 2018, 67, 1310-1313.
[CrossRef] [PubMed]

Hoogstraal, H.; Roberts, FH.; Kohls, G.M.; Tipton, V.J. Review of Haemaphysalis (Kaiseriana) Longicornis Neumann (Resurrected)
of Australia, New Zealand, New Caledonia, Fiji, Japan, Korea, and Northeastern China and USSR, and Its Parthenogenetic and
Bisexual Populations (Ixodoidea, Ixodidae). . Parasitol. 1968, 54, 1197-1213. [CrossRef]

Heath, A.C.G. A History of the Introduction, Establishment, Dispersal and Management of Haemaphysalis Longicornis Neumann,
1901 (Ixodida: Ixodidae) in New Zealand. N. Z. . Zool. 2020, 47, 241-271. [CrossRef]

Raghavan, R.K.; Barker, S.C.; Cobos, M.E.; Barker, D.; Teo, E.].M.; Foley, D.H.; Nakao, R.; Lawrence, K.; Heath, A.C.G.; Peterson,
A.T. Potential Spatial Distribution of the Newly Introduced Long-Horned Tick, Haemaphysalis Longicornis in North America.
Sci. Rep. 2019, 9, 1-9. [CrossRef]

Butler, R.A.; Chandler, ].G.; Vail, KM.; Holderman, C.J.; Trout Fryxell, R.T. Spray and Pour-On Acaricides Killed Tennessee
(United States) Field-Collected Haemaphysalis Longicornis Nymphs (Acari: Ixodidae) in Laboratory Bioassays. J. Med. Entomol.
2021, 58, 2514-2518. [CrossRef]

Esteve-Gasent, M.D.; Rodriguez-Vivas, RI; Medina, R.E; Ellis, D.; Schwartz, A.; Garcia, B.C.; Hunt, C.; Tietjen, M.; Bonilla, D.;
Thomas, D.; et al. Research on Integrated Management for Cattle Fever Ticks and Bovine Babesiosis in the United States and
Mexico: Current Status and Opportunities for Binational Coordination. Pathogens 2020, 9, 871. [CrossRef] [PubMed]
Cartin-Rojas, A. Transboundary animal diseases and international trade. In International Trade from Economic and Policy Perspective;
InTech: London, UK, 2012; pp. 143-166. ISBN 0000957720.

Pérez de Ledn, A.A.; Mitchell, R.D.; Watson, D.W. Ectoparasites of Cattle. Vet. Clin. North Am.-Food Anim. Pract. 2020, 36, 173-185.
[CrossRef] [PubMed]

Roger Ivan Rodriguez-Vivas, L.G.; de Leén, A.A.P.; Villela, H.S.; de Torres-Acosta, ].E].; Sanchez, H.F,; Salas, D.R.; Cruz, RR,;
Saldierna, F.; Carrasco, D.G. Potential Economic Impact Assessment for Cattle Parasites in Mexico. Review Evaluacion Del
Impacto Econémico Potencial de Los Parasitos. Rev. Mex. Cienc. Pecu. 2017, 8, 61-74. [CrossRef]

Peel, D.S.; Mathews, K.H.; Johnson, R.J. Trade, the Expanding Mexican Beef Industry, and Feedlot and Stocker Cattle Production in
Mexico; There’s the Beef: Select Research on Global Beef Production and Trade; US Department of Agriculture, Economic Research
Service: Washington, DC, USA, 2012; Volume 5, pp. 133-151.

Bram, R.A.; George, ].E.; Reichard, R.E.; Tabachnick, W.J. Threat of Foreign Arthropod-Borne Pathogens to Livestock in the United
States. J. Med. Entomol. 2002, 39, 405-416. [CrossRef]

