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1.1 Introduction

Lyme disease, human granulocytic anaplasmosis, 
babesiosis and a febrile illness caused by the re-
lapsing fever group bacterium Borrelia miyamo-
toi are diseases transmitted in temperate zones 
around the northern hemisphere by Ixodes ticks. 
In Eurasia, the same ticks also transmit the viral 
agents of  tick-borne encephalitis, while in North 
America they cause infection with a related fla-
vivirus known as Powassan virus (lineage 2) or 
deer tick virus (Telford, 1997; Ebel et al., 2000; 
Tavakoli et al., 2009). Most disease transmission 
to humans in North America and Eurasia is due 
to bites from four species of  ticks (I. scapularis, I. 
pacificus, I. ricinus and I. persulcatus) that are 
grouped in the Ixodes ricinus species complex 
(Keirans et al., 1999).

These four species serve as bridge vectors of  
disease from ancient cycles in nature to humans. 
They are ‘generalist species’ that during their 
multi-year life cycles feed on diverse hosts that 
may include species of  mammals, birds or rep-
tiles. Their importance as vectors of  human dis-
ease varies with the disease agent, species of  
tick, vertebrate host community, geographic 
 region and local ecologic factors. As an example, 
I. scapularis (the black-legged tick, commonly 
known as the ‘deer tick’) is present throughout 
the eastern US from Florida to Maine (Dennis 
et  al., 1998; Diuk-Wasser, 2006) and the Mid-
western US from Texas to Minnesota. It accounts 

for the majority of  human bites by ticks in the 
north-east US (Falco and Fish, 1988; Rand et al., 
2007) where 10–30% of  nymphs and 20–70% 
of  adult I. scapularis ticks carry Borreliella burg-
dorferi (Feldman et al., 2015). In the south-east 
US, however, juvenile I. scapularis ticks rarely 
parasitize humans (Felz et al., 1996) and, due to 
differences in preferred hosts, are infected with 
the agent of  Lyme disease <2% of  the time (Oli-
ver et al., 2003; Rosen et al., 2012). Tick quest-
ing behavior in southern sites differs from those 
in the north-east and Midwest, with the south-
ern clade of  I. scapularis nymphal ticks questing 
beneath rather than above the leaf  litter (Arsnoe 
et al., 2015; Ginsberg et al., 2017). As a conse-
quence of  limited human contact and low infec-
tion rates, locally acquired Lyme disease in most 
southern states is a rare event, despite the wide 
range of  the potential vector.

Lyme disease is transmitted by I. scapularis 
ticks in the eastern and Midwestern US and 
south-central and eastern Canada, and by 
I.  pacificus (western black-legged tick) in the 
coastal Pacific states. Ixodes ricinus, the castor 
bean or sheep tick, causes Lyme disease in 
 Europe and far-western Asia, and I. persulcatus, 
the taiga tick, is its vector in eastern Europe and 
central Asia (Fig. 1.1). In addition, other species 
of  Ixodes ticks maintain Lyme disease in ‘silent’ 
 enzootic cycles but do not serve as a vector of  the 
disease to humans. For example, in the western 
US, I. spinipalpis is a vector of  enzootic B. burgdorferi 
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Fig. 1.1. The geographical distributions of the primary vectors of Lyme borreliosis spirochetes. (Designed by B. Kaye.)
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infection in woodrats in regions where Lyme dis-
ease is not endemic due to absence of  a human 
biting (or ‘bridge’) vector (Maupin et al., 1994). 
The seabird tick, I. uriae, which is not a member 
of  the I. ricinus group, maintains enzootic Borre-
liella garinii infection in colonies of  puffins, auks 
and kittiwakes in both the northern and south-
ern hemisphere (Olsen et al., 1995). But humans 
are rarely in contact with this tick, and docu-
mented transmission of  Lyme disease to humans 
by I. uriae bites has not been reported.

Although these enzootic cycles between 
ticks and their hosts are ancient, the emergence 
of  Lyme disease over the past 50 years in both 
North America and Europe highlights changes 
in the range and abundance of  these ticks, the 
environment we share with them and in the 
activities that put us at risk. Despite great strides 
in our understanding of  these factors, efforts to 
control these ticks and to prevent transmission 
of  the diseases they carry have not yet had a 
major impact when viewed on a large regional 
scale. Interventions at the small scale of  an indi-
vidual lot or neighborhood have had varying 
success. It is the purpose of  this chapter to 
review the existing evidence for our current 
understanding of  the evolution of  these vectors, 
their means of  dispersal and the reasons for 
range expansion, the mechanisms they use to 
transmit disease and the effectiveness of  inter-
ventions to bring about their control.

1.2 Evolution and Historical  
Biogeography of Ixodes Ticks

Ticks and insects last shared a common ancestor 
550 million years ago (Douzery et  al., 2004). 
Based on 16SrDNA phylogenies, hard ticks may 
have evolved during the radiation of  bird taxa 
50–100 million years ago (Black and Piesman, 
1994). However, reconstruction of  the evolu-
tionary history of  these invertebrates is based on 
a very limited fossil record (Klompen et al., 1996; 
de la Fuente, 2003).

Phylogenetic analyses of  existing I. ricinus 
complex ticks delineate more recent evolution-
ary history. Using 16S ribosomal DNA of  11 spe-
cies, Xu et al. (2003) provided evidence for four 
distinct clades within the I. ricinus group. One 
clade includes I. persulcatus, I. pacificus and four 

other tick species, the second includes I. ricinus, 
and I. scapularis is in a third. The fourth clade 
consists of  two tick species not known to para-
sitize humans. As natural hybridization of  I. rici-
nus and I. persulcatus ticks has been reported 
from an area in Eurasia where they are sympat-
ric, evolutionary species history may not denote 
absolute reproductive isolation (Kovalev et  al., 
2016). Other ticks in these clades include several 
enzootic vectors that maintain ‘silent cycles’ of  
Borreliella burgdorferi (i.e. I. minor in the south-
ern US), but do not parasitize humans (Xu et al., 
2003). Not all important tick vectors of  enzootic 
Borreliella in nature are in the I. ricinus complex. 
For example, I. hexagonus, a major enzootic vec-
tor in Europe, is not closely related to ticks in the 
I. ricinus complex. That these vectors are not 
monophyletic is evidence that the ability to trans-
mit and maintain borrelial spirochetes evolved 
multiple times.

Population genetics of  North American 
I. scapularis ticks indicate a bottleneck occurring 
at the time of  the Pleistocene Ice Age around 
12,000 years ago. As per Humphrey et al. (2010), 
‘the mitochondria in both the Midwestern and 
northeastern I. scapularis populations are derived 
from a single colonizing tick that originated in 
refugia to the south of  the ice sheet’. These stud-
ies, using 16S mitochondrial DNA, suggest that 
the Midwestern population is younger than the 
northeastern population, and both are more 
 recent than southeastern populations, a conclu-
sion also reached by others (Qiu et  al., 2002; 
Rosenthal and Spielman, 2004). The three tick 
populations have distinct haplotype frequencies, 
with low genetic variation between the Midwest-
ern and northeastern population and more 
 diversity present in the older southeastern group 
(Humphrey et al., 2010; Gulia-Nuss et al., 2016).

Spielman et al. (1979) described the north-
ern population or clade of  the black-legged or 
deer tick as a distinct species (i.e. I. dammini) 
based upon differences in nymphal tick mor-
phology and questing behavior (with associated 
differences in human parasitism). Subsequent 
genetic analyses differed on the separate species 
status of  I. dammini, with differences in mito-
chondrial DNA (Rich et al., 1995; Caporale et al., 
1995; Norris et al., 1996) but not nuclear ribo-
somal DNA (Wesson et  al., 1993; Norris et  al., 
1996; McClain et  al., 2001) evident between 
northern and southern populations. After 
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assimilation of  conflicting evidence, including 
assortative mating studies (Oliver et al., 1993b), 
I. dammini was relegated as a junior synonym of  
I. scapularis (Wesson et  al., 1993; Norris et  al., 
1996; Rosenthal and Spielman, 2004). Whether 
a separate species or not, the vectors of  most 
cases of  Lyme disease in the northeastern US 
 derive from a common post-glacial founding 
population (Rosenthal and Spielman, 2004; 
Humphrey et al., 2010).

