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Abstract: Ticks are the major vectors of most disease-causing agents to humans, companion
animals and wildlife. Moreover, ticks transmit a greater variety of pathogenic agents than any
other blood-feeding arthropod. Ticks have been expanding their geographic ranges in recent decades
largely due to climate change. Furthermore, tick populations in many areas of their past and even
newly established localities have increased in abundance. These dynamic changes present new
and increasing severe public health threats to humans, livestock and companion animals in areas
where they were previously unknown or were considered to be of minor importance. Here in
this review, the geographic status of four representative tick species are discussed in relation to
these public health concerns, namely, the American dog tick, Dermacentor variabilis, the lone star
tick, Amblyomma americanum, the Gulf Coast Tick, Amblyomma maculatum and the black-legged tick,
Ixodes scapularis. Both biotic and abiotic factors that may influence future range expansion and
successful colony formation in new habitats are discussed.

Keywords: climate change; habitats; hosts; Dermacentor variabilis; Amblyomma americanum;
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1. Introduction

Ticks are notorious as vectors of disease-causing agents to humans, companion animals and
wildlife. Ticks are responsible for nearly 95% of the vector-borne diseases reported annually in the
United States [1]. Among the almost 900 species of ticks [2,3] dispersed globally throughout the world,
only about 25 or so are of major medical and veterinary importance. Ticks transmit a greater variety of
pathogenic microorganisms than any other hematophagous arthropod, e.g., the agents of Lyme disease,
Rocky Mountain spotted fever, human granulocytic anaplasmosis, human monocytic anaplasmosis,
tick-borne encephalitis, babesiosis, theileriosis, ehrlichiosis and many others. In addition, tick bites can
cause substantial blood loss, severe toxic reactions and even death due to tick paralysis [4].

Most of the vector ticks have a well-defined geographic range wherein they are constrained by
their adaptations to local abiotic environmental factors, e.g., relative humidity, temperature variations,
micro environmental factors such as soil moisture and soil permeability and biotic factors such
as dense vegetation, humid leaf litter, and forests providing dense shade. Many species also are
constrained by host—parasite associations, especially host-specificity relationships that have evolved
over thousands or even millions of years [5]. Ticks spend most of their life cycle off their hosts,
limited only by their ability to survive many months and even years without feeding because of
their extremely low resting metabolic rates [6] and diapause. Representative examples of species
with limited geographic ranges include (1) the American dog tick, Dermacentor variabilis, found in
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brushy and forested habitats throughout most of the central and eastern United States from Florida
to several areas of southern Canada; (2) the Rocky Mountain wood tick, Dermacentor andersoni,
found in the northwestern United States and the Canadian Rocky Mountains; (3) the lone star tick,
Amblyomma americanum, now present in most regions of the eastern and midwestern U.S.; (4) the Gulf
Coast tick, Amblyomma maculatum, now present in the Gulf Coast states, midwestern and south Atlantic
states of the U.S. In contrast, examples of tick species with very broad (and expanding) geographic and
host ranges are the black-legged tick Ixodes scapularis in North America, the closely related sheep tick,
I. ricinus, found mostly throughout most of Europe, United Kingdom and localities in North Africa,
and the taiga tick, L. persulcatus, found in eastern Europe and northern Asia.

This review will consider four tick species in North America, D. variabilis, A. americanum,
A. maculatum and I. scapularis, for an in-depth examination of their geographic range expansion
and some of the factors influencing its progress.

2. Impediments to Range Expansion

Numerous recent investigations have suggested that climate change, especially rapidly
increasing global temperatures, has contributed to the range expansion of many arthropod vectors,
including ticks [7-12]. Robust evidence is presented in these representative examples that range
expansion is occurring. However, several factors—host availability (especially for preferred hosts)
and host specificity, habitat suitability, relative humidity tolerance, the extent and duration of freezing
temperatures, and human impact (habitat modification)—may limit the likely rate and extent of range
expansion for different tick vector species. These factors need as much attention in understanding tick
range expansion as has been given to climate change.

3. Selected North American Ticks and Range Expansion

3.1. American Dog Tick, Dermacentor variabilis

This species is the primary vector for Rickettsia rickettsii—the bacterium causing Rocky Mountain
spotted fever in humans and domestic or companion animals. It also is reportedly capable of
transmitting Coxiella burnetii and Francisella tularensis [13]. Consequently, expansion of its geographic
range poses a significant public health problem in areas previously free of this vector species [14].