Busch, ].D.; Stone, N.E.; Nottingham, R.; Araya-Anchetta, A.; Lewis, J.; Hochhalter, C.; Giles, J.R.; Gruendike, J.; Freeman, J.;
Buckmeier, G.; et al. Widespread Movement of Invasive Cattle Fever Ticks (Rhipicephalus Microplus) in Southern Texas Leads to
Shared Local Infestations on Cattle and Deer. Parasites Vectors 2014, 7, 1-16. [CrossRef]


http://doi.org/10.1093/jme/tjaa220
http://doi.org/10.1038/s41467-020-14953-2
http://doi.org/10.14202/vetworld.2015.301-315
http://www.ncbi.nlm.nih.gov/pubmed/27047089
http://doi.org/10.2981/09-014
http://doi.org/10.1139/cjz-2018-0140
http://doi.org/10.1645/20-85
http://www.ncbi.nlm.nih.gov/pubmed/33089326
http://doi.org/10.1603/0022-2585-38.6.850
http://doi.org/10.1093/jme/tjy006
http://doi.org/10.1093/cid/ciz449
http://www.ncbi.nlm.nih.gov/pubmed/31150055
http://doi.org/10.1111/zph.12743
http://www.ncbi.nlm.nih.gov/pubmed/32638553
http://doi.org/10.15585/mmwr.mm6747a3
http://www.ncbi.nlm.nih.gov/pubmed/30496158
http://doi.org/10.2307/3276992
http://doi.org/10.1080/03014223.2020.1772326
http://doi.org/10.1038/s41598-018-37205-2
http://doi.org/10.1093/jme/tjab115
http://doi.org/10.3390/pathogens9110871
http://www.ncbi.nlm.nih.gov/pubmed/33114005
http://doi.org/10.1016/j.cvfa.2019.12.004
http://www.ncbi.nlm.nih.gov/pubmed/32029183
http://doi.org/10.22319/rmcp.v8i1.4305
http://doi.org/10.1603/0022-2585-39.3.405
http://doi.org/10.1186/1756-3305-7-188

Trop. Med. Infect. Dis. 2022, 7, 388 12 of 14

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Goolsby, J.A.; Singh, N.K.; Ortega, S.A.; Hewitt, D.G.; Campbell, T.A.; Wester, D.; Pérez de Leén, A.A. Comparison of Natural
and Artificial Odor Lures for Nilgai (Boselaphus Tragocamelus) and White-Tailed Deer (Odocoileus Virginianus) in South Texas:
Developing Treatment for Cattle Fever Tick Eradication. Int. J. Parasitol. Parasites Wildl. 2017, 6, 100-107. [CrossRef]

Mullens, B.A. Veterinary Entomology. In Encyclopedia of Insects; Academic Press: Cambridge, MA, USA, 2009; pp. 1031-1034.
[CrossRef]

Mabhefarisoa, K.L.; Simon Delso, N.; Zaninotto, V.; Colin, M.E.; Bonmatin, ].M. The Threat of Veterinary Medicinal Products and
Biocides on Pollinators: A One Health Perspective. One Health 2021, 12, 100237. [CrossRef]

Mackenzie, ].S.; Jeggo, M. The One Health Approach-Why Is It so Important? Trop. Med. Infect. Dis. 2019, 4, 5-8. [CrossRef]
Cook, R.A.; Karesh, W.B.; Osofsky, S.A. One World-One Health: Building Interdisciplinary Bridges. Available online: http:
/ /www.oneworldonehealth.org/sept2004/owoh_sept04.html (accessed on 19 November 2022).

Dantas-Torres, F.; Chomel, B.B.; Otranto, D. Ticks and Tick-Borne Diseases: A One Health Perspective. Trends Parasitol. 2012, 28,
437-446. [CrossRef]

Ogden, N.H,; St.-Onge, L.; Barker, L.K.; Brazeau, S.; Bigras-Poulin, M.; Charron, D.F,; Francis, C.M.; Heagy, A.; Lindsay, L.R,;
Maarouf, A.; et al. Risk Maps for Range Expansion of the Lyme Disease Vector, Ixodes Scapularis, in Canada Now and with
Climate Change. Int. |. Health Geogr. 2008, 7, 1-15. [CrossRef]

Clow, K.M.; Leighton, P.A.; Pearl, D.L.; Jardine, C.M. A Framework for Adaptive Surveillance of Emerging Tick-Borne Zoonoses.
One Health 2019, 7, 100083. [CrossRef]