European colonization of  North America 
resulted in near extirpation of  white-tailed deer 
by the end of  the 19th century, creating another 
bottleneck for I. scapularis tick populations 
( McCabe and McCabe, 1997; Piesman et  al., 
2002). The current emergence of  Lyme disease 
in the northeastern US parallels the sharp 
increase in deer herd density and range (Spiel-
man et al., 1993). Only a few remote or isolated 
refugia for deer remained in the northeastern US 
by the early 20th century (Spielman et al., 1993; 
McCabe and McCabe, 1997; Piesman et  al., 
2002). One such site, Naushon Island, located 
off  the coast of  Massachusetts, maintained a 
deer herd in a private hunting reserve, and 
 museum collections document I. scapularis ticks 
from areas near this location in the 1920s (Spiel-
man et al., 1993). Although I. scapularis was first 
described in the US in 1821 (Say, 1821), an 
authoritative review of  Ixodes ticks (Cooley and 
Kohls, 1945) listed only 21 records of  this tick, 
all in the southern US, while citing a report of  
one isolated population in Cape Cod, Massachu-
setts (Piesman et al. 2002). Nineteenth-century 
museum specimens of  formalin-preserved mice 
from this area reveal the presence of  B. burgdor-
feri DNA (Marshall et al., 1994). Return of  deer 
herds, sometimes to overabundance, presuma-
bly led to the recent expansion of  the range of  
I. scapularis in the northern US (Spielman et al., 
1985, 1993; Piesman et al., 2002).

In Europe, where the erythema migrans 
rash of  Lyme disease was first described nearly a 
century ago, it is unclear if  post-Pleistocene pop-
ulation bottlenecks have occurred, as landscape 
features have been more stable, as has deer herd 
management (Zonneveld and Foreman, 1990). 
Nevertheless, deer herd densities are reported to 
have increased in many areas after World War II, 
parallel with increasing abundance of  I. ricinus 
in some locations (Matuschka and Spielman, 
1986; Rizzoli et al., 2009; Medlock et al., 2013). 

Unlike I. scapularis, I. ricinus may be maintained 
in the absence of  deer. This tick exists from 
coastal western Europe and Scandinavia to cen-
tral Asia (50–60° longitude) and south to the 
Atlas Mountains of  North Africa (Gern, 2002). 
Habitats encompass moist coniferous forests and 
grasslands as well as temperate deciduous for-
ests (Gern, 2002). The ecological web support-
ing enzootic Lyme disease is also more complex 
in Eurasia, with at least three (and probably six) 
separate genospecies of  Borreliella causing Lyme 
disease (Kurtenbach et  al., 2002). Only limited 
data exist on the phylogenetics of  different popu-
lations of  I. ricinus and I. persulcatus, but one 
study of  I. ricinus populations from throughout 
Europe demonstrated homogeneity with no 
evidence for phylogeographic structure (Casati 
et al., 2008).

It might be postulated that geographic evo-
lutionary patterns in I. scapularis would be 
 reflected in the pathogen as well, as evidence 
suggests that B. burgdorferi sensu strictu (ss), 
with the possible exception of  one recently intro-
duced subtype, has been present in North Amer-
ica for many thousands of  years (Margos et al., 
2008; Qiu et  al., 2008; Gatewood Hoen et  al., 
2009a; Walter et al., 2017). Reflecting the evo-
lutionary history of  its vector, Brisson et  al. 
(2010) noted a greater degree of  overlap of  
B.  burgdorferi ss subtypes within the northeast 
and Midwestern tick populations when com-
pared to subtypes from the southeastern US. 
Others (i.e. Gatewood Hoen et al., 2009b; Walter 
et al., 2017) also document ancient phylogenetic 
relatedness of  northeast and Midwestern US 
populations of  B. burgdorferi ss, with evidence 
of  more recent genetic divergence within each 
of  these regions. Geographic distribution of  
B.  burgdorferi ss subtypes suggests independent 
emergence in the northeast and Midwest from 
separate relict foci, but with more rapid expan-
sion of  B. burgdorferi ss in the northeast US 
(Gatewood Hoen et  al., 2009a). Phylogenetics 
and migration rate analyses support ancient 
genomic diversity with extensive gene flow of  
B.  burgdorferi ss across North America, likely 
facilitated by bird dispersal (Walter et al., 2017). 
A  phylogeographic comparison of  the diversity 
of  tick 16S mitochondrial haplotypes of  I. scapu-
laris in northeast, Midwestern and southeast 
regions did not demonstrate similar patterns of  
genetic structure in populations of  the vector 
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ticks and populations of  B. burgdorferi ss 
(Humphrey et al., 2010). Similarly, Walter et al. 
(2017) found no genetic evidence of  a geographic 
linkage of  I. scapularis ticks and B. burgdorferi ss 
populations, consistent with active gene flow 
between regional bacterial but not tick populations.

1.3 Life Cycles of I. ricinus  
Complex Ticks

1.3.1 Vertebrate hosts

Although there is great complexity of  tick–host 
associations in this group, representing differing 
ecologic communities and species histories, 
there are several features common to their life 
cycles. They are all ‘three host ticks’ that take a 
blood meal once in each stage or instar (i.e. lar-
va, nymph, adult) on a vertebrate host before 
molting to the next stage (Keirans, 1999). Mated 
female ticks lay a single mass of  eggs (n = 800–
3000) that hatch months later. The entire life 
cycle typically lasts 2 years for I. scapularis (range 
2–4 years) and 3 years for I. pacificus, I. persulca-
tus and I. ricinus (range 2–6) years. Subadult 
ticks generally parasitize rodents or small mam-
mals, birds and reptiles, but will also feed on 
large mammals including deer. There may be 
marked geographical differences in host choice 
for these subadults, even within a species, de-
pending upon the regional composition of  the 
host community. For example, I. scapularis ticks 
in the southeastern US feed preferentially on liz-
ards, whereas northern populations feed pre-
dominantly on small rodents (Piesman and 
Spielman, 1979; Spielman et  al., 1985; Oliver 
et al., 1993a; 2003). This difference in host feed-
ing results in the marked differences seen in tick 
infection by B. burgdorferi ss, Anaplasma phagocy-
tophilum and Babesia microti, all of  which are 
transmitted by infected rodents – but not reptiles – 
to I. scapularis ticks as they feed. On one island 
site with limited mammalian biodiversity (Nan-
tucket Island, Massachusetts), Spielman et  al. 
concluded that over 90% of  larval and nymphal 
I. scapularis ticks fed on white-footed mice 
( Spielman et al., 1985; Piesman, 2002). In Dutch-
ess County, New York, however, while white- footed 
mice hosted most larval ticks, eastern chip-
munks hosted threefold more nymphs than 

mice (Schmidt et al., 1999). Recent blood meal 
molecular studies suggest a greater proportion 
of  ticks may feed on non-rodent hosts than earli-
er studies demonstrate (Brisson et al., 2008). It is 
unclear if  fluctuations in rodent populations (i.e. 
mice) may also shift tick population host expo-
sure to other mammals or birds, giving rise to 
temporal differences in pathogen prevalence in 
the same locale (Rand et al., 1998; Schmidt et al., 
1999; Swei et  al., 2012). Limited host choice 
may not limit establishment of  this tick. On 
Monhegan Island, Maine, where most mammal 
species including mice are absent, subadult ticks 
feeding on Norway rats (and all stages feeding 
on deer) alone maintained the tick population 
until deer were removed from the island (Smith 
et al., 1993; Rand et al., 2004a).

Adult ticks typically feed on medium sized 
or larger mammals to the exclusion of  rodents 
and birds (Eisen and Lane, 2002). Deer are the 
predominant definitive host for I. scapularis, 
though adult ticks will feed on a variety of  mam-
mals, including ungulates, black bear, coyotes, 
raccoons, skunks, opossums, dogs, cats, livestock 
and humans (Piesman and Spielman, 1979; 
Fish and Dowler, 1989; Piesman, 2002). Ixodes 
scapularis tick populations are associated with 
areas with co-existing deer populations (Piesman 
and Spielman, 1979; Wilson et al., 1985; 1990; 
Rand et al., 2003; Werden et al., 2014). Adventi-
tious importation on birds may lead to occasional 
records of  ticks from areas where a tick popula-
tion is not established or maintained (Smith et al., 
1996; Ogden et al., 2008).