Dermacentor variabilis is a host-specific species for its juvenile stages which feed almost entirely
on small mammals, but which also exhibits a broader host range for the adult stage, especially dogs
and other medium-sized mammals [15]. D. variabilis is known as an “ambush” tick, i.e., ticks that
cling to vegetation along woodland trails, roadsides and similar edge environments. This behavior
limits their host range to those vertebrates that frequent these localities. Common hosts in the United
States are meadow voles (Microtus pennsylvanicus) in grass and/or forb habitats and white-footed mice
(Peromyscus leucopus) or deer mice (P. maniculatus) in the adjacent forests. This tick species has expanded
its range northward into southern Canada, where it is reported established (and even abundant) in
parts of Ontario, Saskatchewan, Manitoba [13] and from Nova Scotia [16]). As D. variabilis expands
its range into more northern latitudes (as well as alpine terrains), it may not encounter these same
rodents, essential for development of the larval and nymphal stage. Although meadow voles occur
through most of the U.S. and Canada, the range of white-footed mice is more limited. In studies
we did in Nova Scotia, red-backed voles, Myodes gapperi, served as substitute hosts in the woodland
habitats in the absence of white-footed mice [16]. M. gapperi and its close relative Myodes rutilis are
widespread throughout much of Canada, providing suitable hosts for larval and nymphal ticks in
these regions [17]. In addition to host-dependent factors, D. variabilis is believed unable to survive
over winter in regions where temperatures fall and remain well below the 0 °C mean winter isotherm
(December through February), the period of sustained freezing conditions. However, a study of
survival of unfed adults held under field conditions in Manitoba, Canada showed that an average
of 20% of these ticks survived until April of the following year [18]. In studies by McEnroe [19],
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the 0 °C winter isotherm in that year was across southern Ohio and northern New Jersey to just
north of Long Island, NY. However, climate change in the United States has resulted in milder winter
temperatures since that time, with almost all the northeastern U.S. and much of the mid-western region
averaging above freezing temperatures during the winter months (see Figure 1: maps for January
temperatures for the year 2016 versus the year 1970). Thus, if current trends in climate change continue
for the next several decades, and the average 10-20 °F January temperature expands northward,
models predict that areas with suitable climate for D. variabilis could increase by approximately 50%,
likely resulting in northward expansion throughout most of Canada [20]. However, it is not known
whether suitable habitats, especially deciduous forests and hosts will also follow this trend.

Figure 1. Maps showing the average minimum January temperatures (°F) in the continental
United States: (A) 1970; (B) 2016. Dark Blue = -10 °F; medium blue = 11-20 °F; light blue = 21-30 °F;
blue-green = 31-40 °F; gray = 41-50 °F. Photo credits Dr. R. Ryan Lash, Traveler’s Health Branch,
DGMQ, Centers for Disease Control and Prevention, Atlanta, GA.

3.2. Lone Star Tick, Amblyomma americanum

A. americanum is a vector of Ehrlichia chafeensis and E. ewingii (the agents of human monocytic
ehrlichiosis) and other potentially disease-causing agents such as Rickettsia amblyommii and
Borrelia lonestari. Consequently, its increasing range expansion presents a serious public health threat
in the northeastern United States and southern Canada [21]. In contrast to D. variabilis, A. americanum
is regarded as a hunter tick, which will walk/crawl rapidly across many meters when attracted by
host odors. This behavior enhances its host range since these ticks do not have to wait for a passing
host. According to recent reports [11], lone star ticks have been expanding their zoogeographic
range into new areas of the northern and mid-western United States. During the first half of the
previous century, the northern limit of established populations of this species according those reports
was approximately the Ohio river valley and extending northeast into southern New Jersey [11].
Subsequently, northward expansion has progressed to the extent that established populations have
now been documented as far north as Michigan in the north central United States, as well as throughout
Pennsylvania, almost all of New York state, and most counties of the New England states almost to
the Canadian border. In the mid-western U.S., populations of lone star ticks have been reported as
far west as Nebraska and South Dakota. According to those authors, the northward expansion
of this tick’s geographic range is consistent with climate change. An interesting aspect of this
rapid and very extensive range expansion concerns genetic changes in these remote populations.
Using a novel genotyping by sequencing approach, Monzon et al. [11] showed that lone star ticks
from New York and Oklahoma are genetically distinct from historic range populations in North
and South Carolina. This also suggests the possibility of adaptive evolution in these distinct tick
populations, with implications for their transmission of disease-causing agents. Lone star ticks are
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especially sensitive to changes in microclimatic conditions, primarily ground level moisture, which is
strongly influenced by atmospheric relative humidity. Among the several climate predictor variables
that influence the distribution of lone star ticks, July average atmospheric vapor pressure was the most
important [21]. Arid and semi-arid habitats in the U.S. west of the 100th meridian will likely limit
further westward range expansion while increasing global climate change causing increasingly dry
summers may depress population densities in the southern parts of the range. Lone star ticks do not
survive well in pine dominated habitats where they suffer increased saturation deficits during the late
spring and summer months [22].