Ogden, N.H.; Trudel, L.; Artsob, H.; Barker, 1. K.; Beauchamp, G.; Charron, D.EF; Drebot, M.A.; Galloway, T.D.; O’'Handley, R.;
Thompson, R.A.; et al. Ixodes Scapularis Ticks Collected by Passive Surveillance in Canada: Analysis of Geographic Distribution
and Infection with Lyme Borreliosis Agent Borrelia Burgdorferi. . Med. Entomol. 2006, 43, 600-609. [CrossRef] [PubMed]

Levy, S. Northern Trek: The Spread of Ixodes Scapularis into Canada. Environ. Health Perspect. 2017, 125, 074002. [CrossRef]
[PubMed]

Khatchikian, C.E.; Prusinski, M.; Stone, M.; Bryon Backenson, P.; Wang, I.N.; Levy, M.Z.; Brisson, D. Geographical and
Environmental Factors Driving the Increase in the Lyme Disease Vector Ixodes Scapularis. Ecosphere 2012, 3, 1-18. [CrossRef]
[PubMed]

Ogden, N.H.; Bouchard, C.; Badcock, J.; Drebot, M.A.; Elias, S.P.; Hatchette, T.F; Koffi, ].K.; Leighton, P.A.; Lindsay, L.R,;
Lubelczyk, C.B.; et al. What Is the Real Number of Lyme Disease Cases in Canada? BMC Public Health 2019, 19, 1-12. [CrossRef]
Mather, T.N.; Wilson, M.L.; Moore, S.I; Ribeiro, ]. M.C.; Spielman, A. Comparing the Relative Potential of Rodents as Reservoirs
of the Lyme Disease Spirochete (Borreliaburgdorferi). Am. J. Epidemiol. 1989, 130, 143-150. [CrossRef]

Shaw, M.T.; Keesing, F.; McGrail, R.; Ostfeld, R.S. Factors Influencing the Distribution of Larval Blacklegged Ticks on Rodent
Hosts. Am. ]. Trop. Med. Hyg. 2003, 68, 447-452. [CrossRef]

Eisen, R.J.; Paddock, C.D. Tick and Tickborne Pathogen Surveillance as a Public Health Tool in the United States. J. Med. Entomol.
2021, 58, 1490-1502. [CrossRef]

Eisen, R.J.; Eisen, L.; Graham, C.B.; Hojgaard, A.; Mead, P.S.; Kersch, G.; Karpathy, S.; Paddock, C.D.; Savage, H.; Herwaldt, B.L.;
et al. Surveillance for Ixodes Scapularis and Pathogens Found in This Tick Species in the United States. Centers Dis. Control Prev.
2019, 1, 34.

Roy-Dufresne, E.; Logan, T.; Simon, J.A.; Chmura, G.L.; Millien, V. Poleward Expansion of the White-Footed Mouse (Peromyscus
Leucopus) under Climate Change: Implications for the Spread of Lyme Disease. PLoS ONE 2013, 8, e80724. [CrossRef]
Diuk-Wasser, M.A.; Vourc’h, G.; Cislo, P.; Hoen, A.G.; Melton, F.; Hamer, S.A.; Rowland, M.; Cortinas, R.; Hickling, G.J.; Tsao, ].L;
et al. Field and Climate-Based Model for Predicting the Density of Host-Seeking Nymphal Ixodes Scapularis, an Important Vector
of Tick-Borne Disease Agents in the Eastern United States. Glob. Ecol. Biogeogr. 2010, 19, 504-514. [CrossRef]

Tiffin, H.S.; Peper, S.T.; Wilson-Fallon, A.N.; Haydett, K.M.; Cao, G.; Presley, S.M. The Influence of New Surveillance Data on
Predictive Species Distribution Modeling of Aedes Aegypti and Aedes Albopictus in the United States. Insects 2019, 10, 400.
[CrossRef] [PubMed]

Leighton, P.A.; Koffi, ] K,; Pelcat, Y.; Lindsay, L.R.; Ogden, N.H. Predicting the Speed of Tick Invasion: An Empirical Model of
Range Expansion for the Lyme Disease Vector Ixodes Scapularis in Canada. J. Appl. Ecol. 2012, 49, 457-464. [CrossRef]

Ripoche Id, M.; Bouchard, C.; Irace-Cima, A.; Leighton, P.; Thivierge, K. Current and Future Distribution of Ixodes Scapularis
Ticks in Québec: Field Validation of a Predictive Model. PLoS ONE 2022, 17, e0263243. [CrossRef] [PubMed]

National Academies of Sciences Engineering and Medicine. Global Health Impacts of Vector-Borne Diseases: Workshop Summary; The
National Academies Press: Washington, DC, USA, 2016; ISBN 9780309377591.