Ixodes pacificus ticks parasitize over 100 ver-
tebrate species (Castro and Wright, 2007). The 
primary hosts for subadult ticks are lizards 
(western fence lizard, southern alligator lizard), 
but many rodent and bird species are also para-
sitized (Eisen and Lane, 2002; Eisen  et al., 2004; 
Salkeld et al., 2008; Newman et al., 2015). Infes-
tation of  rodents increased, but did not surpass 
lizards in more moist habitats such as redwood/
tanoak woodlands (Eisen et al., 2004). Western 
gray squirrels are frequently parasitized by this 
tick in oak woodland habitats (Lane et al., 2005; 
Salkeld et al., 2008). Similar to I. scapularis, the 
primary hosts for adult ticks in northern California 
are deer (i.e. black-tailed), though they have been 
noted to feed on 29 mammal species (Westrom 
et al., 1985; Castro and Wright, 2007). However, 
unlike the single vector cycle present in the 
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northeastern US, sylvatic maintenance of  enzo-
otic B. burgdorferi in the western states involves 
not only I. pacificus but also I. spinipalpis and per-
haps I. jellisoni (Brown et  al., 2006). Of  these 
three ticks, however, only I. pacificus is consid-
ered a bridge vector, transmitting infection to 
humans.

Life cycles for I. ricinus ticks are more varia-
ble reflecting the heterogeneity of  the ecological 
situations in which they exist (Balashov, 1972; 
Gern and Humair, 2002). While they have been 
reported to feed on over 300 species of  mammals 
and birds, subadult ticks preferentially feed on 
smaller mammals and birds, while adult ticks 
feed on larger mammals such as deer (Gray et al., 
1992; TäLleklint and Jaenson, 1996). But unlike 
I. scapularis, deer do not appear to be essential to 
perpetuation of  this tick. In a heavily grazed sheep 
farming environment with a paucity of  other 
mammals, sheep were the predominant hosts of  
all stages of  the tick (Ogden et al., 1997). On an 
island off  Sweden lacking large mammals, the 
I. ricinus population is maintained almost entirely 
by feeding on hares (Jaenson and Talleklint, 
1996). There is evidence of  genetic structure of  
I. ricinis ticks removed from particular mammal, 
bird or reptile hosts, suggesting that while these 
I. ricinis ticks feed on many different types of  ver-
tebrate hosts, there may be evolution of  genetic 
adaptations within this tick species to particular 
host types (Kempf  et al., 2011).

The life history of  I. persulcatus, which has a 
range in forests from the Far East to the Russian 
northwest, is similar in its diversity of  hosts to 
that of  I. ricinus (Balashov, 1972; Grigoryeva 
and Stanyukovich, 2016). However, while sub-
adult I. persulcatus ticks may parasitize up to 50 
species of  small animals (Korenberg et al., 2002), 
there is a particular association of  this tick with 
voles (Clethrionomys sp.) and shrews (Sorex sp.) 
across its range. Subadults may frequently also 
feed on chipmunks and red squirrels, and 
nymphs often feed on hooved animals (Koren-
berg et al., 2002). Birds are also frequently para-
sitized. Hares are notable because all three stages 
will feed on them, sometimes in large numbers 
(Korenberg et  al., 2002). Adult ticks parasitize 
most larger mammals, whether wild or domes-
tic. Korenberg and colleagues note that ‘in the 
southern taiga forests of  the eastern East Euro-
pean Plain, cattle are parasitized by 52% of  
adult I. persulcatus ticks, hares 34%, elks 4%, 

and red foxes 2%’. A different situation exists in 
the Far East, where 62% feed on cattle and 24% 
on red deer (Korenberg et  al., 2002). In Japan, 
mice (Apodemus sp.), voles and shrews, along 
with birds, are frequently parasitized by I. persul-
catus, while adult ticks primarily feed on sika deer 
and red foxes (Miyamoto and Matuzawa, 2002). 
In contrast to I. scapularis and I. ricinus ticks, 
only the adult stages of  I. persulcatus commonly 
parasitize humans (Korenburg, 2001).

To what extent vertebrate host species 
diversity determines abundance of  these ticks is 
an area of  ongoing controversy. Ixodes scapularis 
abundance may be higher in some environ-
ments with less mammalian biodiversity, pro-
vided that Peromyscus mice are present (Allan 
and Keesing, 2003; Werden et al., 2014). Due to 
high larval tick mortality associated with feeding 
on some hosts (i.e. opossums, squirrels), their 
absence from the host community may increase 
tick abundance (Keesing et al., 2009). Increased 
feeding on competent reservoir hosts such as 
mice, chipmunks and shrews may lead not only 
to higher nymphal tick abundance, but to higher 
levels of  nymphal and adult tick infection with 
B. burgdorferi (Logiudice et al., 2003; Brisson et al., 
2008; Keesing et al., 2009; Werden et al., 2014). 
This occurrence is context-dependent however 
(Ogden and Tsao, 2009). For example, a compar-
ison of  nymphal infection rates in a species-poor 
island community to a mainland area in Con-
necticut revealed no difference, with higher tick 
abundance on the mainland site (States et al., 2014).

Given the diversity of  hosts in any one site, 
and in different ecological settings, comprehen-
sive field studies to determine host associations 
of  these ticks are difficult and may require exam-
ination of  many species of  mammals and birds. 
Techniques for identification of  prior hosts from 
remnant blood in ticks provide a means to quan-
tify tick feeding history in a particular popula-
tion, and to link this information to presence of  
pathogen infection in the vector (Humair et al., 
2007). Using reverse line blots to target host 
mitochondrial DNA in ticks, researchers in 
Switzerland documented different host expo-
sures in different populations of  field-collected 
I.  ricinus on north and south slopes of  a single 
mountain (Cadenas et  al., 2007). In an Irish 
research site, blood meal analysis revealed birds 
to be a major reservoir host for I. ricinus ticks 
(Pichon et al., 2005).
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1.3.2 Questing behavior

These tick species all quest for hosts from vegeta-
tion, waiting for vibration, heat or other signals 
of  the presence of  a host as it passes (Balashov, 
1972; Eisen and Lane 2002; Tomkins et  al., 
2014). This activity leads to a loss of  energy and 
water, so ticks will descend to resorb water in the 
litter zone as needed. A requirement for Ixodes 
tick survival is access to microhabitats with high 
humidity (>80–85%) at ground level (Stafford, 
1994).To varying degrees, all species of  this 
group have evolved behaviors to limit water loss 
and maximize questing success (Balashov, 1972). 
Subadults of  northern I. scapularis ticks (but not 
southern populations) often quest from the leaf  
litter or from low shrubs and grasses just above 
the ground, while adult ticks often quest 1 m or 
less from the ground in bushes and other forest 
understory (Spielman et al., 1985; Arsnoe et al., 
2015; Ginsberg et al., 2017). Dessication stress 
is the proposed reason that southern subadult 
I. scapularis ticks quest below the leaf  litter (Gins-
berg et al., 2017). Questing behavior for I. pacifi-
cus ticks in northwest California is similar to that 
described for northern populations of  I. scapula-
ris (Lane et  al., 2007). But unlike I. scapularis 
ticks, whose host seeking behavior varies with 
temperature and relative humidity (Clark, 1995; 
Vail and Smith, 1998; 2002), no such relation-
ship has been observed in the diurnal behavior 
of  I. pacificus nymphs (Lane et al., 2007). Prior 
experimental studies of  adult I. pacificus, however, 
have documented a positive association between 
questing activity and relative humidity, and 
lower nymph densities at mean daily tempera-
tures >23°C (Loye and Lane, 1988; Eisen et al., 
2002). Similarly, questing by I. ricinus primarily 
depends upon relative humidity and solar radia-
tion (Jensen, 2000). Questing behavior, and 
locomotor activities to move to a new site, may be 
decreased in dessicating environments (Balashov, 
1972). Computer-assisted video tracking of  I. rici-
nus ticks to measure locomotor activity under 
controlled climactic conditions documented 
regulation of  this activity by water saturation 
deficit (Perret et al., 2003). Locomotor activity (i.e. 
movement from one site to another) was primar-
ily nocturnal, serving also to reduce water loss. 
A similarly designed study of  I. scapularis activi-
ty revealed diurnal locomotor activity only for 
autumn adults, with spring adults and nymphs 

exhibiting a unimodal pattern of  activity peak-
ing after dark (Madden and Madden, 2005). In-
terestingly, temperature changes exerted a more 
predictable response in activity than did daylight 
(Madden and Madden, 2005).