3.3. Gulf Coast Tick, Amblyomma maculatum

The Gulf Coast tick is the vector of Rickettsia parkeri, a human pathogen capable of causing mild
illness in infected people. Although A. maculatum serves as the primary vector for this rickettsial
pathogen, spillover by co-feeding individuals into the more widespread A. americanum [23] greatly
increases its importance as a public health threat. It is also the principal vector of Hepatozoon americanum,
a pathogen infecting dogs [24]. A. maculatum is widely distributed in several Central and South
American countries bordering the Gulf of Mexico and Caribbean Sea. In the United States, it was
originally limited to the southeastern states bordering the Gulf of Mexico and the south Atlantic
states. However, in the past several decades, its range has expanded northward into the mid-Atlantic
states [24,25], in the Mid-west into Arkansas, Oklahoma, Kansas, and southwestern Tennessee [24]
and, surprisingly, even as far west as southern Arizona [26] (Figure 2). The northward expansion is
believed to be due to dispersal of immature ticks carried by migratory birds traveling to their arctic
breeding grounds along the Atlantic flyway. Immatures of A. maculatum have been reported from
more than 35 species of birds, mostly migratory species that regularly travel long distances [25,27].
During my research on ticks and tick-borne diseases in eastern Virginia during the period from
1963 to 2000, specimens of A. maculatum were quite rare and there was no evidence of breeding
populations in the coastal islands. However, for the past two or three decades, these ticks are now
well established throughout large areas of South and North Carolina, Virginia, eastern Maryland
and Delaware. Its occurrence in the Appalachian regions in the western parts of these states is also
believed to be related to migratory bird transport, since the Atlantic flyway is considered to include
the Appalachian Mountains as well as the Atlantic coast. Its spread north into Oklahoma and Kansas
was likely related to ticks attached to cattle relocated from the Gulf Coast states [24]. The ability of
immature stages of this tick to feed on a wide variety of ground feeding birds, as well as various
small mammals such as rats, mice and voles and the ability of the adult stages to feed on cattle, swine,
white-tailed deer and other mammals suggest that finding suitable hosts will not be a factor limiting its
northward and western range expansion. The spread north of feral pig populations and the continuing
increase in white-tailed deer populations [24] are expected to contribute to further range expansion of
this tick as well as intensification of its abundance in areas where it is already established.

It was expected that as warming trends continue, A. maculatum would expand northward along
the Atlantic coast where it would encounter warm, moist microhabitats similar to its ancestral southern
range since this species is intolerant of low relatively humidity. For Gulf Coast ticks, this would explain
the recent establishment of breeding populations in coastal regions of the mid-Atlantic states. However,
it does not explain breeding populations that have been found in northern Virginia, western North
Carolina and even western Tennessee and Kentucky [24,28] where environmental conditions are cooler
and not as humid. Similarly, it does not explain establishment of breeding populations in the more
arid pasture environments of Oklahoma, Kansas, and xeric environments of southern Arizona, for the
same reasons noted above. It is not known whether these findings indicate that the newly dispersed
populations have evolved greater tolerance to the cooler and drier local environments, or whether they
are surviving in isolated pockets in warmer, more humid habitats along local rivers and creeks.

Remarkably, several studies have reported little genetic variability and high levels of gene flow
among expanding populations of A. maculatum [29]. Ferrari et al. [30] suggested expansion of this tick
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along a migrating front rather than as long-standing sporadic, isolated populations. Nadolny et al. [31]
used genetic analysis to track the ancestry of newly established populations. Their findings showed
diverse haplotypes but there was no significant relationship to geographic distribution and little
or no apparent connectivity between the many different localities. Especially important is that the
genetic population structures were unique, i.e., there was little gene flow between sampling localities,
which these authors suggest indicates that the localized tick populations resulted from separate
founder events.

Figure 2. Map showing the current versus the historic geographic distribution of the Gulf Coast Tick,
Amblyomma maculatum (yellow distribution based on [24] and CDC map). Dark black line and the four
isolated black dots indicate the historic distribution based on Bishop and Trembley [32]. Asterisks in
southeastern Arizona indicate new established populations as reported by Allerdice et al. [26].
Photo credit Dr. R. Ryan Lash, Traveler’s Health Branch, DGMQ, Centers for Disease Control and
Prevention, Atlanta, GA.