White, S.A.; Bevins, S.N.; Ruder, M.G.; Shaw, D.; Vigil, S.L.; Randall, A.; Deliberto, T.J.; Dominguez, K.; Thompson, A.T.;
Mertins, ].W.; et al. Surveys for Ticks on Wildlife Hosts and in the Environment at Asian Longhorned Tick (Haemaphysalis
Longicornis)-Positive Sites in Virginia and New Jersey, 2018. Transbound. Emerg. Dis. 2020, 68, 605-614. [CrossRef] [PubMed]
Heath, A.C.G.; Hardwick, S. The Role of Humans in the Importation of Ticks to New Zealand: A Threat to Public Health and
Biosecurity. N. Z. Med. ]. 2011, 124, 67-82. [CrossRef] [PubMed]

Li, Z.; Bao, C.; Hu, J.; Liu, W,; Wang, X.; Zhang, L.; Ji, Z.; Feng, Z.; Li, L.; Shen, A; et al. Ecology of the Tick-Borne Phlebovirus
Causing Severe Fever with Thrombocytopenia Syndrome in an Endemic Area of China. PLoS Negl. Trop. Dis. 2016, 10, e0004574.
[CrossRef]


http://doi.org/10.1016/j.ijppaw.2017.04.006
http://doi.org/10.1016/B978-0-12-374144-8.00270-8
http://doi.org/10.1016/j.onehlt.2021.100237
http://doi.org/10.3390/tropicalmed4020088
http://www.oneworldonehealth.org/sept2004/owoh_sept04.html
http://www.oneworldonehealth.org/sept2004/owoh_sept04.html
http://doi.org/10.1016/j.pt.2012.07.003
http://doi.org/10.1186/1476-072X-7-24
http://doi.org/10.1016/j.onehlt.2019.100083
http://doi.org/10.1093/jmedent/43.3.600
http://www.ncbi.nlm.nih.gov/pubmed/16739422
http://doi.org/10.1289/EHP2095
http://www.ncbi.nlm.nih.gov/pubmed/28743676
http://doi.org/10.1890/ES12-00134.1
http://www.ncbi.nlm.nih.gov/pubmed/24371541
http://doi.org/10.1186/s12889-019-7219-x
http://doi.org/10.1093/oxfordjournals.aje.a115306
http://doi.org/10.4269/ajtmh.2003.68.447
http://doi.org/10.1093/jme/tjaa087
http://doi.org/10.1371/journal.pone.0080724
http://doi.org/10.1111/j.1466-8238.2010.00526.x
http://doi.org/10.3390/insects10110400
http://www.ncbi.nlm.nih.gov/pubmed/31718099
http://doi.org/10.1111/j.1365-2664.2012.02112.x
http://doi.org/10.1371/journal.pone.0263243
http://www.ncbi.nlm.nih.gov/pubmed/35113941
http://doi.org/10.1111/tbed.13722
http://www.ncbi.nlm.nih.gov/pubmed/32639639
http://doi.org/10.1111/j.1475-4932.1970.tb02461.x
http://www.ncbi.nlm.nih.gov/pubmed/21952332
http://doi.org/10.1371/journal.pntd.0004574

Trop. Med. Infect. Dis. 2022, 7, 388 13 of 14

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.
85.

86.

87.
88.

89.

90.