1.3.3 Phenology (seasonal cycle 
development)

While there are similarities in the life cycles of  
these ticks, there are differences in tick phenolo-
gy (seasonal cycle development) that have an 
impact upon transmission of  enzootic patho-
gens. The bimodal seasonal inversion of  sub-
adult stages of  northeastern US populations of  
I.  scapularis, with nymphal population peaks 
(May to July) preceding larval peaks (August to 
September), increases infection transmission to 
hosts prior to larval contact (Spielman et  al., 
1985; Daniels et  al., 1989). Regardless of  the 
time of  feeding, female I. scapularis ticks produce 
eggs in late spring leading to larval appearance 
in late summer (Yuval and Spielman, 1990). 
Based on field studies using confined ticks in 
their natural microhabitats, survival of  different 
stages of  unfed ticks could be determined, and 
progression to the next developmental stage 
could be timed in fed ticks (Yuval and Spielmen, 
1990). Adult I. scapularis ticks survived the win-
ter, whether fed or not, but did not survive the 
following summer. Larvae that feed in September 
overwinter as nymphs, while later feeders over-
winter as larvae. Unfed larvae survive less than 
1 year. Fed nymphs molt to adults that appear 
in late autumn. Unfed nymphs may survive 
through two seasons, so that annual cohorts 
overlap (Yuval and Spielman, 1990). All stages 
of  fed I. scapularis may enter diapause (dormancy), 
but only larvae and adults appear to survive the 
winter.

This phenology is less evident in I. ricinus 
populations, however, though bimodal popula-
tion peaks (spring and autumn) are observed. 
Eggs laid before mid-July may hatch in August, 
but many do not hatch until the following spring 
(Gray, 1981; 1991). Randolph et  al. (2002) 
developed a quantitative framework for seasonal 
population dynamics of  I. ricinus ticks that pre-
dicted tick demographic processes using a tem-
perature-dependent model and measurements 
of  tick fat content. This framework is consistent 
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with emergence of  nymphs and adults in autumn 
followed by diapauses. Unfed ticks that feed in 
spring complete their development by autumn, 
along with the cohort of  ticks that fed in the 
autumn. Although temperature differences may 
alter timing, the procession of  a single cohort is 
maintained during these two periods.

No bimodality of  population peaks was 
reported in northwest Russian populations of  
I. persulcatus (Grigoryeva and Stanyukovich, 
2016). Metamorphosis between stages occurred 
from late June to early August, and lasted 30–50 
days, so summer questing activity was low. The 
entire life cycle is 3 years, with each stage living 
11–12 months. Winter survival of  fed and unfed 
subadult ticks was high (>88%).

Ixodes pacificus ticks exhibit an extended life 
cycle with active host seeking limited to the 
cooler season in late winter and spring (Padgett 
and Lane, 2001). Although eggs were laid in late 
winter or early spring by fed females, larvae hatch-
ing in late summer remained in behavioral dia-
pause until the next winter. Replete larvae molted 
in mid-summer, with nymphs also remaining in dia-
pause until spring. Adults become active in late 
autumn and winter (Padgett and Lane, 2001). 
Based on these field studies in northwestern Cali-
fornia, I. pacificus requires a minimum of  3 years 
to complete its life cycle (Padgett and Lane, 2001).

1.3.4 Ecological determinants  
of population dynamics

Models of  tick population dynamics in I. scapula-
ris attempt to provide insight into the drivers 
of  tick abundance as well as determinants of  
B. burgdorferi infection (Mount et al., 1997; Dunn 
et al., 2013). Annual variation in precipitation, 
as a correlate for substrate moisture, and tem-
perature, have been posited as determinants of  
black-legged tick population dynamics (Jones 
and Kitron, 2000; Eisen et al., 2016a), but have 
not predicted tick abundance over the span of  
8–10 years in well-established areas (Ostfeld et al., 
2006; Schulze et al., 2009). However, given the 
multiple variables involved, it is difficult to 
 acquire adequate longitudinal data to provide 
robust conclusions. Assuming acceptable  abiotic 
conditions (i.e. humidity, temperature), debate 
continues on the relative role of  different host 

species communities (i.e. host species type,  diversity, 
abundance) in determining tick population dynam-
ics. Once again, it appears that the relative im-
portance of  these variables may differ in differ-
ent ecological settings (Ogden and Tsao, 2009; 
Levi et  al., 2012; Eisen et  al., 2016a). Ostfeld 
et al. (2006) provided evidence that small rodent 
population surges in response to acorn mast pro-
duction predicted subsequent increases in I. scap-
ularis numbers in a research site in New York 
State, and that climate and deer density were not 
predictive. But others, working in habitats less 
dominated by oaks, have not observed a clear 
association of  acorn mast and tick populations 
(Piesman and Spielman, 1979; Schulze and Jordan, 
1996; Ginsberg et al., 2004; Werden et al., 2014).

Although the presence of  a deer population 
is considered necessary for maintenance of  
I.  scapularis populations, substantial variations 
in deer herd density, if  already high, may not be 
associated with marked changes in questing tick 
populations, perhaps due to aggregation of  adult 
ticks on remaining deer or on medium sized 
mammals (Jordan and Schulze, 2005; Ostfeld 
et  al., 2006). However, in regions where deer 
populations are not already overabundant, deer 
herd density appears to be correlated with tick 
density (Wilson et al., 1985; 1990; Rand et al., 
2003; Kilpatrick et  al., 2014; Werden et  al., 
2014). In the rare event of  complete removal of  
deer, the deer tick life cycle may be disrupted, with 
marked decline in tick numbers after 2–3 years 
(Wilson et al., 1988; Rand et al., 2004a). Limited 
data suggest that if  a deer reduction threshold for 
associated reduction of  I. scapularis tick abun-
dance exists, it is at a low density, i.e. <5 deer/km2 
(Wilson et al., 1988; Rand et al., 2004a). How-
ever, field studies are limited and evidence to 
date that deer control lowers human Lyme dis-
ease incidence is fragmentary (Kugeler et  al., 
2015). Assertions that deer herd reduction to 
low (<5 deer/km2) levels cannot lower Lyme dis-
ease risk are also unsupported and require add-
itional study (Telford, 2017).

1.4 Range Expansion and Projected 
Effects of Climate Change

The rapid expansion of  the range of  I. scapularis 
into new areas throughout the northeastern US, 
and to a lesser extent, the upper Midwest and 
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southern Canada, accounts, in part, for the 
 remarkable rise of  tick-borne disease attribut-
able to this vector (Spielman et al., 1985; White 
et  al., 1991; French et  al., 1992; Chen et  al., 
2005; Rand et al., 2007; Hamer et al., 2010; Eis-
en et  al., 2016b; Hahn et  al., 2016). Although 
systematic surveys do not exist, reports of  
I. scapularis ticks (Cooley and Kohls, 1945) from 
the first half  of  the 20th century suggest that 
the tick was not frequently encountered by 
 humans, whether as tick bite victims or academic 
collectors, and its range was largely limited to 
the southeastern US. Although widely distribut-
ed in the southeastern US, this tick is uncom-
monly found when vegetation is flagged, and 
rarely bites humans (Felz et  al., 1996; Diuk- 
Wasser et al., 2006). In striking contrast to these 
observations, black-legged ticks are now the most 
abundant tick collected by flagging of  vegetation in 
the northeastern and upper Midwest US (Diuk- 
Wasser et al., 2006). In endemic areas, they also 
may be the commonest tick parasitizing humans 
(Falco and Fish, 1988; Rand et al., 2007).

During the past four to five decades, I. scap-
ularis ticks have become established, often with 
high population density, in suitable wooded or 
edge habitats throughout the northeastern and 
upper Midwest US (Dennis et  al., 1998; Diuk- 
Wasser et al., 2006), and are newly emergent in 
bordering provinces of  Canada (Ogden et  al., 
2008; 2010; Eisen et al., 2016b). In New York 
State and southern New England, I. scapularis 
distribution moved progressively from coastal 
areas to more inland sites over a decade or less 
(White et al., 1991; Chen et al., 2005). During a 
10-year span, larval abundance on rodents 
increased 30-fold in Westchester County, New 
York (Falco et al., 1995). Passive and active sur-
veillance studies in Maine (1988–2006), at the 
northeastern edge of  the tick’s current range, 
document initial recognition of  the vector in the 
mid-1980s followed by range expansion along 
much of  the coast and then to inland areas 
(Rand et  al., 2007). In the northeastern US, 
cases of  Lyme disease increased in incidence 
mirroring vector incursion and establishment, 
along with the appearance of  anaplasmosis and, 
to a more geographically limited degree, babesi-
osis (Mather et al., 1996, p. 5; Chen et al., 2005; 
Kugeler et al., 2015; Walter et al., 2016).