3.4. Black-Legged Tick, Ixodes scapularis

This species is the primary vector for a greater variety of tick-borne diseases than any human or
animal biting tick in North America, including the bacteria causing Lyme disease, human granulocytic
anaplasmosis, tick-borne relapsing fever, human babesiosis, ehrlichiosis [1] and the virus causing
Powassan illness. Since it was first recognized as the vector of Borrelia burgdorferi (sensu strictu),
the etiological agent of Lyme disease, in the 1970s, the geographic range of this tick has expanded
substantially [8,9,33], likely mostly due to the moderating winter temperatures that have occurred
over the past few decades (Figure 1). Although previously present in modest numbers and scattered
populations by the end of the 19th century, I. scapularis has largely spread throughout most of the
eastern United States and into southern Canada during the 20th century following the reforestation
and reintroduction and proliferation of white-tailed deer [5]. Tick population densities have also
intensified in many of the recolonized localities. The number of counties in which it is believed to be
established has increased greatly throughout almost all of the United States east of the Mississippi
river as well as most of the midwestern U.S., up to approximately the 95° W longitude [34]. It is also
established in parts of southern Canada and appears to be advancing rapidly, e.g., at ~46 km/year in
Ontario, although colonization of different habitats is slower and heterogeneous (7). I. scapularis has
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also spread into Canada’s Quebec province, where the numbers of ticks collected increased more than
four-fold over the six-year period from 2008 to 2014, along with an increasing geographic range [35].
Remarkably, given the sensitivity of 1. scapularis to desiccation, a recent report shows evidence of
westward expansion into prairie grasslands in Iowa [36] and parts of the southeastern Canadian Prairie
region [37].

These generalizations about range expansion are important but do not tell the whole story.
Many earlier studies of I. scapularis distribution were based on field reports at the county level,
defining the tick’s spatial distribution on political maps [38]. However, availability of suitable habitats is
also important. I. scapularis is adapted to forest and brushy habitats, especially deciduous forests where
sufficient ground cover provides very humid microenvironments. I. scapularis is extremely sensitive
to desiccation, a factor limiting the duration of its above ground questing activity. Localities with
suitable habitat largely determine whether this tick can expand its range. In Minnesota, for example,
the majority of the more suitable habitats for I. scapularis establishment are areas dominated by cool
temperate forests, areas representing 19% of the state [39]. L scapularis may become established in
other less suitable habitats, e.g., temperate shrublands. More to the point, these studies also suggest
that the cold boreal forests, especially the Laurentian-Acadian and spruce-fir forests characteristic of
the northern-most region of Minnesota, Wisconsin and adjacent areas of southern Canada are unlikely
to support I. scapularis range expansion.

Cold hardiness is an important factor affecting range expansion. Data on this subject is limited,
but the few studies available suggest that I. scapularis can survive brief episodes of temperatures as
low as —10 °C. for roughly two hours. This low temperature tolerance is well below measurements of
subzero temperatures in leaf litter and underlying soil surfaces [40]. Cold hardiness in these ticks is also
enhanced by the presence of so-called antifreeze proteins, namely I. scapularis antifreeze glycoproteins
(AFGP). These proteins are typically large glycoproteins that bind ice crystals. Remarkably, infection
with Anaplasma phagocytophilum enhances expression of IAFGP, so that A. phagocytophilum-infected
ticks are more likely to survive freezing episodes than uninfected ticks [41].

Host range is not likely to be a major limiting factor in the range expansion of 1. scapularis,
since this is a highly permissive species. The most common hosts for the adults are white-tailed deer
(Odocoileus virginianus), but numerous other large and medium sized mammals, including humans
are also attacked; for the immature stages, the most common hosts are small mammals, especially
white-footed mice (Peromyscus leucopus) and deer mice (Peromyscus maniculatus). However, I. scapularis
larvae and nymphs also feed on other small mammals, as well as ground feeding birds and even
lizards [5]. Consequently, these ticks are likely to find suitable hosts as their geographic range expands.
However, bird migration also plays a key role in this process. According to [42], migratory birds
flying north during the spring migration disperse 50175 million . scapularis ticks across wide areas
of Canada. During the spring migration period, immature I. scapularis dropped from these birds
contributed to establishing new breeding populations in sites where the local habitats were suboptimal
for their survival in the absence of migrating birds. They also contributed to boosting tick population
density in already established populations [43].

Also important is the increasing abundance of I. scapularis populations within localities where they
are already established. For example, in Rhode Island, collections of nymphal I. scapularis (nymphs/h)
in 1994 were rated as medium to high only in the southwestern part of the state, west of Narraganset
Bay and were low or absent in the north. Areas with medium to high population densities have spread
north and east since that time; by 2014, the last year for which data are available, they now cover the
entire state. Maps illustrating these changes in increasing tick population densities can be found at the
Tick Encounter website (http:/ /www.tickencounter.org).

4. Conclusions

This review summarizes evidence demonstrating that the geographic ranges of all four ixodid tick
species discussed in this review are expanding. In addition to their expansion northward, they are also
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moving westward into drier areas of the North American continent previously considered inhospitable
for their establishment. Perhaps the most surprising example of tick adaptability to habitats in these
semi-arid regions is the Gulf Coast tick, once limited almost exclusively to the Gulf Coast and south
Atlantic states, that has expanded northward along the U.S. Atlantic coast, and also as far west as
Arizona. The A. maculatum populations in southern Arizona illustrate another phenomenon, namely,
that what is currently perceived as range expansion may in fact represent relic populations that have
persisted in highly specific biomes [26].