Liu, Q.; He, B.; Huang, S.Y.; Wei, E; Zhu, X.Q. Severe Fever with Thrombocytopenia Syndrome, an Emerging Tick-Borne Zoonosis.
Lancet Infect. Dis. 2014, 14, 763-772. [CrossRef]

Zhuang, L.; Sun, Y.; Cui, X.M,; Tang, F; Hu, ].G.; Wang, L.Y.; Cui, N.; Yang, Z.D.; Huang, D.D.; Zhang, X.A ; et al. Transmission of
Severe Fever with Thrombocytopenia Syndrome Virus by Haemaphysalis Longicornis Ticks, China. Emerg. Infect. Dis. 2018, 24,
868-871. [CrossRef]

Mabhara, F. Japanese Spotted Fever: Report of 31 Cases and Review of the Literature. Emerg. Infect. Dis. 1997, 3, 105-111.
[CrossRef]

Noguchi, M.; Oshita, S.; Yamazoe, N.; Miyazaki, M.; Takemura, Y.C. Important Clinical Features of Japanese Spotted Fever. Am. ].
Trop. Med. Hyg. 2018, 99, 466—469. [CrossRef]

Tabara, K.; Kawabata, H.; Arai, S.; Itagaki, A.; Yamauchi, T.; Katayama, T.; Fujita, H.; Takada, N. High Incidence of Rickettsiosis
Correlated to Prevalence of Rickettsia Japonica among Haemaphysalis Longicornis Tick. J. Vet. Med. Sci. 2011, 73, 507-510.
[CrossRef]

USDA-APHIS. National Haemaphysalis Longicornis (Asian Longhorned Tick) Situation Report; United States Department of Agriculture:
Washington, DC, USA, 2022.

USDA-APHIS. National Haemaphysalis Longicornis (Asian Longhorned Tick) Situation Report; United States Department of Agriculture:
Washington, DC, USA, 2021.

Tufts, D.M.; Goodman, L.B.; Benedict, M.C.; Davis, A.D.; VanAcker, M.C.; Diuk-Wasser, M. Association of the Invasive Haema-
physalis Longicornis Tick with Vertebrate Hosts, Other Native Tick Vectors, and Tick-Borne Pathogens in New York City, USA.
Int. J. Parasitol. 2021, 51, 149-157. [CrossRef] [PubMed]

Ronai, I; Tufts, D.M.; Diuk-Wasser, M.A. Aversion of the Invasive Asian Longhorned Tick to the White-Footed Mouse, the
Dominant Reservoir of Tick-Borne Pathogens in the U.S.A. Med. Vet. Entomol. 2020, 34, 369-373. [CrossRef] [PubMed]

North Carolina Department of Agriculture and Consumer Services Asian Longhorned Tick. Available online: https://www.
ncagr.gov/vet/Livestock/AsianLonghornedTick.htm (accessed on 12 May 2022).

Oakes, V.J.; Yabsley, M.].; Schwartz, D.; LeRoith, T.; Bissett, C.; Broaddus, C.; Schlater, J.L.; Todd, S.M.; Boes, K.M.; Brookhart, M.;
et al. Theileria Orientalis Ikeda Genotype in Cattle, Virginia, USA. Emerg. Infect. Dis. 2019, 25, 1653-1659. [CrossRef]
Thompson, A.T.; White, S.; Shaw, D.; Egizi, A.; Lahmers, K.; Ruder, M.G.; Yabsley, M.]. Theileria Orientalis Ikeda in Host-Seeking
Haemaphysalis Longicornis in Virginia, U.S.A. Ticks Tick. Borne. Dis. 2020, 11, 101450. [CrossRef]

Dinkel, K.D.; Herndon, D.R.; Noh, S.M.; Lahmers, K.K.; Todd, S.M.; Ueti, M.W.; Scoles, G.A.; Mason, K.L.; Fry, LM. A U.S.
Isolate of Theileria Orientalis, Ikeda Genotype, Is Transmitted to Cattle by the Invasive Asian Longhorned Tick, Haemaphysalis
Longicornis. Parasites Vectors 2021, 14, 1-11. [CrossRef] [PubMed]

Hammer, J.F,; Emery, D.; Bogema, D.R.; Jenkins, C. Detection of Theileria Orientalis Genotypes in Haemaphysalis Longicornis
Ticks from Southern Australia. Parasites Vectors 2015, 8, 1-8. [CrossRef]

Cumbie, A.N.; Trimble, R.N.; Eastwood, G. Pathogen Spillover to an Invasive Tick Species: First Detection of Bourbon Virus in
Haemaphysalis Longicornis in the United States. Pathogens 2022, 11, 454. [CrossRef]