It is likely that the parallel increase in deer 
herd densities in these areas during the past 

century provided the host availability to promote 
successful colonization of  new areas (Spielman 
et  al., 1985; 1993; Wilson et  al., 1985; Pies-
man, 2002). While small rodent hosts such as 
Peromyscus leucopus are ubiquitous, deer, which 
are the major hosts for adult ticks, were scarce in 
much of  the US at the start of  the 20th century. 
By mid-century, overpopulation by deer had 
become an ecological problem in some areas 
(Leopold et  al., 1947). In recent decades, deer 
herds have become superabundant in many 
coastal and some inland regions, with densities 
as high as 100 deer/km2, well above the optimal 
carrying capacity of  the environment (Warren, 
1991). In general, dense I. scapularis populations 
are associated with dense deer herds (Piesman, 
2002; Rand et al., 2003; Werden et al., 2014). 
Despite this general relationship, differences of  
scale for the range of  vector populations, which 
may be aggregated in foci with particular habi-
tat over a small range, and their definitive adult 
stage host, which range over a much larger 
area, may complicate precise comparisons of  the 
population density of  the two species (Kugeler 
et al., 2016).

Dispersal of  ticks may occur within the 
range of  deer (Madhav, 2004), but long-distance 
dispersal is facilitated by tick infestation of  
migratory songbirds (Anderson et  al., 1986; 
Klich et  al., 1996; Smith et  al., 1996; Scott, 
2001; Ogden et  al., 2008; Loss et  al., 2016). 
Between 1 and 2% of  migrating birds carry I. 
scapularis ticks (predominantly nymphs) north 
during spring migration (Smith et  al., 1996). 
Ticks aggregate on ground foraging species as 
they move from one stopover habitat to another. 
Several hundred miles may be covered between 
stops, and feeding ticks will likely be transported 
from one suitable habitat to another. Estimates 
of  tick importation derived from ticks removed 
from migratory birds at an isolated island site 
are 165–457 adult ticks/ha/year, and it is 
expected that these ticks will be aggregated at 
bird resting sites (Elias et  al., 2011). Although 
tick importation by birds provides a compel-
ling explanation for the establishment of  dis-
continuous tick populations on mainland and 
island sites, the introduction of  enzootic Lyme 
disease by this means is more problematic, as 
trans- ovarial transmission of  Borreliella is rare 
(Spielman et  al., 1985). Nymphs dispersed by 
spring migrants will subsequently feed on deer 
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or other non-reservoir hosts as adults. However, 
larvae infected by spirochetemic songbirds, or 
the birds themselves, could theoretically intro-
duce B. burgdorferi to new sites, which is presum-
ably the mechanism of  enzootic introduction 
(Smith et al., 1996; Ginsberg et al., 2005; Ogden 
et al., 2008; 2010; Loss et al., 2016). Ixodes paci-
ficus also feeds on birds, and has been removed 
from migratory songbirds (Morshed et al., 2005; 
Newman et  al., 2015). This tick species, which 
has been reported from Baja Mexico to British 
Columbia, does not appear to have undergone 
range expansion in recent decades (Eisen et al., 
2016b). No genetic structuring is apparent in 
I. pacificus populations, though an isolated mon-
tane population in Utah lacked the expected mito-
chondrial DNA polymorphism, consistent with a 
post-Pleistocene founder event (Kain et al., 1999).

Over 40 years ago, Hoogstraal and Kaiser 
(1965) documented dispersal of  I. ricinus ticks 
during bird migration, and subsequent reports 
from other European sites document prevalence 
of  these ticks as high as 20% on some ground 
foraging species during migration (Mehl, 1984; 
Comstedt et al., 2006; Dubska et al., 2009). Lar-
vae more commonly infest migrating birds in 
autumn than spring (2.1% to 0.9% of  birds 
examined), while nymphal infestation is similar 
in the two seasons (2%). Tick abundance on 
birds (2.1–2.6 ticks/bird) was 20–30× less than 
infestation of  rodents (Comstedt et  al., 2006). 
In contrast to these observations of  bird disper-
sal of  I. ricinus, few I. persulcatus ticks were on 
birds examined in Japan, where over 90% of  
ectoparasites on birds were Hemophysalis tick 
species (Ishiguro et al., 2000).

Models of  range expansion and retraction 
of  I. scapularis ticks with climate change predict 
continued expansion of  the vector into upper 
Midwestern areas of  the US and southern Canada 
during this century with associated decline of  these 
ticks in the southern-most areas of  the US (Brown-
stein et  al., 2005b; Ogden et  al., 2006; 2008; 
2014; Eisen et  al., 2016a; Hahn et  al., 2016). 
Previous works using ticks in field enclosures 
and in climate controlled laboratory experiments 
document a consistent thermal requirement for 
successful egg laying and subsequent larval 
development (Lindsay et al., 1995; Ogden et al., 
2004; Rand et  al., 2004b). In addition to 
cumulative temperature, other abiotic factors 
(i.e. relative humidity, maximum summer and 

minimum winter temperatures) are important 
to tick survival (Eisen et al., 2016a; Hahn et al., 
2016), as may be biotic factors such as habitat 
type or vegetation structure, host community 
and deer population density (Medlock et  al., 
2008; 2013; Eisen et  al., 2016a; Hahn et  al., 
2016). In Europe, range expansion of  I. ricinus 
to more northern latitudes and higher eleva-
tions is predicted with climate change (Lindgren 
et al., 2000; Gray et al., 2009; Dobson and Ran-
dolph, 2011; Medlock et al., 2013). Ixodes ricinus 
is already established in many northern areas 
of  Europe, but there has been range expansion 
in Sweden since the 1980s, which is postu-
lated to be related to increases in the number of  
degree days with temperatures needed for tick 
survival (Gray et al., 2009). Increases in altitudi-
nal distribution of  I. ricinus in recent decades has 
also been well documented (Gray et  al., 2009). 
In addition to range expansion of  a vector, there 
may be temperature-dependent changes in vector 
density and phenology that increase or decrease 
pathogen transmission, depending upon the sea-
sonal synchrony of  the tick life cycle (Randolph 
and Rogers, 2000). Socioeconomic or human 
activity change with warmer temperatures may 
be the most important variable determining 
human disease incidence. While recent increases 
in cases of  tick-borne encephalitis in central 
Europe were postulated to be a consequence of  
warmer temperatures, Randolph et  al. (2008) 
provided evidence that increased disease incidence 
could be better attributed to changes in human 
activities during the warm weather rather than 
changes in vector distribution, abundance or 
infection prevalence. In Italy, where an upsurge 
of  tick-borne encephalitis cases was also noted, 
changes in forest structure and increased den-
sity of  roe deer best predicted increased disease 
risk rather than changes in climate (Rizzoli et al., 
2009). As noted by Gray et al. (2009), given the 
multiple environmental and human compo-
nents involved, ‘a complex chain of  processes 
exists that makes the precise factors responsible 
for changes in disease incidence often difficult to 
determine’.

1.5 The Tick–Pathogen Interface

During the millennia of  association between 
I. ricinus complex ticks and Borreliella burgdorferi 
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sensu lato (as well as other Borreliella), this 
vector– pathogen interaction has been main-
tained in multiple ecologic settings throughout 
temperate areas around the northern hemi-
sphere. In fact, a guild (or group of  species that 
use a common resource) of  different vertebrate 
pathogens (B. burgdorferi, Anaplasma phagocy-
tophilum, Babesia spp., Borrelia miyamotoi, Flavi-
virus (i.e. tick-borne encephalitis virus and 
Powassan/deer tick virus) are transmitted by 
these ticks in both North America and Eurasia 
(Telford, 1997). Although elegant work deline-
ates the orchestrated interaction between tick 
and Borreliella at times of  vertebrate host feeding 
(Schwan et al., 1995), little is known about other 
interactions between these pathogens and their 
invertebrate hosts.

The concept of  vector competence for trans-
mission of  pathogenic agents to a particular 
host is sometimes incompletely understood. The 
presence of  a known pathogen in a tick does not 
indicate that the tick is a vector of  this agent. For 
example, other biting flies or ticks may ingest 
microbes from an infected reservoir host that 
exist passively in this insect or tick, but these 
microbes are not subsequently transmitted to 
another host. To be a vector for a particular 
pathogen requires not only that the tick feeds 
upon infectious vertebrates and acquires the 
pathogen through a blood meal, but that it 
maintains it through one or more life stages 
(trans-stadial passage) and then transmits it to a 
new host when feeding again. Vectors that 
transmit pathogens from enzootic cycles to 
humans are considered ‘bridge vectors’, though 
they may be of  minor importance in maintain-
ing the cycle in nature.