In addition to suitable climate and habitats, tick range expansion is host dependent. Even small
numbers of ticks may be sufficient to establish a new population so long as competent hosts and
suitable habitats and temperatures are present [42,43].

Predictions about tick range expansion also assume the stability of the major biomes,
each comprising the same life-form. However, this is uncertain, especially since human activities
have greatly increased the amount of land areas used for crop production and grazing of domestic
herbivores. Human-led disturbance of the natural environment is likely to continue, leading to
increasing range expansion of grasslands and croplands at the expanse of forests and shrublands [44].

Acknowledgments: I thank Rebecca Eisen, Centers for Disease Control and Prevention, Atlanta, GA for her
review of the manuscript, helpful suggestions and provision of numerous additional references. I am also grateful
to R. Ryan Lash, Traveler’s Health Branch, DGMQ, Centers for Disease Control and Prevention, Atlanta, GA for
furnishing maps and information about tick geographic ranges.

Conflicts of Interest: The author declares no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1.  Eisen, RJ.; 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, 23, 1-17. [CrossRef] [PubMed]

2. Barker, S.C.; Murrell, A. Systematics and evolution of ticks with a list of valid genus and species names.
Parasitology 2004, 129 (Suppl. 1), S15-536. [CrossRef] [PubMed]

3. Nava, S,; Guglielmone, A.A.; Mangold, A.]. An overview of systematics and evolution of ticks. Front. Biosci.
2009, 14, 2857-2877. [CrossRef]

4. Sonenshine, D.E.; Roe, RM. (Eds.) Overview: Ticks, People and Animals. In Biology of Ticks, 2nd ed.;
Oxford University Press: New York, NY, USA, 2014; pp. 3-16.

5. Randolph, S.E. Ecology of non-nidicolous ticks. In Biology of Ticks, 2nd ed.; Sonenshine, D.E., Roe, R.M., Eds.;
Oxford University Press: New York, NY, USA, 2014; pp. 3-16.

6. Lighton, ].R.B.; Fielden, L.]. Mass scaling of standard metabolism in ticks: A valid case of low metabolic
rates in sit-and-wait strategists. Physiol. Zool. 1994, 68, 43—62. [CrossRef]

7. Clow, KM,; Leighton, P.A.; Ogden, N.H.; Lindsay, L.R.; Miche, P; Pearl, D.L.; Jardine, C.M. Northward
range expansion of Ixodes scapularis evident over a short timescale in Ontario, Canada. PLoS ONE 2017, 12,
€0189393. [CrossRef] [PubMed]

8.  Eisen, R]; Eisen, L.; Ogden, N.H.; Beard, C.B. Linkages of weather and climate with Ixodes scapularis and
Ixodes pacificus (Acari: Ixodidae), enzootic transmission of Borrelia burgdorferi and Lyme disease in North
America. . Med. Entomol. 2016, 53, 250-261. [CrossRef] [PubMed]

9. Hahn, M.B,; Jarnevich, C.S.; Monaghan, A J.; Eisen, R.J. Modeling the Geographic Distribution of Ixodes
scapularis and Ixodes pacificus (Acari: Ixodidae) in the Contiguous United States. J. Med. Entomol. 2016, 53,
1176-1191. [CrossRef] [PubMed]

10. Medlock, ].M.; Hansford, K.M.; Bormane, A.; Derdakova, M.; Estrada-Pefia, A.; George, ].C.; Golovljova, I.;
Jaenson, T.G.T;; Jensen, ].K,; Jensen, PM.; et al. Driving forces for changes in geographical distribution of
Ixodes ricinus ticks in Europe. Parasites Vectors 2013, 6, 1. [CrossRef] [PubMed]

11. Monzén, ].D.; Atkinson, E.G.; Henn, B.M.; Benach, J.L. Population and Evolutionary Genomics of Amblyomma
americanum, an Expanding Arthropod Disease Vector. Genome Biol. Evol. 2016, 8, 1351-1360. [CrossRef]
[PubMed]


http://dx.doi.org/10.1093/ilar/ilx005
http://www.ncbi.nlm.nih.gov/pubmed/28369515
http://dx.doi.org/10.1017/S0031182004005207
http://www.ncbi.nlm.nih.gov/pubmed/15938503
http://dx.doi.org/10.2741/3418
http://dx.doi.org/10.1086/physzool.68.1.30163917
http://dx.doi.org/10.1371/journal.pone.0189393
http://www.ncbi.nlm.nih.gov/pubmed/29281675
http://dx.doi.org/10.1093/jme/tjv199
http://www.ncbi.nlm.nih.gov/pubmed/26681789
http://dx.doi.org/10.1093/jme/tjw076
http://www.ncbi.nlm.nih.gov/pubmed/27282813
http://dx.doi.org/10.1186/1756-3305-6-1
http://www.ncbi.nlm.nih.gov/pubmed/23281838
http://dx.doi.org/10.1093/gbe/evw080
http://www.ncbi.nlm.nih.gov/pubmed/27190204