Breuner, N.E.; Ford, S.L.; Hojgaard, A.; Osikowicz, L.M.; Parise, C.M.; Rosales Rizzo, M.F,; Bai, Y.; Levin, M.L.; Eisen, R.J.; Eisen,
L. Failure of the Asian Longhorned Tick, Haemaphysalis Longicornis, to Serve as an Experimental Vector of the Lyme Disease
Spirochete, Borrelia Burgdorferi Sensu Stricto. Ticks Tick. Borne. Dis. 2020, 11, 101311. [CrossRef]

Henrioud, A.N. Towards Sustainable Parasite Control Practices in Livestock Production with Emphasis in Latin America. Vet.
Parasitol. 2011, 180, 2-11. [CrossRef]

Pérez de Leon, A.A.; Teel, PD.; Auclair, A.N.; Messenger, M.T.; Guerrero, F.D.; Schuster, G.; Miller, R.J. Integrated Strategy for
Sustainable Cattle Fever Tick Eradication in USA Is Required to Mitigate the Impact of Global Change. Front. Physiol. 2012, 3, 195.
[CrossRef] [PubMed]

Abbas, R.Z.; Zaman, M.A.; Colwell, D.D.; Gilleard, J.; Igbal, Z. Acaricide Resistance in Cattle Ticks and Approaches to Its
Management: The State of Play. Vet. Parasitol. 2014, 203, 6-20. [CrossRef]

Bock, R.; Jackson, L.; De Vos, A.; Jorgensen, W. Babesiosis of Cattle. Parasitology 2004, 129, S247-5269. [CrossRef]

Smith, T.; Kilborne, EL. Investigations into the Nature, Causation and Prevention of Southern Cattle Fever; US Department of Agriculture,
Bureau of Animal Industry: Washington, DC, USA, 1893.

Graham, O.H.; Hourrigan, ].L. Eradication Programs for the Arthropod Parasites of Livestock. ]. Med. Entomol. 1977, 13, 629-658.
[CrossRef] [PubMed]

FAO. Guidelines: Resistance Management and Integrated Parasite Control in Rumiants; FAO: Rome, Italy, 2004.

Fernandez-Salas, A.; Rodriguez-Vivas, R.I.; Alonso-Diaz, M.A. Resistance of Rhipicephalus Microplus to Amitraz and Cyperme-
thrin in Tropical Cattle Farms in Veracruz, Mexico. J. Parasitol. 2012, 98, 1010-1014. [CrossRef]

Pérez de Leon, A.A.; Strickman, D.A.; Knowles, D.P,; Fish, D.; Thacker, E.; De La Fuente, J.; Krause, PJ.; Wikel, S.K.; Miller, R.S.;
Wagner, G.G.; et al. One Health Approach to Identify Research Needs in Bovine and Human Babesioses: Workshop Report.
Parasites Vectors 2010, 3, 1-11. [CrossRef] [PubMed]

Ryser-Degiorgis, M.P. Wildlife Health Investigations: Needs, Challenges and Recommendations. BMC Vet. Res. 2013, 9, 1-17.
[CrossRef]


http://doi.org/10.1016/S1473-3099(14)70718-2
http://doi.org/10.3201/eid2405.151435
http://doi.org/10.3201/eid0302.970203
http://doi.org/10.4269/ajtmh.17-0576
http://doi.org/10.1292/jvms.10-0369
http://doi.org/10.1016/j.ijpara.2020.08.008
http://www.ncbi.nlm.nih.gov/pubmed/33130214
http://doi.org/10.1111/mve.12441
http://www.ncbi.nlm.nih.gov/pubmed/32249973
https://www.ncagr.gov/vet/Livestock/AsianLonghornedTick.htm
https://www.ncagr.gov/vet/Livestock/AsianLonghornedTick.htm
http://doi.org/10.3201/eid2509.190088
http://doi.org/10.1016/j.ttbdis.2020.101450
http://doi.org/10.1186/s13071-021-04659-9
http://www.ncbi.nlm.nih.gov/pubmed/33726815
http://doi.org/10.1186/s13071-015-0839-9
http://doi.org/10.3390/pathogens11040454
http://doi.org/10.1016/j.ttbdis.2019.101311
http://doi.org/10.1016/j.vetpar.2011.05.026
http://doi.org/10.3389/fphys.2012.00195
http://www.ncbi.nlm.nih.gov/pubmed/22712018
http://doi.org/10.1016/j.vetpar.2014.03.006
http://doi.org/10.1017/S0031182004005190
http://doi.org/10.1093/jmedent/13.6.629
http://www.ncbi.nlm.nih.gov/pubmed/328882
http://doi.org/10.1645/GE-3074.1
http://doi.org/10.1186/1756-3305-3-36
http://www.ncbi.nlm.nih.gov/pubmed/20377902
http://doi.org/10.1186/1746-6148-9-223