The long contact time of  tick and host pro-
vides an opportunity for transmission of  differ-
ent disease agents that have evolved mechanisms 
to maximize successful infection of  the new host 
during this interface. Tick adaptations to permit 
feeding on the host during this time may have an 
impact on pathogen transmission as well (Diuk- 
Wasser et  al., 2016; de la Fuente et  al., 2016; 
Gulia-Nuss et al., 2016). In addition, tick infec-
tion by one pathogen may enhance transmission 
of  a second pathogen, as has been demonstrated 
for Babesia microti infection of  mice in the pres-
ence of  B. burgdorferi (Dunn et al., 2014).

Ixodes ricinus complex ticks, which may feed 
on a host for 2–10 days, evolved mechanisms to 

facilitate successful feeding, including an array 
of  salivary proteins that provide anticoagulants 
(Salp 14 and its paralogues), anti-complement 
proteins (ISAC), anti-oxidants (Salp 25) and a 
number of  other immune-modulating proteins 
(Das et  al., 2001; Ribeiro and Frachischetti, 
2003; Narasimhan et  al., 2004; Ramamoorthi 
et  al., 2005; Gulia-Nuss et  al., 2016). One of  
these proteins (Salp 15) is of  particular interest 
as it facilitates B. burgdorferi infection of  the ver-
tebrate host as well (Tyson et al., 2007), and its 
homologues are found in other I. ricinus group 
ticks (Hovius et  al., 2008). Salp 15 decreases 
IL-12 and T-cell activation at the site of  tick feed-
ing where it binds a lectin receptor and CD4. It 
also binds outer-surface protein C (osp C), the 
surface protein of  B. burgdorferi that is expressed 
at the time of  tick feeding, with the effect of  
protecting the bacteria from antibody-mediated 
killing (Ramamoorthi et  al., 2005). Borreliella 
burgdorferi resides in the tick midgut, expressing 
a different outer-surface protein (osp A) until 
activated by onset of  the blood meal (Schwan 
et al., 1995). While in the tick midgut, Borreliella 
numbers are relatively low. The spirochete binds 
to another protein (TROSP-A), which binds the 
osp A surface protein (Pal et al., 2004). The induc-
tion of  osp C 36–48 h into a blood meal initiates 
rapid bacterial multiplication and transport via 
the hemocele to the salivary glands prior to 
eventual invasion of  the host (Schwan et  al., 
1995; Piesman et al., 2003). This delayed inocu-
lation time varies somewhat between Ixodes 
species, and coincides with the time required for 
infection of  vertebrate host in animal models 
following tick attachment (Piesman,and Dolan, 
2002).

During feeding, ticks ingest blood slowly at 
first while cuticular growth occurs in the tick 
midgut, with more rapid feeding at 12–36  h. 
Duration of  feeding varies with stage and spe-
cies, but ranges from 2–5  days for larvae to 
6–11  days for adults (Balashov, 1972). Tick 
weight increases after repletion from 10–20× 
for larvae to up to 100-fold for adult females 
(Balashov, 1972; Eisen and Lane, 2002).

As the tick feeds, with its injection of  saliva, 
some vertebrate hosts may develop antibodies 
to tick proteins, leading to the possibility of  
decreased feeding success with subsequent bites, as 
was demonstrated with I. ricinus in a rabbit model 
(Bowessidjaou et al., 1977). These observations 
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led to efforts to investigate the possibility of  an 
‘anti-tick’ vaccine that would interrupt tick feed-
ing before transmission of  pathogens could 
occur (Wikel et  al., 1997; de la Fuente and 
Kocan, 2006; de la Fuente et al., 2016). Identifi-
cation of  a highly conserved protein from I. scap-
ularis involved in modulation of  tick feeding and 
reproduction (subolesin) led to successful 
preliminary studies demonstrating effectiveness 
in cDNA or recombinant protein immunization 
experiments (Almazan et  al., 2005). Other 
approaches using immunogenic proteins are 
underway. However, natural hosts with frequent 
exposure to ticks (i.e. mice, other small rodents, 
deer) may not readily mount an immune response 
to the tick salivary proteins (Randolph, 1979).

The guild of  pathogens common to ticks in 
the I. ricinus complex, while sharing the same 
vector, and in some cases the same reservoir hosts, 
are maintained in different enzootic cycles (Tel-
ford, 1997; Telford and Goethert, 2004; Brown 
et al., 2006; Diuk-Wasser et al., 2016). Co-infection 
by major human pathogens may occur in up to a 
quarter of  I. scapularis ticks and 13% of  I. ricinus 
ticks (Diuk-Wasser et al., 2016). An analysis of  
multiple infections (i.e. Babesia microti, Ana-
plasma phagocyophilum, Bartonella sp., cowpox 
virus) of  field voles in Europe demonstrated 
interactions between some of  these microbes in 
this rodent host (Telfer et al., 2010), and experi-
mental evidence indicates presence of  B. burg-
dorferi facilitates infection of  mice by B. microti 
(Dunn et  al., 2014; Diuk-Wasser et  al., 2016). 
However, prevalence surveys document that tick 
co-infection occurs at frequencies reflecting the 
individual pathogen prevalence in samples of  
ticks from the same areas (Steiner et al., 2008; 
Barbour et  al., 2009). Borreliella burgdorferi is 
generally more prevalent in I. scapularis ticks 
than Anaplasma or Babesia (Diuk-Wasser et  al., 
2016). In highly endemic areas for these patho-
gens, co-infection may be more prevalent, but 
even in the highest prevalence areas tick infec-
tion by Babesia or Anaplasma is usually 10% or 
less, whereas 40–60% of  adult I. scapularis ticks 
host B. burgdorferi. Flavivirus infection of  ticks 
appears less common. Like the viral agents of  
tick-borne encephalitis in Eurasia (Korenburg, 
2001), the closely related flavivirus found in 
I.  scapularis (Powassan virus lineage 2, or deer 
tick virus) is present in 1–4% ticks (Telford et al., 
1997; Ebel et  al., 2000). Unlike tick-borne 

encephalitis viruses, however, the deer tick virus 
has been implicated in only a few human cases 
of  encephalitis (Tavakoli et  al., 2009; Cava-
naugh et al., 2017).

Ixodes ricinus ticks may also be infected with 
B. burgdorferi sensu lato, Anaplasma phagocytophi-
lum and Babesia (i.e. Babesia divergens, Babesia 
microti, Babesia EU1), with varying prevalence 
in different habitats and geographic areas 
(Wielenga, 2006; Brown et al., 2008; Gray et al., 
2009; Lommano et al., 2012). However, I. rici-
nus tick infection prevalence with Babesia sp. in 
Eurasia is low (1–2%), and human cases of  
babesiosis are rare (Becker et  al., 2009; Gray 
et al., 2009; Lommano et al., 2012).While I. rici-
nus ticks may serve as a bridge vector for ana-
plasmosis and babesiosis to humans in Europe, 
other ticks (i.e. Ixodes trianguloceps) may be more 
important for maintaining enzootic transmis-
sion (Brown et  al., 2008). Both I. ricinus and 
I. persulcatus are the vectors of  tick-borne enceph-
alitis to humans over large regions of  Eurasia, 
though geographic distribution of  infected ticks 
is highly focal (Randolph and Rogers, 2000). 
Ixodes persulcatus ticks may also be co-infected 
with B. burgdorferi and A. phagocytophilum, but 
little is known of  their role as vectors of  Babesia 
sp. (Masuzawa et al., 2008). In 1995, Fukunaga 
reported the presence of  a relapsing fever group 
spirochete in I. persulcatus (Fukunaga, 1995). 
Named after Dr K. Miyamotoi, Borrelia miyamo-
toi was subsequently confirmed to be present in 
other tick species, including I. ricinus, I. scapula-
ris, and I. pacificus (Scoles et  al., 2001; Richter 
et  al., 2003; Mun et  al., 2006; Padgett et  al., 
2014; Sato et  al., 2014). This agent has been 
implicated as a cause of  febrile illness, including 
a relapsing fever presentation, and, in several 
immune-compromised patients, meningoenceph-
alitis (Platanov, 2011; Gugliotta et al., 2013). In 
I. scapularis nymphs from 11 northern states, 
prevalence of  infection with B. miyamotoi aver-
ages 10-fold less (0.2 vs. 0.02) than B. burgdorferi. 
Cultures of  P. leucopus skin and blood revealed 
higher densities in mouse skin than blood for 
B. burgdorferi, but the reverse was true for 
B. miyamotoi, where bacterial densities were 
higher in blood (Barbour et al., 2009).