Int. ]. Environ. Res. Public Health 2018, 15, 478 80f9

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Siroky, P.; Kubelova, M.; Bednéd¥, M.; Moddy, D.; Hub Alek, Z.; Tkadlec, E. The distribution and spreading
pattern of Dermacentor reticulatus over its threshold area in the Czech Republic—How much is range of this
vector expanding? Vet. Parasitol. 2011, 183, 130-135. [CrossRef] [PubMed]

Wood, H.; Dillon, L.; Patel, S.N.; Ralevski, F. Prevalence of rickettsia species on Dermacentor variabilis from
Ontario, Canada. Ticks Tick Borne Dis. 2016, 7, 1044-1046. [CrossRef] [PubMed]

James, A.M.; Burdett, C.; McCool, M.].; Fox, A.; Riggs, P. The geographic distribution and ecological
preferences of the American dog tick, Dermacentor variabilis (Say), in the USA. Med. Vet. Entomol. 2015, 29,
178-188. [CrossRef] [PubMed]

Sonenshine, D.E. Biology of Ticks, 1st ed.; Oxford University Press: New York, NY, USA, 1991; Volume 2.
Garvie, M.A,; McKiel, J.A.; Sonenshine, D.E.; Campbell, A. Seasonal dynamics of American dog tick
Dermacentor variabilis (Say) populations in southwestern Nova Scotia. Can. J. Zool. 1978, 56, 28-39. [CrossRef]
[PubMed]

Boonstra, R.; Krebs, C.J. Population dynamics of red-backed voles (Myodes) in North America. Oecologia
2012, 168, 601-620. [CrossRef] [PubMed]

Yunik, M.E.; Galloway, T.D.; Lindsay, L.R. Ability of unfed Dermacentor variabilis (Acari: Ixodidae) to survive
a second winter as adults in Manitoba, Canada, near the northern limit of their range. J. Med. Entomol. 2015,
52,138-142. [CrossRef] [PubMed]

McEnroe, W.D. The effect of mean winter temperature around 0 °C on the population size of the American
dog tick Dermacentor variabilis (Say) (Acarina: Ixodidae). Acarologia 1975, 17, 651-663.

Minigan, ].N.; Hager, H.A.; Peregrine, A.S.; Newman, J.A. Current and potential future distribution of the
American dog tick (Dermacentor variabilis, Say) in North America. Ticks Tick Borne Dis. 2017, 9, 354-362.
[CrossRef] [PubMed]

Springer, Y.P,; Jarnevich, C.S.; Barnett, D.T.; Monaghan, A.J.; Eisen, R.J. Modeling the present and future
geographic distribution of the Lone Star Tick, Amblyomma americanum (Ixodida: Ixodidae), in the Continental
United States. Am. J. Trop. Med. Hyg. 2015, 93, 875-890. [CrossRef] [PubMed]

Schulze, T.L.; Jordan, R.A. Influence of meso- and microscale habitat structure on focal distribution of
sympatric Ixodes scapularis and Amblyomma americanum (Acari: Ixodidae). . Med. Entomol. 2005, 42, 285-294.
[CrossRef] [PubMed]

Wright, C.L.; Sonenshine, D.E.; Gaff, H.D.; Hynes, W.L. Rickettsia parkeri transmission to
Amblyomma americanum by cofeeding with Amblyomma maculatum (Acari: Ixodidae) and potential
for spillover. J. Med. Entomol. 2015, 52, 1090-1095. [CrossRef] [PubMed]

Paddock, C.D.; Goddard, J. The evolving medical and veterinary importance of the Gulf Coast Tick
(Acari: Ixodidae). J. Med. Entomol. 2015, 52, 230-252. [CrossRef] [PubMed]

Teel, P.D.; Ketchum, H.R.; Mock, D.E.; Wright, R.E.; Strey, O.F. The Gulf Coast tick: A review of the life history,
ecology, distribution, and emergence as an arthropod of medical and veterinary importance. J. Med. Entomol.
2010, 47, 707-722. [CrossRef] [PubMed]

Allerdice, M.E.].; Beati, L.; Yaglom, H.; Lash, R.R;; Delgado-de la Mora, J.; Licona-Enriquez, ]J.D.;
Delgado-de la Mora, D.; Paddock, C.D. Rickettsia parkeri (Rickettsiales: Rickettsiaceae) detected in ticks
of the Amblyomma maculatum (Acari: Ixodidae) group collected from multiple locations in southern Arizona.
J. Med. Entomol. 2017, 54, 1743-1749. [CrossRef] [PubMed]