Trop. Med. Infect. Dis. 2022, 7, 388 14 of 14

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Li, H.; Chen, Y.; Machalaba, C.C.; Tang, H.; Chmura, A.A.; Fielder, M.D.; Daszak, P. Wild Animal and Zoonotic Disease Risk
Management and Regulation in China: Examining Gaps and One Health Opportunities in Scope, Mandates, and Monitoring
Systems. One Health 2021, 13, 100301. [CrossRef]

Maani, N.; Galea, S. COVID-19 and Underinvestment in the Public Health Infrastructure of the United States. Milbank Q. 2020, 98,
250-259. [CrossRef]

Weiner, D.L.; Balasubramaniam, V.; Shah, S.I.; Javier, ] R. COVID-19 Impact on Research, Lessons Learned from COVID-19
Research, Implications for Pediatric Research. Pediatr. Res. 2020, 88, 148-150. [CrossRef]

Dolan, B.; Rutherford, G. How History of Medicine Helps Us Understand COVID-19 Challenges. Public Health Rep. 2020, 135,
717-720. [CrossRef] [PubMed]

Burtis, J.C.; Sullivan, P; Levi, T.; Oggenfuss, K.; Fahey, T].; Ostfeld, R.S. The Impact of Temperature and Precipitation on
Blacklegged Tick Activity and Lyme Disease Incidence in Endemic and Emerging Regions. Parasites Vectors 2016, 9, 1-10.
[CrossRef]

Pak, D.; Jacobs, S.B.; Sakamoto, ]. M. A 117 Year Retrospective Analysis of Pennsylvania Tick Community Dynamics. Parasit.
Vectors 2019, 12, 1-14. [CrossRef]

Keesing, F,; Ostfeld, R.S.; Young, T.P; Allan, B.F. Cattle and Rainfall Affect Tick Abundance in Central Kenya. Parasitology 2018,
145, 345-354. [CrossRef] [PubMed]

Allan, B.E; Tallis, H.; Chaplin-Kramer, R.; Huckett, S.; Kowal, V.A.; Musengezi, J.; Okanga, S.; Ostfeld, R.S.; Schieltz, ].; Warui,
C.M,; et al. Can Integrating Wildlife and Livestock Enhance Ecosystem Services in Central Kenya? Front. Ecol. Environ. 2017, 15,
328-335. [CrossRef]

Keesing, F; Allan, B.E; Young, T.P; Ostfeld, R.S. Effects of Wildlife and Cattle on Tick Abundance in Central Kenya. Ecol. Appl.
2013, 23, 1410-1418. [CrossRef] [PubMed]

Keesing, F; Brunner, J.; Duerr, S,; Killilea, M.; LoGiudice, K.; Schmidt, K.; Vuong, H.; Ostfeld, R.S. Hosts as Ecological Traps for
the Vector of Lyme Disease. Proc. R. Soc. B Biol. Sci. 2009, 276, 3911-3919. [CrossRef]

Wang, H.H.; Grant, W.E.; Teel, PD.; Lohmeyer, K.H.; Pérez de Le6n, A.A. Simulated Dynamics of Southern Cattle Fever Ticks
(Rhipicephalus (Boophilus) Microplus) in South Texas, USA: Investigating Potential Wildlife-Mediated Impacts on Eradication
Efforts. Parasites Vectors 2021, 14, 1-13. [CrossRef]

Ostfeld, R.S.; Price, A.; Hornbostel, V.L.; Benjamin, M.A.; Keesing, F. Controlling Ticks and Tick-Borne Zoonoses with Biological
and Chemical Agents. Bioscience 2006, 56, 383-394. [CrossRef]