In addition to known pathogens, these ticks 
carry other microbes of  interest (Benson et  al., 
2004). Rickettsia are generally considered endo-
symbionts rather than pathogens in ticks of  the 
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I. ricinus species complex because despite their 
high prevalence they have not been associated 
with known human disease (Steiner et al., 2008). 
However, I. ricinus harbors one species, Rickettsia 
helvetica, which has been associated with human 
disease in a small number of  cases (Fournier 
et al., 2000; Sprong et al., 2009). In addition, the 
presence of  another rickettsial pathogen, ‘Candi-
datus Neoehrlichia mikurensis’, in as many as 
6% of  I. ricinus ticks is of  interest (Lommano 
et al., 2012). The microbial ecology of  these ticks 
also includes a diversity of  bacteria, the compo-
sition of  which changes with the stage of  the 
tick and with engorgement (Benson et al., 2004; 
Moreno et al., 2006).

1.6 The Tick–Human Interface  
and Vector Control Strategies

Risk of  tick-borne disease, and Lyme disease in 
particular, depends upon the density of  the vec-
tor ticks coupled with the prevalence of  infection 
of  the ticks, or entomologic risk index, and also 
upon human activities and behaviors that lead 
to contact with infected ticks (Mather et  al., 
1996; Hayes and Piesman, 2007; Connally 
et al., 2009). For Lyme disease, density of  nym-
phal ticks, which is the stage responsible for 
most human infections, is typically measured by 
drag sampling (or ‘flagging’) of  vegetation (Dan-
iels et al., 2000). This provides a measure of  host 
seeking ticks that might parasitize humans, but 
may not always correlate directly with nymphal 
populations as assessed on hosts (Schulze et al., 
2009). Nymphal tick populations may fluctuate 
several fold from year to year, and Lyme disease 
cases correlate with these fluctuations (Stafford 
et  al., 1998; Falco et  al., 1999; Ostfeld et  al., 
2006). In the northeastern US, Lyme disease 
risk is considered primarily peridomestic, with 
individual exposure due to outdoor activities in 
habitats conducive to I. scapularis (Maupin et al., 
1991). While the entomologic risk index corre-
lated with Lyme disease case rate when using 
data on the scale of  towns, it did not correlate 
with human cases on the scale of  individual res-
idences in an endemic area (Mather et al., 1996; 
Connally et al., 2006; 2009), presumably because 
human behavior ultimately determines expo-
sure to ticks in an area where ticks are prevalent.

In studies of  human outdoor activities in 
the northeastern US, it is often difficult to identify 
specific high risk behaviors (Eisen and Dolan, 2016). 
However, exposure to the western black-legged 
tick, which is less clearly peridomestic, was strongly 
correlated with prolonged contact on or near 
fallen logs on forest trails or collecting firewood 
in forested areas during the spring or summer 
(Lane et al., 2004; Eisen et al., 2016a). In Europe, 
rural residence and outdoor recreational activi-
ties and forestry work are risk factors for I. ricinus 
exposures, though the recreational activities 
involving risk may include both urban parks and 
rural forested settings (Matuschka et al., 1996; 
O’Connell et al., 1998; Gray, 1998; Lauterbach 
et al., 2013).

Mapping geographic areas or ecological 
areas for risk of  contact to I. scapularis ticks per-
mits more targeted public education regarding 
protective measures. Habitat type and landscape 
features predict I. scapularis distribution at the 
large scale of  a state or region (i.e. ‘north central 
US’ or ‘middle Atlantic region’), and density of  
these ticks is associated with particular habitat 
types and landscape patterns at scales as fine as 
individual yards. On a large scale, using geo-
graphic information system analysis, popula-
tions of  I. scapularis in the middle Atlantic region 
are positively associated with proximity to forest 
edge, sandy soils, vegetative cover and a moder-
ate distance to water (Bunnell et al., 2003), and 
in the upper Midwest, to deciduous, dry to mesic 
forests and sandy or loam soil types overlying 
sedimentary rock (Guerra et  al., 2002). On a 
smaller scale, landscape features such as forest 
fragmentation (forest patch size <2 ha vs. 2–8 ha) 
were associated with high nymphal tick densi-
ties (and, inconsistently, with entomologic risk), 
but did not predict Lyme disease cases (Cromley 
et al., 1998; Allan and Keesing, 2003; Keesing 
et  al., 2010; Brownstein et  al., 2005a; Zolnik 
et al., 2015). Other models support the associa-
tion of  particular landscape features with lower 
Lyme disease risk. Ecotone or ‘edge’ areas are impor-
tant landscape features with regard to tick-borne 
illness, not because they present the highest ento-
mologic risk habitat, but because of  high levels 
of  human use (Maupin et al., 1991; Horobrik et al., 
2007). Although Lyme disease transmission is 
less clearly associated with peridomestic expo-
sure in the western US, geographic information 
system modeling of  higher risk wooded habitats 
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for I pacificus exposure in Mendocino County, 
California correlated with Lyme disease inci-
dence at the scale of  residential zip codes (Eisen 
et al., 2004).

Landscape design or modification may pro-
vide one mechanism for prevention of  Lyme dis-
ease, either by decreasing human–tick contact 
or by lowering entomologic risk (Jackson et  al., 
2006; Lauterbach et  al., 2013). Vegetation 
structure such as high shrub habitats rather 
than grassy or low shrub habitats, and wooded 
areas with understory rather than open areas 
appear most conducive to black-legged tick pres-
ence (Ginsberg and Ewing, 1989; Adler et  al., 
1992; Lubelczyk et al., 2004). Particular shrubs 
appear to be associated with dense tick popula-
tions in some areas. For example, in New Eng-
land, invasive plants such as Japanese barberry, 
which occurs in areas with heavy deer browse, 
are associated with high densities of  all three 
stages of  I. scapularis ticks (Lubelczyk et  al., 
2004; Elias et al., 2006; Williams et al., 2009). 
Removal of  barberry lowered tick density in 
these areas (Williams et  al., 2009). Though a 
study of  invasive multiflora rose demonstrated 
similar associations with I. scapularis ticks with 
this species, uninvaded forests had higher tick 
populations, which correlated with more leaf  lit-
ter (Adalsteinsson et al., 2016).

Landscape design measures to lower 
human exposure to questing ticks might include 
placement of  wood chip or other barriers to tick 
movement between lawns and shrubby or wooded 
areas (Piesman, 2006a; Dolan et al., 2009), or 
simple removal of  shrub vegetation from a heav-
ily used part of  the yard to create more open 
areas. As these ticks are sensitive to dessication, 
increased exposure to sun by removal of  brush 
and leaf  litter has lowered tick density (Schulze 
et  al., 1995). In general, black-legged ticks are 
absent from or occur in low density on main-
tained lawns, fields or grasslands, as well some 
forested habitats such as northern coniferous 
forests with little understory (Guerra et  al., 
2002; Lubelczyk et al., 2004; Brownstein et al., 
2005b). Despite these observations, tick popula-
tion correlations with particular habitats may 
vary by stage and year within study areas, and 
are also determined by other abiotic and biotic 
variables that may fluctuate such as humidity of  
microhabitat, temperature, host prevalence and 
host movement (Ostfeld et  al., 2006; Schulze 

et al., 2009). Developing consistent approaches 
to testing the predictive value of  these different 
factors that will be applicable in different ecolog-
ical settings remains a challenge (Killilea et al., 
2008; Eisen and Dolan, 2016).