Florin, D.; Jiang, J.; Robbins, R.G.; Richards, A.L. Infection of the Gulf Coast tick, Amblyomma maculatum
with Rickettsia parkeri: First report from the state of Delaware. Syst. Appl. Acarol. 2013, 18, 27-29. [CrossRef]
Nadolny, R.M.; Gaff, H.D. Natural history of Amblyomma maculatum in Virginia. Ticks Tick Borne Dis. 2018, 9,
188-195. [CrossRef] [PubMed]

Araya-Anchetta, A.; Busch, ].D.; Scoles, G.A.; Wagner, D.M. Thirty years of tick population genetics:
A comprehensive review. Infect. Genet. Evol. 2015, 29, 164-179. [CrossRef] [PubMed]

Ferrari, FA,; Goddard, J.; Caprio, M.; Paddock, C.D.; Mixson-Hayden, T.; Varela-Stokes, A.S.
Population analyses of Amblyomma maculatum ticks and Rickettsia parkeri using single-strand conformation
polymorphism. Ticks Tick Borne Dis. 2013, 4, 439-444. [CrossRef] [PubMed]

Nadolny, R.; Gaff, H.; Carlsson, J.; Gauthier, D. Comparative population genetics of two invading ticks:
Evidence of the ecological mechanisms underlying tick range expansions. Infect. Genet. Evol. 2015, 35,
153-162. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.vetpar.2011.07.006
http://www.ncbi.nlm.nih.gov/pubmed/21802855
http://dx.doi.org/10.1016/j.ttbdis.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27318438
http://dx.doi.org/10.1111/mve.12099
http://www.ncbi.nlm.nih.gov/pubmed/25684582
http://dx.doi.org/10.1139/z78-004
http://www.ncbi.nlm.nih.gov/pubmed/630475
http://dx.doi.org/10.1007/s00442-011-2120-z
http://www.ncbi.nlm.nih.gov/pubmed/21947547
http://dx.doi.org/10.1093/jme/tju061
http://www.ncbi.nlm.nih.gov/pubmed/26336297
http://dx.doi.org/10.1016/j.ttbdis.2017.11.012
http://www.ncbi.nlm.nih.gov/pubmed/29275873
http://dx.doi.org/10.4269/ajtmh.15-0330
http://www.ncbi.nlm.nih.gov/pubmed/26217042
http://dx.doi.org/10.1093/jmedent/42.3.285
http://www.ncbi.nlm.nih.gov/pubmed/15962776
http://dx.doi.org/10.1093/jme/tjv086
http://www.ncbi.nlm.nih.gov/pubmed/26336226
http://dx.doi.org/10.1093/jme/tju022
http://www.ncbi.nlm.nih.gov/pubmed/26336308
http://dx.doi.org/10.1093/jmedent/47.5.707
http://www.ncbi.nlm.nih.gov/pubmed/20939363
http://dx.doi.org/10.1093/jme/tjx138
http://www.ncbi.nlm.nih.gov/pubmed/28981813
http://dx.doi.org/10.11158/saa.18.1.2
http://dx.doi.org/10.1016/j.ttbdis.2017.09.003
http://www.ncbi.nlm.nih.gov/pubmed/28958704
http://dx.doi.org/10.1016/j.meegid.2014.11.008
http://www.ncbi.nlm.nih.gov/pubmed/25461844
http://dx.doi.org/10.1016/j.ttbdis.2013.04.010
http://www.ncbi.nlm.nih.gov/pubmed/23856472
http://dx.doi.org/10.1016/j.meegid.2015.08.009
http://www.ncbi.nlm.nih.gov/pubmed/26254575

Int. ]. Environ. Res. Public Health 2018, 15, 478 90f9

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Bishop, F; Trembley, H.L. Distribution and hosts of certain North American ticks. J. Parasitol. 1945, 31, 1-54.
[CrossRef]

Eisen, RJ.; Eisen, L. The Blacklegged Tick, Ixodes scapularis: An Increasing Public Health Concern.
Trends Parasitol. 2018. [CrossRef] [PubMed]

Eisen, RJ.; Eisen, L.; Beard, C.B. County-Scale Distribution of Ixodes scapularis and Ixodes pacificus
(Acari: Ixodidae) in the Continental United States. . Med. Entomol. 2016, 53, 349-386. [CrossRef] [PubMed]
Gasmi, S.; Ogden, N.H.; Leighton, P.A.; Lindsay, L.R.; Thivierge, K. Analysis of the human population bitten
by Ixodes scapularis ticks in Quebec, Canada: Increasing risk of Lyme disease. Ticks Tick Borne Dis. 2016, 7,
1075-1081. [CrossRef] [PubMed]

Oliver, ].D.; Bennett, S.W.; Beati, L.; Bartholomay, L.C. Range Expansion and Increasing Borrelia burgdorferi
Infection of the Tick Ixodes scapularis (Acari: Ixodidae) in Iowa, 1990-2013. ]. Med. Entomol. 2017, 54,
1727-1734. [CrossRef] [PubMed]