Lydecker, H.W.; Etheridge, B.; Price, C.; Banks, P.B.; Hochuli, D.F. Landscapes within Landscapes: A Parasite Utilizes Different
Ecological Niches on the Host Landscapes of Two Host Species. Acta Trop. 2019, 193, 60-65. [CrossRef]

Halsey, S.J.; Allan, B.F,; Miller, ]J.R. The Role of Ixodes Scapularis, Borrelia Burgdorferi and Wildlife Hosts in Lyme Disease
Prevalence: A Quantitative Review. Ticks Tick. Borne. Dis. 2018, 9, 1103-1114. [CrossRef]

Fedele, K.; Poh, K.C.; Brown, J.E; Jones, A.; Durden, L.A; Tiffin, H.S.; Pagac, A.; Li, A.Y.; Machtinger, E.T. Host Distribution
and Pathogen Infection of Fleas (Siphonaptera) Recovered from Small Mammals in Pennsylvania. J. Vector Ecol. 2020, 45, 32—44.
[CrossRef] [PubMed]

Hook, S.A.; Nelson, C.A.; Mead, PS. U.S. Public’s Experience with Ticks and Tick-Borne Diseases: Results from National
HealthStyles Surveys. Ticks Tick Borne Dis. 2015, 6, 483—-488. [CrossRef] [PubMed]

Kopsco, H.L.; Duhaime, R.J.; Mather, T.N. Assessing Public Tick Identification Ability and Tick Bite Riskiness Using Passive
Photograph-Based Crowdsourced Tick Surveillance. J. Med. Entomol. 2021, 58, 837-846. [CrossRef] [PubMed]

Machtinger, E.T.; Li, A.Y,; Liu, Y. Tick Bite Risk and Tick-Borne Disease Perceptions of School District Administrators in the
Mid-Atlantic United States. J. Sch. Health 2019, 89, 959-968. [CrossRef] [PubMed]

Eisen, L.; Stafford, K.C. Barriers to Effective Tick Management and Tick-Bite Prevention in the United States (Acari: Ixodidae). J.
Med. Entomol. 2021, 58, 1588-1600. [CrossRef] [PubMed]


http://doi.org/10.1016/j.onehlt.2021.100301
http://doi.org/10.1111/1468-0009.12463
http://doi.org/10.1038/s41390-020-1006-3
http://doi.org/10.1177/0033354920961132
http://www.ncbi.nlm.nih.gov/pubmed/33019867
http://doi.org/10.1186/s13071-016-1894-6
http://doi.org/10.1186/s13071-019-3451-6
http://doi.org/10.1017/S003118201700155X
http://www.ncbi.nlm.nih.gov/pubmed/29113602
http://doi.org/10.1002/fee.1501
http://doi.org/10.1890/12-1607.1
http://www.ncbi.nlm.nih.gov/pubmed/24147412
http://doi.org/10.1098/rspb.2009.1159
http://doi.org/10.1186/s13071-021-04724-3
http://doi.org/10.1641/0006-3568(2006)056[0383:CTATZW]2.0.CO;2
http://doi.org/10.1016/j.actatropica.2019.02.022
http://doi.org/10.1016/j.ttbdis.2018.04.006
http://doi.org/10.1111/jvec.12371
http://www.ncbi.nlm.nih.gov/pubmed/32492279
http://doi.org/10.1016/j.ttbdis.2015.03.017
http://www.ncbi.nlm.nih.gov/pubmed/25887156
http://doi.org/10.1093/jme/tjaa196
http://www.ncbi.nlm.nih.gov/pubmed/33146378
http://doi.org/10.1111/josh.12835
http://www.ncbi.nlm.nih.gov/pubmed/31612487
http://doi.org/10.1093/jme/tjaa079
http://www.ncbi.nlm.nih.gov/pubmed/32372075

	Introduction 
	Case Studies Highlighting Challenges to Tick Control 
	Global Climate Change: Ixodes scapularis Range Expansion into Canada 
	Globalization: Haemaphysalis longicornis Introduction into the Continental U.S. 
	Policy and Shared Political Borders: Rhipicephalus spp. Tick Management at the Mexico–U.S. Border 

	Conclusions 
	Lessons Learned and Future Needs 
	Public Policy Recommendations 

	References