In addition to the landscape modifications 
described above, vector control to reduce human 
risk of  exposure to ticks may include application 
of  acaricides to lawns or to tick hosts, biological 
tick control (i.e. fungal or bacterial tick control) 
and deer herd reduction. Spraying of  acaricides 
(bifenthrin, carbaryl, cyfluthrin, deltamethrin) 
in early spring on lawns and/or their perimeters 
lowers nymph tick populations by 68–100% 
(Stafford, 1991; Curran et  al., 1993; Schulze 
et al., 2000). However, a large controlled trial of  
standard lawn acaricide application versus a 
water substitute did not demonstrate a lower risk 
of  Lyme disease among residents with the 
treated lawns (Hinckley et al., 2016). In addition 
to a lack of  data demonstrating efficacy in lower-
ing cases of  Lyme disease, the cost of  acaricide 
application and concerns regarding pesticide 
impacts on non-target species have limited pub-
lic acceptance of  these interventions (Piesman, 
2006b). The use of  acaricides derived from 
botanicals provides another approach that is 
under study (Dolan et al., 2009; Bharadwaj and 
Stafford, 2012; Elias et  al., 2013; Bissinger 
et al., 2014). Innovative methods to target acari-
cides to ticks feeding on hosts (i.e. mice, deer) 
have had variable success when used as the sole 
intervention, but may provide a component to 
integrated tick management strategies. Provid-
ing mice with cotton-based nesting material 
that contains permethrin has been effective in 
some environments and not in others, presuma-
bly due to differences in the tick host communi-
ties (Daniels et  al., 1991; Deblinger, 1991; 
Stafford, 1992). A 3-year trial of  mouse ‘bait 
boxes’ (Maxforce TMS) designed to use topical 
fipronil to kill subadult ticks feeding on rodents 
demonstrated reduction of  mouse nymphal and 
larval tick infestations by 68% and 84%, and 
questing nymphs by 50% (Dolan et  al., 2004). 
An integrated tick management study that 
incorporated the initial use of  these boxes and 
an application of  a barrier acaricide (deltame-
thrin) followed by continued use of  a deer tar-
geted topical acaricide (‘4-Posters’) demonstrated 
control of  host seeking nymphs and larvae 
(85.9% and 89%) over 2 years (Schulze et  al., 
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2008). Even the development of  these protected, 
host-targeted acaricides has caused concern 
regarding pesticide use, however, and interfered 
with their more general application.

Biological control of  I. scapularis began in 
the 1930s with introduction of  a parasitoid wasp 
in an unsuccessful attempt to control tick numbers, 
but more recent efforts have focused on entomo-
pathogenic fungi (Mather et  al., 1987; Zhioua 
et al., 1997; Bharadwaj et al., 2012). Field trials 
of  the native soil fungus (Metarhizium anisopliae) 
in nest boxes showed limited effectiveness on 
questing nymphs (Hornbostel et al., 2005), but 
the fungus has a lethal effect on I. scapularis and 
evaluations in other settings are ongoing.

As deer herd density is correlated with I. 
scapularis density in some settings (Wilson et al., 
1984; 1988; Rand et al., 2003; Kilpatrick et al., 
2014; Werden et al., 2014), deer exclusion or deer 
herd control is of  interest as a means to decrease 
entomologic risk and human Lyme disease. Sev-
eral deer reduction or exclusion studies demon-
strate associated declines in host seeking nymphal 
ticks (Wilson et al., 1984; 1988; Deblinger et al., 
1993; Daniels et  al., 1993; Daniels and Fish, 
1995; Stafford et  al., 2003; Kilpatrick et  al., 
2014). On two island sites where deer were 
either extirpated or nearly extirpated, I. scapularis 
density declined markedly, to the point of  tick 
extirpation at one site (Wilson et al., 1988; Rand 
et al., 2004a). However, in areas with dense deer 
populations, deer reduction may not significantly 
lower entomologic risk (Schulze et  al., 2005). 
Declines in entomologic risk in these areas may 
require reductions of  herd density to levels that 
are difficult to achieve and sustain (Wilson et al., 
1984; 1988; Deblinger et al., 1993; Rand et al., 
2004b). Successful control of  deer population to 
limit density to four deer/km2 has been achieved 
in large rural areas (>160 km2) with controlled 
hunts, but is labor intensive and must be contin-
ued on an annual basis (McDonald et al., 2007). 
To date, evidence of  the effectiveness of  deer 
control for prevention of  Lyme disease in highly 
endemic mainland sites is lacking and awaits 
further study (Kugeler et al., 2016). Alternatives 
may include deer exclosure with fencing, but the 
minimum size of  exclosure needed to provide 
protection is not known (Piesman, 2006b; Con-
nally et  al., 2009). In those areas where deer 
herd densities are not already high, and Lyme 
disease not yet endemic, it is possible that limitation 

of  deer herd size might delay or preclude coloniza-
tion by I. scapularis, but the threshold of  deer herd 
density necessary for establishment of  I. scapula-
ris and enzootic B. burgdorferi is not known.

Contact with ticks may also be prevented by 
personal measures such as avoidance of  high 
tick density areas and the use of  tick repellents 
on skin (i.e. diethyltoluamide (DEET) or picaridin) 
or clothing (permethrin) (Faulde et  al., 2015). 
Educational programs to increase knowledge 
regarding the use of  repellents and avoidance of  
high density areas demonstrate good knowledge 
levels but inconsistent application (Shadick 
et  al., 1997; Malouin et  al., 2003; Gould et  al., 
2008). Based upon a case-controlled study of  
personal protective measures, protective cloth-
ing and use of  tick repellents both appeared to 
confer a degree of  protection (Vasques, 2008). 
In one controlled trial of  an innovative education 
program for prevention of  tick exposure, a decrease 
in tick-borne illness was demonstrated during 
the following 2 months (Daltroy et al., 2007).

‘Tick checks’ (daily visual inspection for 
ticks) to prevent disease after tick exposure has a 
sound biological basis (Sood et  al., 1997; Pies-
man and Dolan, 2002; Eisen and Dolan, 2016). 
In a retrospective case-controlled study in Con-
necticut, tick checks within 36  h of  exposure, 
and bathing within 2  h of  yard exposure were 
associated with Lyme disease prevention (Con-
nally et al., 2009). Transmission of  Lyme disease 
by I. scapularis requires at least 36 h once attach-
ment has occurred, at which time the blood 
meal stimulates replication of  B. burgdorferi and 
its migration from the tick midgut to the salivary 
glands prior to infecting a host (Piesman and 
Dolan, 2002). Risk of  infection increases expo-
nentially after 48–72  h of  attachment to the 
host. Therefore, removal of  attached ticks in this 
interval prevents infection (Sood, 1997). If  an I. 
scapularis tick is already engorged, and removed 
within 72  h of  its discovery, Lyme disease risk 
may be reduced from an average of  3.2% to 
0.4% by treatment of  the tick bite victim with a 
single (200  mg) dose of  doxycyline, but this 
strategy is not currently approved for use in chil-
dren under 8  years of  age or pregnant women 
(Nadelman et al., 2001) (see Chapter 7).

New concepts for prevention of  tick-borne 
illness from I. scapularis include vaccination of  
rodent hosts against B. burgdorferi infection, a 
strategy that achieved modest success in a proof  
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of  principle field trial (Tsao et al., 2004; Gomes-
Solecki et al., 2006). Challenges with this strategy 
include differences in reservoir host importance 
to enzootic maintenance of  disease in different 
host communities, and methods of  delivery to 
rodent populations (Brisson et  al., 2008). Vac-
cines to limit tick feeding (‘anti-tick vaccines’) 
on wildlife represent another strategy. These 
vaccines might employ antigens related to sali-
vary proteins (‘exposed antigens’) or other ‘con-
cealed antigens’, or a combination of  them 
designed to immunize hosts to tick proteins. 
While this concept has been successfully tested 
with laboratory rodents, it may be more difficult 
to apply in natural hosts, who may fail to mount 
an immune response to repeated bites by ticks 
(Randolph, 1979; de la Fuente and Kocan, 2006). 
However, if  successful, and sustained over a 
number of  years, interruption of  local tick life 
cycles appears feasible (Mount, 1997). A human 
‘anti-tick’ vaccine might be a simpler approach. 
However, while interrupted tick feeding might 

prevent infection with B. burgdorferi, it is less 
clear that it would provide protection against other 
tick-borne pathogens with shorter times 
required for disease transmission (i.e. flavivirus).

While developing new approaches to pre-
vention of  tick-borne diseases, additional evalu-
ation of  combinations of  methods already 
developed, and tailored for particular communi-
ties where risk of  tick-borne illness is high, may 
show benefit (Piesman, 2006b; Eisen and Dolan, 
2016). A logistic challenge for projects that inte-
grate tested methods of  vector control with 
interventions designed to limit tick–human con-
tact is the demonstration not only of  decreased 
entomologic risk indices, but also of  a measura-
ble effect on the local incidence of  Lyme disease 
and other tick-borne illnesses. Given the difficul-
ties of  achieving adequate population size in a 
community trial to prove an impact on human 
disease incidence, it may be necessary to develop 
methods to better link entomologic risk index 
reduction to predicted effects on human disease.
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