Gabriele-Rivet, V.; Koffi, ] K.; Pelcat, Y.; Arsenault, J.; Cheng, A.; Lindsay, L.R.; Lysyk, T.J.; Rochon, K;
Ogden, N.H. A risk model for the Lyme disease vector Ixodes scapularis (Acari: Ixodidae) in the prairie
provinces of Canada. . Med. Entomol. 2017, 54, 862-868. [CrossRef] [PubMed]

Dennis, D.T.; Nekomoto, T.S.; Victor, J.C.; Paul, W.S.; Piesman, J. Reported distribution of Ixodes scapularis
and Ixodes pacificus (Acari: Ixodidae) in the United States. . Med. Entomol. 1998, 35, 629-638. [CrossRef]
[PubMed]

Johnson, T.L.; Bjork, J.K.; Neitzel, D.E; Dorr, EM.; Schiffman, E.K.; Eisen, R.J. Habitat Suitability Model
for the Distribution of Ixodes scapularis (Acari: Ixodidae) in Minnesota. J. Med. Entomol. 2016, 53, 598-606.
[CrossRef] [PubMed]

Burks, C.S; Stewart, R.J.; Needham, G.R.; Lee, R.E. Cold hardiness in the ixodid ticks (Ixodidae). In Acarology
IX; Mitchell, R., Horn, D.J., Needham, G.R., Welbourn, W.C., Eds.; Ohio Biol. Survey: Columbus, OH, USA,
1996; Volume 1, pp. 85-87.

Neelakanta, G.; Sultana, H.; Fish, D.; Anderson, J.F,; Fikrig, E. Anaplasma phagocytophilum induces Ixodes
scapularis ticks to express an antifreeze glycoprotein gene that enhances their survival in the cold.
J. Clin. Investig. 2010, 120, 3179-3190. [CrossRef] [PubMed]

Ogden, N.H.; Lindsay, L.R.; Hanincova, K.; Barker, 1.K.; Bigras-Poulin, M.; Charron, D.F; Heagy, A.;
Francis, C.M.; O’Callaghan, C.J.; Schwartz, I.; et al. Role of migratory birds in introduction and range
expansion of Ixodes scapularis ticks and of Borrelia burgdorferi and Anaplasma phagocytophilum in Canada.
Appl. Environ. Microbiol. 2008, 74, 1780-1790. [CrossRef] [PubMed]

Wu, X; Rost, G.; Zou, X. Impact of spring bird migration on the range expansion of Ixodes scapularis tick
populations. Bull. Math. Biol. 2016, 78, 138-168. [CrossRef] [PubMed]

Woodward, FL.; Lomas, M.R.; Kelly, C.K. Global climate and the distribution of plant biomes. Philos. Trans.
R. Soc. B Biol. Sci. 2004, 359, 1465-1476. [CrossRef] [PubMed]

® © 2018 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.2307/3273061
http://dx.doi.org/10.1016/j.pt.2017.12.006
http://www.ncbi.nlm.nih.gov/pubmed/29336985
http://dx.doi.org/10.1093/jme/tjv237
http://www.ncbi.nlm.nih.gov/pubmed/26783367
http://dx.doi.org/10.1016/j.ttbdis.2016.09.006
http://www.ncbi.nlm.nih.gov/pubmed/27650641
http://dx.doi.org/10.1093/jme/tjx121
http://www.ncbi.nlm.nih.gov/pubmed/28633503
http://dx.doi.org/10.1093/jme/tjx036
http://www.ncbi.nlm.nih.gov/pubmed/28399276
http://dx.doi.org/10.1093/jmedent/35.5.629
http://www.ncbi.nlm.nih.gov/pubmed/9775584
http://dx.doi.org/10.1093/jme/tjw008
http://www.ncbi.nlm.nih.gov/pubmed/27026161
http://dx.doi.org/10.1172/JCI42868
http://www.ncbi.nlm.nih.gov/pubmed/20739755
http://dx.doi.org/10.1128/AEM.01982-07
http://www.ncbi.nlm.nih.gov/pubmed/18245258
http://dx.doi.org/10.1007/s11538-015-0133-1
http://www.ncbi.nlm.nih.gov/pubmed/26688012
http://dx.doi.org/10.1098/rstb.2004.1525
http://www.ncbi.nlm.nih.gov/pubmed/15519965
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Impediments to Range Expansion 
	Selected North American Ticks and Range Expansion 
	American Dog Tick, Dermacentor variabilis 
	Lone Star Tick, Amblyomma americanum 
	Gulf Coast Tick, Amblyomma maculatum 
	Black-Legged Tick, Ixodes scapularis 

	Conclusions 
	References

